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Chapter 1

Maximum principle and the symmetry
of solutions of elliptic equations

1.1 Act I. The maximum principle enters

We will have several main characters in this chapter: the maximum principle and the sliding
and moving plane methods. The maximum principle and sliding will be introduced separately,
and then blended together to study the symmetry properties of the solutions of elliptic equa-
tions. In this introductory section, we recall what the maximum principle is. This material
is very standard and can be found in almost any undergraduate or graduate PDE text, such
as the books by Evans [60], Han and Lin [83], and Pinchover and Rubinstein [123].

We will consider equations of the form

Au+ F(x,u) =0 in §, (1.1.1)
u = g on 0.

Here, €2 is a smooth bounded domain in R™ and 0f2 is its boundary. There are many ap-
plications where such problems appear. We will mention just two — one is in the realm of
probability theory, where u(x) is an equilibrium particle density for some stochastic process,
and the other is in classical physics. In the physics context, one may think of u(z) as the
equilibrium temperature distribution inside the domain 2. The temperature flux is propor-
tional to the gradient of the temperature — this is the Fourier law, which leads to the term Au
in the overall heat balance (1.1.1). The term F'(z,u) corresponds to the heat sources or sinks
inside €2, while g(z) is the (prescribed) temperature on the boundary 092. The maximum
principle reflects a basic observation known to any child — first, if F(z,u) = 0 (there are
neither heat sources nor sinks), or if F'(z,u) < 0 (there are no heat sources but there may be
heat sinks), the temeprature inside 2 may not exceed that on the boundary — without a heat
source inside a room, you can not heat the interior of a room to a warmer temperature than
its maximum on the boundary. The second observation is that if one considers two prescribed
boundary conditions and heat sources such that

g1(x) < go(x) and Fi(z,u) < Fy(x,u),

then the corresponding solutions will satisfy u;(z) < ug(x) — stronger heating leads to warmer
rooms. It is surprising how such mundane considerations may lead to beautiful mathematics.
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The maximum principle in complex analysis

Most mathematicians first encounter the maximum principle in a complex analysis course.
Recall that the real and imaginary parts of an analytic function f(z) have the following

property.

Proposition 1.1.1 Let f(z) = u(z) + w(2) be an analytic function in a smooth bounded
domain Q C C, continuous up to the boundary Q. Then u(z) = Ref(z), v(z) = Imf(z)
and w(z) = |f(2)| all attain their respective mazima over Q on its boundary. In addition,
if one of these functions attains its maximum wnside §2, it has to be equal identically to a
constant in 2.

This proposition is usually proved via the mean-value property of analytic functions (which
itself is a consequence of the Cauchy integral formula): for any disk B(zg,r) contained in (2
we have

2 ) d@ 27 ) d@ 27 ) d@
f(zo):/ f(zﬁ—rele)—, u(zo):/ u(zo—l—rew)—, v(zo):/ v(zo—l—rew)—, (1.1.2)
0 2m 0 27 0 2
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and, as a consequence,

2m 0. dO
w(z) < / w(zo + re?) 2. (1.1.3)
0 2
It is immediate to see that (1.1.3) implies that if one of the functions u, v and w attains a
local maximum at a point zg inside €2, it has to be equal to a constant in a disk around z.
Thus, the set where it attains its maximum is both open and closed, hence it is all of €2 and
this function equals identically to a constant.

The above argument while incredibly beautiful and simple, relies very heavily on the
rigidity of analytic functions that is reflected in the mean-value property. The same rigidity
is reflected in the fact that the real and imaginary parts of an analytic function satisfy the
Laplace equation

Au=0, Av=0,

while w? = u? + v? is subharmonic: it satisfies
A(w?) > 0.

We will see next that the mean-value principle is associated to the Laplace equation and not
analyticity in itself, and thus applies to harmonic (and, in a modified way, to subharmonic)
functions in higher dimensions as well. This will imply the maximum principle for solutions of
the Laplace equation in an arbitrary dimension. One may ask whether a version of the mean-
value property also holds for the solutions of general elliptic equations rather than just for
the Laplace equation — the answer is “yes if understood properly”: the mean value property
survives as the general elliptic regularity theory, an equally beautiful sister of the complex
analysis which is occasionally misunderstood as “technical”.



Interlude: a probabilistic connection digression

Apart from the aforementioned connection to physics and the Fourier law, a good way to
understand how the Laplace equation comes about, as well as many of its properties, including
the maximum principle, is via its connection to the Brownian motion. It is easy to understand
in terms of the discrete equations, which requires only very elementary probability theory.
Consider a system of many particles on the n-dimensional integer lattice Z". They all perform
a symmetric random walk: at each integer time ¢t = k each particle jumps (independently
from the others) from its current site z € Z™ to one of its 2n neighbors, = £ e, (e is the unit
vector in the direction of the x-axis), with equal probability 1/(2n). At each step we may
also insert new particles, the average number of inserted (or eliminated) particles per unit
time at each site is F'(x). Let now u,,(x) be the average number of particles at the site x at
time m. The balance equation for wu,, () is

n

D [ (@ + ex) + wm(z — ep)] + Fx). (1.1.4)

1

Um+1 (I) = %

Exercise 1.1.2 Derive (1.1.4) by considering how particles may appear at the position = at
the time m + 1 — they either jump from a neighbor, or are inserted.

If the system is in an equilibrium, so that w,,.1(x) = u,,(z) for all x, then u(x) (dropping the
subscript m) satisfies the discrete equation

% > lu(x + ex) +ulx — ) — 2u(x)] + F(z) = 0.

If we now take a small mesh size h, rather than have particles jump be of size one, the above
equation becomes

n

oo S lule + hew) + ule — hey) — 2u(x)] + Fx) = 0.

k=1
A Taylor expansion in h leads to
h? < 0%u(x)
9% 2
2n p Ox;,

F(z) = lower order terms.

Taking the source of the form F(z) = h?/(2n)G(z) — the small factor h? prevents us from
inserting or removing too many particles, we arrive, in the limit A | 0, at

Au+G(z) = 0. (1.1.5)

In this model, we interpret u(x) as the local particle density, and G(x) as the rate at which
the particles are inserted (if G(z) > 0), or removed (if G(z) < 0). When equation (1.1.5) is
posed in a bounded domain €2, we need to supplement it with a boundary condition, such as

u(z) = g(x) on 0.

This boundary condition means the particle density on the boundary is prescribed — the
particles are injected or removed if there are “too many” or “too little” particles at the
boundary, to keep u(z) at the given prescribed value g(x).
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The mean value property for sub-harmonic and super-harmonic functions

We now return to the world of analysis. A function u(z), x € 2 C R™ is harmonic if it satisfies
the Laplace equation
Au =0 in . (1.1.6)

This is equation (1.1.1) with /' = 0, thus a harmonic function describes a heat distribution
in {2 with neither heat sources nor sinks in 2. We say that u is sub-harmonic if it satisfies

—Au < 0in €, (1.1.7)
and it is super-harmonic if it satisfies
—Au >0 1in €, (1.1.8)
In other words, a sub-harmonic function satisfies
Au+ F(x) =0, in €,

with F'(z) < 0 — it describes a heat distribution in € with only heat sinks present, and no
heat sources, while a super-harmonic function satisfies

Au+ F(z) =0, in ,

with F(x) > 0 — it describes an equilibrium heat distribution in € with only heat sources
present, and no sinks.

Exercise 1.1.3 Give an interpretation of the sub-harmonic and super-harmonic functions in
terms of particle probability densities.

Note that any sub-harmonic function in one dimension is convex:
_u// S 0’

and then, of course, for any x € R and any [ > 0 we have

1 1 x4+l
u(zr) < 5 (u(z +1) +u(x —1)), and u(x) < ﬂ/ u(y)dy.

z—1
The following generalization to sub-harmonic functions in higher dimensions shows that lo-
cally u(z) is bounded from above by its spatial average. A super-harmonic function will be
locally above its spatial average. A word on notation: for a set S we denote by |S| its volume,

and, as before, 0S denotes its boundary.

Theorem 1.1.4 Let Q@ C R™ be an open set and let B(x,r) be a ball centered at v € R"
of radius r > 0 contained in Q. Assume that the function u(z) is sub-harmonic, that is, it
satisfies

—Au <0, (1.1.9)



for all x € Q and that u € C*(Q). Then we have

1 d (z) < 1
T uay, U\r) >
|B<JZ,T’)| B(z,r) |aB(I7T)| OB(z,r)

u(x) < udS. (1.1.10)

Next, suppose that the function u(x) is super-harmonic:
—Au >0, (1.1.11)
for all x € Q and that u € C*(Q). Then we have

1 1

u(r) 2 udy, w(r) 2 e
|B<JZ,T’)| B(z,r) |aB(I7T)| OB(z,r)

uds. (1.1.12)

Moreover, if the function u is harmonic: Au = 0, then we have equality in both inequalities
in (1.1.10).

One reason to expect the mean-value property is from physics — if {2 is a ball with no heat
sources, it is natural to expect that the equilibrium temperature in the center of the ball may
not exceed the average temperature over any sphere concentric with the ball. The opposite is
true if there are no heat sinks (this is true for a super-harmonic function). Another explanation
can be seen from the discrete version of inequality (1.1.9):

n

u(w) < % Sl + hey) + u( — hey).
j=1

Here, h is the mesh size, and e; is the unit vector in the direction of the coordinate axis
for z;. This discrete equation says exactly that the value u(x) is smaller than the average of
the values of u at the neighbors of the point x on the lattice with mesh size h, which is similar
to the statement of Theorem 1.1.4 (though there is no meaning to “nearest” neighbor in the
continuous case).

Proof. We will only consider a sub-harmonic function, the super-harmonic functions are

treated identically. Let us fix the point x € () and define

1
a |0B(z,7)| OB(z,r)

It is easy to see that, since u(z) is continuous, we have

o(r) u(z)dS(z). (1.1.13)

13{(1)1 o(r) = u(z). (1.1.14)

Therefore, we would be done if we knew that ¢'(r) > 0 for all » > 0 small enough so that that
the ball B(z,r) is contained in Q. To this end, passing to the polar coordinates z = x + ry,
with y € 0B(0, 1), we may rewrite (1.1.13) as

1

o(r) = m 8B(0,1)

u(z + ry)dS(y).
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Then, differentiating in r gives

)= Vulx +r
00 = BT g ¥ T TS0

Going back to the z-variables leads to

1 1 1 ou

¢ (T) = m OB ;(2 - JZ) : VU/(Z)dS(Z) = W 9B(o) @ds(z)

Here, we used the fact that the outward normal to B(z,r) at a point z € dB(x,r) is
v=(z—ux)/r

Using Green’s formula
g
Agdy= [ V-(Vg)dy= | (v-Vg)dS = —=dS,
U U ou ou OV

1
/ = A d .
?() = BB@n) /B(z,m uly)dy = 0

gives now

It follows that ¢(r) is a non-decreasing function of 7, and then (1.1.14) implies that

1
) S BB

udS, (1.1.15)
z,7)| dB(z,r)

which is the second identity in (1.1.10).
In order to prove the first equality in (1.1.10) we use the polar coordinates once again:

1 / 1 " 1 " _

_ udy:—/ (/ udS)dsZ—/uxnans”lds

B Jon "™ " B@ Sy oo Bl Jo "
a(n)r" L

a(n)r®

= u(x) = u(x).

We used above two facts: first, the already proved identity (1.1.15) about averages on spherical
shells, and, second, that the area of an (n — 1)-dimensional unit sphere is na(n), where a(n)
is the volume of the n-dimensional unit ball. Now, the proof of (1.1.10) is complete. The
proof of the mean-value property for super-harmonic functions works identically. [J

The maximum principle for the Laplacian

The first consequence of the mean value property is the maximum principle that says that a
sub-harmonic function attains its maximum over any domain on the boundary and not inside
the domain. From the physical point of view this is, again, obvious — a sub-harmonic function
is nothing but the heat distribution in a room without heat sources, hence it is very natural
that it attains its maximum on the boundary (the walls of the room). In one dimension this
claim is also familiar: a sub-harmonic function of a one-dimensional variable is convex, and,
of course, a smooth convex function does not have any local maxima.
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Theorem 1.1.5 (The maximum principle) Let u(x) be a sub-harmonic function in a
connected domain 0 and assume that u € C%*(Q2) N C(Q), then

= . 1.1.16
max u(r) = max u(y) ( )

Moreover, if u(z) achieves its maximum at a point xo in the interior of Q, then u(x) is
identically equal to a constant in Q. Similarly, if v € C*(Q) N C(Q) is a super-harmonic
function in §2, then
minv(x) = min v(y), 1.1.17
min () = min ofy) (1117

and if v(x) achieves its minimum at a point xy in the interior of , then v(x) is identically
equal to a constant in 2.

Proof. Again, we only treat the case of a sub-harmonic function. Suppose that u(z) attains
its maximum at an interior point zo € {2, and set

M = u(x).
Then, for any r > 0 sufficiently small (so that the ball B(x,r) is contained in ), we have

1

M= u(e) < ——
|B(I07T>| B(zo,r)

udy < M,

with the equality above holding only if u(y) = M for all y in the ball B(xzq,r). Therefore,
the set S of points where u(x) = M is open. Since u(z) is continuous, this set is also
closed. Since S us both open and closed in €2, and €2 is connected, it follows that S = €,
hence u(z) = M at all points z € Q. O

We should note the particularly simple proof above only applies to the Laplacian itself but
the maximum principle applies to much more general elliptic operators than the Laplacian.
In particular, already in this chapter, we will deal with slightly more general operators than
the Laplacian, of the form

Lu = Au(z) + c(z)u. (1.1.18)
In order to anticipate that this issue is not totally trivial, consider the following exercise.
Exercise 1.1.6 Consider the boundary value problem
—u" —au=f(z), 0<z<1, u(0)=u(l)=0,

with a given non-negative function f(z), and a constant a > 0. Show that if a < 72, then the
function u(x) is positive on the interval (0, 1).

The reader may observe that a = 72 is the leading eigenvalue of the operator Lu = —u” on

the interval 0 < z < 1 with the boundary conditions u(0) = w(1) = 0. This transition will be
generalized to much more general operators later on.

11



1.2 Act II. The moving plane method

1.2.1 The isoperimeteric inequality and sliding

We now bring in our second set of characters, the moving plane and sliding methods. As
an introduction, we show how the sliding method can work alone, without the maximum
principle. Maybe the simplest situation when the sliding idea proves useful is in an elegant
proof of the isoperimetric inequality given by X. Cabré in [30] (see also [31]). The isoperimetric
inequality says that among all domains of a given volume the ball has the smallest surface
area.

Theorem 1.2.1 Let €2 be a smooth bounded domain in R™. Then,

09 0B, |

‘Q‘(nfl)/n - ’Bl‘(nfl)/nv (121)

where By is the open unit ball in R™, |Q| denotes the measure of Q0 and |0)| is the perimeter
of Q (the (n — 1)-dimensional measure of the boundary of Q). In addition, equality in (1.2.1)
holds if and only if Q is a ball.

A technical aside: the area formula

The proof will use the area formula, a generalization of the usual change of variables formula
in the multi-variable calculus. The latter says that if f : R” — R" is a smooth one-to-one
map (a change of variables), then

[ s@irs= [ gtr s (122)
Here, Jf is the Jacobian of the map f:
det (afi) ’ .
(9xj
For general maps we have

Theorem 1.2.2 (Area formula) Let f : R" — R"™ be a Lipschitz map with the Jacobian Jf.
Then, for each function g € L*(R™) we have

Jf(x) =

/n g(x)J f(zx)dx = /]R" Z g(x) | dy. (1.2.3)

vef~Hy}

Note that if f is Lipschitz then it is differentiable almost everywhere by the Rademacher
theorem [61], thus the Jacobian is defined almost everywhere as well. We will not prove the
area formula here — see [61] for the proof. We will use the following corollary.

Corollary 1.2.3 Let f: R"™ — R" be a Lipschitz map with the Jacobian Jf. Then, for each
measurable set A C R™ we have

F(A)] < / Jf(x)da. (1.2.4)

12



Proof. For a given set S we define its characteristic function as

(z) = 1, forxels,
XS\ = 0, forz¢gs,

We use the area formula with g(x) = ya(2):

[ ar@ie = [ a@ir@is= [ Y vl d

zef~Hy}

n

_ / re A Jo) =ildy= [ )y =174

and we are done. []
A more general form of this corollary is the following.

Corollary 1.2.4 Let f: R" — R" be a Lipschitz map with the Jacobian Jf. Then, for each
nonnegative function p € L*(R™) and each measurable set A, we have

/ p(y)dy < / p(f () f (). (12.5)
f(A) A

Proof. The proof is as in the previous corollary. This time, we apply the area formula to the
function g(z) = p(f(x))xa(z):

| tranas@e = [ xa@p@)sad= [ |3 s d

zef~Hy}

= /n [#Hr e A: f(x)=y]ply)dy > / p(y)dy,

f(4)

and we are done. J

The proof of the isoperimetric inequality

We now proceed with Cabré’s proof of the isoperimetric inequality in Theorem 1.2.1.
Step 1: sliding. Let v(x) be the solution of the Neumann problem

Av=1Fk, inQ, (1.2.6)
% =1 on 09).

Here, v is the outward normal at the boundary. Integrating the first equation above and using
the boundary condition, we obtain

k|Q|:/Avdx:/ 9 1aql.
Q o0 OV
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Hence, solution exists only if
_ o9
Q|
It is a classical result (see [79], for example) that with this particular value of k there exist
infinitely many solutions that differ by addition of an arbitrary constant. We let v be any of
them. As ) is a smooth domain, v is also smooth.
Let T', be the lower contact set of v, that is, the set of all x € Q such that the tangent
hyperplane to the graph of v at z lies below that graph in all of 2. More formally, we define

k (1.2.7)

L,={z€Q: v(y) >v(x)+Vu(z) (y—z)forally € Q.} (1.2.8)

The crucial observation is that
B, C Vu(T,). (1.2.9)

Here, B, is the open unit ball centered at the origin.
Exercise 1.2.5 Explain why (1.2.9) is trivial in one dimension.

The geometric reason for this is as follows: take any p € B; and consider the graphs of the
functions

re(y) =p-y+ec
We will now slide this plane upward — we will start with a “very negative” ¢, and start
increasing it, moving the plane up. Note that there exists M > 0 so that if ¢ < —M, then

r.(y) < v(y) — 100 for all y € €,

that is, the plane is below the graph in all of 2. On the other hand, possibly after increasing M
further, we may ensure that if ¢ > M, then

r.(y) > v(y) + 100 for all y € Q,
in other words, the plane is above the graph in all of 2. Let then
a=sup{c € R: r.(y) <v(y) for all y € Q} (1.2.10)

be the largest ¢ so that the plane lies below the graph of v in all of €. It is easy to see that
the plane 7,(y) = p -y + « has to touch the graph of v: there exists a point yy € Q such
that 7,(yo) = v(yo) and

ro(y) < v(y) for all y € Q. (1.2.11)

Furthermore, the point yy can not lie on the boundary 0€2 since |p| < 1. Indeed, for all y € 99
we have

or. ov
ov ov
This means that if 7.(y) = v(y) for some ¢, and y is on the boundary 0f2, then there is a
neighborhood U € Q of y such that r.(y) > v(y) for all y € U. Comparing to (1.2.11),
we see that ¢ # «, hence it is impossible that y, € 0§2. Thus, y, is an interior point
of Q, and, moreover, the graph of r,(y) is the tangent plane to v at yo. In particular, we

=1.

=lp-v|<|pl <1and

14



have Vu(yg) = p, and (1.2.11) implies that y, is in the contact set of v: yo € I',. We have
now shown the inclusion (1.2.9): B; C Vu(I',). Note that the only information about the
function v(z) we have used so far is the Neumann boundary condition

0
8—?;:10n8§2,

but not the Poisson equation for v in €2.
Step 2: using the area formula. A trivial consequence of (1.2.9) is that

1B| < [Vo(T,)]. (1.2.12)

Now, we will apply Corollary 1.2.3 to the map Vv : T'y, — Vu(I',). The Jacobian of this map
is |det[D%v]|.

Exercise 1.2.6 Show that if T, is the contact set of a smooth function v(z), then det[D?v]
is non-negative for x € I',,, and, moreover, all eigenvalues of D?v are nonnegative on T,

As det[D?v] is non-negative for € T',, we conclude from Corollary 1.2.3 and (1.2.12) that

|B| < |Vo(T,)] < / det[D*v(x)]dx. (1.2.13)
It remains to notice that by the classical arithmetic mean-geometric mean inequality applied
to the (nonnegative) eigenvalues A1, ..., \, of the matrix D%*v(z), z € T, we have
MAXA++ 0"
det[D%0(x)] = Aha ... Ay < ( e ) . (1.2.14)
n
However, by a well-known formula from linear algebra,
)\1 + )\2 + - +/\n = TI'[DZU],
and, moreover, Tr[D?v] is simply the Laplacian Av. This gives
Tr[D%v]\" Av\"
det[D2v(z)] < ( il "’]) - (_“) for z € T,. (1.2.15)
n n
Recall that v is the solution of (1.2.6):
Av=Fk, in ), (1.2.16)
0
a—z =1 on 092.
with 09
k=——.
€

Going back to (1.2.13), we deduce that

Bl < [ aefprie < [ (5)'ar < (5) 0= (5g) I < (5 e

15



In addition, for the unit ball we have |0B;| = n|B|, hence the above implies

OB _ 09"
BT = P

(1.2.17)

which is nothing but the isoperimetric inequality (1.2.1).

In order to see that the inequality in (1.2.17) is strict unless €2 is a ball, we observe that it
follows from the above argument that for the equality to hold in (1.2.17) we must have equality
in (1.2.14), and, in addition, I', has to coincide with . This means that for each z € Q all
eigenvalues of the matrix D?v(z) are equal to each other. That is, D*v(x) is a multiple of the
identity matrix for each = € €.

Exercise 1.2.7 Show that if v(z) is a smooth function such that

0?v(x) _ 0?v(x)

ox? o3’
forall 1 <4,5 <nandz € ), and
Ov(x) 0
8$ia$]’ o

for all i # j and x € , then there exists a = (ay,...,a,) € R" and b € R, so that
v(z) = b[(x1 —ar)? + (12 — az)® + - + (2, — an)*] + ¢, (1.2.18)
for all z € Q.

Our function v(x) does satisfy the assumptions of Exercise 1.2.7, hence it must be of the
form (1.2.18). Finally, the boundary condition dv/Jv = 1 on 02 implies that €2 is a ball
centered at the point a € R™. [

1.3 Act III. Their first meeting

The maximum principle returns, and we study it in a slightly greater depth. At the end of
this act the maximum principle and the moving plane method are introduced to each other.

The Hopf lemma and the strong maximum principle

We now generalize the maximum principle to slightly more general operators than the Lapla-
cian, to allow for a zero-order term. Let us begin with the following exercises.

Exercise 1.3.1 Show that if the function u(z) satisfies an ODE of the form
v +ce(r)u=0, a<xz<b, (1.3.1)

and u(zg) = 0 for some z( € (a,b), and the function c(z) is continuous on [a, b], then u can
not attain its maximum (or minimum) over the interval (a,b) at the point xy unless u = 0.
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This exercise is relatively easy — one has to think about the initial value problem for (1.3.1)
with the data u(xg) = u/(zg) = 0. Now, look at the next exercise, which is slightly harder.

Exercise 1.3.2 Show that, once again, in one dimension, if u(z), z € R satisfies a differential
inequality of the form
u" +ce(x)u>0, a<x<b,

the function ¢(x) is continuous on [a,b], and u(xy) = 0 for some zy € (a,b) then u can not
attain its maximum over the interval (a,b) at the point zy unless u = 0.

The proof of the strong maximum principle relies on the Hopf lemma which guarantees
that the point on the boundary where the maximum is attained is not a critical point of w.

Theorem 1.3.3 (The Hopf Lemma) Let B = B(y,r) be an open ball in R™ with o € 0B, and
assume that c(z) < 0 in B. Suppose that a function u € C?*(B)NC(BUxy) is a sub-solution,
that is, it satisfies

Au+ c(z)u > 0 in B,

and that u(x) < u(xg) for any x € B and u(xy) > 0. Then, we have ?(xo) > 0.
v

Proof. We may assume without loss of generality that B is centered at the origin: y = 0.
We may also assume that u € C(B) and that u(z) < u(xg) for all z € B\{zy} — otherwise,
we would simply consider a smaller ball B; C B that is tangent to B at x.

The idea is to modify u to turn it into a strict sub-solution of the form

w(x) = u(x) + eh(x).

We also need w to inherit the other properties of w: it should attain its maximum over B
at xo, and we need to have w(z) < w(xzg) for all z € B. In addition, we would like to have

% < 0 on 0B,
ov
so that the inequality
9 () > 0
would imply
du

An appropriate choice is
h(z) = el — gmor”,

in a smaller domain
Y = BN B(xy,1r/2).

Observe that A > 0in B, h = 0 on 9B (thus, h attains its minimum on 0B — unlike u which
attains its maximum there), and, in addition:

Ah + c(x)h = e~0ll’ [40®|z]? = 2an + c(z)] — c(z)e "

2
> all? [402]2[2 — 20m + ¢(x)] > o~ olal? [4042% —2an+c(x)| > 0,
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for all z € ¥ for a sufficiently large o > 0. Hence, we have a strict inequality
Aw + ¢(z)w > 0, in X, (1.3.2)

for all € > 0. Note that w(zy) = u(xy) > 0, thus the maximum of w over X is non-negative.
Suppose that w attains this maximum at an interior point z1, and w(z;) > 0. As Aw(z;) <0
and c(z1) <0, it follows that

Aw(zy) + c(x))w(zy) <0,

which is a contradiction to (1.3.2). Thus, w may not attain a non-negative maximum inside
but only on the boundary. We now show that if ¢ > 0 is sufficiently small, then w attains
this maximum only at xy. Indeed, as u(x) < u(zg) in B, we may find J, so that

u(z) < u(zg) — 9 for z € 90X N B.

Take € so that
eh(z) < d on 0¥ N B,

then
w(z) < u(xg) = w(xg) for all z € X N B.

On the other hand, for € 0¥ N JB we have h(xz) = 0 and
w(x) = u(zr) < u(zy) = w(x).

We conclude that w(x) attains its non-negative maximum in ¥ at xg if ¢ is sufficiently small.
This implies

ow
—(z0) > 0,
3V( 0) 2

and, as a consequence

0 0
a—z(xo) > —55(900) = care ™ > 0.
This finishes the proof. [
The next theorem is an immediate consequence of the Hopf lemma.

Theorem 1.3.4 (The strong mazimum principle) Assume that c(z) <0 in €2, and the func-
tion u € C*(Q) N C(Q) satisfies

Au+ c(x)u >0,
and attains its mazimum over Q at a point xo. In this case, if u(xg) > 0, then xo € O
unless u is a constant. If the domain ) has the internal sphere property, and u Z const, then

ou
v
Proof. Let M = supg u(z) and define the set ¥ = {z € Q : u(x) = M}, where the maximum

is attained. We need to show that either ¥ is empty or X = 2. Assume that ¥ is non-empty
but ¥ # Q, and choose a point p € Q\X such that

(ZL‘()) > 0.

18



Consider the ball By = B(p,dp) and let zy € 0By N 0%. Then we have
Au+ c(x)u > 0 in By,
and
u(z) < u(zg) =M, M >0 for all z € B,.
The Hopf Lemma implies that 5
u

% (Q?o) > O,

where v is the normal to By at xy. However, z( is an internal maximum of u in € and
hence Vu(zo) = 0. This is a contradiction. [J

Now, we may state the strong comparison principle — note that we do not make any
assumptions on the sign of the function ¢(z) here.

Theorem 1.3.5 (The strong comparison principle) Assume that c(z) is a bounded function,
and u € C*(Q) N C(Q) satisfies
Au+ c(z)u > 0. (1.3.3)

If u <0 in Q then either u=0 in Q or u <0 in Q. Similarly, if u € C*(Q) N C(Q) satisfies
Au+ c(z)u <0 in 2, (1.34)
with u > 0 in Q, with a bounded function c¢(x). Then either u =0 in Q or u > 0 in .

Proof. If ¢(z) < 0, this follows directly from the strong maximum principle. In the general
case, as u < 0 in €2, the inequality (1.3.3) implies that, for any M > 0 we have

Au+ c¢(z)u — Mu > —Mu > 0.
However, if M > ||c||z=(q) then the zero order coefficient satisfies
ci(r) = c(x) = M <0,
hence we may conclude, again from the strong maximum principle that either v < 0 in 2
or u =0 in Q. The proof in the case (1.3.4) holds is identical. (]

Separating sub- and super-solutions

A very common use of the strong maximum principle is to re-interpret it as the “untouch-
ability” of a sub-solution and a super-solution of a linear or nonlinear problem — the basic
principle underlying what we will see below. Assume that the functions u(x) and v(x) satisfy

—Au < f(x,u), —Av> f(z,v)in Q. (1.3.5)

We say that u(z) is a sub-solution, and v(z) is a super-solution. Assume that, in addition,
we know that
u(z) <wv(x) for all x € Q, (1.3.6)

that is, the sub-solution sits below the super-solution. In this case, we are going to rule out
the possibility that they touch inside Q2 (they can touch on the boundary, however): there
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can not be an zy € (2 so that u(xg) = v(zp). Indeed, if the function f(x,s) is differentiable
(or Lipschitz) in s, the quotient

[z, u(z)) — f(z, v(z))
u(r) —v(x)
)

is a bounded function, and the difference w(x) = u(z) — v(z) satisfies

o() =

Aw + ¢(z)w > 0 in €. (1.3.7)

As w(z) < 0 in all of Q, the strong maximum principle implies that either w(z) = 0, so
that u and v coincide, or w(z) < 0 in €, that is, we have a strict inequality: u(z) < v(z) for
all x € Q). In other words, a sub-solution and a super-solution can not touch at a point — this
very simple principle will be extremely important in what follows.

Let us illustrate an application of the strong maximum principle, with a cameo appearance
of the sliding method in a disguise as a bonus. Consider the boundary value problem

" u

—u'=e", 0<z<L, (1.3.8)

with the boundary condition
u(0) =u(L) = 0. (1.3.9)

If we think of u(z) as a temperature distribution, then the boundary condition means that
the boundary is “cold”. On the other hand, the positive term e" is a “heating term”, which
competes with the cooling by the boundary. A nonnegative solution u(x) corresponds to
an equilibrium between these two effects. We would like to show that if the length of the
interval L is sufficiently large, then no such equilibrium is possible — the physical reason is that
the boundary is too far from the middle of the interval, so the heating term wins. This absence
of an equilibrium is interpreted as an explosion, and this model was introduced exactly in
that context in late 30’s-early 40’s. It is convenient to work with the function w = u + ¢,
which satisfies

—w"=e"fe", 0<uz<L, (1.3.10)

with the boundary condition
w(0) =w(L) =e. (1.3.11)

Consider a family of functions
vx(z) = Asin <7T—LI), A>0, 0<z<L.

These functions satisfy (for any A > 0)

7T2

vy + = 0, vx(0) =wy\(L) =0. (1.3.12)
Therefore, if L is so large that
2
ﬁs <e e’ forall s >0,
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we have ,

w” + %w <0, (1.3.13)

that is, w is a super-solution for (1.3.12). In addition, when A > 0 is sufficiently small, we
have
un(z) <w(z) forall 0 <z < L. (1.3.14)

Let us now start increasing A until the graphs of vy and w touch at some point:
Ao =sup{A: vy(z) <w(z)forall 0 <x < L.} (1.3.15)

The difference
p(x) = vp(z) — w(2)

satisfies

7T2

p//+ ﬁpz 07

and p(z) <0 for all 0 < x < L. In addition, there exists z( such that p(zo) = 0, and, as

it is impossible that g = 0 or xy = L. We conclude that p(xz) = 0, which is a contradiction.
Hence, no solution of (1.3.8)-(1.3.9) may exist when L is sufficiently large.
In order to complete the picture, the reader may look at the following exercise.

Exercise 1.3.6 Show that there exists L; > 0 so that a nonnegative solution of (1.3.8)-(1.3.9)
exists for all 0 < L < Ly, and does not exist for all L > L;.

The maximum principle for narrow domains

Before we allow the moving plane method to return, we describe the maximum principle
for narrow domains, which is an indispensable tool in this method. Its proof will utilize
the “ballooning method” we have seen in the analysis of the explosion problem. As we have
discussed, the usual maximum principle in the form “Au+c(x)u > 01in Q, u < 0 on 92 implies
either u =0 or u < 0 in 2”7 can be interpreted physically as follows. If u is the temperature
distribution then the boundary condition v < 0 on 02 means that ”the boundary is cold”.
At the same time, the term c¢(x)u can be viewed as a heat source if ¢(z) > 0 or as a heat sink
if ¢(x) < 0. The conditions u < 0 on JN and ¢(z) < 0 together mean that both the boundary
is cold and there are no heat sources — therefore, the temperature is cold everywhere, and we
get u < 0. On the other hand, if the domain is such that each point inside €2 is "close to the
boundary” then the effect of the cold boundary can dominate over a heat source, and then,
even if ¢(z) > 0 at some (or all) points = € €2, the maximum principle still holds.

Mathematically, the first step in that direction is the maximum principle for narrow do-
mains. We use the notation ¢t (z) = max[0, ¢(x)].

Theorem 1.3.7 (The mazimum principle for narrow domains) There exists dy > 0 that
depends on the L°-norm ||ct||« so that if there exists a unit vector e such that |(y—x)-e| < dy

21



for all (z,y) € Q then the mazimum principle holds for the operator A + c(x). That is, if a
function u € C*(2) N CY(Q) satisfies

Au(z) + c(x)u(z) >0 in £, (1.3.16)
and u <0 on 0N then either u =0 or u <0 in €.

The main observation here is that in a narrow domain we need not assume ¢ < 0 — but “the
largest possible narrowness”, depends, of course, on the size of the positive part ¢t (z) that
competes against it.

Proof. Note that, according to the strong maximum principle, it is sufficient to show
that u(x) < 0 in €. For the sake of contradiction, suppose that

supu(z) > 0. (1.3.17)

e

Without loss of generality we may assume that e is the unit vector in the direction x;, and
that B
Qc{0<az <d}.

Suppose that d is so small that
c(z) < 7?/d?, forall x € Q, (1.3.18)

and consider the function
. (T
w(x) = sin (7)

It satisfies )

v
Aw + = 0, (1.3.19)
and w(x) > 0 in Q, in particular
inf w(z) > 0. (1.3.20)
Q
A consequence of the above is
Aw + c(x)w <0, (1.3.21)

so that w(z) is a super-solution to (1.3.16), while u(x) is a sub-solution. Given A > 0, let us
set wy(x) = Aw(z). As a consequence of (1.3.20), there exists A > 0 so large that

Aw(z) > u(x) for all z € Q.
We are going to push wy down until it touches u(z): set
Ao = inf{A: wy(z) > u(x) for all z € Q.}
Note, that, because of (1.3.17), we know that \g > 0. The difference
() = u(r) = wx ()

satisfies
Av + c(z)v > 0.
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The difference between u(x), which satisfies the same inequality, and v(z) is that we know
already that v(z) < 0— hence, we may conclude from the strong maximum principle again that
either v(z) =0, or v(z) < 0 in Q. As wy(z) > 0 on L2, the former contradicts the boundary
condition on u(z). It follows that v(z) < 0 in Q. As v(x) < 0 also on the boundary 02, there
exists €g > 0 so that

v(z) < —¢go for all z € Q,

that is,
u(z) + o < wy, () for all z € Q.

But then we may choose A < \g so that we still have
wy (x) > u(x) for all z € Q.

This contradicts the minimality of Ag. Thus, it is impossible that u(z) > 0 for some z € ,
and we are done. [J

The maximum principle for small domains

The maximum principle for narrow domains can be extended, dropping the requirement that
the domain is narrow and replacing it by the condition that the domain has a small volume.
We begin with the following lemma, a simple version of the Alexandrov-Bakelman-Pucci
maximum principle, which measures how far from the maximum principle a force can push
the solution.

Lemma 1.3.8 (The baby ABP Mazimum Principle) Assume that c(x) < 0 for all z € Q,
and let u € C*(Q) N C(Q) satisfy

Au+c(x)u > fin Q, (1.3.22)

and uw <0 on 0°0. Then
sgpu < Cdiam(€?) Hf_HLn(Q) : (1.3.23)

with the constant C' that depends only on the dimension n (but not on the function c¢(z) < 0).

Proof. The idea is very similar to what we have seen in the proof of the isoperimetric
inequality. If M := supgu < 0, then there is nothing to prove, hence we assume that M > 0.
As u(x) < 0 on 0F2, the maximum is achieved at an interior point zo € €2, so that M = wu(zy).
The function v = —u™, satisfies v < 0 in Q, v = 0 on 9 and

—M = igfv = v(zp) < 0.
Let I' be the lower contact set of the function v, defined as in (1.2.8): the collection of all

points x € ) such that the graph of v lies above the tangent plane at x. As v < 0 in €2, we
must have v < 0 on I'. Hence v is smooth on I'; and

Av=—-Au < —f(x) + c(x)u < —f(z), for z €T, (1.3.24)
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as ¢(x) <0 and u(x) > 0 on I'. The analog of the inclusion (1.2.9) that we will now prove is
B(0; M/d) ¢ Vu(I), (1.3.25)

with d = diam(2) and B(0, M/d) the open ball centered at the origin of radius M/d. One
way to see that is by sliding: let p € B(0; M/d) and consider the hyperplane that is the
graph of

zk(z) =p-z—k.

Clearly, z;(z) < v(z) for k sufficiently large. As we decrease k, sliding the plane up, let k be
the first value when the graphs of v(x) and zz(z) touch at a point z;. Then we have

v(z) > zp(x) for all z € Q.
If x; is on the boundary 02 then v(z;) = z3(x;) = 0, and we have
p-(xo — 1) = 2(0) — 2z(71) < 0(w) — 0= =M,

whence |p| > M/d, which is a contradiction. Therefore, x; is an interior point, which means
that x; € [' (by the definition of the lower contact set), and p = Vov(xy). This proves the
inclusion (1.3.25).

Mimicking the proof of the isoperimetric inequality we use the area formula (¢, is the
volume of the unit bal in R"):

. (%) — |B(0: M/d)| < \VU(F)|§/F]det(Dzv(:z:)ﬂdx. (1.3.26)

Now, as in the aforementioned proof, for every point x in the contact set I', the matrix D?v(x)
is non-negative definite, hence (note that (1.3.24) implies that f(z) <0 on I')

|det[D*v(2)]| < (%)n < (_fnﬂ (1.3.27)
Integrating (1.3.27) and using (1.3.26), we get
diam(§2))"
M" < (m;:#/ru—(x)yndx, (1.3.28)

which is (1.3.23). O
An important consequence of Lemma 1.3.8 is a maximum principle for a domain with a
small volume [6].

Theorem 1.3.9 (The maximum principle for domains of a small volume) Let a function
ue C*Q)NC(Q) satisfy

Au(z) + e(x)u(z) > 0 in Q,
and assume that u < 0 on 0S). Then there exists a positive constant 6 which depends on the
spatial dimension n, the diameter of Q, and ||ct||p=, so that if |2 < 0 then u <0 in Q.

24



Proof. If ¢ < 0 then v < 0 by the standard maximum principle. In general, assume
that u™ # 0, and write ¢ = ¢t — ¢~. We have

Au—c u> —chu.

Lemma 1.3.8 implies that (with a constant C' that depends only on the dimension n)
1
supu < Cdiam(Q)||ctu™ || pny < Cdiam(Q)||c"||oo|Q " sup u < 5 SuP U,
Q Q Q

when the volume of 2 is sufficiently small:

1

Q] < :
0l < (2Cdiam(Q)||ct||oo)™

(1.3.29)

We deduce that supg, u < 0 contradicting the assumption u™ # 0, Hence, we have u < 0 in §2
under the condition (1.3.29). O

1.4 Act IV. Dancing together

We will now use a combination of the maximum principle (mostly for small domains) and
the moving plane method to prove some results on the symmetry of the solutions to elliptic
problems. We show just the tip of the iceberg — a curious reader will find many other results
in the literature, the most famous being, perhaps, the De Giorgi conjecture, a beautiful
connection between geometry and applied mathematics.

1.4.1 The Gidas-Ni-Nirenberg theorem

The following result on the radial symmetry of non-negative solutions is due to Gidas, Ni and
Nirenberg. It is a basic example of a general phenomenon that positive solutions of elliptic
equations tend to be monotonic in one form or other. We present the proof of the Gidas-Ni-
Nirenberg theorem from [23]. The proof uses the moving plane method combined with the
maximum principles for narrow domains, and domains of small volume.

Theorem 1.4.1 Let By € R" be the unit ball, and u € C(B1) N C?*(By) be a positive solution
of the Dirichlet boundary value problem

Au+ f(u) =0 in By, (1.4.1)
u=20 on 0B,

with the function f that is locally Lipschitz in R. Then, the function u is radially symmetric
mn B; and

%(m) <0 for xz # 0.

To address an immediate question the reader may have, we give the following simple exercise.
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Exercise 1.4.2 Show that the conclusion that a function u satisfying (1.4.1) is radially sym-
metric is false in general without the assumption that the function w is positive. Hint: you
may have to learn a little more about the Bessel functions and spherical harmonics.

The proof of Theorem 1.4.1 is based on the following lemma, which applies to general
domains with a planar symmetry, not just balls.

Lemma 1.4.3 Let 2 be a bounded domain that is convex in the xi-direction and symmetric
with respect to the plane {x; = 0}. Let u € C(Q) N C?*(Q) be a positive solution of

Au+ f(u) =0 in €, (1.4.2)
u =0 on 012,

with the function f that is locally Lipschitz in R. Then, the function u is symmetric with
respect to x1 and

%(m) < 0 for any x € Q with x1 > 0.
1

Proof of Theorem 1.4.1. Theorem 1.4.1 follows immediately from Lemma 1.4.3. Indeed,
Lemma 1.4.3 implies that u(z) is decreasing in any given radial direction, since the unit ball
is symmetric with respect to any plane passing through the origin. It also follows from the
same lemma that u(z) is invariant under a reflection with respect to any hyperplane passing
through the origin — this trivially implies that v is radially symmetric. [

Proof of Lemma 1.4.3
We use the coordinate system = = (z1,y) € Q with y € R"~!. We will prove that

u(zy,y) <wu(z],y) for all z;y > 0 and —x; < z} < z;. (1.4.3)
This, obviously, implies monotonicity in x; for z; > 0. Next, letting 27 — —x1, we get the

inequality
U({Ehy) < u(_Ilvy) for any r > 0.

Changing the direction, we get the reflection symmetry: w(zy,y) = u(—z1,y).
We now prove (1.4.3). Given any A € (0,a), with a = supg, 1, we take the “moving plane”

T\ = {z1 = A},
and consider the part of {2 that is “to the right” of T\:
Ya={reQ: x>}
Finally, given a point =, we let z, be the reflection of x = (z1,zs, ..., x,) with respect to Th:
Ty = (2N — 1,29, ..., T,).

Consider the difference
wy(r) = u(z) —u(z)y) for z € ).
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The mean value theorem implies that w) satisfies

fu(zy)) = f(u(x))

u(zy) — u()

Awy = f(u(zy)) — flu(z)) =

wy = —c(z, N)wy

in X,. This is a recurring trick: the difference of two solutions of a semi-linear equation
satisfies a "linear” equation with an unknown function ¢. However, we know a priori that the
function ¢ is bounded:

le(x)] < Lip(f), for all z € . (1.4.4)

The boundary 9%, consists of a piece of 92, where wy = —u(z,) < 0 and of a part of the
plane T, where x = x, thus w), = 0. Summarizing, we have

Awy + c(z, N)wy =0 in Xy (1.4.5)
wy < 0 and wy Z 0 on 0%,

with a bounded function ¢(z,A). As the function ¢(z, A) does not necessarily have a def-
inite sign, we may not directly apply the comparison principle and immediately conclude
from (1.4.5) that

wy < 0 inside Xy for all A € (0, a). (1.4.6)

Nevertheless, using the moving plane method, we will be able to show that (}.4.6) holds. This
implies in particular that w, assumes its maximum (equal to zero) over X, along T. The
Hopf lemma implies then

0 0
gwx _ o 9" < 0.
a‘rl T1=A\ axl T1=A
Given that A is arbitrary, we conclude that
ou
Fr < 0, for any x € €2 such that x; > 0.
T

Therefore, it remains only to show that w) < 0 inside X, to establish monotonicity of u in z;
for 1 > 0. Another consequence of (1.4.6) is that

u(zy,2") < u(2A — x1,2’) for all A such that z € X,

that is, for all A € (0, ), which is the same as (1.4.3).

In order to show that w) < 0 one would like to apply the maximum principle to the
boundary value problem (1.4.5). However, as we have mentioned, a priori the function ¢(x, \)
does not have a sign, so the usual maximum principle may not be used. On the other hand,
there exists . such that the maximum principle for narrow domains holds for the operator

Lu = Au+ c(z)u,

and domains of the width not larger than ¢, in the x;-direction. Note that J. depends only
on ||¢|| L that is controlled in our case by (1.4.4). Moreover, when A is sufficiently close to a:

a—0. < \<a,
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the domain Y, does have the width in the x;-direction which is smaller than .. Thus, for
such A the maximum principle for narrow domains implies that w, < 0 inside ¥,. This is
because wy < 0 on 9%y, and wy Z 0 on 0%,.

Let us now decrease A\ (move the plane T\ to the left, hence the name “the moving
plane” method), and let (Mg, a) be the largest interval of values so that w) < 0 inside X,
for all A € (Ag,a). If A\g = 0, that is, if we may move the plane T all the way to A = 0,
while keeping (1.4.6) true, then we are done — (1.4.6) follows. Assume, for the sake of a
contradiction, that Ay > 0. Then, by continuity, we still know that

wy, <0 in Ty,

Moreover, w), is not identically equal to zero on 0%,,. The strong comparison principle
implies that
wy, < 01in Xy,. (1.4.7)

We will show that then
Wrg—e < 0 in 2)\0_5 (148)

for sufficiently small £ < gj. This will contradict our choice of Ay (unless Ay = 0).

Here is the key step and the reason why the maximum principle for domains of small
volume is useful for us here: choose a compact set K in X, , with a smooth boundary, which
is “nearly all” of X,,, in the sense that

X \K| < 6/2
with 0 > 0 to be determined. Inequality (1.4.7) implies that there exists n > 0 so that
wy, < —n <0 for any =z € K.
By continuity, there exits £g > 0 so that

Wyg—e < —g < 0 for any x € K, (1.4.9)

for ¢ € (0,e9) sufficiently small. Let us now see what happens in ¥y, \ K. As far as the
boundary is concerned, we have
WHrg—e S 0

on 9%, — this is true for 9%, for all A € (0,a), and, in addition,
Wyy—e < 0 on 0K,
because of (1.4.9). We conclude that
Wxg—e < 0 on O(Xy,—\K),

and w),_. does not vanish identically on 0(2,,_.\ K ). Choose now § (once again, solely deter-
mined by ||¢[|z(q)), so small that we may apply the maximum principle for domains of small
volume in domains of volume less than §. When ¢ is sufficiently small, we have |2, .\ K| < ¢.
Applying this maximum principle to the function w),_. in the domain 3,,_.\ K, we obtain

Wrg—e S 0 in E)\O_E\K.
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The strong maximum principle implies that
Wyg—e < 01in 3y, \K.

Putting two and two together we see that (1.4.8) holds. This, however, contradicts the choice
of Ag. The proof of the Gidas-Ni-Nirenberg theorem is complete. [J

1.4.2 The sliding method: moving sub-solutions around

The sliding method differs from the moving plane method in that one compares translations
of a function rather than its reflections with respect to a plane. One elementary but beautiful
application of the sliding method allows to extend lower bounds obtained on a solution of
a semi-linear elliptic equation in one part of a domain to a different part by moving a sub-
solution around the domain and observing that it may never touch a solution. This is a very
simple and powerful tool in many problems.

