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Abstract

We consider a toy model of rate-independent droplet motion on a surface with contact angle hysteresis based on
the one-phase Bernoulli free boundary problem. We introduce a notion of solutions based on an obstacle problem.
These solutions jump “as late and as little as possible”, a physically natural property that energy solutions do not
satisfy. When the initial data is star-shaped, we show that obstacle solutions are uniquely characterized by satisfying
the local stability and dynamic slope conditions. This is proved via a novel comparison principle, which is one of
the main new technical results of the paper. In this setting we can also show the (almost) optimal C L1/ 2-_spatial
regularity of the contact line. This regularity result explains the asymptotic profile of the contact line as it de-pins
via tangential motion similar to de-lamination. Finally we apply our comparison principle to show the convergence
of minimizing movements schemes to the same obstacle solution, again in the star-shaped setting.
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1. Introduction

The purpose of this paper is the analysis of geometric properties of the solutions of a toy model of a
quasi-static droplet motion with contact angle hysteresis effects.

Capillary surfaces incident to a solid surface are often subject to a phenomenon known as contact
angle hysteresis. Instead of a single stable contact angle determined by the material properties, as
predicted by the classical Young’s law, there is a pinning interval, or range of stable apparent contact
angles. Thus, under small forcings, the contact line can “stick” in a similar way to classical static friction
in mechanics. The origin of contact angle hysteresis and the appropriate modeling of its effects remain
the subject of much interest in the physics, engineering, and mathematics literature [25].

In the present model, we consider a droplet on a flat d-dimensional plane whose free surface is given
as a graph of a function u = u(t,x), u : [0,00)xU — [0, o), where U c R< is a connected domain with
compact complement; see Figure 1. The sets Q(u(?)) := {u(t) > 0} and {u(z) = 0} are respectively the
wet and dry regions at time ¢. At the domain boundary dU, the height of the droplet surface is a given
function of time F' = F (). We assume that the time scale at which the droplet reaches equilibrium is
much shorter than the time scale at which F changes, that is, the evolution is quasi-static. Therefore
at each time u(¢) minimizes the linearized surface area of the graph {(x, u(z,x)) : u(¢,x) > 0}, and
at the boundary of the wet region d{u(t) > 0} N U the contact slope is within the allowed interval
|Vu(t))? € [1 — pu_, 1 + py] with some p_ € (0,1) and g, > 0. In summary, at each time ¢t € [0,T],
u(t) is a solution of the local stability condition

(1.1
1—pu_ < |Vu@®))> <1+pu, ondQu(t)NU,

{Au(t) =0 in Qu(r)) NU,
while it satisfies the Dirichlet boundary condition
u(t) = F(¢) on oU.

It remains to specify how the droplet reacts to the changes in the boundary condition F(¢). Here
it seems reasonable to require that the support Q(u(r)) = {u(¢) > 0} adjusts as little as necessary so
that the conditions in (1.1) can be satisfied. This should mean that it expands (resp. shrinks) only at
points where the contact angle condition |Vu|> < 1+ u, (resp. |[Vu|?> > 1 — p_) saturates. This heuristic
“motion law” suggests the dynamic slope condition

IVu(OPP(x) =1+ us  if £V, (Qu(r),x) >0 on dQu(r)) NU, (1.2)
where V,,(Q(u(?)), x) is the outward normal velocity of Q(u(t)) at x € 0Q(u(t)).
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Figure 1. Side view (left) and the top view (right) of the setup for the one-phase free boundary problem.

It is natural to frame this as an obstacle problem for u(z) as long as the forcing F is piecewise
monotone. More precisely, we assume that there is a finite set Z such that

F :[0,T] — (0, o) is Lipschitz and changes monotonicity only on Z. (1.3)

The above motivates the following definition.
Definition 1.1. We say thatu : [0, 7] xU — [0, o) is an obstacle solution (O) in U driven by F on dU if

1. (Initial data) u(0) is a viscosity solution of the local stability conditions (1.1).
2. (Dirichlet forcing) For all t € [0,T]

u(t) = F(t) on 0U. (1.4)

3. (Obstacle condition) For every (s,t) N Z = 0, so that F is monotone on [s, t], u(¢) is the minimal
supersolution of (1.1) and (1.4) above u(s) when F is increasing on [s, ¢] (resp. maximal subsolution
below u(s) when F is decreasing).

The notions of minimal supersolution and maximal subsolution above are in the viscosity solu-
tions/Perron’s method sense; see Section 4 for more details. The stability condition on the initial data
is for convenience, otherwise the solution could jump at the initial time resulting in a “replacement”
initial data satisfying (1.1).

Itis not hard to show that an obstacle solution satisfies the local stability and dynamic slope conditions.
However, the question whether the conditions (1.1) and (1.2) uniquely characterize the obstacle solution
is less obvious and we give an affirmative answer in the strongly star-shaped setting (Definition 4.9) with
additional regularity assumptions. In fact, we do not expect this to be the case when there are jumps in
the evolution, which cannot be easily ruled out in the non-star-shaped setting.

Theorem 1.2 (see Theorem 4.10). Let F satisfy (1.3), and let u be an obstacle solution in the sense of
Definition 1.1 and let Qg = Q(u(0)):

(i) If u is uniformly nondegenerate at its free boundary (which holds if d = 2 or if Qg is strongly star-
shaped, see Lemma A.2), then u satisfies the local stability condition (1.1) and the dynamic slope
condition (1.2) in the viscosity solutions sense; Definition 4.3 and Definition 4.8.

(ii) Furthermore, if Qq is a strongly star-shaped C'® domain, then any viscosity solution of (1.1) and
(1.2) is the unique obstacle solution.

In a general setting, the obstacle solution (O) can jump in time due to topological changes of the wet
region Q(u(r)); see Section 2 for examples. The handling of jumps seems physically reasonable as, in
a certain sense, the solution jumps “as late as possible”. We believe that this is an important feature
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of this notion. This is in a contrast to an alternative approach to modeling the quasi-static evolution: a
rate-independent evolution of the Bernoulli functional

J) = / Vo> + 1350y dx, v e H'(U), (1.5)
U
where 1,0y is the indicator function of the set Q(v) := {v > 0}, with a dissipation distance

Diss(vi,v2) := e |Q(v1) \ Q(vo)| + p-[Q(vo) \ Q(v1)l,

again driven by the Dirichlet forcing F.

The authors explored this approach in a companion paper [17] so we refer the reader to that paper
for details. Here we briefly review the important definitions. The approach is inspired by the work of
DeSimone, Grunewald, and Otto [ 15], with theory developed by Alberti and DeSimone [1]. Those works
considered the surface energy capillarity functional with volume forcing using the energetic framework
of rate-independent systems [24].

In [17] the following notion of a solution was introduced:

Definition 1.3. A measurable u : [0,7] — H'(U) is an energy solution (E) of the quasi-static evolution
problem driven by Dirichlet forcing F if the following hold:

1. (Forcing) For allt € [0,T]
u(t) = F(t) on oU
2. (Global stability) The solution u(t) € H'(U) and satisfies for all € [0, T]:
Ju(t)) £ J(u’) +Diss(u(t),u’) forall u’ € u(t) + Hy(U). (1.6)

3. (Energy dissipation inequality) For every 0 < ty < t; < T it holds

T (u(t0)) — T (u(t1)) +/ | 2F(1)P(1) dr = Diss(u(t), u(11)). 1.7

4}

Here P(t) = P(u(?)) = fau 6;5:) dS is an associated pressure.

A formal first variation of the global stability condition (1.6) shows that u(¢) should indeed be
a solution of (1.1). However, due to the global nature of the stability condition, the solution can in
principle jump to a more favorable energy configuration earlier than would be physically reasonable;
see Section 2.2 for a discussion of an example. Therefore we do not expect that the obstacle solutions
(O) and energy solutions (E) coincide when jumps occur.

The authors showed in [17] that the limit points as timestep 6 — 0 of the following minimizing
movements scheme are energy solutions. Define a piecewise constant interpolation

us(t) == uk and Fs(r) = F(kS) if t € [k&, (k +1)0). (1.8)
of the time-discrete scheme
ulg € argmin{j(w) + Diss(u]f;_l, w):we F(ké)+ Hé(U)}. (1.9

As our second main result, we show that the obstacle solutions coincide with the notion of energy
solutions that is generated from the minimizing scheme in the case of strongly star-shaped data. As we
will see, convexity is not preserved in the problem, Section 2.3, and thus star-shapedness is a natural
setting for this problem where no topology change or jump occurs in the evolution, allowing for pointwise
regularity analysis.
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Figure 2. Plots of boundaries of obstacle solution (O) simulations. Solid curves represent 0Q(t) N U
plotted for evenly spaced values of F(t), with the initial shape dashed. dU is given by a dotted curve.
Top left: Disconnected annuli initial data, jump discontinuity on touching. Top right: Receding situation
(decreasing F (1)) with initial data given by the last step of the top left image. Note that the jump occurs
at a different configuration, as late as possible. Bottom left: Different radius annuli, free boundary
peels from the larger annulus after the jump. Bottom right: Stadium type initial data, convexity is not
preserved.

Theorem 1.4 (see Theorem 4.10 and Theorem 5.4). Let F satisfy (1.3), and let u(0) be strongly star-
shaped (Definition 4.9) with bounded support R4 \ U c Q. Further assume that Qg is C® and u(0)
satisfies (1.1). Then the following holds for u, the unique obstacle solution (O) on [0, T| with initial data
u(0):

(i) The unique (O) solution u is also the unique energy solution that is the limit of the minimizing move-
ment scheme with initial data u(0). Moreover the solutions (1.8) of the discrete-time minimizing
scheme converge uniformly to u(t) with a uniform rate that only depends on F, ..

