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STICKY DIFFUSIONS ON STAR GRAPHS : CHARACTERIZATION
AND ITO FORMULA

JULES BERRY AND FAUSTO COLANTONI

ABSTRACT. We investigate continuous diffusions on star graphs with sticky behavior at
the vertex. These are Markov processes with continuous paths having a positive occu-
pation time at the vertex. We characterize sticky diffusions as time-changed nonsticky
diffusions by adapting the classical technique of It6 and McKean. We prove a form of 1t
formula, also known as Freidlin-Sheu formula, for this type of process. As an intermediate
step, we also obtain a stochastic differential equation satisfied by the radial component
of the process. These results generalize those already known for sticky diffusions on a
half-line and skew sticky diffusions on the real line.

Keywords: Diffusion processes, Sticky boundary conditions, It6 formula, Star graphs.
AMS subject classification: 60J60, 60J50, 60J55, 60H10, 05C99.

1. INTRODUCTION

In the unidimensional setting, sticky processes find their roots' in the seminal work
of Feller [21; 22; 23]. These processes are characterized by a second order term in the
boundary condition defining the domain of their generator. For instance, the sticky (re-
flected) Brownian motion on R, was first obtained by considering the Feller semigroup
with generator given by

Lf(x)= %f”(w) for x > 0,

D(L) = {f € C*((0,+00)) N Co(R+) : nf"(07) = f'(07)},
where 1 > 0 is the stickiness parameter. The term “sticky” is motivated by the fact that,
when 1 > 0, the occupation time of the process at 0 is positive, despite the fact that the
set of zeros of the process has empty interior, while it is null for the reflected Brownian
motion (which corresponds to the case n = 0). It was later established by It6 and McKean
in [32] that the sticky Brownian motion could be characterized by suitable random time-
changes of the reflected Brownian motion. More precisely, let B be a reflected Brownian

motion and denote by ¢p(t) its local time at 0. Define the continuous increasing process
7 R+ — R+ by

(1)

V(t) =t +nlp(t), (2)
consider V~!: R, — R, its right inverse, i.e.

VIt =inf{s>0:V(s) > T},

and define the time-changed process B(t) :== B(V~1(t)). It can then be proved that B is
a Markov process whose semigroup has generator given by (1). From the definition (2),
we observe that V is a strictly increasing process that grows faster than ¢t when B is at
0. Therefore, its inverse V~! grows more slowly than ¢, causing the time-changed process
B to become "stuck” at 0. This is a direct consequence of the fact that the local time
increases only at 0, while it remains constant otherwise. We also note that, when n = 0,
we have V(t) = t = V~1(t), meaning that B coincides with B. When 7 > 0, outside 0,

Date: November 7, 2024.
1See [43] for historical aspects of these matters.
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B follows the trajectories of B, but with a delay. Recently, it was proved in [19] that the
sticky Brownian motion satisfies the stochastic differential equation

dX(t) = 1{tX(t)>0}dW(t) + 2dix (), 3)
nlx(t) = [y Lix(s)=0yds,

for some one-dimensional Brownian motion W, where £x is the local time of X at 0. More
generally, one can consider continuous sticky diffusions on Ry as the Markov process with
generator given by

Lf(@) = %02(;6) F(2) + b(@) f() forz >0,
D(L) = {f € C*((0,+00)) N Co(R4) : nLf(0*) = f'(0")} .

In [46], it is established that such diffusions are random time-changes of the reflected
diffusion (n = 0) and satisfy

dX (1) = o (X (1) 1x @01 dW () + b(X ()1 x>0y dt + 5dlx (),
t
nlx(t) = [y ix(s)=0yds,

for some Brownian motion W, where £y is the local time of X at 0.

()

Another interesting process is the skew Brownian motion introduced in [48]. Loosely
speaking, it is Brownian motion on R which, upon reaching 0, is reflected in Ry with
probability p and in R_ with probability 1 — p. The generator of this process is given by

Lf(x) = 3 f"(@) forz#0,

_ 6)
"(0+) = £(0°) (
D(L) = 6602ROOCR:‘ 7 SR
w={seseccm onnam:|, LI E0)

We refer the reader to [39] and references therein for further information on this class of
processes. The version of this process exhibiting a sticky behavior at 0 is then obtained
by replacing D(L) in (6) by

D(L) = {f € AR\ {0) NCo(R) - ‘ 270 200 (0 o) } -0

This process was recently studied in [46; 47] where it is shown that the process can be
obtained as a random time-change of a skew Brownian motion and that it is a weak
solution to some stochastic differential equation. In addition, in [47], an explicit expression
for the transition kernel of the process is given. Similar results were previously obtained
in [30; 19; 5] in the special case p = 1/2, in which case it is also called two sided sticky
Brownian motion. For more general diffusion processes, considered in [46], the generator
takes the form

Lf(x) = 5o*(@)f"(@) + b(a)f'(x) for z £ 0,

. ®)
) | LI(0%) = LF(0),
bty = {f € CXRAONOGR): | p r(0) = pp(0h) - (1 - p)f(07) } |

In [46], it is established that these processes can be constructed from the skew diffusions
processes (n = 0) by using the It6-McKean technique and satisfy

{dX(t) = 0 (X ()1 (1y0y AW () + (X ()L x )0y dt + (2p — D)dlx (1),

9)
nlx (t) = [y L{x(s)=0}ds,

for some Brownian motion W, where ¢x(t) is the symmetric local time of X at 0.
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Stochastic processes on graphs are an intriguing extension of unidimensional ones, useful
for many applications involving complex systems on networks. They were first introduced
by Feller’s abstract approach in [25]. A fundamental example is certainly the Brownian
motion on a star graph, whose paths are constructed in [34; 35]. We can think of it as a
stochastic process defined on a number of edges, each of which is a copy of the positive
half-line, connected by a single vertex. On each of these edges, the process behaves like
a reflecting Brownian motion and randomly switches to another one upon reaching the
vertex. In [34; 35], the authors provide a full characterization of the infinitesimal generator
of the corresponding Feller semigroup. They also provide a construction of the paths of
the process in every case by adapting techniques used for Brownian motions on an interval.
In particular the Brownian motion with sticky behavior at the vertex is obtained by using
the Ito-McKean random time-change. The construction was then generalized to generic
metric graphs, i.e. graphs with more than one vertex, in [36]. Recently, the analysis
and construction of Brownian motion with a sticky point, even under non-local dynamic
conditions leading to trapping behavior at the vertex, has also been addressed in [8]. A
more general case is the Walsh Brownian motion [48; 4], where once the process reaches
the vertex, it selects a new edge according to a continuous distribution on [0,27). An It
formula for this setup is derived in [29].