Lemma 1.4.4 Let u be a positive function in an open connected set D satisfying
Au+ f(u) <0in D

with a Lipschitz function f. Let B be a ball with its closure B C D, and suppose z is a
function in B satisfying

z<wuin B
Az + f(z) >0, wherever z >0 in B
2z <0 on dB.

Then for any continuous one-parameter family of Euclidean motions (rotations and transla-
tions) A(t), 0 <t <T, so that A(0) =1d and A(t)B C D for all t, we have

2(z) = 2(A(t)'z) < u(x) in Bt := A(t)B. (1.4.10)
Proof. The rotational invariance of the Laplace operator implies that the function 2* satisfies

Az + f(2') > 0, wherever z! > 0 in B!
2t <0 on OB

Thus the difference w! = 2! — u satisfies
Aw' + ¢t (z)w' > 0 wherever z* > 0 in B, (1.4.11)

with ¢! bounded in B!, where, as before,

FE @) = f) o
)= LT a2 ) )

—u
0, otherwise.

In addition, w* < 0 on OB
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We now argue by contradiction. Suppose that there is a first ¢ so that the graph of 2
touches the graph of u at a point xg — such t exists by continuity. Then, for that ¢, we still
have w' < 0 in B*, but also w'(z9) = 0. As u > 0 in D, and 2" <0 on 9B, the point z( has
to be inside B!, which means that 2! satisfies

A+ f(2H) >0

in the whole component G of the set of points in B! where 2! > 0 that contains z,. Thus, w'
satisfies (1.4.11) in G, and, in addition, w* < 0 and w'(x¢) = 0. The comparison principle
implies that w' = 0 in G. In particular, we have w'(Z) = 0 for all T € 9G. But then

24(Z) = u(Z) > 0 on 0G,

which contradicts the fact that 2! = 0 on OG. Hence the graph of 2! may not touch that of u
and (1.4.10) follows. O

Lemma 1.4.4 is often used to "slide around” a sub-solution that is positive somewhere to
show that solution itself is uniformly positive. We will use it repeatedly when we talk about
the reaction-diffusion equations later on. Here is an exercise (to which we will return later)
on how it can be applied.

Exercise 1.4.5 Let u(xz) > 0 be a positive bounded solution of the equation
Ugy + 1 —u? =0

on the real line x € R. Show that if L is sufficiently large and A > 0 is sufficiently small, then
the function

zy(z) = Asin <ﬂ>

L
satisfies ,
8 ZN
2 +ao 23>0, 0<z<lIL,
and u(z) > z\(z) for all 0 <z < L. Use this to conclude that
;rel]fku(x) > 0.

Try to strengthen this result to prove that u(z) = 1.

1.4.3 Monotonicity for the Allen-Cahn equation in R”

Our next example, taken from the paper [17] by Berestycki, Hamel and Monneau, shows one
analog of the Gidas-Ni-Nirenberg theorem in the whole space R™. Recall that for the latter
result we have considered a semi-linear elliptic equation in a ball with the Dirichlet boundary
conditions, which are compatible with radially symmetric solutions, and have shown that the
only possible non-negative solutions are, indeed, radially symmetric. In the whole space we
will impose boundary conditions that allow solutions to depend on just one variable, say, x,,
and will show that any solution satisfying these boundary conditions depends only on z,,.
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We consider solutions of
Au+ f(u) =0in R" (1.4.12)
which satisfy |u| < 1 together with the asymptotic conditions
w(x', z,) — £1 as x,, — +oo uniformly in 2’ = (xq,..., 2, 1). (1.4.13)

We assume that f is a smooth (actually, just assuming that f is Lipschitz would be sufficient)
function on [—1, 1], and there exists § > 0 so that

f is non-increasing on [—1,—1+¢] and on [1 — ¢,1], and f(£1) = 0. (1.4.14)

The standard example to keep in mind is f(u) = u — u?. In that case, (1.4.12) is known as
the Allen-Cahn equation. Such problems appear in many applications, ranging from biology
and combustion to the differential geometry, as a very basic model of a diffusive connection
between two stable states. The main feature of the nonlinearity is that the corresponding
time-dependent ODE

du
= 1.4.15
W= fw (1415)
has two stable solutions © = —1 and v = 1. Solutions of the partial differential equa-
tion (1.4.12), on the other hand, describe the diffusive transitions between regions in space
where u is close to the equilibrium v = —1 and those where u is close to u = 1.
In one dimension, this is simply the ODE
up + f(ug) =0, x€R, (1.4.16)
with the boundary conditions
up(£o0) = £1. (1.4.17)

This equation may be solved explicitly: multiplying (1.4.16) by uj and integrating from —oo
to x, using the boundary conditions, leads to

1
5(ug)2 + F(ug) =0, wp(doo) = +1. (1.4.18)
Here, we have defined
F(s) = / f(u)du. (1.4.19)
-1

Letting z — +o00 in (1.4.18) we see that a necessary condition for a solution of (1.4.18) to
exist is that F'(1) =0, or

1
/ f(u)du = 0. (1.4.20)

-1
Exercise 1.4.6 Show that the solutions of (1.4.16)-(1.4.17) are unique, up to a translation in

the z-variable — note that if uo(x) is a solution to (1.4.16)-(1.4.17), then so is u(x) = ug(x+¢),
for any ¢ € R.
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Exercise 1.4.7 Show that if f(u) = u — u® then ug(x) has an explicit expression

up(z) = tanh <%>, (1.4.21)

as well as all its translates ug(z + &), with a fixed £ € R.

Our goal is to show that the asymptotic conditions (1.4.13) imply that the positive solu-
tions of (1.4.12) are actually one-dimensional.

Theorem 1.4.8 Let u be any solution of (1.4.12)-(1.4.13) such that |u| < 1. Then it has the
form u(x', x,) = ug(x,) where ug is a solution of

ug + f(ug) =0 in R, up(doo) = £1. (1.4.22)

Moreover, u s increasing with respect to x,. Finally, such solution is unique up to a transla-
tion.

Without the uniformity assumption in (1.4.13), that is, imposing simply
u(x', x,) — £1 as x, — +oo, (1.4.23)

this problem is known as "the weak form” of the De Giorgi conjecture, and was resolved
by Savin [129] who showed that all solutions are one-dimensional in n < 8, and del Pino,
Kowalczyk and Wei [51] who showed that non-planar solutions exist n > 9. Their work is
well beyond the scope of this chapter.

Note that (1.4.23), without the uniformity condition for the limits at infinity as in (1.4.13),
does not imply that u depends only on the variable x,. For example, any function of the
form u(z) = wg(e - x), where e € S"! is a fixed vector with |e| = 1 and e, > 0, and ug
is any solution of (1.4.22), satisfies both (1.4.12) and (1.4.23). It will not, however, satisfy
the uniformity assumption in (1.4.13). The additional assumption of uniform convergence
at infinity made here makes this question much easier than the weak form of the De Giorgi
conjecture. Nevertheless, the proof of Theorem 1.4.8 is both non-trivial and instructive. The
full De Giorgi conjecture is that any solution of (1.4.14) in dimension n < 8 with f(u) = u—u?
(without imposing any boundary conditions on u at all) such that —1 < u < 1 is one-
dimensional. It is still open in this generality, to the best of our knowledge. The motivation
for the conjecture comes from the study of the minimal surfaces in differential geometry but
we will not discuss this connection here.

A maximum principle in an unbounded domain

For the proof, we will need a version of the maximum principle for unbounded domains,
interesting in itself.

Lemma 1.4.9 Let D be an open connected set in R™, possibly unbounded. Assume that D_z's
disjoint from the closure of an infinite open (solid) cone . Suppose that a function z € C(D)
is bounded from above and satisfies

Az +c(x)z >01in D (1.4.24)
2 <0 ondD.

with some continuous function c(x) <0, then z < 0.

32



Proof. If the function z(z) would, in addition, vanish at infinity:

limsup z(z) = 0, (1.4.25)
|z|—=+o0
then the proof would be easy. Indeed, if (1.4.25) holds then we can find a sequence R,, — +00

so that
sup  z(z) < l (1.4.26)
Dn{jz|=Rn} n
The usual maximum principle applied in the bounded domain D,, = D N B(0; R,,) implies
then that z(z) < 1/n in D, since this inequality holds on 0D,,. Letting n — oo gives

z(z) <0in D.

Our next task is to reduce the case of a bounded function z to (1.4.25). To do this, we will
construct a harmonic function g(x) > 0 in D such that

lg(z)] = 400 as |z| = +o0. (1.4.27)

Since ¢ is harmonic, the ratio o = z/g will satisfy a differential inequality in D:
2
Ao+ -Vg-Vo+co>0. (1.4.28)
g

This is similar to (1.4.24) but now o does satisfy the asymptotic condition

limsup o(x) <0,
z€D,|z| =00
uniformly in x € D. Moreover, 0 < 0 on dD. Hence one may apply the above argument to
the function o(z), and conclude that o(z) < 0, which, in turn, implies that z(xz) < 0in D.

Exercise 1.4.10 Note that we have brazenly applied the maximum principle above to the
operator in the left side of (1.4.28), while we have previously only proved it for operators of
the form A + ¢(z), with ¢(z) < 0. To remedy this, consider a function ¢ which satisfies an
inequality of the form

Ap+b(z) Vo +c(x)p >0 (1.4.29)

in a bounded domain D with ¢(xz) < 0. Show that ¢ can not attain a positive maximum
inside D. Hint: mimic the proof of the strong maximum principle.

In order to construct such harmonic function g(z) in D, the idea is to decrease the cone ¥

to a cone ¥ and to consider the principal eigenfunction ¢ > 0 of the spherical Laplace-Beltrami
operator in the region G = S"!'\X with ¢ = 0 on 0G:

Agth+ =0, 1 >0in G,
1 =0 on 0G.

Here, Ag is simply the restriction of the standard Laplacian operator to functions of the
angular variable only (independent of the radial variable). Existence of such an eigenvalue
that corresponds to a positive eigenfunction follows from the general spectral theory of elliptic
operators. We do not expect the reader to be familiar with this theory, but for the moment,
in order to keep the flow of the presentation, we simply ask to take for granted that such
principal eigenvalue with a positive eigenfunction exists and is unique, or consult [60].
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Exercise 1.4.11 Show that p > 0.

Going to the polar coordinates x = r&, r > 0, £ € S* !, we now define the function

g(z) =r*P(E), zeD,
with
an+a—2)=pu.

This choice of a@ makes the function g be harmonic:
Pg n—-10g 1

=+ ﬁASg =[a(a—1)+a(n—1) — ur* ¥ = 0.

Ag:ﬁ r Or

Moreover, as p > 0, we have a > 0, and it is easy to see that there exists ¢y > 0 such
that ¢(x) > ¢o for all € D. Thus (1.4.27) also holds, and the proof is complete. [J]
We will need the following corollary that we will use for half-spaces.

Corollary 1.4.12 Let f be a Lipschitz continuous function, non-increasing on [—1, —1 + /]
and on [1 — §,1] for some § > 0. Assume that uy and uy satisfy

and are such that |u;| < 1. Assume furthermore that us > uy on 02 and that either ug > 1—4¢
oru; < =140 in Q. If Q C R" is an open connected set so that R™\§) contains an open
infinite cone then us > uq in 2.

Proof. Assume, for instance, that us > 1 — 4, and set w = u; — uy. Then
Aw + ¢(z)w =0 in

with

oy — £0) = Fl)

U — U2

Note that ¢(z) < 0 if w(z) > 0. Indeed, if w(z) > 0, then
uy(z) > ug(x) > 1 —0.

As, in addition, we know that u; < 1, and f is non-increasing on [1 — §,1], it follows
that f(ui(x)) < f(ua(x)), and thus c¢(z) < 0. Hence, if the set G = {w > 0} is not empty, we
may apply the maximum principle of Lemma 1.4.9 to the function w in G (note that w < 0
on 0G), and conclude that w < 0 in G giving a contradiction. [J

Proof of Theorem 1.4.8
We are going to prove that

u is increasing in any direction v = (v, ..., v,) with v, > 0. (1.4.30)
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This will mean that
10u ou &2 ou

=) >
v, Ov  Ox, ‘= ! Ox;

0

for any choice of a; = v;/v,. It follows that all Ou/0x; = 0, j = 1,...,n — 1, so that u
depends only on x,, and, moreover, du/dx, > 0. Hence, (1.4.30) implies the conclusion of
Theorem 1.4.8 on the monotonicity of the solution.

We now prove (1.4.30). Monotonicity in the direction v can be restated as

u'(z) > u(zx), for all t > 0 and all z € D, (1.4.31)

where u!(x) = u(z+tv) are the shifts of the function w in the direction v. We start the sliding
method with a very large ¢. The uniformity assumption in the boundary condition (1.4.13)
implies that there exists a real a > 0 so that

u(z',x,) > 1 =0 for all z, > a,

and
u(z',x,) < =144 for all z,, < —a.

Take t > 2a/v,, then the functions u and u' are such that

u' (', x,) >1—06 forallz/ € R ! and all z, > —a
uw(r',z,) < =144 forall 2/ € R"! and all z,, < —a, (1.4.32)
and, in particular,
u'(2', —a) > u(z’, —a) for all 2’ € R*~ 1, (1.4.33)

Hence, we may apply Corollary 1.4.12 separately in the half-spaces Q; = {(2/, z,,) : =, < —a}
and Qp = {(2/,2,) : , > —a}. In both cases, we conclude that u' > u and thus

u' > w in all of R" for t > 2a/v,.
Following the philosophy of the sliding method, we start to decrease t, and let
T =inf{t > 0, u'(x) > u(z) for all z € R"}.
By continuity, we still have ™ > u in R™. Note that (1.4.31) is equivalent to 7 = 0, and we
show this by contradiction. If 7 > 0, there are two possibilities.

Case 1. Suppose that

inf(u” —u) >0, Dy = R" ! x [~a,al. (1.4.34)

The function u is globally Lipschitz continuous — the reader may either accept that this follows
from the standard elliptic estimates [60], or do the following exercise.
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Exercise 1.4.13 Let u(z) be a uniformly bounded solution (|u(x)| < M for all z € R") of
an equation of the form
—Au = F(u)

in R, with a differentiable function F'(u). Show that there exists a constant C' > 0 which
depends on the function F' so that |Vu(z)| < CM for all x € R”. Hint: fix y € R”, and
let x(x) be a smooth cut-off function supported in the ball B centered at y of radius r = 1.
Write an equation for the function v(z) = x(z)u(z) of the form

—Av =g,

with the function g that depends on u, F' and Y, use the Green’s function of the Laplacian
to bound Vu(y), and deduce a uniform bound on Vu(y). Make sure you see why you need
to pass from u to v.

The Lipschitz continuity of u together with assumption (1.4.34) implies that there ex-
ists g > 0 so that for all 7 —ny <t < 7 we still have

u'(2, z,) > u(a’, z,) for all 2/ € R"! and for all —a < z,, < a. (1.4.35)
As u(z',x,) > 1 — 0 for all z, > a, we know that
u' (2, x,) > 1—6 for all ¥, > a and t > 0. (1.4.36)

We may then apply Corollary 1.4.12 in the half-spaces {x, > a} and {z, < —a} to conclude
that
u"(x) = u(z)

everywhere in R for all n € [0,7,]. This contradicts the choice of 7. Thus, the case (1.4.34)
is impossible.
Case 2. Suppose that

inf(u” —u) =0, Dy = R"™! x [~a,al. (1.4.37)

This would be a contradiction to the maximum principle if we could conclude from (1.4.37)
that the graphs of u” and u touch at an internal point. This, however, is not clear, as there
may exist a sequence of points & with |{x| — 400, such that u™ (&) — u(&) — 0, without
the graphs ever touching. In order to deal with this issue, we will use the usual trick of
moving “the interesting part” of the domain to the origin and passing to the limit. We know
from (1.4.37) that there exists a sequence & € D, so that

u™ (&) — u(é&) — 0 as k — oo. (1.4.38)

Let us re-center: set
ug(z) = u(z + &).

Differentiating the equation for u, we may bootstrap the claim of Exercise 1.4.13 to conclude
that u is uniformly bounded in C*(R™), thus so is the sequence ug(x). The Ascoli-Arzela
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theorem implies that uy(x) converge along a subsequence to a function u..(x), uniformly on
compact sets, together with the first two derivatives. The limit satisfies

Ao + fus) =0, (1.4.39)
and, in addition, we have, because of (1.4.38):
uZe(0) = o (0),

and also
ul () > us(x), for all x € R™,

(e o]

because uj, > uy for all k. As both u., and u7, satisfy (1.4.39), the strong maximum principle
implies that v’ = u, that is,

Uoo (T 4+ TV) = us(z) for all x € R™,

In other words, the function u., is periodic in the r-direction. However, as all & lie in D,,
their n-th components are uniformly bounded [({),| < a. Therefore, when we pass to the
limit we do not lose the boundary conditions in z,,: the function u., must satisfy the boundary
conditions (1.4.13). This is a contradiction to the above periodicity. Hence, this case is also
impossible, and thus 7 = 0. This proves monotonicity of u(x) in x, and the fact that u
depends only on x,: u(z) = u(z,).

In order to prove the uniqueness of such solution, assuming there are two such solutions u
and v, one repeats the sliding argument above but applied to the difference

w(xn) = u(zn +7) — v(wn).
Exercise 1.4.14 Use this sliding argument to show that there exists 7 € R™ such that
u(z, + 1) = v(x,) for all z, € R,
showing uniqueness of such solution, up to a shift.

This completes the proof. [
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Chapter 2

Diffusion equations

2.1 Introduction to the chapter

Parabolic equations of the form

ou - 9%u - ou
E - + E ) R V 2.1.1
ot & ij ($)0xi8xj , bj(x)@xj fl@,u, V), ( )

2,7=1

are ubiquitous in mathematics and various applications in physics, biology, economics and
other fields. While there are many textbooks on the subject, ranging from the most elementary
to extremely advanced, most of them concentrate on the (highly non-trivial) questions of
the existence and regularity of the solutions. We have chosen instead to focus on some
striking qualitative properties of the solutions that, nevertheless, can be proved with almost
no background in analysis, using only the very basic regularity results. The unifying link in
this chapter will be the parabolic maximum principle and the Harnack inequality. Together
with the parabolic regularity, they will be responsible for the seemingly very special behavior
that we will observe in the solutions of these equations.

The chapter starts with a probabilistic introduction. While we do not try to motivate the
basic diffusion equations by models in the applied sciences here, an interested reader would
have no difficulty finding the connections between such equations and models in physics,
biology, chemistry and ecology in many basic textbooks. On the other hand, the parabolic
equations have a deep connection with probability. Indeed, some of the most famous results
in the parabolic regularity theory were proved by probabilistic tools. It is, therefore, quite
natural to introduce the chapter by explaining how the basic linear models arise, in a very
simple manner, from limits of a random walk. We reassure the reader that the motivation
from the physical or life sciences will not be absent from this book, as some of the later
chapters will precisely be motivated by problems in fluid mechanics or biology.

The probabilistic section is followed by a brief interlude on the maximum principle. There
is nothing original in the exposition, and we do not even present the proofs, as they can be
found in many textbooks on PDE. We simply recall the statements that we will need.

We then proceed to the section on the existence and regularity theory for the nonlinear
heat equations: the reaction-diffusion equations and viscous Hamilton-Jacobi equations. They
arise in many models in physical and biological sciences, and our "true” interest is in the
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qualitative behavior of their solutions, as these reflect the corresponding natural phenomena.
However, an unfortunate feature of the nonlinear partial differential equations is that, before
talking knowledgeably about their solutions or their behavior, one first has to prove that they
exist. This will, as a matter of fact, be a central problem in the last two chapters of this
book, where we look at the fluid mechanics models, for which the existence of the solutions
is quite non-trivial. As the reaction-diffusion equations that we have in mind here and in
Chapter 7?7 both belong to a very well studied class and are much simpler, it would not
be inconceivable to brush their existence theory under the rug, invoking some respectable
treatises. This would not be completely right, for several reasons. The first is that we do
not want to give the impression that the theory is inaccessible: it is quite simple and can be
explained very easily. The second reason is that we wish to explain both the power and the
limitation of the parabolic regularity theory, so that the difficulty of the existence issues for
the fluid mechanics models in the latter chapters would be clearer to the reader. The third
reason is more practical: even for the qualitative properties that we aim for, we still need to
estimate derivatives. So, it is better to say how this is done.

The next section contains a rather informal guide to the regularity theory for the parabolic
equations with inhomogeneous coefficients. We state the results we will need later, and outline
the details of some of the main ideas needed for the proofs without presenting them in full
— they can be found in the classical texts we mention below. We hope that by this point
the reader will be able to study the proofs in these more advanced textbooks without losing
sight of the main ideas. This section also contains the Harnack inequality. What is slightly
different here is the statement of a (non-optimal) version of the Harnack inequality that will
be of an immediate use to us in the first main application of this chapter, the convergence
to the steady solutions in the one-dimensional Allen-Cahn equations on the line. The reason
we have chosen this example is that it really depends on nothing else than the maximum
principle and the Harnack inequality, illustrating how far reaching this property is. It is also
a perfect example of how a technical information, such as bounds on the derivatives, has a
qualitative implication — the long time behavior of the solutions.

The next section concerns the principal eigenvalue of the second order elliptic operators,
a well-treated subject in its own right. We state the Krein-Rurman theorem and, in order
to show the reader that we are not using any machinery heavier than the results we want to
prove, we provide a proof in the context of the second order elliptic and parabolic operators.
It shares many features with the convergence proof of the preceding section, and we hope
the reader will realize the ubiquitous character of the ideas presented. We then treat another
case of the large time behavior of the solutions of the viscous Hamilton-Jacobi equations, a
class of nonlinear diffusion equations. Here, the convergence will not be to a steady state but
to a one-parameter family of special solutions. The main challenge will be in the existence
proof of this family of solutions, that relies on the Krein-Rutman theorem. Once it is at
hand, the convergence will follow, with the same ideas as those of the preceding section.
Finally, we end this chapter with a brief discussion of the viscosity solutions of the first order
Hamilton-Jacobi equations, to give a glimpse of the difficulties encountered when the diffusion
coefficient vanishes.

This chapter is rather long so we ask the reader to be prepared to persevere through the
more technical places, with the hope that in the end the reader will find the effort rewarding.

A note on notation. We will follow throughout the book the summation convention:
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the repeated indices are always summed over, unless specified otherwise. In particular, we
will usually write equations such as (2.1.1) as

ou 0%u ou

or 8
8_? — 0§ (2)0,0p,u + bj(2) 0, u = f(2,u, Vu). (2.1.3)

We hope the reader will get accustomed to this convention sufficiently fast so that it causes
no confusion or inconvenience.

2.2 A probabilistic introduction to the evolution equa-
tions

Let us explain informally how the linear equations of the form (2.1.2), with g = 0 arise from
random walks, in a very simple way, in the spirit of what we have done for the elliptic equations
in the previous chapter. One should emphasize that many of the qualitative properties of
the solutions of the parabolic and integral equations, such as the maximum principle and
regularity, on a very informal level, are an ”obvious” consequence of the microscopic random
walk model. For simplicity, we will mostly consider the one-dimensional case, the reader can,
and should, generalize this approach to higher dimensions — this is quite straightforward.

Discrete equations and random walks

The starting point in our derivation of the evolution equations is a discrete time Markov jump
process X,,,, with a time step 7 > 0, defined on a lattice with mesh size h:

hZ = {0, +h, +2h,...}.

The particle position evolves as follows: if the particle is located at a position x € hZ at the
time ¢ = n7 then at the time t = (n + 1)7 it jumps to a random position y € hZ, with the
transition probability

P(Xtmi1yr =y| Xpr =) =k(x —y), x,y € hi. (2.2.1)
Here, k(z) is a prescribed non-negative kernel such that
> k(y) =1 (2.2.2)
yERZ

The classical symmetric random walk with a spatial step h and a time step 7 corresponds to
the choice k(£h) = 1/2, and k(y) = 0 otherwise — the particle may only jump to the nearest
neighbor on the left and on the right, with equal probabilities.

In order to connect this process to an evolution equation, let us take a function f : hZ — R,
defined on our lattice, and introduce

u(t, z) = E(f(X(2))). (2.2.3)
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Here, X;(x), t € TN, is the above Markov process starting at a position Xy(x) = = € hZ at
the time t = 0. If f > 0 then one may think of u(t,z) as the expected value of a ”prize” to
be collected at the time ¢ at a (random) location of X;(x) given that the process starts at the
point = at the time ¢ = 0. An important special case is when f is the characteristic function
of a set A. Then, u(t,z) is the probability that the jump process X;(x) that starts at the
position Xy = z is inside the set A at the time .

As the process X;(z) is Markov, the function u(t, z) satisfies the following relation

u(t +7,2) = B(f(Xip-(2))) = Y P(X: = y|Xo = 2)E(f(Xu(y)) = Y klx — y)u(t,y).
yehZ yERZ (224

This is because after the initial step when the particle jumps at the time 7 from the starting
position x to a random position y, the process ”starts anew”, and runs for time ¢ between the
times 7 and t 4+ 7. Equation (2.2.4) can be re-written, using (2.2.2) as

u(t +7,2) = k(x- ) — u(t, ). (2.2.5)

yELZ

The key point of this section is that the discrete equation (2.2.5) leads to various interesting
continuum limits as h | 0 and 7 | 0, depending on the choice of the transition kernel k(y), and
on the relative size of the spatial mesh size h and the time step 7. In other words, depending
on the microscopic model — the particular properties of the random walk, we will end up with
different macroscopic continuous models.

The heat equation and random walks

Before showing how a general parabolic equation with non-constant coefficients can be ob-
tained via a limiting procedure from a random walk on a lattice, let us show how this can be
done for the heat equation
ou  &u
ot~ a2
with a constant diffusivity constant a > 0. We will assume that the transition probability
kernel has the form

(2.2.6)

k(x) = ¢(%), x € hZ, (2.2.7)

with a non-negative function ¢(m) > 0 defined on Z, such that

> é(m) = 1. (2.2.8)

This form of k(z) allows us to re-write (2.2.5) as

ut +r,7) —ult,x) = > o - D ult,y) — ult, )], (2.2.9)
YyELZ
or, equivalently,
u(t+7,2) —u(t,z) = > ¢(m)[ult,z — mh) — u(t,z)). (2.2.10)



In order to arrive to the heat equation in the limit, we will make the assumption that jumps
are symmetric on average:

> mg(m) =0, (2.2.11)

meZ
Then, expanding the right side of (2.2.10) in h and the left side in 7, we obtain
ou(t,z)  ah*d*u

T = 3 2 (t,x) 4 lower order terms, (2.2.12)

with

a=">|m[’¢(m). (2.2.13)

To balance the left and the right sides of (2.2.12), we need to take the time step 7 = h? —
note that the scaling 7 = O(h?) is essentially forced on us if we want to balance the two sides
of this equation. Then, in the limit 7 = h? | 0, we obtain the heat equation

du(t,x)  ad®u(t,x)
o 2 0x2

(2.2.14)

The diffusion coefficient a given by (2.2.13) is the second moment of the jump size — in other
words, it measures the ”overall jumpiness” of the particles. This is a very simple example of
how the microscopic information, the kernel ¢(m), translates into a macroscopic quantity —
the overall diffusion coefficient a in the macroscopic equation (2.2.14).

Exercise 2.2.1 Show that if (2.2.11) is violated and

b= _mg(m) #0, (2.2.15)

then one needs to take 7 = h, and the (formal limit) is the advection equation

ou(t,x)  Ou(t,z)
o o

=0, (2.2.16)
without any diffusion.

Exercise 2.2.2 A reader familiar with the basic probability theory should relate the limit
in (2.2.16) to the law of large numbers and explain the relation 7 = h in these terms. How
can (2.2.14) and the relation 7 = h? between the temporal and spatial steps be explained in
terms of the central limit theorem?

Parabolic equations with variable coefficients and drifts and random walks

In order to connect a linear parabolic equation with inhomogeneous coefficients, such as (2.1.2)
with the right side g = 0:
ou 0*u ou

— — a(:c)@ + b(m)a—x =0, (2.2.17)
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to a continuum limit of random walks, we consider a slight modification of the microscopic
dynamics that led to the heat equation in the macroscopic limit. We go back to (2.2.4):

ult +7,2) = E(f(Xer-(2)) = Y P(X = y|Xo = 2)E(f(Xe(y)) = ) k(w, y)u(t.y).

yehZ yeh

(2.2.18)

Here, k(z,y) is the probability to jump to the position y from a position z. Note that we

no longer assume that the law of the jump process is spatially homogeneous: the transition

probabilities depend not only on the difference x — y but both on z and y. However, we will

assume that k(z,y) is "locally homogeneous”. This condition translates into taking it of the
form

k(z,y; h) = é(a, %; h). (2.2.19)

The "slow” spatial dependence of the transition probability density is encoded in the de-
pendence of the function ¢(x, z,h) on the "macroscopic” variable x, while its ”fast” spatial
variations are described by the dependence of ¢(x, z, h) on the variable z.

Exercise 2.2.3 Make sure you can interpret this point. Think of "freezing” the variable x
and only varying the z-variable.

We will soon see why we introduce the additional dependence of the transition density on
the mesh size h — this will lead to a non-trivial first order term in the parabolic equation we
will obtain in the limit. We assume that the function ¢(z,m;h), with z € R, m € Z and
h € (0, 1), satisfies

Z ¢(x,m;h) =1for all z € R and h € (0,1), (2.2.20)

meZ

which leads to the analog of the normalization (2.2.2):

> k(x,y) =1 for all x € hZ. (2.2.21)

yERZ

This allows us to re-write (2.2.18) in the familiar form

u(t+7,2) —u(t,x) Z o(x h)[u(t,y) — u(t, z)], (2.2.22)
YERZL
or, equivalently,
u(t + 7, ) Z o(z,m; h)[u(t,z — mh) — u(t, x)], (2.2.23)
meZ

We will make the assumption that the average asymmetry of the jumps is of the size h. In
other words, we suppose that

> me(x,m;h) = b(x)h + O(h?), (2.2.24)

that is,
chb(x,m;()) =0forallz e R,

mEZ
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and

ba) =" m 22 Tghh =0) (2.2.25)

meZ

is a given smooth function. The last assumption we will make is that the time step is 7 = h?,
as before. Expanding the left and the right side of (2.2.23) in h now leads to the parabolic
equation

ou Ou(t, ) Ou(t, x)
5 = ~bO) =5 +ale) = 5= (2.2.26)
with )
a(r) = 5 > Imé(z,m;h =0). (2.2.27)

meZ

This is a parabolic equation of the form (2.1.2) in one dimension. We automatically satisfy
the condition a(xz) > 0 (known as the ellipticity condition) unless ¢(x,m;h = 0) = 0 for
all m € Z\ {0}. That is, a(x) = 0 only at the positions where the particles are completely
stuck and can not jump at all. Note that the asymmetry in (2.2.24), that is, the mismatch
in the typical jump sizes to the left and right, leads to the first order term in the limit
equation (2.2.26) — because of that the first-order coefficient b(x) is known as the drift, while
the second-order coefficient a(z) (known as the diffusivity) measures ”the overall jumpiness”
of the particles, as seen from (2.2.27).

Exercise 2.2.4 Relate the above considerations to the method of characteristics for the first
order linear equation

ou ou

How does it arise from similar considerations?

0.

Exercise 2.2.5 It is straightforward to generalize this construction to higher dimensions
leading to general parabolic equations of the form (2.1.2). Verify that the diffusion matri-
ces a;;(x) in (2.1.2) that arise in this fashion, will always be nonnegative, in the sense that
for any £ € R™ and all z, we have (once again, as the repeated indices are summed over):

This is very close to the lower bound in the ellipticity condition on the matrix a;;(z) which
says that there exists a constant ¢ > 0 so that for any £ € R™ and x € R" we have

clé]?* < a(2)&&; < cHEP (2.2.29)
We see that the ellipticity condition appears very naturally in the probabilistic setting.

Summarizing, we see that parabolic equations of the form (2.1.2) arise as limits of random
walks that make jumps of the size O(h), with a time step 7 = O(h?). Thus, the overall
number of jumps by a time ¢t = O(1) is very large, and each individual jump is very small.
The drift vector b;(x) appears from the local non-zero mean of the jump direction and size,
and the diffusivity matrix a;;(z) measures the typical jump size. In addition, the diffusivity
matrix is nonegative-definite: condition (2.2.28) is satisfied.
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Parabolic equations and branching random walks

Let us now explain how random walks can lead to parabolic equations with a zero-order term:

ou 0%u ou
— —a;i(v)=——— + b;(v)— =0. 2.2.30

5t~ 00 g ) g el (22:30)
This will help us understand qualitatively the role of the coefficient ¢(z). Once again, we will
consider the one-dimensional case for simplicity, and will only give the details for the case

— — — +c(x)u=0, (2.2.31)

as the non-constant diffusion matrix a;;(z) and drift b;(z) can be treated exactly as in the
case ¢ = 0.

In order to incorporate the zero order term we need to allow the particles not only jump
but also branch — this is the reason why the zero-order term will appear in (2.2.30). As
before, our particles make jumps on the lattice hZ, at the discrete times ¢t € 7N. We start
at t = 0 with one particle at a position x € hZ. Let us assume that at the time t = nr
we have a collection of N; particles X (t,z),..., Xn,(¢,2) (the number IV, is random, as will
immediately see). At the time ¢, each particle X, (¢, x) behaves independently from the other
particles. With the probability

po =1 — |e(Xm ()],

it simply jumps to a new location y € hZ, chosen with the transition probability k(X,,(t)—y),
as in the process with no branching. If the particle at X,, (¢, x) does not jump — this happens
with the probability p; = 1 — pg, there are two possibilities. If ¢(X,,(t)) < 0, then it is
replaced by two particles at the same location X, (¢, z) that remain at this position until the
time ¢ + 7. If ¢(X,,(t)) > 0 and the particle does not jump, then it is removed. This process
is repeated independently for all particles X (¢, x),..., X, (¢, ), giving a new collection of
particles at the locations Xi(t + 7,2),..., Xn,, (t + 7,2) at the time ¢ + 7. If ¢(z) > 0 at
some positions, then the process can terminate when there are no particles left. If ¢(z) <0
everywhere, then the process continues forever.

To connect this particle system to an evolution equation, given a function f, we define,
for t € 7N, and x € hZ,

u(t,z) = E[f(Xy(t,2)) + f(Xa(t,2)) + - + f(Xn, (, 2))].

The convention is that f = 0 inside the expectation if there are no particles left. This is similar
to what we have done for particles with no branching. If f is the characteristic function of a
set A, then u(t, x) is the expected number of particles inside A at the time ¢ > 0.

In order to get an evolution equation for u(t, z), we look at the initial time when we have
just one particle at the position x: if ¢(x) < 0, then this particle either jumps or branches,
leading to the balance

u(t+7,2) = (1 + c(x)7) Z kE(x —y)u(t,y) — 2c(z)Tu(t, x), if c(z) <0, (2.2.32)

yERZ
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which is the analog of (2.2.4). If ¢(x) > 0 the particle either jumps or is removed, leading to

u(t +7,2) = (1= |e(z)|7) Y k(z — y)ult,y). (2.2.33)

yERZ

In both cases, we can re-write the balances similarly to (2.2.5):

u(t+7,2) —u(t,z) = (1 — |e(z)|7) Z k(x —y)(u(t,y) —u(t,z)) — c(x)Tu(t,x). (2.2.34)

yEhZ

We may now take the transition probability kernel of the familiar form

with a function ¢(m) as in (2.2.7)-(2.2.8). Taking 7 = h? leads, as in (2.2.12), to the diffusion
equation but now with a zero-order term:

ou  ad®u

— = ) 2.2.35

ot 20x? c(z)u ( )
Thus, the zero-order coefficient ¢(x) can be interpreted as the branching (or killing, depending
on the sign of ¢(x)) rate of the random walk. The elliptic maximum principle for ¢(z) > 0
that we have seen in the previous chapter, simply means, on this informal level, that if the
particles never branch, and can only be removed, their expected number can not grow in time.

Exercise 2.2.6 Add branching to the random walk we have discussed in Section 2.2 of this
chapter, and obtain a more general parabolic equation, in higher dimensions:

ou 9%u ou

2.3 The maximum principle interlude: the basic state-
ments

As the parabolic maximum principle underlies most of the parabolic existence and regularity
theory, we first recall some basics on the maximum principle for parabolic equations. They
are very similar in spirit to what we have described in the previous chapter for the Laplace
and Poisson equations. This material can, once again, be found in many standard textbooks,
such as [60], so we will not present most of the proofs but just recall the statements we will
need.

We consider a (more general than the Laplacian) elliptic operator of the form

9%u ou

= ; —_— 2.3.1

Lu(z) = —a;;(t, x) E
j

in a bounded domain z € 2 C R™ and for 0 < ¢t < T. Note that the zero-order coeflicient
is set to be zero for the moment. As we have mentioned, the ellipticity of L means that the
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matrix a;;(t, z) is uniformly positive-definite and bounded. That is, there exist two positive
constants A > 0 and A > 0 so that, for any £ € R", and 0 < ¢ < T, and any z € (), we have

MEP < ai(t, 2)&&5 < AJE. (2.3.2)

We also assume that all coefficients a;; (¢, x) and b;(¢, x) are continuous and uniformly bounded.
Given a time 7' > 0, define the parabolic cylinder Qr = [0, T") x Q and its parabolic boundary
as

IFr={z€Q, 0<t<T: either x € 9Q or t = 0}.

In other words, I'r is the part of the boundary of Q) without “the top” {(t,x): t =T,z € Q}.
Theorem 2.3.1 (The weak mazximum principle) Let a function u(t,x) satisfy

du
ot

and assume that Q is a smooth bounded domain. Then u(t,z) attains its mazimum over Qr
on the parabolic boundary U'r, that is,

+Lu<0, z€Q, 0<t<T, (2.3.3)

supu(t, ) = supu(t, ). (2.3.4)
Qr Ty

As in the elliptic case, we also have the strong maximum principle.
Theorem 2.3.2 (The strong mazimum principle) Let a smooth function u(t,z) satisfy

Ju
ot

in a smooth bounded domain ). Then if u(t,z) attains its mazimum over Qp at an interior
point (to, o) & I'r then u(t, x) is equal to a constant in Q.

+Lu=0, z€Q, 0<t<T, (2.3.5)

We will not prove these results here, the reader may consult [60] or other standard textbooks
on PDEs for a proof. One standard generalization of the maximum principle is to include the
lower order term with a sign, as in the elliptic case — compare to Theorem 1.3.4 in Chapter 1.
Namely, it is quite straightforward to show that if ¢(x) > 0 then the maximum principle still
holds for parabolic equations (2.3.5) with an operator L of the form

0%*u

ou
m +bi(t, ) =—— + c(t, z)u. (2.3.6)

Lu(z) = —a;;(t, x) s
j

The proof can, once again, be found in [60]. However, as we have seen in the elliptic case, in
the maximum principles for narrow domains (Theorem 1.3.7 in Chapter 1) and domains of a
small volume (Theorem 1.3.9 in the same chapter), the sign condition on the coefficient ¢(¢, x)
is not necessary for the maximum principle to hold. Below, we will discuss a more general
condition that quantifies the necessary assumptions on the operator L for the maximum
principle to hold in a unified way.

A consequence of the maximum principle is the comparison principle, a result that holds
also for operators with zero order coefficients and in unbounded domains. In general, the
comparison principle in unbounded domains holds under a proper restriction on the growth
of the solutions at infinity. Here, for simplicity we assume that the solutions are uniformly
bounded.
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Theorem 2.3.3 Let the smooth uniformly bounded functions u(t,z) and v(t,z) satisfy

0

a—?—l—Lu—i—c(t,x)uzO, 0<t<T, z€ (2.3.7)
and 5

8—¥+Lv+c(t,x)v§0, 0<t<T, z€, (2.3.8)

in a smooth (and possibly unbounded) domain ), with a bounded function c(t,z). Assume
that u(0,z) > v(0,x) and

u(t,x) >v(t,z) for all0 <t <T and x € 0S.

Then, we have
u(t,z) > v(t,z) for all0 <t <T and all x € Q.

>
Moreover, if in addition, u(0,z) > v(0,z) on an open subset of ) then u(t,x) > v(t,z) for
all0 <t <T and all x € Q2.

The assumption that both u(¢,z) and v(t,x) are uniformly bounded is important if the do-
main {2 is unbounded — without this condition even the Cauchy problem for the standard
heat equation in R™ may have more than one solution, while the comparison principle im-
plies uniqueness trivially. An example of non-uniqueness is discussed in detail in [87] — such
solutions grow very fast as |x| — +oo for any ¢ > 0, while the initial condition u(0,z) = 0.
The extra assumption that u(¢,x) is bounded allows to rule out this non-uniqueness issue.
Note that the special case {2 = R" is included in Theorem 2.3.3, and in that case only the
comparison at the initial time ¢ = 0 is needed for the conclusion to hold for bounded solutions.
Once again, a reader not interested in treating the proof as an exercise should consult [60],
or another of his favorite basic PDE textbooks. We should stress that in the rest of this book
we will only consider solutions, for which the uniqueness holds.
A standard corollary of the parabolic maximum principle is the following estimate.

Exercise 2.3.4 Let Q be a (possibly unbounded) smooth domain, and (¢, z) be the solution
of the initial boundary value problem

u + Lu+c(t,z)u =0, in Q, (2.3.9)
u(t,z) =0 for z € 09,
u(0, ) = up(x).

Assume (to ensure the uniqueness of the solution) that u is locally in time bounded: for

all T' > 0 there exists Cr > 0 such that |u(t,z)| < Cp for all t € [0,7] and = € Q. Assume
that the function c(¢, x) is bounded, with c(t,z) > —M for all = € Q, then u(t, z) satisfies

lu(t, )| < ||uo|| e, forallt >0 and x € Q. (2.3.10)

The estimate (2.3.10) on the possible growth (or decay) of the solution of (2.3.9) is by no
means optimal, and we will soon see how it can be improved.
We also have the parabolic Hopf Lemma, of which we will only need the following version.
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Lemma 2.3.5 (The parabolic Hopf Lemma) Let u(t,x) > 0 be a solution of
u+ Lu+c(t,z)u=0, 0<t<T,

in a ball B(z, R). Assume that there ezists to > 0 and xy € 0B(z, R) such that u(ty, x¢) = 0,

then we have
8U(t0, {L'())

ov

The proof is very similar to that of the elliptic Hopf Lemma, and can be found, for instance,
in [82].

<0. (2.3.11)

2.4 Regularity for the nonlinear heat equations

The regularity theory for the parabolic equations is an extremely rich and fascinating subject
that is often misunderstood as ”technical”. To keep things relatively simple, we are not going
to delve into it head first. Rather, we have in mind two particular parabolic models, for
which we would like to understand the large time behavior: the semi-linear and quasi-linear
equations of the simplest form. The truth is that these two examples contain some of the
main features under which the more general global existence and regularity results hold: the
Lipschitz behavior of the nonlinearity, and the smooth spatial dependence of the coefficients
in the equation.

2.4.1 The forced linear heat equation

Before we talk about the theory of the semi-linear and quasi-linear diffusion equations, let us
have a look at the forced linear heat equation

ur = Au+ g(t,x), (2.4.1)
posed in the whole space x € R", and with an initial condition
u(0,z) = up(x). (2.4.2)

The immediate question for us is how regular the solution of (2.4.1)-(2.4.2) is, in terms of the
regularity of the initial condition ug(x) and the forcing term g¢(¢,x). The function u(¢,x) is
given explicitly by the Duhamel formula

u(t,z) = v(t,x) +/0 w(t, z;s)ds. (2.4.3)

Here, v(t,z) is the solution of the homogeneous heat equation
vy =Av, x€R" t>0, (2.4.4)
with the initial condition v(0, z) = ug(x), and w(t, z; s) is the solution of the Cauchy problem

wy(t,z;s) = Aw(t,x;s), x€R" t>s, (2.4.5)
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that runs starting at the time s, and is supplemented by the initial condition at ¢ = s:
w(t = s,x;8) = g(s, ). (2.4.6)
Let us denote the solution of the Cauchy problem (2.4.4) as
v(t, ) = eug. (2.4.7)

This defines the operator e®. It maps the initial condition to the heat equation to its solution
at the time ¢, and is given explicitly as

1 e
e f(x) = e / e~ @V U £ () dy. (2.4.8)
With this notation, another way to write the Duhamel formula (2.4.1) is
t
u(t, z) = e®ug(x) +/ =92 (s, x)ds, (2.4.9)
0
or, more explicitly:
ult,2) = —— / e~ @0/ () dy + / t / L@ g (s dyds.
’ (4mt)n/2 o Jrn (dm(t — s))7/? ’
(2.4.10)

The first term in (2.4.10) is rather benign as far as regularity is concerned.

Exercise 2.4.1 Show that if the initial condition wuy(y) is continuous and bounded then the
function v(t, x) given by the first integral in the right side of (2.4.10) is infinitely differentiable
in ¢t and z for all £ > 0 and z € R".

The second term in (2.4.10),

t
1 2
t — = @y /(AE-e) dud 24.11

is potentially more problematic because of the term (¢t — s)~"/2 that blows up as s 1 ¢t. A
simple change of variables shows that if ¢(¢, z) is uniformly bounded then so is J(¢, x):

t 1 (o)) At—s tgllee [ .
|J<t,$)‘ < ||g||Loo/O /n —(47T(t — 3))”/26 (z—y)?/(4(t ))dde = ﬂ-n/Q /6 dz = tHg”Loo
(2.4.12)

Exercise 2.4.2 Deduce this upper bound for J(¢,z) directly from the parabolic maximum
principle, without explicit computations.

Let us see what we can say the regularity of J(¢, z).

Proposition 2.4.3 Let g(t,x) be a bounded uniformly continuous function over [0,T] x R™,
that satisfies
J9(t,2) — g(t' )] < C(It =117 + o — /| (2.4.13)

for some a € (0,1). Then J(t,x) given by (2.4.11) is twice continuously differentiable in x,
and once continuously differentiable in t over (0,T) x R™, with the corresponding derivatives
bounded over every interval of the form [e,T], 0 <e < T.

o1



Note the difference in the Holder exponents in ¢ and x in the assumption (2.4.13) on the
function g(t, z). It will be clear from the proof how this disparity comes about. More generally,
it is related to the different scaling of the heat equation and other parabolic problems in time
and space.

Proof. The first inclination in an attempt to show the regularity of J(t,z) would be to
simply differentiate the integrand in (2.4.11). Let us fix some 1 < i < n, and compute

a €_|$_y|2/4(t_5) xi — yl €_|$_y|2/4(t_5)
du; ((47r(t - 8))”/2)_ 2t —s) (4m(t — 5))"/

so that after differentiation the integrand can be bounded as

0 (e lollze _lele” -y
B s === 2.4.14
}ém ((4w(t - s))n/2)g(8’y)‘ = Vi st —s))/?’ z Pa— ( )

As the volume element has the form

dx

de = —
T s

this shows that the x;-derivative of the integrand is dominated by an integrable function in ¢
and z.

Exercise 2.4.4 Use estimate (2.4.14) to conclude that J(¢,z) is C' in the z-variables, with
bounded derivatives. Note that this bound does not use any information on the function g(¢, x)
except that it is uniformly bounded. In other words, even if we only assume that g(t,z) is a
uniformly bounded measurable function, the solution of the heat equation will be continuously
differentiable in z.

The above argument can not be repeated for the time derivative: if we differentiate the
integrand in time, and make the same change of variable to z as in (2.4.14), that would bring
a non-integrable (¢ — s)~! singularity instead of a (t — s)~'/2 term, as before.

Exercise 2.4.5 Verify that differentiating the integrand twice in x leads to the same kind of
singularity in (¢ — s) as differentiating once in ¢.

