DIFFERENTIABILITY OF EFFECTIVE FRONTS IN THE
CONTINUOUS SETTING IN TWO DIMENSIONS

HUNG V. TRAN, YIFENG YU

ABSTRACT. We study the effective front associated with first-order front
propagations in two dimensions (n = 2) in the periodic setting with
continuous coefficients. Our main result says that that the boundary of
the effective front is differentiable at every irrational point. Equivalently,
the stable norm associated with a continuous Z2-periodic Riemannian
metric is differentiable at irrational points. This conclusion was obtained
decades ago for smooth metrics ([4, 6]). To the best of our knowledge,
our result provides the first nontrivial property of the effective fronts in
the continuous setting, which is the standard assumption in the PDE
theory. Combining with the sufficiency result in [15], our result leads
to a realization type conclusion: for continuous coefficients, a polygon
could be an effective front if and only if it is centrally symmetric with
rational vertices and nonempty interior.

1. INTRODUCTION

1.1. Settings. We first give a minimalistic introduction to the periodic
homogenization of Hamilton-Jacobi equations. For each € > 0, let u® €
C(R™ x [0,00)) be the viscosity solution to

uf + H (£,Duf) =0 in R™ x (0, 00),

(L1) uf(x,0) = g(x) on R".

Here, the Hamiltonian H = H(y,p) : R x R" — R is a given continuous
function satisfying

(1.2) for p € R, y — H(y,p) is Z"-periodic;
' H is coercive in p, that is, lim,_,o mingern H(y,p) = +oo.

For the initial data g, we assume

(1.3) g € BUC (R™) N Lip (R"),
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where BUC (R") is the set of bounded, uniformly continuous functions on
R™.

Under assumptions (1.2)—(1.3), u® converges to u locally uniformly on
R™ x [0,00) as € — 0, and u solves the effective equation (see [14, 10, 20])

a4 {ut +H (Du) =0 in R™ x (0, 00),

u(z,0) = g(z) on R™.

The effective Hamiltonian H € C(R™) depends nonlinearly on H, and is
determined by the cell (ergodic) problems as follows.

Definition 1 (]iffective Hamiltonian). For each p € R"™, there exists a
unique constant H(p) € R such that the following cell problem has a contin-
uwous Z"-periodic viscosity solution

(1.5) H(y,p+ Dv) = H(p) in T" =R"/Z".
Note that v = v(y, p) is not unique even up to additive constants in general.

If H is convex in p, then so is H. In this case, the effective Hamiltonian
is also given by an inf-max formula (see, e.g., [20])
(1.6)
H(p)= inf max H(y,p+ D = inf max H(y,p+ D .
(p) sech o, max (y,p + Dg(y)) secil, max (y,p+ Dé(y))
It is clear that H is defined in a very implicit way. A central and fun-
damental goal in the homogenization theory is to understand qualitative
and quantitative properties of H. To date, not much is known about fine
properties of H.

For clarity of presentation, throughout this paper, we focus on the case
H(y,p) = a(y)|p| for a € C(T™, (0, 00)) that arises from the modeling of first-
order front propagations (e.g., crystal growth, flame propagation), which is
probably one of the most physically relevant examples in the homogenization
theory. In this situation, H(p) represents the effective propagation speed.
Thanks to the above inf-max formula,

(1.7)

H(p)= inf maxa + D = inf maxa +D .
()= _n oy 12X (y)lp+ Do(y)] pechLl,) ma (W)lp + Do(y)|
Clearly, H is convex, even, and positively homogeneous of degree 1. We
sometime write H = H, to emphasize the dependence on the function a.

Due to those properties of H, its 1-sublevel set

Sy = {p ceR"” : Fa(p) < 1}

belongs to W, which denotes the collection of all convex sets in R™ that
are centrally symmetric with nonempty interior. The convex dual D, of S,
determined by

Do = 0H4(0),
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the subdifferential of H, at the origin, is called the effective front, which also
belongs to W. The following realization problem is of our main interests.

Question 1. For what kind of W € W does there exist a function a €
C(T", (0,00)) such that Sq =W (or Dy = W )?

We would like to mention that this kind of problems has been one of the
major research focuses in the context of stable norms in geometry/dynamical
system and first passage percolation theory in probability. See discussions
about connections later.

Definition 2. We say that a point p is rational if p € AZ™ for some A €
R. A point p is called irrational if it is not rational. Moreover, for a n-
dimensional conver set K, OK is said to be differentiable at p € OK if there
exists a unique unit vector ¢ € R™ such that q- (p' —p) <0 for all p’ € OK.

When n = 2 and a € C%(T?, (0, 00)), the following extra restrictions are
known in equivalent forms of stable norms in metric geometry or S-functions
in the Aubry-Mather theory. See [3, 4, 7, 19] for instance.

(i) 88, is C'. Equivalently, D, is strictly convex.
(ii) 05, is not strictly convex (i.e., it contains line segments) unless a is
constant. Equivalently, D, is not C'! unless a is constant.

(iii) 0S5, does not contain a line segment of irrational slope. Equivalently,

0D, is differentiable at every irrational point.

The C? regularity was needed in the proofs of (i)-(iii) to ensure that
corresponding Hamiltonian systems (or geodesics in the stable norm context)
have unique solutions, which implies that two distinct orbits minimizing the
associated actions (or minimal geodesics) cannot intersect twice. Together
with two dimensional topology, this leads to a beautiful identification of
the minimizing orbits with circle maps that provides a nice characterization
of structures of these orbits (see [3]). For example, minimal orbits in the
same Aubry set are well ordered. Also, there exists a Holder continuous
selection of viscosity solution v(-,p) of (1.5) in two dimensions with respect
to a suitable family of parameters ([8]).

