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ABSTRACT. We study the question of uniqueness of weak solution to the fast
reaction limit of the Keller and Rubinow model for Liesegang rings as intro-
duced by Hilhorst et al. (J. Stat. Phys. 135, 2009, pp. 107-132). The model
is characterized by a discontinuous reaction term which can be seen as an in-
stance of spatially distributed non-ideal relay hysteresis. In general, uniqueness
of solutions for such models is conditional on certain transversality conditions.
For the model studied here, we give an explicit description of the precipitation
boundary which gives rise to two scenarios for non-uniqueness, which we term
“spontaneous precipitation” and “entanglement”. Spontaneous precipitation
can be easily dismissed by an additional, physically reasonable criterion in the
concept of weak solution. The second scenario is one where the precipitation
boundaries of two distinct solutions cannot be ordered in any neighborhood
of some point on their common precipitation boundary. We show that for a
finite, possibly short interval of time, solutions are unique. Beyond this point,
unique continuation is subject to a spatial or temporal transversality condi-
tion. The temporal transversality condition takes the same form that would
be expected for a simple multicomponent semilinear ODE with discontinuous
reaction terms.

1. INTRODUCTION

We study the question of uniqueness of weak solution to the fast reaction limit
of the Keller and Rubinow model for Liesegang rings,

ut uer;\ZcS(ma\/f) —plz, t;u]u, (1.1a)
uz(0,8) =0 fort >0, (1.1b)
u(z,0) =0 forz>0 (1.1c)

where the precipitation function p[z,t; u] depends on z, t, and nonlocally on u via

pla, 1] :H(/t(u(a:,r)—u*)erT). (1.1d)

0

Here, H denotes the Heaviside function with the convention that H(0) = 0 and u*
denotes the supersaturation concentration.

The model was derived by Hilhorst et al. [12, 13], based on earlier work in
[14, 15], from a three-component two-stage system of reaction-diffusion equations
due to Keller and Rubinow [16] under the assumption that one of the first-stage
reactants does not diffuse, that the lower threshold of criticality is zero, and that
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the reaction constant of the first-stage reaction is large. In the following, we shall
refer to the reduced model (1.1) as the HHMO-model.

Hilhorst et al. [12, 13] introduced and proved existence of weak solutions to
(1.1). Modulo technical details, weak solutions are pairs (u,p) that satisfy (1.1a)
integrated against a suitable test function such that

t
p(z,t) € H</ (u(z,7) —u")y d7'> (1.2)

0

where H denotes the Heaviside graph

0 when y < 0,
H(y) € < [0,1] wheny=0, (1.3)
1 when y > 0,
subject to the additional requirement that p(x,t) takes the value 0 whenever u(x, s)

is strictly less than the threshold u* for all s € [0,¢]. This constraint can be stated
as

0 if supgepo,g ulz,s) <u”,
p(z,t) € ¢ [0,1] if supyepoqul(z,s) =u*, (1.4)
1 if supyeqo,qu(e,s) > u*.

The problem left open by [13] is the question of uniqueness of weak solutions
to the HHMO-model. The main obstacle is that the precipitation term is neither
Lipschitz continuous nor local in time. Moreover, it may not even be monotonic in
the following sense. If u; and us are weak solutions with associated precipitation
functions p; and pa, it is not clear whether

(p1uy — paug) (ug —ug) >0 (1.5)

a.e. in space-time. An estimate of this form would imply uniqueness by standard
energy methods. We remark that for other models involving phase transitions,
e.g. for moist advection in models of the atmosphere with humidity and saturation
[3, 18], monotonicity can be asserted. The behavior of the precipitation function
is an instance of a one-sided non-ideal relay. In general, non-ideal relays switch
from an “off-state” 0 to the “on-state” 1 when the input crosses a threshold p, and
switches back to zero only when the input drops below a lower threshold A < pu.
Here, the lower threshold is A = 0, so the relay never switches back. There are
different ways of defining the behavior of non-ideal relays; see, e.g., the brief survey
in [4]. The formulations differ in their behavior when the input reaches, but does
not exceed the relay threshold. The three options described in [4] are: (i) The
relay switches as soon as the threshold is reached [10, 11, 17, 20], (ii) the relay
switches only when the threshold is exceeded, attributed to Alt [2], or (iii) may take
intermediate values at the threshold subject to certain monotonicity constraints,
which are referred to as a completed relay [1, 19]. All these formulations are “rate
independent”, i.e., the state of the relay only depends on the past and present values
of the input, but not on their rate of change. All rate-independent formulations
have issues regarding their well-posedness in cases of non-transversal crossings of
the threshold.

The uniqueness issue can be illustrated with a simple system of two ordinary
differential equations, but extends to the case of spatially distributed relays, in-
cluding the HHMO-model as a reaction-diffusion equation with precipitation. For
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simplicity, we translate the crossing of the critical threshold into the origin and look
at the non-autonomous system

wt) = f(t) +u(t) +o(t) = pu(t), (1.6a)
o(t) = f(t) +u(t) +o(t) = pu(t) (1.6b)
u(0) =v(0) =0. (1.6¢)

Here, p,, and p, denote the precipitation condition (1.4) with u«* = 0 for u and v,
respectively. If p, and p, are permitted to assume fractional values, there is no
hope for uniqueness, so the question here is whether the restriction of p,, and p, to
binary values suffices to select a unique solution.

Let us first consider the case f(t) = 1. In this case, the vector field without the
precipitation terms is positive in both components at time ¢ = 0 when the threshold
is touched; we speak of a transversal crossing. We see that both precipitation
functions must switch from zero to one at that instant. Indeed, if none of the
precipitation functions switches, the solution is u(t) = v(t) = (exp(2t) — 1)/4 > 0
on some interval of positive time, which violates (1.4). If one of the precipitation
function switches, p, say, the solution is u(t) = —t/2, v(t) = t/2, so that the
precipitation condition is still violated on some interval of positive time. So there
is no choice and both must switch.

If, on the other hand, f(t) = t, the vector field without the precipitation terms
is zero in both components at time ¢ = 0 when the threshold is touched; we speak
of a non-transversal crossing. Again, it is easy to see that at least one of the
precipitation functions must switch at ¢ = 0 for if not, both v and v will be positive
for ¢ > 0, violating the precipitation condition (1.4). However, suppose that p,
switches to 1 at ¢ = 0, while p, remains zero. Then u(t) = —t and v(t) = 0, which
is a feasible solution. Due to the symmetry, p, = 0 and p, = 1 also gives a feasible
solution.

We remark that as soon as fractional values are permitted, there are further
feasible solutions: in the transversal example, e.g. p, = p, = % is feasible, in
the non-transversal example, any convex combination p, = A and p, = 1 — A
with A € [0,1] gives a feasible solution. We believe that a better disambiguation
criterion would permit fractional values of the precipitation function augmented
by a suitable minimality condition. This, however, is not trivial and outside of
the scope of this paper. For the present paper on the HHMO-model, we avoid
this discussion altogether by proving that, on some positive interval of time, the
precipitation function of a weak solution is essentially binary, i.e. binary except
perhaps for values on a space-time set of measure zero.

Our results are the following. We identify two scenarios for non-uniqueness,
“spontaneous precipitation” and “entanglement”. Spontaneous precipitation can
be easily dismissed by an additional, physically reasonable criterion in the concept
of weak solution. Entanglement is a scenario where there exists a point on the com-
mon precipitation boundary such that in every neighborhood of this point there are
subregions where each one of two non-unique boundary curves is ahead of the other.
To dismiss the second scenario, we perform a detailed study of the topological and
analytic properties of the precipitation boundary. Our results are two-fold. First,
there exists an initial interval of time where monotonicity in the sense of (1.5),
hence uniqueness, holds true. Second, we state a transversality condition, namely
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that the temporal rate of change of concentration is non-degenerate at the pre-
cipitation boundary, which prevents entanglement and implies monotonicity, hence
uniqueness. Our analysis is restricted to a region where the solution consists of
a succession of distinct precipitation rings, the ring domain. In numerical simula-
tions of a range of models, including the HHMO-model and the full Keller—Rubinow
model, the ring domain appears to persist for only a finite interval of time, longer
than our initial interval of uniqueness; breakdown of the ring domain is proved for
a simplified version of the HHMO-model in [7]. After that, solutions may become
topologically even more complex and our methods do not apply. For the simplified
model in [7], a reduction of the problem to a scalar integral equation is possible
and the question of uniqueness can be answered in the affirmative in a class of
solutions that excludes accumulation of precipitation rings in reverse time [6]. For
the HHMO-model itself, this reduction is not possible and the question remains
open.

The paper is structured as follows. In Section 2, we review the concept of weak
solutions, their basic properties, and show that there are weak solutions whose pre-
cipitation function is not changing at a point after the reactant source has passed.
In Section 3, we introduce the “ring domain”, a non-empty region in which the
solution can be characterized by distinct precipitation bands, and prove a number
of topological and analytic properties of the precipitation boundary on the ring
domain. In particular, we show that the precipitation function can be given a
canonical form up to changes on space-time sets of measure zero. In Section 4
we present a boot-strap argument that guarantees existence and continuity of a
classical time derivative away from the precipitation boundary and give a sufficient
condition that ensures existence and continuity of the time derivative on the precip-
itation boundary as well. Finally, uniqueness is proved in Section 5, unconditionally
up to a finite, possibly small time and under a temporal transversality condition
on the entire ring domain.