Paths of general nondegenerate diffusions on star graphs were studied in [24] under the
assumption that the process is nonsticky at the vertex. There, it is established that the
radial component of the process is a weak solution to some stochastic differential equation
and an It6 formula is obtained. The authors also prove the existence of a process which
can interpeted as the local time of the nonsticky process at the vertex. Our goal is to ex-
tend these results to processes exhibiting sticky behavior at the vertex. In addition to [25],
the semigroups associated to sticky diffusions on metric graphs have also been analysed
in [27] in the special case of pure diffusion processes and a form of singular convergence
theorem is also provided. We also mention that, recently, a more general class of nonsticky
diffusion processes has been proposed in [40].

The main result of this work is the derivation of an It6 formula for general nondegererate
diffusions on star graphs. As intermediate steps, we also obtain a stochastic differential
equation satisfied by radial component of the process and a characterization of sticky
diffusions as time-changes of nonsticky ones. On the one hand, our results extend those
available in the unidimensional setting [46; 47| by allowing more than one or two edges.
On the other hand, we generalize those from [24] by considering sticky processes. This
is achieved by making a systematic use of the It6-McKean random time change in this
setting, where we use the local time process obtained in [24] to define the time change.
Our choice to focus on diffusions on star graphs was made order to simplify notations
and to avoid obfuscating the exposition with technicalities. However, we expect that our
conclusions can be extended to general metric graphs.

As was already mentioned, our main motivation in writing this paper was the derivation
of the It6 formula for sticky diffusions. It is used in [7] to prove a verification theorem in
the context of an optimal control problem of sticky diffusions on metric graphs. Neverthe-
less, we believe that our results can be useful in various applications. One example can be
found the the recent study of Mean Field Game (MFG) problems on networks. We briefly
recall that the theory of MFG was introduced independently in [31] and [37] and aims at
studying Nash equilibria of large symmetric dynamic games. General references on this
theory are [6; 26; 15; 14]. Adaptation of the theory to metric graphs was first proposed in
[12] and further developed in [10; 1; 2; 11]. In all of these references agents are represented
by nonsticky diffusions. In contrasts, the recent paper [7] mentioned above deals with
games were players present a sticky behavior at vertices. MFG of nonsticky diffusions
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were recently used in [13] for a model of urban planning. Finally we also mention that
another application of nonsticky diffusions to spatial economics can be found in [3]. We
believe that considering nonsticky diffusions would be an interesting extension of these
models.

The rest of the paper is structured as follows. Our main results are stated in Section 2
together with the necessary notations and definitions. Section 3 contains a summary of
the results from [25; 24] that will be useful in our study of sticky diffusions on I' as well
as some technical lemmas on these processes. Section 4 contains the proofs of our main
results. Finally Appendix A contains a technical result about a system of ODEs which is
used in Section 3.

2. NOTATIONS AND STATEMENT OF MAIN RESULTS

In order to state our main results, we now introduce some notations and definitions.
Let N be a positive natural number and let F¥ denote a family of copies of the positive
half-line, defined as:

N
E = |_|[0, 00).
i=1
For notational simplicity, we represent each point in F by a pair (j,x), where j €
{1,..., N} and z represents the Euclidean distance from the origin. Following the ap-
proach in [42], we define an equivalence relation on F as follows:

j=tiand x =y

(j,z) ~ (i,y) if and only if o
x =y =0, for any j,i.

Then, the star graph is the quotient space I' := E/ ~. In this graph, there is a unique
vertex v = (+,0) that is common to all edges. We emphasize that with this configuration,
we do not consider the angles between the edges, allowing it to maintain its abstract nature.
Moreover, I' forms a locally compact Polish space once provided with the following metric:
e (10)

x+y if i # j.
Since (T',d) is a metric space, a function f : I' — R is considered continuous if it satisfies
the standard definition of continuity for functions defined on metric spaces and we denote
by C(I") the space of continuous functions on I" and Cy(I") the space of continuous functions
vanishing at infinity on each edge. We provide both C(I") and Cy(T") with the topology of
uniform convergence on compact sets. We can represent a function f: I' — R as

d((j, ), (i,y)) = {’w —

N
= EBfZ satisfying f;(0) = f;(0) for all 4,5 € {1,..., N},
i=1

where each f;(-) = f(i,-) : Ry — R corresponds to the function restricted to the edge i.
With this representation we have

N N
cT) = {f =P fi € @ Cl0,00) and fi(0) = f;(0), Vi, j € {1,... ,N}} .
=1 =1

Regarding differentiation, derivatives outside the vertex are viewed as, for x = (i,z) €

I\ {v}



STICKY DIFFUSIONS ON STAR GRAPHS : CHARACTERIZATION AND ITO FORMULA 5

The same applies to higher order derivatives as well. We then define, for each k € N,

N N
- {f:@fi e@ i) fe cm}-
i=1 i=1

Notice that, in the definition of C*(T), only the function is assumed to be continuous at
the vertex and the derivatives may be discontinuous. We will also need to consider the
following spaces :

Ck(r) = {f e CHD) : £ € G40, 00) for all h e {0,... k} and i € {1,... ,N}}

and, for every k € N,
N

PCH(T) = P C ([0, +0)),
i=1

with the convention that PC?(I") = PC(I"). With an abuse of notations, we will say that
a function f: I' — R belongs to PC*(T') if each f;, .. .,fl.(k) belongs to Cp((0,+00)) and
can be continuously extended to [0,400). Finally, for £ > 0, we denote by C’; FRy xT)
the space of function f: Ry x I' 3 (¢,x) — f(t,x) € R such that f, 0;f € Cp(Ry x T)
and O, f;,...,0%f; € Cp(Ry x Ry) for each i € {1,...,N}. A comprehensive treatment of
functional spaces and equations on the graph is available in [41].

Finally, for k£ > 0, we denote by C’,}’k(RJr x T') the space of function f: Ry x I' 3 (¢,x) —
f(t,x) € R such that f, 9,f € Cp(Ry xT') and 0, f;,...,0%fi € Cy(Ry x Ry) for each
i € {1,...,N}. A comprehensive treatment of functional spaces and equations on the
graph is available in [41].

We now turn to defining diffusions on the graph. Let L;, for ¢ = 1,..., N, be the linear
operators defined on PC?(T) by

1
Lif (@) = 5o (2) f] () + bi(2) fi(2), @ >0, (11)
where 0,b € PC(I") and we assume that exists a constant o9 > 0 such that o(z) > o¢ for
all € T'. Observe that, for every f € CZ(T') with Lf € C(I'), i.e. such that
il_)r% Lifi(z) = il_r)%Ljfj(y) for every 4,5 € {1,...,N}, (12)

the operator defined in (11) is an operator on the graph I'. Indeed, given a point x =
(i,z) € T, we alternatively write

L 5

Lf(x) = 30 () f"(x) + b(x)f'(x), forallxeT, (13)

where (12) ensures that the expression (13) makes sense for x = v. In order to obtain a
process on the graph, we need a transition condition on the vertex, which, in our case,
takes the form

nLf(v Zpl (14)

where n >0, p; > 0 for all s € {1,..., N} and Zi:l p; = 1. In the end, the generator of a
diffusion process on I is given by (L, D(L)) where L is defined by (13) and

D<L>:{02<r>mco<r>:Lfeco<>andan sz } (15)
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The process will be called a nonsticky diffusion if n = 0 and a sticky diffusion otherwise.
The constat n will called the stickiness parameter of the process.