Our strategy, instead, will be to take 6 € (0,¢) small, and consider an approximation

t—8 t—8
1 2
tox) = (t=s)A ' d _/ / —(z=y)*/(4(t—s)) duds.
J5( 7‘T) /0 € 9(87 )(.T) § 0 . (47T(t— S))n/Ze g(say> yas

(2.4.15)
Note that Js(s,z) is the solution of the Cauchy problem (in the variable s, with t fixed)
aJ,
a—; = AJs+ H(t —s—6)g(s, z), (2.4.16)

with the initial condition J5(0, ) = 0. Here, we have introduced the cut-off H(s) = 1 for s < 0
and H(s) =0 for s > 0.

The function Js(¢,z) is smooth both in ¢ and z for all § > 0 — this is easy to check
simply by differentiating the integrand in (2.4.15) in ¢ and x, since that does not produce any
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singularity because t — s > §. Moreover, Js(t,z) converges uniformly to J(¢,z) as 0 | 0 — this
follows from the estimate
| J(t, x) = J5(t, x)] < 6|gll e, (2.4.17)

that can be checked as in (2.4.12). As a consequence, the derivatives of Js(t,z) converge
weakly, in the sense of distributions, to the corresponding weak derivatives of J(t,z). Thus,
to show that, say, the second derivatives (understood in the sense of distributions) 0,,.,J(Z, )
are actually continuous functions, it suffices to prove that the partial derivatives 0, J5(t, )
converge uniformly to a continuous function, and that is what we will do.

We will look in detail at 0y,.;Js, with 7 # j. As the integrand for J; has no singularity
at s = t, we may simply differentiate under the integral sign

0?2 Js(t, x) t—3 = U)  eyP s
‘ B dsdy.
8351837] / /n t— s) 47r(t — 3))n/26 9(s,y)dsdy

The extra factor (t+ — s)? in the denominator can not be removed simply by the change of
variable used in (2.4.14) — as the reader can immediately check, this would still leave a non-
integrable extra factor of (¢ — s)~! that would cause an obvious problem in passing to the
limit ¢ | 0.

A very simple but absolutely crucial observation that will come to our rescue here is that,
as 1 # j, we have

/(xi—y@-)( — yy)e oA gy — ), (2.4.18)

This allows us to write

aQJ(; t [L‘ t=o - y]) —|z—y|?/4(t—s)
Ox0x; / /n 4(t — s) 47r(t — )2 (9(s.y) — g(t,z))dsdy.

Now, we can use the regularity of g(s,y) to help us. In particular, the Holder continuity
assumption (2.4.13) gives

ClzPe (|t = s[* + |z — y|*)
g(57y)_g<t7$))‘ < (t—S)

(i —yi) (%5 — y;) ef\:vfy\z/él(tfs)(
4(t — s)2(4m(t — s))/2
< C k(z)
T (t— )2 (An(t — s))V?
still with z = (z — y)/v/t — s, as in (2.4.14), and
k(z) = |2Pe P L+ |2,
As before, the factor of (t — s)™? in the right side of (2.4.19) goes into the volume element

dx
(t —s)/?’

(2.4.19)

dz =

and we only have the factor (¢ —s)'=%/2 left in the denominator in (2.4.19), which is integrable
in s, unlike the factor (¢ — s)~! one would get without using the cancellation in (2.4.18) and
the Holder regularity of g(¢, ). Thus, after accounting for the Jacobian factor, the integrand
in the expression for d,,,,Js is dominated by an integrable function in z, which entails the
uniform convergence of d,,,,Js as 6 | 0. In particular, the continuity of the limit follows as
well.

23



Exercise 2.4.6 Complete the argument by looking at the remaining derivatives 0;Js(t, x)
and Oy, J(t,z). The key step in both cases is to find a cancellation such as in (2.4.18).

Let us summarize the results of this section as follows.
Theorem 2.4.7 Let u(t,x) be the solution of the Cauchy problem

% =Au+g(t,z), t>0, xR (2.4.20)
u(0, ) = up(x).

Assume that ug(x) is a uniformly bounded function on R™, and g(t,x) is a bounded uniformly
continuous function over [0,T] x R™, that satisfies a Holder reqularity estimate

lg(t.2) — g(t", ) < O(t — ¢ + |z — 2'|) (2.4.21)

for some o € (0,1). Then u(t,x) is twice continuously differentiable in x, and once contin-
wously differentiable in t over (0,T) x R™, with the corresponding derivatives bounded over
every interval of the form [e,T], 0 <e <T.

We will come back to Theorem 2.4.7 in Section 2.5, where we will consider the regularity of
the solution of more general parabolic equations, after we have a look at the solutions of the
nonlinear heat equations.

2.4.2 Existence and regularity for a semi-linear diffusion equation
We now turn to a semi-linear parabolic equation of the form
u = Au+ f(z,u). (2.4.22)

Such equations are commonly known as the reaction-diffusion equations, and are very common
in biological and physical sciences. We will consider (2.4.22) posed in R", and equipped with
a bounded, nonnegative, and uniformly continuous initial condition

u(0,z) = up(x). (2.4.23)

Needless to say, the continuity and non-negativity assumptions on the initial conditions could
be relaxed, but this is a sufficiently general set-up, to which many problems can reduced, and
which allows us to explain the basic ideas. The function f is assumed to be smooth in all its
variables and uniformly Lipschitz in u:

|f(x,u) — f(z,u)] < Cflu—|, for all x € R™ and u, v’ € R. (2.4.24)
In addition, we assume that
f(z,0) =0, f(z,u) <0 if u> M, for some large M > ||ug]|oo- (2.4.25)
One example to keep in mind is the Fisher-KPP equation

w = Au+u(l —u), (2.4.26)
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with the predator-prey nonlinearity f(u) = u(1 — u). We refer the reader to Chapter ?? for
the discussion of how this equation arises in the biological modeling and other applications,
as well as to the explanation of its name.
Another important example is the time-dependent version of the Allen-Cahn equation we
have encountered in Chapter 1:
up = Au+u — u’. (2.4.27)

In that case, we usually assume that |u| < 1 rather than positivity of u — the reader should
check that the function v = 1 + u satisfies an equation

vy = Av+ f(v), (2.4.28)

with a nonlinearity f that satisfies assumptions we will need below.
The assumption f(z,0) = 0 and the smoothness of f(z,u) mean that if u(t, z) is a smooth
bounded solution of (2.4.22)-(2.4.23), then u(t, z) satisfies

u = Au+ c(t, x)u, (2.4.29)
with a smooth function .
.0y = Lt
u(t, x)

As v(t,x) =0 is a solution of (2.4.29), the comparison principle, Theorem 2.3.3, implies that
if ug(xz) > 0 for all x € R™, then u(t,z) > 0 for all ¢ > 0 and = € R", unless uy(z) = 0. We
will prove the following existence result.

Theorem 2.4.8 Under the above assumptions on the nonlinearity f, given a bounded and
continuous initial condition ug(x) > 0, there exists a unique bounded smooth solution u(t, )
to (2.4.22)-(2.4.23), which, in addition, satisfies 0 < u(t,x) < M. Moreover, for all T > 0
each deriwative of u is bounded over [T, +o00) X R™.

Uniqueness of the solutions is straightforward. If the Cauchy problem (2.4.22)-(2.4.23) has
two smooth bounded solutions wu; (¢, x) and uy(t, z), then w = u; — uy satisfies

wy = Aw + ¢(t, r)w, (2.4.30)
with the initial condition w(0,2) = 0 and a bounded function

C(t,ZL’) _ f(l‘7u(tvm)) — f(fl],l)(t,l‘)).

u(t,z) —v(t, x)
The maximum principle then implies that w(t,x) < 0 and w(t,z) > 0, thus w(t,x) = 0,
proving the uniqueness.

The typical approach to the existence proofs in nonlinear problems is to use a fixed point
argument, and this is exactly what we will do. To this end, it is useful, and standard, to
rephrase the parabolic initial value problem (2.4.22)-(2.4.23) as an integral equation. This
is done as follows. Given a fixed T' > 0 and the given initial condition ug(x), we define an
operator T as a mapping of the space C([0,T] x R™) to itself via

[Tu](t,z) = e“ug(x) —|—/ DA F (- u(s, ) (z)ds (2.4.31)

0

t
1 2 s
= " ug(z) +/0 / We—(x—y) =) £y, u(s, y))dyds,
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with the operator e*® defined in (2.4.8). The Duhamel formula for the solution of the Cauchy
problem (2.4.22)-(2.4.23) can be now succinctly restated as

u(t,z) = [Tul(t, x). (2.4.32)

In other words, any solution of the initial value problem is a fixed point of the operator T.
On the other hand, to show that a fixed point of T is a solution of the initial value problem,
we need to know that any such fixed point is differentiable.

A priori regularity
The key boot-strap observation is the following.

Lemma 2.4.9 Let u(t,x) be a fized point of the operator T (t,z) on the time interval [0,T].
If u(t, x) is a uniformly continuous function over [0,T] x R", then u(t,x) is infinitely differ-
entiable on any time interval of the form [e,T] with € > 0.

Proof. The first term in the right side of (2.4.31) is infinitely differentiable for any ¢ > 0
and x € R" simply because it is a solution of the heat equation with a bounded and continuous
initial condition uy. Thus, we only need to deal with the Duhamel term

t 1
D[u] (ta 33) = /0 /n W€_(x_y)2/(4(t_s))f(y, U(S, y))dyds. (2.4.33)
Assume for a moment that we can show that u(t,x) is Holder continuous in ¢ and z. Then,
so is f(x,u(t,x)), and Proposition 2.4.3 tells us that D[u|(¢,z) is differentiable in ¢ and z.
Then, we see from (2.4.31) or (2.4.32) that so is u(t, z), and thus f(x,u(t,z)) is differentiable
as well. But then we can show that Dlu](t,z) is twice differentiable, hence so are u(t,x)
and f(z,u(t,z)). We may iterate this argument, each time gaining derivatives in ¢ and z,
and conclude that, actually, u(¢, x) is infinitely differentiable in ¢ and x. Therefore, it suffices
to show that any uniformly continuous solution u(t, x) of (2.4.32) is Holder continuous. This
is a consequence of the following strengthened version of Proposition 2.4.3. Recall that we
denote

t
1 2
— = o (my)t /() ) 2.4.34
J(t,l') A /n (4'/T<t _ S))n/Qe g(s7y)dyds ( 3 )

Lemma 2.4.10 Let g(t,z) be a bounded uniformly continuous function. Then J(t,z) given
by (2.4.34) is Hélder continuous for allt > 0 and x € R™.

Proof of Lemma 2.4.10. Let us freeze t > 0 and prove that J is differentiable in x;, with
some 1 <7 < n. The proof of Proposition 2.4.3 had plenty of room, as far as differentiability
in x is concerned, so that part of the argument is identical: we write

—le—y|?/4(t-s) e e—lrylP/At=s) — =2
‘ 0 (& ‘ _ ‘ . Z; Yi € < 2||g||00 |Z|€ : (2435)
Oz \ (4m(t — s))™/? 2(t —s) (4m(t — s))M21 =/t — s (4w (t — s))™/?
with
l“ —
P—— (2.4.36)
t—s



This shows that the x;-derivative of the integrand is dominated by an integrable function in z,
as

dx
(t —s)n/?’
which implies that J is C* in its 2 variables, with bounded derivatives.

On the other hand, the proof of the differentiability in ¢ of J(¢,z) in Proposition 2.4.3
did rely on the Holder regularity of the function g(¢, x), something that we do not have now.

Thus, we will have to compute a difference instead of a derivative. Assume, for convenience,
that ¢ > ¢, and write

e~ lz—yl?/A(t—s) e~ lz—yl?/A(t' ~s)
J(t.x) / / (s o gy ot s

. LA
/ / n/29<3,y)d’yd8 = Il(tvtlvx) +12(t7t/7$)'

dz =

(4m(t' —
(2.4.37)
The second term above satisfies the simple estimate
Lt ¢, 2)] < gl lt 1, (2.4.38)

obtained via the by now automatic change of variables as in (2.4.36). As for I}, we write

elomuP/AW=s)  gmla—yP/a=s) /t’ h(z) dr, »=——Y
(n(t =)~ nlt=s)2 " ) (a(r =)ot T F=y

h(z) = (—5 + ’Z' ) e

Thus, we have, changing the variables y — z in the integral over R", and integrating z out:

d t t—
L1t 2)| < Cllgll i~ / / " ds = Clllin / 1og( )ds

= C|g|lz(t'logt" — tlogt — (t' — t) log(t' — t)). (2.4.39)

with

This proves that
[L(t, 1, 2)| < Cllgllze |t —t|°, (2.4.40)

for all a € (0, 1), finishing the proof of Lemma 2.4.10, and thus also that of Lemma 2.4.9. [J

The Picard iteration argument

Thus, we know that if a uniformly continuous solution w(t,x) of (2.4.32) exists, then u(t, x)
is smooth. Let us now prove the existence of such solution. We will first show this for a time
interval [0, 7] sufficiently small but independent of the initial condition ug(z). We will use
the standard Picard iteration: set () = 0 and define

" (t 2) = Tu™(t, ). (2.4.41)
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The previous analysis shows that all u(™ (¢, 2) are smooth for ¢ > 0 and z € R”, and, using
the uniform Lipschitz property (2.4.24) of the function f(x,u) in u, we obtain

(e—4)* /(4(t=9))
Wt x) — u(t, @) </ / EE [y, 1™ (s,9)) = [y, u" D (s, y))|dyds

(90 Y)?/(4(t=s))
€ n n—
<0f//n S ) = s, )

< CfT  sup ]u (s, y) —u" (s, y)|. (2.4.42)
0<s<T ,yeR"

This shows that if T < C’;l, then the mapping 7 is a contraction and thus has a unique fixed
point within the uniformly continuous functions u(t, x) over [0, 7] x R™. The only assumption
we used about the initial condition ug(x) is that it is continuous and satisfies

0 <wup(z) < M.

However, as we have mentioned, the maximum principle and the regularity of u(t,z) im-
ply that u(7,x) satisfies the same properties if ug(x) does. The key point is that the
time 1" does not depend on ug. Therefore, we can repeat this argument on the time in-
tervals [T, 2T, [2T,3T], and so on, eventually constructing a global in time solution to the
Cauchy problem. This finishes the proof of Theorem 2.4.8.

Exercise 2.4.11 Consider the same setting as in Theorem 2.4.8 but without the assumption
that M > |Jug|r~ in (2.4.25). In other words, replace (2.4.25) by the assumption

f(z,0) =0, f(z,u) <0 if u> M, for some large M, (2.4.43)

together with the assumption that wug(z) is a bounded non-negative function. Show that
the conclusion of Theorem 2.4.8 still holds — the Cauchy problem (2.4.22)-(2.4.23) admits a
unique smooth bounded solution for such initial conditions as well, and u(t, z) satisfies

0 < u(t,z) < max (M, sup ug(z)). (2.4.44)
z€R™

2.4.3 The regularity of the solutions of a quasi-linear heat equation

One may wonder if the treatment that we have given to the semi-linear heat equation (2.4.22)
is too specialized as it relies on particular cancellations. To dispel this fear, we show how this
approach can be extended to equations with a drift and other quasi-linear heat equations of
the form

— Au = f(z,Vu), (2.4.45)

posed for ¢ > 0 and x € R™. The nonlinearity is now stronger: it depends not on w itself but
on its gradient Vu. This time we do not make any sign assumptions on f, but we ask that
the nonlinear term f(z, p) satisfies the following two hypotheses: there exist C; > 0 so that

|f(z,0)] < C, for all x € R™, (2.4.46)
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and Cy > 0 so that

|f(z,p1) — f(x,p2)| < Calpr — paof, for all x,py, py € R™. (2.4.47)
One consequence of (2.4.46) and (2.4.47) is a uniform bound
|f(x,p)| < Cs(1+ Ip), (2.4.48)

showing that f(x,p) grows at most linearly in p. We also ask that f(z,p) is smooth in z
and p.

Two of the standard examples of equations of the form (2.4.45) are parabolic equations
with constant diffusion and nonuniform drifts, such as

ou
=A bi(x)=— 2.4.49
Uy U+ J (.I') axj ) ( )
with a prescribed drift b(x), and the viscous regularizations of the Hamilton-Jacobi equations,
such as

u = Au+ f(|Vul). (2.4.50)
We will encounter both of them in the sequel. Our goal is the following.

Theorem 2.4.12 Fquation (2.4.45), equipped with a bounded uniformly continuous initial
condition ug, has a unique smooth solution over (0,400) x R™, which is bounded with all its
derivatives over every set of the form (e,T) x R™.

We will use the ideas previously displayed in the proof of Theorem 2.4.8. One of the main
difficulties in looking at (2.4.45) is that it involves a nonlinear function of the gradient of the
function u, which, a priori, may not be smooth at all. Thus, a natural idea is to regularize that
term, and then pass to the limit. A relatively painless approach is to consider the following
nonlocal approximation:

Ui — Auf = fz, Vof), o° = el (2.4.51)
When € > 0 is small, one expects the solutions to (2.4.45) and (2.4.51) to be close as
B — ), as e — 0. (2.4.52)

Exercise 2.4.13 In which function spaces does the convergence in (2.4.52) hold? For in-
stance, does it hold in L? or L7 How about C'(R)?

A damper on our expectations is that the convergence in (2.4.52) does not automatically
translate into the convergence of the corresponding gradients, unless we already know that
is differentiable. In other words, if ¢ is not differentiable, there is no reason to expect that

V() = Vi,

simply because the right side may not exist. And this is what we need to understand the
convergence of the term f(x, Vo©) in (2.4.51). Thus, something will have to be done about
this.

Nevertheless, a huge advantage of the (2.4.51) over (2.4.45) is that the function v° that
appears inside the nonlinearity is smooth if u° is merely continuous, as long as € > 0. This
can be used to show that the Cauchy problem for (2.4.51) has a unique smooth solution.
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Exercise 2.4.14 Show that, for every € > 0 and every bounded function u(x) bounded, we
have

IV (e )|l < (2.4.53)

\/—||U||L°°
Use this fact, and the strategy in the proof of Theorem 2.4.8; to prove that (2.4.51), equipped
with the bounded uniformly continuous initial condition ug, has a unique smooth solution u®
over a set of the form (0,7;.] x R", with a time 7. > 0 that depends on € > 0 but not on the
initial condition uyg.

Having constructed solutions to (2.4.51) on a finite time interval [0, 7¢], in order to obtain
a global in time solution to the original equation (2.4.45), we need to do two things: (1) extend
the existence of the solutions to the approximate equation (2.4.51) to all ¢ > 0, and (2) pass
to the limit ¢ — 0 and show that the limit of u® exists (possibly along a sub-sequence) and
satisfies “the true equation” (2.4.45). The latter step will require uniform bounds on Vu*
that do not depend on £ — something much better than what is required in Exercise 2.4.14.

Global in time existence of the approximate solution

To show that the solution to (2.4.51) exists for all ¢ > 0, and not just on the interval [0, 7],
we use the Duhamel formula

¢
1 2

c _ A s (=R Al-s) € . (2.4.54

) =+ [ ] e Flo, Vo (s,9)dyds. - (24.54)

Assumption (2.4.48), together with the gradient bound (2.4.53), implies an estimate

: et )
f, V()] < € (14 =),

that can be used in (2.4.54) to yield

lus(t, )L < |Jugl||re + Ct + —/ |u(s, )| Leds. (2.4.55)
We set
/ |u(s, ) ||L=ds,
and write (2.4.55) as
dZ. %

Multiplying by exp(—C't/+/¢) and integrating gives

Z.(t) < ge(]t/‘/‘g (ol + Ct). (2.4.57)

Using this in (2.4.55) gives a uniform estimate
[uf (¢, )| < (o[ + Ct) (1 + CH/VE). (2.4.58)

Therefore, the L*-norm of the solution can grow by at most a fixed factor over the time
interval [0,7.]. This allows us to restart the Cauchy problem on the time interval [T%, 27T.],
and then on [27,3T.], and so on, showing that the regularized problem (2.4.51) admits a
global in time solution.
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Passing to the limit ¢ | 0

A much more serious challenge is to send € | 0, and recover a solution of the original equa-
tion (2.4.45). To do this, we will obtain the Holder estimates of u® and its derivatives up
to the second order in space and the first order in time, that will be independent of . The
Ascoli-Arzola theorem will then provide us with the compactness of the family «°, and allow
us to pass to the limit and obtain a solution of (2.4.45).

Exercise 2.4.15 Assume that there exists o € (0,1) such that, for all 6 > 0 and 7" > 6,
there is Cs(T) > 0, locally bounded for T € [0, +00), and independent of € € (0, 1), for which
we have the following Hélder regularity estimates:

|9 (b)) ) |02 (w0 (0 ) ) | < (D) (10102 4 o=, (24.59)

for all t,t' € [0,T] and z,2’ € R". Write down a complete proof that then there exists a
subsequence u* converges to a limit u(¢,x) as k — 400, and u(t, x) is a solution to (2.4.45).
In particular, pay attention as to why we know that Vv — Vwu. In which space does the
convergence take place?

This exercise gives us the road map to the construction of a solution to (2.4.45): we
“only” need to establish the Holder estimates (2.4.59) for the solutions of the approximate
equation (2.4.51). We will use the following lemma, that is a slight generalization of the
Gronwall lemma, and which is very useful in estimating the derivatives for the solutions of
the parabolic equations.

Lemma 2.4.16 Let ¢(t) be a nonnegative bounded function that satisfies, for all 0 <t < T':

<—+b/

Then, for all T > 0, there is C(T) > 0 that depends on T' and b, such that

—ds. (2.4.60)

C(T)a
t) < . 2.4.61
p(t) < i (2.4.61)
Proof. First, note that we can write ¢(t) = at(t), leading to
1 " (s)
) < — + b/ ds. 2.4.62
v <o+ [ L (2.4.62
Then, iterating (2.4.60) we obtain
w(t) S Z[n<t) + RnJrl(t)’ (2‘4'63)
k=0
for any n > 0, with
b LL(s) 1
Ly (t) = b ds, Io(t) = —, 2.4.64
At =0 [ s 1 = — (2.4.64)



and

Raa) =0 [ L ) = o (2.4.65)
n+1 - 0 \/m) 0 - 90 . A,
We claim that there exist a constant ¢ > 0, and p > 1 so that
1 (ct)™?
L,(t) < — 2.4.66
)< o (2460

Indeed, this bound holds for n = 0, and if it holds for I, (¢), then we have

bcn/Z 3 S(n_l)/2d8 an/2t(n+1)/2 1 7_(77,—1)/2d,7_

I (t)_b/t h(e) ds < =
T s VEi—s T () Jy Vi—s Viihie Jo  V1—71
n/24(n+1)/2 1 1
_ be/2¢(n+1)/ </ 7-3(”_1)/2617') 1/3</ dr )2/3
(n)ev/t N o o (L—7)3/4

B b/ 2¢(n+1)/2 42/3 _ ben/24(n+1)/2 42/391/3
Vi)Y (3n/2 = 1)1 T i ()ie (n4 1)V

Thus, the bound (2.4.66) holds with p = 3 and ¢ = b? - 219/3,

(2.4.67)

Exercise 2.4.17 Use the same argument to estimate R,,(¢) and show that if ¢(¢) is uniformly
bounded on [0, 7, then

o0

o(t) < 7 +a )y I,(t). (2.4.68)

n=1

Now, the estimate (2.4.61) follows from (2.4.68) and (2.4.66). OJ
This lemma will now (somewhat effortlessly) bring us to (2.4.59). First, let us use the
Duhamel formula (2.4.54) to get the Holder bound on Vu®. The maximum principle implies
that
le" ol o= < [Juoll o=, (2.4.69)

and also that the gradient
Vot = AV,

satisfies the bound
IVVE(t, )| e < || VU (2, )] Lo- (2.4.70)

We use these estimates, together with (2.4.48) in the Duhamel formula (2.4.54), leading to

t
|us(t, )| e < [|uollpe + Ct + C/ IVus(s, )| p-ds. (2.4.71)
0

The next step is to take the gradient of the Duhamel formula. The first term is estimated
as in (2.4.53):

C
V(e up) || ne < —=||uol|po- 2.4.72
V(e uo) || 1 < \/%H ol ( )
To bound the gradient of the integral term in the Duhamel formula, we note that
[Vet=8 F (. T0) 100 < \/i_s|\f<-,vus(s,.)\|m. (2.4.73)
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The term in the right side is bounded, once again, using the linear growth bound (2.4.48)
and (2.4.70). Altogether these estimates lead to

\Y N
IVus(t, e < —=lluollz~ + CVE+ C/ Mds. (2.4.74)

7i <

Writing

C CHUOHLC"’ +OT
—uol| e + CVE <

\/EH 0||L > \/E

we can put (2.4.74) into the form of (2.4.60). Lemma 2.4.16 implies then that there exists a
constant C(7T") > 0, independent of ¢, such that

, 0<t<T,

IVUE(t, Y= < —=2, 0<t<T. (2.4.75)

Using this estimate in (2.4.71) gives a uniform bound on u® itself:
lus(t, )||pe < C(T), 0<t<T. (2.4.76)

In other words, the family u(¢, -) is uniformly bounded in the Sobolev space W1 (R™) — the
space of L* functions with gradients (in the sense of distributions) that are also L* functions:
C(T)

ut(t,)||lwre < —==, 0<t<T. 2.4.77

[u*(E, ) llw i (2.4.77)

The uniform bound on the gradient in (2.4.77) seems a far cry from what we need

in (2.4.59) — that estimate requires the second derivatives to be Hélder continuous, and so far

we only have a uniform bound on the first derivative — we do not even know yet that the first

derivatives are Holder continuous. Surprisingly, the end of the proof is actually near. Take
some 1 <7 < n, and set

ouf
o

L 6%

The equation for z{ is (using the summation convention for repeated indices)

Ohzf — A2 = 0y, f(, V) + Oy, (2, VU)o, @ = €225 (2.4.78)

We look at (2.4.78) as an equation for z7, with a given Vv that satisfies the already proved
uniform bound
C(T)

Vi

that follows immediately from (2.4.75). Thus, (2.4.78) is of the form

IVoe(t, )| L= < 0<t<T, (2.4.79)

0z — Az = G(, V), ¢ = ez, (2.4.80)

with

G(z,p) = Oy, f(x, V) + 0y, f (2, VV°)p;. (2.4.81)
The function G(x,p) satisfies the assumptions on the nonlinearity f(x,p) stated at the be-
ginning of this section — it is simply a linear function in the variable p, and it z-dependence
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is only via the function Vo* that is uniformly bounded on any time interval [0, 7] with § > 0.
Hence, on any such time interval z{ satisfies an equation of the type we have just analyzed
for u, and our previous analysis shows that

c(T,o
IV25(t, )|l e < (t ’ 5), 0<t<T. (2.4.82)
In other words, we have the bound
Cc(T,d
| D2uf(t, ) || oo < (T,9) 0<t<T. (2.4.83)

Vi—20'

This is almost what we need in (2.4.59) — we also need to show that D?uf are Holder
continuous. One way to see this is to note that with the information we have already ob-
tained, we know that the right side in (2.4.80) is a uniformly bounded function, on any time
interval [d, 7], with § > 0. Lemma 2.4.10 implies then immediately that Vz;(t,z) is Holder
continuous on the time interval [26,T], which is exactly what we seek for D?u® in (2.4.59).
The bound on the time derivative follows then immediately from the equation (2.4.51) for u*
— the reader may pause for a second to see why the term f(z, Vo®) is Holder continuous.

Exercise 2.4.18 So far, we have proved that (2.4.45) has a solution u(t, z) that is uniformly
bounded in the Holder space C%“(R™) on any time interval [4, 7] with 6 > 0. Differentiate
the equation for u and iterate this argument, showing that the solution is actually infinitely
differentiable.

All that is left in the proof of Theorem 2.4.12 is to prove the uniqueness of a smooth
solution. We will invoke the maximum principle again. Recall that we are looking for smooth
solutions, so the difference w = u; — uy between any two solutions u; and uy simply satisfies
an equation with a drift:

wy — Aw = b(t, z) - Vw, (2.4.84)

with a smooth drift b(¢, x) such that
f(z, Vuy(t,z)) — f(x, Vua(t,x)) = b(t, x) - [Vuy(t, z) — Vua(t, z)].

As w(0,z) = 0, the maximum principle implies that w(t,z) = 0 and u; = us. This completes
the proof of Theorem 2.4.12. [

Exercise 2.4.19 Prove that, if ug is smooth, then smoothness holds up to ¢t = 0. Prove that
equation (2.4.45) holds up to t = 0, that is:

u(0, ) = Aug(z) + f(x, Vug(x)).

Exercise 2.4.20 Extend the result of Theorem 2.4.12 to equations of the form

uy = Au+ b;(t, x)g—u + c(t, z)u, (2.4.85)

L

with smooth coefficients b;(t, z) and c(¢, z).
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2.5 A survival kit in the jungle of regularity

In our noble endeavor to carry out out as few computations as possible, we have not touched
a very important subject: that of optimal regularity. In other words, given a linear, possibly
inhomogeneous equation of the form

0%u

ou
Dw0w; b(t, x)5— +c(t,x) = f(t, ), (2.5.1)

up — ag;(t, x) oz,
the coefficients a;;, b; ¢ and the right side f having a certain given degree of smoothness,
what is the maximal regularity that one may expect from u? The question is a little different
from what we did for the nonlinear equations, where one would first prove a certain, possibly
small, amount of regularity, in the hope that this would be sufficient for an iteration leading
to a much better regularity than in one iteration step. The answer to the question of maximal
regularity is, in a nutshell: if the coefficients have a little bit of continuity, such as the Holder
continuity, then the derivatives u; and D?u have the same regularity as f. This, however, is
true up to some painful exceptions: continuity for f will not entail, in general, the continuity
of u; and D?u.

The question of the maximal regularity for linear parabolic equations has a certain degree
of maturity, an interested reader should consult [97] to admire the breadth, beauty and
technical complexity of the available results. Our goal here is much more modest: we will
explain why the Holder continuity of f will entail the Holder continuity of w; and D?*u —
the result we have already seen for the heat equation using the explicit computations with
the Duhamel term. In the context of the parabolic equations, we say that a function g(¢, x)
is a-Hoélder continuous on (0,7 x R™, with 0 < o < 1, if for every € > 0 there is C. > 0 such
that

g(t,x) —g(t',2)| < Co(jt =t |+ |z —2'|*), foralle <t,# <T andx €,2' € R". (2.5.2)

This is what we have already seen for the heat equation, for example, in Theorem 2.4.7. If C,
does not blow up as ¢ — 0, then we say that g is a-Hélder continuous on [0,7] x R™. The
Hoélder norm of g over [, T] x R™ is

/ /
sup l9(t, ) = g(t, )] (2.5.3)
e<t,t!'<T, x€TN |JZ - x/|a + |t - tl|a/2
When a;;(t,z) = 0;; (the Kronecker symbol), the second order term in (2.5.1) is the
Laplacian, and our work was already almost done in Theorem 2.4.7. We will try to convince
the reader, without giving the full details of all the proofs, that this carries over to variable
diffusion coefficients, and, importantly, to problems with boundary conditions. Our main
message here is that all the ideas necessary for the various proofs have already been displayed,
and that "only” technical complexity and dexterity are involved. Our discussion follows
Chapter 4 of [97], which presents various results with much more details.
When the diffusion coefficients are not continuous, but merely bounded, the methods
described in this chapter break down. Chapter 7?7, based on the Nash inequality, explains to
some extent how to deal with such problems by a very different approach.
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The Holder regularity for the forced heat equation

We begin still with the inhomogeneous heat equation, strengthening what we have done in
Theorem 2.4.7: we show that if the forcing term is a-Holder continuous in the sense of (2.5.2),
then the Holder continuity passes on to the corresponding derivatives of the solution.

Theorem 2.5.1 Let g be a-Hélder on (0,T] x R™, and let v(t,z) solve
—Av=gon (0,7 xR", v(0,z)=0. (2.5.4)

Then Oy and D?*v are a-Holder continuous over (0,T] x T™. Further, their Holder norms
over any set of the form (g, T] x R™, with € > 0, are controlled by that of g over the same set.

Proof. Our analysis follows what we did in Section 2.4.1 except we have to look at the Holder
differences for the second derivatives. The function v(¢, ) is given by the Duhamel formula

t
1 2
L) = ~(@—)*/(4(t—5) dyds. 2.5.
olt, ) /0 /n (47r(t—8))”/26 9(s,y)dyds (2:5.5)

We are going to examine only d,,,,v, with ¢ # j, leaving the other derivatives to the reader
as a lengthy but straightforward exercise. Let us set

ZZZJ €*|Z‘2 D<37tax)y) l]( & _y )g(87y> _g(t7x>7

hij(z) = e
3(2) = ynre N t—s

so that, using the fact that h;; has a zero integral, we may write

dsdy
8x 6% / RnD s, t,x, y)( — o) (2.5.6)

We remind the reader that the justification of expression (2.5.6) can be found in the proof of
Proposition 2.4.3. Recall, in particular, that the mean zero property of h;; is absolutely crucial
as it allows us to bring the difference g(s,y) — g(¢, x) under the integral sign — otherwise, the
integral would be divergent.

Now, for e <t <t < T and z,2’ in R", we have

2 tl / 2
ot @) o / D(s,t', 2, y)dsdy
t

0z;0x; 8@89& j “u

—i—/ / (D(s,t',x’,y) - D(s,t,x,y)) dsdy = J, + Jo.
0

Exercise 2.5.2 Verify that no additional ideas other than what has already been devel-
oped in Section 2.4.1 are required to prove that the integral J; satisfies an inequality of the
form (2.5.2), with the control by the Hélder norm of g.

As for the integral Jo, we need to look at it a little deeper. The change of variables
z=x+2vVt— sy
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transforms (2.5.6) into

/ / g(s,x + 2yt — sz) — g(t,x))dsdz
&vlax] n il

t—s /2’

and Jo becomes

Jo(t, 'z, 1)
g(s, o' + 2@2’) gt', ") g(s,x+ 2yt —s2) — g(t,x)] dsdz
[ [t ) e/ ] o
g(s, o' + 2@2’) gt ") g(s,x+ 2/t —sz) — g(t',x)] dsdz
://"U [ —s a t—s ]wnﬂ
g(s,r + %/ﬁz) g(t',x) g(s, x4+ 2/t —s2) — g(t,x)] dsdz
o, f] e Eoa
= Ju(t,t' z,2") + Joa(t, ¢, x, 2"). (2.5.7)

We estimate each term separately.
The estimate of Jy(t,t',x,2). We split the time integration domain into the intervals

1 1
A:{s:t—i(t’—t)gsgt}, B:{Ogsgt—ﬁ(t'—t)}.
The Holder regularity of g(¢,x) implies that

95,7+ 2v/F —52) — g(t',2)] < Ot — )|z,

and
lg(s,x 4+ 2Vt — sz) — g(t,x)| < C(t — s)o‘/2|z|,

Note that for s € A we have

1
t—s <ot —1), t—s<o(f—1),

DN o

hence the contribution to Joy by the integral over the interval A can be bounded as

t 1 1 dsdz
JA t’ t/’ , / < C/ hz

< Ct —t)2. (2.5.8)

To estimate the contribution to Jo; by the integral over the interval B, note that for s € B
both increments ¢ — s and t' — s are strictly positive. Let us also recall that h;; has zero
integral. Thus, we may remove both ¢(t,z) and ¢(t,2’) from the integral. In other words,
we have

. / / t—1/2(t' —t) g(S, T+ sz) g(S, T+ 2/t — sz) dsdz
J22(t,t,l‘,l') = t/_s — PR th(Z) 7.(_n/2

O n
(2.5.9)
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Exercise 2.5.3 Show that the integrand in (2.5.9) can be bounded from above by

C|Z|36-Z|2(!(\/t’ s—vt—s)a)r 1 1 ) (2.5.10)

t'—s t—s t'—s

with the constant C' that depends on the Holder constant and the L*-norm of the function g.

Integrating out the z-variable, and using (2.5.10) we obtain
=120 —t) (S o SF 5) t—1/2( —t) 1 1
Jp(t.t ) < C/ W =s=vE=s) )y 0/ - ds
0 t'—s 0 t—s t'—s

<CH =2 +C.(t' —t), e<t<t. (2.5.11)

We conclude that
Joo(t, ',z 2') < CL(t — )2, e<t<t (2.5.12)

The estimate of Jy;(¢,t',x,2"). Now, we estimate

le t t , L {L')
g(s, 2" + 2Vt —sz) —g(t', ") g(s,x+ 2/t — sz) — g(t',x) | dsdz
n i t—s B v —s /2
= Jg‘; + JzBl. (2.5.13)

The two terms above refer to the integration over the time interval A = {t — |z —2/|*> < s < t}
and its complement B. In the first domain, we just use the bounds

l9(s.a" + 2Vt = s2) — g(t',a")| < C(t' = 5)*|2| < C(It' = #|*% + [ — 2'|%)|],
and
l9(s, @ + 2V —s2) — g(t',2)| < C(t' = 5)*|2| < O(|t' —t|** + o — 2'|) 2.
After integrating out the z-variable, this leads to
|y (t,t 2, 2))| < C([E =t + |x — 2'|*). (2.5.14)

As h;; has zero mass, and ¢’ — s is strictly positive when s € B, we can drop the terms
involving g(t',z") and g(t', z), leading to

JB /t |lz—a2’ / S ' 4+ 92 /t/_sz) (375(;+2\/t,—82) dsdz
21(t t , L, I zy

t'—s 7'('”/2

T LGS —hw(zj%))ifs_’? BTN

Once again, because h;; has zero mass we have

t-le—o'? r' — T — (s,y) —g(t', ) dsdy
JB t t ; Y — s Y g\s,y g\t, '
nlhtr ) / /( oy = ) j<2\/t’ - s>> t—s (4 (t — s))n/2
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The integrand above can be re-written as

(hw<§%%;%§)——hU<2j%;g§>)gﬂﬂylif§ﬂ,f) (2.5.16)
_ %/0 9(s,y) — g(s, x(;)jjg«/s; zo) — g(t', ') (' — z) - Vhi (—m" __ys)da,

2Vt
with x, = ox + (1 — o)a’. It follows that

t—lz—z'|2 1
B To — Y
et < lo - [ [ ] (o (e= )]

% |y - J7U|a + |ZE’ - xa|a + |tl - 3|a/2 deydU
(t' — 5)3/2 (t — s)n/?’

with the constant C, that is a multiple of the Holder constant of g. Estimating |VA(z)]
by |z|?e ¥ and |2’ — x,| by |z — 2/[, and making the usual change of variable

(2.5.17)

T — Y
2/t — s
and integrating out the z-variable, we arrive at

t—|z—a'|? 1 |ZL‘ o $/|a
B ! ! o
|Joy(t, 2, 2")| < Cglz — o |/O ((t — o) + = 5)3/2>d8‘ (2.5.18)

Integrating out the s-variable, we obtain

y— 2=

|5t z,2)| < Cle —2/|(Jo — /22D 4 |z — 2 |%|lx — 2/|7Y) < Clw — 2/|*, (2.5.19)

thus Jy; is also Holder continuous, finishing the proof. [

A remark on the constant coefficients case

Let us now consider solutions of general constant coefficients equations of the form

Up — Q3O u + 00z u 4 cu = f(t,x). (2.5.20)

We assume that a;;, b; and ¢ are constants, and the matrix A := (a;;) is positive definite:
there exists a constant A > 0 so that for any vector £ € R™ we have

aii€i&; = M. (2.5.21)

Assume also that f is an a-Holder function over [0,7] x R™, and take the initial condi-
tion v(0,2) = 0. The function v(t,z) = u(t, z + Bt) exp(ct), with B = (by,...,by,), solves

Uy — Q30,00 = f(t,z + Bt). (2.5.22)
The change of variable w(t, z) = v(t, v/Ax) brings us back to the forced heat equation:
wy — Aw = f(t,VA(zx + Bt)). (2.5.23)

We see that the conclusion of Theorem 2.5.1 also applies to other parabolic equations with
constant coefficients, as long as the ellipticity condition (2.5.21) holds.
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Exercise 2.5.4 Consider the solutions of the equation
U — Uy +uy = f(t,2,9), (2.5.24)

in R? and use this example to convince yourself that the ellipticity condition is necessary for
the Holder regularity as in Theorem 2.5.1 to hold.

The Cauchy problem for the inhomogeneous coefficients

Theorem 2.5.1 is the last one that we proved fully in this section. In the rest, we will only give
a sketch of the proofs, and sometimes we will not state the results in a formal way. However,
we have all the ideas to attack the first big piece of this section, the Cauchy problem for the
parabolic equations with variable coefficients:

O*u ou
u — a;j(t, ) =——=— +bj(t, ) =— + c(t,x)u =0, ¢t>0, ze€R",
J 89518:6] J 8:5']-
u(0,2) = up(x), x€R™ (2.5.25)

We make the following assumptions on the coefficients: first, they are sufficiently regular — the
functions (a;;(t, x))1<ij<n, (b;(t, z))1<j<n and c(t, z), all a-Hélder continuous over [0, T] x R™.
Second, we make the ellipticity assumption, generalizing (2.5.21): there exist A > 0 and A > 0
so that for any vector £ € R™ and any x € R™ we have

MEP < ag(t, 2)&& < AlE. (2.5.26)

We assume that the initial condition wug(z) is a continuous function — this assumption can be
very much weakened but we do not focus on it right now.

Theorem 2.5.5 The Cauchy problem (2.5.25) has a unique solution u(t,x), whose Hélder
norm on the sets of the form [e,T] x R™ is controlled by the L> norm of uy.

Exercise 2.5.6 Show that the uniqueness of the solution is an immediate consequence of the
maximum principle.

Thus, the main issue is the construction of a solution with the desired regularity. The
idea is to construct the fundamental solution of (2.5.25), that is, the solution E(t,s,z,y)
of (2.5.25) on the time interval s <t < T instead of 0 <t < T

oF 1))
OF —a;(t,v)—x;+b;(t,x)=— +c(t,2)E=0, t>s, v €R", (2.5.27)
(9@- 8xj
with the initial condition
E(t=s,sz,y) =4z —y), (2.5.28)

the Dirac mass at x = y. The solution of (2.5.25) can then be written as
u(t,z) = / E(t,0,z,y)uy(y)dy. (2.5.29)
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Thus, if can show that E(t,s,x,y) is smooth enough (at least away from ¢ = s), u(t, z) will
satisfy the desired estimates as well. Note that this is a very strong property: the initial
condition in (2.5.28) at ¢ = s is a measure — and we need to show that for all £ > s the
solution is actually a smooth function. On the other hand, this is exactly what happens for
the heat equation

uy = Au,

where the fundamental solution is

1

e
(47 (t — s)™/?

E(t,s,x,y) =

Exercise 2.5.7 Go back to the equation
Up — Ugg + Uy = 0.

considered in Exercise 2.5.4. Show that its fundamental solution is not a smooth function in
the y-variable. Thus, the ellipticity condition is important for this property.

The understanding of the regularity of the solutions of the Cauchy problem is also a key
to the inhomogeneous problem because of the Duhamel principle.

Exercise 2.5.8 Let f (¢, z) be a Holder-continuous function over [0, 7]xR"™. Use the Duhamel
principle to write down the solution of

2 ou
(9a:iaa:ju + bj (t, l‘)a—x]

u(0,2) = ug(x), x€R", (2.5.30)

g — a;;(t, ) +c(t,x)u= f(t,z), t>0, z€R",

in terms of E(t, s, z,y).

Thus, everything boils down to constructing the fundamental solution E(t,s,x,y), and
a way to do it is via the parametrix method. Let us set b; = ¢ = 0 — this does not affect
the essence of the arguments but simplifies the notation. The philosophy is that the possible
singularities of E(t,s,x,y) are localized at t = s snd © = y (as for the heat equation).
Therefore, in order to capture the singularities of E(t, s, x,y) we may try to simply freeze the
coefficients in the equation at t = s and = y, and compare E(t, s, z,y) to the fundamental
solution Ey(s,t,z,y) of the resulting equation:

0?Ey .
3tEo—&ij(3,y)m=0, t>s, v eRY,
Ey(t=s,z)=6(x —y), veR" (2.5.31)

There is no reason to expect the two fundamental solutions to be close — they satisfy different
equations. Rather, the expectation is that that £ will be a smooth perturbation of Fy — and,
since Ejy solves an equation with constant coefficients (remember that s and y are fixed here),
we may compute it exactly.
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To this end, let us write the equation for E(t,s,z,y) as

oFE ( )82E = F(t,x), t> e R"
t a’z] 5, Y &Ulaa:] - y L)y S, T )
E(t=s,z) =6z —y), zeR" (2.5.32)
with the right side
Fit.9) = (a5 (t.) = a5 (s,9)) 5 (2533
xr = A0, T) — ;51 S, . 0.
Y J J y (91:1(9%
The difference
RO - E - Eo
satisfies
0’ Ry 0*Ey
(‘3tR0 - aij(s,y)m = (aij(t,x) - aij(s, y))al‘za ; + Fo(t7$), t > S, (2534)
with the initial condition Ry(t = s,z) = 0, and
9’ Ry
F()(t, .%) = (aij (t, LIZ’) — aij(s, y)) 8@81:] . (2535)
Let us further decompose
Ro - E1 + Rl.
Here, E; is the solution of
0*E, 0*Ey
8tE1 - aij(s,y)m = (a,-j(t,x) - CLZ‘j(S, y))axzamj, t > S, (2536)
with the initial condition F;(t = s,x) = 0. The remainder R; solves
0*Ry 0’FE,
8tR1 — aij(s,y)m = (al-j(t,a:) — aij(s’y»axi@xj + Fl(t, .T), t> S, (2537)
with Ry (t = s,x) = 0, and
0’R,
Fl(tv 27) = (aij(tv ZL‘) - aij(sa y))ﬁxlaxj : (2538)

Equation (2.5.36) for E; is a forced parabolic equation with constant coefficients — as
we have seen, its solutions behave exactly like those of the standard heat equation with
a forcing, except for rotations and dilations. We may assume without loss of generality
that a;;(s,y) = 05, so that the reference fundamental solution is

Eo(t,s,z,y) = We(x?’)z/(‘l“s)), (2.5.39)

and (2.5.36) is simply a forced heat equation:
OPFEy(t,s,z,y)
ox;0x;
The functions a;;(t, z) Holder continuous, with a;;(s,y) = 6;;. The regularity of E; can be

approached by the tools of the previous sections — after all, (2.5.36) is just another forced
heat equation! The next exercise may be useful for understanding what is going on. .

8tE1 — AEl = [aij(t, (L’) — 52]] t>s, x & R™. (2540)

72



Exercise 2.5.9 Consider, instead of (2.5.36) the solution of

o @2E0(t7 S, T, y)
atZ - A= axzal’] ’

t>s, xeR", (2.5.41)

with z(t = s,z) = 0. How does its regularity compare to that of Ey? Now, what can you say
about the regularity of the solution to (2.5.40), how does the factor [a;;(t,z) — d;;] help to
make F; more regular than z? In which sense is E; more regular than Ey?

With this understanding in hand, one may consider the iterative process: write
with E5 the solution of

0?E 0*E
OrFy — aij(87 y)ﬁ = (a'ij(t7 ‘T) - aij(87 y))a$a; K t>s, (2542)
7 i ? J

with Ey(t = s,x) =0, and Ry the solution of

0*R 0*E
O Ry — aij(s’y)(()x-—ﬁi- = (a;;(t,z) — aij(s’y))am—@; + Fy(t,x), t>s, (2.5.43)
7 i ? J

with Ry(t = s,2) = 0, and

0*Ry

Fy(t,z) = (a;(t,z) — aij(s’y))ﬁx,;(?xj' (2.5.44)

Continuing this process, we have a representation for E(t, s, z,y) as
E=FEy+E + - +E,+R,, (2.5.45)
with each next term F; more regular than £y, ..., F;_;. Regularity of all £; can be inferred

as in Exercise 2.5.9. One needs, of course, also to estimate the remainder R, to obtain a "true
theorem” but we leave this out of this chapter, to keep the presentation short. An interested
reader should consult the aforementioned references for full details. We do, however, offer the
reader another (not quite trivial) exercise.