However, in the merely continuous situation, uniqueness of solutions to
the corresponding ODEs and intersection restrictions of distinct minimizing
orbits cease to exist. Two minimizing orbits might intersect multiple (even
infinitely many) times. Structures of minimizing orbits could be topologi-
cally very bad and contain various pathological behaviors. As one of the con-
sequences, it is known now that 95, might not be C! for a € C(T?, (0, 00)),
i.e., the above property (i) fails. In particular, it was proved in [15] that for
any a € (0,1), every polygon with rational slopes in W can be S, for some
a in CH*(T?,(0,00)) (i.e., realizable), which implies that realizable sets are
at least dense in W. It is then tempting to think that every shape in W
might be realizable in the class of C(T?,(0,00)). In this paper, we give a
negative answer to this by showing that the above property (iii) still holds
in the continuous setting.
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1.2. Main results.

Theorem 1.1. Assume that n =2, and H(y,p) = a(y)|p| for (y,p) € T? x
R? for some a € C(T?,(0,00)). Then, 8S, does not contain a line segment
of irrational slope. Equivalently, 0D, is differentiable at every irrational
point.

Combining with the existence result in [15], Theorem 1.1 implies that
when n = 2, for continuous coefficients, a polygon could be an effective
front D, if and only if it is centrally symmetric with rational vertices and
nonempty interior. To the best of our knowledge, this might be the first
realization result within an interesting class of functions.

The above result can be proved either from the geometric point of view
using minimizing geodesics or from the PDE point of view using character-
istics of solutions of the cell problem (1.5). In this paper, we choose to use
the latter approach. For that, let us consider the closely related mechanical
Hamiltonian

1
H(y,p) = §|p!2 +V(y) for (y,p) € T" x R",

for some V' € C(T"). Let H(p) be the associated effective Hamiltonian.
Note that for H(p) > maxpn V,

lp+ Dv| = 1.

1 = 1
Slp+ Du’ +V(y) =Hp) = _
V2 () V()
Accordingly, for ¢ > maxy» V and a = \/ﬁ,
F.={peR?: H(p)=c} = dS,.

Here is our second main result, which implies directly Theorem 1.1.

Theorem 1.2. Assume that H(y,p) = 3|p|*>+V (y) for (y,p) € T" xR" for
some V € C(T™). Then, the following properties hold.

(1) Foranyn €N, pg,p1 € R”, if H(pg) # H(p1), then for all X € (0,1),
H(Ap1 + (1= X)po) < AH(po) + (1 = N H(p1),

that is, H is strictly convex along directions that are not tangential
to the level set in any dimension.

(2) Forn =2 and ¢ > maxy2 V, F, does not contain a line segment of
irrational slope.

Property (1) in the above theorem was known for smooth V' (see [11]).
As an immediate corollary, we obtain that

Corollary 1.3. Assume the settings in Theorem 1.2. Then, the effective
Lagrangian L(q), defined as

L(q) = sup {p-a—Hp)},
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is differentiable at every irrational point q if q is not singular (i.e., q ¢ OH (p)
forp e {H = maxm2 V})

The non-singular assumption added in the above corollary is just for tech-
nical convenience so that we do not need to deal with the minimum level
set {p € R? : H(p) = maxqe V}, which we believe can be removed. This is
left to interested readers as an exercise. The same conclusion is known to

be true for smooth Hamiltonians. See [9, 18] for instance.

1.3. Connection with stable norms. For a € C(T", (0,00)), we define a
corresponding periodic Riemannian metric on R" as

1 &,
g=—- dzj.
() 2

Let dy(-,) denote the distance function induced by this metric. The stable
norm associated with g (or a) is defined as
de (0, Ax)
A

Properties of stable norms associated with more general Riemannian metric
have been extensively studied in the community of dynamical systems and
geometry. A central question there is what kind of metric could be a stable
norm (realization problem). See [5] for more background. The limit (1.8)
can also be viewed as a homogenization problem of the following static
Hamilton-Jacobi equation

{a (%) [Dwf| =1 for z € R"\{0},

(1.8) |z]|e = lim for z € R™.
A—r00

w®(0) = 0.

Here, w® is the maximal viscosity solution to the above. By the optimal
control formula, for z € R™,

w®(z) = ed, (0, g) :

Ase = 0, w* — w = || - |4 locally uniformly on R"™, and w = || - ||4 is the
maximal viscosity solution of

Hy(Dw)=1 for z € R"\{0},
w(0) = 0.

The effective front D, = OH,(0) is then exactly the unit ball of the stable
norm || - [
Dy ={z eR" : |z], < 1}.

Our Theorem 1.1 is equivalent to the conclusion that the stable norm ||z||, =
w(x) is differentiable at irrational points when n = 2 for merely continuous
metric, which was known for smooth metric [4]. See [6] for some extensions
to higher dimensions. We would like to mention that the connection between
Hamilton-Jacobi equations and geometry is well-known to experts and these



6 H. V. TRAN, Y. YU

equations are sometimes called metric problems in the PDE literature. The
general static Hamilton-Jacobi equation corresponds to a Finsler metric. See
[16, 17, 20] and the references therein. However, there are very few works
concerning deep properties of effective quantities in the PDE literature where
the focus is mainly on the wellposedness issue.

We also want to point out that if an i.i.d metric function a(z) is considered
on a lattice, this essentially becomes the first passage percolation (FPP)
problem in the probability theory and the corresponding effective front is
called “limiting shape” there. Also, the realization question is a major
open problem ([2]). Homogenization in PDE, stable norm in geometry and
limiting shape if FPP are basically the same type of averaging.

1.4. Open problems. We list here several open questions that are of in-
terests.

Question 2. Does there exist a nonconstant a € C(T?,(0,00)) such that S,
is a strictly convex set (e.g., a disk)?

Question 3. Is any set in W realizable if we look at a € L>(T?,(0,00))
with positive essential lower bound?

Question 4. What can we say about the effective front in higher dimensions
(n > 3), which is much harder due to the lack of topological restrictions?
A counterexample constructed in [6] says that Theorem 1.1 is not always
true when n > 3 even for smooth a(y). In addition, by a clever approach
that does not rely on two dimensional topology, a suitable generalization
of Theorem 1.1 was proved in [6] for a € C3(T™, (0,00)). An interesting
question is whether the C3 assumption there can be relazed, which is closely
related to regularity of solutions to Hamilton-Jacobi equations. See Remark
1. In fact, the so called “generalized coordinates” in [6] are equivalent to
viscosity subsolutions u=p -y + v(y) to the cell problem

a(y)|Du(y)| = a(y)lp + Dv(y)| = 1 in T

Organization of the paper. The paper is organized as follows. Some pre-
liminary results are given in Section 2. We then give the proof of Theorem
1.2 in Section 3. One of the key ideas is to rearrange pieces of intersect-
ing minimizing orbits (Remark 3 and Remark 4) in order to simplify the
topology and reduce to situations that are kind of similar to the classical
scenarios in [4].