2. WEAK SOLUTIONS

To begin, we note that without the precipitation term, (1.1) has the explicit
solution

x
Y, t) = w(%) (2.1)
where
o? |erfc(a/2) ifn<a,
U(n) = oBVE 5 (72 = (2.2)
2 erfc(n/2) ifn>a.
For further reference, we also define the standard heat kernel
1 z?
——e 4 ift >0,
O(z,t) = 47t (2.3)
0 itt<o0.

In the following definition of weak solution, we follow [13, 8] and extend the
spatial domain to the entire real line by even reflection. In the main body of the
paper, however, it is easier to formulate all arguments and definitions exclusively on
the first quadrant of the z-t plane. Due to the implied even symmetry, we may still
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refer to the fields at < 0 when convenient, in particular when stating arguments
based on the Duhamel principle.
Definition 1. A weak solution to problem (1.1) is a pair (u,p) satisfying
(i) w and p are even in x, i.e. u(x,t) = u(—=x,t) and p(z,t) = p(—z,t) for all
re€R andt >0,
i) u—1 € CHOR x [0,T]) N L2(R x [0,T]) for every T > 0,
iii) p is measurable, defined pointwise, and satisfies (1.4),
)
)

v) p(x,t) is non-decreasing in time t for every x € R,
the relation

//gptuf dydsf//cpr — )z +puy)dyds (2.4)

holds for every ¢ € CVY(R x [0,T)) that vanishes for large values of |z| and
for timet =T.

The following additional notation is used throughout the paper. We define

P ={(z,t): o®t = 2?} (2.5a)

to denote the parabola on which the point source moves, and write
D, = {(z,t): 0 < 2® < a*t}, (2.5b)
D, ={(z,t): 0 < &*t < 2?} (2.5¢)

to denote the open region of the upper half-plane over and under the parabola P,
respectively. Moreover, we formalize the notion of precipitation ring and interring
(or gap) as follows.

Definition 2. The interval [a,b] with b > a > 0 is a ring if the set

{(y,8):y € [a—e1,b+ea],a’s >y ply,s) <1} C R? (2.6)
with non-negative €1, €5 has measure zero if and only if e = 9 = 0.

When b > a = 0, the interval [0,b] is a ring if the set
{(y,8): y € [0,b+¢e1],0%s >y, ply,s) <1} C R? (2.7)

with non-negative €1 has measure zero if and only if 1 = 0.
Remark 1. If [a,b] is a ring and x € [a, b]—we say that “x is contained in a ring”—
then max,epo,42/q2) u(x,s) > u*. For if not, by continuity of u, there would be a
neighborhood of the line segment {z} x [0, 2%/a?] on which u < u*. But for a weak
solution satisfying property (P), this means that x cannot be contained in a ring.
In Section 3 we shall show that max,c(g z2/42) u(2,5s) = u* only if the maximum

is taken exclusively on P, we then speak of a degenerate precipitation boundary
point.

Definition 3. The interval [a,b] with b > a > 0 is an interring if the set
{(y,S)Z ye [a_515b+52]7p(ya5) >0} CRQ (28)

with non-negative €1, €5 has measure zero if and only if e = €5 = 0.
When 0 < a, the interval [a,00) is an interring if the set

{(y.9):y > a—e,ply,s) >0} CR? (2.9)

with non-negative € has measure zero if and only if e = 0.
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When u* > ¥(a), the so-called subcritical or marginal cases, it is not possible
to have a recurrent pattern of rings and interrings. In these cases, weak solutions
have a simple structure which is completely described by [8, Theorems 4 and 5].
Therefore we focus on the interesting supercritical case where u* < ¥(a). In this
case, the following lemma asserts that at least a first precipitation ring always
exists.

Lemma 4 (Existence of a first precipitation ring). Every weak solution to equation
(1.1) with supercritical precipitation threshold u* has at least one precipitation ring
of width at least X1 > L, where

L= W(g)(;)“ . (2.10)
In particular, there is no interring of the form [0,d].
Proof. First, recall [13, Lemma 3.5], which states that
u(z, t) > P(a,t) — U(a)t. (2.11)
Second, note that there exists a t* > 0 such that
u ="(a)— U(a)t*. (2.12)
Hence, (2.11) implies that if (z,t) € P with ¢ < ¢*, then
u(z,t) > P(x,t) — ¥(a)t > V(o) — Y(a)t* =u”. (2.13)

In other words, w is strictly greater than the precipitation threshold «* on all points
of the parabola P with ¢t < t*. Now let

X1 =sup{z: m{(y,s): y € [0,2],0®s > y*,p(y,s) <1} =0} . (2.14)
Then, [0, X;] is a ring according to Definition 2 of width X; > a/t* = L. O

When the concentration reaches, but does not exceed the precipitation threshold
on sets of positive measure, which, as we shall show in Section 3, is restricted to
the region D,, “spontaneous precipitation” might occur: at some time horizon
t, the precipitation function switches on a subset of {z: u(x,t) = u*} of positive
measure from 0 to 1. In [8, Remark 3], we demonstrate that, at least for the case of a
marginal precipitation threshold, this possibility is real. To exclude non-uniqueness
by spontaneous precipitation, we pose the following additional restriction on weak
solutions:

(P) There exists a measurable function p* such that for a.e. x € R4,
p(x,t) =p*(x) for t>x?/a®. (2.15)

In the following, we sketch that a small modification of the existence proof in [13]
yields weak solutions that satisfy condition (P). This argument shows that condition
(P) is a natural additional requirement on weak solutions. Within this restricted
class of weak solutions, non-uniqueness can only originate from essential differences
of the precipitation functions that first occur in D,, or on the parabola P. This is
a much harder problem and the subject of the remaining sections of this paper.

Theorem 5. There exists a solution (u,p) to (1.1) having property (P).
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Proof. The proof requires a minor modification of the existence argument given in
[13, pp. 118-123]. Their construction proceeds in three steps. First, they consider
the weak formulation of a mollified version of the second-stage reaction of the
Keller—-Rubinow process which, written formally in its strong form and in non-
dimensional variables, reads

t
Ct = Cpx + kap by —cH, (/ (c(ams) — u*)+ ds) , (2.16)
0

where kay by is the known Keller—-Rubinow source term, coming from the first-
stage reaction, and H. is a smooth non-decreasing approximation of the Heaviside
graph with H.(s) = H(s) for all s < 0 and s > . This problem is formulated as
a fixed point problem for a map T' [13, p. 119] which is shown to be continuous
and compact on a bounded subset C of the continuous functions; existence is then
a consequence of the Schauder fixed point theorem. Second, they let ¢ — 0 and
extract a subsequence that converges against a weak solution of the un-mollified
version of (2.16), which corresponds to the original model of Keller and Rubinow.
Finally, they take the fast reaction limit k& — oo, where the source term k ay by
converges to the singular source in (1.1a) weakly in measure, and prove that the
corresponding sequence of Keller—Rubinow solutions has a converging subsequence
which limits to a weak solution of (1.1).

Our goal is to enforce condition (P) across these two limits. We begin by modi-
fying the second-stage reaction equation (2.16) to

min{t,x?/a?}
Ct = Cypp + Kk ag by —cHE</ (c(x,s) —u*)+ds> . (2.17)
0

The corresponding map I', even though it ceases to map into C'°°, remains compact
from C into itself, the relevant estimates remaining literally unchanged. Likewise,
the proof of continuity is not affected by the change, so that the Schauder fixed point
argument applies as before. As e — 0, we extract a subsequence that converges to
the weak formulation of the un-mollified version of (2.17). The required estimates
do not change and the limit solution satisfies condition (P) by construction.

We finally reconsider the fast reaction limit [13, Theorem 2.7]. The compactness
estimate remains unchanged, so that we can extract a subsequence c; which con-
verges to a limit concentration u strongly in the same Holder class as before. In
particular, the precipitation term converges weakly in LZ (R x [0,7T]) to a precip-
itation function p(x,t) taking values in [0, 1] (note that [13] use the symbol X" in
place of p here). Moreover, p is defined point-wise for every z, p is non-decreasing
in time as the limit of non-decreasing functions, and satisfies condition (P) with

min{t,z2/a?}

p(z,t) =1 if / (u(z,s) —u*)yds >0 (2.18a)
0
and
p(z,t) =0 if u(z,s) < u* for all s < min{t,2%/a?}. (2.18b)

The pair (u,p) satisfies the weak form (2.4) just as in [13]. It satisfies the precipi-
tation condition (1.4) on D, and P via (2.18). Thus, it remains to verify that the
precipitation condition (1.4) is satisfied on D, as well. As % is constant on D, and
p is non-decreasing in time, a monotonicity argument, stated as Lemma 8 below,
implies that u is non-increasing in time on D,; we note that the limit weak solution
satisfies the conditions of the lemma—we do not require (1.4) to hold a priori. This
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implies that (1.4) holds on D, as well so that (u,p) is a weak solution in the sense
of Definition 1. [l

Remark 2. This result does not imply that all weak solutions in the sense of Def-
inition 1 satisfy property (P), only that the solution obtained via the modified
limiting process satisfies property (P). Moreover, this argument does not say any-
thing about uniqueness of weak solutions satisfying property (P). However, we can
conclude that non-uniqueness of solutions satisfying property (P) must originate
from differences in the precipitation function on D,, or on P.