Exercise 2.5.10 Prove that F(s,t,s,y) has Gaussian estimates of the form:

o—le—yl?/Dt M€f|zfy|2/dt
— < FE(s,t <M-—F—.
m (t_s>n/2 — (Sv 7x7y) — (t—S)n/2

The constants m and M, unfortunately, depend very much on 7T'; however the constants d
and D do not.
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Interior regularity

So far, we have considered parabolic problems in the whole space R", without any boundaries.
One of the miracles of the second order diffusion equations is that the regularity properties
are local. That is, the regularity of the solutions in a given region only depends on how regular
the coefficients are in a slightly larger region. Consider, again, the inhomogeneous parabolic
equation

0%u

ou
AR = 2.5.4
o0, +0;(t, ) +c(t,x)u = f(t,z), t>0, (2.5.46)

u — a;i(t, x) o,
and assume that the coefficients a;;(t, z), b;(t, z) and ¢(¢, ), and forcing f(t, x), are a-Hélder
in S = [0,T] x Br(xg). It turns out that the derivatives D?u(t,z) and du(t, ) are a-Holder
in a smaller set of the form S = [e,T] X Bu_.r(xo), for any € > 0. The most important
point is that the Holder norm of w in S is controlled only by ¢, R, and the Hélder norms of
the coefficients and the L*° bound of u, both inside the larger set S. Note that the Holder
estimates on u do not hold in the original set S, we need a small margin, going down to the
smaller set S;.

Exercise 2.5.11 Prove this fact. One standard way to do it is to pick a nonnegative and
smooth function y(z), equal to 1 in Bg/s(xo) and 0 outside of Br(x), and to write down
an equation for v(t,z) = y(x)u(t,z). Note that this equation is now posed on (0,7] x R",
and that the whole spacee theory can be applied. The computations should be, at times
cumbersome. If in doubt, consult [60]. Looking ahead, we will use this strategy in the proof
of Lemma 2.8.3 in Section 2.8.1 below, so the reader may find it helpful to read this proof
now.

Specifying the Dirichlet boundary conditions allows to get rid of this small margin, and this
is the last issue that we are going to discuss in this section. Let us consider equation (2.5.46),
posed this time in (0,7] x Q, where Q is bounded smooth open subset of R". As a side
remark, it is not crucial that €2 be bounded. However, if €2 is unbounded, we should ask
its boundary to oscillate not too much at infinity. Let us supplement (2.5.46) by an initial
condition u(0,z) = wuo(z) in €, with a continuous function ug, and the Dirichlet boundary
condition
u(t,z) =0for 0 <t < T and x € 0N. (2.5.47)

Theorem 2.5.12 Assume a;;(t,x), b;(t,z), c(t,x), and f(t,x) are a-Hélder in (0,T] x Q -
note that, here, we do need the closure of ). The above initial-boundary value problem has
a unique solution u(t,r) such that D?u(t,z) and dwu(t,z) are a-Hélder in [¢,T] x Q, with
their Holder norms controlled by the L> bound of ug, and the Holder norms of the coefficients
and f.

The way to prove this result parallels the way we followed to establish Theorem 2.5.5. First,
we write down an explicit solution on a model situation. Then, we prove the regularity in
the presence of a Holder forcing in the model problem. Once this is done, we turn to general
constant coefficients. Then, we do the parametric method on the model situation. Finally,
we localize the problem and reduce it to the model situation.
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Let us be more explicit. The model situation is the heat equation in a half space
Q, =R} :={z=(z1,...2,) € R": 2, > 0}.
Setting «’ = (1,... 7, 1), we easily obtain the solution of the initial boundary value problem

u—Au=0, t>0, ze€Q,, (2.5.48)
u(t,z',0) =0,
u(0, ) = uo(x),

as
utia) = [ Bt g)unlo)dy (2.5.49)

with the fundamental solution
e—(z'—y)?/4t

—(En—yn)?/At —(mn+yn>2/4t)_ 2.5.50
—(47Tt)n/2 <e (& ( )

E()(t? z, y) -

Let us now generalize step by step: for an equation with a constant drift
uy — Au+b;0,,u=0, t>0, x€Q,, (2.5.51)

the change of unknowns u(t, ) = e***/2y(t, z) transforms the equation into

bQ
vy — Av + b;0 v — va =0, t>0, z€Q,. (2.5.52)

Thus, the fundamental solution, for (2.5.51) is

E(t,z,y) = etbi/‘l_xb"/on(t, r—tB"y), B =(b,...B,1,0). (2.5.53)
For an equation of the form

Ug — 3jO0pz,u =0, t>0, v €Q,, (2.5.54)
with a constant positive-definite diffusivity matrix a;;, we use the fact that the function
u(t,z) = v(t, VA 1z),
with v(t, z) a solution of the heat equation
vy = Av,

solves (2.5.54). For an equation mixing the two sets of coefficients, one only has to compose
the transformations. At that point, one can, with a nontrivial amount of computations, prove
the desired regularity for the solutions of

P +b‘8u
! i 89018% J @l’j

u

+cu = f(t,x) (2.5.55)
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with constant coefficients, and the Dirichlet boundary conditions on 0f2,,. Then, one can use
the parametrix method to obtain the result for general inhomogeneous coefficients. This is
how one proves Theorem 2.5.12 for 2,, = R7}.

How does one pass to a general 27 Unfortunately, the work is not at all finished yet. One
still has to prove a local version of the already proved theorem in €2,,, in the spirit of the local
regularity in R", up to the fact that we must not avoid the boundary. Once this is done,
consider a general €). Cover its boundary 0€) with balls such that, in each of them, 02 is a
graph in a suitable coordinate system. By using this new coordinate system, one retrieves
an equation of the form (2.5.30), and one has to prove that the diffusion coefficients satisfy a
coercivity inequality. At this point, maximal regularity for the Dirichlet problem is proved.

Of course, all kinds of local versions (that is, versions of Theorem 2.5.12 where the coef-
ficients are a-Hoder only in a part of ) are available. Also, most of the above material is
valid for the Neumann boundary conditions

d,u = 0 on 012,
or Robin boundary conditions
Oyu~+ y(t,x)u = 0 on 0.

We encourage the reader who might still be interested in the subject to try to produce the
full proofs, with an occasional help from the books we have mentioned.

The Harnack inequalities

We will only touch here on the Harnack inequalities, a very deep and involved topic of
parabolic equations. In a nutshell, the Harnack inequalities allow to control the infimum
of a positive solution of a parabolic equation by a universal fraction of its maximum, modulo
a time shift. They provide one possible path to regularity, but we will ignore this aspect
here. They are also mostly responsible for the behaviors that are very specific to the diffusion
equations, as will be seen in the next section.

We are going to prove what is, in a sense, a ”‘poor man’s”’ version. It is not as scale
invariant as one would wish, and uses the regularity theory instead of proving it. It is,
however, suited to what we wish to do, and already gives a good account of what is going on.
Consider our favorite equation

ur — Au+ b;(t, x)% + c(t,z)u =0, (2.5.56)
j

with smooth coefficients b; and ¢, posed for ¢ € (0,T), and x € Bp41(0). We stress that the
variable smooth diffusion coefficients could be put in the picture.

Theorem 2.5.13 Let u(t,z) > 0 be a non-negative bounded solution of (2.5.56) for0 <t <T
and x € Bry1(0), and assume that for all t € [0,T):

sup u(t,z) < kg, sup u(t,z) > k. (2.5.57)
2| <R+1 z|<R
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There is a constant hg > 0, that does not depend on T, but that depends on ki and ko, such
that, for all t € [1,T]:
hr < inf wu(t,x). (2.5.58)

T |zI<R

Proof. The proof is by contradiction. Assume that there exists a sequence u,, of the solutions
of (2.5.56) satisfying (2.5.57), and t,, € [1,T], and x,, € Bg(0), such that

lim w,(t,,z,) = 0. (2.5.59)

n—-+o0o

Up to a possible extraction of a subsequence, we may assume that
tn = teo € [1,T] and z, — zo € Bgr(0).

The Holder estimates on u,, and its derivatives in Theorem 2.5.12 together with the Ascoli-
Arzela theorem, imply that the sequence u,, is relatively compact in C?([to—1/2] X Bry1/2(0)).
Hence, again, after a possible extraction of a subsequence, we may assume that u,, converges
t0 Us € C?*([too — 1/2,T] X Bry1/2(0)), together with its first two derivatives in x and
the first derivatives in ¢. Thus, the limit u(¢,x) satisfies (2.5.56) for too —1/2 <t < T,
and x € Bpry41/2(0)), and is non-negative. It also satisfies the bounds in (2.5.57), hence it
is not identically equal to zero. Moreover it satisfies oo (oo, Too) = 0. This contradicts the
strong maximum principle. []

2.6 The long time behavior for the Allen-Cahn equation

We will see in this section how the possibility of comparing two solutions of the same problem

will imply their convergence in the long time limit, putting to work the two main characters

we have seen so far in this chapter: the comparison principle and the Harnack inequality.
We consider the one-dimensional Allen-Cahn equation

Uy — Uz = f(u), (2.6.1)

with
flu) =u—u. (2.6.2)

Recall that we have already considered the steady solutions of this equation in Section 1.4.3
of Chapter 1, and, in particular, the role of its explicit time-independent solutions

¢(z) = tanh (%), (2.6.3)

and its translates ¢,,(z) := ¢(x + x9), o € R.

Exercise 2.6.1 We have proved in Chapter 1 that, if ¢(z) is a steady solution to (2.6.1) that
satisfies

lim ¢(z)=-1, lim ¥(z) =1,

T——00 T—>+00

then 1 is a translate of ¢. For an alternative proof, draw the phase portrait of the equation
" = f(¥) (2.6.4)

7



in the (¢,v’) plane. For an orbit (¢,7') connecting (—1,0) to (1,0), show that the solution
tends to (—1,0) exponentially fast. Multiply then (2.6.4) by ¢, integrate from —oo to x and
conclude.

Recall that the Allen-Cahn equation is a simple model for a physical situation when two
phases are stable, corresponding to u = +1. The time dynamics of the initial value problem
for (2.6.1) corresponds to a competition between these two states. The fact that

/_ 11 Flu)du =0 (2.6.5)

means that the two states are "equally stable” — this is a necessary condition for (2.6.1) to
have a time-independent solution ¢(x) such that

o(r) - £1, asx — +oo. (2.6.6)

In other words, such connection between +1 and —1 exists only if (2.6.5) holds.
Since the two phases u = +1 are equally stable, one expects that if the initial condi-
tion ug(z) for (2.6.1) satisfies

lim wo(x) = —1, lim wy(z) =1, (2.6.7)

T——00 T—+00

then, as ¢ — 400, the solution u(t,x) will converge to a steady equilibrium, that has to be
a translate of ¢. This is the subject of the next theorem, that shows, in addition, that the
convergence rate is exponential.

Theorem 2.6.2 There exists w > 0 such that for any uniformly continuous and bounded
initial condition ug for (2.6.1) that satisfies (2.6.7), we can find xy € R and Cy > 0 such that

lu(t,z) — ¢z + z0)| < Coe™*, forallz € R and t > 0. (2.6.8)

Since there is a one parameter family of steady solutions, naturally, one may ask how the
solution of the initial value problem chooses a particular translation of ¢ in the long time limit.
In other words, one would like to know how the shift xy depends on the initial condition uqg.
However, this dependence is quite implicit and there is no simple expression for x.

There are at least two ways to prove Theorem 2.6.2. The first one starts with the following;:

Exercise 2.6.3 Verify that the energy functional

1) = [ (Gl - F@ )dr. F) = [ oyt

decreases in time for any solution u(t, z) of (2.6.1).

With the aid of an estimate showing that the level sets of u do not escape to infinity, one
then proves that the solution eventually comes very close to a translate ¢,,(z), uniformly
on R, at some (possibly very large) time 7. Next, one uses a stability argument, based on the
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analysis of the first eigenvalue — something we will encounter soon in this chapter — of the
operator

Mu = —ugy — f'(Puy )0

This stability result shows that if u(¢,z) is close to ¢,,(z) at t = 7, then u(t,x) will stay
close to ¢y, (z) for all t > 7. An iteration of this argument completes the proof. This is the
method devised in the beautiful paper of Fife and McLeod [71]. It has been generalized to
gradient systems in a remarkable paper of Risler [126], which proves very precise spreading
estimates of the leading edge of the solutions, only based on a one-dimensional set of energy
functionals. Risler’s ideas were put to work on the simpler example (2.6.1) in a paper by
Gallay and Risler [78].

We chose to present an alternative method, entirely based on sub and super-solutions
that come closer and closer to each other. It avoids the spectral arguments of the preceding
proof, and is more flexible as there are many reaction-diffusion problems where the comparison
principle and the Harnack inequality are available but the energy functionals do not exist. The
reader should also be aware that there are many problems, such as many reaction-diffusion
systems, where the situation is the opposite: the energy functional exists but the comparison
principle is not applicable.

Before we begin, we note that the function f satisfies

f'(u) <=1 for |u| >5/6, f(u) <=3/2 for |u| >11/12. (2.6.9)
We will also take Ry > 0 such that

|p(x)| > 11/12 for |x| > Ro. (2.6.10)

A bound on the level sets

The first ingredient is to prove that the level sets of u(¢,x) do not, indeed, go to infinity,
so that the region of activity, where wu(t,z) is not too close to £1, happens, essentially, in
a compact set. This crucial step had already been identified by Fife and McLeod, and we
reproduce here their argument. The idea is to squish u(¢, x) between two different translates
of ¢, with a correction that goes to zero exponentially in fast time.

Lemma 2.6.4 Let ug satisfy the assumptions of the theorem. There exist £ € R, and gy > 0,
such that
$(x + &) —we™" S ult,x) < ¢z +£5) + qoe ™, (2.6.11)

for allt >0 and x € R.
Proof. For the upper bound, we are going to devise two functions £*(¢) and ¢(t) such that
alt,x) = ola + €4 (1) + a(1) (2.6.12)

is a super-solution to (2.6.1), with an increasing but bounded function £*(¢), and an expo-
nentially decreasing function ¢(t) = goexp(—t). One would also construct, in a similar way,
a sub-solution of the form

u(t, z) = ¢(z + & (1)) — q(t), (2.6.13)
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possibly increasing ¢ a little, with a decreasing but bounded function £~ (t).
Let us denote

Nu| = O — gy — f(u). (2.6.14)
Now, with (¢, z) as in (2.6.12), we have
N[a] = ¢+ E7¢'(Q) = F(9(C) +a) + f(#(Q), (2.6.15)

with ¢ =2 + 1 (¢). Our goal is to choose £1(t) and ¢(t) so that
N[u) >0, forallt>0andzeR, (2.6.16)

so that u(t, x) is a super-solution to (2.6.1). We will consider separately the regions || < Ry
and |¢| > Ro.
Step 1. The region || > Ry. First, we have

¢(¢) +q(t) = 11/12 for ¢ > Ry,

as q(t) > 0. If we assume that ¢(0) < 1/12 and make sure that ¢(t) is decreasing in time,
then we also have

¢(¢

We have, therefore, as long as £ (¢

~—

+q < —=5/6 for ¢ < —Ry.

is increasing, using (2.6.9):

N[a] > ¢ — f(¢(C) +q) + f(#) > ¢+ g, for [¢| > Ry. (2.6.17)

It suffices, therefore, to choose

~—

q(t) = q(0)e™, (2.6.18)
with ¢(0) < 1/12, and an increasing {*(t), to ensure that
Nlua] >0, forall >0 and |(| > Ry. (2.6.19)
Step 2. The region |(| < Ry. This time, we have to choose {1(t) properly. We write
N[ > ¢+ (Q) — Myq, My = || f'l|zee, (2.6.20)
and choose ' .
¢ = (—at+ Mea). ko= inf ¢'(C), (2.6.21)

to ensure that the right side of (2.6.20) is non-negative. Using expression (2.6.18) for ¢(t), we
obtain
4(0)

f+(t) = er(O) + k_o(l + Mf)(l — eit). (2.6.22)

To summarize, with the above choices of ¢(t) and {1 (¢), we know that u satisfies (2.6.16).
It remains to choose ¢(0) and £7(0) so that u(t, x) is actually above u(t, x) — as we have
already established (2.6.16), the comparison principle tells us that we only need to verify that

u(0,z) > up(x), forall z € R. (2.6.23)

Because v tends to 1 at 400, there exists & (possibly quite large), and ¢y € (0,1/12) such
that
uo(x) < ¢z + &) + qo- (2.6.24)

Thus, it is enough to choose ¢(0) = g, ¢T(0) = ¢f. O
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Exercise 2.6.5 Follow the same strategy to construct a sub-solution u(t, z) as in (2.6.13).

Lemma 2.6.4 traps nicely the level sets of u. But will this imply convergence to a steady
solution, or will the level sets of u(t,z) oscillate inside a bounded set? First, let us restate
our findings in a more precise way. We have shown the following

Corollary 2.6.6 Assume that we have

Pz +&) —qo < up(x) < Pz + &) + qo, (2.6.25)
with 0 < qo < 1/12. Then, we have
A+ & (1) = q(t) < uo(z) < d(a+ &7 (1)) + q(t). (2.6.26)
with q(t) = qoe™", and
EW =&+ I+ M)A =), €0 =g — 20+ MY —cT). (2627)

One issue here is that the gap between ¥ (¢) and £ (¢) is not decreasing in time but rather in-
creasing — the opposite of what we want! Our goal is to show that we can actually choose £*(t)
and £ (t) in (2.6.26) so that the ”sub-solution/super-solution gap” £ (t) — £ (¢) would de-
crease to zero as t — +oo — this will prove convergence of the solution to a translate of ¢.
The mechanism to decrease this difference will be kindly provided by the strong maximum
principle. The idea is to iteratively trap the solutions, at an increasing sequence of times,
between translates of ¢g, that will come closer and closer to each other, thus implying the
convergence. However, as there will be some computations, it is worth explaining beforehand
what the main idea is, and which difficulties we will see.

Let us consider for the moment a slightly better situation than in Lemma 2.6.4 — assume
that ug(z) is actually trapped between ¢(x + &) and ¢(z + &), without the need for an
additional term ¢(t):

b + &) < uole) < oo + &), (2.6.28)

Then, u(t,z) is at a positive distance from one of the two translates, on compact sets, at
least for 0 < ¢ < 1, say, ¢(x + &§). This is where the strong maximum principle strikes:
at t = 1, it will make the infimum of ¢(x + &) — u(t, x) strictly positive, at least on a large
compact set. We would like to think that then we may translate ¢(z + &) to the right a
little, decreasing &;, while keeping it above u(1,z). The catch is that, potentially, the tail
of u(1, x) — that we do not control very well at the moment — might go over ¢(x + &), as soon
as ¢ is just a little smaller than £;. Let us ignore this, and assume that magically we have

dr+&) Su(l,z) < ¢le+&), (2.6.29)

with
& =& (& — &), (2.6.30)

with some 0 > 0. If we believe in this scenario, we might just as well hope that the situation
may be iterated: at the time t = n, we have

oz +¢&,) <uln,z) <oz + &), (2.6.31)
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with

w1 — & S (1=0)(& =&, (2.6.32)
This would imply a geometric decay of & — & to zero, which, in turn, would imply the
exponential convergence of u(t,x) to a translate of ¢.

The gap in the previous argument is, of course, in our lack of control of the tail of u(t, x)
that prevents us from being sure that (2.6.29), with & as in (2.6.30), holds everywhere on R
rather than on a compact set. There is no way we can simply ignore it: we will see in
Chapter 7?7 that the dynamics of many respectable equations is controlled exactly by the tail
of its solutions. Such will not be the case here, but we will have to go through the pain of
controlling the tail of u at every step. This leads to the somewhat heavy proof that follows.
However, there is essentially no other idea than what we have just explained, the rest are just
technical embellishments. The reader should also recall that we have already encountered
a tool for the tail-control in the Allen-Cahn equation: Corollary 1.4.12 in Chapter 1 served
exactly that purpose in the proof of Theorem 1.4.8. We are going to use something very
similar here.

The proof of Theorem 2.6.2

As promised, the strategy is a refinement of the proof of Lemma 2.6.4. We will construct a
sequence of sub-solutions u,, and super-solutions %,, defined for ¢ > T,,, such that

u, (t,z) <wu(t,r) <u,(t,z) for t > T,. (2.6.33)
Here, T,, — +00 is a sequence of times with
T,+T<T,<T,+2T, (2.6.34)

and the time step T > 0 to be specified later on. The sub- and super-solutions will be of the
familiar form (2.6.26)-(2.6.27):

w, (t,x) =z +E (1) —que T Tt x) = p(x+ () +que” T, £ > T, (2.6.35)

with ££(¢) as in (2.6.27):
dn —(t— — — (—

E(1) =& + 14+ ML= e ), g1 (0) =& = T+ MY (1L - ). (26.36)
The reader has surely noticed a slight abuse of notation: we denote by £ the values of ££(#)
at the time ¢t = T},. This allows us to avoid introducing further notation, and we hope it does
not cause too much confusion.

Our plan is to switch from one pair of sub- and super-solutions to another at the times 7,,
and improve the difference in the two shifts at the "switching” times, to ensure that

i1 — bt S (L=0)(&1 — &), (2.6.37)
with some small but fixed constant & > 0 such that

el <epd < (2.6.38)

N
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The constant ¢z will also be chosen very small in the end — one should think of (2.6.38) as the
requirement that the time step 7' is very large. This is natural: we can only hope to improve
on the difference £ — &, as in (2.6.37), after a very large time step 7. The shifts can be

chosen so that they are uniformly bounded:
&l < M, (2.6.39)

with a sufficiently large M — this follows from the bounds on the level sets of u(t, x) that we
have already obtained. As far as ¢, are concerned, we will ask that

0 < gu < cd(& — &), (2.6.40)

with another small constant ¢, to be determined. Note that at t = 0 we may ensure that ¢
satisfies (2.6.40) simply by taking & sufficiently positive and &, sufficiently negative.

As we have uniform bounds on the location of the level sets of u(t,z), and the shifts &
will be chosen uniformly bounded, as in (2.6.39), after possibly increasing Ry in (2.6.10), we
can ensure that

o(x + E5(t) > 11/12, wu(t,z) > 11/12, for x > Ry and t > T, (2.6.41)
and
—1<olx+&E@1) <11/12, —1<u(t,r) < —11/12, forz < —Ryandt>T,, (2.6.42)
which implies
fl(d(x+E5(1) < =1, f(u(t,z)) < —1, for |z| > Ry and t > T),. (2.6.43)
Let us now assume that at the time t = 7T,, we have the inequality
O+ &) = o S u(Th,x) < G +&7) + G, (2.6.44)

wth the shift ¢, that satisfies (2.6.40). Our goal is to find a time T, 41 € [T, + T, T, + 277,
and the new shifts &, | and g,41, so that (2.6.44) holds with n replaced by n + 1 and the new
gap &4 — &, satisfies (2.6.37). We will consider two different cases.

Case 1: the solution gets close to the super-solution. Let us first assume that
there is a time 7,, € [T,, + T, T, + 27| such that the solution u(7,,z) is "very close” to the

super-solution @, (7,,x) on the interval {|z| < Ry + 1}. More precisely, we assume that

sup <Hn(7n, T) — u(Tn,x)> <o -¢)). (2.6.45)

|z|<Ro+1

We will show that in this case we may take T, = 7,, and set

n1 =6 (M), G =& + (61 (m) — &) + (& — &), (2.6.46)
as long as 0 is sufficiently small, making sure that
5:-5-1 - 5774—1 = (1 - 5)(5: - 51;): (2‘6‘47)
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and also choose ¢, so that
na1 = g0(Epyy — &) (2.6.48)

As far as the super-solution is concerned, we note that

w(n, ) < G(@ + &F (1)) + que” T < dx+ &F (1)) + e 0(EF — & )e T
< d(x + & () + Guta,s (2.6.49)

for all x € R, provided that T is sufficiently large, independent of n.
For the sub-solution, we first look at what happens for |z| < Ry + 1 and use (2.6.45):

(o, ) >z + E5(1)) + gne~nTn) — S(EF—¢), forall |[z] < Ry+ 1. (2.6.50)
Thus, for |z| < Ry + 1 we have

u(To, @) = @z + &7 (1)) = 067 — &) = d(z + & — Cro(§) — &) = ¢z +&,41), (2.6.51)

with the constant C'gr that depends on Ry, as long as § > 0 is sufficiently small.
It remains to look at |x| > Ry + 1. To this end, recall that

U(Th, ) > Gz + &, (1)) — que” 7T for all z € R, (2.6.52)
so that, as follows from the definition of & (t), we have
u(tp, ) > ¢z + &, — Cqp) — que 2T, for all z € R. (2.6.53)

Observe that, as ¢(z) is approaching £1 as x — Foo exponentially fast, there exist w > 0
and C > 0 such that, taking into account (2.6.40) we can write for |z| > Ry + 1:

dx+& —Cqn) = d(x+&, + (5 () — &) +0(&E —&,)) — Coe ™ o(&F - &)
> ¢z + &) — o, (2.6.54)

as long as Ry is large enough. Here, we have used ¢, and ¢, ,, as in (2.6.46) and (2.6.48).
We conclude that
w(Ty, ) > ¢(x 4+ &, 1) — Gny, for |z] > Ry + 1. (2.6.55)

Summarizing, if (2.6.45) holds, we set Ty, = 7, define the new shifts &, ; as in (2.6.46)
and (2.6.48), which ensures that the ”shift gap” is decreased by a fixed factor, so that (2.6.47)
holds, and we can restart the argument at ¢ = T}, 1, because

P(x+ &) — quir S u(Tppr, ) < ¢(x+ &) + goya, for all z € R (2.6.56)

Of course, if at some time 7, € [T, + T, T, + 2T] we have, instead of (2.6.45) that

sup  (u(7y, @) — u(ma, @) < (& — &), (2.6.57)
|z|<Ro+1

then we could repeat the above argument essentially verbatim, using the fact that now the
solution is very close to the sub-solution on a very large interval.
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Case 2: the solution and the super-solution are never too close. Next, let us
assume that for all t € [T,, + T, T,, + 2T, we have

| |il;%p+1 (wn(t, ) — u(t,x)) > 0(& —&,). (2.6.58)

Because £ (t) is increasing, we have, for all |z| < Ry+ 1 and t € [T,, + T, T, + 2T]:

Un(t,2) < ¢z + (T 4 27)) 4 que™" < @z + & (T, +2T) + que™ " o), (2.6.59)
with 1
po = (\x|§Ri0IJlrfM+10 ¢'(z)) . (2.6.60)

Here, M is the constant in the upper bound (2.6.39) for £(&. Note that by choosing T
sufficiently large we can make sure that the argument in ¢ in the right side of (2.6.59) is
within the range of the infimum in (2.6.60). The function

w,(t,x) = ¢(x + (T, +2T) + que™ T po) — ult, z).
that appears in the right side of (2.6.59) solves a linear parabolic equation
0wy, — OppWy, + an(t, z)w, =0, (2.6.61)
with the coefficient a,, that is bounded in n, ¢ and x:

PO + & (T + 2T) + gue™" o)) = fult, 7))

Wt ) = — 2.6.62
an(t, ) o(x + (T, +2T) + gueTpo) — ul(t, x) ( )
It follows from assumption (2.6.58) and (2.6.59) that

sup  wy(t,x) >6(&5 =€), forallt e [T, +T,T, + 271, (2.6.63)

|z|<Ro+1

but in order to improve the shift, we would like to have not the supremum but the infimum
in the above inequality. And here the Harnack inequality comes to the rescue: we will use
Theorem 2.5.13 for the intervals |z| < Ry + 1 and |z| < Ry. For that, we need to make sure
that at least a fraction of the supremum in (2.6.63) is attained on [— Ry, Ryl: there exists k;
so that

sup wy,(t,x) > ki6(EF —&,), forall T, + T <t < T, +2T. (2.6.64)

lz|<Ro

However, if there is a time T}, + T < s,, < T,, + 2T such that

up w,(s1,2) < 265~ €7), (2.6.65)

lz|<Ro

then we have

U(sp, ) —u(sp,z) < = (&8 = &) for all |z| < Ry. (2.6.66)

|
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This is the situation we faced in Case 1, and we can proceed as in that case. Thus, we may
assume that

sup wy(t,x) > g(ﬁ; — &) forall T, + T <t <T,+2T. (2.6.67)

|z[<Ro

In that case, we may apply the Harnack inequality of Theorem 2.5.13 to (2.6.61) on the
intervals |z| < Ry + 1 and |z| < Ry: there exists a Harnack constant hg, that is independent
of T, such that

wp(t,z) > hp0(EF =€), forallte [T, +T+1,T,+2T] and |z| < Ry. (2.6.68)

Exercise 2.6.7 Show that, as a consequence, we can find p; > 0 that depends on Ry but not
on n such that for |z| < Ry and T,, + T+ 1 <t < T, + 2T, we have

Wy(t,z) = gb(m +&N(T, +2T) + poe” Lqn — prhr,d(E — {;)) —u(t,x) > 0. (2.6.69)

Let us now worry about what w, does for |z| > Ry. In this range, the function w,, solves
another linear equation of the form

Oy — Oy + Gn(t, )T = 0, (2.6.70)

with a, (¢, z) > 1 that is an appropriate modification of the expression for a,(t, z) in (2.6.62).
In addition, at the boundary || = Ry, we have w,(t,z) > 0, and at the time t =T, + T, we
have an estimate of the form

Wo(Tp +T,x) > —K(&F—¢&)), |z| > Ro. (2.6.71)
Exercise 2.6.8 What did we use to get (2.6.71)7
Therefore, the maximum principle applied to (2.6.70) implies that
Wy (T, + 2T, 2) > —Ke 7 (&7 — &), |o| > Ro. (2.6.72)
We now set 1,1 =T, + 2T". The previous argument shows that we have
(T, ) < gb(x + & (Tha1) + poe” " g — prhrd(&F — 5;)) + G+, (2.6.73)

with
0< g1 < Ke T —¢). (2.6.74)

In addition, we still have the lower bound:
uw(Ty, +27) > d(x + &, (Thyr)) — € L qn. (2.6.75)

It only remains to define £, and g, properly, to convert (2.6.73) and (2.6.75) into the
form required to restart the iteration process. We take

Qn+1 = max(e_an, Ke_T(f?LL - fr:))’ 51;—0—1 - fr: (Tn+1>7 (2676)

and
dor = &N (Do) + poe™ gn — hromd(& = &) (2.6.77)
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It is easy to see that assumption (2.6.40) holds for ¢, provided we take T sufficiently large,
so that

T'< e, (2.6.78)

The main point to verify is that the contraction in (2.6.37) does happen with the above choice.
We recall (2.6.36):

&r (Tns1) = &1 + (1+Mf)(1—€_2T); & (Taa) =& — (1+Mf)(1—6_2T)- (2.6.79)

Hence, in order to ensure that

hR0p15>(

bt — o < (11— &N —&), (2.6.80)

it suffices to make sure that the term hp,p10(§ — &, ) dominates all the other multiples
of 6(&F — &) in the expression for the difference & 1 —&,41 that come with the opposite sign.
However, all such terms are multiples of g,, thus it suffices to make sure that the constant ¢,
is small, which, in turn, can be accomplished by taking 7" sufficiently large. This completes
the proof. [J

Spreading in an unbalanced Allen-Cahn equation

Let us now discuss, informally, what one would expect, from the physical considerations, to
happen to the solution of the initial value problem if the balance condition (2.6.5) fails, that
is,

/11 f(u)du # 0. (2.6.81)
To be concrete, let us consider the nonlinearity f(u) of the form
fu)=(u+1)(u+a)(l—u), (2.6.82)
with a € (0,1). so that u = %1 are still the two stable solutions of the ODE

i = f(u),

/_11 f(uw)du > 0.

As an indication of what happens we give the reader the following exercises. They are by
no means short but they can all be done with the tools of this section, and we strongly
recommend them to a reader interested in understanding this material well.

but instead of (2.6.5) we have

Exercise 2.6.9 To start, show that for f(u) given by (2.6.82), we can find a special solu-
tion u(t, ) of the Allen-Cahn equation (2.6.1):

Up = Uy + f(u), (2.6.83)
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of the form

u(t,z) = Y(x + ct), (2.6.84)
with ¢ > 0 and a function ¢ (z) that satisfies
ap =" + (1), (2.6.85)
together with the boundary condition
Y(x) —» +1, as z — £oo. (2.6.86)

Solutions of the form (2.6.84) are known as traveling waves. Show that such c¢ is unique,
and v is unique up to a translation: if ¢ (z) is another solution of (2.6.85)-(2.6.86) with ¢
replaced ¢, then ¢ = ¢; and there exists 1 € R such that ¢ (z) = ¥(z + x1).

Exercise 2.6.10 Try to modify the proof of Lemma 2.6.4 to show that if u(¢, z) is the solution
of the Allen-Cahn equation (2.6.83) with an initial condition ug(x) that satisfies (2.6.7):

up(x) — £1, as x — Foo, (2.6.87)

then we have
u(t,z) = 1 as t — +o0, for each = € R fixed. (2.6.88)

It should be helpful to use the traveling wave solution to construct a sub-solution that will
force (2.6.88). Thus, in the "unbalanced” case, the "more stable” of the two states u = —1
and v = +1 wins in the long time limit. Show that the convergence in (2.6.88) is not uniform
inz e R.

Exercise 2.6.11 Let u(t,z) be a solution of (2.6.83) with an initial condition wug(x) that
satisfies (2.6.87). Show that for any ¢’ < ¢ and = € R fixed, we have
lim w(t,z —ct) =1, (2.6.89)

t—+00

and for any ¢’ > ¢ and x € R fixed, we have

lim wu(t,x —t) = —1. (2.6.90)

t——+o0

Exercise 2.6.12 Let u(t,z) be a solution of (2.6.83) with an initial condition wug(x) that
satisfies (2.6.87). Show that there exists xg € R (which depends on wg) so that for all z € R
fixed we have

lim u(t,x — ct) = Y(z + x9). (2.6.91)

t—-+o00

2.7 The principal eigenvalue for elliptic operators and
the Krein-Rutman theorem

One consequence of the strong maximum principle is the existence of a positive eigenfunc-
tion for an elliptic operator in a bounded domain with the Dirichlet or Neumann boundary
conditions. Such eigenfunction necessarily corresponds to the eigenvalue with the smallest
real part. A slightly different way to put it is that the strong maximum principle makes the
Krein-Rutman Theorem applicable, which in turn, implies the existence of such eigenfunc-
tion. In this section, we will prove this theorem in the context of parabolic operators with
time periodic coefficients. We then deduce, in an easy way, some standard properties of the
principal elliptic eigenvalue.
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2.7.1 The periodic principal eigenvalue

The maximum principle for elliptic and parabolic problems has a beautiful connection to
the eigenvalue problems, which also allows to extend it to operators with a zero-order term.
We will first consider the periodic eigenvalue problems, that is, elliptic equations where the
coefficients are 1-periodic in every direction in R", and the sought for solutions are all 1-
periodic in R™. It would, of course, be easy to deduce, by dilating the coordinates, the same
results for coefficients with general periods Ti,...,T), in the directions eq,...,e,. We will
consider operators of the form

0
Lu(z) = —Au + bj(2)— + c(z)u, (2.7.1)
aZL'j
with bounded, smooth and 1-periodic coefficients b;(x) and ¢(x). We could also consider more
general operators of the form

9%u ou

Lu(z) = —az‘j(ﬁ)m + bj@)a—xj

+ c(7)u,

with uniformly elliptic (and 1-periodic) , and regular coefficients a;;,with the help of the
elliptic regularity theory. This will not, however, be needed for our purposes. In order to avoid
repeating that the coefficients and the solutions are 1-periodic, we will just say that x € T",
the n-dimensional unit torus.

The key spectral property of the operator L comes from the comparison principle. To this
end, let us recall the Krein-Rutman theorem. It says that if M is a compact operator in a
strongly ordered Banach space X (that is, there is a solid cone K which serves for defining
an order relation: v < v iff v — u € K), that preserves K: Mu € K for all u € K, and maps
the boundary of K into its interior, then M has an eigenfunction ¢ that lies in this cone:

Mé = Ao (2.7.2)

Moreover, the corresponding eigenvalue A\ has the largest real part of all eigenvalues of the
operator M. The classical reference [50] has a nice and clear presentation of this theorem
but one can find it in other textbooks, as well.

How can we apply this theorem to the elliptic operators? The operator L given by (2.7.1)
is not compact, nor does it preserve any interesting cone. However, let us assume momentarily
that ¢(x) is continuous and ¢(z) > 0 for all € T". Then the problem

Lu=f, xeT" (2.7.3)

has a unique solution, and, in addition, if f(x) > 0 and f # 0, then u(xz) > 0 for all x € T".
Indeed, let v(¢,x) be the solution of the initial value problem

v+ Lv=0, t>0, xe€T", (2.7.4)
with v(0,2) = f(x). The comparison principle implies a uniform upper bound

o(t, )] < e | fll e, (2.7.5)
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with
¢ = inf ¢(z) > 0. (2.7.6)

xeTn
This allows us to define

u(x) = /Ooov(t,x)x. (2.7.7)

Exercise 2.7.1 Verify that if ¢(z) > 0 for all z € T", then u(x) given by (2.7.7) is a solution
to (2.7.3). Use the maximum principle to show that (2.7.3) has a unique solution.

This means that we may define the inverse operator M = L~!. This operator preserves
the cone of the positive functions, and maps its boundary (non-negative functions that vanish
somewhere in ) into its interior — this is a consequence of the strong maximum principle
that holds if ¢(x) > 0. In addition, M is a compact operator from C(T") to itself. Hence, the
inverse operator satisfies the assumptions of the Krein-Rutman theorem.

Exercise 2.7.2 Compactness of the inverse M follows from the elliptic regularity estimates.
One way to convince yourself of this fact is to consult Evans [60]. Another way is to go back
to Theorem 2.4.12, use it to obtain the Holder regularity estimates on v(¢,x), and translate
them in terms of u(z) to show that, if f is continuous, then Vu is a-Holder continuous, for
all € (0,1). The Arzela-Ascoli theorem implies then compactness of M. Hint: be careful
about the regularity of v(t,z) as ¢t | 0.

Thus, there exists a positive function f and pu € R so that the function v = pf satis-
fies (2.7.3). Positivity of f implies that the solution of (2.7.3) is also positive, hence p > 0.
As p is the eigenvalue of L=! with the largest real part, A = p~! is the eigenvalue of L with
the smallest real part. In particular, it follows that all eigenvalues \; of the operator L have
a positive real part.

If the assumption c¢(z) > 0 does not hold, we may take K > ||c||~, and consider the
operator

L'u= Lu+ Ku.

The zero-order coefficient of L' is
d(x)=c(z)+ K >0.

Hence, we may apply the previous argument to the operator L’ and conclude that L’ has
an eigenvalue p; that corresponds to a positive eigenfunction, and has the smallest real part
among all eigenvalues of L'. The same is true for the operator L, with the eigenvalue

AL =y — K.

We say that \; is the principal periodic eigenvalue of the operator L.

2.7.2 The Krein-Rutman theorem: the periodic parabolic case

As promised, we will prove the Krein-Rutman Theorem in the context of the periodic eigen-
value problems. Our starting point will be a slightly more general problem with time-periodic
coefficients: 5
u
uy — Au+ b;(t, x)a— + c(t,z)u =0, ze T (2.7.8)
x

J
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Here, the coefficients b;(t,z) and c(t,z) are smooth, l-periodic in = and 7T-periodic in t.
Let u(t,x) be the solution of the Cauchy problem for (2.7.8), with a 1-periodic, continuous
initial condition

u(t, r) = uo(z). (2.7.9)
We define the "time T” operator St as
[Stupl(z) = u(T, ). (2.7.10)

Exercise 2.7.3 Use the results of Section 2.4 to show that St is compact operator on C'(T")
that preserves the cone of positive functions.

We are going to prove the Krein-Rutman Theorem for Sy first.

Theorem 2.7.4 The operator St has an eigenvalue i > 0 that corresponds to a positive
eigenfunction ¢1(x) > 0. The eigenvalue [i is simple: the only solutions of

(ST—ﬂ)UIO, xeT"
are multiples of ¢1. If u is another (possibly non-real) eigenvalue of Sy, then |u| < fi.

Proof. Let us pick any positive function ¢y € C(T"), set Y9 = ¢o/||Po| 1=, and consider the
iterative sequence (¢, ¥,):

¢n+1 = STwna ¢n+1 = &
H¢n+1HL°°

Note that, because ¢ is positive, both ¢,, and ,, are positive for all n, by the strong maximum
principle. For every n, let u, be the smallest y such that

Ona1(x) < pdy(x), for all z € T™. (2.7.11)

Note that (2.7.11) holds for large p, because each of the ¢, is positive, hence the smallest
such p exists. It is also clear that u, > 0. We claim that the sequence p,, is non-increasing.
To see that, we apply the operator St to both sides of the inequality (2.7.11) with g = pu,,
written as

St (x) < ppthn(z), for all x € T™. (2.7.12)
and use the fact that St preserves positivity, to get
(St o ST)n(x) < ppSripn(z), for all x € T™, (2.7.13)
which is
StOni1() < pppnii(x), for all z € T (2.7.14)
Dividing both sides by ||¢,41]|r=. we see that
Stn1(2) < pinnia1(z), for all z € T, (2.7.15)
hence
Gnr2(x) < ppbpiq(x), for all z € T™. (2.7.16)

It follows that p,11 < fiy.
Thus, u, converges to a limit j.
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Exercise 2.7.5 Show that, up to an extraction of a subsequence, the sequence ,, converges
to a limit ¥, with [[th||Le = 1.

The corresponding subsequence ¢,, converges to ¢o, = S1v, by the continuity of Sp. And
we have, by (2.7.11):

St < Jit)o. (2.7.17)
If we have the equality in (2.7.17):

ST () = i) () for all z € T, (2.7.18)

then ¢, is a positive eigenfunction of St corresponding to the eigenvalue ji. If, on the other
hand, we have
STveo(x) < i) (x), on an open set U C T™, (2.7.19)

they we may use the fact that St maps the boundary of the cone of non-negative functions

into its interior. In other words, we use the strong maximum principle here. Applying St to
both sides of (2.7.17) gives then:

ST < i for all z € T, (2.7.20)

This contradicts, for large n, the minimality of ju,. Thus, (2.7.19) is impossible, and f is the
sought for eigenvalue. We set, from now on, ¢; = 1:

ST¢1 = ﬂ¢1, qbl(ac) > (0 for all x € T™. (2721)

Exercise 2.7.6 So far, we have shown that i > 0. Why do we know that, actually, @ > 07

Let ¢ be an eigenfunction of Sy that is not a multiple of ¢;, corresponding to an eigen-
value pu:

St¢ = pg.

Let us first assume that p is real, and so is the eigenfunction ¢. If ¢ > 0, after multiplying ¢
by an appropriate factor, we may assume without loss of generality that ¢,(x) > ¢(z) for
all z € T", ¢1 #Z ¢, and there exists xg € T" such that ¢;(xg) = ¢(x¢). The strong comparison
principle implies that then

Srér(z) > Sro(z) for all z € T,
It follows, in particular, that

i1 (zo) > pg(wo),

hence i > p > 0, as ¢1(xg) = ¢(xp) > 0. This argument also shows that f is a simple
eigenvalue.
If i < 0, then we can choose ¢ (after multiplying it by a, possibly negative, constant) so
that, first,
o1(z) > o(x), o(x) > —¢1(z), forall z € T, (2.7.22)

and there exists xg € T™ such that
¢(w0) = d1(x0).
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Applying St to the second inequality in (2.7.22) gives, in particular,

thus 1 > —p. In both cases, we see that |u| < f.

Exercise 2.7.7 Use a similar consideration for the case when p is complex. In that case, it
helps to write the corresponding eigenfunction as

¢ =u—+1v,

and consider the action of St on the span of v and v, using the same comparison idea. Show
that |u| < fi. If in doubt, consult [50].

This completes the proof of Theorem 2.7.4. [J

2.7.3 Back to the principal periodic elliptic eigenvalue
Consider now again the operator L given by (2.7.1):

0
Lu(z) = —Au + bj(:c)—u + c(z)u, (2.7.24)
aﬂfj
with bounded, smooth and 1-periodic coefficients b;(x) and ¢(z). One consequence of Theo-
rem 2.7.4 is the analogous result for the principal periodic eigenvalue for L. We will also refer
to the following as the Krein-Rutman theorem.

Theorem 2.7.8 The operator L has a unique eigenvalue \; associated to a positive func-
tion ¢1. Moreover, each eigenvalue of L has a real part strictly larger than ;.

Proof. The operator L falls, of course, in the realm of Theorem 2.7.4, since its time-
independent coefficients are T-periodic for all T > 0. We are also going to use the formula

Lo = —lim 59— ¢
tl0 t

: (2.7.25)

for smooth ¢(x), with the limit in the sense of uniform convergence. This is nothing but an
expression of the fact that the function u(t, z) = [S;¢](z) is the solution of

u + Lu =0, (2.7.26)

with the initial condition u(0,z) = ¢(x), and if ¢ is smooth, then (2.7.26) holds also at t = 0.
Given n € N, let i, be the principal eigenvalue of the operator S;/,, with the principal
eigenfunction ¢,, > 0:

Sl/n¢n = ﬂn¢na

normalized so that ||, |l = 1.

Exercise 2.7.9 Show that
lim g, =1

n—oo

directly, without using (2.7.27) below.
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As (Si/n)" = S; for all n, we conclude that ¢, is a positive eigenfunction of S; with the
eigenvalue (fi,,)". By the uniqueness of the positive eigenfunction, we have

Pin = (ﬂl)l/na On = 1. (2‘7‘27)

Note that, by the parabolic regularity, ¢; is infinitely smooth, simply because it is a multiple
of S1¢1, which is infinitely smooth. Hence, (2.7.25) applies to ¢;, and

. . _1/n _
Lér =~ lm n(Syn— D1 =~ lim n(m’" —1)é) = —(log fi1)¢r.
We have thus proved the existence of an eigenvalue \; = —log fi; of L that corresponds to a
positive eigenfunction. It is easy to see that if
Lo = Ao,
then
Sl(b = e*’\¢.

It follows that L can have only one eigenvalue corresponding to a positive eigenfunction. As
we know that all eigenvalues p of Sy satisfy |u| < fi1, we conclude that \; is the eigenvalue
of L with the smallest real part. [

If L is symmetric — that is, it has the form

0 0
L= (aij (x)a—;) + (), (2.7.28)
with a;; = aj;, then the first eigenvalue is given by the minimization over H'(T") of the
Rayleigh quotient

/ (a4 (2) (0u) (D) + () () de
)\1: inf - .
ueHH(T") /uQ(x)dx

The existence and uniqueness (up to a factor) of the minimizer is a classical exercise that
we do not reproduce here. As for the positivity of the minimizer, we notice that, if ¢ is a
minimizer of the Rayleigh quotient, then |¢]| is also a minimizer, thus the unique minimizer
is a positive function.

(2.7.29)

The Dirichlet principal eigenvalue, related issues

We have so far talked about the principal eigenvalue for spatially periodic elliptic problems.
This discussion applies equally well to problems in bounded domains, with the Dirichlet or
Neumann boundary conditions. In the rest of this book, we will often encounter the Dirichlet
problems, so let us explain this situation. Let €2 be a smooth bounded open subset of R",
and consider our favorite elliptic operator
ou
Lu=—Au+ bj(x)a— + c(2)u, (2.7.30)

Lj
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with smooth coefficients b;(z) and ¢(z). One could easily look at the more general problem

O b (a:)aa—u + c(x)u, (2.7.31)

L= —ay (@) g g @)
1 J J

with essentially identical results, as long as the matrix a;;(x) is uniformly elliptic — we will
avoid this just to keep the notation simpler. We are interested in the eigenvalue problem

Lu=MXu in , (2.7.32)
u=20 on 02,

and, in particular, in the existence of a positive eigenfunction ¢ > 0 in €2. The strategy will
be as in the periodic case, to look at the initial value problem

0
ut—Au—i-bj(x)a—g—i-c(x)u:O, t>0, x €,
J

u =0, t>0, x €09, (2.7.33)

The coefficients b; and ¢ are smooth in (¢,2) and T-periodic in ¢. Again, we set
(Stw)(z) = w(T, ).