2. PRELIMINARIES

In this section, we review some relevant concepts and facts from weak
KAM theory [12] (see also [9]) and the Aubry-Mather theory [3] in the
continuous setting. See [13] for extensions to more general quasiconvex
Hamiltonians. We assume throughout this section

|
H(y,p) = glp* + V(y) forall (y,p) € T" x R",
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where V' € C(T"). Then, the cell problem reads

(21) S+ Duy) P+ V() = H(p),

It is important to note that we only have V is merely continuous on T".
Except the differentiability property Lemma 2.2, most of the definitions and
proofs are straightforward extensions of those in the smooth setting.

Definition 3. Let n € AC ([a,b],R"™) be a given curve. Then, n is called an
absolute minimizer of the action [(5[5(t)[* =V (y(t)) + c) dt if

[ (Gor=voo +e) as [*(Gr0F-vow +e) a

for any [tr, 5] C [a,t], and v € AC ([s1, 2], R") satisfying that (s:) = 1(t:)
for i = 1,2. Here AC (I,R"™) represents the set of absolutely continuous
curves defined on the interval I.

The following lemma is quite basic and well-known (see [12, 20]).

Lemma 2.1. Let U be an open subset of R". Assume that for some c € R,
w € WhHee(U) satisfies that

1
§|Dw\2 +V(z)<c forae zeU.
Then, for any n € AC([a,b],U),

b
(0] = [ (G0 = Vi) = ¢) dt = win®) - winta))

Next is a differentiability property, an important and new result in the
merely continuous setting.

Lemma 2.2. Let U be an open subset of R™. Assume that for some c € R,
w; € WHo(U) fori = 1,2 satisfies that

1
§|Dwi|2 +V(z)<c forae xzeU.
Assume further that there exists a curve n € AC ([a,b],U) such that, for
i=1,2,
b 1 )
[ (G0 = Vo) + ¢) dt = wita®) - wi ot

Then, the following properties hold.
(1) For a.e. t € [a,b],
1.
(22) SIOF + V() =

(2) If n is differentiable at to € (a,b), then w1 and wy are differentiable
at © = n(ty) and

Dwi(n(to)) = Dwa(n(to)) = n(to)-
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(3) For all x € n((a,b)), w1 — ws is differentiable at = and
D(w; — we)(x) = 0.
Proof. Without loss of generality, we assume that 0 € (a,b) and n(0) = 0.

We first prove (2.2). In fact, by standard mollification of w; and approx-
imations, we have that

b
wn((b)) — wi ((a)) = / pa(t) - i(t) dt

b
= [ 5 (ma®F £ 1P = 1m0 = i) a
for some p;(t) € Owi(n(t)) for t € (a,b). Here,
ow; () = co(K(x)),

where co(K (x)) is the convex hull of the set
K(z) ={peR" : 3{xx} — x s.t. Dw;(xy) exists, and {Dw;(zx)} — p}.
Apparently,

%|p1(t)|2 FV(#) <ec forall t € [a,bl.

Accordingly, we must have that
1
5|pl(t)12 +V(n(t)=c and pi(t) =n(t) forae. tcla,b].

Hence (2.2) holds. Note that this also implies that 7 is Lipschitz continuous.

To prove (2) and (3), it suffices to show that for a sequence {\,,} C (0, c0)
with limy, s Ay = 0, if

ligl n(Am?) exists for all t € R,
then, forallt € R, x € R", and ¢ = 1, 2,
lim M =gqt and lim wilAn?) = wi(0) =q-x

m—00 m—0co A

m

for some ¢ satisfying %\q|2 + V(0) = ¢. We only need to prove this claim for
wy as the proof for ws is the same. Let

n()‘mt)‘

Owing to Lemma 2.1, we have that, for any a < t; <ty < b,

wi(n(t2)) —wi(n(ty)) = / : <;|f7(t)\2 — V) + c> dt.

t1

In fact, 7 is an absolute minimizer of the action [(3|%(¢)> — V(v(t)) +¢) dt
(see Definition 3). Then, n(Ay,t)/A\y, is an absolute minimizer of the action

[ (GHOP = VO +c) ar

7(t) = lim

m—00
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over [a/Am,b/Am]|. By the stability of minimizing curves, 7 is an absolute
minimizer of the action

/ (;w(t)ﬁ —V(0)+ c> dt

over any finite interval of R. By the Euler-Lagrange equations, 7j(¢) must be
a line passing through the origin 0, that is,

nt) =q-t
for some ¢ € R™. For convenience, denote M = /2(c — V(0)). Due to (2.2),

lg] < M.
By passing to a subsequence if necessary, we assume that

lim wiAm) = w1 (0) =u(x) forall z € R".

m—o00 A,

Then, u € W1°(R"), and u satisfies that

1
§|Du(ac)|2 +V(0)<c forae xecR"

Equivalently, |Du(z)| < M for a.e. x € R™. Thanks to (2.2),

Amt
wrnt) — a0 = [ (SR - V) + ) ds

Amt
= /0 2(c—V(n(s))) ds.

Dividing both sides by \,,, and sending m — oo, we derive that

u(qt) =tM? for allt € R.
Since |Du| < M,

u(qt) < Mlqlt < M?t.