(ii) u(t) is strongly star-shaped for each time.
1,min{ % ,a}—

(iii) u and the boundary of Q := {u > 0} are C?‘le NLPCy

Philosophically, (a) indicates that the local stability and dynamic slope conditions contain all the

information in (E) or (O) except for the jump law. We expect that the spatial regularity C )1{% described
in (iii) is optimal. Specifically, when the contact line “peels” or “de-laminates” from the initial data, as
shown in Figure 2, free boundary dQ(u(¢)) looks like a solution of a thin-obstacle / Signorini problem
near its thin free boundary. See Section 3, specifically Theorem 3.5 and (3.8), for a more precise

description of this asymptotic expansion. It is well known that Signorini solutions with smooth obstacle
o . . 13 . .
may peel away from their thin free boundary with as little as C,’? regularity due to the model solution

Re((x+iy)3/?), see the survey [ 18] for details and references. Although we do not fully explore the sharp
asymptotic expansion of the free boundary near a de-lamination point xo € dQ(u(t)), we do establish
the (almost) optimal upper growth bound |x — x| *min{1/2.a}=
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Besides the regularity theory developed in Section 3, the novel comparison principle for viscosity
solutions of (1.1) and (1.2), Proposition 4.20, also plays a central role in this theorem. The convergence
result for minimizing movements solutions part (i) follows a similar idea to Chambolle’s proof of
convergence of the Almgren-Taylor-Wang / Luckhaus-Sturzenhecker schemes for mean curvature flow
[11,2,22].

The star-shapedness is a key hypothesis in Theorem 1.4. Perhaps most importantly, the star-shaped
geometry is used to ensure that there is no jump in the obstacle solution (O). This is crucial to obtain
part (i), since the energy solutions and obstacle solutions have different jump laws, as we illustrate by
an example in Section 2.

The local cone monotonicity implied by star-shapedness is also used to obtain the regularity result in
(iii). Cone monotonicity allows us to show, in Section 3, that all blow-ups at the free boundary are half-
plane solutions. Then we can invoke the “flat means smooth” results of [12, 19] for Bernoulli obstacle
problems.

It is difficult to derive geometric properties of the evolution purely from the energetic structure. At
the time of the original appearance of this manuscript we were not aware of any purely energetic method
to obtain higher regularity of the free boundary. Even seemingly simple properties seemed difficult to
prove just from energetics; for example, it was not clear whether arbitrary energy solutions (E) must
respect time monotonicity of the Dirichlet forcing. After the original appearance of this work, Collins
and the first author [13] have partially resolved these questions in the context of minimizing movements
solutions.

1.1. Open questions

An important motivation for introducing the obstacle solutions, even outside of the star-shaped case,
is that it handles time jump discontinuities well. This is in contrast to the global energetic solutions
studied in [1, 17] which jump as early as is energetically favorable. Instead, the obstacle solution jumps
“as late and as little as possible”. This is regarded as a more physically accurate jump condition, similar
to the notion of balanced viscosity solutions: see, for example, [23] or [24, Chapter 3.8.2]. The obstacle
solution dissipates the “right” amount of energy on its jumps, but does not obviously yield an energetic
notion of jump dissipation. It would be interesting to study the possible connection of the balanced
viscosity notion with our obstacle solution (O).

It would be interesting to study the regularity of obstacle solutions outside of the star-shaped setting.
Unlike the energy solutions considered in [13], obstacle solutions certainly develop singularities even
in low dimensions. For example, when two components touch and then merge after advancing one
expects at least one singular point with the “two-plane” blow-up profile (1 + p)|xg|+. This does not
occur for energy solutions since the jump discontinuity occurs before the components touch. We expect
similar kinds of topological changes are possible even when the initial data has connected positivity
set, so it really seems important to understand the two-plane singular points in order to extend our
results beyond the star-shaped setting. Unfortunately the main tool in the general regularity theory, the
Weiss monotonicity formula [30], applies to variational solutions. It is not clear if obstacle minimal
supersolutions / maximal subsolutions satisfy the Weiss monotonicity formula.

1.2. Notations and conventions

We list several notations and conventions which will be in force through the paper.

> We call a constant universal if it only depends on d and py > 0, u_ € (0, 1).

> We will refer to universal constants by C > 1 and 0 < ¢ < 1 and allow such constants to change from
line to line of the computation.

> We often abuse notation and write Q(¢) instead of Q(u(t)) etc.
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> u* and u, denote the upper-semicontinuous envelope and the lower-semicontinuous envelope of u,
respectively, see (4.2). We write USC and LSC respectively as shorthand for upper semicontinuous
and lower semicontinuous.

> F+ H(') (U) refers to the space of functions in H'(U) with trace F on dU.

2. Motivating examples

In order to introduce the problem and motivate the phenomena we will study in the paper we present
several examples with analytical computations and numerical simulations.

2.1. Numerical simulations

The obstacle solutions (O) can be relatively easily approximated by a large time limit (r — oo) of a
dynamic contact angle problem: Suppose that F is increasing on [s,t]. Given u(s), u(¢) can be found
as the limit T — oo of the unique, monotone solution of the free boundary problem

—-Aw(t) =0, in{w(r) >0} NnU,
V, = max(|Vw| - (1 + 13)'?,0) on d{w(r) >0} NU,
w(t) = F(1), on oU,

{w(0) > 0} = {u(s) > 0}.

Analogously, for F decreasing on [s, 1] we replace the velocity law by V,, = min(|Vw| — (1 —u_)'/2,0).
A numerical solution can be found by adapting the level set method introduced in [20], stopping at
7 when |V,| < & for some small parameter £ > 0. Plots in Figure 2 were produced this way.

2.2. Jump conditions for (global) energetic vs obstacle solutions

Next we consider an example where the jump time for the energy solutions is different from the jump time
for the obstacle evolution. Heuristically speaking the obstacle evolution solutions jump as late and as
little as possible, while the (global) energy solutions jump whenever it becomes energetically favorable.

Consider a domain U which is the complement of two disjoint closed disks and initial data given
by two disjoint annuli. Then under increasing F(¢) the solution will consist of two disjoint annuli until
the value of the forcing when the boundaries of the two annuli meet at a single point. As F continues
increasing past that critical value the solution will need to jump outwards to a new state. This situation
is depicted in the simulations in Figure 2.

The energy solution with the same data and forcing must jump before the value of the forcing when
the two annuli touch. One way to see this is that the blow-up at the touching point of the annuli is a two
plane solution of the form

v(x) = (1+pu3) P -el.

However this blow-up does not satisfy the global stability condition in (E), since the harmonic replace-
ment in any open region has the same positivity set but lower Dirichlet energy. Since any blow-up of a
globally stable state is also globally stable we conclude that no energy solution can coincide with the
obstacle solution all the way to the jump time.

2.3. Convexity is not preserved under the obstacle evolution

Consider the Bernoulli free boundary problem in the complement of a convex obstacle K

—Au=0 in {u >0} \ K, with |Vu|=1 on d{u >0} \ K.
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It is known, see Henrot and Shahgholian [21], that the (unique) compactly supported solution of this
problem has convex super-level sets. In particular if one considers the obstacle solution (O) without
pinning p,. = 0, then the solution u(z) of the obstacle evolution (which depends only on the current
value F (1) due to the lack of hysteresis) is convex at all times.

It is natural to ask whether convexity is still preserved under (O) in the case of nontrivial pinning
interval p, > 0. In fact it is not. We give a simulation of a counterexample in Figure 2 and present a
sketched proof here.

Consider the case of K = By, F(0) = 1, and an initial region € which is a “stadium” type initial
data which is a large portion of the strip —a < x» < a capped off by two circles of radius a centered
at (+b,0). Here 0 < a — 1 < 1 and b > 1. The initial region € and K uniquely determine the initial
profile up, which does have convex super-level sets due to [10]. Fix the pinning interval by the relations

= Vuo|* - 1) and p_ := 1 - |[Vuol?).
He rggg(l uo|”—1) and p rggg«( [Vuo|”)

By symmetry considerations the first maximum is achieved at (0, £a) and the second at (£(b + a), 0).
We can guarantee that both maxima are positive by choosing the a close to 1 and b large. Now increasing
F (1) slightly above 1 the free boundary needs to immediately move outwards near (0, +a) since the
slope there is already saturated at |Vuo(0, a)|> = 1 + p, but since this is exactly the maximum value of
the slope the outwards movement will only be in a small neighborhood of those two points. This motion
must produce nonconvexity because the domain Q(z) will have outward normal e, both at some point
(0,a +6(t)) and at (b, a).
This argument could be justified rigorously using Theorem 1.4.

3. Regularity theory of Bernoulli obstacle problems

In this section we consider a pair of obstacle problems for the Bernoulli free boundary problem, one
with an obstacle from above and the other with an obstacle from below. The two problems are similar
but not exactly symmetric, as we will see below in the analysis. The regularity theory of the problem
with obstacle from above has been developed by Chang-Lara and Savin [12], and as we were finishing
preparing this paper their theory has been extended to the obstacle from below case by Ferreri and
Velichkov [19]. We present the problems, recall the flat implies smooth regularity results from the
above-mentioned works, and then show how to achieve the initial flatness and full regularity under a
cone monotonicity hypothesis which is appropriate for our work.

3.1. Bernoulli obstacle problems

Let U be an open region, the domain. We say that u is a solution / supersolution / subsolution of the
(unconstrained) Bernoulli free boundary problem in U if

3.1

Au=0 in{u>0}nU,
[Vu|=1 on d{u>0}NU.

Let the obstacle O be another open region with C'@ boundary.