We are now able to state our main results.

Theorem. Let X (t) = (i(t),z(t)) be a sticky diffusion on a star graph T' with stickiness
parameter 1 > 0. Then,

(i) there exists a nonsticky diffusion’ Y on T' and a strictly increasing continuous func-
tion V! such that X and Y (V~L(-)) are indistinguishable. Moreover, there exists
an increasing process Lx, adapted to the completion of the natural filtration of X
with respect to the collection of probability measures (Py), cp, such that {x almost
surely increases only when X =v and V=1(t) =t — nlx(t);

(ii) up to an extension of the filtered probability space, there exists a one-dimensional
Brownian motion W such that, almost surely, we have

dr(t) = Tis) (1) 1) 20y AW + bji(s) (2(1)) 1 ()20} At + dlx (t), (16)
nlx (t) = fo 1ix(s)=v}ds;
(iii) for every f € C’I}’Z(RJF x I'), almost surely, we have the Ité formula
t
f(t, X(t)) = f(0,X(0)) +/O (s f (s, Xs) + Lf (s, Xs)) Lix(s)vyds
(17)

t t N
+ / U(XS)axf(saXS)l{Xsyév}dWs + / <77 Osf(s,v) + Zpiaxfi(sa 0)) dlx (s).
0 0 i=1

Proof. The different statements are proved in Section 4. More precisely (i) is established
in Theorem 4.4, (ii) follows from Theorem 4.5 and Proposition 4.2 and (iii) is proved in
Theorem 4.7. U

Notice that one may recover results about sticky and skew sticky diffusions discussed
above by considering the spacial cases N =1 and N = 2 respectively.

3. DIFFUSION PROCESSES ON I'

We start by summarizing the conclusions from [25, Theorem 3.1] and [24, Lemma 2.2,
Remark 2.5].

Theorem 3.1. The unbounded linear operator L, defined by (13) with domain given by
(15), is the generator of a strongly continuous semigroup on Cy(I'), associated to a con-
servative Markov process X on I' having continuous paths. Moreover, writing X (t) =
(i(t),z(t)), where x(t) is the diffusive part on [0,00) generated by L; and i(t) selects the
edges and denoting by (Fi)e>0 the natural filtration associated to X, we have the following:

(i) Lett >0, and 7 := inf{s >t : x(s) = 0}. Then x coincides with a one dimensional
diffusion on [0, 00), with generator Ly, on [t,T).
(ii) If n =0, then we have

t
/0 1p)=0yds =0 forall £ >0,

and there exists a one-dimensional Brownian motion W and a continuous increas-
ing process Ux, both adapted to (Fi)i>0, such that

dz(t) = o) (x(t))dWe + by (z(t))dt + dlx (1), (18)



STICKY DIFFUSIONS ON STAR GRAPHS : CHARACTERIZATION AND ITO FORMULA 7

and the process Ux increases only when x(t) = 0. Furthermore, we have

N9 1t
(Z 02(6)> lx(t) = hm 1 l{m(s)g(;} ds in expectation.
i=1
To complete the notation, we denote by Ey the expected value with respect to Py, where
x is the starting point. We continue with a simple observation.

Proposition 3.2. The vertex v is not a trap for the Makov process generated by (13) and
(15), for a finite n > 0.

Proof. Arguing by contradiction, assume that v is a trap for the Markov process X gener-
ated by (13)-(15). Denote by (P;);>0 the strongly continuous semigroup of bounded linear
operators on Cp(I") associated to X. Then P,g(v) = E,[g(X (¢))] = g(v) for all g € Cy(T")
and t > 0. Let u € D(L) be such that Lu(v) = 1, such a function may be obtained
by extending the one obtain in Proposition A.1 with f = 1. Then, using Kolmogorov’s
forward equation, we have

0= %Ptu( ) = Py(Lu)(v) =1,

a contradiction. OJ

The following lemma provides an asymptotic estimate on the mean first passage time
of the process started at v at the boundary of the ball B(v,d) as ¢ tends to zero.

Lemma 3.3. Let X(t) = (i(t), xz(t)) be a Markov process with generator given by (13) and
(15) form > 0 and, for every 6 > 0, set

T% = inf{t > 0: z(t) > 6}. (19)
Then {EV[T)‘S(] —né| = O(6%) when & | 0.

Proof. For each § > 0 and 1 < i < N, consider u’ € D(L) such that the restriction of u°
to B(v, ) satisfies the system of ODEs

Lo?(z)ud" (x) + ( ) ‘@#)=—-1 forallz e (0,8),1<i<N,

(2

nLu(v) = YN, piud’(0) =0, (20)
ud(8) =0 foralli e {1,...,N},

7

and

sup ‘u‘w(x) =0(1) asd 0. (21)

0<d(x,v)<é
Such a function can be obtained by extending the function obtained in the postponed
Proposition A.1, with f;(x) = —1 for all 0 < x < §. Then, using Dynkin’s formula, we

have
~E, [T;@} .
On the other hand, using Taylor’s formula, there exists (61,...,0x) € (0, 5)N such that

0 =3 o (10) i 0) - Z (w08 + "0 —)—6 Z uf(0)5
iZIPz U, Pi | U; n pPi Z .

We conclude that

T
ul (0) = B, [u‘S(O) - UJ(X(T)J())] =E, —/ Lu’ (X (s)) ds
0

g - < sw [0,
0<d(x,v)<d

The conclusion then follows from (21). O
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The following result was established in [24, Corollary 2.4] in the case n = 0. We provide
here a generalization of this result the case to n > 0 with a slightly different proof.

Lemma 3.4. Let X(t) = (i(t), z(t)) be a Markov process with generator given by (13) and
(15) forn >0 and, for all § > 0, define TS according to (19). Then

pj = léiﬁ)va <’L(T)6() :j> forall 1 <i <N,
where (pj)i1<j<n are the constants appearing in (15).

