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Abstract

We study a Schilder-type large deviation principle for sticky-reflected Brownian motion with
boundary diffusion, both at the static and sample path level in the short-time limit. A sharp
transition for the rate function occurs, depending on whether the tangential boundary diffusion
is faster or slower than in the interior of the domain. The resulting intrinsic distance naturally
gives rise to a novel optimal transport model, where motion and kinetic energy are treated
differently in the interior and along the boundary.
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1 Introduction

In its classical version, Schilder’s theorem completely describes on the path level the short-time
behaviour of Brownian motion with generator Q = %A. More precisely, the slowed-down Wiener
measure R on Q = C([0, 1]; RY), corresponding to the process with generator QF = 5A, satisfies
in the small-time regime ¢ — 0 the Large Deviation Principle
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with rate function given by the kinetic energy. The short-time behaviour can of course be
analyzed for more general diffusion processes and this is interesting for many reasons, but let
us just mention three in connection with analysis, optimal transport, and PDEs:

1. Varadhan S Sh()rt-tlme f()r]“ula 46]
lg‘lltlggpt x7y x7y

relates the transition kernel p;(x,y) to the intrinsic distance d?(z,y) of a given diffusion
process, which in turn can be used to establish upper and lower heat kernel estimates,
Harnack inequalities, etc.

2. The short-time behaviour is a key ingredient for the so-called Schrédinger problem, which
has been recognized over the past 20 years as an entropic approximation of Monge-
Kantorovich optimal transport [33] 134, [37]. More precisely, given two distributions pg, p1 €
P(RY) and writing H(P|R) = [ 9 log (45) dR for the relative entropy of P < R with
respect to a reference measure R, the Schrodinger bridge problem reads

es(po,pl) = PIerfl}%?Q) {EH(P ‘ Re) s.t. PO = po,Pl = pl}. (1.2)




Here and throughout e;(w) = w; denotes the time-¢ evaluation map, and Py = egyuP
and P; = e;4 P denote the marginals of the path measure P at times ¢ = 0,1. Roughly
speaking, as soon as the slowed-down measure satisfies the LDP R® < exp(—1C(w)) the
entropic problem Gamma-converges to

C=T-limC°

e—0

given by

C(po, p1) = m};n{/C’(w)P(dw) st. Py=po, P = pl} ,

see e.g. [33, 8, 4, 7, [13]. This is nothing but the Lagrangian version of the celebrated
Benamou-Brenier Eulerian interpretation of Monge-Kantorovich optimal transport [6].
Moreover, writing

clz,y) = ran{C(w) st w(0) =z,w(l) =y} (1.3)

one also has the equivalent static Kantorovich formulation

C(po, p1) = min {/C(x,y)ﬂ(dz,dy) st T = po, Ty = pl} .

Hence the rate function C(w) in Schilder’s theorem is deeply related to the optimal trans-
port problem.

3. Since the works of Jordan, Kinderlehrer and Otto [29], it is well-known that the canonical
Fokker-Planck equation 0;p; = Q*p; = %Apt (with no-flux conditions on the boundary
of the domain D C R?) can be interpreted as the gradient flow of the entropy H(p) =
Jp plog pdz with respect to the Euclidean Wasserstein distance W2(u,v) = Clu,v) =
mﬂin [ |z = y|*n(dz,dy). Two ingredients connect here this macroscopic PDE with the

microscopic (reflected) Brownian motion: the entropy H(p) = H(p|Leb) is computed
relatively to the stationary, reversible Lebesgue measure, and the Wasserstein distance is
built upon the underlying Euclidean cost ¢(z,y) = |z — y|? given by the intrinsic distance
of the stochastic process. In the series of works [T}, 19} [35], B6] it was understood that this
macroscopic gradient flow structure can be justified at the microscopic level precisely from
large deviation principles. In particular plays a key role in the fist order expansion
(Gamma-convergence) relating discrete-time rate functions on the one-hand, characterizing
the hydrodynamic limit N — oo for a large system of independent Brownian particles, and
on the other hand minimizing movements/JKO schemes, a discrete-time characterization
of the dissipative gradient flow structure of the macroscopic heat equation. We refer e.g. to
[I, Theorem 3] for a self-contained statement and more details, but let us just summarize
by saying that it is the LDP that determines the correct Wasserstein dissipation
mechanism and entropy functional, which in turn gives the Fokker-Planck equation as a
canonical gradient flow. See also [22, §13.3 and Theorem 13.37].

All of this can be extended to cover more general models and processes (see e.g. [38]39] 40], 4T]
to name just a few), but the analysis is always restricted to somehow “smooth” settings and
requires a case-to-case adaptation. In this work, motivated by the three questions above and
in particular by the connection with Fokker-Planck PDEs, we take interest in the short-time
behaviour of a particular non-smooth diffusion, the so-called Sticky-reflected Brownian Motion
with boundary diffusion (SBM in short). Sparked by applications in interacting particle systems
with boundary or zero-range interactions [3}, 81l [24], among others, SBM has received renewed
attention in the last decade [9] [T} (30, 42, 20, 12]. In a given domain D C R? SBM can be
roughly described as follows. While in the interior, the process performs standard Brownian
motion. Upon hitting the boundary, SBM “sticks” there for a while and thereafter undergoes



purely tangential diffusion along I' = 0D. The process then eventually reenters the domain and
resumes standard Brownian motion, and so on. A delicate balance determines the jump rate
from/to the boundary and involves the local time at the boundary, see later on Section [2| for
rigorous details. Accordingly, the Fokker-Planck equation takes the form of a system of coupled
interior /boundary parabolic equations ({2.6]).

By simple scaling arguments one can always assume that the interior diffusion occurs with
volatility o,y = 1, but a particularly important parameter in the model is the tangential dif-
fusivity coefficient @ = o2 > 0. We will show that a sharp transition takes place across a = 1,
which is the critical threshold for which interior and boundary diffusions match tangentially: For
a > 1 motion along the boundary is preferred, the rate function in our LDP will see the impact
of a in a nontrivial and global fashion, and therefore the intrinsic distance d,(z,y) induces a
specific geometry that strongly depends on a > 1. On the other hand for a < 1 interior motion
becomes more favourable from an energetic perspective, the rate function will not depend on a
anymore, and one recovers instead a purely Euclidean scenario d,(z,y) = |x — y| independently
of a < 1.