We conclude this section with a collection of important auxiliary results. The
first can be understood as a variation of the parabolic maximum principle.

Lemma 6. Let u be a weak solution to (1.1). Given two points (X,T) and (x,t)
in Dy withT >0, x> X, andt <T, we have

X,s) > u(z,t). 2.19
52}3)%]“( s) > u(w,t) (2.19)

Proof. By Lemma 7, u < 1. So we can find a point X; > z > X such that

X1,5) < p(X1,T) < X,s). 2.20
533’%]“( 1,8) <P(X1,T) 52%3%“( s) (2:20)

We set U = (X, X1) x (0,7) and denote its parabolic boundary by I'. Since D, is

free of sources, the maximum principle implies

u(z,t) < maxu = maxu = max u(X,s) (2.21)
T T s€[0,T]

with equality if and only if u = u(z,t) on [X, X1] x [0,¢]. Thus, due to (2.20), the
inequality in (2.21) must be strict. O

To proceed, we introduce some more notation. When v* < ¥(a), we write a*
to denote the unique solution to

U(a) =u*, (2.22)
where WU is the precipitation-less solution given by equation (2.2), and we set
D* ={(z,t): 0 < "Vt < z}. (2.23)

We then recall two elementary properties of weak solutions whose detailed proofs
can be found in the papers cited.

Lemma 7 ([8, Lemma 2]). A weak solution (u,p) of (1.1) satisfies [u—](z,0) =0,
0<u<y fort >0, andp =0 on D*.

Lemma 8. Suppose that p is a measurable, non-negative, bounded function and
suppose (u,p) satisfies the properties of a weak solution to (1.1) except perhaps
for the precipitation condition, Definition 1(iii). Then the function u — 1 is non-
increasing in t on R x [0, 7).

Proof. The proof stated in [13, Lemma 3.3] or [8, Lemma 8] for weak solutions
applies literally. We note that Definition 1(iii) is not required in the proof and can
be relaxed to the condition stated. (|

Corollary 9. There exists Cy, > 0 such that for every weak solution (u,p),

C
esssup ug(x,t) < esssup Py(z,t) < = (2.24)
z€R zeR t
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Proof. By direct computation, setting z = 2/v/t, we find that

o 2 C
esssup ¥y (z,t) < &7 T supze 4 = i 2 (2.25)
zeR 4t z€R t
Lemma 8 implies that u; < 1; a.e., so the claim is proved. (I
Corollary 10. Let (u,p) be a weak solution to (1.1). Then
t
/ / P(x —y,t —s)ply,s)Pe(y,s)dyds < /ma* Cy (2.26)
0o Jr

for every (z,t) e R x Ry

Proof. Using the right-hand bound of (2.24) and recalling, from Lemma 7, that
p =0 on D*  we find that the left hand side of (2.26) is bounded above by

/t Cy /a*ﬁ a*Cy [t ds
0 sy/Ar(t—3s) Joarys VT Jo J(t—5s)s

By the change of variables s = t sin” &, the right hand integral evaluates to 7. O

dyds =

3. THE RING DOMAIN

A substantial difficulty in the analysis in the HHMO-model is the possibility that
the precipitation function may take fractional values on sets of positive measure.
On the other hand, Lemma 4 shows that at least initially, the HHMO-solution forms
a proper ring, i.e., the precipitation function takes binary values in some bounded
region of space-time. In this section, we introduce the ring domain as the maximal
set of the form R x (0,7*) on which p is essentially binary. On the ring domain, we
are able to obtain an elementary characterization of the precipitation boundary: we
shall show that there exists a precipitation domain I and precipitation boundary
function ¢: I — R with certain “nice” properties such that the precipitation
function is a.e. given by

I , t) if I
p(ﬂ:,t) _ {t>e(£)}(x7 ) e ] (31)
0 otherwise .

For a given, fixed weak solution (u,p) of the HHMO-model (1.1), we write D,
as the union of three disjoint subsets,

P ={(z,t) € Dy: u(x,s) > u" for some s € [0,¢]}, (3.2a)
S ={(z,t) € Dy: u(z,s) <u* for all s €[0,t]}, (3.2b)

and
C ={(z,t) € Dy: Srg[%’)%]u(w,s) =u"}. (3.2¢)

The set P is the precipitation set where we know that p = 1. Likewise, S is a
set where precipitation cannot occur and we know that p = 0. By continuity of
u, these two sets are open. The set C is the critical set where the precipitation
threshold is reached, but not exceeded. In our notion of weak solution, we cannot
assign a definitive value to p on C but, as we shall show now, C' is of measure zero.
By definition, the sections of S, C, and P are strictly ordered, i.e., for fixed =z,

{t: (z,t) € S} < {t: (z,t) € C} < {¢t: (x,t) € P}. (3.3)
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Lemma 11 (The critical subset of D, is a null set). Assume that (u,p) is a weak
solution to (1.1). Then

(i) C COP and C C 08,

(ii) C is a set of measure zero.

Proof. Let (z,t) € C. Then there exists s € (0,t] such that u(z,s) = u*. By
Lemma 6, any point (X, s) € D, with X < 2 has max, ¢ s u(X,s") > u* so that
(X,t) € P. The same argument shows that (X,t) € § if X > x. Thus, (z,?) is a
limit point of P and of S, which proves (i). The argument further shows that for
every ¢ there is at most one value of = such that (z,t) € C. This proves (ii). O

The argument used in the proof of Lemma 11 cannot be extended to critical
subsets {(z,t): u(z,t) = u*} on or above the parabola P. In that case, the precip-
itation pattern may be topologically complex and/or essentially non-binary. Thus,
in the remainder of the paper we restrict ourselves to the ring domain, defined as
follows, on which such degeneracies are not possible.

Definition 12. We shall say that the solution (u,p) to (1.1) has a ring domain
RD(u) =R x (0, (X*/a)?) (3.4)

with X* € (0, +00] if there exist a strictly increasing sequence, finite with 0 = X <
X1 < Xo<...< X, =X" n>1, orinfinite with 0 = Xo < X7 < Xo < ... <
X, <...< X" and lim; o, X; = X™*, such that
(i) [Xai, X2i11] is a ring for all applicable indices i,
(ii) [Xoi41, Xoiyo] is an interring for all applicable indices 1,
(iil) when the sequence {X;} is finite, the interval [X*, X* 4 &| is neither a ring
nor an interring for every € > 0.

Remark 3. Weak solutions to the HHMO-model are essentially determined by the
field w alone [8, Lemma 3]. This justifies writing RD(u) instead of RD(u, p). Below,
when no ambiguity can occur, we will often write RD for short.

When the precipitation threshold is supercritical, i.e., when u* < ¥(«), Lemma 4
ensures that an initial precipitation ring always exists, so that we can construct a
non-trivial ring domain iteratively.

We now introduce notation for three distinct parts of the precipitation boundary,

Areg = {(2,t) € C: (z,5) ¢ C for s < t}, (3.5a)

Adeg = {(x,t) € P: x is contained in a ring and (z,s) ¢ C for s <t}, (3.5b)
and

Ajump = C'\ Ayeg - (3.5¢)

We remark that, by continuity of u, if a line = const intersects C, it also intersects
Aseg, precisely at the smallest value of ¢ where max,¢jo 4 u(z,s) = u*.

Numerical evidence indicates that Ajump is empty and Ageg consists only of the
boundary points of A;es. On the other hand, we have no proof that this is so.
Moreover, we think that modifications of the model such as the addition of non-
singular loss or source terms may well create degenerate parts or jumps in the
precipitation boundary. For this reason, we allow for the occurrence of all three
boundary components. Figure 1 illustrates the notation introduced in a made-up
sketch; we emphasize that actual numerical simulations look different (cf. [7]).
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FIGURE 1. Sketch of the three boundary components referred to
in this paper; we set Anormal = Areg U Adeg-

To proceed, set

Anormal = Areg U Adeg (36)
and let I denote the closed union of the xz-projection of the precipitation rings, i.e.,
I=JXai, Xai41] - (3.7)

i

By construction, whenever x € I, there exists a unique ¢ > 0 such that either
(z,t) € Areg O (x,t) € Ageg. Hence, we can parametrize onset of precipitation in
time with a function ¢: I — R, the precipitation front, satisfying

Avormal = {(z,0(x)): z € I}. (3.8)
Lemma 13. Let (u,p) be a weak solution to (1.1) with ring domain RD. Then
(i) When z € I, u(z,l(x)) = u* and u(z,t) < u* for allt € [0, L(x)).
(ii) ¢ is strictly increasing and left-continuous on I,
(iil) ¢ is right-continuous at every Xo; with £(Xoj) = (Xo2j/a)?.