Proof. Let f € D(L) and set ﬁ? =P, (z(T)‘S() =j) forall1 < j < N and § > 0. Using
Taylor’s formula, we have

N
B, [/(X(T%) - f(v)] = Z =S A (FO5+0(0).  (22)

7j=1
On the other hand, from Dynkin’s formula, we also have
1 5 1 (Tx
B [t (F0(i) = 10)] =By |5 [ Lax(e) as

E, [T3]

I
>
/N
~
<
=
+
=
<

and notice that

T6
! } / L(X <>>—Lf<v>ds]

E, T3] sup  |[Lf(x) — Lf(y)| =% 0.

x,yEB(v,0)

E,

Let (0,)nen be any sequence in (0, 00) converging to 0 and such that ﬁ‘s converges to some

p; for each j. Then, passing to the limit n — oo and using the fact that |E —nd |
0(9) (see Lemma 3. 3) we obtain that

nLf (v ijfj

Since the latter holds for every f € D(L), we conclude that p; = p;. O

Lemma 3.5. Let X (t) = (i(t), z(t)) be a Markov process with generator given by (13) and
(15) form > 0 and, for every 6 > 0, define the stopping time T)‘s( by (19). Then

%
/0 Lix(9=v) d8] -0

Proof. For each § > 0, consider a sequence f" € @Z]\Ll C([0,6]) satisfying

E, = O(0?) when 6 | 0.

1 for 0 <z <6/3,

0<fi<1 and fn(x):{o for 26/3 <2<

for all 1 <14 < N, and, as in the proof of Lemma 3.3, a sequence of functions u" € D(L)
such that the restriction of u™ to B(v,d) satisfies

Lo?(x)ul (z) + bi(z)ul (z) = —f"(z)  forallz € (0,0),1 <i<N,

nLu™(v) — z@':1 pity (0) =0, (23)
ul(d) =0 forall i € {1,...,N}.
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From Dynkin’s formula, we have

u"(v) = E, [u"(v) — (X(T)‘S())} ~E,

:EV

%
f"(X(s)) dé’]

0

On the other hand, using Taylor’s formula, there exists (87,...,0%) € (0,8)" such that

N N 52
0 (0) = 3 e 0) = a0 = = Y- e (@5 + 2 01) )
i=1 i=1
N 52
= nLu (o = 3 pu(61)2
=1

N 52
=0 =) pi"(07)
=1

We conclude that
52
< sup UM (x| =

E,
0<d(x,v)<é 2

(24)
0

%
f"(X(S))dS] —nd

Finally, noticing that f" converges point-wise to 1y,; and using Proposition A.1 to bound
the right-hand side of (24), we deduce from Lebesgue’s dominated convergence theorem
that, for every dy > 0, there is a constant Cy > 0 such that

%
/0 Lix(9=v) d$] -

for all 0 < 6 < §p. This concludes the proof. O

E, < Cpo?.

4. MAIN RESULTS

4.1. Construction of trajectories of sticky diffusions. As mentioned in the intro-
duction, sticky conditions are characterized by a slowdown which, in probabilistic terms,
is given by a time-change of the process involving the local time. Our first result concerns
the extension of this idea to metric graphs for a general diffusion.

Let Y (t) = (j(t),y(t)) be the nonsticky process generated by (13) and (15) for n = 0,
and denote by (G¢)i>0 the natural filtration associated to Y. As for the one dimensional
case, we define the time-changed process

X(t) =Y (V1) (25)
where V1 is the right inverse of V, defined by
Vi) =inf{s>0: V(s)>t}, t>0 (26)
and
V(t) =t + nly(t). (27)

Since V is continuous, we know from [45, Proposition 4.6 p.43] that each V~1(¢) is a
stopping time for the natural filtration of fy. In particular it is a stopping time for G;
because ¢y is adapted to G;. Moreover, since V is also strictly increasing, it is known
that the process V1! is also strictly increasing and continuous and satisfies V=1(V (t)) = ¢
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almost surely. Consequently, it is a time change in the sense of [45, Definition 1.2 p.180].
In particular the process X is adapted to the time-changed filtration

Fii=Gy1) = {A€ G : AN{V I (t) < s} €G, foralls>0}.

It is known that X is a Markov process for the filtration F; (see [45, Theorem 2.18 p.417]
for this result in the case of a Brownian motion and [18, Theorem 10.10] for the general
case). We will prove that this process is a version of the sticky diffusion on I', with
stickiness parameter 7. This is achieved by a characterization of the generator of the
process X.

Proposition 4.1. Let Y(t) = (j(t),y(t)) be the nonsticky process generated by (13) and
(15) for n = 0 and define the time-changed X according to (25). Then, the semigroup
induced by X on Co(I') is generated by (13) and (15), where n is the same constant
appearing in (27). In particular X is a version of the Markov process given by (13) and
(15). Moreover V=1(t) = t — nlx(t), where £x(t) := £y (V=(t)) and ly is the process
appearing in Theorem 3.1-(ii).

Proof. Let f € D(LM)NCZ(T), with i > 0, where L" denotes the generator of the semigroup
induced by X on Cy(T") and D(L") is its domain. One may check that L"f(x) = Lf(x)
for every x # v (see Theorem 4.4 below for a similar argument). We therefore turn to the
characterization of the junction condition.
Fix 0 > 0, we recall the definition of the stopping time
TS :=inf{t > 0: z(t) > 6}.

From the Dynkin’s formula we know

B,[f(Xrg) ~ f(v) = B,

74
/0 Lf(X(s)) ds.] (28)
Setting pj- =P, (i(T%) = j) for each 1 < j < N, we have
E[f(Xpg)] = f(v) = > o0 f1(8) = F(v) = D ph(fu(8) — fi(0)). (29)
k=1 k=1

So that
E,

7% n
/0 Lf(X(s)) ds] = A (fr(8) = f1(0)). (30)
k=1

We introduce the analogous hitting time for the nonsticky diffusion ¥

TS = inf{t > 0:y(t) > 6}
Our claim is that 7% = V(TY), where V is the process defined through (27). Since V1
is its inverse and it is a continuous process, trivially we have V-1V (T)) = T and
Y (V-YV(TY))) = 6. Because X (t) = Y(V~L(t)), we obtain the inequality 7% < V(T),
which we do not know a priori to be an equality as it might not be the infimum. If we
assume that the last inequality is strict, then by composing with V' ~! we have

VTR < VIHV(TY) = Ty,

since V1 is strictly increasing. But Y/(V~Y(T%)) = X(T%) = 4, in contradiction with the
definition of hitting time T{E. We conclude that

Ty = V(IY) = Ty + nly (T}).
In expectation, we get

EV[T)&(] = EV[T{?] + nEv[gY(Té)]'
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Using (18), Lemma 3.3 and the fact that b is bounded, we have

Ty
| b tutonds
0

Moreover, also from Lemma 3.3, we have E,[T{] = O(6%). From (30), we deduce

5 TS
S (a0 g g [ 100 - ] ) - S AROSHO,

)

Using the fact that

)
sup  |Lf(x) = Lf(y)] =% 0,
x,y€B(v,d)

E,

1 T
BT / LI(X <>>—Lf<v>ds]

together with Lemmas 3.3 and 3.4, we conclude by passing to the limit § | 0 that

nLf(v Zpkfk

This proves that D(L7) N CZ(T') C D(L). It then follows that the semigroups induced by
(L,D(L)) and (L", D(L")) coincide.
Finally, we define
(x(t) =Ly (V7I(t)) as. forall t > 0. (31)
Moreover, notice that
t=VVT(1) = V) + bty (V1) = V(1) +nlx(t),
and therefore
V) =t — nlx(t). (32)
([l

From Theorem 4.1 we are able, similarly to [46, Theorem 3.1], to characterize the
occupation time of the sticky diffusion process at v.