In [I6] the first two authors showed that the Fokker-Planck equation for SBM is a gradient
flow for the standard Wasserstein distance when ¢ = 1. This is expected when interior and
boundary diffusions match tangentially, so that the intrinsic distance of SBM coincides with the
Euclidean one d2(z,y) = |z — y|?>. The case a > 1 should lead to a true metric gradient flow (in
the sense of curves of mazimal slope [2]) with respect to the Wasserstein distance W2 induced
by the cost ¢(z,y) = d2(z,y) and will be the subject of a future article [15]. For a < 1, since
d?(x,y) = |x — y|? is independent of a, the natural transportation distance is the Euclidean
Wasserstein distance, so any Wasserstein gradient flow would not see a. On the other hand
the probabilistic Fokker-Planck equation clearly depends on a, see later on Section [2] and in
particular . This means that the gradient flow, if any, cannot be a true metric one, and
that a finer understanding of the infinitesimal structure is needed. This will be investigated in
a separate work [I0].

Our goal here is threefold: 1) we study the LDP in its own right, 2) for a < 1 we exhibit
a very natural example of Sturm’s paradigm [44] when the diffusion process is not fully deter-
mined by its intrinsic distance, and 3) for ¢ > 1 the LDP gives, via the Gamma-convergence
entropic-to-deterministic problems, gives the natural dissipation mechanism and yields a lim-
iting, nonstandard optimal transport problem which is thereby justified and will therefore be
used in subsequent works to study gradient-flows. For full disclosure, we stress at this point
that the rigorous analysis will only be carried in the particular case of half-spaces D = Ri.

The paper is organized as follows. Section [2] contains a detailed description of SBM and
its basic properties. In Section [3] we give a heuristic derivation of various levels of LDPs and
formally identify the correct rate functions. In Section [d] we explicitly compute the Markov
transition kernel of SBM in half-spaces. In Section [5] we build on this explicit representation
to derive a static LDP for the initial-terminal joint marginals R§; < exp(—<c(z,y)), Theo-
rem Section [6] contains an analysis of the cost and identifies it as a dynamical Lagrangian
minimization ¢(x, y) = min fol L(ws, wy)dt, Theorem Finally, in Sectionwe show exponen-
tial tightness of the path measure and strengthen the static LDP to a full sample paths LDP

¢ < exp(—21Cy(w)), Theorem 7.1

2 Sticky-reflected Brownian Motion with boundary diffu-
sion

In its simplest form, SBM was originally studied by Feller [2I] for the classification of boundary
conditions for one-dimensional diffusions, and was later extended to include boundary diffusions
in higher dimensions [27, 45, 47] including to Wentzell boundary conditions. Let D C R be
a smooth domain with boundary I' = 90D. We write I' for objects and integrals intrinsically
defined on T, seen as a (d — 1)-manifold of its own, while we keep the notation 9D for the



boundary trace of objects defined in the whole domain D (typically appearing when integration
by parts is performed).

The Sticky-reflected Brownian Motion with boundary diffusion (SBM in short) is the D-
valued stochastic process with Feller generator

| iA¢(2) ifeeD
Qo(z) = {‘ZIAF(b(ﬂC) —00,¢(x) ifx€dD 2.1)
and domain
D(Q) ={peC(D) st 9peC(D)}. (2.2)

Here n denotes the outer unit normal, and we write throughout Vr, divp, Ar for the tangential
gradient, divergence, and Laplace-Beltrami operators along I' = dD. The tangential diffusion
coefficient a > 0 will play a crucial role and we sometimes emphasize the dependence by writing
Q = Q,. On the other hand the stickiness 6 plays a very minor role and we omit the dependence.
The reversible stationary measure is

w(dz) = dz + 2—160(dx), (2.3)

where ¢ = J—ng,l denotes the Lebesgue measure on the boundary. Note that p depends on 6,
but crucially not on a. Integration by parts

[ovan= [ o3nvacs [o(5ar-00,0) o

:é(—/DVQs.Vdex—k/aD(b@n?/JdJ) - (:e/FVr¢'VF¢dU+;/F¢3n¢dU)
1
:_§/S)V¢'V¢dx—%/rvr¢'vr¢d0 (24)

shows that p is indeed symmetric, and the corresponding Dirichlet form is

_1 2 a 2
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with domain
D(E,) = {¢ e H'(D) st lop € Hl(am}.

(Here and throughout ¢|sp stands for the boundary trace tr¢ = ¢|gp of ¢ € HY(D)). It is
shown in [25] that &, is symmetric, regular, strongly local, and recurrent. We denote by p;(z, dy)
the transition kernel with density p;(z,y) = pi(y, ) w.r.t to p. By |25, thm. 3.15 and thm 3.17]
for any = € D (including z € T = dD) there is a unique path-measure R, on Q = C([0,1]; D)
solving the martingale problem and represented through the SDE

dX; = 1p(X¢)dB; + 1r(X;) [VadBf — 0n(X,)dt]
dB{ = W(Xt) (e] dBt . (25)
X() =T

Here
m(x) = Id —n(z)n' () € Maxa(R)

denotes the orthogonal projection on the tangent space T,0D at a point x € 9D with outer
normal n(x). The Stratonovich SDE dB} = 7(X;) o dB, simply means that B} is a Brow-
nian motion on the boundary I' = 9D with Laplace-Beltrami generator %Ap, see [26]. Note
that the full d-dimensional Brownian motion B; inside D contains more information than the
tangential one BY . In [20] it is shown that even in one dimension D = R* the SDE represent-
ing 1-dimensional SBM does not have strong solutions, and it is therefore natural to represent



the boundary BM B! in terms of the interior BM. An important feature of (2.5) is that it
characterizes the local time at the boundary L] as

dL! = 01 (X,)dt,

see e.g. [20, thm. 5] and [28] §IV.7]. In particular, stickiness @ > 0 yields non-trivial sojourn on
the boundary with occupation time

t
O = / Ip(X,)ds = 1L{.
0 0

Finally, for the sake of completeness and also for future reference, let us derive the Fokker-
Planck equation for SBM. The relevant laws X; ~ p;, € P(D) will as always be absolutely
continuous w.r.t the stationary measure p in , hence we only consider measures p < p and
accordingly write

p(dx) = u(x)dz + v(z)o(dx).