Therefore, we deduce that |¢| = M, and

u(et) = Mt forallteR

for e = %' = ;- Then, the standard tightness argument in [1] leads to

(2.3) u(z) =q-x for all z € R".
Let us give a proof (2.3) here for completeness. Due to |Du| < M,
lu(x) — Mt| = |u(z) —u(et)] < M|x —et| forallz e R" teR.
Taking square of both sides leads to
u(z)? — 2Mtu(z) + M?t? < M?(|z|? — 2z - et + 12),
which is reduced to
u(z)? — M?|z)? < 2Mt(u(z) — q - x).
Since for fixed z € R™, the above holds for all t € R, we must have

u(z) =q-x.
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O

Remark 1. In the setting of the above lemma, for smooth V', it is well
known that n is C? and both w; and wy are differentiable along 1. See
[13] for differentiability results for Lipschitz continuous coefficients. In our
setting, the subtle point is that it is not very clear to us whether w; and wo
are differentiable along 1. However, w; — ws is indeed differentiable along
n with D(w; — wg) = 0, which is enough for our purpose. It remains an
interesting question to prove or disprove the differentiability of w; along 7.
In particular, if a proper uniform C! regularity of s(x) = w; — w2 near 7
(ie., |s(z) — s(n(0))| = o(d(x,7n))) can be established, the C? assumption of
a(x) in [6] might be relaxed to the mere continuity assumption via suitable
adjustment of the methods there.

For t > 0, and p,z,y € R, let

t /1. . _
G = _int [ (GEGR V) —p-é) + H) ) a5
£(0)==, £(t)ey+2n

and
JY) = hm mf Gip(z,y).

v(y) — v(x). Hence,
Gp(z,y) = v(y) — v(z)
(2.

for any viscosity solution v of (2.1). In particular, G,(z,z) > 0. In addition,
it is easy to see that G)p(z,y) is Z"-periodic and Lipschitz continuous in z
and y.

Now we define the Aubry set associated with p € R™ as

A, ={z e R" : Gp(z,x) = 0}.

Gp(x
By Lemma 2.1, Gy p(z,y) >

Definition 4. Given p € R", a Lipschitz continuous curve & : R — R"™ is
called a global characteristic associated with a viscosity solution v of the cell
problem (2.1) if, for all t1 < tg,

wlelta) ~ (€)= [ (GEIE = Vi) - p-és) + H) ) ds

t1

or equivalently, for u(z) =p-x + v(z) for x € R,

t2 /1 . —

uelte)) —ute(e) = [ (FEOP - View) + Hw) ) ds
1

By Lemma 2.1, to show that £ is a global characteristics of v is sufficient

to show that there exist 1, — +o00 and T,/n — —00 as m — +oo such that

/

Tm . . R
l€Tn) o6 = [ (GEGR = V) ~p-é) + H) ) ds
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In addition, owing to Lemma 2.2, if £ is a global characteristic associated
with v solving (2.1) for a given p € R™, then

(2.4) LE)2 + V() = Hp) for ae. tER.

2

Remark 2. By Lemma 2.1, for p € R™ and v is a viscosity solution of (2.1),
every global characteristic { associated with v is an absolute minimizer of
the action [(5|%(t)|> — V/(v(t)) + H(p)) dt. See Definition 3.

Lemma 2.3. Forp € R" and v is a viscosity solution of (2.1), suppose that
{&m} is a sequence of global characteristics associated with v such that

lim &, =& locally uniformly in R.

m—00

Then, £ is also a global characteristic of v.

Proof. Fix t; < ta. For u(z) =p-z +v(x) for z € R”, and m € N, we have
that

t2 /1 . —

wnta)) = ulenlt) = [ (Glén o) - V() + ) ds.
1

Sending m — oo, by the lower semicontinuity of the integral, we have that

ute(e2) -~ u(e(t)) = timint [ (G160 = ViEn() + HO) ) ds

m—0o0 t
1

t2 /1 . —
> [7 (R - viee) + 7)) ds
t1
Combining this with Lemma 2.1, we get the desired result. ]

Definition 5. Given p € R"™, a Lipschitz continuous curve £ : R — R"
is called a universal global characteristic associated with p if it is a global
characteristic for every viscosity solution v of the cell problem (2.1).

We denote by
U, = the collection of all universal characteristics associated with p.

Then for every § € U,
1

2
Also, owing to Lemma 2.3, the set U, is closed for limit of orbits.

(2.5) E(s)2+ V(E(s) = H(p) for ae. t€R.

Lemma 2.4. Given p € R", every viscosity solution v of (2.1) has a global
characteristic.

Proof. Let u(z) =p-x+v(z) for z € R™. Then, w(x,t) = u(z) — H(p)t for
(x,t) € R™ x [0, 00) solves the following Cauchy problem

wy + 3| Dwf* + V(z) =0 in R™ x (0, 00),

w(z,0) = u(z) on R™.
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By the optimal control formula, for each k € N,

wory= e [ k (51 = V(s ds-+ utron}.
v(k)=0

There exists & € AC ([—k, 0], R™) with £(0) = 0 such that

0
w00 = [ (JER = Viae) ) ds+ule ).

—k
This is equivalent to

wa) - ual-0) = [ (P - Via) + 7)) i

—k
Owing to Lemma 2.2,

%|Sk(s)]2 FV(E(s) = F(p) for ae. t € [—F,0).

By sending ¥ — oo and passing to a subsequence if necessary, we have
that & — ¢ locally uniformly on (—o0,0], and, similar to Lemma 2.3,  :
(—00,0] — R™ with £(0) = 0 is a backward characteristic associated with v.
More precisely, for any t; < to <0,

ulelta)) ~ute(e) = [ (FEOPR - View) + Hw) ) ds

t1
Again, due to Lemma 2.2, for a.e. t <0,

SRR+ VE) = Hp).

Next, we create a global characteristic from this backward characteristic
€. For m € N, let v, : (—oo, m] — R™ be such that

Ym(t) =&t —m) + Ky, for all t <m,

where k,, € Z" is chosen so that v,,(0) = £(—m) + kn, € [0,1]". Again, by
passing to a subsequence if necessary, v,, — < locally uniformly on R. We
obtain that ~ is a global characteristic associated with v. ([

Lemma 2.5. For any p € R",
)

Proof. Let v be a viscosity solution of (2.1) and £ : R — R™ be a global
characteristic associated with v. By projecting £ to T" and a suitable trans-
lation in time, we may find sequences {t,,} — 400 and {z,,} C [0,1]" such
that

mgrﬁm(tm+l B tm) = too,

&(tm) = m + kyy,  for some k,,, € Z",
and

lim z,, = zo € [0,1]",
m—0oQ
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and
o) = o) = [ (GEGR V) < p-é6) + H) ) ds
Then,

Gtm+1—tm,p(ﬂgm7 xm"rl) = /U(xm‘f‘l) - ’U(.’Em)

This implies
Gp(z0,70) < linrlri)ioréf Gtosr—tmp(Tm, Ym) = 0.