Proof. For (z,4(z)) € Ayeg, statement (i) holds by definition of A,es C C.

If (z,£(x)) € Ageg, we argue by contradiction. First, suppose u(z,{(z)) < u*.
Then there exists a neighborhood of {x} x [0, 2%/a?] on which u < u* which carves
out a part of P that contains (z, ¢(x)). Thus, z is not contained in a ring, contra-
dicting the definition of Ageg. Else, if u(x,£(x)) > u*, there exists a neighborhood
of (z,¢(x)) on which v > u*. Thus, by continuity, there exists ¢ < ¢(z) such that
(x,t) € Aveg, again contradicting the definition of Ageg.

For (ii), we first note that the argument used in the proof of Lemma 11 applies
literally and proves that ¢ is strictly increasing. Further, it is bounded, so possesses
a right limit at every point that is not a left boundary point. Taking x € I with
x # Xo; and setting ¢* = lim,, », ¢(y), we have, by continuity of «,

u(a, €)= lim u(y, £(y)) = v”. (3.9)
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This shows that (z,£*) ¢ S so that, due to the ordering (3.3), we have £* > ((x).
On the other hand, as ¢ is increasing, ¢* < ¢(x). This proves that £* = (), i.e., £
is left-continuous on I.

To prove (iii), note that 0 < /(z) < x2/a? for x € I, so £(0) = 0. For j >
0, suppose that (X2;) < (Xa;/a)?. Then, due to Lemma 6, the precipitation
condition (1.4) is satisfied for x € (a\/€(X2;), X2;), i.e.

SE[$?§2j)]u(x,s) > u(Xoj, £(Xaj)) = u”. (3.10)
Thus, the jth ring must start no farther than x = a/¢(Xs;), contradiction. Thus,
0(X25) = (X2;/)? and, since £ is increasing, {(X»;) < {(z) < 2?/a? for z > Xo;.
Thus ¢ is right-continuous at this point. O

Lemma 14. Let (u,p) be a weak solution to (1.1) with ring domain RD. On RD,
p can be identified, up to modification on sets of measure zero, with

I t) 1 I
p(a,t) = (t>e)} (2, 1) ifz € . (3.11)
0 otherwise.

Proof. On D, N RD, the value of p is determined a.e. by the definition of ring
domain as a sequence of rings and interrings and agrees with (3.11). On P and S,
p takes values 1 and 0, respectively. Due to the ordering (3.3) and the definition of
£, these values also agree with (3.11). This already suffices, because, by Lemma 11,
the three sets D, NRD, P, and S cover the ring domain up to sets of measure zero
(those being C, P, and the line {x = 0}). O

Corollary 15. In the setting of Lemma 14, let (x,t) € RD \ Anormal- Then there
exists a rectangular neighborhood B = (x1,22) X (t1,t2) C RD \ Anormar of (z,7%)
such that p(y, s) = p*(y) for all (y,s) € B.

Proof. Apormal is closed, so RD \ Ayormal is open. Since, by (3.11) and Lemma 13,
for fixed y, p(y, s) changes value only if (y,$) € Anormal, the claim is obvious. O

4. ON THE DIFFERENTIABILITY OF % AND THE CONTINUITY OF Ut

In this section, we provide conditions on the existence of a classical time de-
rivative for the solution to the HHMO-model. It turns out that u — 1 is always
time-differentiable away from the location of onset of precipitation. However, time-
differentiability may fail on the precipitation boundary Ajormal- In Theorem 16,
we show that time-differentiability is equivalent to continuity of the formal time
derivative. Afterwards, in Lemma 17, we present a sufficient condition: essentially,
time-differentiability holds at points where the precipitation front is transversal to
time levels ¢ = const.

Theorem 16. Let (u,p) be a weak solution to (1.1) with ring domain RD. Set
t
Pt = [ [ oe-pt-opmsudds,  (11a)
o Jr

Faolx,t) = /I( )@(:r —y,t—{l(y))dy. (4.1b)
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FIGURE 2. Sketch of splitting of the domain of integration in the
proof of Theorem 16.

Then u — 1 is differentiable in time near (v,t) € RD and (u —); is continuous at
(x,t) if and only if Fa is continuous at (x,t). At a point of continuity,

(U—w)t:—]:l—u*fg. (42)
The set of points of continuity includes RD \ Anormal-

Remark 4. In the definition of F3, we use the convention that ®(z —y,t—£(y)) =0
for t < £(y). In the proof, we show that F; and F» are well-defined even though
we cannot exclude that there are points (z,t) € Anormal where Fy(z,t) = —oo or
Fa(z,t) = 0.

Remark 5. The difficulty with showing that F5 is continuous is seen as follows.
Suppose £(y) =t — (x — y)? near y = x. Then ®(x —y,t — £(y)) = const - |z —y| ™1,
which is not integrable. Thus, continuity of F» at a boundary point necessarily
depends on the geometry of the precipitation front. For example, if the front
advances at a non-vanishing rate, ®(z—y,t—£(y)) remains integrable and continuity
of F5 follows, e.g., by approximating the integrand by a sequence of continuous
compactly supported functions. We discuss sufficient conditions for continuity in
Lemma 17 and Lemma 19 further below.

Proof. We begin by introducing useful notation. For any function of two variables,
f(z,t), and any h # 0, we write

f(at—i—h)—f(x,t).

Anf(r1) = ) (4.)
For any fixed (zg,t9) € RD \ Anormal and 6 > 0, we introduce the subdomains

Ag(h) = (zog — 0,20 + 0) X (to — 0 + h,to + h), (4.4a)

Al(h) =R \ (1‘0 — 5, To + 5) X (0, to + h) s (44b)

As(h) = (w9 — 6,30 + 6) x (0, — 6 + ], (4.4c)
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and
A*:($0—5/2,$0+6/2)X(to—é/z,to); (44d)

see Figure 2. Due to Corollary 15, we can choose § sufficiently small such that for
a.e. y € (xg — d, 20 +9),

p(y;s) =p"(y) (4.5)
for all s € (to— 26, to+15). We also choose d sufficiently small that this time interval
lies within the temporal extent of the ring domain RD. Then for all |h| < §/4, which

we assume henceforth, we can use (4.5) in any integral over the subregion Ag(h).
The proof now proceeds in five distinct steps.

Step 1. There exists a finite constant C > 0 which may depend on the choice of
(z0,t0) € RD \ Apormal and & such that
sup |Apu(z,t)] < C. (4.6)

(z,t)€A™

|h|<5/4
Proof of Step 1. First, we note that ¢ (x,t) is absolutely continuous in ¢ with a uni-
form bound C* on v; where it exists and for ¢ bounded away from zero. Therefore,
Lemma 8 implies that for every (z,t) € RD and h small enough,

Apu(z,t) < App(z,t) < C*. (4.7)

Thus, the main task is to find a lower bound for Apu.
A weak solution to the HHMO-model satisfies the Duhamel formula

u(x,t) = (x,t) — /0 /R<I>(:E —y,t —s)ply, s)u(y, s)dyds, (4.8)

see, e.g., [5] for a detailed discussion of the functional setting. Fix (z,t) € A*.
Using (4.8) for each of the two terms in the finite difference Aju(z,t), breaking up
the domain of integration into Ag(h), A1(h), and Ay (h) for the first term and Aq(0),
A1(0), and A2(0) for the second, separating out the difference between these sets
of integration, performing a “summation by parts” by change of variables on the
subdomain Ay(0), and using (4.5) on the part of the domain where it is applicable,
we find that

Bute.t) = o)~ [ o) 2t ) Aty ) dyds
Ao (0
— // Ap®(z —y,t —s)p(y, s)u(y, s) dyds
A1 (max(0,h))

— // Ap®(z —y,t —s)p(y, s)u(y, s)dy ds
Az (min(0,h))

1
-/ Bz —yt— 5+ max(0, h) p* (v) uly, s) dy ds
h JJ 45008 45(h)
= A}ﬂ/)(.%,f) +IO +Il +IQ +I§ 5 (49)

where AA B = (A\ B)U (B \ A) denotes the symmetric difference of the sets
A and B. We remark that we only need to account for the symmetric difference
between the sets A3(0) and As(h); the other symmetric differences are implicit via
the convention that ®(z —y,t —s) =0 for s > t.
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The first term on the right of (4.9) is bounded below by uniform absolute con-
tinuity of ¢ as before. Next, due to (4.7),

to
IOZ—C*/ /@(xfy,tfs)dyds:—c*to. (4.10)
o Jr

To proceed, recall that u < ¥(a) by Lemma 7 and note that the effective horizontal
domain of integration is bounded. Moreover,

sup Ap®(z—y,t—s) < sup Du(y,s) (4.11)
(y,5)€ A1 (max(0,h)) ly|=6/4
(z,t)eA” t>6/4

is bounded. This provides the lower bound for Z;; an analogous argument is made
for Zs.