In order to compute the dual Q* of (2.1) we take ¢ € D(Q) and integrate by parts (assuming
that u,v are smooth enough)

[ owiaraan = [ ot = [ [3a0]ur [ [5aro-00,0] o

= % (/D dAu + /8D uOpd — ¢8nu) + (/F ¢gAFU - 90(%(;5)
:/D%Aud)-l-/r(%Apv—anu)qﬁ+/aD (g—t%) Ond.

(all the integrals being implicitly computed with respect to the Lebesgue measures dz, do on D
and I' = 9D, respectively) As a consequence the abstract Fokker-Planck equation 0;p; = Q*p;
can be written in weak form (with again p; = uydz + vido)

Vo eDWQ): /D¢3tut+/r¢3tvt = % (/D ¢“t+/r¢“t>
=5 [on= [ @~ [ o2,
:/D%Autqﬂ_/r (;Arvt—;anut)d)
L /m (5 — 0w 0o,

Taking first ¢ € C°(Q) gives simply
1
8tut = §AUt

in the interior, and we can simply cancel || p POy = J D ¢%Aut in the previous equality. This
leaves

V(]S S @(Q) : /Fd)&gvt = /I: (;Am)t — ;&Lut) ¢+ /6Q (;ut — 9’Ut> &L(b

Taking now any ¢ € C*(T) and extending to ¢ € C*°(D) with zero normal derivative such
that ¢ € D(Q) (this is no too difficult), we see now that [ pdyv; = [ (2Arvy — dpur) ¢ for all
¢ € C*=(I'), meaning that

1

a
8tvt = §A[‘Ut — ianut



Subtracting again from the previous equality, we are finally left with

V(b S D(Q) : 0= /6D (;Ut - th> 3n(b

It is relatively easy to check that the normal trace 9,, : D(Q) — C(I') is surjective, and therefore

lut = Qv on the boundary 0).
2 b

In view of (2.3) this simply means that the density fi(x) of ps(dx) = fi(x)u(dx) with respect
to the stationary, reversible measure u is continuous up to the boundary, which should come as
no surprise. Summarizing, the Fokker-Planck equations is

pr = ugdx + vido,

6tut = lAU,t inD
Opr = QF = 2 ’ 2.6
1Pt Pt aﬂ)t = %A["Ut — %(%ut in F, ( )
Loy = 0u, on O0f2.

2

3 Heuristics and technical obstructions
The SBM process slowed-down on time-scale € > 0 is described by

R: := the path-measure with generator Q° = £Q

started at x. One of the classical approaches to analyze the large deviations of the diffusion R*®
as € — 0 is as follows, see e.g. |22 B2]. Consider the Hamiltonian

_b . @
Hf¢:=ce =Q%-=

and its associated Hamilton-Jacobi nonlinear semi-group Ve (¢)¢ = ¢log Ege:?(X0) satisfying

@V (o =HV(t)g,
VE(0)g = o

Convergence of the generators
lin%HEng:ngS (3.1)
E—r

in some vague sense and for a large enough class of functions ¢ should in principle imply
convergence of generated semi-groups

lim VE(t)y = V(£)o, (3.2)

e—0

where the limit V is defined by

Ly (t)p = HV(t)s,
V(0)¢ = ¢.

By standard Varadhan-Bryc arguments [I8, chapters 4.2 and 4.3] one expects the LDP to hold
with dynamical rate function given by the abstract time-slicing

N
Clw)= sup sup > ¢i(ws,) = V(ti — tim1)di(wr,_,), (3.3)

|TN‘—>0 P1,-0N i=1



where the supremum is taken over all partitions 7y of the time interval [0, 1] such that 0 = ¢y <

t; < --- <ty = 1 with size |7y| = max |t;+1 — ¢;| — 0. In order to retrieve a more tractable
expression for this, assume moreover that the variational representation
H¢(x) = H(z,Vo(x)) = sup {Vo(z)-q— L(x,q)}, reD
q€R

holds for a sufficiently well-behaved Lagrangian L, i-e with H(z, ) = L*(z,-) convex conjugate
of one another in the sense Fenchel-Legendre duality. Then H generates a Nisio semi-group
V(t), the dynamical cost can be computed from usual stochastic control theory [23] as a
Lagrangian action

1
Clw) = / L(ws, oy)dt, (3.4)

0

and the diffusion X¢ finally satisfies the LDP

1
R < exp (EC’Q, (w)) with rate function Cr(w) = tfwy=a} + C(w).

Here

0 ifwg==x
Lwo=z} =
{wo=a} 400 else

encodes the initial condition Xy = z, but one can also cover general initial distributions X§ ~ pg
as long as they satisfy a LDP p§(dz) < exp(—1Cy(x)). By the contraction principle one therefore
expects that the initial-terminal joint distribution R, = (eq,e1)# RS € P(D?) satisfies the LDP

1
Ry, = exp (~Leto))

with the static cost (1.3]) obtained by Lagrangian minimization

w

1
c(x,y) = min {/ L(ws, wy)dt s.t. Wy =T, w; = y} .
0

This determines the static LDP from the dynamic one, but the analysis goes both ways: by
simple scaling the LDP for {R§;}. immediately gives the LDP for {R§]}c>0 = {R§;, fe>o for
any fixed 7 > 0. One expects in general the collection of all such (0, 7)-joint distributions to
fully determine the path measure, hence by time slicing the sample path large deviation should
follow from the static one. This is actually the route that we will take.