Thus, z¢ € A,,.
U

Lemma 2.6. For any x € A, there exists £ € Uy, such that {(0) = z. In
particular, this implies that Uy, # 0.

Proof. According to the definition of A, there exist {t,,} — oo and a se-
quence of curves v, : [0,t,] — R™ such that ,,(0) = z, and v, (tm) =
x + k,, for some k,, € Z", and

i [ (Gl = V(e =+ in(s) + HG) ) ds =

m—ro0

Given a viscosity solution v of (2.1), owing to Lemma 2.1, for any fixed
L >0,

L

(D) = @) < [ (GHn( = V(s = p-hn(e) + HG) ) ds
and

1 R
oCm(tn) = om0 < [ (Gl = V) =4+ H) ) s,
Together with 0 = v(7, (L)) — v(x)) + v(Ym(tm)) — v(vm(L))), we have that

L
Ji ([ (3R = Vo) = p-inls) + 7))
~ (WA (L)) = v(@))) = 0.

Similarly,
. bm 1 ) ' —
i ([ (3R = Vo) —p-inls) + 7))

m—00 m*L
= (W (tm) — v(1(tm — L)) = 0.

Define &, : [—tm/2,tm /2] — R™ as

() for t € [0, %],
Em(t) = {’Ym (tm + 1) — km for t € [—%”70]
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Clearly, for any fixed L > 0, {|[&m|l g1((~r,r))} is uniformly bounded. Up to
a subsequence if necessary, we may assume that

lim &,(t) =&(t) locally uniformly in R.
m—ro0

for £ € AC(R,R"™).
Then, using Lemma 2.1 and the lower semicontinuity of the integral (sim-
ilar to the proof of Lemma 2.3), we see that, for any L > 0,

L
[ (3E0R - vie) ~ -6+ ) ) ds = o6(n) - ofe(-L)

—L

Hence £ is a universal global characteristic associated with p. O

For smooth V', two different orbits in the same Aubry set cannot intersect
and two different absolute minimizers of the same action cannot intersect
twice. However, both situations could happen with merely continuous V.
Consequently, the structure of orbits on U, might be very complicated. Be-
low we provide two procedures to join different pieces of two global charac-
teristics, which will be used later to select nice minimizing orbits and then
simplify the topology of interacting curves.

Remark 3. Given p € R" and v is a viscosity solution of (2.1), suppose
that &1 and & are two global characteristics associated with v satisfying that
for some t1,t3 € R,

§1(t1) = &a(ta).
Define

£x(t) = {gl (t) for t <t

Ea(t —t1 + 1) for t > t;.
See Figure 2.1.

FiGURE 2.1. Formation of the curve &3

Then, it is easy to see that {3 is also a global characteristic associated with
v. In fact, for a < t1 < b,

b . . —_
o0) = o(t) = [ (S - V@)~ p-alo) + Fp)) s

t1
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and
olt) = ola) = [ (SR = Vi) ~p- o) + H ) ds.

Thus

v(b) —v(a) = v(b) —v(t1) + v(t1) — v(a)
b1, : _
= [ (GaG - Vi) - p-éalo) + ) ds.
Remark 4 (Crossing of two universal global characteristics). Suppose that

p,p’ € F,, and £ and §~ are orbits in U, and U, , respectively. Assume that
there exist t1, t, ], t, € R such that, for i = 1,2,

P, = €(t;) = £().
Now we present how to construct new orbits on U, and U,y by joining dif-

ferent pieces of £ and £. Without loss of generality, we assume that t; < .
There are two cases.

Case 1. t| < t,,. Define

£(1) for t <y,

Ea(t) = E(t+ 1, —t1) for ty <t <ty +th—t),
Et+tg—t —th+t))  forty+th—t) <t

See Figure 2.2.
Case 2. t} > t,,. Define

£(1) for t < ty,

&) =< &t +t) —t) for t; <t <t +t) — 1,
E(t+ta—t1 —t) +1th) for t; +¢) —th <t.

FicURE 2.2. Combining two universal global characteristics
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Since both ¢ and £ are absolute action minimizing curves connecting Pj

and P», we have that
/: (;|é(5)\2 = V(&(s)) + c) ds — /t;g <;|g(s)|2 _V(Es) + C) sl

Accordingly, we have the following conclusion.

Corollary 2.7. The above & or &3 belongs to U,.

Definition 6. We say that §» or & constructed in Remark 4 the adjustment
of & with respect to £ between t1 and ts.

Lemma 2.8. Let p € R™, and v be a wviscosity solution of (2.1). Let & :
R — R"™ be a global characteristic associated with v. Assume that there
exists {tm} — £oo such that {(ty,)/tm converges as m — oo. Then,

lim £tm) € 0H(p).

m—0o0 m
Proof. Suppose that
im

m—oo 1,

for some ¢ € R™. It suffices to show that
(2.6) H(p)>Hp)+q- (@ —p) forallp eR"
Let v" be a viscosity solution of (2.1) with p = p’. By Lemma 2.1,

()40 €n)) - -sO) 60 < [ (S Ve + T as

Meanwhile,

P+ €ltn) +0(Elt)) (- €0) +0(€0) = [ (;m? V() +H<p>) ds.

Taking the difference of the above two equations, dividing both sides by t,,,
and sending m — oo, we derive (2.6). (]

Definition 7. For p € R™ and v is a viscosity solution of (2.1), a global
characteristic £ : R — R™ associated with v is called periodic if there exist
T >0 and q € Z" such that

Et+T)—&(t)=q forallteR.
In this case, q/T is called the rotation vector of &.