Proposition 4.2. For every bounded and measurable function f: Ry — R the time-
changed process X satisfies

t ¢
/ f(8)yx,—y ds = n/ f(s)dlx(s) almost surely for every t > 0, (33)
0 0

where the integral in the right-hand side must be understood in the Lebesgue-Stieltjes sense.
In particular, the occupation time of X at v is given by

t
/ 1ix,—vy ds =nlx(t) almost surely for every t > 0. (34)
0

Proof. We start by proving (34). From Theorem 3.1-(ii), we know that, since the diffusion
Y has n =0 in (15),

t
/ liy(s)=v}ds = 0 almost surely for all ¢ > 0.
0

Then,

V=)
/ iy (s)=v1ds =0 almost surely for all ¢ > 0,
0
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and since V() is an increasing function (in particular it has finite variation) and using
formula (32), we rewrite the integral as the Lebesgue-Stieltjes integral

V-1l t t
02/0 1{Y(s):v}d5:/0 1{X(s):v}dvl(5):/0 1ix(s)=vyd(t —nlx(t))
t t
:/0 1{X(s)=v}d7f—?7/0 1{x(s)=v}dlx (t) (35)

t
:/0 1ix(s)=vydt — nlx (1),

where in the last step we used the fact that the random measure dfx is almost surely
supported on the set {t > 0: X(¢) = v}. We now turn to the proof of (33). Notice first
that the conclusion is a direct consequence of (34) if f is a simple function. The general
case then follows from the dominated convergence theorem, after approximation of f by
simple functions. O

Remark 4.3. The diffusion X we are considering is a Markov process, as guaranteed by
[25, Theorem 3.1]. However, if we want to introduce memory to the process and make
it non-Markovian, we can use recent developments provided by the Fractional Boundary
Value Problem, as described in [8, Section 4] and [17]. A complete treatment, on star
graphs, is also available in [9, Section 4].

Let us denote by H a subordinator characterized by

Eo[e—AH(t)] — e—t@()x)’ A > 07

where ® is a Bernstein function

d(N) = /000(1 —e™M%(dz), X>0,

and II* is a Lévy measure on (0,00) such that [;°(1 A z)[I1®(dz) < co. For us, ﬁq)(z) =
II?®(z, 00) is the tail of the Lévy measure. We also introduce the process

Vi (t) =t + H(nty (1))

and V s its right inverse. The most significant difference will be this dependence on H
in the time change.

Let M > 0, w > 0 and M,, be the set of (piecewise) continuous function on [0,00) of
exponential order w such that |p(t)] < Me*!. Let ¢ € M, N C[0,00) with ¢' € M,,.
Then, we define the Caputo-Dzherbashian-type derivative as

DLp(t) == /0 gp’(s)ﬁq)(t —s)ds (36)

which is a convolution type operator. Then, by proceeding as in [8, Theorem 22|, we have
that Y(V;;1(t)) is related to the non-local dynamic condition condition

“ d
N u(t,v) = E Pi@ui(tax)’xzo-
i—1

In this case, the dynamics is no longer Markovian, since in the time change appears the
inverse of the subordinator H, which is non-Markov. Then, it spends a non-exponential
time in the vertex. Just as the process X has its roots in the skew sticky Brownian motion,
the process Y (V; 1) originates from the non-local skew sticky Brownian motion, described
in [16].
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4.2. Characterization of sticky diffusions. We now prove that any sticky process has
a modification that is a time-changed nonsticky one.

Theorem 4.4. Let X(t) = (i(t),x(t)) be the process generated by (13) and (15) with
n > 0. Then there exists a nonsticky diffusion Y onT and a strictly increasing continuous
function V=1 such that X and Y (V=1(-)) are indistinguishable. Moreover, there exists an
increasing process £x, adapted to the completion of the natural filtration of X with respect
to the collection of probabz'lity measures (Py) cp, such that {x almost surely increases only
when X = v, that nlx(t) fo 1ix(s)=v} ds and lx(t) = l5-(V7L(t)) almost surely, where
Uy is the process appearing in Theorem 8.1-(ii).

Proof. The argument is reminiscent of part 4 of the proof of [19, Theorem 5|. Set

t t
R(t) = A 1{X(s);£v} ds=t-— A 1{X(s):v} dS,

and notice that R is a.s. continuous and nondecreasing. Furthermore, since the vertex v
is not a trap when 7 is finite, we deduce that lim; ,~, R(t) = oo almost surely. We may
therefore consider the right inverse
R7Yt) :=inf{s > 0: R(s) > t}

which is strictly increasing and right-continuous. We claim that R cannot be constant on
some interval [a,b] C Ry with b > a. Indeed, if it is the case, we have f; Lix(s)~y ds =0
and therefore the set {t € [a,b] : X(t) # v} is negligible. Since X almost surely has
continuous paths, this implies that X (¢) = v a.s. on [a,b], a contradiction. This implies
that R~! is in fact continuous and that R~!(R(t)) = ¢ almost surely. Moreover, since
R is Fs-adapted, where F; is the natural filtration of X, we have that each R™1(¢) is a

Fi-stopping time. It follows that the process R~! defines a time-change in the sense of
[45, Definition 1.2 p.180]. We define the time-changed process

Y(t):= X(R7L(t) t>0,

which is a Markov process for the filtration G := F, Rr-1(t) (see [45, Theorem 2.18 p. 417]
for a proof of this fact in the case of a Brownian motion and [18, Theorem 10.10] for the
general case). Let now (L, D(L)) be the generator of the semigroup induced by Y on
Co(T"). We claim that the semigroups generated by (L, D(L)) and (L, D(L)), for n = 0,
coincide. Let Z > 0 and set X = (i,Z) for some i € {1,...,N}. Let f € D(L)NCZ(T') and
let 1p € C*°(R;) be such that

0 forx<z/3,

<y <1 d
0<v<l and ¢l {1 forx>2x/3

and define g € CZ(T) by setting g;(z) = fi(x)¥(x). Notice that g € D(L). Set also
=inf{t > 0: y(t) < 2z/3} and notice that R(t) = t on [0,7] if X is started at X. Then,
using Dynkin’s formula, we have

Ex[f(Y(tAT))] - f(X) = Ex[g(X(R™'(t AT))] — 9(X) = Ex[g(X (¢t AT)] = g(%)
_E, U Lg(X(s))ds} .
0