Let us try to make this all of this more explicit in our particular setting. With the generator
Qf = £Q given by (2.1) one easily computes

He () = LVeP? + £A¢ if v € D (3.5)
4\Vro? +¢ (2Ar¢ — 00,¢) ifxe€dD’ '
from which at least formally
Lve? ifzeD
Heg(a) —> Hola) = {210 . (3.6)
e $IVro|* ifx € 0D

The Legendre transform can be computed explicitly as

slq* ifzeD
L(z,q) =sup{qg-p— H(z,p)} = { L|g|> ifxedD andqeT,D. (3.7)
: +00 else



It is straightforward to check that L is jointly lower semicontinuous if and only if a > 1, and
therefore the map

1
wr— C(w) = / L(ws,wy)dt  is Ls.c. if and only if @ > 1
0

for the natural weak H' convergence, see later on Theorem As usual, if a particular LDP
holds for some rate function (here C(w)) it also holds for its lower semi-continuous relaxation,
so imposing the lower semi-continuity of good rate functions allows to speak unambiguously of
the rate function. In our particular context we thus expect that the LDP should hold in fact
with L replaced by its lower semi-continuous relaxation L, with effective rate function

1
Co(©) = tfueey + C(0) = tuge) + / L{w, )t (3.9)
0

Here we see the phase transition already appearing very naturally: For a > 1 we have L = L
and the induced cost C = C feels the influence of ¢ in a nontrivial fashion. On the other hand
it is not difficult to see that for a < 1 the relaxation is always given by L = L|,—1, which is
somehow a monotone relation with respect to the diffusion coefficient in the trivial sense that
1 =sup{a, a < 1}. In that case the effective rate function C' = Cl,=1 does not depend on a.

In [44] K.T. Sturm showed that, perhaps surprisingly, diffusion processes are not always fully
characterized by their intrinsic distance. More precisely, given any process X with intrinsic
distance d?(x,y), he constructs a second process X with strictly smaller diffusion coefficients
and yet sharing the same intrinsic distance d = d with X. This monotonicity echoes our lower
relaxation of the Lagrangian: for any a < 1 the SBM X has intrinsic distance given by the
Euclidean cost, and picking any a < a gives a different diffusion X with smaller coefficients but
same distance. Clearly a = 1 is special in this sense, since it is the larger such a for which one
can pick a < a in this way, and a = 1 is therefore a maximal diffusion of some sort. This is
likely not a coincidence and will be investigated in a future work [I0].

On a different note, the phase transition is also suggested from the boundary conditions,
about which we deliberately remained vague so far. By definition of the Hamiltonian, a function
¢ is in the domain D(H®) of if and only if exp(¢/e) is in the domain D(Q¢) = D(Q), or
equivalently if and only if the two expression in the right-hand side of match continuously
at the boundary 0D. At least formally for ¢ — 0 this suggests

|Vé(z)|> = a|Vro(z)? for x € 0D. (3.9)

e For a > 1 this simply means that, at boundary points, V¢ makes an angle @ = a(a) with
the normal n(x) given by
2

sin“a = —.
a

This angle « will show up again later on, and we will prove that geodesics for the intrinsic
distance always enter or exit the boundary with angle of incidence a (see Theorem [6.1)).
Notice that for @ = 1 this corresponds to a right-angle condition o = 7/2, or equivalently to
the Neumann boundary condition 0,¢ = 0 along dD. This is exactly the classical no-flux
condition for the velocity field v = V¢ driving Lagrangian particles in the Benamou-Brenier
formulation [6] of optimal transport.

e On the other hand for a < 1 the constraint becomes unfeasible unless the whole
gradient vanishes, Vé|gp = 0. Formally this means that particles can no longer move along
the boundary (not even tangentially), which seems surprising at first sight: choosing x,y
close enough on a concave or flat portion of the boundary 0D, on expects that minimizing
curves realizing c(x,y) = Irgn fol L(w;,w;)dt should actually remain supported along the
boundary. This apparent paradox is yet another effect of the lack of lower semi-continuity
for ¢ < 1, and is simply resolved by the fact that no such minimizer actually exists.
Indeed, for any curve (w;)se[o,1) supported along the boundary, it is easy to construct a



curve w’ &~ w very close to w with the same endpoints, but moving inside D for all ¢t € (0, 1)
and thus with a strictly lesser cost

1 1
1 1
|t =5 [wipar < 5 [Pt = [ Lwnan.
0 a 0

This shows that curves moving along the boundary are exponentially unlikely, as far as a
putative rate function is concerned in the LDP, hence those trajectories will asymptotically
never be seen by our sticky diffusion.

To summarize, the LDP is correctly captured by (3.8]) with the relaxed Lagrangian L, and the
phase transition across a = 1 is simply the threshold determining whether L is L.s.c. or not.

There are two main obstructions to turning this informal approach into rigorous analysis:

1. For a < 1 the lack of joint lower semi-continuity of (z,q) — L(z,q) (mostly in the z
variable) immediately prevents any rigorous application of the above abstract arguments,
i.e. the chain of implications = (3.2) = is no longer justified. Thus the
lack of semicontinuity is not just an (almost aesthetic) matter of unique selection of a rate
function, but rather a key step that fails in the dynamical/Lagrangian representation of

C(w).

2. For @ > 1 the running cost w — fol L(ws,w)dt is Ls.c. but the argument requires no
matter what a well-posedness of the Hamilton-Jacobi problem

b+ Hep=0

in the viscosity sense (more precisely, a resolvent estimate for id —7H for small 7 > 0
based on maximum principles, see [22] 32]). In our particular context this corresponds to
nonstandard, coupled interior-boundary Hamilton-Jacobi equations

o+ iVel=0 ifzeD,
Od+ £|Vrg| =0 if z € OD.

The recent theory in [5] might allow handling such delicate systems with discontinuous
Hamiltonians, but for the sake of brevity we did not pursue in this direction.