Owing to Lemma 2.8, the rotation vector
q Yii
= € 0H(p).
T (p)

Also, it is clear that every periodic global characteristic associated with some
v must be a universal global characteristic.
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Corollary 2.9. For p € R™ and v is a viscosity solution of (2.1), let £ :
R — R"™ be a global characteristic associated with v. If there exist t1 < to
such that
§(t2) —&(t1) =qe ",
then q
O0H (p).

ot C (p)

Proof. Let T =ty — t1. Define 5 R — R™ as
) =&t — kT +t) + kq ift € [KT, (k+1)T),

for all k € Z. Then £(0) = £(t1) and £(t + T) = £(t) + ¢ for all t € R. Since

0= ost)) ~ o(elt) = [ (07 = V) -0+ HG) )

for any m € N, we have that

m—1
I(&,[-mT, mT]) = I, [kT, (k +1)T))
kn;:;n _ m—1
= Y IE0,T) =) I [t ta])
k=—m k=—m

Here,

b
o) = [ (GHOF =~ Vo) = ot + 7)) at

Then, §~ is a periodic global characteristic associated with v. In fact, §~ € U,.
The conclusion follows from Lemma 2.8. U

Lemma 2.10. When n = 2, for every q € Z? and ¢ > maxy» V, there exists
pq € Fe such that Uy, has a periodic orbit § such that, for some T' > 0,

Et+T)—&(t)=q forallteR.

Proof. This result is well-known for smooth V. Similar to the proof of the
stability of global characteristics in Lemma 2.3, the merely continuous ver-
sion can be established by approximating V with smooth periodic functions
under the maximum norm. O

Lemma 2.11. Suppose that there exist pp,p1 € R™ and A € (0,1) such that,
for px = Apo + (1 — A)p1,

H(py) = AH (po) + (1 = N H(p1).
Then,

H(py) =

|

(pO) = F(pl)v 'APA - 'APO N Apla
and

Up, N Upy NUp, # 0.
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Proof. We divide the proof into two steps.

Step 1. For z € A,,, there exist {t,,} — oo and a sequence of curves
Ym © [0, tm] — R™ such that v, (0) = z, v (tym) € x + Z™, and

i [ (GHn (O = V(e = painle) + Hp) ) ds 0.

m—0o0

Let

A= [ (;wm(sw V() — Do - A(s) +H<po>> s,

and

tm (1 .
B = (1= [ (GHm(F = V(e = 1+ n(s) + H) ) ds
Then
tm 1 5 .
[ (3Hm O = V() = b3 50+ Hp) ) ds = A + B
By Lemma 2.1, A,,, B;, > 0. Hence,
lim A,, = lim B,, =0.
m—0o0 m—00
Meanwhile, by the definition of Gp(z, z), it is obvious that

0 < AGpy(z,z) < lim A, and 0< (1 - NGy (z,2) < lim By,.

m—o0 m—ro0

Accordingly, Gy, (z,2) = Gp,(z,z) = 0. Then z € Ay, N Ap,,. This implies
that

Apy C Apo N Ay, -

In addition, as in the proof of Lemma 2.6, a suitable reparametrization
of {ym} gives a sequence of curves that converges to a common orbit in
upx A upo ﬂupl'

Step 2. Choose an orbit § € Uy, NU,,. Then, by (2.5),
1 . _
SEOP + V() = Hpo) for e t € R,

and

%Ié(t)\Q +V(E®) =H(p) foraeteR,

Therefore, H(pg) = H(p1).
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3. PROOF OF THEOREM 1.2

We are in the setting of Theorem 1.2 in this section. Part (1) follows
immediately from Lemma 2.11. We now prove part (2). Throughout this
section, we assume that ¢ > maxp2 V. Hence any orbit on U, for p € F,
does not intersect with itself since u = p - x 4+ v is strictly increasing along
any orbit.

We argue by contradiction. Suppose that F. contains a line segment of
an irrational slope. Assume that py and p; are two points in the interior of
the line segment. According to Lemma 2.11,

Apy = Ap,,
and
po — p1 is an irrational vector.

Then, the outward unit normal vector 7 is also irrational, and
OH (po) = 0H (p1) = {Xi : A € [a, B]}

for two positive numbers 0 < a < 5. Without loss of generality, we assume
that

(3.1) i+ (1,0) > 0.

Let vp and v; be viscosity solutions to (2.1) corresponding to p = pp and
p = p1, respectively. Write

U =U,y "Uy,,

and

S=J¢m®) cr®

feu

Owing to Lemma 2.11, U # (). Also, by Lemma 2.2, ug — uy is differentiable
at x € 5, and

(3.2) D(up —up)(x) =0 forz e S.
Here, ug(x) = po - = + vo(x), and uy(z) = p1 -  + vi(z) for € R2.

Thanks to Lemma 2.10, we can choose p’ € F, such that U,y contains a
periodic orbit 7 such that for some 7' > 0

(3.3) nt+T)—n(t)=(0,1)=ey forallteR.
For e; = (1,0), denote
(3.4) A =max{le; - (x —y)| : z,y € n(R)}.

Choose a positive integer J > A + 1 and for k € Z, denote
e =n+k(J,0).
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FIGURE 3.1. Family of {n}rez

Clearly, these curves are mutually disjoint. See Figure 3.1.
Throughout this section, £ represents a given orbit on . Then, owing to
Lemma 2.8,

(3.5) lim £ = lim —t®) =1.

=00 [E(t)]  to=oo |E(D)]

Then, ¢ intersects each 7.
For k € Z, write

tr+ = max{t € R : {(t) € np(R)}, tr— =min{t € R : £(t) € ni(R)}.
Owing to (3.5), both t; 4 and t; _ are finite. See Figure 3.2.

Tk

FIGURE 3.2. Intersections of 7 and &
Lemma 3.1. For k € Z, assume that
E(tr+) =me(04)  and  &(tk,—) = nk(0-)
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for 0_,0, € R. Then,
(1)
ER) Nne(R) C {me(t) : min{fy,0_} <t < max{6,,0_}};

(2)
0y —6_| <T.