Li() = lim 7 (Bl f(V(E A 7))] - F(5)

t—0t

It follows that

t—0t

tAT
= lim ¢! % = x) = X)s
— tEUO Lg(s)dS] Lg(x) = Lf(x)
so that Lf(x) = Lf(x) for all x # v and f € D(L )HCQ( )
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We now turn to the characterization of D(L). Let f € D N C(T) and consider, for all
6 > 0, the stopping times

T% :=inf {t > 0: z(t) > &},
and Tg, defined analogously. Following the argument in Proposition 4.1, one may prove
that Tg = R(T%). Using Taylor’s formula, we have

N

E, [f(V(T2) = f(v)] = By [F(X(T3) = F0)] = D 5 (13(0) = £,(0)
j=1

N
=> 0} (£(0)5 +0(5%)),

j=1

where p}s- =P, (Z(Tf() = j). On the other hand, Dynkin’s formula yields

/ Lf(¥(s)) ds

< CE, [R(T;@)} — CE. [T)‘;(] _E,

E,

R(T%)
A LﬂXWI@D®]

T%
/0 Lix(s)=v} ds

where we used Lemmas 3.3 and 3.5 to deduce that last line. Dividing by § and sending
6 J 0, using Lemma 3.4, we deduce that

N
> pifi(0) =
j=1

which proves that D(L) N C(T') € D(L). We conclude that Y is a nonsticky diffusion

on I'. According to Proposition 4.1 we can define a sticky process Xt) =Y (Vi) =
X(R7Y(V~L(#))), with stickiness parameter 7. We claim that R~*(V ~1(¢)) = ¢ P,-almost
surely. Since

B [ s = B

= 0(*),

t=R 'oV'oVoR(t) almost surely,
it is enough to prove that V(R(t)) =t P,-almost surely. We a.s. have

R(t) 1 t 1 t 1 t
5 / Liy(s)<oy ds = 5 / La(s<spdhis) = 5 / La(<oy ds = 5 / La(s)=0} 45
0 0 0 0

1 t
= 5/0 1io<a(s)<s} ds

so that, using Theorem 3.1, we have

t

ly (R(t)) = (%i_)r% 3 ), 1{o<a(s)<sy ds in expectation, (37)

where

N, -1
Pi
A= E .

<i:1 Ui(0)2>
Recall that

WMW=R®+Mﬂmm=tjAummwwﬁﬂmm-
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Therefore, we obtain the claim if we are able to prove that fot Liz(s)=0) ds = né x(t) Py-
almost surely, where

t

. A
Ux(t) = lim | Ho<a)<s) ds = by (R(1)).

Recall that we have defined £ (t) := £y (V!(t)) and that

t
VIO = =t 0) = t = [ La ds (33)

where we have used Proposition 4.2. Noticing also that, using (38),

V=) t . t
/0 Liy(s)<oy ds = /0 Li(s)<oydV ™ (s) = /0 Lio<i(s)<s}ds,

we deduce from Theorem 3.1 that

(5 (t) = lim A

t
6—>0§/0 L0<i(s)<syds  in expectation. (39)

Using Proposition 4.2 and the fact that X and X have the same transition function, we

deduce that
t t
nA
Ex [ / Lia(s)=0} ds — 7/ liocz(s)<sy ds ]
0 0
t t
nA
= Ex H/ Lii(s)=0y ds — T/ 1io<z(s)<s) ds
0 0

t
= nEx [ lz(t) — %/o Lio<i(s)<s} ds
The claim is proved. In particular, it follows that X (£) = X (t) Py-almost surely for every
t > 0. Since these processes are continuous, they are in fact indistinguishable. We now
check that X is adapted to (ﬁtX )e>0, the completion of the natural filtration (F;¥);>0 of X
with respect to (Py), .. Indeed, there is a Py-negligible set N such that X (t,w) = X(t,w)
for every w ¢ N. Then, for E € F{X we have

]ﬂo.

(w: X(t,w) € B} = (w: X(t,w) € E} NN U ({w L X (tw) € E}mN) e FX.

Moreover, from (39), we deduce that £ is also adapted to (F;¥);>0. This concludes the
proof if we set {x = {.
O

4.3. Stochastic differential equation. Applying Theorem 3.1-(ii) to the nonsticky pro-
cess Y (t) = (j(t),y(t)) we have that

dy(t) = 0j(s)(y(£))dWr + bj(s) (y(t))dt + dly (1), (40)

where W is a one-dimensional Brownian motion measurable with adapted to G;, the natural
filtration generated by Y. On the other hand, an SDE representation for sticky process
was obtained in [46, Theorem 3.2] in the particular case N = 2. The point of the next
result is to extend this representation to the case N > 2.

Theorem 4.5. Up to an extension of the filtered probability space, there exists a one
dimensional Brownian motion W, such that the sticky process X (t) = (x(t),i(t)) satisfies

dz(t) = 046 (1) L ap 0y AW + bis) (£(8) L a(oy0y dt + dlx (t), (41)

where £x is the process obtained in Theorem 4.4.
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Proof. The only difference with [46, Theorem 3.2], is that now the existence of the SDE
for the diffusion y is given by (40). For the rest, we can procee(j with the same steps.
Using Theorem 4.4, we may assume that, almost surely, X (t) = Y(V7L(t)) and Ix(t) =
l5(V~L(t)) for some nonsticky diffusion Y (-) = (j(-),§(-)). From (32) and (34), we have

t
V_l(t) =t—nlx(t) = /0 1{X(S)¢V} ds

Using the fact that z(t) = §(V~1(¢)), we have

t t
/0 Lix(s)pvy ds = /0 Lia(s)z0p ds.
By applying the time change V~1(t), we get
d.%'(t) = O’(m'(t))dS(t) + b(x(t))l{x(t)?go} dt + d€X (t)

where S(t) =W (f(f 1ia(s)20} ds). We define

—~ t t
W(t):=W </0 1{1(3);&0} d5> + Ws (/0 1{:1:(3):0} d5> ,

where W5 is a Brownian motion independent of W (which is known to exist up to extension
of the probability space, see [33, Remark 4.1 p.169]). This concludes the proof since

dS(t) = Liageyzoy AW (2). O

Let us now provide a result, consistent with the well-known convergence of the upcross-
ing number to the local time, which we will later use in the proof of 1t6’s formula.

Corollary 4.6. Let f: Ry — R be bounded and continuous and let X (t) = (i(t),xz(t)) be
a sticky process on I', started at v. Define, for 6 > 0, the collections of stopping times
(D) nen and (09)nen by 7§ = 02 = 0 and

0},

Il
(=%

0° = inf {t > 70 a(t)

n =

(42)

70 = inf {t > 00 | x(t)

form > 1. Then, for everyt >0,

t
. 5 . . .
(%1_)1%6 EeNf(anJrl)l{@fLHSt} = /0 f(s)dlx(s) in probability.