The main difference with the periodic case is that, here, the cone of continuous functions which
are positive in €2 and vanish on 0f) has an empty interior, so we can not repeat verbatim the
proof of the Krein-Rutman theorem for the operators on T".

Exercise 2.7.10 Revisit the proof of the Krein-Rutman theorem in that case and identify
the place where the proof would fail for the Dirichlet boundary conditions.

What will save the day is the strong maximum principle and the Hopf Lemma. We are
not going to fully repeat the proof of Theorems 2.7.4 and 2.7.8, but we are going to prove a
key proposition that an interested reader can use to prove the Krein-Rutman theorem for the
Dirichlet problem.

Proposition 2.7.11 Assume uy € C'(Q) — that is, ug has derivatives that are continuous up
to 02, and that uy > 0 in €, and both ug = 0 and O,ug < 0 on O). Then there is pu; > 0
defined by the formula

pr = inf{p >0: Sruy < pue}. (2.7.34)

Moreover, if uy > 0 is defined as
po = 1inf{u > 0: (St o Sy)ug < uSrup}, (2.7.35)
then either piq > g, or py = pe, and in the latter case (St o St)ug = paStug.

Proof. For the first claim, the existence of the infimum in (2.7.34), we simply note that

fug > Stug,
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as soon as p > 0 is large enough, because 0,uy < 0 on 02, ug > 0 in 2, and S7ug is a smooth
function up to the boundary. As for the second item, let us first observe that

u(t+T,x) < pu(t, z), (2.7.36)
for any ¢t > 0, by the maximum principle. Let us assume that
u(2T, z) # mu(T, x). (2.7.37)
Then the maximum principle implies that
uw(2T, z) < pu(T, z) for all z € Q. (2.7.38)
As
max[u(27, z) — pu(T,z)] =0,

z€Q

the parabolic Hopf lemma, together with (2.7.36) and (2.7.37), implies the existence of § > 0
such that
Oy(u(2T,x) — mu(T,x)) >0 >0, forall z € O0N. (2.7.39)

It follows that for € > 0 sufficiently small, we have
u(2T, z) — u(T,x) < —gd(x, o)  for x € Q such that d(z,09) < e.

On the other hand, once again, the strong maximum principle precludes a touching point
between u (27, x) and pyu(T, x) inside

Q. ={ze€Q: d(z,00) > e}
Therefore, there exists d; such that
u(2T, z) — u(T,z) < —6;,  for all x € (..
We deduce that there is a — possibly very small — constant ¢ > 0 such that
uw(2T,x) — pu(T,z) < —cd(x,0) in Q.

However, u(T, x) is controlled from above by Cd(x,0), for a possibly large constant C' > 0.
All in all, we have

U(QT, (L’) < (:ul - %)U(T7 .T),
hence (2.7.37) implies that po < g1, which proves the second claim of the proposition. [

Exercise 2.7.12 Deduce from Proposition 2.7.11 the versions of Theorems 2.7.4 and 2.7.8
for operators Sy and L, this time with the Dirichlet boundary conditions.

Thus, the eigenvalue problem (2.7.32), has a principal eigenvalue that enjoys all the prop-
erties we have proved in the periodic one: it has the least real part among all eigenvalues,
and is the only eigenvalue associated to a positive eigenfunction.
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Exercise 2.7.13 Assume that L is symmetric; it has the form

Lu = B <a”(x)g—z> + c(x)u (2.7.40)

Then, the principal eigenvalue is given by the minimization of the Rayleigh quotient over the
Sobolev space H}(9):

ou Ou
A = inf (1) =——=— (7)) dx. 2.7.41
' ueHg(Q)l,n u||L2:1/§2 (aj(x>8zi ox; +cle)u (x)> v ( )

Exercise 2.7.14 Adapt the preceding discussion to prove the existence of a principal eigen-
value to the Nemann eigenvalue problem

Lu= M, x€Q, (2.7.42)
o,u =0, x € 0f).

2.7.4 The principal eigenvalue and the comparison principle

Let us now connect the principal eigenvalue and the comparison principle. Since we are at
the moment dealing with the Dirichet problems, let us remain in this context. There would
be nothing significantly different about the periodic problems.

The principal eigenfunction ¢; > 0, solution of

L¢1 = )\1(]51, n Q, (2743)
¢1 = 0 on 012,
(2.7.44)
with
ou
Lu=—Au+bj(x)z— + c(x)u, (2.7.45)
(9xj
in particular, provides a special solution
U(t,z) = e My () (2.7.46)
for the linear parabolic problem
Y+ Ly =0, t>0,2 €0 (2.7.47)
1 =0 on 0.
Consider then the Cauchy problem
v+ Lv=0, t>0,x€ (2.7.48)
v =0 on 012,

v(0,2) =g(x), ©e€Q,
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with a smooth bounded function g(z) that vanishes at the boundary 0€2. We can find a
constant M > 0 so that

—Mepy(z) < g(z) < M¢y(x), forall z e
The comparison principle then implies that for all £ > 0 we have a bound
— Moy (x)e ™ <w(t,x) < Moy (x)e™™, for all z € Q, (2.7.49)

which is very useful, especially if A\; > 0. The assumption that the initial condition g vanishes
at the boundary 0f) is not necessary but removes the technical step of having to show that
even if g(x) does not vanish on the boundary, then for any positive time ¢, > 0 we can find a
constant Cy so that |v(tg, z)| < Co¢1(x). This leads to the bound (2.7.49) for all ¢ > ¢,.

Let us now apply the above considerations to the solutions of the elliptic problem

Lu = g(x), in Q, (2.7.50)
uw =0 on 0,

with a non-negative function g(z). When can we conclude that the solution w(z) is also
non-negative? The solution of (2.7.50) can be formally written as

u(z) = /000 v(t, x)dt. (2.7.51)

Here, the function v(t, z) satisfies the Cauchy problem (2.7.48). If the principal eigenvalue \;
of the operator L is positive, then the integral (2.7.51) converges for all = € Q because of the
estimates (2.7.49), and the solution of (2.7.50) is, indeed, given by (2.7.51). On the other hand,
if g(x) > 0 and g(x) # 0, then the parabolic comparison principle implies that v(¢,z) > 0 for
all £ > 0 and all x € Q. It follows that u(z) > 0 in Q.

Therefore, we have proved the following theorem that succinctly relates the notions of the
principal eigenvalue and the comparison principle.

Theorem 2.7.15 If the principal eigenvalue of the operator L is positive then solutions of
the elliptic equation (2.7.50) satisfy the comparison principle: u(x) >0 in Q if g(x) > 0 in Q
and g(x) # 0.

This theorem allows to look at the maximum principle in narrow domains introduced in
the previous chapter from a slightly different point of view: the narrowness of the domain
implies that the principal eigenvalue of L is positive no matter what the sign of the free
coefficient ¢(z) is. This is because the “size” of the second order term in L increases as
the domain narrows, while the “size” of the zero-order term does not change. Therefore, in
a sufficiently narrow domain the principal eigenvalue of L will be positive (recall that the
required narrowness does depend on the size of ¢(x)). A similar philosophy applies to the
maximum principle for the domains of a small volume.

We conclude this topic with another characterization of the principal eigenvalue of an
elliptic operator in a bounded domain, which we leave as an (important) exercise for the
reader. Let us define

p1(Q) =sup{\: 3¢ € C*(Q) NCHQ), ¢ >0and (L — )¢ >0 in Q}, (2.7.52)
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and

ph(Q) =inf{\: Fp € C*( A NCHQ), p=00n 0992, ¢ >0in, and (L — \)¢ <0in Q}.
(2.7.53)

Exercise 2.7.16 Let L be an elliptic operator in a smooth bounded domain §2, and let \; be
the principal eigenvalue of the operator L, and p1(€2) and 1) () be as above. Show that

A= (@) = 1y (). (2.7.54)

As a hint, say, for the equality A\; = p1(2), we suggest, assuming existence of some A > \;
and ¢ > 0 such that
(L—=X)¢ =0,

to consider the Cauchy problem
u+ (L —XNu=0, in

with the initial data u(0,z) = ¢(x), and with the Dirichlet boundary condition w(t,z) = 0
for t > 0 and = € 9. One should prove two things: first, that u,(¢,2) < 0 for all £ > 0, and,
second, that there exists some constant C' > 0 so that

u(t,x) > Cgbl(x)e(’\”\l)t,

where ¢; is the principal Dirichlet eigenfunction of L. This will lead to a contradiction. The
second equality in (2.7.54) is proved in a similar way.

2.8 The long time behavior for viscous Hamilton-Jacobi
equations

A (once again, to our taste, rather striking) application of the principal elliptic eigenvalue is
a study of the long time behavior of the solutions to the viscous Hamilton-Jacobi equations,
that we now present. This problem falls in the same class as in Section 2.6, where we proved,
essentially with the sole aid of the strong maximum principle and the Harnack inequality,
the convergence of the solutions of the Cauchy problem for the Allen-Cahn equations to a
translate of a stationary solution. The main difference is that now we will have to fight a
little to show the existence of a steady state, while the long time convergence will be relatively
effortless. We are interested in the large time behaviour of the solutions u(¢, ) to the Cauchy
problem for

u — Au = H(x,Vu), t>0, xeR". (2.8.1)

This is an equation of the form (2.4.45) that we have considered in Section 2.4.3, and we make
the same assumptions on the nonlinearity, that we now denote by H, the standard notation
in the theory of the Hamilton-Jacobi equations, as in that section. We assume that H is
smooth and 1-periodic in . We also make the Lipschitz assumption on the function H(x, p):
there exists C' > 0 so that

|H (2, p1) — H(z,p2)| < Clp1 — p2l, for all z,pi,ps € R”. (2.8.2)
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In addition, we assume that H is growing linearly in p at infinity: there exist « > 0 and § > 0
so that

H H
0 < o <liminf (z.p) < limsup (z.p)
pls+oo D] plstoo D]

< B < 400, uniformly in x € T". (2.8.3)

One consequence of (2.8.3) is that there exist C; 5 > 0 so that
Ci(1+|p|) < H(z,p) < Co(1 +|pl|), for all z € T" and p € R™. (2.8.4)

As we have seen in Section 2.4.3, these assumptions ensure the existence of a unique smooth 1-
periodic solution u(t,x) to (2.8.1) supplemented by a continuous, 1-periodic initial condi-
tion ug(z). In order to discuss its long time behavior, we need to introduce a special class of
solutions of (2.8.1).

Theorem 2.8.1 Under the above assumptions, there exists a unique m € R so that (2.8.1)
has solutions (that we will call the wave solutions) of the form

w(t,x) = mt + ¢(x), (2.8.5)

with a 1-periodic function ¢(x). The profile ¢(x) is unique up to an additive constant:
if wi(t, z) and wy(t, x) are two such solutions then there exists ¢ € R so that ¢1(x) — pa(z) = ¢
for all x € T™.

The large time behaviour of u(¢, ) is summarized in the next theorem.

Theorem 2.8.2 Let u(t,x) be the solution of the Cauchy problem for (2.8.1) with a contin-
uous 1-periodic initial condition ug. There is a wave solution w(t,x) of the form (2.8.5), a
constant w > 0 that does not depend on uy and Cy > 0 that depends on uy such that

lu(t, z) —w(t,z)| < Coe ", (2.8.6)
forallt >0 and x € T™.

We will first prove the existence part of Theorem 2.8.1, and that will occupy most of the
rest of this section, while its uniqueness part and the convergence claim of Theorem 2.8.2 will
be proved together rather quickly in the end. Plugging the ansatz (2.8.5) into (2.8.1) and
integrating over T" gives

m = H(x,Vo¢)dx. (2.8.7)

Tn

The equation for ¢ can, therefore, be written as

—A¢ = H(z,V¢)— | H(z,Vo)dz, (2.8.8)

’]Tn

and this will be the starting point of our analysis.
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2.8.1 Existence of a wave solution
Outline of the proof

Let us first outline how we will prove the existence of a wave solution. We are going to use
the inverse function theorem, and, as this strategy is typical for the existence proofs for many
nonlinear PDEs, it is worth sketching out the general plan, even if without stating all the
details. Instead of just looking at (2.8.8), we consider a family of equations

—A¢p, = H,(x,Vo,) — H,(z,V¢,)dz, (2.8.9)

T'Il

with the Hamiltonians
H,(x,p) = (1 —o0)Hy(z,p) + cH(z,p), (2.8.10)

parametrized by o € [0,1]. We start with Hy(z,p) for which we know that (2.8.8) has a
solution. In our case, we can take

Ho(z,p) = V1 +pl* =1,
so that ¢g(x) = 0 is a solution to (2.8.8). We end with
Hi(x,p) = H(x,p). (2.8.11)

The goal is show that (2.8.9) has a solution for all & € [0, 1] and not just for ¢ = 0 by showing
that the set ¥ of o for which (2.8.9) has a solution is both open and closed in [0, 1].

Showing that 3 is closed requires a priori bounds on the solution ¢, of (2.8.9) that would
both be uniform in ¢ and ensure the compactness of the sequence ¢,, of solutions of (2.8.9)
as 0, — o0 in a suitable function space. The estimates should be strong enough to ensure
that the limit ¢, is a solution to (2.8.9).

In order to show that 3 is open, one relies on the inverse function theorem. Let us assume
that (2.8.9) has a solution ¢,(x) for some o € [0,1]. In order to show that (2.8.9) has a
solution for o + ¢, with a sufficiently small €, we are led to consider the linearized problem

OH,(z,V¢,) Oh OH,(2,V,) Oh(z) ,
—Ah— o o, + / ) o 7 dz = f, (2.8.12)

with
f(z) = H(z,V¢,) — Hy(x,Vo,) — | H(2,Vd(2))dz+ | Ho(z,Vp(2))dz.  (2.8.13)

T Tn

The inverse function theorem guarantees existence of the solution ¢, .., provided that the
linearized operator in the left side of (2.8.12) is invertible, with the norm of the inverse a
priori bounded in o. This will show that the set ¥ of ¢ € [0,1] for which the solution
to (2.8.9) exists is open.

The bounds on the operator that maps f — h in (2.8.12) also require the a priori bounds
on ¢,. Thus, both proving that > is open and that it is closed require us to prove the a
priori uniform bounds on ¢. Therefore, our first step will be to assume that a solution ¢, ()
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to (2.8.9) exists and obtain a priori bounds on ¢,. Note that if ¢, is a solution to (2.8.9),
then ¢, + k is also a solution for any k& € R. Thus, it is more natural to obtain a priori bounds
on V¢, than on ¢ itself, and then normalize the solution so that ¢,(0) = 0 to ensure that ¢,
is bounded.

It is important to observe that the Hamiltonians H, (x, p) obey the same Lipschitz bound,
and estimate (2.8.4) holds with the same Ci5 > 0 for all o € [0,1], The key bound to
prove will be to show that there exists a constant K > 0 that depends only on the Lipschitz
constant of H and the two constants in the linear growth estimate (2.8.4) such that any
solution to (2.8.8) satisfies

[96] -y < K. (28.14)

We stress that this bound will be obtained not just for one Hamiltonian but for all Hamil-
tonians with the same Lipschitz constant that satisfy (2.8.4) with the same Cj5 > 0. The
estimate (2.8.14) will be sufficient to apply the argument we have outlined above.

An a priori L'-bound on the gradient

For simplicity, we will drop the subscript ¢ in the proof whenever possible. Before establish-
ing (2.8.14), let us first prove that there exists a constant C' > 0 such that any solution ¢(z)
of (2.8.8) satisfies

H(z,V¢)dx < C. (2.8.15)

T

Because of the lower bound in (2.8.3), this is equivalent to an a priori L' bound on |V¢|:
|IVo(x)|de < C, (2.8.16)
’]1‘77.

with a possibly different C' > 0. To prove (2.8.15), we will rely on the following ingredient,
which comes from the Krein-Rutman theorem — and this is one of the reasons why it is quite
suitable to put this example here. For an R™-valued function v(z) we denote the divergence
of v(x) by

N
V.v= ]Zl 8_%
Lemma 2.8.3 Let b(x) be a smooth vector field over T™. The linear equation
—Ae+ V- (eb) =0, x e T, (2.8.17)
has a unique solution e(x) normalized so that

lerllz =1, (2.8.18)

and such that e; > 0 on T™. Moreover, for all a € (0,1), the function €} is a-Hélder contin-
uous, with the a-Holder norm bounded by a universal constant depending only on ||b|| oo (rn).

A key point here is that the Holder regularity of the solution only depends on the L*°-norm
of b(z) but not on its smoothness or any of its derivatives — this is typical for equations in the
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divergence form, and we will see much more of this in Chapter ??. This is very different from
what we have seen so far in this chapter: we have always relied on the assumption that the
coefficients are smooth, and the Holder bounds for the solutions depended on the regularity
of the coefficients. A very remarkable fact is that for equations in the divergence form, such
as (2.8.17), one may often obtain bounds on the regularity of the solutions that depend only
on the L>®-norm of the coefficients but not on their smoothness. Such bounds are much harder
to get for equations in the non-divergence form.

Let us first see why this lemma implies (2.8.15). An immediate consequence of the nor-
malization (2.8.18) and the claim about the Holder norm of e}, together with the positivity
of e} is that

/ ej(z)dr > C >0, (2.8.19)
with a constant C' > 0 that depends only on ||b]|.~. Now, given a solution ¢(z) of (2.8.8), set
1
bi(z) = / Op, H(z,0V¢(x))do, (2.8.20)
0
so that
99
J

and (2.8.8) can be re-stated as

0
—A¢p — bj(yc)—q5 =H(x,0)— | H(z,V¢)dx. (2.8.22)
Note that while b(z) does depend on V¢, the L>-norm of b(x) depends only on the Lipschitz
constant of the function H(z,p) in the p-variable. Let now e} be given by Lemma 2.8.3, with
the above b(x). Multiplying (2.8.22) by e} and integrating over T™ yields

0= /n e (x)H (z,0)dr — (/n ei(:c)d:c) < . H(zx, ng)da:), (2.8.23)

hence )
H(z,Vo¢)dr < (/ e’{(x)d:z:) / ej(z)H (x,0)dz, (2.8.24)
’]Tn n n
and (2.8.16) follows from (2.8.19).
Proof of Lemma 2.8.3
Let us denote
¢

Lé = —A¢ — b;(z) (2.8.25)

The constant functions are the principal periodic eigenfunctions of L and zero is the principal

eigenvalue:
L1=0. (2.8.26)
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Thus, by Theorem 2.7.8, the operator L has no other eigenvalue with a non-positive real part,
which entails the same result for the operator

L*¢=—-Ap+ V- (b(x)p).

In particular, zero is the principal eigenvalue of L*, associated to a positive eigenfunc-
tion ej(z) > 0:
L*e} =0, forall zeT",

and we can normalize e} so that that (2.8.18) holds. Thus, existence of ej(z) is the easy part
of the proof.

The challenge is, of course, to bound the Hélder norms of e} in terms of ||b||zec(r») only.
We would like to use a representation formula, as we already did many times in this chapter.
In other words, we would like to treat the term V - (ejb) as a force, and convolve it with the
fundamental solution of the Laplace equation in R™. For that, we need various quantities to
be sufficiently integrable, so we first localize the equation, and then write a representation
formula. This is very similar to the proof of the interior regularity estimates that we have
mentioned very briefly in Section 2.5 — see Exercise 2.5.11. We recommend the reader to
go back to this Section after finishing the current proof, and attempt this exercise again,
setting a;;(t, ) = 0;; in (2.5.46) for simplicity.

Let T'(z) be a nonnegative smooth cut-off function such that I'(x) = 1 for x € [-2,2]"
and I'(z) = 0 outside (—3,3)™. The function v(z) = I'(z)ej(x) satisfies

—Av = —2VD - Vei — {AT =TV - (¢}b), = € R™ (2.8.27)

Remember that e} is bounded in L>, thus so is v. As we will see, nothing should be feared from
the cumbersome quantities like AT" or VI'. We concentrate on the space dimensions n > 2,
leaving n = 1 as an exercise. Let E(x) be the fundamental solution of the Laplace equation
in R™: the solution of

—Au=f, xeR", (2.8.28)

is given by

u(z) = /n E(x — y)u(y)dy. (2.8.29)

Then we have
o@) = [ Ela = )|~ 2910) - Veil) - WAL - D)V - (€0)b)|dy. (2830

After an integration by parts, we obtain

v(z) = / ((VE(JI —y)-VI(y))ei(y) + E(x—y)ei(y) Al (y) + V(E(z —y)I'(y)) -b(y)e’{(y))dy-

(2.8.31)
The key point is that no derivatives of b(x) or ej(z) appear in the right side of (2.8.31) — this
is important as the only a priori information that we have on these functions is that they are
bounded in L*°. Thus, the main point is to prove that integrals of the form

P(z) = /n E(x —y)G(y)dy, (2.8.32)
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with a bounded and compactly supported function G(z), and

I(z)= [ VE(z—y)- F(y)dy, (2.8.33)
RTL
with a bounded and compactly supported vector-valued function F': R" — R", are a-Holder
continuous for all & € (0, 1), with the Holder constants depending only on v and the L>*-norms
of Fand G. Both F' and G are supported inside the cube [—3,3]". We will only consider the
integral I(z), as this would also show that VP (z) is a-Holder. Using the expression
z

i

VE(z) =c,

we see that
[I(x) = I(2")] < el Fll o K (2, 27), (2.8.34)

K(z,2') = /
(73»3)'”

Pick now a € (0,1). We estimate K by splitting the integration domain into two disjoint
pieces:

Ae={ye(=33)": [e—yl<le -2}, Be={ye(=33)": [z —yl>lz—2"}

with
r—y -y
|z —y[» fa" =y

dy. (2.8.35)

and denote by K4(z,2’) and Kp(x,z’) the contribution to K(x,z’") by the integration over
each of these two regions. To avoid some unnecessary trouble, we assume that |z — 2'| < [,,
with [, such that

31< 1% for all I € [0,1,]. (2.8.36)
With this choice, we have
|2 —y| <|2' — x|+ |z —y| <2z —2|* ifye A, (2.8.37)
and
2" —y| >z —y| — |2 — x| > 2|z — 2| ifyé€ B,. (2.8.38)

It follows that
/ dy dy I
lz—y|<|z—a'|> |‘r - y| |z —y|<2|x—z’|> ‘SE - y|
To estimate Kpg, we write

/

T —y ' —y
z—ylr oyl

Note that for all y € B, we have

1
d
< Clzx — 2| / —J, T, =ocx+ (1 —o0)x’ (2.8.40)
0 ’xa - y|n

[Te —y| > |z —y| — |2 — 20| > [0 — 2| — & — 2’| > 2|2’ — x],
and |y| < 34/n, hence
1 1
d <3 d
Kp(x,2') < |x—x’\/ da/ _ Y9 < |z _Il|/ da/ x(Jyl < 3y/n)dy
0 = ’Io - y|n 0 2o —y|>|z—2] |.1;(, — y|”
< Clz — 2| log |z — '], (2.8.41)

which implies the uniform a-Hdélder bound for I(z), for all a € (0,1). O
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An a priori L*° bound on the gradient

So far, we have obtained an a priori L'-bound for the gradient of any solution ¢ to (2.8.8).
Now, we improve this estimate to an L* bound.

Proposition 2.8.4 There is C > 0, universal, such that any solution ¢ of (2.8.8) satisfies
Vo[ oo (rmy < C. (2.8.42)
As a consequence, if ¢ is normalized such that ¢(0) = 0, then we also have ||¢|| gy < C.

Proof. We borrow the strategy in the proof of Lemma 2.8.3. Let ¢ be a solution of (2.8.8)
such that ¢(0) = 0. The only estimate we have so far is an L'-bound for V¢ — the idea is to
estimate ||@[| ooy and [|[V@)|| peo(r) solely from this quantity and the equation. Let I'(x) be
as in the preceding proof: a nonnegative smooth function equal to 1 in [—2,2]™ and to zero
outside (—3,3)", and set ¢¥(z) = ['(x)¢(x). The function ¢ (z) satisfies an equation similar
to (2.8.27):
—AYp = =2VI'-Vo¢ — oAl + F(z), =€ R", (2.8.43)
with
F(z) = T(2) |H(z, V() - H(z,ng(z))dz]. (2.8.44)
Tn
The only a priori information we have about F'(z) and the term VI'- V¢(z) so far is that
they are supported inside [—3, 3]" and are uniformly bounded in L'(R"). It helps to combine
them:
G(z) = F(z) —2VI(x) - Vo(x), (2.8.45)

with G(z) supported inside [—3, 3]", and

|G(x)|dx < C. (2.8.46)
We also know that
|G(z)] < C(1+ |Vo(x)]. (2.8.47)
Then, we write
vle) = [ B - IG) - oy)AT W)y, (2:8.45)
Differentiating in x gives
Vole) = | VE@-9)[Gl) - oL ()]dy (2.8.49)

The function VE(x —y) has an integrable singularity at y = x, of the order |z —y|™"! and is
bounded everywhere else. Thus, for all € > 0 we have, with the help of (2.8.45) and (2.8.47):

| Govee- y)dy‘s

/|zy|<s G(y)VE(x — y)dy‘Jr

dy .
< C(1+|IVoll~) / Wy e / Gly)ldy
lz—y|<e |3j - y| |lz—y|>e

< Ce(1+||Vo|pe) + Cet™, (2.8.50)

/| . G(y)VE(z — y)dy
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The integral in (2.8.49) also contains a factor of ¢, whereas our bounds so far deal with V.
However, we may assume without loss of generality that ¢(0) = 0, and then

o) = | Ly Vo(sy)ds = / - Vo(sy)ds + / Ly Vo(sy)ds.

so that
o) < [Vl Lo, (2.8.51)

and

1
[ Jotwlay < Cel ol + [ [ 1lITotsy)ldyas

! ds bods
< Ce||[Vlp~ +C Vo(y)ldy— < CellVoll= +C | =7
€ s—1iTn €
< CéHquHLoo + Ce™™. (2.8.52)

We used above the a priori bound (2.8.16) on ||Vé||1(rny. Combining (2.8.51) and (2.8.52),
we obtain, as in (2.8.50):

[ oarmvEE - paf< [ lolIaTeIvEE - i

z—y|<e

v WIATWIVEG - iy < CelVolie + 2859

Now, because I' = 1 in [—2,2]" and ¢ is 1-periodic, we have
196w am) = 19w rap < IVES) li(sam) = [V 2 (2.8.54)
Together with the previous estimates, this implies
Vol < Cel|[ Voo + C, (2.8.55)

with a universal constant C' > 0 and C. that does depend on . Now, the proof is concluded
by taking € > 0 small enough. [
Going back to the equation (2.8.8) for ¢:

—A¢p=H(z,Vo)— . H(x,Vo¢)dz, (2.8.56)

the reader should do the following exercise.
Exercise 2.8.5 Use the L>*-bound on V¢ in Proposition 2.8.4 to deduce from (2.8.56) that,
under the assumption that H(x,p) is smooth in both variables z and p, the function ¢(x)

is, actually, infinitely differentiable, with all its derivatives of order n bounded by a priori
constants C,, that do not depend on ¢.
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The linearized problem

We need one last ingredient to finish the proof of the existence part of Theorem 2.8.1: to
set-up an application of the inverse function theorem. Let ¢ be a solution to (2.8.8) and let
us consider the linearized problem, with an unknown h:

—Ah — 0, H(x,V¢)0,,h+ | 0, H(y, V)0, My)dy = f = €T" (2.8.57)

T

We assume that f € CH*(T") for some a € (0,1), and f has zero mean over T":
f(z)dx = 0.
Tn
Proposition 2.8.6 Equation (2.8.57) has a unique solution h € C**(T") with zero mean.

The mapping f + h is continuous from the set of C* functions with zero mean to C>*(T").

Proof. The Laplacian is a one-to-one map between the set of C™%2¢ functions with zero
mean and the set of C"™(T") functions with zero mean, for any m € N. Thus, we may talk
about its inverse that we denote by (—A)~!. Equation (2.8.57) is thus equivalent to

(I+K)h=(—A)""f, (2.8.58)

with the operator
Kh=(-A)"! <_aij(x, V)0, h + / Op, H(y, ng)&cjh(y)dy). (2.8.59)
'[[‘n

Exercise 2.8.7 Show that K is a compact operator on the set of functions in C**(T") with
zero mean.

The problem has been now reduced to showing that the only solution of
(I+K)h=0 (2.8.60)

with h € C1*(T") with zero mean is h = 0. Note that (2.8.60) simply says that & is a solution
of (2.8.57) with f = 0. Let ej > 0 be given by Lemma 2.8.3, with

bj(w) = =0, H(z, V). (2.8.61)
That is, e] is the positive solution of the equation
—Ael+ V- (ehb) =0, (2.8.62)

normalized so that ||ef|| e(r) = 1. The uniform Lipschitz bound on H(z,p) in the p-variable
implies that b(x) is in L>(T"), and thus Lemma 2.8.3 can be applied. Multiplying (2.8.57)
with f = 0 by e} and integrating gives, as e] > 0:

[ 00,100,900, )y = 0.
But then, the equation for h becomes simply
—Ah +0b;(2)0,;h =0, xeT",

which entails that h is constant, by the Krein-Rutman theorem. Because h has zero mean,
we get h=0. O
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Exercise 2.8.8 Let Hy(z,p) satisfy the assumptions of Theorem 2.8.2, and assume that
equation (2.8.16), with H = Hj, has a solution ¢y. Consider H;(z,p) € C°(T x R"). Prove,
with the aid of Propositions 2.8.4 and 2.8.6, and the implicit function theorem, the existence
of Ry > 0 and ¢y > 0 such that if

|Hy(z,p)| <e, forxzeT"and |p| < Ry, (2.8.63)

then equation (2.8.16) with H = Hy + H; has a solution ¢.

Existence of the solution

We finally prove the existence part of Theorem 2.8.1. Consider H(x, p) satisfying the assump-
tions of the theorem. Let us set

Ho(z,p) = v1+p]* =1,
and
Ha(‘rap) = Ho(ﬂf,p) + O<H(x7p) - HO(xap))a
so that Hy(z,p) = H(z,p). Consider the set

Y. ={o€][0,1]: equation (2.8.16), with H = H,, has a solution.}

We already know that ¥ is non empty, because 0 € 3: indeed, ¢o(z) = 0 is a solution
to (2.8.16) with H(x,p) = Hy(z,p). Thus, if we show that ¥ is both open and closed
in [0, 1], this will imply that ¥ = [0, 1], and, in particular, establish the existence of a solution
to (2.8.16) for Hy(x,p) = H(x,p).

Now that we know that the linearized problem is invertible, the openness of ¥ is a direct
consequence of the inverse function theorem. Closedness of ¥ is not too difficult to see either:
consider a sequence o, € [0, 1] converging to & € [0, 1], and let ¢,, be a solution to (2.8.16)
with H(x,p) = H,, (x,p), normalized so that

¢ (0) = 0. (2.8.64)

Proposition 2.8.4 implies that
V| Loy < C,

and thus
[ H (z,Von)|l= < C.

However, this means that ¢,, solve an equation of the form
—A¢, = F,(z), xeT", (2.8.65)

with a uniformly bounded function

F.(z) = H(z,V¢,) — | H(z,Vo,(2))dz. (2.8.66)

TTL

It follows that that ¢, is bounded in C1*(T"), for all a € [0, 1):
[@nllcramny < C. (2.8.67)
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But this implies, in turn, that the functions F,(z) in (2.8.66) are also uniformly bounded
in CY hence ¢, are uniformly bounded in C%<(T"):

||¢n||02,a(1rn) <C. (2.8.68)

Now, the Arzela-Ascoli theorem implies that a subsequence ¢,, will converge in C?*(T™) to
a function ¢, which is a solution to (2.8.16) with H = H;. Thus, 0, € 3, and ¥ is closed.
This finishes the proof of the existence part of the theorem.

2.8.2 Long time convergence and uniqueness of the wave solutions

We will now prove simultaneously the claim of the uniqueness of m and of the profile ¢(z) in
Theorem 2.8.1, and the long time convergence for the solutions of the Cauchy problem stated
in Theorem 2.8.2.

Let u(t, z) be the solution of (2.8.1)

w = Au+ H(x,Vu), t>0, x€T", (2.8.69)
with u(0,x) = ug(x) € C(T"). We also take a solution ¢(z) of
“Ap— H(z,V$) = m. (2.8.70)

We wish to prove that there exists k € R so that u(t,z) — mt is attracted exponentially
to ¢(z) + k: )
lu(t,x) —mt —k — ¢(z)| < Ce™™", (2.8.71)

with some C' > 0 and w > 0. The idea is the same as in the proof of Theorem 2.6.2, but
the situation here is much simpler: we do not have any tail to control, because we are now
considering the problem for x € T". Actually, the present setting realizes what would be the
dream scenario for the Allen-Cahn equation.

We may assume that m = 0, just by setting

Hl(x>p) = H(I’,p) —m,
and dropping the prime. Let ¢ be any solution of (2.8.70), and set
ky =sup{k: wu(t,z) > ¢(x)+ k for all z € T"},

and
ki =inf{k: wu(t,z) < ¢(x)+k for all z € T".}

Because ¢(x) — ki solve (2.8.70), we have, by the maximum principle:
d(x) +ky <u(t,r) < o(x)+ ks, forallt >0 and z € T
Now, for all p € N, let us set

k, =sup{k: u(t=p,x)>¢(x)+kforall x €T} = inf [u(t =p,x) - ¢(x)], (2.8.72)

zeTn
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and

ki =inf{k: u(t=p,x) < ¢(x)+kforallz € T"} = supu(t = p,x) — ¢(x)]. (2.8.73)

zeTn

The maximum principle implies that the sequence &, is increasing, whereas k; is decreasing.
The theorem will be proved if we manage to show that

0<kj—k, <CdP, forallp>0, (2.8.74)
with some C' € R and a € (0, 1). However, this is easy: the function
w(t,z) = u(t,z) — ¢(x) =k,
is nonnegative for t > p, and solves an equation of the form
Ow — Aw + bj(t, )0y, w = 0, t>p, xeT", (2.8.75)
with a Lipschitz drift b(¢, z) such that
b(t,z) - [Vu(t,z) — Vé(x)] = H(x,Vu) — H(x,Vo(x)).
In particular, we know that

sup w(p,x) > sup w(t,z), for all t > p. (2.8.76)
zeTn zeTn

The Harnack inequality implies that there exists gy > 0 such that

inf w(p+1,2) > qo sup w(p, ). (2.8.77)
zeT" zeTn

Using (2.8.72) and (2.8.73), we may rewrite this inequality as

kppr — Ky 2 %(k;r o kp_)7 (2.8.78)
which implies
ki =k <k =k —a(k — k) < (1—q)(k — k). (2.8.79)

This implies the geometric decay as in (2.8.74), hence the theorem. Note that the constant
a=1-qo

comes from the Harnack inequality and does not depend on the initial condition wug. [J

Exercise 2.8.9 Why does the uniqueness of m and of the profile ¢(x) follow?

Exercise 2.8.10 There is a certain recklessness in the way we have applied the Harnack
inequality. We have proved the Harnack inequality in Theorem 2.5.13 for a fixed smooth
drift b(t, ). Here, we use it a family of drifts b(¢, x) that depend on u(t,x) and ¢(x) — how
do we know that the constant gy does not degenerate to zero? Hint: revisit the proof of
Theorem 2.5.13 and show that the bounds we have on b(t, ) are sufficient to bound ¢y from
below.
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2.9 The inviscid Hamilton-Jacobi equations
In this section, we will consider the Hamilton-Jacobi equations
u + H(x,Vu) =0 (2.9.1)

on the unit torus T" C R™. Note that here, unlike in the viscous Hamilton-Jacobi equations
we have considered so far, the diffusion coefficient vanishes. One may thus question why we
consider it in the chapter on the diffusion equations — the answer is to emphasize the new diffi-
culties and new phenomena that one encounters in the absence of diffusion. Another possible
answer is that, philosophically, solutions to (2.9.1) behave very much like the solutions of

u; + H(x, Vu®) = eAuf, (2.9.2)

with a small diffusivity € > 0. Most of the techniques we have introduced so far deteriorate
badly when the diffusion coefficient is small. We will see here that, actually, some of the
bounds may survive, because they are helped by the nonlinear Hamiltonian H(x, Vu). Obvi-
ously, not every nonlinearity is beneficial: for example, solutions of the rather benign looking
advection equation

ug + b(x) - Vu(z) =0, (2.9.3)

are no better than the initial condition ug(z) = u(0, z), no matter how smooth the drift b(x)
is. Therefore, we will have to restrict ourselves to some class of Hamiltonians H (z,p) that do
help regularize the problem.

As in the viscous case, we will be interested both in the Cauchy problem, that is, (2.9.1)
supplemented with an initial condition

u(0,z) = up(x), (2.9.4)
and in a stationary version of (2.9.1):
H(z,Vu)=¢, zeT" (2.9.5)

After what we have done in Section 2.8, it should be clear to the reader why (2.9.5) has a
constant ¢ in the right side — solutions of (2.9.5) lead to the wave solutions for the time-
dependent problem (2.9.1). As in the viscous case, we will prove that under reasonable
assumptions, solutions of (2.9.5) exist only for a unique value of ¢ which has no reason to be
equal to zero. Thus, the “standard” steady equation

H(z,Vu)=0

typically would have no solutions. Alas, even though the speed ¢ is unique, we will lose
the uniqueness of the profile of the study solutions — unlike in the diffusive case, (2.9.5)
may have non-unique solutions, even up to a translation. This is a major difference with the
diffusive Hamilton-Jacobi equations, and one point we would like to emphasize in this section.
However, we need to understand first what we mean by a solution to (2.9.1) or (2.9.5), and
this will take some time.

112



A reader familiar with the theory of conservation laws, would see immediately the con-
nection between them and the Hamilton-Jacobi equations: in one dimension, n = 1, differen-
tiating (2.9.1) in x, we get a conservation law for v = u,:

v+ (H(z,v)), = 0. (2.9.6)

The basic conservation laws theory tells us that it is reasonable to expect that v(¢, x) becomes
discontinuous in x at a finite time ¢. However, an entropy solution v(t, z) to (2.9.6) will remain
uniformly bounded in time. This means that the function u(t,z) will fail to be C* but will
remain Lipschitz. In agreement with this intuition, it is well known that, for a smooth
initial condition ug on T™, the Cauchy problem (2.9.1), (2.9.4) has a unique local smooth
solution. That is, there exists a time to > 0, which depends on ug, such that (2.9.1) has a C!
solution u(t,z) on the time interval [0,?o] such that u(0,z) = ug(z). However, this solution
is not global in time: in general, it is impossible to extend it in a smooth fashion to ¢ = +o0.
This is described very nicely in [60].

On the other hand, if we relax the constraint ”u is C1”, and replace it by " is Lipschitz”,
and require (2.9.1) and (2.9.4) to hold almost everywhere, there are, in general, several solu-
tions to the Cauchy problem. This parallels the fact that the weak solutions to the conserva-
tion laws are not unique — for uniqueness, one must require that the weak solution satisfies
the entropy condition. See, for instance, [100] for a discussion of these issues. A natural ques-
tion is, therefore, to know if an additional condition, less stringent than the C'-regularity,
but stronger than the mere Lipschitz regularity, enables us to select a unique solution to the
Cauchy problem — as the notion of the entropy solutions does for the conservation laws.

The above considerations have motivated the introduction, by Crandall and Lions [48],
at the beginning of the 80’s, of the notion of a wiscosity solution to (2.9.1). The idea is to
select, among all the solutions of (2.9.1), “the one that has a physical meaning” — though
understanding the connection to physics may require some thought from the reader. Being
weaker than the notion of a classical solution, it introduces new difficulties to the existence
and uniqueness issues. Note that even if there is a unique viscosity solution to the Cauchy
problem (2.9.1), (2.9.4), the stationary equation (2.9.5) has no reason to have a unique steady
solution — unlike what we have seen in the diffusive situation of the previous section.

As a concluding remark to the introduction, we must mention that we will by no means
do justice to a very rich subject in this short section, an interested reader can, and should
happily delve into the sea of excellent papers on the Hamilton-Jacobi equations.

2.9.1 Viscosity solutions

Here, we present the basic notions of the viscosity solutions for the first order Hamilton-Jacobi
equations, and prove a uniqueness result which is typical in this theory. The reader interested
in all the subtleties of the theory may enjoy reading Barles [7], or Lions [100].

The definition of a viscosity solution

Let us begin with more general equations than (2.9.1) — we will restrict the assumptions as
the theory develops. Consider the Cauchy problem

u + F(x,u,Vu) =0, t>0, z€T" (2.9.7)

113



with a continuous initial condition u(0,z) = up(z), and F € C(T" x R x R"; R).
In order to motivate the notion of a viscosity solution, one takes the point of view that
the smooth solutions of the regularized problem

u; + F(x,u®, Vu©) = eAu® (2.9.8)

are a good approximation to u(t, z). Note that existence of the solution of the Cauchy problem
for (2.9.8) for £ > 0 is not an issue — we have already seen how this can be proved. Hence,
a natural attempt would be to pass to the limit ¢ | 0 in (2.9.8). This, however, is too blunt
to succeed in general. To motivate a different route, instead, consider a smooth sub-solution
of (2.9.8):

ur + F(x,u, Vu) < eAu. (2.9.9)

Let us take a smooth function ¢(¢, x) such that the difference ¢ — u attains its minimum at a
point (o, ). One may simply think of the case when ¢(to, z0) = u(to, xo) and ¢(t, x) > u(t, )
elsewhere. Then, at this point we have

ui(to, o) = Pi(to, x0), Vo(to, z0) = Vul(ty, zo),
and
D2¢(t0, l‘o) Z DZU(to, [L'[)),

in the sense of the quadratic forms. It follows that

¢t(t0, iL’o) + F(.I'o, U(to, iL‘o), V¢(t0, .1'0)) — SA(b(to, fﬂo) (2910)
S Ut(to, ZE()) + F(ZL‘(), U(t(), I‘o), Vu(to, l’o)) — €Au(to, l‘o) <0

In other words, if u is a smooth sub-solution, and ¢ is a smooth function that touches
at (tg, o) from above, then ¢ is a sub-solution to our equation at this point.
In a similar vein, if u(¢, x) is a smooth super-solution to the regularized problem:

w + F(x,u, Vu) > eAu, (2.9.11)

we consider a smooth function ¢(t, x) such that the difference ¢ — u attains its maximum at
a point (tg, o). Again, we may assume without loss of generality that ¢(tg, z¢) = u(to, xo)
and ¢(t,z) < u(t,z) elsewhere. Then, at this point we have

¢t<t0, 370) + F(QZ(), U(to, Io), V¢(t0, .’110)) — €A¢<t0, LEQ) > 0. (2912)

In other words, if u is a smooth super-solution, and ¢ is a smooth function that touches u
at (to, o) from below, then ¢ is a super-solution to our equation at this point.
These two observations lead to the following definition.

Definition 2.9.1 A continuous function u(t,z) is a viscosity sub-solution to (2.9.7) if, for
all test functions ¢ € C1([0, +00) x T™) and all (ty, zo) € (0,+00) x T™ such that (ty, zo) is a
local minimum for ¢ — u, we have:

¢e(to, o) + F(x0, ulto, x0), Vo(to, o)) < 0. (2.9.13)
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Furthermore, a continuous function u(t,z) is a viscosity super-solution to (2.9.7) if, for all
test functions ¢ € C*((0, +00) x T™) and all (ty, o) € (0, +00) x T™ such that the point (to, xo)
is a local mazimum for the difference ¢ — u, we have:

(bt(to, 513'0) + F(l‘o, 'Lb(to, l’o), V¢(t0, .1'0)) > 0. (2914)

Finally, u(t,x) is a viscosity solution to (2.9.7) if it is both a viscosity sub-solution and a
viscosity super-solution to (2.9.7).

Definition 2.9.1 trivially extends to steady equations of the type
F(z,u,Vu) =0 on T™.

Exercise 2.9.2 Show that a C! solution to (2.9.7) is a viscosity solution. Also show that the
maximum of two viscosity subsolutions is a viscosity subsolution, and the minimum of two
viscosity supersolutions is a viscosity supersolution.

The following exercise may help the reader gain some intuition.

Exercise 2.9.3 Consider the Hamilton-Jacobi equation
u+ui=0 z€cR, (2.9.15)

with a zigzag initial condition ug(z) = u(0, z):

B r, 0<z<1/2,
uo(:v)—{l_x’ 12<z<l, (2.9.16)

extended periodically to R. How will the solution (¢, x) of the Cauchy problem look like?
Where will it be smooth, and where will it be just Lipschitz? Hint; it may help to do this in
at least three ways: (1) use the definition of the viscosity solution, (2) use the notion of the
entropy solution for the Burgers’ equation for v(t, x) = u,(t,z), and (3) add the term eu,, to
the right side of (2.9.15), us the Hopf-Cole transformation z(t,z) = exp(u(t,z)/e), solve the
linear problem for z(¢,z) and then pass to the limit ¢ — 0.

The reader may justly wonder whether such a seemingly weak definition has any selective
power — can it possibly ensure uniqueness of the solution? This is the case, and we give below,
without proof, a list of some basic properties of the viscosity solutions to (2.9.7), as exercises
to the reader. These exercises are not as easy as Exercise 2.9.2, but the hints below should
be helpful.

Exercise 2.9.4 (Stability) Let F; be a sequence of functions in C'(T" x R x R"), which
converges locally uniformly to F' € C'(T™ x R x R"). Let u; be a viscosity solution to (2.9.7)
with F' = Fj, and assume that wu; converges locally uniformly to u € C([0,+00),T"). Show
that then u is a viscosity solution to (2.9.7). Hint: this is not difficult.

The above exercise is extremely important: it shows that, somewhat similar to the weak
solutions, we do not need to check the convergence of the derivatives of u; to the derivatives
of u to know that w is a viscosity solution — this is an extremely useful property to have.
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Exercise 2.9.5 Let u be a locally Lipschitz viscosity solution to (2.9.7). Then it satis-
fies (2.9.7) almost everywhere. Hint: if u is Lipschitz, then u is differentiable almost every-
where. Prove that, at a point of differentiability (fo, o), one may construct a C! test func-
tion ¢(t, z) such that (o, xg) is a local maximum (respectively, a local minimum) of ¢ — u. If
you have no idea of how to do it, see [48].

Exercise 2.9.6 (The maximum principle) Assume that F(z,u,p) = H(x,p), with a contin-
uous function H that satisfies the following (coercivity) property:

lim H(z,p) =400, uniformly in z € T". (2.9.17)

|p|—=+o0

Let ui(t,z) and us(t, ) be the viscosity solutions for (2.9.7) with the initial conditions u1q
and ugg such that uyg(z) < ugo(x) for all x € T". Show that then wuy(t,z) < uy(t,x) for
all t > 0 and x € T". This proves the uniqueness of the viscosity solutions. Hint: try to
reproduce the proof of Proposition 2.9.7 below.

Definition 2.9.1 has been introduced by Crandall and Lions in their seminal paper [48].
Let us notice one of the main advantages of the notion: Exercise 2.9.4 asserts that one may
safely “pass to the limit” in equation (2.9.7), as soon as estimates on the moduli of continuity
of the solutions are available rather than on the derivatives. Exercise 2.9.6 implies uniqueness
of the solutions to the Cauchy problem — without, however, implying existence.

The name “viscosity solution” comes out of trying to identify a “physically meaningful”
solution to (2.9.7). As we have mentioned, a natural idea is to regularize (2.9.7) by a second
order dissipative term, and to solve (2.9.8):

us + F(x,u, Vu) = eAu. (2.9.18)

Then one tries to pass to the limit ¢ — 0. This can be carried out when the Hamilto-
nian F'(z,u,p) has, for instance, the form H(x,p). It is possible to prove that there is a
unique limiting solution and that one actually ends up with a nonlinear semigroup. In partic-
ular, one may show that, if we take this notion of solution as a definition, there are uniqueness
and contraction properties analogous to above — see [100] for further details. We will see be-
low, in the proof of the Lions-Papanicolaou-Varadhan theorem how that can be done in one
simple example. Taking (2.9.18) as a definition is, however, not intrinsic: there is always
the danger that the solution depends on the underlying regularization (why regularize with
the Laplacian?), and Definition 2.9.1 bypasses this philosophical question, much like the no-
tion of an entropy solution does this for the conservation laws. Let us finally note that the
notion of a viscosity solution has turned out to be especially relevant to the second order
elliptic and parabolic equations — especially those fully nonlinear with respect to the Hessian
of the solution. There have been spectacular developments, which are out of the scope of this
chapter.