Definition 3.1. A function u € C(U) is a solution of the Bernoulli problem in U with obstacle O from
below if

Au=0 in{u>0}NnU

u>0 inonNU

|Vul=1 on (8{u>0}\0)

[Vul <1 onA:= (0{u>0}Nnaoo).

(3.2)
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|[Vu| <1

IVul > 1 |Vul = 1

Figure 3. Left: Obstacle from above, slope is larger than 1 everywhere and saturates where free
boundary bends into O. Right: Obstacle from below, slope is smaller than 1 everywhere and saturates
where free boundary bends away from O

{u=0}

Definition 3.2. A function u € C(U) is a solution of the Bernoulli problem in U with obstacle O from
above if

Au=0 in{u>0}nU

u=0 in U\O

[Vul=1 on (0{u >0} N0O)

[Vul| =1 onA:= (0{u >0} Nad0).

(3.3)

See Figure 3 for depictions of obstacle solutions. The PDEs are solved in the standard viscosity sense;
see, for example, [12] or Definition A.3 below.

3.2. Additional hypotheses

The obstacle below (resp. above) problems do not provide any a-priori bound on the slope at the free
boundary from below (resp. above). Given a regular domain O and a specific boundary data on dU
one could establish such bounds on the interior. However it is more convenient for us to just list these
additional bounds as hypotheses which will be in force for some (but not all) of the statements below.
Let 0 < « < 1 and consider the hypothesis: in the obstacle from below case

|Vu| > « in the viscosity sense on d{u > 0} N U, 3.4
and in the obstacle from above case
|Vu| < «~! in the viscosity sense on d{u > 0} N U. 3.5

3.3. Existence and typical examples

An indicative example of u solving a Bernoulli problem with obstacle from below (3.2) is the Perron’s
method obstacle minimal supersolution

u(x) := inf{v(x) : v is a supersolution of (3.1),v = g on U, andv > 0in O N U}. 3.6)
Here g € C(0U) is some boundary condition. In order for the minimal supersolution to also be positive

on O we need to put some additional condition on g. Notice that every supersolution in (3.6) is above
w, the solution of the Dirichlet problem
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Aw=0in ONU, w=0 on §0NU, and w=g on auNno.
So if w > 0 in O then u will be positive in O as well. In particular it would suffice to assume that
g>0on ONAU.

The obstacle solution property follows from the typical Perron’s method arguments. Local upward
perturbations are possible everywhere in U, so u is a supersolution everywhere, while local downward
perturbations are possible only away from d{u > 0} N O limiting the subsolution property.

An indicative example of u solving a Bernoulli problem with obstacle from above (3.3) is the obstacle
maximal subsolution

u(x) := sup{v(x) : v a subsolution of (3.1) in U,v = g on AU, and {v > 0} c O}. 3.7

For consistency the positivity set of g on AU should be contained in O N dU. As before Perron’s
method applies, arbitrary downward perturbations are possible so u is a subsolution everywhere, but
local upward perturbations are only allowed away from d{u > 0} N O.

Remark 3.3. As in [12] it is also possible to construct solutions to (3.3) by minimal supersolution
Perron’s method, or by energy minimization. However, it is the maximal subsolutions that we will
encounter in this work. This is something we need to be careful with, since nondegeneracy at the free
boundary is a more delicate issue for maximal subsolutions.

3.4. Flat implies C':~ and regularity of cone monotone solutions

First let us recall the flat implies C!-!~ regularity away from the obstacle. This result is originally due
to Caffarelli [8, 9]. A more recent alternative proof by De Silva [14] has motivated the techniques used
to study the obstacle problems we are considering.

Theorem 3.4 (Flat implies C!»!~ for unconstrained Bernoulli [8, 9]). Let u solve (3.1) in By and
0 € 0{u > 0}. Forany B € (0, 1) there is &g > 0 and C > 1 universal so that if

(x-e—&)<ulx)<(x-e+e) in By
Jor some € < g, then for all 0 < r < 1 and some |Vu(0)| = 1
(x - Vu(0) — Cer'*P), < u(x) < (x - Vu(0) + Cer'*P), in B,.

Next we recall a similar flat implies smooth result on the contact set between the solution and the
obstacle. Consider the contact set of the free boundary with the obstacle A := d{u > 0} N 90. Let us
denote 9’A to be the boundary of A relative to 90.

Theorem 3.5 (Flat implies C1:3 at the contact set [12, 19]). Let u solve either (3.3) or (3.2) in By and
0 € d’A, O be a C"- obstacle, and e be the inward normal to O at 0. For any 0 < 8 < min{a, %} there
is €9 > 0 and C = 1 universal so that if

(x-e—e)<ulx)<(x-e+e) in By
for some & < g, then forall 0 <r < 1
(x-e—Cer'™P), <u(x) < (x-e+Cer'*P), in B,.

In both the obstacle above and obstacle below cases the proof is based on establishing an asymptotic
expansion for flat solutions of the form
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ulx) = (x-e+ew(x)+o(e))s (3.8)

where w is a solution of a certain Signorini or thin obstacle problem and ¢ is the flatness in B; as in the
hypothesis of Theorem 3.5. The clz optimal regularity for the Signorini problem is the reason for the
cli- regularity which appears here, and is likely (almost) optimal. The idea of the argument, which is
based on a compactness principle using a special Harnack inequality for flat solutions, goes back to the
work of De Silva [14].

It is important for us to obtain a full regularity result without the flatness assumption. Of course some
assumption is still necessary, singular solutions exist in higher dimensions, and fitting with the strongly
star-shaped geometry we study later in the paper we will consider obstacle solutions satisfying a cone
monotonicity condition. For the statement define

Cone(e,0) :={e’: ¢’ -e>1-0} for e € S9! and 6 € (0,1). (3.9)

Theorem 3.6. Suppose O is a bounded set with C">® boundary, and that u solves either (3.3) and (3.5)
or (3.2) and (3.4) in By. Assume also that there are e € S and 1 > c¢o > 0 so that u is monotone
increasing in the directions of the cone Cone(e, c).

Then for any 0 < B < min{a, %} the positivity set {u > 0} is a C'"# domain in By and
ueC({u>0}n Bi)2). The CYP norms depend only on a, «, g, d, and the C>>® norm of 0.

Remark 3.7. Chang-Lara and Savin [12] prove the optimal C L3 regularity in the case when the obstacle
is C1*® regular for some 1/2 < a < 1. This matches the regularity of the thin obstacle/Signorini
problem, which appears as the first order term in the asymptotic expansion for e-flat solutions in the
flatness parameter €. Since our obstacles are generated from the evolution itself and therefore have
at most C1+2 regularity after the first monotonicity change, obtaining the optimal regularity is more
delicate in our problem. As shown in [27] there can be logarithmic losses of regularity at this critical
scaling. To avoid getting into these technical details we aim to establish the (almost) optimal regularity
Cl2~. As we did not carefully track the logarithmic factors, and the cited example in [27] concerns a
problem with specifically designed x-dependent coeflicients, a sharper result might be available.

We need to establish the initial flatness in order to apply Theorem 3.4 and/or Theorem 3.5 [12].
This is a bit different in our case from the way that initial flatness is established in [12] (minimal
supersolutions) or [19] (one-sided energy minimizers).

The first difference is in the obstacle from below case. This issue appears in Lemma 3.8, where we
establish the initial flatness of u at points of 3’ A based on the existence of a nontangential slope. In the
case of the obstacle from above (3.3) the positive set of u lies inside of O which has smooth boundary.
This means that a nontangential gradient of u at the free boundary point in contact with dO can describe
the leading-order behavior of u near the point in the entire positive set. This is no longer true with (3.2),
where the positive set contains O. This motivates the cone monotonicity hypothesis on u in the obstacle
from below case.

The other difference is in the obstacle from above case. Unlike [12], who consider minimal superso-
Iutions and energy minimizers, we are interested to study maximal subsolutions. Nondegeneracy at the
free boundary is not known in general for maximal subsolutions. However, in the case when the free
boundary is a Lipschitz graph, in particular in the cone monotone case, nondegeneracy does hold for all
viscosity solutions including the maximal subsolution, see Lemma A.2 below. This motivates the cone
monotonicity hypothesis on u in the obstacle from above case.

In both cases the cone monotonicity hypothesis is probably overly strong, however it suffices for the
applications in this paper. The possibility of a more general regularity result is an open question.

We also remark that Lipschitz regularity is easier than nondegeneracy and just follows from the
viscosity supersolution property (3.5), see Lemma A.1 below.
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0{u > 0}

Figure 4. Asymptotic expansion in nontangential cone plus monotonicity also gives control in {x,, < 0}.

3.5. Initial free boundary flatness

In order to obtain the initial flatness we will show the blow-up limit at a free boundary point on the
contact set A exists and is a half-planar supersolution of the unconstrained problem (3.1).

Lemma 3.8. Assume that u is a solution of (3.2) and (3.4) (or (3.3) and (3.5)) in By which is monotone
with respect to the directions of a cone Cone(e, cy), then

. u(rx)
lim ——=

r—0

= (Vu(0) - x); locally uniformly in R? (3.10)

with some gradient c(d, k) < |Vu(0)| < 1 (resp. 1 < |Vu(0)| < C(d, «)). In particular, for any € > 0
there exists ro > O sufficiently small (depending on u) so that for any r < rg

[Vul|(0)(xg — er)s < u(x) < |Vul(0)(xg +&€r)y in By. (3.11)

Proof. We will just consider the obstacle from below (3.2), the obstacle above case is in [12, Lemma
2.6]. The idea is that the interior ball condition furnished by the regular obstacle gives a nontangential
blow-up limit and then the cone monotonicity upgrades this to a local uniform limit on the whole space.