Finally, we note that m(A2(0) A As(h)) = 25h. Moreover, as in (4.11), the
singularity of the heat kernel is at least a distance §/4 away from the domain of
integration whenever (z,t) € A*. Thus, Z5 is also bounded below. This concludes
the proof of Step 1. O

Step 2. The function u — 1) is time-differentiable at (zo,to) € RD \ Anormal with

(1 — )i (a0, to) = — /

To+0

to
/ B0 — y,to — 5) ur(y, s) ds p* () dy
0—0 to—0

- / / By (0 — y,to — 5) Py, 5) u(y, s) dy ds
Ap(0)¢

’E0+5
- / Bl = 0.0)p" () uloto = 3) dy (4.12)

for some § > 0.

Proof of Step 2. We employ the domain partition (4.4) with § reduced to half its
value from Step 1. Formula (4.9) remains valid on this new partition. We fix
(x,t) = (zo,t0) and pass to the limit » — 0 in each of the terms on its right hand
side as follows.

On Ay, Step 1 implies that for every fixed y € (zo—0,xz0+9), u(y, s) is absolutely
continuous as a function of s on the interval (ty — 0, to) and therefore differentiable
a.e. in time with |u;| < C. Hence, by the dominated convergence theorem,

to

to
lim D(zg—y,to— ) Apu(y, s)ds = / D(xo—y,to—s) u(y,s)ds. (4.13)
h—0 to—0 to—0
A second application of the dominated convergence theorem, using
to
y—C D(xg —y,to — s)ds (4.14)
t0—6
as the dominating function, then establishes that Zy converges to the first term on
the right of (4.12).
For the remaining terms, due to the boundedness of u, ®, and ®;, we invoke
the dominated convergence theorem directly to establish convergence to the corre-
sponding terms on the right of (4.12). O

Remark 6. In the proof of Step 2, Borel-measurability of u; on Ag is not easily
asserted so that we claim the first term on the right of (4.12) only in the sense of
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iterated partial integrals. However, once (4.12) is established, measurability in two
dimensions is obvious a posteriori; see Step 3 below.

Step 3. (u —); satisfies (4.2) on RD \ Anormal-

Proof of Step 3. Step 2 shows that u — ¢ is time-differentiable on RD \ Ajormal-
In particular, u; exists a.e. on RD and is measurable as the pointwise limit of
the measurable function Apu. We can thus revisit the limit of Zy, applying the
dominated convergence theorem directly on the subdomain A(0). This proves
that

lim 7y = // O(zog —y,t0 — 5)p" (y) ue(y, s) dsdy. (4.15)
h—0 Ao(O)

To rewrite the remaining terms in (4.12), we note once again that u; is measur-
able and consider the integral

T - / / . 0 = vslo = ) s) )y . (4.16)
Ap

By Corollary 9 and 10, the integrand in this expression has an integrable upper
bound. Thus, we can apply the Fubini theorem to the positive part of the integrand
and the Tonelli theorem to the negative part, to write

c(y)
/ / - yatO - S) ut(yas) deyv (417)

where c(y) = tg — ¢ for y € (xg — d, 20 + §) and ¢(y) = tp otherwise, and
={zel:l(z)<c(x)}. (4.18)
Then, for y € I'*, we have

c(y)
/( : (®(zo — y,to — 8) ue(y, s) — Be(wo — y,to — s) u(y,s)) ds
407

W 9
:/ ai(q)(xofyvtofs)u(yvs)) ds
oy) 95

= P(z0 —y,t0 — c(y)) uly, c(y)) — P(zo — y,to — £(y)) uly, £(y)) . (4.19)
Noting that u(y, £(y)) = u* and ®(zo—y,to—c(y)) = 0 outside of y € (xo—J, x9+9),
then combining (4.12), (4.17), and (4.19), we find that the expression from Step 2
implies (4.2). O

Step 4. Suppose that Fa is continuous at (xg,to) € RD. Then there exists a
neighborhood V' of (x0,t9) such that u — 1 is differentiable in time on V, (u— )
is continuous at (xo,to), and (4.2) holds at this point.

Proof of Step 4. By continuity of F», there exists an open neighborhood V' C RD,
of (zo,tp), bounded away from ¢ = 0, such that F» is uniformly bounded on V.
First, we show that u; is essentially bounded on V. Indeed, an upper bound is
already given by Corollary 9.

To obtain a lower bound, notice that, by Step 3 and Lemma 8§,

:T/)t*flf’ll*]:z

t
> 4y — / / Bz — .t — 5)ply, ) (g, s)dyds —u* sup Foly,s) (4.20)
0 R

(y,8)EV



CONDITIONAL UNIQUENESS OF SOLUTIONS TO THE KELLER-RUBINOW MODEL 17

a.e. on V. The first term on the right is clearly finite on V', the second by Corol-
lary 10, and the last term is finite by construction.

Second, we show that there exists § > 0 such that p|u| is integrable on A =
I x (0,t9 +6). To see this, fix § > 0 such that there exists (x,t) € V'\ Apormal with
t > to + 6 such that (u — ); < 0 exists at this point. Let o_ = — min{puy,0} and
o4+ = max{pus,0} denote the negative and positive parts of pus, respectively. By
(2.24), o4 is essentially bounded. For o_, we estimate

inf (bx—y,t—s// (y,s)dyds
(y,5)€A
// (x—y,t —s)o_(y,s)dyds

V) + F 4+ ut Fa, (4.21)

where .
F = / / O(x—y,t—s)os(y,s)dyds (4.22)
o Jr

is bounded due to Corollary 9 and 10. Since ®(z — y,t — s) has a positive lower
bound on A and all terms on the right hand side of (4.21) are bounded, o_ is
integrable on A, and so is p |ug|.

Now, for every (z,t) € A,

Fi(z,t) = //A\V O(x—y,t—3)ply, s) us(y,s)dyds
+//Amv q>($ -y, t— 8)]?(?4,5) ut(y’s) dyds. (4.23)

The first term is continuous by the dominated convergence theorem as p|ug| is
integrable and the kernel is bounded on A\ V uniformly for (x,t) near (xo,%p). The
second term is bounded as a convolution of an L' with an L*™ function as u; is
bounded on V.

When (zg,t9) € RD\Anormal, the claim follows directly from formula (4.2) proved
in Step 3. When (xq,%9) € RD N Apormal, we note that (4.2) holds for x = xg fixed
and a.e. t near ¢y and the right hand side of (4.2) is continuous at (zg, tp). Hence,
we can use (4.2) to continuously extend (u — ¢); to the point (xg, tg).

Step 5. Suppose that there exists an open neighborhood V' of (xg,tp) € RD such
that u—1p is differentiable in time on'V and (u—1); is continuous at (zo,to). Then
Fa is continuous at (xo,to) and (4.2) holds at this point.

Proof of Step 5. Since (u — ) is continuous at (zg, to), u; exists a.e. and is essen-
tially bounded on a possibly smaller neighborhood, again denoted V. Following the
proof of Step 4 starting from the second claim we find, as before, that 7 is continu-
ous at (xo, tg). Turning to Fo, we first show that F» is well-defined on V. Indeed, on
V'\ Anormal, the integrand is bounded, so F5 is finite. Now take (x,t) € VN Anormal-
Since ¢ is strictly increasing, (z+&,t) ¢ Anormal for every € > 0 and (4.2) holds true
at every such point. Moreover, ¢(y) > t for y > x, so that ®(z — y,t — £(y)) can
only be nonzero if y < z so that, for fixed y, ®(x +¢& — y,t — £(y)) is a decreasing
function of . Consequently, by the monotone convergence theorem,

H\I‘I(IJ Fa(z +e,t) = Fa(z, t) (4.24)
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A*

I
xo b(t) = €T

FIGURE 3. Sketch of the geometry of the construction used in the
proof of Lemma 17.

either as a finite limit or diverging to +occ. Further, taking limsup.. , of (4.2),
limsup(u — U)i(x + €,t) = —Fi(x,t) — ue Falz,t). (4.25)
e\0

Since the first two terms are finite, so is Fa(x,t). Finally, at the point (xo, to),
lim sup limsup (v — ¥)¢(x + €,t) = liminf limsup(u — ¢):(x + ¢, 1)
z—=z0 e\ T=To e\0
= (u — w)t(.’lﬁo, to) . (426)

Using continuity of F; once again, we conclude that F» is continuous at (xg,tp). O

Since F» is clearly continuous for every (z,t) ¢ Apormal by dominated conver-
gence, these five steps conclude the proof of Theorem 16. On Agpma1, the following
lemma provides a sufficient condition for continuity.