Warning. For the rest of this section, a solution of (2.9.1) or (2.9.5) will always be meant
in the viscosity sense.
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Uniqueness of the viscosity solutions

One of the main issues of the theory of the viscosity solutions is uniqueness. Let us give
the simplest uniqueness result, and prove it by the method of doubling of variables. This
argument appears in almost all uniqueness proofs, in more or less elaborate forms.

Proposition 2.9.7 Assume that the Hamiltonian H(x,p) is continuous in all its variables,
and satisfies the coercivity assumption (2.9.17). Consider the equation

H(z,Vu)+u=0, xe&T" (2.9.19)
Let w and w be, respectively, a viscosity sub- and a super-solution to (2.9.1), then u < w.

Proof. Assume for a moment that both  and u are C'-functions. If 7, is a maximum of w—u
we have,

H(zo, Vu(zo)) + u(zg) > 0, (2.9.20)

as u is a super-solution, and u can be considered a test function, since it is differentiable. On
the other hand, w — u attains its minimum at the same point x(, and, as u is a sub-solution,
and @ can serve as a test function, we have

H(xg, Vu(zg)) + u(xo) <0 (2.9.21)

As zg is a minimum of @ — u, and u and w are differentiable, we have Vu(xg) = Vu(xo),
whence (2.9.20) and (2.9.21) imply

u(xg) < u(xg).

Once again, as u — u attains its minimum at xy, we conclude that w(z) > u(z) for all z € T"
if both of these functions are in C'*(T").

Unfortunately, we only know that u and @ are continuous, so we can not use the argument
above unless we know, in addition, that they are both C'-functions. In the general case, we
use the method of doubling the variables. Let us define, for all € > 0, the penalization

. [z —yf?
us(e,y) = () — uly) +
and let (z.,y.) be a minimum for u.(zx,y).

Exercise 2.9.8 Show that
lim |z, — y.| = 0.
e—0

and that the family (x.,y.) converges, as ¢ — 0, up to a subsequence, to a point (¢, xo),
where xq is a minimum to u(x) — u(x).

Consider the function | 2
_ _ 1P el

as a (smooth) function of the variable x. The difference
¢(z) —u(z) = —u(, y.)
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attains its maximum, as a function of z, at the point z = z.. As u(x) is a super-solution, we

have
Yes — Te
o2

H (., )+ (z.) > 0. (2.9.22)

Next, we apply the sub-solution part of Definition 2.9.13 to the test function

wiy) =) + 20
The difference )
vly) ~ uly) =) + 22 () = o)
attains its minimum at y = y., hence
H{(ye, %) + u(y.) <0; (2.9.23)

The coercivity of the Hamiltonian and (2.9.23), together with the boundedness of u_, imply
that |z. — y.|/e* is bounded, uniformly in e. Hence, as |z. — y.| — 0, it follows that

Y
H(y67 58—2

_xs

Ye
) = H(l'87 52

)+o0(1), as e — 0.

Subtracting (2.9.23) from (2.9.22), we obtain
u(z:) —uly:) > o(1), ase — 0.

Sending € — 0 implies
U(wo) — u(zo) > 0,

and, as x( is the minimum of @ — u, the proof is complete. [
An immediate consequence is that (2.9.19) has at most one solution.

2.9.2 Steady solutions
We will now look for the wave solutions of (2.9.1) of the form
—ct + u(x),

with a constant ¢ € R, as we did in the viscous case. Such function u solves

H(x,Vu)=¢, xeT" (2.9.24)
Let us point out that (2.9.24) may have solutions for at most one c¢. Indeed, assume there
exist ¢; # ¢9, such that (2.9.24) has a solution u; for ¢ = ¢; and another solution uy for ¢ = ¢s.
Let K > 0 be such that

u(z) — K <wug(z) <uy(x) + K, forall zeTm
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The functions —cit + uy (z) £ K and —caot + us(x) solve the Cauchy problem (2.9.1) with the
respective initial conditions u(z) & K and us(x). By the maximum principle (Exercise 2.9.6),
we have

—ct +up(r) — K < —cot +ug(z) < —cit +ug(z) + K, forallt >0 and z € T™.

This is a contradiction since ¢; # co, and the functions u; and uy are bounded.
The main result of this section is the following theorem, due to Lions, Papanicolaou,
Varadhan [101], that asserts the existence of a constant ¢ for which (2.9.24) has a solution.

Theorem 2.9.9 Assume that H(x,p) is continuous, uniformly Lipschitz:
|H(x,p1) — H(x,p2)| < Clp1 — pal, for all x € T, and pq,p2 € R", (2.9.25)
the coercivity condition (2.9.17) holds, and
\V.H(z,p)| < C(1+|p|), for allxz € T", and p € R". (2.9.26)
There is a unique ¢ € R for which (2.9.24) has a solution.

It is important to point out that the periodicity assumption in z on the Hamiltonian is
indispensable — for instance, when H(x,p) is a random function (in x) on R™ x R"  the
situation is totally different — an interested reader should consult the literature on stochastic
homogenization of the Hamilton-Jacobi equations, a research area that is active and evolving
at the moment of this writing.

The homogenization connection

Before proceeding with the proof of the Lions-Papanicolaou-Varadhan theorem, let us explain
how the steady equation (2.9.24) appears in the context of periodic homogenization, which
was probably the main motivation behind this theorem. We can not possibly do justice to the
area of homogenization here — an interested reader should explore the huge literature on the
subject, with the book [120] by G. Pavliotis and A. Stuart providing a good starting point. Let
us just briefly illustrate the general setting on the example of the periodic Hamilton-Jacobi
equations. Consider the Cauchy problem

u; + H(xz,Vu®) =0, (2.9.27)

in the whole space € R" (and not on the torus). We assume that the initial condition is
slowly varying and large:
uf (0, ) = e tug(ex). (2.9.28)

The general issue of homogenization is how the "microscopic” variations in the Hamiltonian
that varies on the scale O(1) affect the evolution of the initial condition that varies on the
"macroscopic” scale O(e7'). The goal is to describe the evolution on purely ”macroscopic”
terms, and extract an effective macroscopic problem that approximates the full microscopic
problem well. This allows to avoid, say, in numerical simulations, modeling the microscopic
variations of the Hamiltonian, and do the simulations on the macroscopic scale — a huge
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advantage in the engineering problems. It also happens that from the purely mathematical
view point, homogenization is also an extremely rich subject.

This general philosophy translates into the following strategy. As the initial condition
in (2.9.28) is slowly varying, one should observe the solution on a macroscopic spatial scale,
in the slow variable y = ex. Since u®(0,z) is also very large itself, of the size O(e™'), it
is appropriate to rescale it down. In other words, instead of looking at u®(t,z) directly, we
would represent it as

uf(t,x) = e 'w(t, ex),

and consider the evolution of w®(t,y), which satisfies
wé +eH(Z, V) =0, (2.9.29)
€
with the initial condition w®(0,y) = ug(y) that is now independent of . However, we see
that w® evolves very slowly in ¢ — its time derivative is of the size O(g). Hence, we need

to wait a long time until it changes. To remedy this, we introduce a long time scale of the
size t = O(e7!). In other words, we write

we(t,y) = v(et, y).

In the new variables the problem takes the form
e+ H(g vva) —0, yeR", s>0, (2.9.30)

with the initial condition v¢(0,y) = uy(y).

It seems that we have merely shifted the difficulty — we used to have ¢ in the initial
condition in (2.9.28) while now we have it appear in the equation itself — the Hamiltonian
depends on y/e. However, it turns out that we may now find an e-independent problem that
has a spatially uniform Hamiltonian that provides a good approximation to (2.9.30). The
reason this is possible is that we have chosen the correct temporal and spatial scales to track
the evolution of the solution.

Here is how one finds the approximating problem. Let us seek the solution in the form of
an asymptotic expansion

05(57 y) = 1_}(571/) + €U1(8, Y, g) + 52@2<57y7 §> +.. (2931)

The functions v;(s,y, z) are assumed to be periodic in the “fast” variable z. Inserting this
expansion into (2.9.30), we obtain in the leading order in e:

0,(s,9) + H(L,V,0(5,9) + Voui(s., %)) = 0. (29.32)
As is standard in such multiple scale expansions, we consider (2.9.32) as
5u(5,9) + H(2, Vyi(s, ) + Voui (5,5, 2)) = 0, (2.9.33)

an equation for vy as a function of the fast variable z € T", for each s > 0 and y € R fixed.
In other words, for each pair of the "macroscopic” variables s and y we consider a microscopic
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problem in the z-variable. In the area of numerical analysis, one would call this ”sub-grid
modeling”: the variables ¢ and x live on the macroscopic grid, and the z-variable lives on the
microscopic sub-grid.

The function o(s,y) will then be found from the solvability condition for (2.9.32). Indeed,
the terms 04(s,y) and V,0(s,y) in (2.9.33) do not depend on the fast variable z and should
be treated as constants — we solve (2.9.33) independently for each s and y. Let us then, for
each fixed p € R", consider the problem

H(z,p+ V.,w) = H(p), (2.9.34)
posed on the torus z € T, for an unknown function w(z). Here, H(p) is the unique constant
(that depends on p), whose existence is guaranteed by the Lions-Papanicolaou-Varadhan
theorem, for which the equation

H(z,p+ V,w) =c, (2.9.35)

has a solution. Then, the solvability condition for (2.9.33) is that the function v(s, y) satisfies
the homogenized (or effective) equation

v+ H(V,0) =0, 9(0,y)=uo(y), s>0, yeR", (2.9.36)

and the function H(p) is called the effective, or homogenized Hamiltonian. Note that the
effective Hamiltonian does not depend on the spatial variable — the “small scale” variations are
averaged out via the above homogenization procedure. The point is that the solution v°(s, y)
of (2.9.30), an equation with highly oscillatory coefficients is well approximated by o(s,y),
the solution of (2.9.36), an equation with uniform coefficients, that is much simpler to study
analytically or solve numerically.

Thus, the existence and uniqueness of the constant ¢ for which solution of the steady
equation (2.9.35) exists, is directly related to the homogenization (long time behavior) of the
solutions of the Cauchy problem (2.9.27) with slowly varying initial conditions as it provides
the corresponding effective Hamiltonian. Unfortunately, there is a catch: very little is known
in general on how the effective Hamiltonian H (p) depends on the original Hamiltonian H (z, p),
except for some very generic properties.

The proof of the Lions-Papanicolaou-Varadhan theorem

As we have already proved uniqueness of the constant ¢, it only remains to prove its existence.
We will use the viscosity solution to the auxiliary problem

H(z,Vu*) +eu* =0, zeT", (2.9.37)

with € > 0. We have already shown that this problem has at most one solution. Let us for
the moment accept that the solution exists and show how one can finish the proof from here.
Then, we will come back to the construction of a solution to (2.9.37). Our task is to pass to
the limit € | 0 in (2.9.37).

Exercise 2.9.10 Show that for all € > 0, the solution u®(z) of (2.9.37) satisfies

_HH('70>HL°° < U€($) < M’ (2.9.38)

for all x € T™.
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Note that the fact that u®(z) is of the size ¢! is not a fluke of the estimate — we will see
that eu®(x) converges as € | 0 to a constant limit ¢ that will be the speed. In order to pass
to the limit € | 0 in (2.9.37), we need a modulus of continuity estimate that does not depend
one € (0,1).

Lemma 2.9.11 There is C > 0 independent of € such that |Lip u®| < C.

Proof. Again, we use the doubling of the independent variables. Fix z € T"™ and, for K > 0,
consider the function

C(y) = u(y) —u(z) — K|y — z|.

Let & be a maximum of ((y) (the point & depends on z). If £ = z for all x € T", we have
u(y) —u(z) < Kz —yl,

for all x,y € T", which implies that u® is Lipschitz. If there exists some x such that z # =z,
then the function

Y(y) = u(x) + Ky — |

is, in a vicinity of the point y = Z, an admissible test function, as a function of y. Moreover,
the difference

Y(y) —u(y) = —C(y)

attains its minimum at y = &. The sub-solution condition (2.9.13) at this point gives:

H (7, K2 ) + euf(@) <0,
& —

As euf(z) is bounded by || H(-,0)]||z, the coercivity condition (2.9.17) implies the existence
of a constant C' > 0 independent of € such that K < C'. Therefore, if we take K = 2C', we
must have £ = x for all x € T", which implies

u(y) — u(x) —2Cly — x| <0.

The points x and y being arbitrary, this finishes the proof. [
In order to finish the proof of Theorem 2.9.9, denote by (uf) the mean of u® over T", and
set

This function satisfies
H(z,Vv°) 4+ e(u®) +ev® = 0.

Because of Lemma 2.9.11, the family v® converges uniformly, up to a subsequence, to a
function v € C(T"), and ev® — 0. The bound (2.9.38) implies that the family e(u®) is
bounded. We may, therefore, assume its convergence (along a subsequence) to a constant
denoted by —c. By the stability result in Exercise 2.9.4, v is a viscosity solution of

H(z,Vv) =c. (2.9.39)
This finishes the proof of Theorem 2.9.9 except for the construction of a solution to (2.9.37).
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Existence of the solution to the auxiliary problem
Let us now construct a solution to (2.9.37):
H(z,Vu)+eu=0. (2.9.40)

We will do this in the most pedestrian way possible. We take a function f € C(T"), and
consider an approximation problem

—0AU + H(z, Vu'°) + eu® = f,(z), z€T", (2.9.41)
with ¢ > 0 and v > 0, and
fr =Gy % f. (2.9.42)

Here, G is a smooth approximation of a J-function:

Gy(z) =7"G(x), G(z)>0, /n G(z)dr =1,

so that f,(z) is smooth, and f, — f in C(T"). It is straightforward to adapt what we
have done in Section 2.4.3 for the time-dependent problems to show that (2.9.41) admits a
solution uY? for each v > 0 and § > 0. The difficulty is to pass to the limit 6 | 0, followed
by 7} 0 to construct in the limit a viscosity solution to (2.9.40).

We claim that there exists M > 0 so that if ¢ > M then u”*° obeys a gradient bound

IVu (z)| < C, for all x € T™. (2.9.43)

To see that, let us look at the point zy where |Vu?°(z)|? attains its maximum. Note that
(we drop the super-scripts v and § for the moment)
ou  d*u
(IVu[?) = 25— ,
89@ (?xj (9:17181']

so that

2 2 9

n ou OAu 1 0%
Aqvut) =23 () + Zarj o2, 23 oo,

]_

+g "\ Ou OH(x,Vu) +2 Ou 0H(z,Vu) 0%*u Z Ou df,
g j=1 Ox;  Oz; 0 kg1 (%cj opr, Oz 3$k 6% Oz,
= DPu \?2 2 Ou OH (z,Vu) OH (z,Vu) d|Vul?
=9 = 2
_2\- Oudf,
0 = (9xj ij'
Thus, at zy we have
- 0?u \2 ou 8[—[ (x, Vu) ou Of.
> A 2 =2 —|Vul* + -
02 AlVul)(x) P <axiaxj> vl + 5 < O, Z « Oz Oz,
(2.9.44)
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Let us recall the gradinet bound (2.9.26) on H(x,p):
\V.H(z,p)| < C(1+ |p|). (2.9.45)

Exercise 2.9.12 Use (2.9.44) and (2.9.45) to show that there exists M > 0, independent
of v > 0, so that if e > M, then u° obeys an a priori bound (2.9.43) with a constant C., > 0
that may depend on 7 but not on ¢ or . Show also that there exists a constant C. > 0 that
depends on £ > 0 but not on v > 0 such that

ju?(x)| < C! for all 2 € T™. (2.9.46)

The Lipschitz bound (2.9.43) and (2.9.46) show that, after passing to a subsequence 5, — 0,
the family u?°(x) converges uniformly in z € T, to a function u”(z).

Exercise 2.9.13 Show that u”(z) is the viscosity solution to
H(z,Vu") +eu’ = f,(x), €T (2.9.47)
Hint: Exercise 2.9.4 and its solution should be helpful here.

So far, we have constructed a solution to the ~-regularized problem (2.9.47) for ¢ > 0
sufficiently large — this seems very far from what we want since we plan to send € to zero
eventually but the end is not that far. The next step is to send v — 0.

Exercise 2.9.14 Mimic the proof of Lemma 2.9.11 to show that u”(z) are uniformly Lips-
chitz: there exists a constant C' > 0 independent of v € (0, 1) such that |Lip u”| < C. Note
that you can not use the derivatives of f, in x as these may blow up as v | 0 — we only know
that f € C(T").

This exercise shows that u"* converges, along as subsequence v | 0, uniformly in x € T",
to a limit u(z) € C(T™) that obeys the same uniform Lipschitz bound in Exercise 2.9.14.
Invoking again the stability result of Exercise 2.9.4 shows that u(x) is the unique viscosity

solution to
H(z,Vu)+cu= f(z), xeT" (2.9.48)

The final task is to remove the restriction € > M. Let us take ¢ < M, and re-write (2.9.48)
as
H(z,Vu)+ Mu= (M —¢)u, xe&T". (2.9.49)

Consider the following map S: given a function v(x) € C(T"), let u = Sv be the solution of
H(z,Vu)+Mu=(M—¢e), zeT" (2.9.50)

We claim that S is a contraction in C'(T"). Indeed, given vy, ve € C(T"), let us go back to
the corresponding ¢, y-problems:

—6Au]’ + H(z, Vul?) + Mu]’ = (M — e)vy,, €T (2.9.51)

and
—6Au)’ + H(x, Vul®) + Mul® = (M —)v,,, xe€T" (2.9.52)
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Assume that the difference

5 5
w=u]" —uy

attains its maximum at a point xy. The function w satisfies
—6Aw + H(z,Vu]’) — H(z, Vul®) + Mw = (M — &) (v, — v2,), z€T"  (2.9.53)
Evaluating this at x = xy, we see that
—0Aw(xg) + Mw(zg) = (M —€)(v14(x0) — v24(20)), x€T", (2.9.54)

hence M
w(zg) < c

01, = V29[l ey
Using an identical computation for the minimum, we conclude that

M —¢
0 0
||U¥ — u; ||C(Tn) S M ||U1’,y — U27,\/||C(Tn). (2955)

Passing to the limit 6 | 0 and ~ | 0, we obtain

M—¢
M

Hu1 — 'LLQHc(Tn) S HUl - U2HC(TH), (2956)

hence S is a contraction on C'(T™). Thus, this map has a fixed point, which is the viscosity
solution of
H(z,Vu)+eu=0, zeT" (2.9.57)

This completes the proof.

Non-uniqueness of the steady solutions

Once the correct ¢ has been identified, one may wonder about the uniqueness of the solution
for equation (2.9.24). Clearly, if u is a solution, u + ¢ is also a solution for every constant g.
However, uniqueness modulo constants is also not true. Consider a very simple example

|| = f(z), = €T (2.9.58)
Assume that f € C*(T!) is 1/2-periodic, satisfies
F(x) > 0 on (0,1/2) U (1/2,1), and £(0) = £(1/2) = £(1) = 0.

and is symmetric with respect to x = 1/4 (and thus z = 3/4). Let u; and uy be 1-periodic
and be defined, over a period, as follows:

( T 1
@ 1 fly)dy 0<ax< 1
| fway 0<a<] o R
() = r 1 up(z) = / fy)dy J<w<g
/f(y)dy g Sz<l vy
T Uy 1S é—periodic.
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Exercise 2.9.15 Verify that both u; and uy are viscosity solutions of (2.9.58), and us cannot
be obtained from u; by the addition a constant. Pay attention to what happens at x = 1/4
and x = 3/4 with us(x). Why can’t you construct a solution that would have a corner at a
minimum rather than the maximum?

A very remarkable study of the non-uniqueness may be found in Lions [100] for a multi-
dimensional generalization of (2.9.58), that is,

|Vu| = f(z), =€

where ) is a bounded open subset of RY and f is nonnegtive and vanishes only at a finite
number of points. The zero set of f is shown to play an important role: essentially, imposing u
at those points ensures uniqueness — but not always existence.
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Chapter 3

The two dimensional Euler equations

3.1 The derivation of the Euler equations

In this chapter, we will study some of the very basic questions concerning the behavior of
the solutions to the two-dimensional incompressible Euler equations of the fluid mechanics.
These equations describe the flow of an incompressible, inviscid fluid, and were first derived
by Leonhard Euler in 1755 [59] — and appear to be the second PDE ever written! The first
one was the wave equation, published by D’Alambert just eight years earlier [49].

The incompressibility constraint

Let us first explain how the Euler equations are derived, either in two or three dimensions.
Each fluid particle is following a trajectory governed by the fluid velocity u(t, z):

d@t (33')
dt

Here, = is the starting position of the particle at the time t = 0, and is sometimes called
“the label”, and the inverse map A; : ®;(r) — x is called the “back-to-the-labels” map. If
the flow u(t, z) is sufficiently smooth, the forward map x — ®;(z) should preserve the total
mass, as no fluid particles are created or destroyed. In addition, we will assume that the fluid
density p is a constant — physically, this means that the fluid is incompressible. Then, mass
preservation is equivalent to the conservation of the volume. That is, if V5 C R¢ (d = 2, 3) is
an initial volume, then the set

=u(t, ®y(x)), Dy(z)=x. (3.1.1)

V(t) = {Py(x) : z €V},

which is the image of Vj under the evolution by the flow, should have the same volume as Vj.
In order to quantify this property, let us define the Jacobian of the map x — ®,(x):

o)

J(t,z) = det <

Volume preservation is equivalent to the condition

J(t,z) = 1. (3.1.2)
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As ®g(x) = z, we have J(0,z) = 1, hence (3.1.2) can be restated as

dJ
dt
The full matrix of the derivatives
0P ()
Hi' ta = :

obeys the evolution equation

ou; 8<I>
Z o a—% (3.1.3)

obtained by differentiating (3.1.1) with respect to the labels x;. That is, we have, in the
matrix form

dH
o = (Vui (3.1.4)
with 5
ul
(V) 8xk

In order to find d.J/dt from (3.1.3), we consider the evolution of a general n x n matrix A;;(t)
and decompose, for each i =1, ..., n fixed:

Here, M;; are the minors of the matrix A. Note that, for all 1 < j' < n, the minors M;; do
not depend on the matrix element A;;, hence

A 1) M.
g4 (et 4) = (=)

We conclude that

dA - dA;;
A) - 1) M, =4
det aA i = 2 UM

iji=1
Recall also that the inverse matrix A~! has the elements

) 1 1
(A 1)1] = detA< 1) +jMJ“

meaning that

D (1) My Ay = (det A)dy.

We apply now this consideration to the matrix H;;(t,z) and obtain

dJ < i d 0Pt x)
= Mg (),

©J=
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and

- viv, OPF
Top =Y (—1) M”a . (3.1.5)

j=1
Here, M;; are the minors of the matrix H,;. As

d (0®i(t,x)\ 0 = Ou; 09F
i (The ) = g 2@ = 3SR,
k=1
we get
dJ -~ . Ou; Ok ou;
T Z(—l)lﬂ ]8xk% Z J5m— J(V - u). (3.1.6)
i k=1

Thus, preservation of the volume is equivalent to the incompressibility condition:
V.u=0. (3.1.7)

Exercise 3.1.1 More generally, if the density is not constant, mass conservation would re-
quire that for any initial volume V; the fluid density p(t, z) would satisfy

p(t, z)dzx = 0. (3.1.8)
Use this condition to obtain the continuity equation
9 + V- (pu) =0 (3.1.9)
T , 1.

which reduces to (3.1.7) when the density p(¢,x) is constant in time and space.

Newton’s second law in an inviscid fluid

The incompressibility condition (3.1.7) should be supplemented by an evolution equation for
the fluid velocity u(t, ). This will come from Newton’s second law of motion, which we will,
once again, derive under the assumption that the fluid density is constant. Consider a fluid
volume V. If the fluid is inviscid, so that there is no “internal friction” in the fluid, the only
force acting on this volume is due to the fluid pressure:

F= —/ prdS = —/ Vpdz, (3.1.10)
ov 1%

where OV is the boundary of V', and v is the outside normal to V. Taking V to be an
infinitesimal volume at a point X (¢), which moves with the fluid, Newton’s second law of
motion leads to the balance

pX (t) = —=Vp(t, X (t)). (3.1.11)

We may compute X (t) starting from the trajectory equation (3.1.1):
5 d 0 t X(t 8 t X(t
Xj(t) = (w8, X (1)) = Ouy(t, X (1)) Z X( 9uy(t, X() ( ) (3.1.12)

_ Ouy(t. X (1))

BT u(t, X (1)) - Vu;(t, X(1)).
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Therefore, we have the following equation of motion:

ou
p(EjLu-Vu) +Vp=0. (3.1.13)

The Euler equations

Equations (3.1.7) and (3.1.13) together form the system of the Euler equations for an incom-
pressible inviscid fluid:

w+ (u-V)u+Vp=0, (3.1.14)
V-u=0.

We have set p = 1 for convenience. The system (3.1.14) should be supplemented by the initial
condition u(0,x) = ug(x). Moreover, if it is posed in a domain D, we also need to impose
a boundary condition on the flow u(t,z). If the boundary is impenetrable, then the natural
boundary condition is

u-V|yp =0, (3.1.15)

Here, v is the normal at the boundary 0D. The Euler equations are also often considered in
the whole space R?, with the decay conditions at infinity, or on a torus — which is equivalent
to taking periodic initial data in R?. There are many great textbooks outlining the basic
properties of the Euler equations — see, for example, [36], [102], [56] and [105]. Throughout
this section, we will consider the 2D Euler equations in a smooth bounded domain D, or on
a torus T2.

The Euler equations are some of the most fundamental and widely used partial differential
equations. They are nonlinear and nonlocal, the latter property a consequence of the nonlocal
dependence of the pressure on the fluid velocity. On the physical level, this reflects that
pushing the fluid in one region produces an instantaneous pressure in a different region,
because of the fluid incompressibility. Mathematically, taking the divergence of (3.1.14) and
using the incompressibility of u, we obtain the Poisson equation for the pressure:

—Ap=V-(u-Vu).

Since the well-known formulas for inversion of the Laplacian are non local, this shows the
non locality of the pressure-velocity relation. This will be even more clear from the nonlocal
Biot-Savart law for the vorticity formulation of the equation presented below. This explains,
from the mathematical point of view, why the analysis of the Euler equations is challenging.
From the intuitive point of view, anyone who observed the flow of a river, or the intricate
structures of the fluid motion in a rising smoke, or a tornado, can understand that only a very
rich and complex system of equations has a chance of modeling these exquisite phenomena.
The solutions of the Euler equations are often very unstable, and prone to creation of small
scale structures. Due to the central role of these equations in mathematical physics, a lot
of studies have focused on these problems over the 250 years that have passed since their
discovery. We have no hope of covering much of this research here, so after a brief overview
we will focus on a few specific questions, including some very recent developments.
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The vorticity formulation of the Euler equations

The theory of the existence, uniqueness and regularity of the solutions to the Euler equations
is quite different in two and three spatial dimensions. In the two dimensional case, there exists
a unique global in time smooth solution for smooth initial data, while for the three dimensional
case an analogous result is only known locally in time. The question of the global existence of
smooth solutions to the Euler equations in three dimensions is a major open problem. This
difference can be illustrated on a basic level by rewriting the Euler equations in a different
form. An important quantity in the fluid mechanics is the vorticity w = V x u, which describes
the rotational motion of the fluid. In three dimensions, if we apply the curl operator to the
system (3.1.14), we obtain the Euler equation in the vorticity form:

we+ (u-Vw = (w- V)u, (3.1.16)
with the initial condition w(0,z) = wy(z).

Exercise 3.1.2 Use vector algebra to derive the vorticity equation (3.1.16) in three dimen-
sions.

The vector field u can be recovered from w via the Biot-Savart law. In order to obtain this
law in R3, consider the (vector-valued) stream function v defined (in terms of the vorticity)
as the solution of the Poisson equation

—AY =w, inR3 (3.1.17)
Then, one can show via vector algebra that u is given by (see, for example, [56, 102])
u=V x1. (3.1.18)

That is, if u and w are related via (3.1.17) and (3.1.18), then w = V x u. Together, (3.1.17)
and (3.1.18) form the Biot-Savart law which expresses the velocity u via the vorticity w.

Exercise 3.1.3 Verify that u given by (3.1.17)-(3.1.18) satisfies V x © = w. You have to use
the divergence free property of u and some vector identities (or brute force computations).

On the other hand, in the two dimensional case the term in the right side of (3.1.16)
vanishes. Indeed, the solutions of the two-dimensional Euler equations can be thought of as
solutions of the three-dimensional equations of the special form (u;(xq,x2), us(x1,22),0). In
that case, the vorticity vector has only one non-zero component:

w = (O) 07 a1u2 - aQ“l)a
and can be regarded as a scalar. Then, the term in the right side of (3.1.16) is simply
(w- V)u = wsdsu,

but the two dimensional u does not depend on x3. Thus, in two dimensions, the vorticity
equation simplifies. We will use the notation

W = 81u2 - agul, (3119)
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instead of ws. Given a smooth bounded domain D, let us also define the operator (—Ap)~! as
follows: given a function v, we denote by n = (—Ap)~'4 the unique solution of the boundary
value problem

—An=1), in €, (3.1.20)
v =0, on 0.

The vorticity formulation of the two-dimensional Euler equations is the following system:

0w ~+ (u-V)w =0, (3.1.21)
u=V*+(—Ap)tw, (3.1.22)

w(0,x) = wo(x),

where V4 = (0y, —0;). Note that the flow u defined by (3.1.22) automatically satisfies the
boundary condition
u-v=_0ondD. (3.1.23)

This is because the gradient of the stream function
= (-Ap)lw, u=Vry,
is normal to D at the boundary.

Exercise 3.1.4 Verify that if u(¢, ) satisfies the Euler equations in two dimensions, then
the vorticity w(t,z) given by (3.1.19) satisfies (3.1.21), and u(t,x) and w(t,z) are related
via (3.1.22).

The vorticity formulation of the Euler equations in two dimensions has significant con-
sequences. As we will see, any LP norm of the vorticity is conserved for smooth solutions
of (3.1.21). In particular, ||w|[z~ does not change. In contrast, in three dimensions, the
amplitude of vorticity can and often does grow due to the non-zero term in the right side
of (3.1.16). This term is often called the vortex stretching term in the literature.

Our focus in the present chapter will be on the basic questions of existence, uniqueness,
and regularity properties of the solutions to the two dimensional Euler equations. First, we
will present the existence and uniqueness theory of solutions due to Yudovich [142] which
works for a very natural class of initial data. We will then study the small scale formation in
the smooth solutions of the 2D Euler equations, proving an upper bound for the growth of
the derivatives of the solution as well as constructing examples that show that in general this
upper bound is sharp. The set of techniques we will need in this chapter is a rich mix of the
Fourier analysis, ODE methods, comparison principles, and all sorts of other PDE estimates.

3.2 The Yudovich theory

The Yudovich theory addresses the existence and uniqueness of the solutions to the 2D Euler
equations with a bounded initial vorticity. The L class for the vorticity is very natural since
it is preserved by the evolution. In addition, many phenomena in nature, such as hurricanes
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or tornados, feature vorticities with a very sharp variation, hence the theory of solutions with
rough vorticities is not a purely mathematical issue. As we will see, if the initial condition
is more regular, this regularity is reflected in the additional regularity of the solution, even
though the quantitative estimates can deteriorate very quickly. Our exposition in this section
roughly follows [105].

It is not immediately clear how one can define the low regularity solutions (such as L>°) of
the vorticity equation (3.1.21) since we need to take derivatives. A “canonical” way around
that is to define a weak solution of a nonlinear equation via the multiplication of the equation
by a test function and integration by parts, and then to try to obtain some a priori bounds and
use compactness arguments to show that such weak solution exists. However, there is a more
elegant (and efficient) approach for the two-dimensional Euler equations, via a reformulation
of the problem that allows us to define a weak solution in a different way. Given a divergence-
free flow u(t, x), recall our definition of the particle trajectories ®;(x):

dd,(x)
dt
As we have seen, if u is sufficiently regular and incompressible, (3.2.1) defines a volume
preserving map x — ®;(x) for each ¢.

A direct calculation, using the method of characteristics. shows that if w(¢, x) is a smooth
solution of (3.1.21), then

w(t,®(x)) = wo(z), thus w(t,r) = we(®,()). (3.2.2)

In addition, if we denote, as before, by Gp(z,y) the Green’s function for the Dirichlet Lapla-
cian in a domain D, in the sense that the solution of (3.1.20) is given by

= u(t, ®i(z)), Po(z) = z. (3.2.1)

oe) = [ Golep)owiy. =€ D, (3.2.3)
D
and set
Kp(z,y) = ViGD(x,y), (3.2.4)
then the Biot-Savart law in two dimensions can be written as
ultia) = [ Kple,p)tt.v)dy (3.2.5)
D

A classical C'! solution of the two-dimensional Euler equations (3.1.21) satisfies the sys-
tem (3.2.1), (3.2.2) and (3.2.5). On the other hand, a direct computation shows that a smooth
solution of (3.2.1), (3.2.2) and (3.2.5) gives rise to a classical solution of (3.1.21). Thus, for
smooth solutions the two problems are equivalent. We will generalize the notion of the so-
lution to the 2D Euler equations by saying that a triple (w,u, ®4(x)) solves the 2D Euler
equations if it satisfies (3.2.1), (3.2.2) and (3.2.5). The obvious next task is to make sense of
the solutions of the latter system with the only requirement that wy € L*>°. Classically, for the
trajectories of (3.2.1) to be well-defined, the flow u(t, x) needs to be Lipschitz in z. Thus, if it
were true that if w(¢, ) is in L, the Biot-Savart law would give a Lipschitz function u(¢, ),
then it would be very reasonable to expect (3.2.1), (3.2.2) and (3.2.5) to be a well-posed
system. This is not totally unreasonable — (3.1.22) indicates that u is “one derivative better
than w”, but is not quite true — the regularity for u(t,z) when w € L™ is slightly lower than
Lipschitz. Nevertheless, we will see that this lower regularity is sufficient to define the unique
trajectories of the ODE (3.2.1), making the system well-posed.
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3.2.1 The regularity of the flow

In order to construct the solutions of the 2D Kuler equations in the trajectory formula-
tion (3.2.1)-(3.2.5) with the vorticity wy € L*°, we first need to establish the regularity of
the fluid flow given by (3.2.5) for a vorticity in L>°. This question is clearly related to the
regularity of the kernel Kp(z,y). The following proposition summarizes some well known
properties of the Dirichlet Green’s function (see, for instance, [60, 80]).

Proposition 3.2.1 If D C R? is a domain with a smooth boundary, the Dirichlet Green’s
function Gp(z,y) has the form

1
s
Here, for each y € D, h(x,y) is a harmonic function solving
1
Ayh =0, h|,cop = ~5 log |z — yl. (3.2.6)
7

We have Gp(x,y) = Gp(y,x) for all (x,y) € D, and Gp(x,y) = 0 if either x or y belongs
to 0D. In addition, we have the estimates

|Gp(z,y)| < C(D)(log |z —y| +1) (3.2.7)
IVGp(z,y)| < C(D)|x—y|™, (3.2.8)
IV2Gp(z,y)| < C(D)|z —y| 2 (3.2.9)

The function Gp can be sometimes computed explicitly in a closed form (for example for
a plane, a half-plane, a disk, a corner, see e.g. [60]), or as an infinite series (for example
for a square or a rectangle, or a torus). For most domains only estimates as in the above
proposition are available.

Exercise 3.2.2 Use the explicit form of the Green’s function in a disk to show that the
estimates in Proposition 3.2.1 are sharp.

The following lemma outlines a key regularity property of the Green’s function which allows
to construct unique solutions of the Euler equations for the initial vorticity in L°°.

Lemma 3.2.3 The kernel Kp(z,y) = V*Gp(x,y) satisfies

/D |Kp(z,y) — Kp(z',y)|dy < C(D)¢(|lx — 2'|), (3.2.10)
where
o(r) = { gﬂ ~ logr) . ; 1 (3.2.11)

with a constant C'(D) which depends only o the domain D.
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Proof. In what follows, C'(D) denotes constants that may depend only on the domain D,
and may change from line to line. To show (3.2.10), we may assume that r = |z — 2| < 1,
otherwise (3.2.10) follows from the simple observation that

|Kp(z,y)| < C(D)|z —y| ™,

so that
/ Kp(z,y)ldy < C(D),
D

which implies (3.2.10) for z,2" € D such that |z — 2’| > 1.
Assume now that » < 1 and suppose first that the interval connecting the points x and z’
lies entirely inside D. Let us set

A={yeD: |y—z| <2r}.

The estimate (3.2.8) implies

/DM |Kp(z,y) — Kp(2',y)| dy < C(D)/ < C(D)r

—  dy

Bay(z) |z —y|

To bound the remainder of the integral, observe that for every vy,
[Kp(z,y) — Kp(z',y)| < r[VEp(z"(y), y)l, (3.2.12)

where z”(y) lies on the interval connecting x and a’. This follows from the mean value theorem
and the assumption that the interval connecting z and 2’ lies in D. Then, by (3.2.9) and the
choice of the set A, so that the distances |x — y|, |z’ — y| and |2” — y| are all comparable
if y € A% we have

dy
Kp(z,y) — Kp(2',y dySC'Dr/ e
Jy Meota0) = Kty < OO [

c(D)
< C’(D)r/ s tds < C(D)r(1 —logr).

The case where the interval connecting x and 2’ does not lie entirely in D is similar, one
just needs to replace this interval by a curve connecting x and 2’ with the length of the order r.
We briefly sketch the argument. The following lemma can be proved by standard methods
using the compactness of the domain and the regularity of the boundary, so we do not present
its proof.

Lemma 3.2.4 Fiz e > 0 and let D C R? be bounded domain with a smooth boundary. Then
there exists ro = ro(D,e) > 0 such that if xg € 0D, and r < ro, then B.(xo) N OD is a
curve that, by a rotation and a translation of the coordinate system, can be represented as a
graph xo = f(x1), with xy = (0,0). The function f is C*°, and f'(xo1) = 0. Moreover, the part
of the boundary 0D within B,.(xq) lies in the narrow angle between the the lines ro = t+exy.

135



With this lemma, suppose we have x and z’ such that the interval connecting these points
does not lie in D. It is enough to consider the case where |z — /| = r < 1¢/2, where r( is as in
Lemma 3.2.4 corresponding to a sufficiently small e. Indeed, the larger values of |z — 2’| can
be handled by adjusting C'(D) in (3.2.10). Find a point z¢ € 0D closest to z (it does not have
to be unique). Note that by the assumption that the interval (x, z’) crosses the boundary, we
must have |z — 29| < ro/2 and |2’ — x¢| < ro. Thus, both z and 2’ lie in the disk B(xg,ro)
where 0D lies between the lines x5 = £ex;. It is also not hard to see that x must lie on
the vertical xs-axis of a system of coordinates centered at x(, with the horizontal xi-axis
tangent to dD at xy. Since by assumption the interval between z and x’ does not lie in D,
we know that 2’ must lie in the narrow angle between the lines x5 = 4ex;. Otherwise, the
interval (z,z’) could not have crossed the boundary. Now take a curve connecting x and «’
consisting of a straight vertical interval from 2’ to a point on one of the lines x5 = £exy which
is closest to x, and then an interval connecting this point to z. We can smooth out this curve
without changing its length by much. It is easy to see that the length of this curve does not
exceed 2r if ¢ is small enough. The rest of the proof goes through as before. [

Now we can state the regularity result for the fluid velocity.

Corollary 3.2.5 The fluid velocity u satisfies
|u||pe < C(D)||w|| pee, (3.2.13)

and

u(z) — u(@)| < Cllwl|z=o(lz — 2')), (3.2.14)
with the function ¢(r) defined in (3.2.11).
Proof. By (3.2.8), we have, for any =,y € D,
|Kp(z,y)| < C(D)|lz —y|™,

so that

/Kbxy d4<c |wmw/| dy < (D)ol

which is (3.2.13). The proof of (3.2.14) is immediate from Lemma 3.2.3, as

wwzémmwmww

and we are done. [J

We say that u is log-Lipschitz if it satisfies (3.2.14). We will see that this bound is in fact
sharp: there are velocities that correspond to bounded vorticities which are just log-Lipschitz
and in particular fail to be Lipschitz.

3.2.2 Trajectories for log-Lipschitz velocities

As the fluid velocity with an L*-vorticity is not necessarily Lipschitz but only log-Lipschitz,
we may not use the classical results on the existence and uniqueness of the solutions of ODEs
with Lipschitz velocities. Nevertheless, as we show next, the log-Lipschitz regularity is suffi-
cient to determine the fluid trajectories uniquely.
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Lemma 3.2.6 Let D be a bounded smooth domain in R:. Assume that the velocity field b(t, )
satisfies, for allt > 0:

b e L>([0,00) x D) |b(t,x) —b(t,y)| < Co(lz —y|), b(t,x)-v|,, =0. (3.2.15)

Here, the function ¢(r) is given by (5.2.11) and v is the unit normal to 0D at point x. Then

the Cauchy problem in D
dx

dt
has a unique global solution. Moreover, if xo ¢ 0D, then x(t) ¢ 0D for allt > 0. If xy € 0D,
then x(t) € 0D for allt > 0.

=0b(t,z), x(0)=xo, (3.2.16)

Note that the log-Lipschitz regularity is border-line: the familiar example of the ODE
=2 2(0)=0,
with 8 € (0,1) has two solutions: z(t) =0, and
tP 1
z(t) = — = —
=2 =175
hence ODE’s with Hoélder (with an exponent smaller than one) velocities may have more
than one solution. Existence of the solutions, on the other hand, does not really require the
log-Lipschitz condition: uniform continuity of b(¢, x) and at most linear growth as |z| — 400
would be sufficient, see e.g. [37] for the Peano existence theorem.

Proof. Let us first show the existence and uniqueness of a local solution using a version
of the standard Picard iteration: set

x,(t) = xo +/O b(s,rn,_1(5))ds, zo(t) = xo.

Let us also assume first that ¢y € D. Then, as usual, we have, using the log-Lipschitz property
of b:

[a(t) — 20s (1)) < / 16(5, Zur () — b(s, Zna(s))|ds < C / O(|Zar(5) — s (s)]) ds.
(3.2.17)

As the function ¢(r) is concave, we have
o(r) < ple) + ¢ (e)(r—e) =e(l +loge™) + (r —e)loge ™ = e +rloge ™,

for every e < 1. Using this in (3.2.17) gives
t
|zn(t) — 21 ()] < C’log(s_l)/ |zn_1(8) — xp_2(s)| ds + Cte.
0

Exercise 3.2.7 Use an induction argument to show that (3.2.17) implies, for any 0 < ¢ < T*

n—2
CH(loge™h)ktk C=1nt(loget)m !
k! (n—1)! supg<s<r |21 (t) — To.

(3.2.18)
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As
|x1(t) - :UO’ < Ct?

we have
CnTn(log E—l)n—l

(n—1)! ’
for any € > 0 and all n > 2, with a constant C' that is independent of ¢ > 0 or n. We may
now choose ¢ = exp(—n) and T sufficiently small so that 1 — CT > 1/2. This leads to

CfnTnnnfl
(n—1)!

|20 (t) — 2,1 (t)| < CTeexp(CTloge™") +

| (t) = 21 (t)| < CT exp(—n/2) +

The Stirling formula
n! ~ 27m<ﬁ> ,

e
implies that if 7" is sufficiently small (independently of n), then

2 (t) — 201 (B)] < @7,

with a < 1. Thus, z,(t) converges uniformly to a limit z(¢). The uniformity of the convergence
implies that the limit satisfies the integral equation

t
z(t) = xo +/ b(s,z(s))ds. (3.2.19)
0
We also need to choose T so that |z(t) — x| < dist(zg, 0D). Taking
T < ||| ;& dist(zo, OD), (3.2.20)
would suffice. As b is bounded, we may differentiate (3.2.19) and obtain the desired ODE

dr(t) B
e b(t,x(t)), z(0) = xo,

for a.e. t on the time interval 0 < ¢ <T.

Next, we show the uniqueness of this local solution — here, the log-Lipchitz property will
play a crucial role. We will prove a little more general stability estimate than needed for
the uniqueness, as we will need it later. Let o > 0 be a small number. Suppose that z(t)
and y(t) are two different solutions of (3.2.16) with the initial data satisfying |zo — yo| < 0.
Set z(t) = z(t) — y(t). Then, by the log-Lipschitz assumption on b, we have

2()] < Co(2(1)), [2(0)] <o

In order to control z(t), define fs(t) as the solution of

fs = 2C0(f5(t)), fs(0)=0d>0>0.

We claim that |z(t)| < f5(t) for all t. Indeed, this is true for some initial time interval, simply
because 6 > o > 0 and both z(t) and fs(¢) are continuous. Let t; > 0 be the smallest time
such that z(t;) = f5(t1) (the case z(t;) = —fs(t1) is similar). At this time we have

At) — fs(t) < —Co(z(t)) <0,
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contradicting the definition of ¢;. Thus, no such ¢; exists and
|2(t)] < f5(t) for allt > 0, and all § > o > 0. (3.2.21)
Now, we need an estimate on f5(¢). Let us show that for any ¢ > 0 fixed we have

li t) =0. 3.2.22
Lim f5(t) (3.2.22)
It suffices to consider the case where § is small and times are small enough so that f5(¢) < 1.
Then we have

%1Og fs(t) = 2C (1 —log f5(t)).

Solving this differential equation leads to
1~ log f5(t) = (1 — log 8)e~*C",

or
f5(t) = 6%P(20Y exp(1 — exp(—2C1)), (3.2.23)

whence (3.2.22) follows. If the initial conditions for z(¢) and y(t) are the same, so that o = 0,
then |z(t)| < f5(t) for every > 0. Then, (3.2.21) and (3.2.22) imply that z(¢) = 0, hence the
solution x(t) of (3.2.16) is unique.

Exercise 3.2.8 Identify the place in the uniqueness proof above, where we have used the
log-Lipschitz condition on the function b(t, z), that is, where the proof would have failed, for
example, for ¢(r) = r? with 3 € (0,1).

We now address the question of the global existence. Having constructed a local solution
until a time t, we can continue to extend our local solution from ¢ to a time ¢t + At, using
the local in time existence we have just proved, since z(t) is inside D. However, as (3.2.20)
shows, the time step At depends on the distance from z(¢) to dD. Thus, in order to construct
a global in time solution we need to control this distance. Let us set

d(t) = dist(x(t), D),

with d(0) = dy > 0 since zp € D. Our goal is to get a lower bound on d(t). Note first that
since b € L, the function d(t) is Lipschitz in time. Thus, by the Rademacher theorem (see,
for instance, [61]), d'(t) exists almost everywhere, and

d(t) = do + /t d'(s)ds.

We will now estimate d'(t) from below at any given time ¢ for which the local solution is
defined. Consider the set

S={PcaD|x(t)— P|=d(t).}

This set depends on the time ¢, of course, but we will suppress this dependence in the notation.
Given k > 0, define
S.={QedD|3P e S, |Q— P|<k.}.
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We can think of the set S, as the points on 0D that are very close to the points at which the
distance between z(t) and 0D is realized. Therefore, we expect these points to be important
for the estimate of how the distance changes. Fix some small ¢ > 0. Let us choose x so that
if Q € S,, then there exists P € S such that

£

< Tl (3.2.24)

‘ z(t)
Q — =(t)]
Here, vp is the outside unit normal to 0D at the point P. Such k() exists due to the
smoothness of the boundary 0D.

Exercise 3.2.9 Assume that the boundary 0D can be represented around the point P as
a graph 0D = (w,g(w)) with P = (0,0) and ¢’(0) = 0. Assume that the function g(w) is
bounded in C? and find an explicit bound for x which ensures that (3.2.24) holds.