Both obstacles are somehow orthogonal to each other: for a < 1 the Hamilton-Jacobi problem
is standard but the lower semi-continuity fails, while for a > 1 the Lagrangian is lower semi-
continuous but the Hamilton-Jacobi system becomes difficult to cope with. In order to offer
self-contained and rigorous proofs we opted here for a compromise and chose to work on half-
spaces D = Ri, where explicit formulas can be leveraged and standard stochastic calculus is
sufficient to carry over the whole analysis. Of course, in smooth domains the boundary looks
locally as ]R‘i: Because SBM still belongs to the realm of Feller diffusions with quadratic variance
E.(|X; — z|?) ~ t, one should expect that our results in half-spaces can be leveraged to cover
general domains following a “local-to-global” construction, see e.g. [I7, chapters 8 and 9], but
this falls out of the scope of this paper

4 Transition kernel in half-spaces
From now on and unless otherwise specified we denote
D=R? =RT xR with 9D ~R!

and
r=(z1,2') €D with 1 €RT, 2 = (2q...24) € RTL



We shall often speak of x1,2’ as the horizontal and vertical coordinates, respectively. In this
particular setting the SBM process X; = (X}, X/) takes values in D and (2.5) takes the more
explicit form

dX; = {\/5]1{)(3:0} + 1{X}>O}} dB; (4.1)
X() =T

where B = (B!, B') is a standard d-dimensional Brownian motion. The goal of this section is
to explicitly compute the transition kernel p;(z,dy) of SBM in this simple planar setting, given

by (4.6) below.

The key observation here is that the horizontal X! evolution is uncoupled from the vertical
X’ motion and corresponds to the 1-dimensional Sticky-reflected Brownian Motion studied in
[20]. In particular the local time at the boundary of the full process is just given by the local
time at the origin for the first component, which we simply denote

Ly = LF(X) = LY(X").
By [20, §3 and theorem 5] the first equation in (4.1]) encodes among other things a relation
dLY(X1) = 011 _gydt = 6dO,

between the occupation time

t t
Oy ;:/ 1r(Xs)ds :/ ]1{X;:0}d8 € [0,1]
0 0

and local time L;, whence
L; =600, € [0, 6t]. (4.2)

Note that in (4.1)) the vertical diffusion X’ is only coupled to the horizontal motion of X!
through the volatility oy = o(X}) = Valixi—oy + Lix150y, With X! independent of B’. By the
strong Markov property and

¢ t ¢
/ ]l{ngo}dS = Oy, / 1{X§>0}d8 = / [1 — ]1{X§:O}] ds =t — Oy,
0 0 0
we can integrate dX| = [\/ﬁl{xf;zo} + ]l{th>0}} dB; explicitly as

X =+aBy, + B;_o, (4.3)
almost surely, where B’, B" are independent (d — 1)-dimensional Brownian motions, also inde-

pendent of X! and therefore of the occupation time O;.
In order to eliminate the invariance under R%~!-vertical translation we always start from

Xo = (X3, X{) = (21,0)  for x> 0.
We first condition on (X}, Ly) = (2,1) as
pi(z,dy) = Pu(X; € dy) = P (X} € dy1, X{ € dy)

ot
:/ / P.(X; €dy, X{ edy | X} =2, Ly = )P, (X/ € dz, L, € dl)
R+ JO

ot
-/ Px(xzedyl,xzedy'
Rt JO

10

1
X! =20 = 91) P, (X} €dz, L; € di).




The point here is that the bivariate distribution (X!, L) for the 1-dimensional SBM in the
conditioning can be determined explicitly. More precisely, for x1,z > 0 let Ty denote the first
hitting time at the origin for 1D-Brownian motion, denote by

|z1|  _l=ql?
h(t,z1) = e 2t t>0
o= o
its distribution (i-e Py, (Tp € dt) = h(t, z1)dt), and let
1 leg —=I2 g +2|2
0 i — Izt B +
T1,2) = e 2 —e 2t , zeR
gt( 1,2) (27#/)% |: :l

be the kernel of Brownian motion before killing at the origin (i-e P, (B} € dz, Ty < t) =
g¥(x1,2)dz). By [14, Theorem 2| there holds

P, (X} €dz, Ly € dl) = gP (1, 2) dzdo(dl)

+ %h (t - é,l + x1> do(dz)dl + 2h (t - é,l+ 1+ z> dzdl, (4.4)

with implicitly z > 0 and [ € [0, 60t] as in (4.2). On the other hand, writing

g(t,2') = _ exp ( IZ/|2> 2 e R1
’ (2nt) T 2t )’

for the standard (d — 1)-Gaussian, we can also compute

1 S 1
P, <th cdy, X| edy | X} = 2,0, = 91> = 5. (dy1 )P, (ﬁBgt +Bl_o, edy ‘ O = 91)

= 0. (dy) )P (VaB) + By, € dy) = b.(ay)Pwr (B, +B;_, € dy)

_ l l ! / /
= 0.(dy1)g (ae tt-gy -2 ) dy’,

because the sum of independent Gaussian variables B + B remains Gaussian with additive
variance. Putting

A=a—-1€(-1,00)
and gathering everything, we end-up with

pe(z,dy) = gf (x1,y1)g(t,y' — 2) dydy’

1 ot
+</ h<t—l7l+$1>g(t+f4l’y/—$/> dl) do(dyy)dy’
o\ /o 0 [
ot ! l
+2 / h(t—a,l—i—wl +y1)g(t+A0,y’—x’> dl | dyidy’.  (4.5)
0