Note that u is harmonic in its positivity set, {# > 0} D O in B} and O is a half-space in B;. Therefore
0 is an inner regular point so there is a slope Vu(0), parallel to the inward normal e to O at 0, such that

u(x) = (Vu(0) - x); + o(]x]) as x — 0 nontangentially in O.

See [7, Lemma 11.17] for the proof, which does extend to the case of Holder continuous coefficients.
By nondegeneracy, Lemma A.2, and the Lipschitz estimate, standard recalled in Lemma A.l below,
|Vu(0)]| is bounded from below away from zero, and from above.

Here is where we need the cone monotonicity property. The nontangential information, by itself,
does not give us any control in By \ O.

From the nontangential limit, for any & > 0, there is r¢9 > 0 such that

u(x) <2|Vu(0)|er on {xg =er} N B, forall r < ry.
Since u is monotone increasing in the e, direction also
u(x) < 2|Vu(0)|ler on {xg < er}NB, forall r < ry.

See Figure 4.

Thus lim, _q @ = 0 for x4 < 0 and we have upgraded the nontangential limit to local uniform
convergence of the blow-up sequence (3.10). Then the uniform stability of viscosity solutions implies
that |[Vu(0)| < 1.

Using nondegeneracy again we can prove the convergence of the free boundaries as well (3.11). O
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If we use Lemma 3.8 as stated then the initial flatness radius ry would depend on u is a nonuniversal
way. In turn the C'*# norm of the solution depends on the initial flatness, and would also depend on u
in a nonuniversal way. Next we show, using the flat implies smooth results, that r is actually universal.

Lemma 3.9. Assume that u is a solution of (3.2) and (3.4) (or (3.3) and (3.5)) in By which is monotone
with respect to the directions of a cone Cone(e, cg). For any € > O there exists ro > 0 sufficiently small,
depending only on €, cq, &, d and the C® property of O, so that for any r < rq there is k < g < 1
(resp. 1 < q < k') so that

q(xg—er)y <u(x) < g(xg+er), in By. (3.12)

Proof. We just consider the obstacle from below case, the obstacle from above case is similar. The
proof is by compactness. Suppose otherwise, then there is g9 > 0, a sequence of uj solving (3.2) in
B1, a sequence of obstacles Oy all uniformly C La regular, and a sequence of radii 7y — 0 so that
(3.12) fails with r = r and € = &¢. By uniform Lipschitz regularity and nondegeneracy we can assume
that, on compact subsets of Bj, the u; converge uniformly to some u, the d{u; > 0} converge in
Hausdorft distance to d{u > 0}, and the Oy and 0Oy also converge in Hausdorff distance to another
C'@ domain O. Standard viscosity solution arguments show that u solves (3.2) in B;. This implies
that u is in C"#({u > 0} N By ) so for any & > O there is r; > 0 so that (3.12) holds for r < ry.
Let &1 > 0 be sufficiently small so that Theorem 3.4 and Theorem 3.5 hold, and then r; > O small
so that

|Vul(0)(xa — 3&1r1)s < u(x) < |Vu|(0)(xq + 3&171)s in By,
which implies, for k large enough,
IVul(0)(xg — €17+ < ur(x) < [Vul|(0)(xg +&1r1)s in By,
Then, applying either Theorem 3.4 or Theorem 3.5 as the case may be, implies that for all 0 < r < r|
IVurl (0)(xa = Cerr'*)y < u(x) < [Vug|(0) (xg + Cerr'*F), in B,

which contradicts the hypothesis for large k. O

4. Local laws: weak solutions, regularity, and comparison principle

In this section we study the relationship of the obstacle solutions (O) and solutions of the local stability
condition (1.1) and the dynamic slope condition (1.2), especially in the star-shaped setting. We establish
regularity of obstacle solutions using the results of Section 3. The central element of a viscosity solutions
theory is always the comparison principle. One of the main results of this section is a comparison
principle in the star-shaped setting, Proposition 4.20, between an obstacle solution and an arbitrary
viscosity solution of (1.1) and (1.2).

4.1. Definitions and main results

Let F = F(t) be a strictly positive C' function on the time interval [0, T'] with a discrete set of critical
points, or more precisely,

FeCY([0,T7]) and Z:={re (0,T): F'(r) = 0} is discrete. 4.1)
In other words, F only changes monotonicity at most finitely many times on any bounded interval.
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4.1.1. Slope condition in the comparison sense
The slope conditions are interpreted in the comparison / viscosity sense. First we define a notion of sub
and superdifferential which is suited to the problem. See also [3].

Definition 4.1. Given a non-negative continuous function u on U define, for each xy € dQ(u) N U
D.u(xp) = {p eRY:u(x) < p-(x—x0)+o(jx —xo|) in Q(u)}
and

D_u(xo) = {p € R? : u(x) 2 p - (x = x0) = o(lx = xo])}

This leads to a viscosity notion of slope conditions. This notion is equivalent to the common approach
via smooth test functions; see Lemma A .4.

Definition 4.2. Suppose u : U — [0, ) is continuous and is subharmonic in Q(u) N U. Let G C
0Q(u) N U be arelatively open subset. Then u is a subsolution of

[Vul>>Q on G
if, for every x € G and every p € D u(x),

Ipl> > Q.

Similarly, if u : U — [0, o0) is continuous and is superharmonic in Q(u) N U and G € 0Q(u) N U is a
relatively open subset, then u is a supersolution of

[Vul> <Q on G
if, for every x € G and every p € D_u(x),
Ipl* < Q.
Finally, let us recall the semicontinuous envelopes 1™ and u.,. of a function u : [0, T] X U — R:

u*(t,x) ;= limsup u(s,y), u.(t,x) := liminf u(s,y), 4.2)
(s,y)=(,x) (s,y)—(t,x)

where (s, y) is always assumed to be in [0, 7] x U. Recall that u* is USC and u, is LSC.

We can now precisely define the meaning of the local stability condition (1.1) in the viscosity sense.
Note that there is an extra condition, (b) below, on the upper envelope; the asymmetry of the condition
will be explained after the definition, see Remark 4.5 and Remark 4.6 below.

Definition 4.3. We say that a bounded map u : [0,T] — C(U) is a viscosity solution of (1.1) on
[0,T] X U in the semicontinuous envelope sense if

(a) u(t) satisfies (1.1) for every t € [0,T].
(b) If p € Du*(to, xo) for some xo € dQ(u*(y)) then |p|*> > 1 — p_.

Remark 4.4. Note that (1.1) and uniform boundedness imply that u(#) are uniformly Lipschitz contin-
uous in compact subsets of U by Lemma A.1. Therefore the upper and lower envelopes u*(¢) and u. ()
are continuous in x for each ¢. It is also standard that u*(¢) and u. () are respectively subharmonic and
superharmonic in their positivity sets.

Remark 4.5. Note that if u : [0,7] — C(U) such that u(¢) is nondegenerate uniformly in ¢ then (b) in
Definition 4.3 follow from (a). Indeed, by Lemma A.4 we can argue using smooth test functions. Say that
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|x —xol < c(to—1) |x —xo| < c(to—1)

Figure 5. Left: velocity ¢ cone touches Q(t) from the outside at (ty, xg), interpreted as V, (ty,xo) > c.
Right: velocity ¢ cone touches Q(t) from the inside at (tg, x), interpreted as V,,(tg, x9) < —c.

u*(t) — ¢ has a strict local maximum at x¢ in Q(u*(¢)) and A¢(xp) < 0. By the uniform nondegeneracy
we can deduce that there exists a sequence ,, — ¢ and x,, — xg such that u(¢,,) — ¢ has a local maximum
at x, in Q(u(t,)), from which it follows that u* (¢) satisfies (1.1).

Remark 4.6. A similar argument to Remark 4.5 can be done for u, but nondegeneracy is not necessary
because the test functions touch from below in R? instead of in Q(u(¢)). So (a) actually directly implies
the supersolution analogue to (b): if p € D _u. (to, xo) for some xo € dQ(u. (1)), then |p|> < 1 + p,.

4.1.2. Dynamic slope condition in the comparison sense

In order to formulate the dynamic slope condition (1.2) we need a weak pointwise sense of positive and
negative normal velocity. We will use a notion based on space-time “light cones” in place of standard
barrier functions, see Figure 5 for a sketch of the geometry. This notion of viscosity solutions is stronger
than the usual comparison definition of level set velocity, since we test more free boundary points that
have weaker space-time regularity. Nonetheless, in the rate-independent evolution the time variable
mostly plays a role of a parameter and so it seems natural to test space and time directions differently.

Definition 4.7. Given a time varying family of domains €(t), we say that the outward normal velocity
at xo € 0Q(tp) is positive and write

V(tg,x0) >0
if the positive cone condition holds for some ¢ > 0 and r¢ > 0, namely
{(x: lx—xol < cltg—1)} c Q)T for t9—ry <1 <to. 4.3)
Similarly, we say that inward normal velocity at xo € 0€2(ty) is negative and write
V(tg,x9) <0
if the negative cone condition
{x:|x—xol <clto—-1)} cQ(t) for to—rog <t <ty 4.4)

holds. If we need to clearly specify the domain we write V(-; Q).

Equipped with the notions of nonzero normal velocity and subdifferentials we can now precisely
define the meaning of the dynamic slope condition (1.2) in the viscosity solution sense:

Definition 4.8. We say that u : [0,7] — C(U) is a viscosity solution of (1.2) on [0,T] x U in the
semicontinuous envelope sense if

(a) If V(t9,x0; Q(u*)) > 0 for some xg € dQ(u*(t9)) N U, then any p € D u*(ty,xp) satisfies
|p|2 > 1+ .
(b) If V(zg,x0;Q(u)) < 0 for some xg € 0Q(u.(f9)) N U, then any p € D_u.(t,xo) satisfies

IpPP<1-p.
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Note that since the set {V (¢, -; Q(u*)) > 0} is not necessarily a relatively open subset of the boundary
0Q(u*(t9)), and analogously for u., the above definition cannot be easily stated using test functions,
Definition A.3.