In particular

(%ii% 0 Z 1{02+1§t} = {x(t) in probability.
neN

Proof. For this proof, we rely on the one for the convergence in probability of the number

of upcrossings to the local time; see for example [38, Proposition 9.11, page 248|. Notice

first that, for every n € N, we have, from Theorem 4.5,

1
03 At

Ry = f(0h 1) (@(0h 1 A1) — z(m) AT)) = f(92+1)/ 0i(5) ((5)) La(s) >0 AW (s)

TINE
1
[SERYA

+f(‘9§z+1) / bis)(@(5))Lia(s)>0y ds + f(@ngl)(EX(HgH At) —Ux (Tg At)).

OAE
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We sum over n € N

>R /Zf he 015,05 1(9)03) (2(5)) Lags)>0) AW (5)

neN neN
[ 0 g 50 0
neN
+ Zf 0n+1 n+1 /\t) EX(TS /\t))
neN

where we have used that there are only finitely many values of n such that HZ 41 < t. Since
b and f are bounded and

Ogl(éeé

6—0
nﬂ}( M 2(s)>0} < Ljo<a(s)<s} 250 almost surely,

we have
Zf (s)bi(s)(z(s))1 ds 2% 0 almost surel
n+1 78, n-H} i(s) {z(s)>0} y.
neN
Similarly, using [38, Proposition 5.8, page 111], we get
/ Zf n+1 1(75,«95+1]( s)o ()( ( ))1{:v(s)>0} dW( )—> 0 in probability,
neN

From the propertles of Rlemann—Stieltjes integrals and the fact that £x a.s. does not
increase between 62 41 and T, +1, we also have

%ig(l)%f 0%.1) <£X(0n+1 At) —Lx (2 /\t / f(s)dlx(s) almost surely.

We conclude the proof by observing that

Z FO ) (@05 g At) —z(Tp A1) =0 Z f(92+1)1{02+1§t} +0(9),

neN neN

Indeed, 2(0),, At) — z(r3 At) = 6 when 6%, < t, and when 65, > ¢, we have x(t) —
z(t3 At) < 6. Hence, the claim holds. O

4.4. Freidlin-Sheu-Itoé formula. The goal of this section is to extend the It6 type for-
mula proved in [24, Lemma 2.3] for the nonsticky diffusion to the case of sticky diffusions.
Note that the special case N = 2 was considered in [46, Lemma 3.5].

Theorem 4.7. Let X(t) = (i(t),x(t)) be the process generated by (13) and (15) with
n >0, started at X(0) =x €T, and let f € C12(R+ x I'). Then,

f&X(8) = f0,x) + [ (0sf(s,X(s)) + Lf(s, X(5))) 1ix(s)u}ds

S~

t N t N
T / 0 (X (5))s £ (5 X ()L (5)y AV (5) + / <nasf<s,v>+zpiaxf@-<s,o>> dex (s),
0 0 i=1
(43)
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where W is the Brownian motion obtained in Theorem 4.5. In particular, if Lf(t,-) € C(T")
for allt > 0, we have

ft, X (1)) =f(0,><)+/0 (05 f (s, X (s)) + Lf(s,X(s))) ds

t N ¢ N
+ / o (X(5))e f (5, X(5)) L, oy ATV (s) + / (—an<s,v>+Zpiaxf@-<s,o>> dex (s).
0 0 i=1
(44)

Proof. We follow the proof of the nonsticky case (see [24; 28]).
Without loss of generality, we may assume that x = (¢,0). Fix 6 > 0. We recursively
define the following sequence of stopping times : Tg = 08 = 0 and, for every integer n > 1,
0° = inf {t >70 ) = 5} ,

(45)

n

70 = inf {t >0 a(t) = 0} .

Since z(+) is a diffusion process on R, reflected at 0, it is in particular a semimartingale
so that we know that its number of upcrossings from 0 to § up to time ¢ is almost surely
finite. We then decompose

+oo
FEX@) = £0,) =Y f(051 A6 X (0500 AL)) — F(0) At, X (05 AT))

n=0
= Q)+ Q5+ Q5
where
QFi= 3" (F(O3 0 At X (0540 A1) = F(0 A1, X (75 1))
n>0
N (46)
- Z Z 58xfj(9§z+1a 0)1{62+1§t,i(02+1):j}7
7j=1n>0
N
Qg = Z Z 53xfj(6’,‘i+1, 0)1{eg+1§t,i(02+1)zj}’ (47)
j=1n>0
and
Q% =Y f(ra At X(my At)) = f(O) At X (65 AL)). (48)
n>0

We also write Q‘ls = Q‘(sl y+ Q‘(sl 2y where

N
Q((Sm) = Z Z <fj(92+1795(92+1)) - fj(Tgaw(Tg)) - 53xfj(92+1a 0)> 1{0;§+1§t,z‘(65 )=j}

n+1
j=1n>0
(49)
and
N
Q((SLz) = Z Z <fj(0§z+1 Nt x(Opq A1) = fi(Th At o(T) A t))) Ligs, >t,i(0%, )=}

j=1n>0

(50)

Step 1: Q3 =0, nfg 0sf(s,v)lx(ds) in probability.
From the definition of 8,,, 7, and the continuity of X we know that, for every n > 0
and j € {1,...,N},

£i(00 1, x(001)) = f(05,1,6) and  f(rd,x(r0)) = f(75,0) almost surely.
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It then follows that, on each edge 7,

fj(HnJrl? (n+1)) fj( ( )) 58 fj(enJrl? )
_fj(en-i-lv )_fj( ) 00, fj(en-i-l? )

= f;(05,1,0) — fjwnﬂ, 0) — 60, f5(65.1,0) + f;(65,1,0) — f;(r3,0)
96

n+1
—5/0f] i) = Oufi (O Oz [ 05,0 ds

Tn

Therefore, we have

[ZZ/ 05155, 00 ios,, <t.i03,.1)= j}d5]
j=1n>0

Q(1 1) — Z/ (s,0) 1{$(s)<6 Ont2>t} ds
n>0
< N62||8:%f||oo Z 1{92+1St}'
n>0

On the other hand

Quz) ~ ZZ/ 0858, 0003, >t,i03,.)=31 9%

j=1n>0
N t
_ ) (0 4 .
- Z Z (fﬂ(t’x(t)) — i, 2(73)) — /5 95 f5(s,0) d ) 1{05+1>t (09, 11)=7}
j=1n>0 Tn
N t
<25 |t - flaatrd) - / 0f3(5,0)ds| Ligs | i, 15)
J=Lin= n
< 6[|92 floo

We conclude that

5 05 At
QA=Y [ 0601z

n>0 TNt

< |Quy - ZZ/ 0sf5(3: 000y, <t.03,)=4) 9%

7j=1n>0

Q(1 2) — ZZ (9 fi(s,0) 1{95 >0, )= }ds

7=1n>0 ™

< N&(02fllso D Lggs <ty + 0110z fl1o-

n>0
From Corollary 4.6, we recall that § ano 1{95+1§t} goes, for § | 0, in probability to £x (t).