Here, T is the constant defined in (3.3).

Proof. We first prove (1). Were the conclusion of (1) not true, there would
exist tg € (tg,—,tk+) such that

§(to) = i (0)
for some # < min{64,60_} or # > max{0;,0_}. Without loss of generality,
we assume that 0 > 64 > 6_. Then,

/ ) (3108 = Vi) +c) ds = / (3102 - Vg +c)

A B

as both 7, and £ are absolute minimizers of the action connecting 7 (6—)
and n(01). Also,

[ (3linto? = vonton +) as= [ (3R - view +) s

C D

since both 7, and & are absolute minimizers of the action connecting 7 (6_)
and 7(0). On the other hand, it is obvious that

B>D and A<C.

This is a contradiction.

Next we prove (2). Again we argue by contradiction. Without loss of
generality, assume that 0, — 0_ > T. See Figure 3.3.
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F1cURrE 3.3. The situation where 4 —6_ > T

Let & be the adjustment of § with respect to 7y, between ¢, _ and t;, 4 (see
Definition 6). Then, owing to (1), &1 (R)Ni(R) = nk([6—, 6+]). In particular,
&1 would contain two points A = ni(0_) and B = (60— + 1) = A+ (0,1).
Owing to Corollary 2.9, 7, the normal vector of F, at py is parallel to (0,1),
which contradicts the assumption that 77 is irrational. ([l

Remark 5. (1) in the the above lemma actually says that the intersection
parameters are monotonic. Precisely speaking, for ¢; < to < t3, if

f(tz) = 771@(91) for i = 1,2,3,

then we have either 6; < 0y < 03 or 61 > 65 > 05.

Write
pa= [ (3060 - Vo) +c) as

which is exactly the action of one cycle of 7.

Owing to (3.1) and (3.5), £ will intersect n, before it intersects ng11. The
following lemma says that £ will not intersect 7, again after it intersects
Ni+1 for large enough J.

Lemma 3.2. Assume that

L
J>max{A+1, A+A}.
Ve —maxpe V

Then,

th+ <tpg1— forallk € Z.
Recall that A = max{|e; - (x —y)| : =,y € n(R)}.
Proof. If the conclusion of the lemma were false, then we would have
b1~ € (b= tet)-

See Figure 3.4.
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M Me+1

FIGURE 3.4. The situation where ¢4 € (tg—,tgk+)

Note first that

2(J = A) < [€(tkta,-) = )+ [€(trra, ) — €tk )| < / v [€(s)l ds.

tg, —
Meanwhile,
tit ) e+ .
/t <;|§(S>|2 _V(Es) +c) ds> V2 [ Ve VEIEG) ds
. " tht
c—n%r%xV/th £(s)| ds.
Also,

/ (i’f'(S)lQ —V(g(s) + ) s

/: (;’f'k@)lQ —V(m(s) + ) ds

< Ly.

23

Here, &(tk+) = ne(Ok4), and  &(tg—) = nk(0k,—). The inequality in the

above is due to (2) in Lemma 3.1. The absolute sign | - | is added because
01, — might be bigger than 60, . Therefore,
L
20J —A) < —=24
ve—maxpe V

which contradicts the choice of J.

For two orbits £; and & on U, we define the distance

(€, 62) =Y arctan(d(&1, &2, k)).

2
= |k]?2 +1
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Here,
d(&1, &2, k) = min{|0; — o] : 61 € Ay g, 0o € Az},

where, for i =1, 2,
Aip ={0 €R : m(0) € G(R)

Clearly, the distance function d(-, -, k) (hence d(-,-)) is lower semicontinuous
with respect to orbits on U, i.e., if &, — & locally uniformly for ¢ = 1,2,
then

hnn—l)10%f d(El,na 52,71) > d(€17 §2)
Define
(3.6) Z={0€cR : there exists an orbit £ € U such that n(0) € {(R)}.

Due to the T-periodicity of 1 and the fact that the set i is closed under
limits of orbits, Z is a T-periodic closed set.

To finish the proof, the next step is to show that for ug(z) = pg-x+wvo(z),
and uy(x) = p; - & + v1(x) for z € R?,

(3.7) wg — uy is constant on Z,

which will lead to a contradiction since limg_, o [ug(n(6)) — u1(n(0))| = co.
Suppose that

R\Z = | (ai, b;),
i=1
where {(a;, b;) }i>1 are disjoint open intervals. Obviously, (a;, b;) C (ai, a; +
T) for each i € N since £ eU = £+ (0,1) e U.
Lemma 3.3. Forall j € N,
(3-8) uo(n(a;)) —ui(n(a;)) = uo(n(b;)) — u1(n(by)).

Proof. We only need to prove the claim for j = 1. Owing to the lower
semicontinuity of the distance function, we may choose &; and & in U such
that

(i) £€1(0) = n(a1) and &(0) = n(ba).
(ii) d(&1,&2) attains the minimum value among all curves in U satisfying
(i).
To simplify the associated topology between curves, we adjust & and &

with respect to each 1y between ¢; , _ and ¢; ; + for i = 1,2 respectively (see
Definition 6). Here

ti,k,—i— = max{t eR: &(t) S ﬁk(R)}, ti,k,— = Hlin{t eR: &(t) S ﬁk(R)}

By Lemma 3.2, for i = 1,2, the time intervals (t; s —,t; % +) are mutually
disjoint, i.e.,

o <ljo1,- St <tio— <tlio4 <tin- Sty <tz Stigg <.

Hence the adjustments are well defined.
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In addition, thanks to (1) of Lemma 3.1, the distance between two ad-
justed orbits is not greater than d(&1,&2). Thus two adjusted orbits also
satisfy (i)-(ii) above. By abuse of notations, we still use & and & to rep-
resent corresponding adjusted orbits. Accordingly, we may assume that for
each k € Z, and i = 1,2,

(3.9) ER)Nm(R) =&([tik—s tik+]) = me([Oik—, Oik+])-

Here &(tig+) = Me(0ik,+) and  &(t; k) = Me(0ik,—). It could happen that
i k,+ < 0;r—. In terms of topology, the above basically plays the role like
that & and ny only intersect once for smooth V. We consider two cases.