Lemma 17. Let (u,p) be a weak solution to (1.1) with ring domain RD. Suppose

that (xo,t0) € Anormal N RD. Then Fa, defined in Theorem 16, is continuous near

(zo,to) provided

u(mo + h, to) — u(mo, to)
h

Ugt (20, L0) = }llirr}) <0. (4.27)

Proof. Since u—1) € CH°(RD), there exists a rectangular neighborhood A of (g, )
such that u,; < & uzi(wo,t9) < 0on A\ D,. We choose A small enough so that it
is contained in the first quadrant, is bounded away from the z-axis, and intersects
only one ring. Let A* denote a smaller neighborhood of (xg,%g), strictly nested
inside of A (see Figure 3).
Writing

Iy={x€lI: (z,t) € A for some t}, (4.28)

we split the domain of integration in the definition of /5 into

fg(x,t):/l\l @(w—y,t—f(y))dy—i—/l D(z—y,t —L(y))dy. (4.29)
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The first term is continuous on A* by dominated convergence because the singu-
larity of the kernel is bounded by a uniform distance away from the domain of
integration. Thus, the main task is to prove that the second term is continuous on
A* as well.
We employ the Vitali convergence theorem (e.g. [9]). First, we show that

Dz — -t —L(-)) = (zo — -t — £(+)) (4.30)
in measure as (z,t) = (zo, to). Indeed, let € > 0. For every r > 0, take an arbitrary
y with |xg — y| > 7. Then

[@(z0 —y,to — £(y)) — D(z —y,t — (y))]
< |<I)(m0 - yato - E(y)) - (I)(.’BO - y,t - f(y))|
+ [D(zo —y,t = £y)) — Pz —y, t — £(y))]

< sup sup |®4(x0 — y,7)] [to — 1]
y¢B(zo,m) TE[to—L(y),t—L(y)]
+ sup sup sup [P, (&, 9)| |z — xo] . (4.31)

y¢B(wo,r) E€[xo—y,x—y] s€[0,6(y)]
The suprema on the right hand side are both finite (but may depend on r). There-
fore, it is possible to choose ¢ > 0 small enough so that the right hand side of (4.31)
is less than e whenever |tg —t| < 0 and |z — xg| < §. Thus,
miy € R: [0(z0 — y,to — Uy) — B(a — ot — )| = ek <2r.  (4.32)
Since r was arbitrary, this proves that
m{y € R: [®(zo —y,to — £(y)) — P(z —y,t —L(y))| 2 e} =0, (4.33)

lim
(z,t)—(zo,t0)
i.e., convergence in measure.

Second, we show that ®(x — -, — ¢(-)) is uniformly integrable for (x,t) € A*.
Here, it suffices to bound the integrand by a translate of a fixed integrable profile.
Recalling that, by Lemma 13, u(y, £(y)) = u* for all y € I and ¢ is strictly increasing,
we find that, for yq,y2 € 14 with y; < yo,

0 = u(y2, {(y2)) — uly1, £(y1))
= u(y2, {(y2)) — uly2, £(y1)) + uwl(y2, £(y1)) — w(y1, €(y1))
< (Yo, L(y2)) — (Y2, €(y1)) + ue (&, £(y1)) (Y2 — y1)
= Pe(y2,7) (L(y2) — Ly1)) + ua (&, €(y1)) (v2 — y1) - (4.34)

The inequality in the third line is due to Lemma 8 which states that v — ¢ is
non-increasing in time. Further, we used the mean value theorem twice, for some
€€ (y1,y2) and 7 € (£(y1),4(y2)). We conclude that
Uy2) = Ly) o ua(20,10)
Y2—y1  2supythy
In the following, take any (zo,tg) € A* N Apormal, fix (z,t) € A*, and suppose
that the ring intersecting A intersects time-level ¢ within the interior of A. (If not,
O(x— -,t—20(-)) is essentially zero on I4 and there is nothing to do.) Then for all
Y, Y2 € T4 with y < yo such that £(y2) < t we have, by (4.35),

t—L(y) > ly2) —€(y) > Ca(y2 — y) (4.36)

=Cs>0. (4.35)

so that
t—L(y) > Ca (b(t) —y) (4.37)
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where b(t) = sup{y € Ia: £(y) < t}, see Figure 3. Hence,

1
4dr Cy (b(t) — y)

P —y,t —Ly)) < L<p) : (4.38)

which, as a translate of a fixed profile, is uniformly integrable on I4.

Finally, we note that the interval of integration is bounded, so that that the
family ®(x — -,t — £(-)) restricted to I is trivially tight. We conclude that the
Vitali convergence theorem applies and proves that the second integral in (4.29) is
continuous at (zg,tp) as well. O

Remark 7. If we think of F5 being defined with a general function ¢(y) that does
not necessarily come from the HHMO-model, there are two failure modes for the
continuity of F». The first is topological: if the number of intersections of £ with hor-
izontal lines in the x-t plane changes, the value of F5 can jump as t is varied. In our
setting, this is prevented by the strict monotonicity of . The second failure mode
is analytical: if /(y) crosses time-level ¢ at the wrong rate, then the integral may
diverge. This is illustrated by the family of functions £(x) = to — (x — zg) | — x0|".
When v = 1, the integral diverges, whereas for any v € (—=1,1) or v > 1, the inte-
gral is finite. In our setting, divergence is prevented by the transversality condition
(4.27) which, as this discussion shows, is sufficient but clearly not necessary.

5. ON UNIQUENESS OF THE SOLUTIONS

In the following, we prove two uniqueness theorems. The first, Theorem 18,
asserts unconditional uniqueness of the solution to the HHMO-model for a short
but positive interval of time. The second result, Theorem 20 proves uniqueness
within the ring domain of the solution and subject to some regularity of the pre-
cipitation front, which can be expressed as transversality in time of the increase of
concentration at the location of the front. The proof also shows that any break-
down of uniqueness must be accompanied by topologically complex behavior of the
associated precipitation fronts.

Theorem 18 (Short-time uniqueness). Assume that u* is a supercritical precip-
itation threshold. Then there exists a time Tynique > 0 such that any two weak
solutions to (1.1) are identical on Dynique = R X [0, Tynique]-

Proof. A weak solution to (1.1) has at least one ring with a width of at least L, see
Remark 4. Moreover, ignition of precipitation can appear only on some restricted
domain, the essential domain

ES(t) = {(y,s): ay/s <y < a*/5,0 < s < t}, (5.1)

where o* is defined by (2.22). The key step in this proof is to show that there
exists a positive time Typique such that u; > 0 on ES(Tynique) for any weak solution
(u,p). Once this is established, uniqueness up to time Tynique follows by standard
energy estimates.
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First, we establish a negative upper bound for w,. Differentiating the Duhamel
formula (4.8), we obtain

ua () = (2, 1) — /0 /R By — .t — 8) p(y, 8) uly, s) dy ds

t
gwm,t)wm)/o/{ e layds 62
yl<a*\/s

By direct computation,

04,8 a—o*?

(T t) < ———e 4 5.3
balot) < -2 53)
on ES(t). Further, since ®,(x,t) € L'(R x [0,T]) for all T > 0, we observe that
¢
lim P, (r—y,t—s)|dyds =0. 5.4
tin [ [ (0.0 =gt = )l 6.4

Thus, there exists 77 > 0 such that, on ES(T7), every weak solution satisfies

Oéﬂ a?—a*?

Ug(z,t) < ———=e 4. 5.5

@ <22 55

By Lemma 17 together with Theorem 16, this implies that (u — ¢); exists and is
given by (4.2) on ES(Ty).

Second, we establish a lower bound on the growth of /. We know from Lemma 13
(ii) that £ is increasing on R . By the Lebesgue differentiation theorem for mono-
tonic functions, ¢ is differentiable almost everywhere on [0, L]. We denote the
domain of differentiability by U. Then, e.g. [9, p. 108],

U(y2) — L(y1) > / O(y) dy (5.6)

[y1,y2]NU

forall 0 < y; < ya < L. Assuming that y € (0, L]NU with £(y) < Ty, a computation
analogous to (4.34) yields

ug(y,£(y))

W == 0w

(5.7)

We also observe that, due to Lemma 7,
Uy) > (y/a*)?. (5.8)

Inserting (5.5) and (2.24) into (5.7), then using (5.8) in a second step, we estimate

) & —1 OZB a?_a*2 _ﬂ a?_a*2
‘0z (1) T e T Vi
N Yo (5.9)

- 40é*Cw ¢

with a constant C; which is independent of the weak solution (u,p). Integrating
(5.9) and recalling (5.6), we obtain

Uy2) — L(y1) > Co (3 — v3) - (5.10)
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Third, we obtain upper bounds on F; and F3, hence, a lower bound on u;. For
F1, we estimate, invoking Lemma 8 and Corollary 10, that

fl(x,t):/o /Rtb(x—y,t—s)p(u,s)ut(y,s)dyds

< / / Bz — 1yt — 5) p(y, 5) by (9, 5) dy ds

<o Oy, (5.11)

For JF,, we restrict final time to T = min{(L/a*)?,T1}. Clearly, Ty is positive,
independent of the weak solution (u,p), and