4.1.3. Star-shaped comparison principle / equivalence of solution notions
We will show the equivalence of the notions in a strongly star-shaped setting.

Definition 4.9. In the following we say that a set is strongly star-shaped if it is star-shaped with respect
to all x in a neighborhood of the origin. A function u : U > RY — R is strongly star-shaped if each of
its superlevel sets {u > n} UU C are strongly star-shaped.

The important property is that a strongly star-shaped set has a Lipschitz boundary. This can be seen
by drawing the interior and exterior cones created by drawing the rays from every star-shaped center
through a point on the boundary; see, for example, [16, Figure 2].

The main result of this section is the following theorem that asserts that in the strongly star-shaped
setting the obstacle solutions are uniquely characterized by the local stability and dynamic slope
conditions.

Theorem 4.10. IfR? \ U and Q are both bounded strongly star-shaped sets, Q is a C La domain for
some « > 0, F satisfies (4.1) and u(0) € C(U) satisfies (1.1), then

u is an obstacle solution < u is a viscosity solution of (1.1) and (1.2),

in the sense of Definition 4.3 and Definition 4.8. Furthermore Q(u(t)) are C'"# domains uniformly in
t € [0,T] for some B > 0.

Proof. The fact that an obstacle solution is also a solution of (1.1) and (1.2) is shown in Lemma 4.14.
Then we deduce the regularity in both space and time of obstacle solutions (Lemma 4.16, Corollary
4.19). Finally showing that (1.1) and (1.2) imply an obstacle solution follows a comparison-type viscosity
argument using sup- and inf-convolutions between a regular solution and a general solution of (1.1) and
(1.2) in Proposition 4.20. O

4.2. Obstacle solutions are motion law solutions

Here we show that, in a general setting without star-shaped assumption, obstacle solutions are also
viscosity solutions of the local stability condition (1.1) and the dynamic slope condition (1.2).

To achieve that, we first precisely state that an obstacle solution has the same monotonicity in time
as F and is a viscosity solution of a specific obstacle Bernoulli problem at each time.

Lemma 4.11. The obstacle solution (O) for any (s,t) C (0,T) \ Z satisfies

(a) If F is monotone increasing on [s,t] then u(t) solves in the viscosity sense

Au(t) =0 inQu())NU
u(t) >0 inQu(s))NU
[Vu()> < 1+ puy  on (8Qu(r)) N oQu(s)) NU
IVu(O)? = 1+ 1 on (0Q(u(1) \ Q(u(s))) U

(4.52)
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(b) If F is monotone decreasing on [s, t] then u(t) solves in the viscosity sense

Au(t) =0 inQu(t)NU
u(t) =0 inU\ Qu(s))
Vu()]? = 1—pu- on (8Q(u(r)) NoQu(s))) NU,
Vu()]? =1—-pu_  on (Q(u(r)) N Qu(s)) NU.

(4.5b)

Under the strong star-shapedness assumption of Theorem 4.10, any function that satisfies the above,
u(t) = F(t), and whose initial data u(0) is a solution of (1.1), is the unique obstacle solution with initial

data u(0).

Proof. An obstacle solution satisfies (4.5) due to a standard viscosity solution argument and does not
require star-shapedness.

The fact that any function satisfying (4.5) is the unique obstacle solution follows from the uniqueness
of the obstacle Bernoulli problem in the strongly star-shaped case: an obstacle solution always exists
and by the previous step, satisfies (4.5), and hence by Theorem A.6 it is the unique solution satisfying
(4.5). O

Remark 4.12. Let us point out that, while most of the analysis in this section regards star-shaped initial
data, for general initial data we still have a unique obstacle solution by its definition, and this solution
also satisfies (4.5) by the lemma above. However, we do not know whether a solution of (4.5) is also a
solution of (1.1) and (1.2), or vice versa, for general initial data. However formally both (1.2) and (4.5)
come with the same dynamic slope condition at space-time regular points of the free boundary.

Remark 4.13. Note in particular in case of Lemma 4.11(a) u is monotone increasing on [s,¢], and in
case of Lemma 4.11(b) u is monotone decreasing in [s, f]. Given the condition on F, it follows that u
also only changes monotonicity finitely many times on any bounded interval.

Lemma4.14. Ifu : [0,T] — C(U) is an obstacle solution (O) on [0, T that is uniformly nondegenerate
at its free boundary, then u solves (1.1) and (1.2) in the sense of Definition 4.3 and Definition 4.8,
respectively.

Proof. The state u(t) is harmonic in Q(u(t)) by definition. By Remark 4.4 ™ and u, are respectively
sub and superharmonic in their positivity sets.

Now we aim to check the stability conditions in Definition 4.3(a). We first check the lower bound
condition |Vu()|*> > 1 — u_ in the viscosity sense on dQ(t) N U by induction on the monotonicity
intervals of F provided by assumption (4.1). We know that the condition is satisfied at # = 0 by the
compatibility of the initial data. Suppose now that we know that u satisfies this conditionup to s € ZU{0}
and consider ¢ > s such that (s,7) N Z = 0.

o If F is decreasing on [s, ¢] then the lower bound on |Vu(t)|* follows from (4.5b) immediately.

o Otherwise F is increasing on [s,¢]. In this case u(¢) are minimal supersolutions above u(s) for
to € (s,t] and so, by Lemma A.2, they are uniformly nondegenerate. On (0Q(7) \ Q(s)) N U we get
the same bound from (4.52) since |Vu(7)|?> = 1 + uy > 1 — u_. Finally, on (9Q(7) N 0Q(s)) N U, as
u(t) > u(s), any test function touching u(¢) from above in {u(z) > 0} at x € (9Q(r) N IQ(s)) N U
also touches u(s) and hence D u(t,x) € D,u(s,x). Hence u(t) is a solution |Vu(#)|*> > 1 — u_ at x
in the viscosity sense since u(s) is by the induction hypothesis.

By induction we can therefore extend the property to all r € [0,T] since Z is discrete. An analogous
argument gives |Vu(t)|> < 1 + p,.

By the assumption of uniform nondegeneracy, Remark 4.5 yields Definition 4.3(b). We note that
the assumption is actually needed only when F is decreasing. When F is increasing, u(¢) is a minimal
supersolution above u(s) and hence nondegenerate by Lemma A.2.
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We now check the remaining dynamic slope conditions. First consider monotone increasing interval
[s,2] of F and we aim to check the advancing condition Definition 4.8(a). Suppose the positive cone
condition (4.3) holds for xo € dQ(u*(t9)) N U for some s < ty < t. By the positive cone condition and

monotonicity there is a neighborhood B, (xg) C Q(u(s))c, and thus we have |Vu|? > 1 + 1, on 0Q(u)
in (s,t] X B, (x9) by (4.5a). If o = ¢ then u*(¢) = u(t) because u(t) is a local maximum by increasing
monotonicity to the left and decreasing monotonicity to the right, so we can reduce to 7y € (s, t). Then,
by uniform nondegeneracy of minimal supersolutions Lemma A.2 and Remark 4.5, we can conclude
that |Vu*|? > 1 + uy on dQ(u*) in (s, 1) X B, (xo), in particular it also holds at (¢, xo).

Next we check that the receding condition Definition 4.8(b) holds for monotone decreasing interval
[s, ] of F. The argument is mostly the same with a subtle difference which we need to point out. Suppose
the negative cone condition (4.4) holds for xy € 0Q(u.(t9)) N U for some s < ty < t. As before there
is a neighborhood B, (xo) C Q(u(s)), and thus we have |Vu|*> < 1 — u_ on dQ(u) in (s,] X B, (xo)
by (4.5b). If tg = ¢ then u.(t) = u(t) so we reduce to the case ty € (s,¢). Then by Remark 4.6, we can
conclude that |Vu,| < 1 — u_ on dQ(u*) in (s, ] X B, (xg), in particular it also holds at (¢g, xo). Notice
that we do not need uniform nondegeneracy, which is not known in general for maximal subsolutions,
because we are testing a supersolution condition. O

4.3. Spatial regularity
We start with star-shapedness of obstacle solutions.

Lemma 4.15. Suppose that u is an obstacle solution (0), K = R¢ \ U and Qo = {ug > 0} are strongly
star-shaped, and F satisfies (4.1). Then u(t) is strongly star-shaped for every t > O with respect to the
same set of centers as K and €.

Proof. We show the star-shapedness only with respect to the origin assuming that K and Qg are star-
shaped with respect to the origin. The proof with respect to other centers can be done analogously by
translation.

We will use induction on the monotonicity intervals of F. Suppose that ¢ > 0 with (0,7) N Z # 0.
Consider the case F(t) > F(0). First note that for 1 < 1

() = min (u(t, Ax), F(0)) x € A7U,
"= FR0) xeU\a'u,

is a supersolution of (1.1). Since {u(0) > 0} is star-shaped and {u(z) > 0} > {u(0) > 0} also
A Yu(r) > 0} > {u(0) > 0}.
Thus v is a supersolution of (1.1) above u(0) and so
u(t,A-) > u(t) inA"'U

by the minimality of u(¢) in the definition of (O). Since A > 0 was arbitrary, u(¢) is star-shaped (as are
all of its super-level sets) with respect to 0.

In the case F(t) < F(0) we consider the dilation with 4 > 1 and easily check that u(¢, 1-) < u(0) in
U and u(t, A-) is a subsolution of (1.1) and hence u(¢, 2-) < u(z) in U by the maximality of u(¢) in the
definition of (O). In particular, u () is star-shaped with respect to 0.