Let us now proceed to estimate d(s) for times s slightly large than ¢. Consider first any
point @ € 9D\ S,. The set D\ S, is compact, and dist(z(t), Q) > d(t) for every @ € 0D\ S;.
Therefore, there exists v > 0 such that

|z(s) = Q| = d(t) + v — bl (s — 1)

Thus, if
0<s—t<7bll,

then |z(s) — Q| > d(t) for any Q € D\ S..
Next, suppose that @) € S,. We have

z(s) — Q = x(t) + /ts b(r,z(r))dr — Q,

o) =@l = (w0~ @+ [ sratrar) - (00 ) >

so that

> Je(t) - Q| - [Wmm»wm—wmw4mw§
2@@—@—t%mww—Wf»ww—dwﬂ
- C’/ts o(|z(r) — Pl)dr — e(s —t). (3.2.25)

Here, in the second step we used (3.2.24), in the third step we used the boundary condition
b(r,P)-np =0,
and in the last step we used the log-Lipschitz condition on b. Now, if s satisfies

d(t)
2[1bl

O<s—t<
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then
|z(r) — P| < 2d(t) for every r € [t, s],

and
¢(|z(r) — P[) < 2¢(d(?)).
Using this in (3.2.25) gives

d(s) = d(t) — (20¢(d(t)) +¢) (s — t)
for all s > t sufficiently close to t. Since € > 0 is arbitrary, it follows that
d'(t) > —2Co(d(t))

at every t such that the derivative exists. Solving this differential inequality, similarly
to (3.2.23), we obtain
d(t) > dPY exp(1 — exp(Ct)). (3.2.26)

Therefore, the local solution can be continued indefinitely in time, and z(t) will never arrive
It remains to consider the case where xq € dD. In this case, take x,, € D, n =1,..., such
that

lim z,, = zq,
n—oo

and consider the corresponding solutions z,(t). Due to the estimates (3.2.21) and (3.2.23),
the sequence z,(t) is Cauchy in C([0,T],R?) for any T' < oo. Therefore it has a limit z(#)
in this space, and this limit satisfies the integral form (3.2.19). We can then differentiate
it in time, arriving at (3.2.16) for a.e. t. Finally, we claim that z(t) € 9D for all times
if xy € OD. Indeed, suppose there exists to such that z(tg) ¢ 0D. Let us invert time and solve
the characteristic backwards:

dy

T —b(to — s,y(s)), y(0) = z(to). (3.2.27)
Then y(s) and x(ty — s) satisfy the same differential equation with log-Lipschitz coefficient,
so by our previous result on uniqueness, we know that y(s) = z(ty — s). But this means
that y(s) starts at z(ty) € D and arrives at zp € 0D in a finite time. This contradicts our

earlier estimates that apply in the same fashion to the backwards equation (3.2.27). O

3.2.3 The approximation scheme

Let us return to our strategy of constructing a triple (w,u,®4(x)) solving (3.2.1), (3.2.2)
and (3.2.5), with the initial vorticity wy € L. We define an iterative sequence of approxi-
mations

d n _.n n

%q)t (x) = u"(t, P} (x)), (3.2.28)
u(t,x) = /DKD(x,y)w”_l(t,y) dy, (3.2.29)
W't ) = wo((®7) (), (3.2.30)
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with w°(t, 1) = wo(z) € L for all t > 0. Note that since the velocities u™ defined by (3.2.29)
satisfy the no flow boundary conditions at 0D, and by Corollary 3.2.5 and Lemma 3.2.6, the
solutions of the trajectory equation (3.2.28) exist and are unique. Moreover, the trajectory
maps @} (z) are injective due to the uniqueness of the backward trajectories and surjective due
to the global existence of these backward trajectories. Therefore, the inverse maps (®7)~!(x)
in (3.2.30) are well-defined. Both the direct and the inverse trajectory maps are also continu-
ous in x for each t on D due to the estimates (3.2.21) and (3.2.23), and map D to D and D
to dD. In fact, it follows from (3.2.23) that these maps also satisfy the Holder regularity
bounds, which we will spell out precisely in a moment.
Intuitively, each successive approximation involves solving a linear problem

wy + (u" - V)w" =0, (3.2.31)
with the flow
w(t.0) = [ Kooyt dy
D

computed from the previous iteration. Note that each w™ € L*>, with
[w™ ()] < [Jwol| zoe-

However, one can not take (3.2.31) too literally, since we only know that wq is in L°°.
The next step is to obtain uniform bounds on the solutions of the approximation scheme
that will allow us to pass to the limit n — oo and get a solution of (3.2.1)-(3.2.5).

The Holder regularity of the approximate trajectories

We will now obtain a uniform continuity bound on the trajectories ®}(z). Note first that
Corollary 3.2.5 implies that all u"(¢,z) are uniformly bounded and log-Lipschitz:

(¢ @) — " (t,2)] < C(D)o(l — 2]). (3.2.32)
Let us first recall the following result.

Exercise 3.2.10 Let u(t, z) be a uniformly Lipschitz function in z: there exists a constant C'
so that
lu(t,z) —u(t,y)| < Clx —y|, for all t >0 and z,y € R%. (3.2.33)

Show that the solution of (3.2.28) satisfies a Lipschitz bound
[@(z) = Pe(y)] < el —yl. (3.2.34)

In contrast to (3.2.34), we have the following Holder estimate for the flow map when the
velocity is only log-Lipschitz.

Lemma 3.2.11 Suppose that D C R? is a smooth bounded domain, and the map ®(z) is
generated by a log-Lipschitz vector field b(t,x) satisfying assumptions of Lemma 3.2.6. Then
for every x,y € D with |z —y| < 1/2, and while |®4(z) — ®4(y)| < 1/2, we have

eCt e—Ct
[z —y|" < |Pu(2) = Puly)| < o -yl (3.2.35)

The constant C in (3.2.35) only depends on the constant in the log-Lipschitz bound for b.

142



Of course, one can write the corresponding bounds for all z,y € D (recall that D is bounded,
so |z —y| < C(D)). We restrict to the < 1/2 range to simplify the argument. Also note that
the bound similarly applies to ®; ' (z).

This is a rather remarkable estimate: we can show that ®,(z) is Holder continuous in
space for any t > 0, but the Holder exponent deteriorates in time. This is a reflection of
the complexity of the dynamics: the exponent in the upper bound in (3.2.35) tends to zero
as t — +o0o because two trajectories that start very close at ¢ = 0 may diverge very far at
large times. On the other hand, the exponent in the lower bound in (3.2.35) grows as t — +o0
because even if at the time ¢ = 0 the starting points = and y are "relatively far apart” (but
with |z — y| < 1), they can be extremely close at large times. This deterioration of the
estimates is not an artefact of the proof — we will later see that the trajectories of the Euler
equations can get extremely close at large times.

Proof. The result is of course closely related to the estimates (3.2.21) and (3.2.23). Let
us fix x and y, and set F(t) = |®;(z) — ®;(y)|. We compute

EFQ(L‘)‘ = 2|(®i(x) = u(y)) - (0(Pe(), 1) = b(Pe(y), )] < 2C(D, [|lwol[ =) F () P(F (1)),

dt
so that
|F'(t)] < CF(t)max(1,1 —log F(t)).

Recall that we only need to consider the case when F'(t) < 1/2. Then, we have
[F'(t)] < CF(t)log F(1)~"
with an adjusted constant C', which leads to
[log F(0)]e”" < log F(t) < [log F/(0)]e™".

The estimate (3.2.35) follows immediately from exponentiating this inequality and taking into
account that F'(0) = |z — y|.

The flow map corresponding to divergence free log-Lipschitz velocity is measure
preserving

It will be also useful for us to know that the trajectory maps corresponding to log-Lipschitz
vector fields are measure preserving. We have discussed that if u is smooth and V - u = 0,
then the associated trajectories map is measure preserving. However, this argument does
not apply directly when the vector field u(t,z) is just log-Lipschitz in the spatial variable.
Indeed, we only have the weakening in time Holder estimates for the trajectories map. Hence,
taking its derivatives and their products to study the Jacobian is not straightforward. We
will instead use an approximation argument to establish this property.

Lemma 3.2.12 Let D € R? and b(t, x) satisfy the assumptions of Lemma 3.2.6. Assume, in
addition, that V -b = 0 in the distributional sense. Then, the trajectory map ®,(x) defined by
the vector field b(t,x) according to (3.2.1) is measure preserving on D.
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Proof. From the proof of Lemma 3.2.6 and Lemma 3.2.11, we already know that &,(z),
is a Holder continuous bijection on D. It suffices to check the preservation of measure for
an arbitrary d-dimensional interval lying in D, at a positive distance from 9dD. Fix such
interval I and an arbitrary time 7" > 0. We will use a smooth incompressible flow that
approximates b(t, ) in a neighborhood of ®,(I). It is constructed as follows. According to
the estimate (3.2.26), there exists x > 0 such that

dist(P4(1),0D) > k for all 0 <t < T.
Take any ¢ < k/2, and set
Is :={xz € D|dist(z,I) <d}.

Further decreasing ¢ if necessary, we may ensure that
dist(®y(15),0D) > k/2 for all 0 <t < T.

Let n(x) be a standard mollifier:

1 CFRY, na) =0if o] 2 L and [ y(a)do =1
R4
Take any € < k/4, and define

bE = 775 * ba

with n.(z) = n(z/e). The flow b.(¢,x) is defined for all x such that dist(z,0D) < €. In
addition, it is smooth, and it is easy to check that b.(¢,z) is divergence free. Let us denote
the trajectory map corresponding to b.(¢,z) by ®5(z). We have

|MW@M§AW@m%mwmm+Awmwmwwwm@

scl¢mmw—ﬁmm+cww' (3.2.36)

Here we used the log-Lipschitz bound on b to estimate both terms. We have assumed above
that ®%(z) does not come within distance ¢ to the boundary 0D, and we now verify that this
indeed does not happen if we choose € to be small enough. One can see from (3.2.36) that

|P1(x) — ()] < g(1),

where ¢(t) satisfies
g'(t) = Co(g(t)) + Co(e), 9(0) = 0.

Exercise 3.2.13 Let h(t) be the solution of
W(t) = Co(h(t)), h(0) = Co(e)T.
Show that g(t) < h(t), for 0 <t <T.
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We can find h(t) explicitly (at least while h(t) < 1):
h(t) = (CHE)T) ™D exp(1 — exp(~C1).
Therefore, there exists § = S(T") > 0 such that
|y(2) — (z)| < CeP (3.2.37)
for all 0 <t < T. We can then choose € so that, in particular, we have
D4 (z) — P (x)| < k/4dforall0 <t <T,

and so ®f(x) stays at least distance € away from 0D for all x € I during this time interval.
Next, take a cut-off function f € C§°(1s) such that

0< f(z) <L |[Vf(@)llre <C67F, and f(z) =Lifx €,

Observe that

;1 (1)] = /D \i(@(2)) dar < /D F(@4(x)) di < /D (@) do = 7 ()], (3.2.38)

and

1] = [(25) " ()] < /Df(‘bf(x))dﬂf < (95) " (Ls)] = ILs]. (3.2.39)

We used in (3.2.39) the fact that (®£)~! is measure preserving since this map is generated by
a smooth incompressible velocity field. On the other hand, for 0 < ¢ < T we have

B
<V ID]sup [@yfa) — i) < TT
2€l5 0<t<T
(3.2.40)
We used (3.2.37) in the last step. Taking d to zero, and simultaneously taking ¢ = §%/% to
zero (so that the right hand side of (3.2.40) goes to zero too), and using (3.2.38), (3.2.39)

and (3.2.40), we conclude that

/D F(@(x)) dz — /D F(@ () da

@, (D] < |11,

for every interval I C D at a positive distance from 0D, and any 0 < ¢t < T It follows that
the same is true for any open set Q C D : |®;*(Q)] < |©2|. An analogous argument using

/D F(@;\(2)) dz, and /D F((®) " () d,

leads to the inequality |®;(Q)| < |Q|. Since ®;, ®; ' are continuous and bijective, these two
inequalities together imply that these maps are measure preserving.
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Convergence of the approximation scheme

Let us now investigate the convergence of the sequence (w",u", ®}"). The estimate (3.2.35)
implies that for every T' > 0, we have

" (z) € C*M([0,T] x D),

for some a(T") > 0. The Arzela-Ascoli theorem implies that we can find a subsequence n; such
that ®,” (x) converges uniformly to ®;(x) € C([0,T] x D). Moreover, since (3.2.35) is uniform
in n, the limit ®,(x) also satisfies (3.2.35), thus

®,(z) € D ([0,T] x D).
In addition, as all ®}" are measure-preserving, so is ®(x).

Exercise 3.2.14 Prove this statement. You can use an argument similar to the proof of
Lemma 3.2.12, or try a more direct approach.

The lower bound in (3.2.35) which applies to ®} uniformly implies that ®;(x) is invertible.
As @, ! satisfies the same estimate (3.2.35), it also belongs to C“T)([0, T] x D). We may then
define the corresponding vorticity

w(t, z) = wo(®; ' (2)),
and the fluid velocity
utia) = [ Kole,pelt,y) dy
For the simplicity of notation, we relabel the subsequence n; by n.
Lemma 3.2.15 We have |u(t, z) —u,(t,7)] — 0, as n — oo, uniformly in D for allt € [0,T).

Proof. Note that

ut, ) = un(t, )| =

/D (2, B4(2)) — Ko, B(2))) wo(2) dz)

Given ¢ > 0, choose N so that |®,(x) — ®"(x)| < §, for all n > N and for all x € D, t € [0,T],
with & > 0 to be determined later. Then we have

lu(t, x) — un(t, )| < ||wollLe /D |Kp(x,z) — Kp(x,y(2))| dz. (3.2.41)

Note that by Lemma 3.2.12 the map y(z) = ®” o ®; (2) is measure preserving, and
ly(2) — 2| = 107 (2; 1 (2)) — 2u(®; ' (2))| <9,
for every z. As usual, we split the integral in (3.2.41) into two regions: in the first one we

have

dz

Bss () |z — 2|

/ K (2, 2) — Kz, y(2))|d= < 20 <205,
ng(m)mD
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while in the second

[ nw) - Kplea)lds< €6 [ VKbl p)]dz
c(x)ND

S5 B§s(x)ND

< 05/ _dz < Cdlogé . (3.2.42)
B

x — z|?

c
6

Here, p(z) is a point on a curve of length < 26 that connects z and y(z). If the interval
connecting these points lies in D then this interval can be used as this curve. If not, one can
use an argument similar to that in the proof of Lemma 3.2.3. Thus choosing ¢ sufficiently
small we can make sure that the difference of the velocities does not exceed ¢.

Exercise 3.2.16 Fill in all the details in the last step in the proof of the Lemma.

We are now ready to show that

d
Ecbt(x) = u(t, ®y(x)).

Indeed, we have
t
O} (z) =x + / u" (P (x), s)ds,
0

and, taking n — oo, using Lemma 3.2.15 and the definition of ®;(x), we obtain

O (z) =2 —i—/o w(Ps(z), s) ds.

Thus, the limit triple (w(t, ), u(t, z), ®;(x)) satisfies the Euler equations in our generalized
sense, completing the proof of the existence of solutions. [J

3.3 Existence and uniqueness of the solutions

Let us now, finally, state the main result on the existence and uniqueness of the solutions
of the two-dimensional Euler equations with wy € L. The existence part of this theorem
summarizes what has been proved above using the approximation scheme.

Theorem 3.3.1 Given T' > 0, there exists a(T) > 0 so that for any wy € L>®(D) there
is a unique triple (w(t, x),u(t, x), ®,(x)), with the vorticity w € L*([0,T], L>(D)), the fluid
velocity u(t, z) uniformly bounded and log-Lipschitz in x, and ®;, € C*T) ([0, T] x D) a measure
preserving, invertible mapping of D, which satisfy

dd,(x)

= u(Py(x)), Po(z)=x, (3.3.1)



It is clear from the statement of the theorem that w(t, x) converges to wy(z) as ¢ — 0 in the
weak-* sense in L>: for any test function n € L'(D) we have

/D w(t, 2)n(z)ds = /D wo(®7 (2))n(x)de = / o(2)7(®4(x))dz — / wolz)n(z)dz, (3.3.2)

as t — 0. Indeed, as w is uniformly bounded in L*°(D), it suffices to check (3.3.2) for smooth
functions 7, for which we have

/D [n(®(x)) = n()[dz < [V L /D |@(2) — xldr < C(D)|[Vn] oo [[ul| <t

Proof of Theorem 3.3.1. As we have already established the existence and regularity of
the solutions, it remains only to prove the uniqueness. Suppose that there are two solution
triples (w',ut, ®}) and (w?, u?, ®?) satisfying the properties described in Theorem 3.3.1, and

set
n(t / 1B (x) — B2(x)]| da.
=D

Let us write

B (z) — B2(x)] < / (5, B (2)) — (5, B2(x)| ds + / (5, B2(x)) — (s, B2(x)| .

By Corollary 3.2.5, the first integral in the right side of (3.3.3) can be bounded by 339
Cllnli [ ol12}(2) - w2 ds.
For the second integral in (3.3.3), consider the difference
u'(s, ®(z)) — u?(s, ®*(x / Kp(®2(x (s,y)dy — / Kp(® w?(s,y) dy

— [ (o (@20). 940) - Kp(@3(e), #(0))) wnlw)

where we used the vorticity evolution formula in (3.3.1). Averaging (3.3.3) in x, we now
obtain

_ Cllsolli
o < B8 oy [ @l - w2 de

|D|/ s [l [ ol @10) = Koo, 93| dedy
<C(D |W0||L<x>/ ds/ o( ]CI) ( )|)|de| (3.3.4)

We used Lemma 3.2.3 in the last step. As the function ¢ is concave, we may use Jensen’s
inequality to exchange ¢ and averaging in the last expression in (3.3.4):

n(t) < (D) |woll / o(n(s)) ds
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In addition, we have 1n(0) = 0. An argument very similar to the proof of uniqueness in
Lemma 3.2.6 (based on the log-Lipschitz property of the function ¢) can be now used to
prove that n(t) = 0 for all t > 0.

Exercise 3.3.2 Work out the details of this argument.

This completes the proof of the theorem.

Regularity of the solutions for regular initial data

So far, we have only assumed that wy € L*°. Of course, the Yudovich construction applies
also if the initial condition wy possesses additional regularity. In that case, the solution w(¢, x)
inherits this extra regularity. This is expressed by the following theorem.

Theorem 3.3.3 Suppose that wy € C¥(D), k > 1. Then the solution described in Theo-
rem 3.3.1, satisfies, in addition, the following reqularity properties, for each t > 0 fized:

w(t) € C¥(D), ®y(x) € C**D(D), and u € C**(D),
for all B < 1. In addition, the kth order derivatives of u are log-Lipschitz.

The regularity of the flow u(t,z) is similar in spirit to that in Theorem 3.3.1 — there, L™
initial data for vorticity led to log-Lipschitz u(t, ). Here, C* initial condition wp(z) leads to
a flow u(t,z) which has a log Lipschitz derivative of the order k. The first proof of a result
similar to Theorem 3.3.3 goes back to the work of Wolibner and of Holder in the early 1930s.
We will provide a detailed argument for the case of £ = 1, larger values of £ will be left as an
exercise for the reader. The following result is classical.

Theorem 3.3.4 Suppose that D is a domain in R? with smooth boundary, and let 1 be the
solution of the Dirichlet problem

—A@D = w,
Ylap = 0.

Ifwe C¥D), a>0, then ¢ € C**(D), and
[0iY][cre < Cla, D)||w][ce.

This result was originally proved by Kellogg in 1931. Schauder later established a similar
bound for more general elliptic operators. Such estimates are commonly called the Schauder
estimates, the reader may consult [60, 80] for the proof. We will use this estimate for the
stream function

U(t, ) = (=Ap)'w, u(t,z) =Vt z).
We have already proved that if wy € L>®(D), then ®;'(z) € C*®(D) for all t > 0,
with a(t) = e=“". Since
w(t, ) = wo(®; ' (2)),
if, in addition, we know that wy € C*(D), we then automatically have w(t,z) € C*®(D), so
that the vorticity is Holder continuous. By Theorem 3.3.4, we deduce that the flow u(¢, x) has a
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Holder continuous derivative: u(t,z) € CY*® (D). However, this a priori Hélder exponent o(t)
decreases as t grows, while we are looking to prove that u(t,z) € C*#(D), for all 8 € (0, 1),
hence this a priori information is not sufficient.

A simple calculation starting with the trajectories equation leads to

%\@t(:v) — O4(y)* < 2| Vu(t, )|z |Pe(z) — Ro(y) ], (3.3.5)

where we now know that the derivatives of u are bounded for all ¢, even though their size
may grow with time. Integrating (3.3.5) in time and using the initial condition

[Po() = Po(y)| = [z =y,

we obtain

e { [ Ivutss e ts) < PEO=20 < o £ ot s} (330

This inequality will be useful for us later. For now, we observe that it implies that ®;(x)
is Lipschitz for every ¢ > 0. We would like to show that, in fact, ®;(x) € CY*®(D) for
all t > 0. For this purpose we need a couple of technical lemmas. In what follows, we adopt
the summation convention: we sum over repeated indexes.

Lemma 3.3.5 There exists a set S C D of full measure so that for all x € S we have

t
0,®F () = jk+/ O (s, @4(2))0;®L (x) ds, (3.3.7)
0
for allt > 0.

Proof. By the Rademacher theorem (see, e.g. [61]), it follows from (3.3.6) that ®.(x) is

differentiable in = a.e. in D, for each ¢ fixed. Next, note that by the Fubini theorem, it

follows that for a.e. x, ®;(x) is differentiable in = for a.e. t. We let S be the set of such x.
Let now x € S, set

y =1z +ejAzx,
where e; is a unit vector in jth direction, and consider the finite differences

Of(y) — () Lut(s, @u(y)) — uF(s, Py())
- = 5+ /0 A ds. (3.3.8)

We may write, explicitly listing the coordinates

ut(s, s(y)) — ut(s, Do(x)) _ ut(s, Pi(y), Di(y)) — ut(s, Pi(x), 2i(y)) P5(y) — Pi()

Ax Ol(y) — dL(x) Ax

W (s, B (x), 92(y)) — (s, DL (x), D2(x)) B2(y) — D¥(x)
2(y) — 9%(x) Ar
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Since v € CY*(D), it is not difficult to show, using the mean value theorem, that the
first factors in the two products in the right side converge, as Ax — 0, uniformly in z,
to Quk (s, ®,()), [ = 1,2 respectively. On the other hand, the ratios

D (y) — L(x)
Az

are controlled in L> by the Lipschitz estimate (3.3.6). Moreover, for x € S, the ratio converges
to 0;®L(x) for a.e. s € [0,¢]. By the Lebesgue dominated convergence theorem, we have the
convergence of the integral in (3.3.8) to the integral in (3.3.7). O

Now, for x,y € S we find from (3.3.7) that

0,0;P¢ (x) = Oyu® (¢, ©4(2))0; P4 ()

for all ¢, and similarly for y. Without loss of generality, we may confine our considerations
to x, y such that |z — y| < 1. Consider the expression

0,(0;% () — 9; 0 (y)) = (A" (t, P()) — O (¢, Di(y)))0; P4 ()
+ 0t (t, 2u(y)) (9,04 () — 0 Pi(y))-

It follows that
010, (2) = 0,91 ()] < [ Pell il Vel caco |Pe() = @o()|* + V]| 1[0, () — ;@ (y)],
where we denote by ||®,|| i, the Lipschitz bound we have on ®,(z) in x for a given ¢. Let us
denote
F(t) =109 (x) — ;% (y)l-
k.j
Then we get

E(t) < [[Vul(, )]l =F () + 2 = yl* O @17, | Vel oo

This inequality holds for every ¢ > 0 with the corresponding value of «(t). Fix an arbitrary
time interval [0,7]. By applying the Gronwall inequality, we conclude that for all z,y € S
and all ¢ € [0,7] we have

9,94 (x) — 0,9} (y)| < Clllwnller, T) |z — y|*P. (3.3.9)

Note that the dependence of the constant in (3.3.9) on T can be pretty complex — it is
controlled by the size of norms that we showed to be finite for every time but never traced
their growth. We will obtain a more clear cut, quantitative bound on the possible growth
later.

Now we need one more elementary lemma.

Lemma 3.3.6 Suppose that f : D C R? — R is Lipschitz. Suppose there exists a set of full
measure S such that V f(x) exists for x € S, and moreover for every x,y € S we have

IVf(x) = VYl <Clz -yl (3.3.10)

for some fived constant C and 0 < v < 1. Then f € CY7(D).
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Proof. Since S is full measure, we can extend V f by continuity to a function g = (g1, ..., ga)
defined on all D. Namely, we set g(z) = Vf(z) if z € S. If z ¢ S, then we take any
sequence x, € S — z, and define g(z) = lim,_,,, V f(z,). Note that the sequence V f(x,) is
Cauchy due to (3.3.10), so the limit is well-defined. It is also straightforward to check that
the definition is unambiguous (different sequences in S lead to the same limit), and that the
resulting function g € C7(D). It remains to show that in fact f is everywhere differentiable
and Vf(z) = g(x).

Without loss of generality, let us consider 0, f. Let © = (21,%) € D, where T = (29, ..., 2q);
the case © € 0D is similar. Given xy, let us denote the set of = such that (z1,7) € D by
F. Suppose first that = is such that V f(y;, ) exists for a.e. y; such that (y;,7) € D. We
know that a.e. ¥ € F is like that, and we denote this set by G. We also know that if 7 € G,
then Vf(y1,7) = g(y1,7) for those a.e. y; where it exists. Then for every (y1,7) € D and
sufficiently close to (z1,%), we have

91
f(yh ) xl) / a1 Zla le f(xla ) / gl(zlﬁf) le'

But this implies that 0, f(z1,Z) exists and is equal to g(x1, 7). Assume now that Z belongs to
the exceptional measure zero set F'\ G where V f(y, T) fails to exist for a set of y; of positive
measure. But then we can find z,, € G such that z,, — x as n — oo. For each z,,, we have

ﬂmiﬁzﬂmﬁ0+/lm%ﬁmwl

1

for all y; close enough to x;. Passing to the limit in this equality, we find

Y1
ﬂ%@zﬂ%@+/sﬂ%@ML

1

This implies that 0y f(z1,7) exists and is equal to ¢;(x1,7) in this case, too. O
Exercise 3.3.7 Work out the details of the above argument in the case of (z1,7) € 0D.

We conclude that the following lemma holds.

Lemma 3.3.8 For every t > 0, the function 0;®F(x) belongs to C*® (D) and (3.3.7) holds
for all x,t.

Now, the proof of Theorem 3.3.3 in the case k = 1 is straightforward.
Proof. Indeed, since ®;(x) is measure preserving, we have

det VO, = 1,

and then the derivatives of the inverse map ®;'(z) satisfy the bounds analogous to those
of ®; (this can also be derived by solving the backwards characteristic equation). Then,
Lemma 3.3.8 implies immediately that

w(t, ) = wo(; ' (x))
is C1(D) for all times. OJ

Exercise 3.3.9 Carry out the analogous computations for k > 1, proving Theorem 3.3.3 in
this case.
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3.4 Examples of stationary solutions of the 2D Euler
equations

Here, we discuss some basic examples of the stationary 2D Euler flows. We will construct
them on the two-dimensional torus T? = [—n, 7] X [—, 7] rather than in a bounded domain,
as the periodic boundary conditions are particularly convenient for explicit computations. In
the periodic case, the Biot-Savart law has the form

u=V+(-A)"lw,
where (—A) is the Lapalacian on T2. The inverse of the Laplacian is easiest to define through
the Fourier transform: ‘ R
(—A) f(x) = Y MR (K),

kez2
where

Fo) = [ e r@) o

Note that the inverse Laplacian is only defined for functions which have mean zero. We will
assume in this section that wq satisfies this condition:

/T? wo(z)dx = 0.

As the solution ®;(z) of the 2D Euler equations is measure-preserving, we see that then

/TQ w(t,a)de = /T w0 (@7 (1)) = /T wo()dz = 0,

so that the mean-zero condition on the vorticity holds for all times.
A stationary solution of the 2D Euler equations satisfies

(u-V)w=0,

or
(VH(=A)"w) - Vw =0, (3.4.1)

at every x. Let us denote by

b= (-A)"
the stream function of the flow, so that u = V4, and (3.4.1) is

Vi - Vw = 0.
As

W= _Awa

the flow is clearly stationary if the stream function satisfies

—Ay = f(¥),

for some smooth function f. The simplest examples of stream functions of stationary flows
are the eigenfunctions of the periodic Laplacian, with f(¢) = A.
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A shear flow
Consider a flow with the stream function
(xq,x9) = w(xy, T9) = oS xg,

which is an eigenfunction of the Laplacian on the torus. The corresponding flow, called a
shear flow, is unidirectional:

u(zy, x2) = (—sinxy, 0). (3.4.2)

The trajectories of such shear flow are horizontal straight lines:
Xi(t) =z —tsinxg, Xo(t) = xo. (3.4.3)
Exercise 3.4.1 Describe how a vertical interval vy = {(0,232), — 7 < xo < 7} is evolved by

the shear flow.

A cellular flow

A cellular flow has the stream function
W(xy, x0) = §w(x1, T9) = — sinxy sin
which is also an eigenfunction of the Laplacian on the torus, and the corresponding flow is

u(xy, z9) = (— coswy sinxy, cos xy sin xs).

This flow has four vortices in the four quadrants of the torus [—m, 7] x [—m, 7], and, in
particular, a hyperbolic point at the origin. More generally, we informally refer to a flow as
cellular if it is smooth, and its streamlines have the same geometry: four vortices separated
by separatrices which are straight lines.

The “singular cross”

An important example of a Yudovich solution of the 2D Euler equations is the “singular cross”
flow, considered by Bahouri and Chemin [5]. It corresponds to the vorticity wy which equals
to (—1) in the first and third quadrants of the torus (—m, 7| x (—m, 7], and to (+1) in the
other two quadrants:

wo(x1, ) = —1 for {0 < zy,20 <7} and {—7 < 21,29 < 0}, (3.4.4)
wo(z1,29) =1for {0 <z <m, =71 <29 <0}, and {—7 <27 <0,0 <2y <7}
As for a cellular flow, the singular cross has four vortices, one in each quadrant of the torus,
and a hyperbolic point at the origin. We will next verify that the above wy is a stationary
Yudovich solution of the Euler equations. To do this, we will consider the vorticity equation
with the initial condition wy and show that the solution equals to wg for all t > 0. We will see
that for this initial condition, the fluid velocity u is just log-Lipschitz, and the flow map ®,(x)

is indeed only Holder continuous with the exponent that is exponentially decaying in time.
The first step is an important conservation of symmetry. Note that wy has the symmetries

Cdo(ﬁ?l,l'g) = —WO(—LCl,.I'Q) = —(.4.)0(5171, —372) (345)

on the torus (—m, 7] x (—m, 7).
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Lemma 3.4.2 [f the initial condition wy € L™, and satisfies the symmetries (3.4.5), then
the Yudovich solution of the 2D Fuler equations satisfies the same symmetries for all t > 0:

w(t, z1,22) = —w(t, —x1,22) = —w(t, z1, —13). (3.4.6)

This result, and the proof below, also apply when the 2D Euler equations are set in a domain D
that is symmetric with respect to the coordinate axes.

Proof. Clearly, it is sufficient to prove the conservation of the odd symmetry with respect
to the {z; = 0} axis, since the choice of the coordinates does not affect the properties of the
solutions. Suppose that the triple (w(t, x1, x2), u(t, z1, x2), ®4(t, 21, x2)) is a Yudovich solution
of the 2D Euler equations, and set

W (t, 21, 29) = —w(t, —x1, T3).
The stream functions (¢, z1, x5) and YV (t, 21, z,) satisfy
—AY(t, 1, x2) = w(t, x1, T2),

and
AP (t, 21, 20) = WD (t, 21, 5) = —w(t, —21, 22).

It is easy to see that these stream functions are related via
VWt 1, 29) = —(t, =1, 25). (3.4.7)
Hence, the corresponding flows
u(t, 1, 19) = VE(t, 21, 29),
and
WV (t, 21, 20) = VYU (8, 2, 25),
are related by
WV (t, 21, 22) = (00D (t, 21, 22), =010V (t, 21, 22)) = (—020(t, —21, T2), —O1Y(t, —1, T2))
= (—ui(t, —x1, 22), us(t, —x1, x2)). (3.4.8)

1

The flow map corresponding to ") is the solution of

d (1)
= _ul(tv _(I)vg,ll)v q)g,l2)a d—:zz = UQ(tv _q)l(t,ll)v q)SQ)v (I)gl)(Oa xhx?) = ($1,$2),

o)
dt

and is given by
O (t, 21, 25) = (—D} (=1, m2), D2 (— 1, 72)).

Note that @gl) is bijective on D and measure preserving since u?) is incompressible and
log-Lipschitz. Next, note that

W (1,0 (), 03 (@)) = (t, =0} (=21, 32), B} (21, 2))
=W (t’q)%(_xhl?)v (ID?(_I17$2)) = —wo(—21,72) = W(l)(07$1,$2> = W(()l)(xl,%)-

155



Therefore, w satisfies

WOt 2) = wf (@) ().

Hence, the triple
(WD (t, 21, 22)), ul) (8, 21, 22), B (t, 21, 22))

is also a Yudovich solution of the 2D Euler equations with the initial condition
(1) — o —
Wo (11, 12) = wo( 901,$2).

If wy is odd with respect to z;, the initial data for (w,u,®,) and (w™,uV), @El)) coincide.

Hence by uniqueness of solutions these two solutions must coincide, and the therefore the
symmetry is preserved in time. []
Now we can verify that the singular cross solution is a stationary solution.

Lemma 3.4.3 The solution of the 2D FEuler equations with the ”singular cross” initial con-
dition wy is stationary, that is, w(t,x) = we(x) for all t > 0.

Proof. Since wy is odd with respect to both z; and x5, by Lemma 3.4.2 the solution w(t, x)
has the same property. According to (3.4.8), u; is odd with respect to z, hence

uy(t,0,29) = 0 for all £ > 0.

Similarly, we have
us(t, z1,0) = 0 for all t > 0.

An identical argument shows that
uy(t, 7, x9) = ug(t, 1, m) = 0.

This and log-Lirschitz property of u shows that the particle trajectories never cross the
lines 7 = 0,7 and 25 = 0,7. Thus, the whole trajectory ®,(x) which starts inside one
of the four quadrants of the torus, will stay inside that quadrant. As

w(t, ) = wo(®; ' (2)),
and wy is constant in each of the four quadrants, this shows that
w(t,x) = wo,
forallt>0. O

The periodic Biot-Savart law

The following more explicit form of the periodic Biot-Savart law will be useful for us in
showing that the flow generated by the singular cross is only log-Lipschitz, as well as in other
examples in this chapter.
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Proposition 3.4.4 Let w € L>(T?) be a mean zero function. Then the vector field
u=V(-A)"lw (3.4.9)

s given by
1 - 1
u(z) = —— lim (@—y)-
21 =0 Jpo |z — y|?

w(y)e W dy, (3.4.10)

where w has been extended periodically to all R?.

As will be clear from the proof, the formula holds for a broader class of w than L*°. However
we will not pursue full generality here since w € L™ is all we need.
Proof. Relation (3.4.9) can be re-written as

u(z) =Y ei’w%@(k)

keZ?

with k+ = (kg, —k;). To connect this expression to (3.4.10), observe first that for a smooth w
we have

ikt it . )
D et =lim | el | ey o (3.4.11)

hez? 20 gz [P R

where the function w(y) is extended periodically to the whole plane.

Exercise 3.4.5 Check the above identity by substituting the Fourier series for w(y) on the
right hand side and integrating in y to obtain the Gaussian approximation of identity.

On the other hand, recall that the inverse Laplacian in the whole plane is given by

- ikx 1 —3 dydk 1
(—A)~ f(x) —/RQe’“ W/RQe " f(y) (2‘%2 = —%/RQ log |z —y|f(y)dy  (3.4.12)

if the function f is sufficiently regular and rapidly decaying (see e.g. [60]). After an integration
by parts, the expression in the right side of (3.4.11), with the help of (3.4.12), can be written
as

o1 . a2\ dydp 1 2
ipx py\yL vyl - _ 1 — vt 7yl
/Rze Ip|? /Rz ‘ (w(y)e ) (2m)? 21 Jre ogle =yl (w(y)e ) '

Integrating by parts, we obtain (3.4.10).

To extend (3.4.10) to w which are just bounded, let us first show that the limit in (3.4.10)
exists in this case. There is not enough decay in the integrand on the right hand side for
absolute convergence when v = 0, but periodicity and the mean zero property of w turn out
to be sufficient.

Take ¢ € C5°(R?) such that 0 < ¢(x) < 1, ¢(z) = 1 if z € Byg, and ¢(z) = 0 if z € BS,.
Write the right hand side of (3.4.10) as

im M z — y)w(y)e M (z—y)* R
%o(/w [ yp Tl dy*/m S (ol - )ty) d53)4.13)
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Then in the first summand we can pass to the limit without any problem. In the second
summand, write w(y) = —A1); the function v satisfying this equality exists due to periodicity
and the mean zero property of w and can be found explicitly on the Fourier side. Note that by
Sobolev imbedding, ||¥||z~ < C||lw||z~. In the second summand in (3.4.13), we will integrate
by parts two times, taking A off ¥. If any of the derivatives fall on ¢, we get finite integration
region and can pass to the limit as well. If both derivatives fall on ﬂi:ﬁj , we get enough decay
for absolute convergence when v = 0, and so can pass to the limit by dominated convergence

theorem. If both derivatives fall on e~ "¥*, the resulting term is bounded by

1 2 1 L
oMl [ (b g < ol [ (14 1)
R2\Bio |y| R2 |z|

where we applied scaling z = v/%y.

Exercise 3.4.6 Consider the remaining case where one derivative falls on (‘Z:Z)';, while the

. 2
other on e I,

Now that we know that the limit in (3.4.10) exists for w € L™, take w, € C*° that con-
verges to w in all L”, p < oo: a standard approximation of identity mollification suffices here.
Then 1),, converge to 1 in W?P and by the Sobolev imbedding ||y — %,||z~ — 0. Following
through the arguments above, we can check that the limit in the right hand of (3.4.10) for w,
converges to that for w for every z. On the other hand, we proved that for smooth w,,, (3.4.10)
holds, and it is straightforward to check from (3.4.9) and Sobolev imbedding that w,, converges
to u uniformly. Together, these three observations complete the proof of (3.4.10) for w € L.

Expression (3.4.10) shows that the 2D Euler evolution on a torus can be equivalently
viewed as the evolution on the plane with periodic initial data if we understand the Biot-
Savart law in the sense of the principal value integral (3.4.10).

Log-Lipschitzianity of the singular cross

Next, we show that the flow of the singular cross is only log-Lipschitz, and not Lipschitz.

Proposition 3.4.7 Consider the singular cross solution described above. Then, for small
positive x1, we have

4
uy(z1,0) = ;xl log x1 + O(x1). (3.4.14)

The estimate (3.4.14) corresponds to u; being just log-Lipchitz near the origin. Hence the
estimates on the fluid velocity in the Yudovich theory are qualitatively sharp.

Proof. Let us use the Biot-Savart law (3.4.10)

1 Y2

0)=—1
u1<x17 ) 27]_7% 2 ($1—y1)2+y§

wo(y)e W dy, (3.4.15)

with wo(y) given by (3.4.4). Let us denote S = [—1, 1] x [—1, 1], and represent wu;(z1,0) as a
sum of two components:
uy(x1,0) = uf (x1,0) + ul'(z,0).

Here, u7 (x1,0) is the contribution from the integration over S in (3.4.15) (the “near field”),
while uf"(z1,0) comes from the integration over the complement of S (the "far field”). We
first claim the result of the following exercise.
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Exercise 3.4.8 Verify that, for 0 < x; < 1/2, we have

. Y2 —~|y|2
hm/ wo(y)e W dy| < Cay
=0 Jpa\s (21— 41)* + ¥3 ’

and thus

[ut (21, 0)] < Cuy,

One way to perform this computation is to use the odd symmetries of wy, and its mean-zero
property, which leads to an extra cancellation and effectively a faster decay in the kernel.
Alternatively, one can adapt an argument similar to the one in the proof of Proposition 3.4.4.

In the term uf(z1,0), we can freely pass to the limit v — 0 and use the symmetry to
simplify the expression:

1 y2 / /
s
muy(r1,0) = = y)dy = d , Yo )d
7 (21,0) 2/ Er W= [ dy | o s wo(y1, y2)dyr
Y1Y2
(o= P+ 9B+ 37 7 38) 410
In the last step, we used that wo(yl, y2) = —1 on [0, 1] x [0, 1]. Let us consider the contributions

from different regions of integration in (3.4.16). The integral over the region [0, 1] x [0, 2z4]
can be estimated as

/ / 2o Y1Y2 dy1 dy2
o Jo ((@1—wn)?+u3)((x1+ ) +v3)

1 T x1
T129
<C dz dz <C dzy < C.
= /‘2/‘ "B+ ) A ﬁ+% ’

The region [0, 2x;] X [2x1, 1] contributes

Y1Y2
d / d dyrd
/ N oo, P — )2+ ) (1 + 00)? + 7)1

T122 xydzy
S C le d222—22 S C 5 S C
0 1 (21 + 23) 0 A1 T
We need to be slightly more careful in the region [2z4, 1] X [2x1, 1]. Here, the first observation
is

Exercise 3.4.9 Show that

1 1 1,1
Y1Y2 Yy
dyrdy, — / / 55 dy1dys
/211 Lxl ((331 - y1)2 + yg)((xl + y1)2 + yg) T1 JIT1 (y% + y%)z
The second step is to note that
1
Y1Y2 1 1
5y dyidys = / (7 ( — ) dy
// (Y7 +y3)? o \Yitai yi+l

—/1 it 5 +O(1) = —2log x; + O(1)
Je a+ad B s '

<C.

Collecting all the estimates, we arrive at (3.4.14).
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The Holder regularity of the singular cross flow map

A characteristic curve starting at a point (29,0), with 2% € (0, 7) is just the interval

(I)t(($(1), 0)) = ($1<t), O)?
moving towards the origin. If 29 is sufficiently small, the component z(t) will satisfy

.T1<t) S Il(t) lOg .T1<t),

and so y
%(log z1(t)) <logz(t),
so that
logz,(t) < e'log Y,
and

z1(t) < 21(0)%P®), (3.4.17)

This estimate has an interesting consequence for the Holder regularity of the flow map. Since
the origin is a stationary point of the flow, the inverse flow map ®;'(x) can be Hélder
continuous only with a decaying in time exponent (at most e~*). In fact, the exponent is
a little weaker than that since our estimate on the characteristic convergence to zero is not
sharp. Of course, the direct flow map ®,(z) also has a similar property; to establish it one
needs to look at characteristic lines moving along the vertical separatrix.

Exercise 3.4.10 Verify the latter claim by a direct calculation. You do not have to redo
the proof of Proposition 3.4.7, you can use symmetry to conclude the analogous asymptotic
behavior for us(0, z2), with a different sign.

This observation shows that the Holder bounds on the flow map in Yudovich theory are also
qualitatively sharp.

3.5 An upper bound on the growth of the gradient of
vorticity

We return now to the time-dependent two-dimensional Euler equations (3.1.21) in a smooth
bounded domain D:

Ow ~+ (u-V)w =0,
u=V+(-Ap)lw, (3.5.1)

w(0, ) = wo(x),
with V1 = (95, —;). Recall that the boundary condition
u-n=20, on dD, (3.5.2)
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holds automatically — see the remark below (3.1.23). We now consider a regular initial vor-
ticity wg, and ask how fast the higher derivatives of the solution may grow. This issue is
related to the small scale creation in fluids, a phenomenon that is ubiquitous in applications
in physics and engineering. We witness this process in observing thin filaments in turbulent
flows, in the structure of hurricanes and in boiling water in our kitchen. The main result in
this section addresses such upper bound on the growth of the small scales in solutions. A
similar bound is implicit already in the work of Wolibner [137] and Hélder [85], and has been
stated explicitly by Yudovich.

Theorem 3.5.1 Assume that wy € C*(D). Then the gradient of the solution w(t,x) satisfies
the following bound
V@, D)z < ([Vwollgee + 1)t e®lenlize (3.5.3)

for allt > 0.

This upper bound grows at a double exponential rate in time which is extremely fast. We
will later see that, actually, this bound is sharp, at least in domains with boundaries.

The gradient growth for passive scalars
The 2D Euler vorticity is an active scalar: it satisfies an advection equation
w + (u- V)w =0, (3.5.4)

with a flow u(¢, z) which is related to the vorticity itself via the Biot-Savart law. Before we
look at the vorticity gradient growth, and go to the proof of Theorem 3.5.1, let us see what
happens for passive scalars: these are solutions of the advection equation

Yt + (u : V)QO =0, ‘:0(07 ZL‘) = 900(%)7 (355)

with a prescribed flow u(t, x) which does not depend on the solution ¢(t,z) of (3.5.5). The
equation has exactly the same form as the 2D Euler vorticity equation, except v and ¢ are not
coupled: wu is given and the initial data ¢q is arbitrary, and doesn’t have to be the vorticity
of u(0,z). In order to see what can happen, we consider some explicit examples, coming from
the stationary solutions of the 2D Euler equations that we have discussed above.

A shear flow
First, let us look at a passive scalar advected by the shear flow
u(zy, xe) = (—sinxq, 0). (3.5.6)
Recall that the trajectories of this flow are
) (z) = 21 — tsina,, P} (x) = 2o. (3.5.7)
The passive scalar (¢, x) is a solution of
Op+ (u-V)p =0, ¢o(x,0) = po(z). (3.5.8)

161



For the shear flow (3.5.6), we can solve for ¢(x,t) explicitly:

p(t, @ (x), ®F (7)) = @o(@1, 7).
Taking into account expressions (3.5.7) for ®}(x), ®?(z), we get

o(t, Ty, T2) = po(xy + tsinzy, xa).

Therefore, V(t, z) grows only linearly in ¢ in a shear flow.

A cellular flow

Next, consider a cellular flow
u(xy, ) = (— coswy sinxy, cos xq sin xa).

This flow is similar to the singular cross flow: it has four vortices in the four quadrants of the
torus [—m, 7] X [—m, 7], and, in particular, a hyperbolic point near the origin. However, unlike
the singular cross flow, the cellular flow is smooth. Note that near the origin the flow looks
like u ~ (x1, —x2), so that e; is the contracting direction and e, is the unstadle direction. A
trajectory starting at a point (z1,0) on the xj-axis is a straight line with ®}(z) a solution of

dl(z) = —sin ®}(z).

Thus, if x; is small, then
() ~ w1t

Then for a solution (1, xe,t) of the passive scalar equation (3.5.8) with such u, we have

so(taxbo) ~ @0(1‘167570)- (359)

Therefore, V(t, z) grows exponentially in time for a cellular flow.
The exponential in time growth of Vp(t,z) is actually the fastest one can have for a
passive scalar advected by a smooth flow.

Exercise 3.5.2 Prove that if the flow u = u(x) in (3.5.8) is smooth and time-independent,
and the initial data @y € C*(T?), then

s S Cect’

le(z, 1)l

for all times t > 0, where C depends only on u, s and ¢y. To show this, differentiate the
passive scalar equation, and consider the resulting equation for ¢;(t,z) = dp/0z;.