Owing to Ly = 00, € [0,0t] the local time runs in I € [0,6t] above, hence since A > —1 the
effective time arguments ¢ — é > 0 and t + Aé >t — é > 0 in h,g remain nonnegative as
they should. Similarly we emphasize that all the time arguments will be nonnegative in the
sequel, and this will be implicit throughout without any further mention. In our simple planar
setting the stationary measure decomposes as p(dy) = (dy1 + 3500(dy1)) dy’. Recalling
that ¢g"(x1,0) = 0 for killed Brownian motion, can be finally be written more compactly

as

11



pe(z,dy) = lg?(xl, y1)g(t,y —a’)

ot
+2/ h(t— é,l+x1+y1>g <t+Aé,y'—x’> dl]u(dy).
0

5 Static Large Deviation Principle

As already discussed, the short time behaviour will be captured at the static level by the LDP
for the slowed down transition kernels

pe(dy) = pe(z,dy) € P(D), (5.1)

where z € D is fixed and p.(z,dy) is given by (4.6) with ¢ = e. The main goal of this section is
to establish

Theorem 5.1. Let a > 0 and write for convenience A = a — 1. For any fired v = (x1,2") €
D =R" x R the sequence {p5}.., € P(D) from (5.1)) satisfies the LDP

pz(dy) = exp (—idwﬂ)

E—r

with good rate function y — c(x,y) given by

. 1

ifa<l: c(z,y) = §|x —y? (5.2)

if a : clz,y) == .
4 2|1 (\/Z|x1 +uyi| + 1y — x’|> else,

where for A=a—1>0 the “cone” € is

¢= {m) eD*: |y -o|< ﬁ[m + o1l + 2/ay/mg] } (5.4)

Moreover (z,y) — c(x,y) is symmetric and continuous over D?.

Note that ¢ strongly depends on a (in a continuous way), but not on #. This might first come as
a surprise, but we shall make a case later on that c(x,y) = d?(z,y) is truly the intrinsic distance
for the SBM diffusion. On the other hand the #-“stickiness” clearly appears as a lower order
drift term in , and intrinsic distances classically tend to depend on the purely diffusive part
of the process only.

For later purposes it will be convenient to define

Cx)={yeD: (x,y) €} (5.5)

which is represented graphically in Figure [1| below. Note that €(x) is really a cone if 1 = 0
with aperture exactly sin® o = %, while it is rather a horizontal paraboloid if z; > 0. It is worth
stressing that the quantity |z; + y1| appearing in can be naturally interpreted as a
horizontal travel distance from z; to y; when forced to go through z; = 0. This corresponds
to a sticky scenario, where most random trajectories actually tend to go through the sticky
boundary z; = 0 in order to move faster in the vertical direction by taking advantage of a
stronger diffusion along the boundary if a > 1. Accordingly, a delicate balance will tip in

12



T

Figure 1: The cone €(x).

favor of the “going through the boundary” strategy or not, depending on 1) the value of the
diffusivity a, and 2) the relative location of the points z,y to be connected (here (z,y) € € or
not). At a more technical level, let us anticipate that we will decompose below pS = pf . + p5;
as the sum of an “interior” kernel (corresponding to paths avoiding the boundary) and of a
“sticky” kernel (corresponding to paths with positive sojourn along 9D). The interior part will
always lead to a standard Euclidean contribution pf,, < exp(—21Iin(z,y)) with rate function
Iing = %|y — 2|2, The second part involves local time accounting for stickiness, and leads to a
contribution p$ < exp(—1I(x,y)) for a more complicated rate function Iy that strongly feels
the influence of the diffusion coefficient a > 0. Depending on the precise value of a and relative
positions of x,y, one or the other rate function will overtake, corresponding to the dichotomy
in our statement.

In order to make the strategy of proof more precise we first change time scale
l=¢e0L with L e]0,1].

From there (4.6) conveniently leads to

5 (dy) = [g?(xl, y1)g(e,y' — ')

Oe
! l
+/ h(ﬁ—e,l+m1+y1>g (€+A97y’—x'> dl]u(dy)
0

[gg(xl, y1)g(e,y' — ')

+ /0 h(e(l—=L),e0L+x1+y1)g(e(1+ AL),y" — ') EQdL] p(dy)

= [Phucl@,9) + piala, )| (), (5.6)
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where the interior and sticky densities are defined as

pient (IIZ‘, y) = g(s) (gjla yl)g(57 yl - {ﬂ/)

s o () e 2o (5

1
P& (2, y) / P& (2, y, L)AL, (5.8)
0

and

with

Pat(w,y, L) =ebh(e(1 - L),e0L + x1 +y1) g (e(1+ AL),y" — a')

_ 0 " edL + 1 + 1 N <_|69L+x1+y1|2)exp (_ |2/ — o |2 ) 59
(2me)s  (1—L)3(1+ AL)*T 2¢(1-1L) 2¢(1+ AL)

For the interior contribution (5.7) one has |x; —y1| < |1 +y1] for all y; (except for y; = 0 for

2 2
which g? vanishes anyway), hence one expects exp (—%) > exp (—%) and therefore

one should anticipate

1 1
o) = o (< Lhalen)) . Tuslon) = gle - ol (5.10)

Viewing pg,(z,y, L) as acting on L € [0, 1] as well, one reads off at least formally from (5.9)

5 1= - o1 +3l? | o' -y
¢ (z,y,L) = Tz, L)), To(z,y, L) = NERE
o) = o (- Hato D)) oy L) = ISy B (s

The contraction principle [I8] thm. 4.2.1] thus suggests
1
IS I . T
p5e(x,y) :/ P (z,y, L)AL =< exp (—t(xy)>, Iy(z,y) = min Iy(z,y,L). (5.12)
0 € Leo,1]

Finally, the sum should at least formally satisfy an LDP with rate given by the usual rule of
the “least unlikely of the unlikely”, here

pils) = [pale) + o)) = o (et
with c(z,y) = min {Iin (2, y), Is(x,y)}

It turns out that fora <1< A < 0 one always has Ijy; < Iy, while for a > 1 one has Iy < iy if
and only if (z,y) € € exactly as in (5.2 . This line of thought really gives the correct result,
but requires special technical care due to the =5 singularity appearing both in the exponential
rate and multiplicative prefactor in (5.9)) and, to a lesser extent, to the atom at y; = 0 in u(dy).