By translation we have star-shapedness at any point at which K and {u( > 0} are star-shaped. Finally
by induction on the monotonicity intervals of F, we can continue the star-shapedness property up to any
t > 0. O

An obstacle solution is a solution of the Bernoulli obstacle problem on each monotonicity interval of
F, where the obstacle is the solution at the beginning of the interval. This allows us to use the regularity
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of the obstacle problem, Section 3, only a finite number of times to establish the regularity of obstacle
solutions at an arbitrary time.

Lemma 4.16. Suppose that u is an obstacle solution (O) with F satisfying (4.1), K = R4 \ U has
C? boundary, Q has a C® boundary, and both K and Qq are strongly star-shaped. Then for any
0 < B < min{«, %} the domains {u(t) > 0} are C'B and u(t) € C"B({u(t) > 0} N U) uniformly in
t € [0,T].

Proof. Due to the regularity of K = R? \ U the function u(t) is in C>({u(f) > 0} U dU). We need to
show the regularity at the free boundary of u (7).

By Lemma 4.15 the sets {u(¢) > 0} are uniformly strongly star-shaped, and therefore they are
uniformly Lipschitz in [0,T]. Let ¢ > 0 be such that (0,7) N Z = 0. Therefore by the regularity of the
Bernoulli obstacle problem Theorem 3.6 with C!*® obstacle {uo > 0} and any 0 < By < min{«, %} the
domain {u(r) > 0} is C'A0 and u(r) € CVPo({u(r) > 0} N V).

Consider now ¢ > 0 such that (0,7) N Z = {s1}. By the previous step {u(s1) > 0} € C'-Fo. Applying
the regularity of the Bernoulli obstacle problem with @ = By for any 0 < 8y < By we find that u(¢) has
regularity C1-A1.

We can continue inductively on the monotonicity intervals of F up to ¢ = T, just taking a strictly
decreasing sequence of min{«, %} > Bo>pB1>...> Byor)nz =B O

4.4. Time regularity

The regularity in space Lemma 4.16 of a star-shaped obstacle solution yields in particular that u(z) is
Lipschitz locally uniformly in time. This in particular implies (with the nondegeneracy of the solutions
of the Bernoulli problem) that its support moves in a Lipschitz way as well.

Lemma 4.17. Suppose that u is an obstacle solution (0), K = R¢ \ U has C* boundary, and K and
Qo = {ug > 0} are strongly star-shaped and bounded, and u satisfies (1.1). Then

lu(t,x) —u(s,x)| < C||F'||lolt —s| in U (4.6)

where C = C(L, R, min F) with L the Lipschitz constant of u in space and R := maXyecgug, |X|.

Proof. Step 1. By the minimality of u(¢), including u#(0) by (1.1),

u(t,) < (FO+ L+ )R- D) . 1e[0,TxeT,
+
since the right-hand side is a supersolution. Therefore
F(t
xeQ() = |x|< @) +R. “4.7)
L+ ps

Step 2. Fix (s,1) C R\ Z with F(s) < F(t). Let A := F(s)/F(t) < 1. Define

A u(s, Ax), xe A7,
v(x) =
F(1), otherwise.

By the choice of A, v is continuous and hence a supersolution on U with boundary data F(¢). By
minimality, u(¢) < v.
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Fix Ax € Q(s) N U. (4.7) implies |x| < A~ I(F(s) + R). Recall also that u(s, Ax) < F(s). We have

v(x) = A7 u(s, Ax) = u(s, Ax) + (A7 = Du(s, x)
< u(s,x) +[Vu(s)|loo (1 = D) x| + (27" = DF(s)

SM&M+M4—DP(KG)+M+F00
Since u; < v we conclude that
osMLm—M&ms(li”+ H)yFm F(s)).

For x € U \ A7'U we note that dist(x, U) < (A"' = 1)R = %(F(t) — F(s)) and therefore
0 <u(t,x) —u(s,x) < F(t) = F(s) + ||Vu(s)||c dist(x, U)

LR

Step 3. If (s,1) c R\ Z with F(s) > F(t), we have 1 = F(s)/F(t) > 1 and v < F(t). Hence v is a
subsolution and therefore by maximality u(¢) > v. We only need to consider x € Q(s) N U. This time
v(x) = A7 u(s, Ax) = uls, Ax) + (A7 = Du(s, Ax)
> u(s,x) = [Vu(s) oo (2 = Dlx| = (1 = A7) F(s)

A LU G

— F(t) + F(s).

+ Uy
Hence by u(t) > v

F(s) ‘1
(T+mF@) " T FO

0> u(t,x) —u(s,x) > L( )(F(S) F(1)).

For general (s, t), we recover the estimate (4.6) by triangle inequality. O

Using the nondegeneracy of cone monotone solutions of the Bernoulli problem, Lemma A.2, we can
deduce Lipschitz regularity of Q(u(t)) in time.

Corollary 4.18. Under the assumptions of Lemma 4.17, the sets Q(u(t)) are locally Lipschitz in time
with respect to the Hausdorff distance.

Proof. Letus fix s # t. Let z € 0Q(u(t)) be the point that maximizes the distance from 0Q(u(s)). Let
us denote r := dist(z, 0Q(u(s))).

Suppose that z ¢ Q(u(s)). We have B, (z) N Q(u(s)) = 0 and hence us; = 0 on B, (z). On the other
hand, the free boundary is locally a Lipschitz graph and so the nondegeneracy (note that u(t) satisfies
(1.1) by Lemma 4.14) for the Bernoulli problem in this setting Lemma A.2 yields supg (. u(t) > cor-
By the Lipschitz continuity of « in time, we deduce

cor < sup u(t) < L|t —s|,
B, (z)

Lir—s).

where L is the Lipschitz constant in (4.6). In particular, r < o
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If 7 € Q(u(s)) then B, (z) C Q(u(s)). Using the nondegeneracy, Harnack inequality and the Lipschitz
regularity, we have

CHcoi < Cqy sup u(s) <u(s,z) < Llt-s|,
2 B, (2)

I oL g, _
which yields r < Crreo [t — s]. O
Finally we mention that the time regularity and space regularity can be interpolated to get time

regularity of Vu.

Corollary 4.19. Under the assumptions of Lemma 4.16 for any 0 < 8 < min{«, %}
0,1 1 5
ueCMc,nLECyP so by interpolation u € C* C).

2_
In particular, if @ > % then Vu € C;} ™ CY.

Proof. Since Vu(t) are in C#(Q(u(t))) uniformly in ¢ we can use the uniform convergence of the
difference quotients and the Lipschitz continuity in time of u(z) from Lemma 4.17

(Vu(t,x) = Vu(s,x)) - e = %(u(t,x + he) —u(t,x)) + %(u(s,x +he) —u(s,x)) + O(hP)
=0(h7 't =)+ O(hP).

1
By choosing & = |t — s|™F to match the orders of the two terms, we recover the desired gradient
continuity. m]

4.5. Comparison principle in star-shaped setting

Now we state a comparison principle that closes our discussion of the characterization of obstacle
solutions using the local stability and dynamic slope conditions. We will utilize this comparison principle
later on in Section 5, when we discuss a specific energy solution generated by minimizing movements.

Proposition 4.20. Suppose that w and u are respectively a viscosity subsolution and a LSC viscosity
supersolution (or a supersolution and an USC subsolution) of (1.1) and (1.2) in [0,T] with strongly
star-shaped initial data, with the ordering w(0) < u(0) (or w(0) > u(0)). Further suppose that w
satisfies the following:

(@) {w(t) > 0} is bounded and strongly star-shaped at each time, its boundary is uniformly C'@
in space and Lipschitz in time, and w(t) is C' in Q(w(t)), and Vw(t) is continuous in time on
Urefo,r) w (). .

(b) There exists a finite partition {t;}.=y of [0, T] such that w is monotone in [t;, t;+1].

Thenw < u (orw > u).

Let us mention that an obstacle solution with star-shaped initial data satisfies (a) in Proposition 4.20
due to Lemma 4.16 and Lemma 4.17 and (b) due to Remark 4.13. It is also a viscosity solution of
(1.1) and (1.2) by Lemma 4.14. The uniform nondegeneracy follows from the boundary regularity and
Lemma A.2(i). Thus, from the comparison principle Proposition 4.20, we can derive the uniqueness:

Corollary 4.21. Any viscosity solution of (1.1) and (1.2) with strongly star-shaped initial data u(0) that
is continuous at t = 0 in the sense that u,(0) = u(0) = u*(0), and boundary data satisfying (4.1) is the
unique star-shaped obstacle solution with the same initial data and boundary data.
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Let us now turn to the proof of Proposition 4.20. As is typical with viscosity solutions, one of the main
difficulties in the comparison principle of weak solutions is the lack of regularity. We follow a typical
approach based on sup/ inf convolutions in order to regularize at the point where the first touching occurs.
The novel difficulty has to do with the weak notion of positive velocity and the difficulties stemming
from crossings which occur with zero velocity. We can use sup / inf convolutions with decreasing radius
to accelerate the free boundary velocity, but a delicate argument relying on the regularity of one of the
solutions is still needed to actually guarantee that the first touching point has a positive velocity.