UL)>T;. (5.12)
Setting
a = a(t) = sup{y: L(y) <t} (5.13)

so that a(t) < L and £(a(t)) < ¢ due to the left-continuity of ¢, see Lemma 13(ii).
Using (5.10), we find that

t—L(y) > (a(t) — £(y) > Ce(a® — y?) (5.14)
for all y with £(y) < t. Thus, for all z € R and t € [0, T%]
1 @ 1
Faolz,t) = [ ®lx—y,t —L(y))dy < — t—L(y)) 2d
0= [ oyt —tw)ay< = [ -t 2ay
1 @ 1 1 @ 1
= — t—4{(y)) 2dy < / a’ —y*) 2 dy
= [ty — [(@-w)
- (Y 2L m
o7 sin (a) LT3 = (5.15)
On ES(T%), we also have a lower bound on 1,
Yi(z,t) > %” (5.16)
with
af o =
¢y =—e4 min ye 4 >0. 5.17
b= ,ohin Y (5.17)

Altogether, inserting the bounds (5.11), (5.15), and (5.16) into (4.2), we obtain
up(x,t) = 1/Jf(m t) — Fi(x,t) — u* Fa(z,t)

>9 0Oy \/; (5.18)

We conclude that for any weak solution, w; is strictly positive in the interior of
ES(Tunique), Where

Tunique = mln{Tg, cw/(a Cy f—ﬁ- — g,g)} (5.19)

independent of the weak solution (u,p).
Now suppose that (u1,p1) and (ug,p2) are weak solutions of (1.1). We claim
tha't; on Dunique =R x [07 Tunique]7

(p1u1 7P2U2)(’U,1 — U2)+ Z 0. (520)
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We prove this claim separately on three subdomains. On D, N Dypique, P1 = P2 =1
because Tynique is selected such that the x-projection of this set is included in the
first ring. Hence, the claim is obvious. On D* N Dypique and on its symmetric
counterpart in the left half-plane, p; = ps = 0 due to Lemma 7; the claim is
also obvious. Finally, on ES(Tynique); We note that (p1us — pous)(u1 — u2)+ can
be negative only if uq(x,t) > us(x,t) and py(z,t) < 1. By Lemma 14, we may
assume that p; and py are of the form (3.11). Therefore, p;(x,t) < 1 implies
u* > uy(z,t). But then u* > uy(x,t) > ug(x,t). Since ug is increasing in time on
ES(Tunique), we have u* > ua(z, s) if (z,s) € ES(t) C ES(Tunique)- So precipitation
cannot start at spatial coordinate x until after time ¢, thus ps(x,t) = 0. Hence,
(prur — pouz)(u1 — u2)+ = prur(ur —uz)+ > 0 at (x,t) € ES(Tunique). This proves
(5.20).

We complete the proof with a direct energy estimate. Proceeding formally (a
first-principles justification can be found in [5]), we note that

(Ul *Uz)t = (U1 *Uz)m — P1 U1 + P2 U2, (5~21)
multiply with (u; — ug)4, integrate in space and then integrate by parts,

1d ,
5&/]1{(u1—uz)+da:

= —/ N ug)? dx — /(p1u1 — paug)(ug —ug)y dx < 0. (5.22)
R R

Integrating in time with uq(z,0) — ua(x,0) = 0, we find that us > u; on Dynique-
As the argument is symmetric under exchange of indices, we also have the reverse
inequality, so u; = ug on Dypique- An easy argument shows that the precipitation
function is essentially determined by the concentration field (e.g. [8, Lemma 3]),
hence p; = p2 a.e. on Dypique- O

Lemma 19. Let (u,p) be a weak solution to (1.1) with ring domain RD. Suppose
that there exists X < X* such that

limsup A, u(z,t) = limsup u@, Uz)) = ulz, Uz) = k)
kN0 kN0 k

for all z € D = I(u) N (0,X). Then the one-sided derivatives uzi(x,£(z)) and
ue—(x, £(z)) exist for all x € D with uz (x,4(x)) <0 and u—(x, £(z)) > 0.

>0 (5.23)

Remark 8. In contrast to the local statement in Lemma 17, the transversality
condition (5.23) here must be satisfied globally on the domain I(u) N (0, X).

Remark 9. At points (z,£(x)) on the precipitation boundary that do not lie on the
parabola P, the one-sided derivatives in Lemma 19 are regular two-sided derivatives.
For w,, this follows directly from the concept of weak solution, for u;, this is a
consequence of Lemma 17.

Remark 10. In the proof of Theorem 18, we have already proved that classical
first derivatives exist, with u,(x,¢(x)) < 0 and w(z, £(z)) > 0, on the part of the
precipitation boundary contained in Dypique-

Remark 11. So long as one of the transversality conditions from Lemma 19 or
Lemma 17 is satisfied, thus at least for some initial interval of time, u is continuously
differentiable in time away from the parabola P. Thus, the discontinuity of the
precipitation term in the HHMO-model must be balanced by a discontinuity of
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Uz across the precipitation boundary. This behavior is not obvious from a direct
inspection of the PDE.

Proof. Take x € (0, X*) such that for all y € I'(u) N (0, ), the one-sided derivatives
gt (v, £(y)) and uy_ (y, £(y)) exist with w1 (y,4(y)) < 0and u;—(y,£(y)) > 0. (Such
an z exists, see Remark 10.) Suppose further that the transversality condition
(5.23) remains satisfied at z. We shall show that this implies that u, (y,¢(y)) and
ur—(y,L(y)) exist with ugy(y,0(y)) < 0 and u;—(y,4(y)) > 0 in a neighborhood of
x that is relatively open in I(u) N (0, X). This implies the lemma as stated.

In the following, set ¢ = £(x). Our main the main task is to show that u, (x,t) <
0, a claim which we prove in three distinct cases below. Once this is established,
Lemma 17 implies that (x,t) is a point of continuity of (u — ¢);; in particular,
uy—(z,t) is defined and is positive. When z is the right boundary point of a ring,
this is all we have to show. Otherwise, we assert that ¢ is right-continuous at
x. Indeed, when (x,t) € P, this is trivial. When (x,t) ¢ P, u(x,t) is defined
and strictly positive, so that u(z,t + k) > u* for every sufficiently small & > 0,
(x,t) ¢ Ajump, and ¢ is continuous at (z,t). Right-continuity of £ at « implies that
the one-sided derivatives exist w4 (y, £(y)) and u;—(y,¢(y)) exist with their signs
preserved in a right neighborhood of x, which completes the argument.

Case 1. ugzy(x,t) <0if (z,t) € P and z is not the left boundary point of a ring.

Take h > 0 small enough so that © — h is contained in the same ring. As in the
proof of Lemma 17,

u(z,t) = u* =u(z — h,l(x — h)), (5.24)
so that
l(z) — Uz —h) u(z,t) —u(z,l(z—h)) _ ~u(@,l(z —h)) —u(z —h,l(z — h))
h Ux) —L(x — h) h '
(5.25)

Noting that ¢(z) = 22/a? and £(z — h) < (x — h)?/a?, so that {(x) — (x — h) >
(2xh — h?)/a?, we find that for h sufficiently small,

L) —b(x—h) _ =
— > =->0. 5.26
h a2 (5.26)
By Lemma 13(ii), £ is left-continuous and strictly increasing. Due to the transver-
sality condition (5.23), this implies that
Jimn sup u(z,t) — u(z, l(x — h))
h\0 g((t) — é(x — h)
Last, as ¢ is strictly increasing, the open line segment {(£,¢(x—h)): x—h < £ < x}
lies below the precipitation boundary for every such h. Since u, is continuous on

this line segment, the mean value theorem yields
w(x — h,l(x —h)) —u(x, l(x —h
ol W) Zu@ Mo =) ez -m) (529

for some £(h) € (z — h,z). Using left-continuity of ¢ and the fact that u — 1 is
continuously differentiable in x, we find
lim u(x — h,l(x — h)) — u(z, l(x — h))
R\0 h
Thus, letting 2 N\, 0 in (5.25) and referring to (5.26), (5.27), and (5.29) for each of
the terms, we conclude that u,4 (z,t) < 0.

>0. (5.27)

= Uy (x,t). (5.29)
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Ay

————————

~

o T X

FIGURE 4. Sketch of the geometry of the construction used in the
proof of Lemma 19, Case 3.

Case 2. ugyy(z,t) < 0if 2 = Xy, i.e., z is the starting location of a ring,.

In this case, (x,t) € P by Lemma 13(iii) and the location of the singularity of
the heat kernel in the Duhamel integral is bounded away from the effective domain
of integration, so that we can differentiate the Duhamel formula directly to find

ur—(z,t) = Py (z,t) — /0 /]Rq)t(x —y,t —s)ply,s) u(y, s)dyds. (5.30)

This shows that u;— exists and is continuous on the ray [z, 00) x {t}. To proceed,
we recall that ¢ is increasing and left-continuous, so that on any box with upper
left corner (z,t), p = 0 so that u solves the heat equation u; = ug,. Then, by the
Taylor formula with integral remainder,

x+h
u(z + h,t) :u(x,t)+um+(x,t)h+/ (x4 h— &) u(&,t)dE. (5.31)

x
Since u* = u(x,t) > u(x + h,t) and the integral in (5.31) is strictly positive for h
small enough due to continuity of u;— and the transversality condition (5.23), we
conclude that u,(z,t) < 0.