Let us now make this sketch of proof rigorous. For the sake of exposition we first establish
two technical lemmas in order to fully determine Iint, Iyt and ¢ = min{Iin, It} as functions of

x,y.
Lemma 5.2. Let a >0 and A =a — 1. The sticky rate I defined by (5.11)(5.12) reads

21 + ]+ 2 =) ifa<1
Ly(r.y) = L o+l + [ =y ffa>1andly —o'| < le+uml (513
st(2,y) = 5 VA (5.13)
2
%(\/Z|J;1+y1|+|x’—y’|) ifa>1cmd\y’—a:’\>ﬁ|a?1+y1|

and is continuous in y.
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Proof. For fixed z,y (with z1,y; > 0) let

|x1+y1\2 |w’—y’\2
L) =
J(E) 1-L + 1+ AL’
so that by definition Iy (z,y) = 3 min f(L) in (5.12).

Le(0,1]
In the easy case A < 0 <= a < 1 the function f is monotone nondecreasing and clearly

the minimum is attained for L = 0 with value Iy (z,y) = £ f(0) = 3 (|1 + y1[> + |2/ — ¥/[?).

Consider now the case A > 0, and observe that f is convex. If f'(0) = |z1+y1|>—Al]z'—y'|* >
0 then by convexity f is minimized again at L = 0 and leads to the exact same value as above.
This is exactly the second alternative in our statement.

Let us finally deal with the last case f’(0) < 0, which is exactly our third alternative in
. Assume that 21 + y1 > 0: then f(17) = +oo, and by strict convexity f is minimized
for a unique L* € (0,1). A tedious but straightforward computation allows to characterize this
critical point f'(L*) = 0 as the unique positive root of a certain quadratic polynomial in L and

2
leads to the precise value f(L*) =1 (\/Z|x1 + 1| + |2’ — y'|> as in our statement. It remains
to observe that the very same formula remains valid also if 1 + y; = 0, which is a particularly

B e T N e
- 1+4A a .

easy case when f(L) = I”i:j{f is obviously minimized by f(1)

Those three cases are illustrated in Figure
Finally, the continuity of y — I (z,y) is easy to check in view of the explicit formula (5.13)
and the proof is complete. O

Lemma 5.3. The cost
C(I, y) = min{l’int(‘ra y)? ISt(xa y)}
is given explicitly by (5.2))(5.3)).
Proof. Recall that by definition Ijn(z,y) = %\x —y|%, so we need to compare this Euclidean

cost to each of the three explicit cases in Lemma @ to determine which of I, Is; realizes the
minimum.

e If a < 1 we have by (5.13) that I (z,y) = %(\ml -2+ —y?) < %(|x1 +y1)?+ ]2 -
y'1?) = Iy (z,y) due to z1,11 > 0 = |21 —y1| < |21 + y1]-

e For the very same reason the second alternative in (5.13)) also leads to Lint < Igt.
e In the third case, straightforward algebra shows that

1 2
Lilw,y) < Iui(w,y) <= = (VAar 4+l +1a' =y'1) <las =yl + 12—y

Solving explicitly in |2’ — y’| shows that this quadratic inequality holds true outside of the
two roots

_ 1 a
ly' — 2| € [R™,R"], Ri:ﬁkﬁ +y1|i2\/2\/$1y1~

In particular our standing assumption that |y’ — 2’| > ﬁml + y1| from (5.13) rules out

the lower part |y’ — 2’| < R™, hence in that case Iy < iy if and only if |y — 2'| > RT.
According to (5.4]) is exactly the definition of (z,y) € €, or equivalently y & €(z), and the
proof is complete.

Those three cases are again depicted in Figure Note that if 1 > 0 the cone €(x) is a true
paraboloid as in Figure while if 1 = 0 it collapses into a linear cone as in Figure O

We can now proceed with our main objective in this section
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oy + f1(0) <0, Iy < Ling 'y

f’(O) < O’ Ist < Iint
f'(0) <0, I > Ling
f/(O) > 07 Ist = Iint T f/(O) > 07 Ist = Iint
x r1,Y1 x1,U1
¢(z)
¢(xz)
(a) for z1 >0 (b) for x1 =0

Figure 2: The alternatives in Lemma and Lemma (for a > 1).

Proof of Theorem [5.1 Note first that the cone € is completely symmetric in z <+ y, as is obvious
2
from (5.4). Since the two expressions |z —y|* and 1 (\/Zkvl +uyil+ v — x’|) in (5.2)(5.3)) are

also symmetric, clearly c(z,y) = ¢(y,x). The continuity of ¢ is immediate from its explicit
expression, and it is also easy to check that it has compact sublevelsets and is thus a good rate

function as claimed.
Let us now address the main difficulty, namely the LDP itself. To this end, pick a Borel set

E C D and assume p(E) > 0 (otherwise pS < u implies p5(E) = 0 for all ¢ > 0 and there is
nothing to prove).

Step 1: LDP upper bound. Since y — ¢(z,y) is coercive

A= inf ¢(z,y) = minc(z, y) € [0,00)
yeE yerE

if finite. From it suffices to estimate from above pf,, p& < e~ * separately.
We start with the “interior” contribution. Recall that p(dy) = (dyi + 5500(dy1))dy’, so E
is possibly concentrated on the boundary 0D = {y; = 0} even if u(E) > 0. By definition of
¢ = min{ly, It} and A we have that Iint(z,y) > c(z,y) > \ for p-a.e. y € E (and even if E
concentrates on {y; = 0}). Recalling also that g2(z1,0) = 0 we then estimate from

| diuteputan = [ pitay

_ 2 D)
<9 / {exp (M> _ 0] exp <|fyl) dy
(2me)z JE 2e 2e
_ / exp < Iint(l'7y)) d’y _ 67% / exp ( Iint(l'7y) - A) dy
€2 JE € € E €

‘Q vl
|Q

vl
vl
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By definition of A we can simply write 0 < Iy (z,y)— A< % in the exponential, whence

%eié /Eexp (—[Iint(o:,y) — 5\]) dy

R _ 2 .
= gde_é/ exp (_H+A) dy
£2 E 2

- _ 2 ~ A
< %e*é / exp <_|962y| + >\> dy = %67%7 (5.14)

E2

/ P, y)(dy) <
E

3

where C > 0 varies from line to line and depends on z, 6, 5\, FE but not on . Note that at this
stage we have possibly C' = 0 if E actually concentrates on the boundary. This settles the upper
estimate for the “interior” part in (5.6]).