Proof of Proposition 4.20. Let us assume that w is a viscosity subsolution of (1.1) and (1.2) with
regularity properties in assumptions (a) and (b), and u is a LSC supersolution. We will show that

w(t,A:) <u(t,-) fort >0and A > 1,

which yields w < u in the limit 4 ™\ 1. The proof for the other half of the statement is parallel, arguing
the opposite inequality with 4 < 1.
Fix A > 1. Define

W(t,x):= sup w(t,y).
YEB (1) (x)

Here p(1) = poe™", and py is chosen proportional to (1 — 1) so that W(0) < u(0) in {W(0) > 0}, which
is possible by strong star-shapedness. The main motivation for the sup-convolution is the effective
reduction of the normal velocity of W by p’(¢) < 0 compared to w. Hence if W and u touch each
other, either the normal velocity of u is negative or w has positive normal velocity near the contact, and
therefore the dynamic slope condition can be used in either situation to arrive at a contradiction. Recall
that W is subharmonic in its positive set.

We would like to show that W(¢) < u(z) in {W(z) > 0} for all + > 0. Define the first contact time

to=inf{t > 0: W(r) £ u(t) in {W(z) > 0}}.

Clearly ¢ty > 0 by lower semi-continuity of u in time. If 7, is finite, we want to get a contradiction. The
only nonstandard part here lies in the fact that the support of ¥ may jump in time, so let us discuss this
point carefully. Since we assume that W is star-shaped, W and its support continuously decrease as A
increases. The support of {W(#p) > 0} indeed can be made arbitrarily close to Ep( 1) (0), in particular a
subset of the fixed boundary UC for u, if A is sufficiently large. Thus if {W(-,#9) > 0} ¢ {u(-,29) > 0}
due to discontinuity in time in u at ¢y, we increase A in the definition of W until {W(¢y) > 0} precisely
touches {u(ty) > 0} from inside, so that there exists a point xg € d{W(ty) > 0} N d{u(ty) > 0}. We
point out that pg does not need to be changed even if we need to increase A. Note that W < u for ¢ < 1 for
this larger choice of A due to the definition of ¢ty and W(¢p) — u(to) being subharmonic in {W(zy) > 0}.
In particular u(tg) — W(#o) has a minimum at xg.
By the definition of W there is a point yy € d{w(ty, A-) > 0} with yg € %(xo), and

W (10,x) = w(to, A(x = x0 + yo)) = (x).
As u(tyg) — ¢ has a minimum at xq, we deduce that
AVw(t9, Ay0) = V(xo) € D_u(xo) (4.8)
and so

21V (to, Wyo) > < 1+ ps. (4.9)
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Figure 6. Space-time picture displaying the definition of (t,, y,).

By our assumption (b), we know that w is either monotone increasing or decreasing in a closed time
interval [7_1, 7o] with z_; < fo. If w is monotone decreasing in [7_1, f], then W has strictly decreasing
support in [f_1, tg], namely for ¢ = —p’(¢y9) > O we have

B (19-1) (x0) c {W(t) >0} c {u(t) >0} fort_; <t <ty.

In particular the negative cone condition (4.4) is satisfied for u at (¢y, x9), and so as u is a supersolution
of (1.2) we conclude by (4.8) that A2|Vw|?(t9, 1yg) < 1 — u_. However, as w is itself a subsolution of
(1.1), we have 22|Vw|?(tg, Ayg) > A>(1 — u_), which is a contradiction.

Now suppose that w is monotone increasing in [f_1, fo]. It is possible that in this case u still satisfies
the negative cone condition (4.4) for some ¢ < 0 and ry > 0, in which case one can still proceed as in
the above case. So now suppose that (4.4) is not true for ¢ := —% p’(tp) > 0 and any ry > 0. This means
that along an increasing time sequence ¢, converging to #¢, there is x,, such that

Xn € {”(tn) = 0} N Bc(to—tn) (x())-

Now we consider what this means in terms of w. Recall yo above and consider y such that |y — yo| <
2¢c(tg — t,). Then

[y = xul <1y = yol + [yo — X0l + |x0 — xal
< 2¢(to = tn) + p(to) + c(to — 1n)
= p(to) = p’(t0)(to — tn)
S p(tn)’
where the last inequality is by convexity of p(¢). Thus, by definition of W, w(t,,y) < W(t,,x,) <

u(tn’xn) =0. Namely EZc(to—tn) (}’0) C {W(Ina /1) = 0}
Now let

7o := sUp{s € [1,70) : Be(ry—s) (y0) C {w(s, 1) = 0}}.

See Figure 6. Since {w(#) = 0} evolves continuously in time by assumption (a), we have 7,, > t,, and
if 7, < to then there is a contact point y, € d{w(zr,) > 0} N B, (y-z,)(Yo). If the order is preserved
up to t = tg, that is, 7, = 19, then we set y,, = yo. From the definition of (y,, 7,,) we see that positive
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cone condition (4.3) holds for w(-, A-) at (1,,, y,) and therefore for w at (t,, dy,) with cone speed Ac.
Since w is a subsolution of (1.2) we have |[Vw|?(t,, Ay,) > 1 + .
Since (7, yn) — (%0, yo), by the gradient continuity in assumption (a), we deduce

A |Vw[* (10, Ayo) = lim A%|Vw[* (T, Ayn) = (1 + ).
n—oo

But this contradicts (4.9). Hence we conclude. O

5. Comparison properties of the minimizing movements scheme

In this section we discuss the comparison properties of the minimizing movement scheme (1.8) and its
60 — 0 limit. In particular, we will show that the approximate solutions generated by this scheme will also
satisfy the dynamic slope condition (1.2) in the viscosity sense. Since the local stability condition (1.1) is
shown in [17], in the star-shaped case we will be able to apply the comparison principle Proposition 4.20
proved in Section 4 to show convergence to the unique obstacle solution (O), see Theorem 5.4. As a
corollary we obtain that the obstacle solution (O) is an energy solution.

These results will complete the proof of our main theorem in the introduction, Theorem 1.4.

Remark 5.1. The very recent result of Ferreri and Velichkov [19] implies that C'*# regularity is
propagated in the discrete scheme (1.9). However, at least with a naive application of their result, the
constants would blow up as 6 — 0 since the regularity theorem needs to be applied 0(%) times in order
to get to a nontrivial positive ¢ in the limit. In the star-shaped case we go around this difficulty due to the
equivalence with the obstacle solution (O) evolution. This equivalence allows us to apply the regularity
theorem only finitely many times, at each monotonicity change, as in Lemma 4.16.

Lemma 5.2. The approximate solutions us generated by the scheme (1.9) are viscosity solutions of
the local stability (1.1) and dynamic slope (1.2) conditions on [0, T] in the sense of Definition 4.3 and
Definition 4.8.

Proof. The local stability condition (1.1) in the sense of Definition 4.3 follows from [17, Lemma 3.2,
Lemma 3.3]. In particular, Definition 4.3(b) follows from Remark 4.5 and the uniform nondegeneracy
of energy minimizers.
For (1.2), we only check the subsolution condition since the supersolution case is symmetrical.
Suppose that Q(u’; (7)) has positive normal velocity V,,(zo,xo) > 0 at some point xo € dQ(u;(t0))
in the sense of Definition 4.7, that is,

{x: |x—xol < c(t—1o)} € Qu5 (1)L for 19 —ro <1 < to.

Since u s is constant on open intervals of the form (k§, (k + 1)) this implies that ¢y = k¢ for an integer
k, that u’(t0) = u';, and that u’(7) = u’;‘l forty — 6 <t < ty. Since ”Ifs is a minimizer of

£k v) = T (v) + Diss(uk™,v) over v & F(k6) + Hy(U)

and we have just established that xo € RY \ Q(uX™") we can apply [17, Lemma 3.2, Lemma 3.3] to
conclude that

|Vu(to, xo)|* > 1+ s
in the viscosity sense. o

Remark 5.3. The us(t) are also viscosity solutions of (1.2) in the “standard” sense of touching from
above and below by C! test functions in space-time. This notion, unlike the notion in Definition 4.8
which defines positive velocity based on cones, behaves well with respect to the limit § — 0. One can
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apply the standard method of upper and lower half-relaxed limits, of Barles and Perthame [4], to show
that #* and u, are respectively sub and supersolutions of (1.2) in the standard viscosity sense.

We should remark that the upper and lower-half relaxed limits #* and u, are not necessarily the
same as the upper and lower semicontinuous envelopes u*(¢) and u.(t) of the pointwise limit u(z) of
an energy solution constructed in [17, Th. 1.3]. It would be interesting to know whether the pointwise
in time (subsequential) limits u(¢) are also viscosity solutions of (1.2) in general either in the standard
sense or in the cone sense of Definition 4.8. Below in Theorem 5.4 we will show that it is so in the
star-shaped case.

Now we can apply the previous viscosity solution property in combination with the comparison
theorem in Section 4 to show that, in the star-shaped case, the limit of the minimizing movements
scheme is the same as the unique obstacle solution. The convergence is in fact quantitative.

Theorem 5.4. Suppose that Qq is a C>? strongly star-shaped region, K = R¢ \ U is compact and
strongly star-shaped, F is positive Lipschitz continuous, and F changes monotonicity at most finitely
many times on [0,T]. Call v the obstacle solution (O) and us to be a solution of the time incremental
scheme (1.9) on [0,T] X U. Then for any t € [0,T]

llus (@) =v(Dll=w) < C(pz, d)(exp(|l(log F)'lleod) = DI Fllec — 0 as 6 — 0.

Thus the obstacle solution (O) is the unique minimizing movements solution of the energetic evolution
([17, Def. 1.2]), in particular any minimizing movements solution is also a viscosity solution of (1.1)
and (1.2).