A passive scalar advected by a singular cross

Looking back at a passive scalar advected by a cellular flow, we see that the limitation on the
growth of Vi(t, ) comes from (3.5.9): a cellular flow trajectory starting at a point (0, x2)
on the vertical line (with a small x5 > 0) will approach the fixed point (0,0) exponentially
fast in time but not faster. The reason for this is the Lipschitz regularity of the flow. As
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we have previously seen, for a singular cross, these points get close at a rate which is doubly
exponential in time. To articulate this further, consider a passive scalar advected by the
singular cross flow:

o+ (u-V)p =0, ¢0,2)=p(z).
Choose ¢o(x) to be a smooth function such that ¢(0) = 0 and ¢y(d) = 1 for a small
number ¢ > 0 such that u;(x1,0) <z logz; for all 0 < x; < §. Then, we have

P(®:((0,0)),1) = ¢o(d) =1,

and ¢(0,t) = 0 since the origin is a stagnation point. On the other hand, due to our estimates
on the singular cross flow, we know that

®,(0,0) < 5P,
By the mean value theorem, we conclude that
IV (1) o > 672,

thus resulting in double exponential growth in the gradient of passively advected scalar. Thus,
the singular cross flow can lead to a double exponential growth in the gradient of the passive
scalar. The question we will soon look into is whether such scenario is also relevant for the 2D
Euler equations with smooth initial data, where the vorticity is advected by the flow but is
not a passive scalar.

The Kato inequality
A key step in the proof of Theorem 3.5.1 is the following inequality due to Kato.

Proposition 3.5.3 (Kato) Let D be a smooth compact domain, w € C*(D), a > 0, and u
be given by the usual Biot-Savart law

u=V(-Ap) tw.
Then
|Vul| L~ < Cla, D)||wl| p= <1 + log (1 + w)) : (3.5.10)

The operators 9;,(—A)~! are called the (iterated) Riesz transforms. The Calderon-Zygmund
theory proves that the Riesz transforms are bounded on all P, 1 < p < oo (see, e.g. [130]). The
derivatives of the fluid velocity u are exactly the Riesz transforms of the vorticity. However,
we need to control the L> norm of Vu since this is what appears in (3.3.6). The L* bound
on the Riesz transform of a function w in terms of just ||w|| L is not true, and we need a little
extra — a logarithm — of a higher order norm of w to control the L*> norm of Vu.

The proposition also has applications to the three dimensional case, where it leads to
a well known conditional regularity statement for the solutions of 3D Euler equation, the
Beale-Kato-Majda criterion [12]. In three dimensions, there is no control on ||w||z~ anymore.
However, using the bound (3.5.10), one can show that the finiteness of the integral

T
/ o]l oo dt,
0
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implies the regularity of the solution on [0,7]. Thus ||w||z~ “controls” the possible blow up
in 3D case: solutions cannot develop a singularity without

T
/ ool dt
0
also becoming infinite.
Before proving Proposition 3.5.3, we need the following lemma.

Lemma 3.5.4 Let D be a smooth compact domain, w € C*(D) for some a > 0, and u(x) be
given by the Biot-Savart law

u(x) = /D K (e, y)w(y) dy,

then

6?15]@ =BV /D Ww(y) dy + (_21)]“)(1’)(1 — 0ij)- (3.5.11)

Lj
Proof. This is a fairly standard computation so we outline the main steps. Since w € C D)
implies v € CY*(D), it suffices to prove (3.5.11) for every point x € D; the equality will
extend to 0D by continuity. Proposition 3.2.1 implies that Kp(z,y) can be written as

1 (x—y)"

The function h(z,y) is smooth for x € D, so the contribution of the second term on the ride
hand side of (3.5.12) to Vu(x) is simply

/D VL[V h(r, y)lw(y) dy.

Set p := dist(x,0D) > 0. Then, the first term in (3.5.12) can be split as

1 [ (z—y*t 1 [ (z—y*
W)= — [ 22 L —y)dy + — 1— —y))dy. (3.5.13
o) = 5 [ T ente =+ 5 [ Era)—nt ) di. (3519
Here, n(y) = n(|y|) is a smooth cut-off function, so that n(y) = 1 if |y| < 1/2 and n(y) = 0
if ly| > 1, and n,(y) = p~n(y/p). Note that the second term in (3.5.13) can be differentiated
in a straightforward fashion, since the integrand is regular in x because of the cut-off. The
first term is a convolution

" (z) = ! / Mw(y)ﬁp(ﬂf —y)dy ! /R2 ww(w —y) dy. (3.5.14)

T 27 Jpo Jr—yP? T om PE

Let us assume for the moment that w € C*(D). As the kernel

K(y) = y—PXp(y)



has an integrable singularity at y = 0, we have

u(x) 1 / (yh)i dw(x —y) 1 [ (y)iOw(x —y)

= — n,(y)dy = —— y)dy. (3.5.15
oz, 21 Jr2 |y]? 0z; 2 27 Jr2 |y|? Jy; e () ( )

One can not immediately integrate by parts in (3.5.15) — that would create a non-integrable
singularity in y. Thus, we write

ol (z) 1 (y)i Ow(z —y)
Ox; __ﬁll—%/ylze |y?/|2 dy; :
— L [/| 0 ((le—‘ginp(y))w(x —y) dy+/ y )i&ww—y)np(y) dy]-

21 =0 y|>e ayj ly|=¢e |y|2 |y|

1,(y) dy (3.5.16)

The first term in (3.5.16), combined with the corresponding derivatives of the second terms
on the right hand sides of (3.5.13) and (3.5.12), contributes the term involving derivatives
of Kp(z,y) in (3.5.11). The second term in (3.5.16) gives, in the limit ¢ — 0:

o) [ 0wty = S0 =)t

which is the second term in (3.5.11). The result holds for w € C'® by approximation with C*
functions.

Exercise 3.5.5 Carry out all the details of the computation above.
The proof of Proposition 3.5.3

1/
0 =min | c, (M) .
lw(z, t)]| e

Here, ¢ > 0 is some fixed constant that depends on D, chosen so that the set of points x € D
with dist(x,0D) > 26 is not empty. Consider first any interior point x such that

Let us set

dist(xz,0D) > 24.

Let us look at the representation (3.5.11). The part of the integral over the complement of
the ball centered at x with radius ¢ can be estimated as

VEp(r,y)w(y)dy

By (x)

< C|lwo| oo / |z —y| 2 dy < Cllwol|z=(1 +1logd™t). (3.5.17)
B§(x)

Here, we used a bound (3.2.9) from the Proposition 3.2.1.
Next, recall, once again, that the Dirichlet Green’s function is given by

1

GD<Z7y) = o7
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where h is harmonic in D in z for each fixed y € D and has boundary the value
1
h(z,y) = —%log|z —yl, z€dD.

Any second order partial derivative at z = x of the first term in the right side of (3.5.18) is
of the form

rQ(g),

where 7, ¢ are the polar coordinates centered at x, and €2(¢) is mean zero. For this part, we
can write, using the mean-zero property of (¢):

‘PV/‘[%Wbmx—mwwmﬂz
Bs(x)

|18 ol — yllwly) - w(o) dy

Bs(x)
5

< C’||w(:c,t)|]ca/ r e dr < O(a)d||w(z, t)]|ce < Cla)|lwol|z (3.5.19)
0

by our choice of 4.
As for the function A in (3.5.18), note that our assumptions on z, the boundary values
for h, and the maximum principle together guarantee that we have

[h(z,y)| < Clogd",

for all y € Bs(x), z € D. Standard estimates for the harmonic functions (see e.g. [60]) give,
for each fixed y € Bs(x),

|8§1xjh(x,y)| S 0674”h<27y)HLl(B(;(:Jc),dz) S 0(572 10g 571.

This gives

/ 02, b, y)w(y, t) dy| < Clluwlli log 6. (3.5.20)
B;s(x)

Together, (3.5.20), (3.5.19) and (3.5.17) prove the Proposition at interior points.
Now if 2’ is such that
dist(z',0D) < 26,

find a point x such that dist(x,0D) > 2§ and |2’ — z| < C(D)d. By the Schauder estimate
(see Theorem 3.3.4) we have

|Vu(z') — Vu(z)| < Ca, D)6 ||wl|ce. (3.5.21)
At z, the interior bounds apply, which together with (3.5.21) gives the desired bound at
any ' € D. O
The proof of Theorem 3.5.1

Given Proposition 3.5.3, the proof of the estimate (3.5.3) and so of Theorem 3.5.1 is straight-
forward. Let us come back to the two sided bound (3.3.6) and use the Kato estimate (3.5.10).

We obtain
-1 < ]@t(:c) - (I)t(y)’
- |z —yl

f(t) < f(b), (3.5.22)
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where

() = exp (cnwonm /Ot (1 +log (1 + %)) ds) .

Of course, since the bound (3.5.22) is two-sided, it also holds for ®;'. On the other hand, we
have

|wo(®; () — wo(®; ' (y))]

D, (z) — P, (y)]
[z — | '

[z — |
(3.5.23)

”VU)(Z’, t)HLOQ = SUPg < HVUJOHL"osupx,y

Combining (3.5.23) and (3.5.22), we obtain
t v -
196, )l < [Vl e exp <c||wo||Loo / (1 +log (1 ¥ M)) ds) ,
0

llwo | o
or
t v ; -
log ||Vw(x,t)| L~ < log||Vwol|| L= + Cllwol| L / (1 + log <1 + %)) ds.
0 ollL>=

Let A = ||wol||p=, B = ||Vwo||L~ and consider the solution y = y(t) of

% =CA(1+1log(1+y) ., y(0)= g =Yo- (3.5.24)

By Gronwall’s lemma it is enough to bound y(¢). The solution of (3.5.24) is given by

y(t) dy o
— CAt 3.5.25
/yo y(1+1og(l+vy)) ’ ( )

hence

log (1 +log(1 +y(t))) — log (1 + log(1 + o))

y(t) 1 |
+ /yo dy |:y<1 —|—10g(1 —|—y)) N (1 +y)(1 +10g(1 + y)) = CAt.

The integrand in the last expression is positive and hence
1+ log(1 +y(t)) < (1 +log(1l + yo)) exp(CAL). (3.5.26)

This implies the double exponential upper bound we seek. [J

We note that although we gave a proof of Theorem 3.5.1 in the case of the smooth bounded
domain, it can be proved in a similar way for the case of the torus. This is due to the fact
that the Green’s function of the Laplacian on the torus satisfies the same estimates as in
Proposition 3.2.1.

Exercise 3.5.6 Verify this claim.

The question of how sharp the double exponential bound is has been open for a long time.
This is what we will discuss in the rest of this chapter.
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3.6 The Denisov example

Theorem 3.5.1 gives only an upper bound on the growth of the gradient of the vorticity of
the solutions of the 2D Euler equations, but not a way to construct solutions for which the
gradient actually does grow. The first works constructing examples of flows with growth
in the derivatives of vorticity are due to Yudovich [140, 141]. He considered growth on the
boundary of the domain, and his construction required the boundary to have a flat piece. His
bounds on the growth are not explicit, but it is shown that

limsup ||[Vw(+, t)|| o = 0.
t—r00

Generally, the small scale generation at the boundary fits well with the physical intuition. It
is known that boundaries generate interesting phenomena in fluid motion, and in particular
influence onset of turbulence (see e.g. [77]). In later works [95, 109], it was shown that the
small scale generation at the boundary is in some sense generic.

The basic idea behind many examples of the vorticity gradient growth is simple: find a
stable stationary flow uy and perturb it a little. The background vorticity wy satisfies

Uy + Vwy = 0.
The full vorticity of the perturbed flow u(t, z) satisfies
w+u-Vw=0.
Writing © = uy + v, and w = wy + 1, we obtain
e+ uy-Vn+v-Vwy+v-Vn=0.

The point is that the background stable flow ug should be chosen so that if ¢ is a passive
scalar advected by ug:
Yt +ug- Ve =0,

then V(t, z) would grow rapidly for large ¢. Then the hope is that since ug is stable, the
perturbation v(¢,x) would remain small, and the true nonlinear perturbation 1 would be
similar to ¢, and also have a large gradient. The plan is not easy to implement, however,
since the problem is strongly nonlinear and nonlocal. No matter how small the perturbation
is, it will interact with the background flow, and this interaction is difficult to control for
large times.

Nadirashvili [113] used this strategy to construct examples of flows with a linear growth
in the vorticity gradient in the bulk, when the domain is an annulus. He called such solutions
”wandering”, since, at least in a relatively strong norm, they travel to infinity as time passes.
The argument is based on constructing a stable background flow that can stretch a small
perturbation, creating small scales.

We will follow a similar philosophy and consider the Denisov example. This example
provides the best known rate of growth for the gradient of vorticity in the bulk of the fluid,
away from the boundary, when starting with smooth initial data. Incredibly, the rate of
growth that we can rigorously get is just superlinear, leaving a huge gap with the double
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exponential upper bound. Further on, we will see an example showing that growth on the
boundary (as opposed to in the bulk) can indeed happen at a double exponential rate, but
such examples are not known for the bulk.

The Denisov example is set on the torus T?, and uses a cellular flow as the stable back-
ground flow. One could try instead to smooth out the singular cross flow, and arrange for a
small perturbation of it to play the role of a passive scalar behind the singular behavior. If
one could somehow arrange for the solution to approach, in some sense, in the long time limit,
the singular cross solution, then one could provide an example of the double exponential in
time growth. This idea was exploited by Denisov in [55] to design a finite time double expo-
nential growth example. However, one would face serious difficulties in trying to extend this
approach to infinite time. First, to keep the background scenario stable, one needs symmetry
— and the odd symmetry bans a nonzero perturbation right where the velocity is most capable
of producing double exponential growth for all times, on the x5 = 0 separatrix. Second, it is
not clear how to make a smooth solution approach the “cross” in some suitable sense. Third,
the perturbation will not be passive, and, for large times, will be difficult to decouple from
the equation. In the Denisov example, the nonlinearity is something we will fight: the growth
of the vorticity gradient is driven by a linear mechanism. To build an example with double
exponential growth, the nonlinearity would have to become our friend. We will consider such
example in the next section. The growth of the vorticity gradient in that example will be
double exponential, and it will happen at the boundary of the domain. We will see that the
latter is crucial for the double exponential growth.

The superlinear growth in the Denisov example

We now start the construction of an example where the gradient of the vorticity of a solution
of the 2D Euler equations grows faster than linearly in time. More precisely, we will prove
the following theorem.

Theorem 3.6.1 There exists wy € C°°(T?) such that for the corresponding solution w(t,x)
of 2D FEuler equations, we have
1 [T
72 Jy
This shows a faster than linear growth on average, and, in particular, on a subsequence of
times tending to infinity.

T—o0

IVw(t, )| g dt — 4o00. (3.6.1)

The background flow

Our basic background flow will be really similar to that the cellular flow example above.
In fact, it will be the same flow, but arranged slightly differently. We will start with the
background vorticity

. Ty + X9 T1 — To
w*(z1,xe) = — COST] — COS Ty = —2COS 5 coS )

2

The background stream function is

V* (21, 729) = W (71, T2),
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and the background flow is

u* (1, x9) = (sinxg, —sinzy).
The torus (—,7]* contains two stagnation points of the flow, (0,0) and (7, 7). The four
lines 9 = +x1 + 7 are separatrices of the flow, and the points (7,0) and (0,7) where the

separatrices intersect are hyperbolic points.
Exercise 3.6.2 Draw the streamlines of this flow.

Consider the hyperbolic point D = (7, 0). The change of coordinates
E=(r1+2y—7)/2, n= (29 — 21 +7)/2
transforms the stream function into
(xq, x9) = 2sin siny,
and the characteristic equations near the point D become
f =sin&cosn, n = —sinncosé

(in what follows in this section we will replace the ® notation for the trajectories with more
compact x1(t), z2(t), £(t), and n(t) notation).

Adding a perturbation: symmetry and stability

Let us now consider the 2D Euler equations

Ow + (u-V)w =0, (3.6.2)
u = (Oy(—A) w, =0 (=A)w),
w(0,7) = wy(z), = €T

We set
wit,x) = w* () + p(t, ),

and
u(t,x) = u*(z) + v(t, x).

We will take the initial condition ¢(0,z) as a small perturbation of w*(z). We will need the
stability and symmetry lemmas in the analysis, asserting that the solution will remain close
to w*(z) in L? sense, and, in addition, will keep some symmetries of the initial condition.
Let P, be the orthogonal projection onto the unit sphere in Z? on the Fourier side, and P,
be the projection onto the orthogonal complement of functions supported on the unit sphere
on Fourier side. Simply put, if
flo) =" f(k)e*,

kez2
then

Pif(a) = 3 flk)et,

Ik|=1
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and

Pofr) = Y F)e

|| #1
The following lemma limis the interaction of Piw and Pyw generated by the Euler evolution.

Lemma 3.6.3 [Stability Lemma] Let w(t,-) be C'(T?) solution of the 2D Euler equation.
Suppose that the initial data wo(x) is mean zero and satisfies

| Pawol[r2 < e,
for some € > 0. Then, we have
| Pow(t, )| 2 < V2e for all t > 0.

Proof. Recall that the mean zero property is conserved by the 2D Euler evolution. There
are two additional quantities conserved by Euler evolution:

/Tz it )l d = /T fwo(@) e, (3.6.3)

/ w(t,o)Y(t,x)de = [ |u(t,z)]*dx = / luo|? dax. (3.6.4)
T2 T2 T2

Here, 1) = (—Ap)~'w is the stream-function of u.

Exercise 3.6.4 Verify (3.6.3) and (3.6.4) directly from (3.6.2).

With (3.6.3) and (3.6.4) in hand, observe that then

1
Z (1——2> |o(k, )] / lwo(2)|?x — [ |uol? dx
14 ™

|k|>1

and

also does not depend on time. At t = 0, by assumption, this expression does not exceed 2.
The same is then true for all times. But since

1—|k|72>1/2if |k| > 1,

it follows that
| Py (-, 1) |72 < 2¢2,

finishing the proof. [J
The Fourier transform of w* is supported on the unit sphere in Z2, with

w*(1,0) = w*(—1,0) = w*(0,1) = w*(0, —1) = —1/2.
We also work with real valued solutions w(z,t), so
O(k,t) = O(—k,t).

Yet, the Stability Lemma alone is not enough to conclude L? stability of w* to small pertur-
bations, as energy might shift between different modes with |k| = 1.
We will also need to ensure that the perturbed flow respects certain symmetries.
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Lemma 3.6.5 [Symmetries Lemma] Consider the 2D Euler vorticity equation on T? with a
smooth initial condition wy(z).

(1) If wg is even: wy(x) = wo(—x), then the solution w(t,x) remains even for all t > 0.

(2) If wy is invariant under the rotation by m/2 : wo(x1,x2) = wo(—x2,x1), then the solu-
tion w(t, x) remains invariant under rotation by /2.

Proof. The proof uses uniqueness of the smooth solutions to (3.6.2). Similarly to what
we did in Lemma 3.4.2, we show that if w(t, z1,x2) is a solution, then so are w(t, —x1, —x2)
and w(t, —zy, 7). Given either of these two symmetry assumptions on the initial data, this
would imply, by uniqueness, that the solution must possess the same symmetry for all ¢ > 0.
First, assume that wo(z) is even and set w™M (¢, z) = w(t, —x,, —x3). Let ¥ and ™) be the
corresponding stream functions

A =w, —APY =0 geT?
Then M (t, 21, 29) = ¥(t, —x1, —22), and the corresponding flows are

u(t> I) = (82¢(t’ :L‘), _aldj(tv $)),

and

u(l) (tv l’) = (a2¢(1) (ta JZ), _81¢(1) (t7 l’)) = —U(t, _ZE)
Therefore, w® satisfies
wt(l)(t, z) + (u - V)w(t,z) = w(t, —x) + u(t, —x) - Vw(t, —x) = 0,

and is also a solution of the 2D Euler equations in the vorticity formulation.
Furthermore, if wo(z1, 29) = wo(—x9, 1), we consider w® (¢, z1, zs) = w(t, =12, 71). The
corresponding stream function ¥ | the solution of

_Aw(Q) - w(l), z € T?,
satisfies 1 ?) (¢, z1, 29) = (L, =12, 71), and the flow u® (¢, z) is

u(2) (t’ 37) = (a2w(2) (t, x)? _alw@) (ta l’)) - <_alw(ta —T2, 1131), _82w<t7 —X2, 3:1))

— (u2(t7 —X9, xl); _ul(ta —X9, xl))
Therefore, w® satisfies

ow ow
w}gz) (t,z) + (“(2) : V)w(2) (t,z) = [Wt + u28_x2 + Ula—xl] (t,—x9,21) = 0,

and is a solution of the 2D Euler vorticity equation as well. [

Exercise 3.6.6 Does the 2D Euler vorticity equation preserve the w(xy,zs) = w(—z1,x2)
symmetry? How about w(zy,zs) = w(zg, 1) and w(xy, 22) = —w(—x1, —x2)7

The following Corollary follows from Lemma 3.6.5 and Lemma 3.6.3.
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Corollary 3.6.7 [Stability under symmetry] Suppose that wy(x) is even and symmetric under
rotation by /2. and, in addition,

lwo () = w*(@)[| 2 < e

Then, we have
lw(t, z) —w*(z)]|12 < Coe (3.6.5)

for all times t > 0.
Proof. Lemma 3.6.3 implies that

| Pow ()| 12 < V/2e.

Furthermore, it follows from Lemma 3.6.5 that w(t, z) is even and invariant under the rotation
by /2. Hence, its Fourier coefficients satisfy

w(t,1,0) = w(t,0,1) = w(t,—1,0) = w(t,0,—1),
and are real valued. Therefore,
w(t,z) = c(t)w" () + Pw(x, 1),
and, as ||w(t)||zz = ||wo||z2 and the solution is continuous in time, it is easy to see that
le(t) — 1] < Cie,

from which (3.6.5) follows. [J

Constructing the initial perturbation

Let us now specify the initial data that will lead to the growth of the vorticity gradient. While
the construction is carried out on the torus, it is more convenient to think of functions defined
on R? which are 2r—periodic in both z; and x,. Let Us be a disc of radius V8 centered at
the origin (0,0). We will use the coordinates

€_$1+$2—7T _$2—$1+7T

- 2 ) 77 - 2 )

in which the saddle point D corresponds to £ =1 = 0, and the characteristics have the form
f =sin& cosn, 1= —sinncosé.

The direction ¢ is expanding at D and the direction 7 is contracting. Consider the rectangle

By ={l¢l < 0.1, [n] < d},

and denote its image under the rotation by 7/2 around the origin in the original (z1,x2)
coordinate system by P{. We will define wy on T? as follows: first,

wo(x) = w*(z) outside Py, P;, and Us.
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Next, we set, in the (£, ) coordinate system,

wo = f(&,n) in Ps.

The function f € C§°(Ps) is even in (£, 7n), and satisfies —1 < f < 4. The level set f(&,n) =4
is

{F(&n) =4 ={n=0, [¢ <0.08},
and the level set f(&,n) = 3 is the ellipse

{£(&m) =3} ={(£/0.09)* + (2/0)* = 1}.
Moreover, we assume that
4> f(&,m) >3 if (£/0.09)? + (2n/6)* < 1.

In the rectangle P}, we define wy(z) so that it is invariant under rotation by 7/2 with respect
to the origin.
Next, inside the disk Uy, we set
wo = w* + @5,

where ¢5 € C3°(Us) is designed so that

/ wo(z) dx =0,
T2

and wy obeys the symmetry conditions: it is even and symmetric with respect to the rotation
by /2.

A priori bound on the vorticity and the velocity of the flow

Observe that by this construction, wq is smooth. Since we chose f to be even in the (£, 1)
coordinates, and w* is even with respect to the hyperbolic point D as well, we know that wy
is even with respect to the point D :

wo(l‘l -, xz) = Wo(—xl -, —$2)‘

By Lemma 3.6.5, the solution w(t, x) inherits this property. It follows from the proof of the
same lemma (see the expression for u") in that proof), that

u(t, D) = V*+(=A)"'w(D,t) =0,

for all times ¢t > 0, so the point D is fixed by the flow. Note that D is not necessarily hyperbolic
anymore, as our definition of f(£,n) may destroy the hyperbolicity near D. However, the flow
still possesses the hyperbolic structure outside a small region near D, and we will use this to
prove the growth of Vw.
Let us recall the notation
w(t’ x) = W*(x> + 90(‘737 t)>

and
u(t,z) = u*(z) + v(t, ).
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By Corollary 3.6.7 and the definition of wy, we know that
le@®)llz2 < €82,
for all ¢ > 0. Due to the L* maximum principle for w(t, x), we also have

Iz~ < C.

Interpolating, we get

le(t)]lr < Clp)s»,
for every p > 2.

Lemma 3.6.8 We have
[o(t)]| L= < C(p)s*,

for every p > 2.

Proof. Recall that by (3.4.10),

+y2. —lz—yl?
1}172<t,l’) o ’1y1—>0/Rg |y|2 g0<t T — y>e dy7

where ¢ is extended periodically to all R%2. We split the integral into two parts, over the unit
ball By and its complement. Then by the Holder inequality,

o172 = )l dy] < Cllen(2 )7 < C
B1
where p~! + ¢~! = 1, p > 2. For the rest of the estimate, note that ¢ is mean zero since wy,

and w* are, and set
© = Av.
Integrating by parts, we obtain

| vt —ge o ay
B¢ Yl

sc (‘aw'ﬂw) do+ W y)A (y” e yl"’) dy.
9B, \Z/’Q

Using the Sobolev embedding theorem, trace theorem, and the bounds we have for ¢, we can
complete the proof of the lemma similarly to the proof of Proposition 3.4.4. []

Exercise 3.6.9 Carry out the calculations carefully to complete the proof.

Trajectories near the saddle point

We choose § so that ||v(t, )|z~ < 0.001 for all t. Let us zoom into the point D. The charac-
teristic curves near D are

1(t) = sinxe — vy (x,t), @o(t) = —sinzy — ve(x, ).
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In the £, n coordinates this becomes
€ =cosnsiné — (v; +v5)/2, 7= —sinncosé + (v — v2)/2.

We will write this in a shortcut notation

& =sinécosn + py, 1= —sinncos& + ua, (3.6.6)
where [|f1 2]| L= < 0.001. We will need the following lemma on the behavior of the trajectories.

Lemma 3.6.10 Let £(t),n(t) be the solution of the Cauchy problem (3.6.6) with the initial
condition &(to) = &o, n(to) = no- If |&| < 0.03 and || < 0.1, then |n(to + 1)] < 0.1.
Furthermore, if 0.03 > [&] > 0.02 and |no| < 0.1, then |{(ty + 1)] > 0.03. More generally,
if 0.03 > |&| > (3—17)/100, 0 < 7 <1, and |no| < 0.1, then |{(to + 7)| > 0.03.

Proof. Observe that |£'| < [£| +0.001, |&| < 0.03 imply that
1
1) < |&ole + 0.001/ e’ dt < 0.04e
0

for t € (to,to +1). Now, at n = 0.1 we have
7 < —sin0.1cos0.2 + 0.001 < 0,

for all times in (¢g,tp+ 1) and so the trajectory cannot move past or arrive from the inside at
this value of 7. The case of 7 = —0.1 is similar. Thus, for ¢ € (o, %o+ 1) we have |n(t)| < 0.1.
For the second statement of the lemma notice that for 0.03 > &, > 0.02, due to bounds we
showed, we have

£() > 0.9 — 0.001
in the time interval (to,to + 1), and thus

£(t) > 0.02¢"? — 0.001(e — 1) > 0.03.
For the last statement, following the same estimates, we have to check that
(3—7)e™" —0.1(e" = 1) > (3—7)(14+0.97) — 0.37 > 3+ 0.57 > 3,
which is correct. [

Proof of Theorem 3.6.1

We denote by R, the rectangle |n| < 0.1, || < 0.01s, and by E(t1,t3) the Euler flow map
from time ¢; to time ¢5. The map E(t,t3) is a smooth area preserving diffeomorphism given
by the solutions to the characteristic equations (3.6.6). It has a fixed point D and is centrally
symmetric with respect to D. Consider the set

So=RsN{x: wy(x) > 3}.
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This set is bounded by the intervals lying on the lines & = +0.03 and by parts of the ellipse
where wo(z) = 3. We split this set as

Sy = SLUS2,

where S = Sy N Ry, and S? is the rest of Sy. Consider the image Fy = F(0,1)S,. By
Lemma 3.6.10, this set is contained in |n| < 0.1. Denote then S; = Fy N R3, and keep only
the simply connected component of this set containing the point D. The set Sy is bounded
by the intervals lying on the lines ¢ = £0.03 and by parts of the level set w(t = 1,2) = 3. By
virtue of the same Lemma, the set FZ = E(0,1)Ss gets transported out of R3, and so

[S1] < [Sol = 151.

Note that S; contains a part of the level set w(t = 1, x) = 4. Moreover, since Fj is contained
in |n| < 0.1 and the ends of wy = 4 curve get transported out of R, the part of the level
set w = 4 lying in S; contains a curve passing through the point D and connecting two
points P;f lying on & = 40.03. Now let us split S; = S} U S7, where S} = S; N Ry, and S? is
the rest of S7. We now iterate time in unit steps, obtaining a sequence of sets

Spi1 = E(n,n+1)S, N Rs.
All properties of the set S; described above continue to hold for S,. In particular, we have
‘Sn-i-l’ < |Sn| - |52‘,

which implies that

> 182 < oo

n

On the other hand, for each fixed &, 0.02 < |£| < 0.03, a section of the set S? at level & must
contain an interval [1;, 72| such that w(n;, &) = 3 and w(ny, §) = 4, with

1
[T — 12| > .
[Vw(t =n)|z=

This implies
12| > 0.01]|Vw(t = n)||;%.

We need one more elementary lemma.

Lemma 3.6.11 Let a; > 0 be such that 3 7, a; < oo. Then

N
1 —1 N—=o
N2 Zaj o0
Jj=1

Proof. Observe that

n
. -1 2 -1
m1nwi>0,z1+”+xn:ag T, =no -,
i=1

and the minimum is achieved when x; = o /n for each i.

177



Exercise 3.6.12 Prove this claim.

Now, set
N
N—oo
™ = Z a; — 0
j=N/2

Finally, note that

as N — oo. U
An application of Lemma 3.6.11 then gives

.1l
A~ Z IV, )|l = +oo.

This is a discrete version of (3.6.1). One can obtain the continuous version by using the last
statement of Lemma 3.6.10.

Exercise 3.6.13 Prove (3.6.1), and thus finish the proof of the Theorem. You will need to
use the last statement of Lemma 3.6.10, taking 7 small (and passing to the limit 7 — 0).
Otherwise, the argument above will require only a few adjustments.

3.7 The double exponential growth in a bounded do-
main

In this section, we will describe an example of a solution of the 2D Euler equations in a
bounded domain (a disk) that has the vorticity gradient that grows at a double exponential
rate in time [94]. As we will see, the gradient growth will happen exactly at the boundary.
Essentially, the boundary will play a role of a separatrix in a singular cross type flow. The
main difference here is that while the voriticity has to vanish on a separatrix if we want to keep
the symmetry of the cross (and this depletion makes achieving the double exponential growth
of the vorticity gradient in the bulk difficult), it does not have to be zero on the boundary —
this will allow us to bring the points where the vorticity differs by a O(1) quantity at distance
that goes to zero at a double exponential in time rate.

Theorem 3.7.1 Consider the two-dimensional Euler equations on a unit disk D. There exist
smooth initial data wy with ||Vwo| L= /||wo||z > 1 such that the corresponding solution w(x,t)
satisfies

cexp(c||lwol| oo t)
Pt ([Tl o)

ool [ == o] oo

for some ¢ > 0 and for all t > 0.
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The initial data and the basic mechanism

It will be convenient for us to take the system of coordinates centered at the lowest point of
the disk, so that the center of the unit disk D is at the point (0,1). Here is a rough idea of
the construction. The initial vorticity will be equal to —1 in the right half of the disk, and
to +1 in the left half of the disk, except for a narrow strip around the vertical axis, where
the two values would be smoothly interpolated. Recall that the flow on the boundary is
always tangential to the boundary because of the boundary conditions. Thus, if we can show
that the flow on the boundary would always point toward the bottom point (0,0), it would
bring closer and closer the boundary points on the left half-circle where initially wy = +1
and those on the right half-circle where wg = —1. As these regions approach (0,0) they will
generate log-Lipschitz fluid velocity asymptotic behavior similar to that in Proposition 3.4.7
describing the Bahouri-Chemin example. This nonlinear enhancement is the crucial part of
the mechanism, and will lead to the double exponential growth in the vorticity gradient. The
difficulty is in the details: understanding and controlling all the nonlinear effects, and, in fact,
using them to get the double exponential boost.
Our initial data wy(z) will be odd with respect to the vertical axis:

Wo($1,l’2) = —Wo(—$1,$2)-

We have checked the preservation of this symmetry on the torus. It can be verified similarly
for any domain with the vertical symmetry axis, in particular, for the disk. As we have
described above, we will take smooth initial data wy(z) so that wy(z) < 0 for z; > 0, which,
by symmetry, means that wo(z) > 0 for 1 < 0. This configuration makes the origin a
hyperbolic fixed point of the flow.

Exercise 3.7.2 Show that under the above assumptions u; vanishes on the vertical axis,
thus w(t, z) <0 for x; > 0 for all t > 0.

A flow estimate near the bottom

We will now derive an estimate on the flow that will allow us to capture the hyperbolic nature
of the flow near the origin. The Dirichlet Green’s function for the disk is given explicitly by
(see e.g. [60])

Gp(z,y) = %(log |z —y| —log |z — y| —log |y — ea),
where, with our choice of the coordinates,
g=es+(y—e)/ly—el e2=(0,1),
is the reflection of the point y with respect to the unit disk D.
Exercise 3.7.3 Show that for any y € D™ we have

_ Y|
Yyl = —", 3.7.2
|7 P—— (3.7.2)
and _ _
Yp U1 Ys Y2
_—_ = == =1- - 3.7.3
W TP TP (3.7:3)
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Given the symmetry of w, we have

1 [z —yllz — 9|
u(t,x :—VL/ Gp(x,y)w(t,y dy:——VL/ log (f w(t,y)dy, (3.7.4
where DT is the right half disk where z; > 0, and T = (—x1, 23). The following Lemma will
be crucial for the proof of Theorem 3.7.1. For each point (x1,x2) € DT, let us introduce the
region
Q(r1,22) = {(y1,42) € DT w1 <y, w2 <y},
and set

4

Qt, 1, 72) = —/ yl—ij(t>y) dydys. (3.7.5)
™ Q(z1,x2) |y’

Lemma 3.7.4 Take any vy, such that 0 < v < 7/2, and let D] the intersection of D" with

a sector 0 < ¢ < w/2 — ~, where ¢ is the usual angular variable. Then there exists 6 > 0 so

that for all x € D] such that |z| < § we have

Ul(t, xIy, Ig) = Ilg(t, X1, $2) + IlBl(Il, 9, t), (376)

where | By(x1, 2,t)] < C(7)||wol| Lo~
Similarly, if we denote by Dj the intersection of DT and the sector v < ¢ < w/2, then for
all x € DY such that |z| < we have

UQ<1€, Zy, 1'2) = —$2Q(t, Zy, 33'2) + .CI?QBQ(t, Ty, £I§'2>, (377)
where | By(t, z1,x9)| < C(7)||wol| Lo

Exercise 3.7.5 This lemma holds more generally than in the disk. Perhaps, the simplest
proof is when D is a square. The computation for that case is quite similar to the Bahouri-
Chemin example. Carry out the proof of the Lemma for this case.

The exclusion of a small sector does not appear to be a technical artifact. The vorticity can
be arranged (momentarily) in a way that the hyperbolic picture provided by the Lemma is
violated outside of D7, for example the direction of u; may be reversed near the vertical axis,
where u; is small.

The terms involving Q(t, 21, x5), as will become clear soon, can be thought of as the main
terms in these estimates in a certain regime. Indeed, while the remainder in (3.7.6), (3.7.7)
satisfies the Lipschitz estimates, the nonlocal term Q(z1, 2, t) can grow as a logarithm if the
support of the vorticity approaches the origin. This growth through the nonlinear feedback
can lead to the double exponential growth in the gradient of solution. Essentially, Lemma 3.7.4
makes it possible to ensure in certain regimes that the flow near the origin is hyperbolic, so
that the fluid trajectories are hyperbolas to the leading order. The speed of motion along
the trajectories is controlled by Q(¢, z1,22) in (3.7.6), (3.7.7), and this factor is the same for
both u; and us.

We also note a monotonicity property imbedded in the form of Q(t, z1, x2): the size of the
expression in (3.7.5) tends to increase as x approaches the origin since the region of integration
grows. This will be important in the construction of our example.
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Proof. Let us prove (3.7.6), the proof of (3.7.7) is similar. Fix a small v > 0, and take a
point & = (x1,22) € D], |z| < 0, where ¢ is to be determined soon. By the definition of D7,
we have xo < 1/ tan~y. Hence, if we set

= 10(1 + cot )z,

then z € B,(0). Let us assume that J is small enough so that r < 0.1 whenever |z| < §. The
contribution to u; from the integration over the disk B, (0) in the Biot-Savart law (3.7.4) does
not exceed

1
Clwo / dy < C(7)wllpw1.
D+NB,(0) [z — |

Exercise 3.7.6 Verify this directly from (3.7.4).

For the integration over D\ B,(0), we note that for y in this region we have |y| > 10]z|. Let
us rewrite the four logarithms in (3.7.4) as

1 2 - 2 1 9 2
7Gp(x,y) = log<1 v y+ﬂ)__1og( L +ﬂ)

4 I 4 > [yl

1 27 -y |x\2) 1 27y |z
——1og(1——+— +olog (12242 0 (3.7.8)

4 lyl2  |yl? 4 y* [yl

2

log(l+s) =s— % +O(s?).

With the help of this approximation, a direct computation starting with (3.7.8) leads to

For small s, we have

T1Y1 1Y 27122910 I 22129717, +0 (|x\3) (3.7.9)

7Gp(z,y) = — + — - -
ly>  |g)? |y|* |y[* ly3

We used above that |g| > |y| for y € DT, as follows from (3.7.2). Using (3.7.3), we simplify

(3.7.9) to
dx1T9y1Y2 271220 ElR
—rGnley) = — i - e PO\ ) (3.7.10)

Exercise 3.7.7 Verify that the expression (3.7.10) can be differentiated with respect to x,

yielding
OGp(z,y)  Ariyiya 2110 |2[?
- = T > TO0\ s
O ] ] ]

Observe that the contribution of the error term in (3.7.11) to the integral in the Biot-Savart
law over D \ B, is controlled:

(3.7.11)

2
/ J2 dy<C]x\2/ —ds < Cr™ Ya|? < C(y)x
D

+\B, |Z/|3

For the corresponding integral of the second term in the right side of (3.7.11) we have a bound

/ dy <C/ ds < C.
DT\B, ]y|
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Therefore, the last two terms in (3.7.11) give regular contributions to u1, and are contributing
to the second term in the right side of (3.7.6).

Thus, to prove (3.7.6), it remains only to reconcile the regions of integration in the main
term in (3.7.11), namely to show that

Y1Y2
——w(t,y) dy.

/ yl—yfw(t, y)dy = O(1) +/ 1
DT\B, |y Q(z1,22) Y|

To this end, note first that

Cx1 Cx1
/ y1y42 / dy, / d 2y1y42
B,NQ(z1,z2) ‘yl ‘ ’
Cz1 C2 C4331
< C’/ yl/ dydy1 C/ <C.

Finally, the set Dt \ (Q(z1, z2) U B,) consists of two strips, one along the z; axis, and another
along the x5 axis. The contribution of the integral over the strip along the x5 axis does not

exceed
Y1Y2
dy / dy _/ dy <C.
/ "L s y1+ '

The integral over the strip along the x; axis does not exceed

x2 1
/ dya / dylyl—gf-
0 x7 ‘y’

Since x9 < C(y)x1, the latter integral can be bounded by a constant via a similar computation.
This completes the proof of the lemma. [

An exponential in time growth of the vorticity gradient

Before proving Theorem 3.7.1, we make a simpler observation: with the aid of Lemma 3.7.4 it
is fairly straightforward to find examples with an exponential in time growth of the vorticity
gradient. Indeed, take smooth initial data wo(z) which is equal to one everywhere in D7
except on a thin strip of width § near the vertical axis ;7 = 0, where 0 < wp(z) < 1.
Recall that wy must vanish on the vertical axis by our symmetry assumptions. Due to the
incompressibility of the flow, the distribution function of w(¢, x) is the same for all times. In
particular, the measure of the complement of the set where w(t,z) = 1 does not exceed 26.
In this case for every |z| < §, x € Dt we can derive the following estimate for the integral
appearing in the representation (3.7.6):

2 w(t,
/ D92 (¢, ) dyndys > / / Wit r, ¢) S ¢d¢d > —/ / n ¢ PHDP) ddr.
;r1 IQ |y| /6 /6

The value of the integral on the right hand side is minimized when the area where w(r, ¢)
is less than one is concentrated at small values of the radial variable. As this area does not
exceed 20, we obtain

4
4 / V2 ) dydys > o1 / L dodr > Cylog s~ (3.7.12)
Q( c2Vé

™ 1,72) ‘ |4 /6 r
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where ¢, ¢ and (' are positive universal constants.
Using the estimate (3.7.12) in (3.7.6), we get that for all for |z| < §, x € DT that lie on
the disk boundary, we have

ui(t,r) < —21(Crlog o™t — Cy),
where ('} o are universal constants. We can thus choose 0 > 0 sufficiently small so that
ui(t,z) < —xq, for all times if |x| < 4. (3.7.13)

As we have discussed, due to the boundary condition on u, the trajectories which start
at the boundary stay on the boundary for all times. Taking such trajectory starting at a
point zy € 0D with the first component satisfying 0 < z¢; < J, we get from (3.7.13)

(I)tl71 (l‘o) S $0,1€_t.

Since w(t,r) = w(®;'(x)), we see that ||Vw(x,t)||z~ grows exponentially in time if we
choose wy which does not vanish identically at the boundary near the origin, that is, if

wo(6,1 — VI —62) > 0.

Proof of Theorem 3.7.1

To construct examples with the double exponential growth of Vw(t, ), we have to work a little
harder. For the sake of simplicity, we will build our example with wy such that ||wg|/f~ = 1.

We first fix a small v > 0. We will take the smooth initial data as in the example of the
exponential growth of the vorticity gradient, with wy(z) = —1 for x € D% apart from a narrow
strip of width at most § > 0 (with J small enough so that the estimates (3.7.6), (3.7.7) apply)
near the vertical axis where 0 > wy(x) > —1. This ensures that the lower bound (3.7.12) still
holds.We will require one more feature in wy that we will describe later. In addition, choose §
so that

Cilogd~ > 100C(v).

Here, C(7) is the constant in the bound for the error terms By, By appearing in (3.7.6), (3.7.7).
Given 0 < 7} < 2 < 1, we set

O(z),2)) = {(z1,20) € DY, o <y <2, m<m1} . (3.7.14)
We also define, for 0 < 1 < 1,

uy(t,zy) = min uy (t, 1, 2) (3.7.15)

(z1,m2)eDt | xo<m1

and
u(t,xy) = max uq (t, 1, x2) . (3.7.16)

(z1,x2)EDT | 22<m1

As the initial condition wy is smooth, so is w(t, x), as well as u(t, z), thus these functions are
locally Lipschitz in z; on [0, 1), with the Lipschitz constants being locally bounded in time.
Hence, we can uniquely define a(t) by

a=1u(a,t), a(0)=¢e", (3.7.17)
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and b(t) b,
’ b=u(bt), b0)=¢, (3.7.18)

where 0 < € < ¢ is sufficiently small. Its exact value is to be determined later. We set
O, = O(a(t),b(t)) . (3.7.19)

At this stage, we have not yet ruled out that O, perhaps might become empty for some ¢ > 0,
that is, b(t) would catch up with a(t). Note that b(t) starts to the right of a(t) but it moves
to the left faster than a(t) if both w, and u; are negative, as expected. However, it is clear
from the definitions that O, will be non-empty at least on some non-trivial interval of time.
Our estimates below show that in fact O, will be non-empty for all £ > 0.

Now we will make one more assumption on wy. We ask that wy includes a "bullet”: wy = —1
in the small trapezoid Oy, with a smooth but narrow cutoff into DT, so that || Vwl|ze < 71
This leaves some ambiguity in the definition of wy(z) in the strip of width § next to the xo
axis apart from Oy. We will see that it does not really matter how we define wqy there, as
long as we satisfy all the conditions stated so far. Using the estimates (3.7.6), (3.7.7), the
estimate (3.7.12) and our choice of § ensuring that C;logd—! > C(v), we see that both a
and b are decreasing functions of time and that near the diagonal x; = x5 in {|z| < 6} we

have
z1(logd™! - O) < (—uq)(x1, x2) < z1(logd—t + C)

. 3.7.20

zo(logd™t + C) = wg(zy,22) ~ xe(logo—! —C) ( )

This means that all particle trajectories on the diagonal, at all times are directed into the
region ¢ > 7w/4. We claim that then w(t,z) = —1 on O,. Indeed, it is clear that the

“fluid particles” which at the time t = 0 are outside of Oy cannot enter Op through the
diagonal {z; = 22} due to (3.7.20) at any time 0 < ¢’ < ¢. The definition of the dynamics
of a(t),b(t) means that neither can they enter the set Op through the vertical segments
{(a(t'),x2) € D*, xy < a(t)} or {(b(t'),z2) € DT, zo < b(t')} at any time 0 < ¢ < t.
Finally, they obviously cannot enter through the boundary points of D. Hence the “fluid
particles” in O; must have been in Oy at the initial time and thus w(¢,z) = —1 in O,.

Let us now estimate how rapidly the set O; approaches the origin. As ||w(t,z)||z~ < 1 by
our choice of the initial data wy, by Lemma 3.7.4, we have

uy (b(t), 1) = =b(t) Qb(t), (1)) — C'b(2),
for some 0 < z5(t) < b(t). A simple calculation shows that, for any 0 < x5 < b(t) we have
Qb(t), x2) < Q(b(1),0(1)) + C.

Indeed, since xs(t) < b(t) we can write

Yy, iy 1 /2 1 1
yady yodyy = ~ - = \y
// PG —// Tyt W 2/by1(y% y%+b2) -
< b / y; Pdy, < C. (3.7.21)
b

Thus, we get
uy (b(t),t) > —b(t) Qb(t),b(t)) — 2C b(t). (3.7.22)
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In the same vein, for suitable Z5(t) with 0 < Z5(t) < a(t), we have
W (a(t),t) < —a(t) Qa(t), T2(t)) + Ca(t) < —a(t) Qa(t),0) + 2Ca(t),

by an estimate similar to (3.7.21) above. Observe also that

0a(t).0)> 7 [ BBt 5) s + 200050

™

Since w(t,y) = 1 on Oy, we have

t)/ cos 2 1
/‘7|J1?|J42 (y.t) dyrdys > / / E ¢drd¢>§(_loga(t)+logb(t))_c’

(t)/ cos ¢

thus

1

up(a(t),t) < —a(t) <—

5 (—loga(t) +logb(t)) + Q(b(t), b(t))) +2Ca(t). (3.7.23)

It follows from the estimates (3.7.22), (3.7.23) that a(t) and b(t) are monotone decreasing
in time, and by the finiteness of ||u|| ~ these functions are Lipschitz in ¢. Hence we have
sufficient regularity for the following calculations:

jtlogbm —Q(b(t), b(t)) — 20, (3.7.24)
;i log a(t) < % (log a(t) — log b(t)) — Q(b(L), b(t)) + 2C. (3.7.25)

Subtracting (3.7.24) from (3.7.25), we obtain

% (loga(t) — logh(t)) < QL (loga(t) —logb(t)) + 4C. (3.7.26)

From (3.7.26), the Gronwall lemma leads to

loga(t) — logb(t) < log (a(0)/b(0)) exp(t/2m) + 4C exp(t/27) < (9loge + 4C') exp(t/2).
(3.7.27)
We should choose our € so that —log ¢ is larger than the constant 4C' that appears in (3.7.27).
In this case, we obtain from (3.7.27) that

loga(t) < 8exp(t/2m)loge,

and so
a(t) < 886Xp(t/2ﬂ')'

Note that by the definition of a(t), the first coordinate of the characteristic that originates at
the point on D near the origin with z; = €'* does not exceed a(t). To arrive at (3.7.1), it
remains to note that we chose wy so that | Vwpl[z~ < e 0. O
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