Case 1. & (R)N&(R) # (). Assume that & (t1) = &a(t2) for some 1, t5 € R.
See Figure 3.5.

&i(t1) = &(t2)

FIGURE 3.5. The situation where & (R) N & (R) # ()

Then,
up(§1(t1)) — uo(§1(0)) = u1(&1(t1)) — w1 (€:1(0))
= [" (30F - viae) +<) s
and

up(§2(t2)) — uo(§2(0)) = u1(§2(t2)) — u1(€2(0))
= ? 1 : S 2 — S C S
= [7 (3P - Vit + <) as.

Taking the difference of the two equations above leads to the claim.
Case 2. £ (R)N&(R) = 0. For each k € Z, let
dy (k) = max{H : 77k(9) €& (R) N nk(R)},

and

dz(k) = min{f : nx(0) € &2(R) Nyi(R)}.
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Owing to two dimensional topology and (3.9), we have that
d1 (0) = ai and dQ(O) = bl,

and
dy(k) < do(k) for all k € Z.

See Figure 3.6.

Mk Mk+1

FIGURE 3.6. Positions of d;(k), d2(k)
We claim that

(3.10) > (da(k) — da(k)) < T,
kEZ

which will be proved in Lemma 3.4 below. In particular, (3.10) implies

(da(k) — di (k) = 0.

lim
k—o0
Similar to Case 1 above, since 7 (d;(k)) € &(R) for i = 1,2,
uo (1 (d1(k))) — uo(£1(0)) = ua (i (dr(k))) — ur(£1(0)),
and

uo(nk(da(k))) — uo(€2(0)) = u1 (i (da(k))) — u1(§2(0)).

Taking the difference of the two equations and sending k — oo, we obtain
the claim.
O

Proof of Theorem 1.2. To finish the proof of the main result, we only need
to prove (3.7). We proceed by using (3.8).
Write

9(t) = uo(n(t)) — ur(n(t)).
Then, ¢(t) is Lipschitz continuous and by (3.2),
Jgt)y=0 fortelZ.
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See (3.6) for the definition of Z. Moreover, due to (3.8), for each i € N,
g(a;i) = g(bs).

Define a new function

g(t) forteZ
h(t) = )
g(a;) for t € (a;,b;), and i € N,

Clearly, h(t) is Lipschitz continuous and h’(t) = 0 for a.e. t € R. Hence
h = ¢ for some constant ¢ € R. This leads to

g(t)y=c fortel.
This is absurd as for m € N,
9 T) — g(0)] 2 ml(po — 1) - (0,1)] ~ max o] — max o],
which leads to lim;_, |g(t)| = +00. O
Finally, we give a proof of (3.10).
Lemma 3.4. In Case 2 in the proof of Lemma 3.3,

Z(dz(k) —di(k) <T.

keZ
Proof. We first show that, for all & € Z, the open interval
(3.11) (1 (), da(k)) C R\T,

that is, it is one of those open intervals {(a;,b;)};>1. It suffices to show this
for k > 0 as the proof for k < 0 is similar. We argue by contradiction. If
this were not true, then there would exist £ € N and £ € U such that

(3.12) £(0) € {mi(9) : 0 € (di(k), da(k))}.
Since £ cannot pass the portion of 7 on (a0, bp), we deduce that, if trace

backward along &, it must intersect & or & before it intersects 7. See
Figure 3.7.

Mk Mk+1
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FIGURE 3.7. Relative position of &
Let
t-=max{t <0 : &) € &(R) U&(R)},

ty =inf{t >0 : £(t) € & (R) U&(R)}.
Then t_ < 0 and ¢4 > 0. Note that ¢4 could be +oo.
Now we will use the gluing property of Remark 3 to construct a new orbit

in Y. By two dimensional topology and (3.9), it is easy to see that, for each
kez,

(3.13) §((t— 1)) N (me(R)) € {ne(0) = 0 € (du(k), da(K))}-

Without loss of generality, we assume that £(t_) € &(R) and £(ty) €
&i(R) for j =1or j =2if t; < +oo. Suppose that

i) =6 ) and E&ty) = &(F).
for 0 < ¢_ < t4. Here t; = 400 if t4 = +o0. Let
&(t) for t <t_,

&)= E(t+t_—1_) fort_ <t<ty+t_ —t_,
b+t +to —t_ —ty) for t >ty +t_ —t_.
Then, by (3.12) and (3.13), we have that

£(0) =n(b1) and  d(&,81) < d(&2, &)

This contradicts the choice of £ and £». Hence our claim (3.11) holds.
Next we show that for k # [, (di(k),d2(k)) is not a T-translation of
(dq(1),d2(1)). In fact, if

(di(k),d2(k)) = (di(1),dz2(1)) + jT

for some j € Z\{0}, then both n(d;(k)) and n(dy(1)) + ((k —1)J, j) are on
&1. Owing to Corollary 2.9, the outward normal vector 7 is rational, which
contradicts our assumption. Accordingly, after we translate all (d; (k), d2(k))
into (ai,a; + T), they are disjoint. Therefore, (3.10) holds true.

Remark 6. Our main result can be extended to more general metric Hamil-
tonians, e.g., H(y,p) = \/p - A(y) - p, where A(y) is a 2 X 2 positive definite
matrix that is periodic and continuous in y. The proof is similar to that
of Theorem 1.1 by employing the Lagrangian associated with H?(y,p) =
p - A(y) - p and a generalized version of the tightness argument used in
Lemma 2.2. Here is the generalized version that appeared in the study of
L°°- variational problems: suppose that H = H(p) € C*(R") is strictly
convex and superlinear. Assume that @ is a Lipschitz continuous function
satisfying that H (D) <0 for a.e. x € R™. If there exists a nonzero vector
q € R" such that

a(qt) — @(0) = tL(qg) for all t € R.
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Here L is the Lagrangian associated with H. Then, @(z) = 4(0) 4+ DL(q) - =
for all z € R™ and H(DL(q)) = 0. See page 1123 in [21] for the proof. The
details are left to interested readers.
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