Case 3. ugy(x,t) <0if (z,t) ¢ P.

This case cannot be solved by a local argument, as we have no lower bound on
the growth of £ as in (5.26). We take xy < z large enough such that xg is the same
ring as « and (xg,t) lies below the parabola P. We split the space-time domain
into three subregions, see Figure 4:

Ay = (—o0,20) x (0,t), (5.32a)
As ={(y,s): zo <y <z, l(y) < s <t}, (5.32b)
As ={(y,s): ©o <y,0 < s <min{l(y),t}}. (5.32¢)
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We now proceed in three steps. In the first step, we show that wu; is bounded
on As. By Lemma 8, u; is bounded above, so it suffices to find a lower bound.
We first note that on I'y, the right boundary of A;, w; is continuous up to the
boundary points, hence is bounded. On I's, the joint boundary of A; and A3 we
have u; > 0 by assumption except perhaps at the end point (z,t) where we do
not know yet whether u; is defined. (Recall that the continuation argument implies
that ¢ is continuous at every y < z, so that every point on I's is of the form (y, £(y)),
thus covered by the transversality condition (5.23).) Noting that v = wu; satisfies
the equation vy = v, — v on As, we invoke the parabolic maximum principle to
conclude that v is bounded on As. (A similar argument can be made on Az where
v satisfies the heat equation, but this will not be necessary in the following as p = 0
on this region.)

In the second step, we show that

0 <limsup Ay u(z,t) < ¢y (z,t) — Fi(z,t) —u* Fo(z,t) . (5.33)
ENO

This inequality implies, in particular, that Fa(z,t) is finite. The left inequality is
simply restating the temporal transversality condition (5.23). To prove the right
inequality in (5.33), we take an arbitrary r € (zg,z). Recalling the Duhamel
formula (4.8), splitting the spatial domain of integration, changing the time variable
in the integral corresponding to the right spatial subdomain, and noting that, by
Lemma 14, p is non-decreasing in time, we find, for £ > 0, that

u(z,t) < (x,t) —/O /00 O(z—y,s)ply,t —s—k)u(y,t —s)dyds
[ o= )bl s)uty ) ayass. (5.34)
0 —00

(We imply that p(z,t) =0 for ¢ < 0.) Similarly,

ot =) = (ot =)~ [ | 06— u9plunt s~ By uly.t — s — ) dyds
—/ /T O(x—y,t —s—k)ply,s)u(y,s)dyds. (5.35)
0 J—oo

(As before, we understand that ®(x,t) =0 for t < 0.) Then

Apu(z,t) < ApY(x,t) — /Ot /OO O(x—y,s)py,t —s—k) A u(y,t —s)dyds
_ /Ot /j AL ®(x—y,t—s)p(y,s)u(y,s)dyds. (5.36)

We now take the limit £ \, 0 and apply the dominated convergence theorem to
each of the integrals. For the first integral, existence of a dominating function
follows from boundedness of u; on A, and the fact that p = 0 on As. For the
second integral, we note that the domain of integration is bounded away from the
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singularity of the heat kernel and that p is compactly supported. Thus,

t [e%e]
timsup Agu(e, ) < v (ot) = [ [ D=y plont = 5)unly.t — 5) dyds
EN\O o Jr

t r
—/ / O, (x —y,t — 3)p(y, s) uly, s)dy ds
0 — 00

(o) = i t) 0 [ L) 0o -yt~ ) dy.
(5.37)
where the last equality is due to integration by parts as in Step 3 in the proof of
Theorem 16. Letting r  x, we obtain (5.33) by monotone convergence.

Finally, as the point (x + h,t) lies below Anormal and below the parabola P,
Theorem 16 applies, i.e.,

ug(x + h,t) = P (x + h,t) — Fi(x + h,t) —u* Falx + h,t). (5.38)

Noting that v, is right-continuous in x, F7 is continuous at (x,t) (the convolution
restricted to A, U A3 is continuous as a convolution of an L! with an L> function
as puy is bounded; the convolution restricted to A; is continuous as the singularity
of the kernel is located away from the support of the integrand), and Fao(x + h,t)
is monotonically increasing and bounded by Fa(z,t), so that

lizn\jglf ug(x + h,t) > P (x,t) — Fi(x,t) — u* Faz,t). (5.39)

Using (5.33), we find that the right hand side is strictly positive. This shows that
the integral in (5.31) is strictly positive for A small enough, so that we can finish
the proof as in Case 2. This concludes the proof of Lemma 19. g

Remark 12. Under the conditions of Lemma 19, it is easy to show that £ is contin-
uously differentiable on I(u) \ {0} with

Z’({IJ _ _u$+(m,€(x)) )
u—(z, (x))
Indeed, the continuation argument in the proof of Lemma 19 yields continuity of ¢
on I(u). Further, as u = u* on the precipitation boundary,

u(z, l(z)) =u* = u(z — h,l(x — h)) (5.41)

(5.40)

and therefore
l(z) — Uz —h) u(z,l(z)) B

—u(z, l(x — h)) _ u(z, l(x — h)) —u(z — h,l(x — h))
h Lx) —l(x —h) h

(5.42)
Since u, is continuous, the right hand fraction converges to u,4(x,t) as h \, 0 by
the mean value theorem. By continuity of ¢, the second fraction on the left converges
to uz—, which is non-zero by Lemma 19. This proves that the ¢,_ satisfies (5.40);
the argument for ¢, is similar.

Theorem 20 (Conditional uniqueness). Suppose (u1,p1) and (ug,p2) are two weak
solutions to the HHMO-model (1.1) with ring domains RD1 and RDs, respectively.
Assume that us satisfies the temporal transversality condition (5.23) with X <
min{ X7, X3}, where X; and X3 are the respective spatial extents of precipitation
on the two ring domains. Then u; = uz on R x (0,(X/a)?) and p1 = p2 a.e. on
this domain.
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Proof. Suppose the contrary. Then there exists t* € [Tunique, (X/a)?) such that
u; = ug on R x [0,¢*] and ¢* is maximal with this property. By uniqueness of
solutions for linear parabolic equations, the concentrations w; and us can only
differ at time ¢t if the precipitation functions p; and py differ on a subset of R x [0, t]
of positive space-time measure. Further, by Lemma 14, p; and p, are essentially
determined by the respective precipitation fronts ¢; and ¢, and we assume their
canonical representation given by (3.11) henceforth. Thus, there must be z* < X
such that ¢1(z) = la(x) for z < z* and ¢1(x) # l3(x) for some z in every right
neighborhood of x*. (For ease of notation, we take ¢;(z) = oo if x ¢ I(u;).)

We claim that ¢; and ¢5 are “entangled” in the sense that in every right neighbor-
hood of z* there exist points where ¢ < {5 as well as points where /5 < ¢;. If not,
there were a right neighborhood [2*, 2* + €) on which the precipitation fronts were
ordered, ¢; < {5, say, with strict inequality somewhere in every right neighborhood
of z*; by maximality of ¢* and monotonicity of ¢1, £1(x* + h) N\, t* as h \( 0. But
then p; > po so that u; < ug on R x [t*,£1(a* + €)) by the parabolic comparison
principle and therefore ¢; > {5 on [z*,2* + £), a contradiction.

Moreover, the energy estimate in the last part of the proof of Theorem 18,
following (5.20), shows that u; can only exceed us somewhere for every ¢ > t* if

(prur — pausg)(ur — uz)y <0 (5.43)

somewhere in every neighborhood of (2*,¢*). This can only happen at points where
p1=0,p2 =1, and uy < u; < u*. Thus, us must be decreasing somewhere in every
neighborhood of (x*,¢*). But, by transversality and Lemma 19, (ug);— (z*,t*) > 0
so that, by continuity of the time derivative on D,,, us must be strictly increasing
in some neighborhood of (x*,¢*) below the parabola P. If (z*,t*) ¢ P, this is
in immediate contradiction. If (x*,¢*) € P, this means that the locations where
(5.43) occurs must lie in D,,, thus within a gap of uy. Thus, u; must have an infinite
number of gaps in every right neighborhood of x*, which is not permitted on its
ring domain. ([

Remark 13. The proof gives clear constraints on how solutions might be continued
in non-unique ways. Within a ring domain, so at least for the initial part of the
evolution, non-uniqueness requires “entanglement” of the precipitation fronts of
the two different solutions. Past the point of breakdown of the ring domain, which
can be shown to occur in similar models and which is conjectured to occur for
the HHMO-model as well based on numerical studies, the possibilities in which
non-uniqueness might occur are less constrained [7]. It could come about, e.g., via
different ways of accumulating an infinite number of precipitation rings in right
neighborhoods of a critical point z*. Such scenarios remain a possible even for
generalized solutions to the related scalar model problem discussed in [7], and it
is open whether there is a natural selection principle for such generalized solutions
that will lead to unique continuation.
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