Proof. We prove the convergence by comparison principle Proposition 4.20 with w = v the obstacle
solution which, by Corollary 4.19, is in Cto’lL;" N L,°°C,1(’ﬁ on [0,T] x U.
Let M(6) = sup, supjc(o,s5) F(t — h)/F(t), note that M (6) < exp(||(log F)’[|«d). Then

@s(t,x) = M(S)v(t, M(6)"'x)

is a C,0 ’1L§° NnLeC ,lf’ﬁ supersolution of (1.1) and (1.2) on [0, T with star-shaped level sets and so the
comparison principle Proposition 4.20 implies that us < ¢s on [0, 2] X U. Note that we have chosen
M (8) > 1 so that for x € K also M (6)'x € K since K star-shaped and

@s(t,x) = M(S)v(t, M(8)'x) = M(5)F(t) > sup F(t—h) > Fs(t)
hel0,6]

By uniform Lipschitz regularity of v(t)

us(t,x) < ps(t,x)
< M(S)v(t,x) + MO)|IVv(D)llw(M(8)™ = 1) sup x|
xeQ(v (1))
<v(t,x) + C(M(8) = D||F||co-

Note that Q(v(¢)) C Bcr(r) (0) by uniform nondegeneracy of v(t) and the upper bound v(#) < F(t).
This proves the upper bound. The lower bound is similar comparing with an inward dilation of size
m(0) = inf; infye[o,51 F (¢t — h)/F(t) instead.
Furthermore, applying [17, Th. 1.3], we also know that, along a subsequence, us(¢) — u(t) pointwise
in time and uniformly in space and u is an energy solution. By uniqueness of pointwise limits # = v and
so the obstacle solution is an energy solution. O
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A. Technical results
A.l. Lipschitz and nondegeneracy

First we record the Lipschitz continuity of supersolutions of the one-phase problem. See [7, Lemma
11.19] for a proof.

Lemma A.1 (Lipschitz estimate). There is C(d) > 1 so that for any viscosity solution u of
Au=0 in Qu)N B, and |Vu|* < Q on dQ(u) N B,
we have

IVullLe (s, < C(NO + |Vull 2 (5,)-

Nondegeneracy of Bernoulli problem solutions is much more delicate than Lipschitz continuity, it
typically needs a stronger condition than just the viscosity solution property. Here we give several cases
where it is known.

Lemma A.2. Let u € C(B;) satisfy one of the following:
(i) d{u > 0} is an L-Lipschitz graph in B, and u solves
Au=0 in {u>0}NBy, and |Vu| = 10on d{u > 0} N B,.

(ii) u is an inward minimizer of J in B;.
(iii) Suppose that u is a minimal supersolution in B;

Au=0 in {u>0}NBy, and |Vu| <1on d{u >0} N B,.
(iv) d =2 and u is a maximal subsolution in B of
Au=0 in {u>0}NB,, and |Vu| > 10on 0{u >0} N B,.

Then u is uniformly nondegenerate at its free boundary in the sense that there is co depending on d (and
on L if in the first case) such that

sup u(x) > cor forallx € d{u > 0} N By, B,(x) C B,.
By (x)

Proof. For part A.2 see [14, Lemma 6.1], for part A.2 see [29, Lemma 4.4], for part A.2 see [7, Lemma
6.9], and for A.2 see [26]. O

A.2. Discussion of viscosity solution notions

In Section 4 we defined the spatial slope conditions in terms of the sub and superdifferential notions in
Definition 4.2. These appear a bit different from the classical sub and supersolution notions:

Definition A.3. Suppose u : U — [0, o) is continuous and is subharmonic (resp. superharmonic) in
Q(u)NU.Let G c 9Q(u)NU be arelatively open subset. Then u is a subsolution (resp. supersolution) of

|Vul> > Q (resp. |Vul> <Q) onG

if, whenever ¢ is a smooth test function such that ¢, touches u from above (resp. ¢ touches u from
below) at x € G with Ap(x) < O (resp. Ap(x) > 0),

IVe@)I?=Q  (resp. [Vo(x)* < Q).

There is an equivalence between these notions.
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Lemma A.4. Suppose that u : U — [0, 00) is continuous and subharmonic (resp. superharmonic) in
Q(u) NU and let G be a relatively open subset of 0Q(u) N U. Then u is a viscosity subsolution (resp.
supersolution) in the sense of Definition 4.2 on G if and only if it is a viscosity subsolution (resp.
supersolution) in the sense of Definition A.3 on G.

Remark A.S. Note that this equivalence requires both solution properties to hold everywhere. If ¢
touches u from above at xy € 3Q(u) N U then Vop(xg) € Diu(xg). However the reverse is not true, if
p € D,u(xp) it does not necessarily guarantee that u can be touched from above by a smooth test function
at the same point with Vo(xo) =~ p, rather one can find a nearby point where the touching occurs.

In [17, Sec. 4] this distinction is important since we only prove a sub- and superdifferential notion
H4=1-almost everywhere.

Proof of Lemma A.4. We just do the subsolution equivalence, the supersolution one is similar. Suppose
u is a subsolution in the superdifferential sense Definition 4.2. Suppose ¢ is a smooth test function with
¢, touching u from above at xo € G. Then

u(x) < [Ve(xo) - (x = x0) ]+ + o(lx —xol) so Ve(xo) € Du(xo)

and so

IVe(xo)* = Q.

Next suppose that u is a subsolution in the touching test function sense Definition A.3, and p €
D u(xp) for some xy € G. Without loss assume that p = aey. Let §,r > 0 and define

@(x) = (1 +8)a(x —xo) - eq +c(d)dr (|(x = x0)'|* = dx3).

This function is a superharmonic polynomial and using the superdifferential condition @e; € D u(xo)
one can show that for all & > O there is r > 0 so that u < ¢ on dC N {u > 0} where C is a small open
cylindrical neighborhood of x¢ with radius = ro. Making the radius smaller if necessary we can assume
that 9Q(u) N C c G.

Then, since ¢(xo) = u(xg) we can shift ¢ vertically ¢(x) + s until (¢(x) + s),; touches u from above
at some x; € C. Since ¢ is strictly superharmonic the touching must be on x; € dQ(u) N C c G. Thus
finally the viscosity solution condition implies that

0 < [Ve(x)* < a+os(1).

Sending 6 — O finishes the argument. O

A.3. Uniqueness of the Bernoulli problem solution in the complement of a star-shaped set

In the star-shaped case we have the following uniqueness result for a Bernoulli problem with an obstacle.
The result without obstacle for classical solutions in two dimensions was proved in [28] based on an
existence theorem by Beurling [5] (more easily found reprinted here [6]). Here we give a proof for
viscosity solutions of the obstacle problem for convenience.

Theorem A.6. Suppose that U is a domain such that K = R? \ U is strongly star-shaped with respect
to a neighborhood of the origin, and that O is a strongly star-shaped set with respect to the same
neighborhood. If u,v € C(U) have compact support and for some constants F,q > 0 are viscosity
solutions of a Bernoulli problem with obstacle O from below
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Au=0 in{u>0}nNnU,
u>0 inoO,
|Vul|=¢q on(8{u>0}\0)NnU,
[Vul<gq ond{u>0}nU,
u=F ondU,

thenu = v.
The same result applies for a Bernoulli problem with obstacle O from above.

Proof. By a simple rescaling it is sufficient to consider F = ¢ = 1. We show that Q(u) = Q(v) which
is sufficient by the uniqueness of the Laplace equation.
We first check that Q(u) € Q(v). Suppose that Q(u) \ Q(v) # 0. Consider the largest A < 1 such that

v(x) = v(Ax)
satisfies
Qu) c Qv = 271Q().

Such A exists since both Q(u) and Q(v) are open, Q(u) is bounded and Q(v) contains a neighborhood
of the origin. We have clearly 1 < 1, and by the definition of A there exists xo € 9Q(u) N IQ(v1). Also
note that xo ¢ O since O is strongly star-shaped and O N dQ(v) = 0.

If u and v are sufficiently smooth, we have

|VvA(x0) = A|Vv|(Axo) < A < 1 = |Vu|(xp),

a contradiction with the fact that u < v* by the maximum principle for the harmonic function v* — u in
Q(v) N 271U since v — u > 0 on 719U c U by the strong star-shapedness.

To make the argument work without assuming regularity, we consider the sup and inf convolutions

ve(x) = inf v, uy(x) = sup u
By (x) B, (x)

defined on U, where U, := {x : B,(x) C U}. It is easy to see that v, is superharmonic on U, N Q(v,),
u, is subharmonic on U, N Q(u,), and infsy, v, — 1 as r — 0 by continuity.

Letus call the A < 1 above Ay. For each r > 0 there exists a largest 4, < 1 so that Q(u,.) C /l;lﬂ(vr).
Furthermore 4, — 49 < 1 as r — 0. Therefore we can choose » > 0 sufficiently small so that 1, < 1,
/1;1/2 infpy, v, > 1 and dist(O, /1;109(\/,)) > r (by strong star-shapedness of O).

We fix such r > 0 and choose xo € 0Q(u,) N A, 10Q(v,). Let us set w(x) := /l;l/zv,(/lrx). We have
that both u,- and w are defined on /l;lU,. We also note that w —u,- is superharmonic on /1;1 U-n{u, > 0}
with w —u,- > 0 on /l;lc?Ur. Therefore the slopes of u#,- and w in the normal direction at x are ordered.

We have the standard situation of boundaries of u, and w touching at a point that has both interior
and exterior touching balls centered at the free boundaries of u and v(4,x) respectively. By a standard
barrier construction at these centers, we arrive at a contradiction with the fact that u satisfies |Vu| > 1
(since the center is not in O by the choice of r) and v := v(A1,.x) satisfies /l;l/2|Vv’l’| < /li/zl < 1.
Therefore we conclude that Q(u) c Q(v).

The inclusion Q(v) C Q(u) can be shown by the same argument, swapping the roles of # and v. By
the uniqueness of the Laplace equation we have u = v.

The proof for the problem with obstacle from above follows an analogous argument. O
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