Then, we have

N&2|10%f oo Z 1{92+1§t} 92090 in probability

n>0
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and
5|0s flloo =50 as.
Therefore,
0 At
5 ntl 5—0 . .
Qi — ) 05f(5,0)1{x(s)<sy ds — 0 in probability
n>0 THNE

But, from Lebesgue’s dominated convergence theorem, we get

05 At t
limZ/ s f(5,0)L(x(s)<s) ds:/o 95 f(5,0)1ix (5)=v} ds,

6—0 n>0 Tg/\t

so that, using Proposition 4.2,

t t
/ 05 f(5,0)1 x(s)=v} ds = 77/ 0sf(5,0)lx (ds).
0 0

Then, our first claim holds true.
Step 2: Q3 =0, fg SN | pi0sfi(s,0)dlx (s) in probability.
First, we write

=D 1, <t}Zafa 1 013 )=

n>0

We observe that from Lemma 3.4 we have
lm Ey (100 1| = m Py(i(6h,0) = 5) = p;. (51)
From Corollary 4.6, we obtain

6—>0

Zél{ogﬂﬁ}@fj(ﬁgﬂ, / 0:fj(s,0)dlx(s) in probability.

n>0

Now, including the choice of the edge (51), we conclude

g =0, / szﬁ fi(s,0)dlx(s) in probability.

Step 3:
t
lim Qf = f(0,) +/0 (0cf (s, X(s5)) + Lf (s, X(5))) Lix(s) vy

" / (X ()00 f (5, X (3))1 (. 00y ATV (5)
0

in probability.

This follows from the standard one-dimension It6 formula and the dominated conver-
gence theorem for stochastic integrals.

Step 4: Conclusion.

It should be noted that

LX) — £(0,%) = QF + Q5 + Q3
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by using steps 1 to 3, we get

t
lim Q+Q5+Q% = /0 (0sf(s,X(5)) + Lf(s,X(8))) 1 x(s)v)d8

t N t N
+ /0 O'(Xs)axf(s,X(S))l{X(S);éV}dW(S) + /0 <77(%f(8, 0) + Zﬁlaxf,(s, 0)) wa(s).

i=1
We observe

/0 (9 (3, X (5)) + L (5, X(5))) Lx, pyds =

/0 (0 (5, X (s)) + Lf (s, X(s))) ds — /0 (0 (5, X(5)) + LF(5, X(5)) 1 x(s)) 05,

but, from Proposition 4.2, we have
t

/0 (8sf(5’X(5)) + Lf(S’X(S))) 1{X(s):v}d5 = 77/0 (8sf(5’v) + Lf(s’v)) ng(S)'

Then, we conclude

ft, X (1)) =f(0,><)+/0 (05 f (s, X(s)) + Lf(s,X(s))) ds

N
[ AOKD0S 5 XD x0T 5) + [ (—77 Lisv) + ;p@-amfxs,m) ax(s)
O
APPENDIX A. A BOUNDARY VALUE PROBLEM
We use here the same notations and assumptions as those from Section 2.
Proposition A.1. For every § > 0 and f € @Y, Cy([0,9)), with f;(0) = £;(0) for all
1<4,j <N, there is a unique u € @Y | C2([0,0]) such that

L~u,~( )—fl( ) for all z € (0,9), 1 <i < N,
() foralli e {1,...,N},
(0)—u]() for all 4,5 € {1,...,N},
given by
ui(x) = H;(jz(()a)c) + Bi(x) forall 0 <z <4,
where

:<nf Z”’ﬂl )())><§af@)> +61(0) — 5:(0)

o[-
sio = [[ ([ s </S i?’fifds) dz) (-] )

for all 1 <1i < N. Furthermore, we have

as d |0,

max max |u ‘ =
1<i<N z€]0,4]

where the hidden constant only depends on f through ||f|s-
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Proof. We divide the proof into three steps.

1. Proof of existence. Using the positivity of o2 we first rewrite the problem in the form

e zbi(x)u( ) — Qf(x)
o)+ () =

K3 7

for all z € (0,9).

This implies that

o= (e e U e ) oo ([ ) omeeon

were the parameters A; are constants. In particular we have u}(0) = limg o u(z) = A4;. It
follows that

wi(x) = /: <AZ- + /Oy ?208 exp (/0 2: ((S))ds> dz> exp <— /Oy 2:2((;) dz> dy for z € (0,9).

Notice in particular that u;(J) = 0. Setting

o= [ oo (- 3
= ([ B[ 230) ) - [ 230)

we get u;i(r) = Ajai(z) + Bi(x). The continuity of w then implies A;;(0) + 3;(0) =

A;a;(0) + 5;(0) for all 1 <4,j < N. Since ;(0) > 0 we obtain
A1a1(0) + £1(0) — 5;(0)
Oéi(O)

The second condition in (52) then reads

N N N
1 (v) = nLu(v Z pi(0) = 3 pidi = Ao (0 <Z aiio>> DI
: i—1 Qi

=1 i=1

o g

2. Proof of uniqueness. Clearly it is enough to prove that v = 0 is the unique element
in @@]\L1 Cy([0,0)) satisfying
$02(2)v" (z) + bi(z)vi' (x) = 0 for all z € (0,6), 1 <i < N,

A; = forall 1 <3< N.

so that .

271

S pivi'(0) =0, (54)
u;(0) = u;(0) forall 7,5 € {1,...,N},

v;i(0) =0 foralli e {1,...,N}.

Applying the strong maximum principle [20, Theorem 3 p.349] to u; we deduce that it
cannot achieve its maximum (resp. minimum) on (0,d) unless it is constant. In the case
where u; is constant we deduce that u; = 0 from the Dirichlet boundary condition. We
therefore proceed by assuming that the u; is not all constant. If the maximum (resp. min-
imum) of u is attained at 0, then, Hopf’s lemma [20, Lemma p.347], or the simpler result
[44, Theorem 2 p.4], implies that u,(0) < 0 (resp. u,(0) > 0) for all 1 < ¢ < N, which
contradicts the Kirchhoff conditions. We conclude that the maximum (resp. minimum)
must be u;(§) = 0 for some 1 < ¢ < N, so that u < 0 (resp. u > 0). This proves uniqueness.
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3. Proof of estimate. From (53) and uniqueness of solutions we obtain
o= (Gam =2 (U s () ) ) e ([ i)
([ 30

2 oo + Ai||b]| o 46|l ool £ 1o 25116/ 0o
(@) < 20 o + Ailillc) | A1l ] exp< ] )

0 Uo

261|b] 0e
d exp <—H—2H> < a;(0) <6

ok

262 26116l 00
0 <0< 2 o (M),
g, g,

0 0
So that A; = O(1) as 6 J 0, with hidden constant depending on f through | f|l-. The
conclusion follows. O

so that

ok
Notice also that

and
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