= .~ ” 2 S22
For the second “sticky” contribution, recall that Ig(z,y,L) = 2 778 I e 8

2(1-1) sran and by

definition Iy (x,y) = Lm[%)n]fst(z,y,L). Since A < ¢(z,y) < Iy (z,y) for p-a.e. y € E, we simply
€[o,1

have Iy (z,y, L) > X for u(dy)dL-a.e. (y,L) € F := E x [0,1]. From (5.9) we get

/Epit(%y)u(dy):/E(/Olpit(%y,L)dL) 1(dy)

0 0L + 21ty |e0L + 1 + 1> 2’ —y|?
B <2m—:>%/ -0+ AL P (‘2<1L>> e (‘2<1+AL>) wldy)dL
C eOL + x1 + y1 0L + 21 + 1|2 — |21 + 112
- */F (1—Lp2(1+ A2 P < 2¢(1- L) )
2 / /12
e (‘ : |§(11+_y2|) * ;1 m Z'L) )u(dy)dL
=TI (z,y,L)

- Eeii/ €9L+I1 +y1 ex _0L€9L+2I1+2y1
. (1—L)32(1 + AL)1/2 P 2(1— L)

£2
L JL) — A
X exp <t(x,y)) w(dy)dL,
€

where C' is again a constant possibly varying from line to line but independent of € > 0. Due to
I > Iq > ¢ > \ we can simply write I‘(“’%H > Iyt(z,y, L) — X in the last exponential term
in the integral. Exploiting moreover the very rough bounds 1 + AL > 1~ L, efL < e < 1 for
small € as well as €L + x1 + y1 > €fL (recall that x1,y; > 0 in D) we obtain

C _sx 1421 +wy 0212 _ .
€ < et - g0 —e— —1 L L
/Epat(xay)u(dy) = € /F (1 . L)Q €xXp ( 52(1 — L) exXp ( at(xvya ) + A) :u(dy)d

d
c2

_C'e;\e_&/1+a:1+ylex 0
I e (1-12 TP\ 2a -1

|:r1+y1|2 |1’/*y/|2
— dy)dL.
XeXp( 20-1) T2+ an | )W
:jst(mvva)
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Sinceﬁ262ﬁ>0assoonasa>0 — A> -1 we get

|Q

i /F ﬁexp <—52(ij”) (1+z1+y1)

2
X exp (—W —clz’ — y’|2> p(dy)dL

/ o y)u(dy) <
E

vl

3

2

C _s SR | 6L
< 22 - e =
<5 ([ ammee (o))
2
X (/(1 + 21 +y1)exp <_|:c1 ;y” —cla’ —y’|2> u(dy)) )
D

The second integral on the whole spatial domain D is clearly absolutely convergent due to the
exponential decay in y1,y’. As for the first dL integral we estimate

1 _ 6L? < 1 < 1
A-02P\"20-n))-0-102"7v
2

oo () < (52) oo ()

where ¢ = /8 > 0. Being u — u? exp(—cu) globally bounded for v > 0 we conclude that

| wmee ()= e ()

A

(1 + ;) e (5.15)

L<

L>

N~ N~

and therefore

o Q

/ s y)u(dy) <
E

for some C > 0 independent of ¢.

Gathering (5.14)) (5.15) gives

|

et

C 1 _A
pe(E) = / Pine (@, y)dy +/ PS5 (@, y)p(dy) < — (1 + 2) e s
E E £2 9]

uniformly in € — 0, which in turn yields the LDP upper bound

limsup elog pS(E) < =\ = — inf ¢(z, ).
e—0 yeE

Step 2: LDP lower bound. Let

A= inf .
f, c(z,y)

A
€

We want to prove that p,(E) > e~ =. If E° = () then A = 400 and the statement is vacuous,
so we may equally assume that E° is nonempty. Because c(x,-) is continuous, coercive, and
bounded from below, there exists y* € E° such that

A = (e, y™) = min { Fuu(o,57), alo,57)

As usual we distinguish cases depending on which of the two interior /sticky contributions Iint, Ist
realizes the “least unlikely of the unlikely”.

1. Assume first that A = st(@,y*) < Lint(z,y*). By definition of Iy (x,y) = Lm[%)nl} L (2, y, L)
€10,

there exists L* € [0,1] such that A = I (z,y*, L*). Fix an arbitrarily small > 0. By
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continuity of Iy in (5.11)) there exists a small neighborhood F,, C F :== E x [0, 1] of (y*, L*)
with p ® dL(F,) < 400 such that

Li(w,y, L) < XA +n for p(dy)dL-ae. (y,L) € F,.

By (5.8)(5.9) we see that
1
P (E) = /E P () i(dy) + /E / 5.y, L)ALu(dy)
0

> / pee(2,y, L)dLp(dy)

Fy

B 6 / edL 4+ x1 + 11
 (2me)% F, (1= L)32(1+ AL)1/2

0L + a1 + yi [? |z’ —y'|?
- - J-' g L
exp < -0 )P\ "2aran ) MWL

and isolating the leading term 0L + 1 +y1|? = |21 + y1|> + €0L (0L + 221 + 2y1) in the
first exponential leads next to

c €L+ x1 4+ €L + 2x1 + 2y
cm > S —oL—— L
ra(B) 2 — /F (1— L)1+ AL)12 P ( 21— L)
Lz +wml® | 2 =y
_ - dy)dL
xexp< S| 2D +2(1+AL) n(dy)
:7st(w)y)L)§;\+n
C _itn el + x1 + 11 €L + 2xy + 2y,
> € -3 gL —/— == dy)dL
> 6%6 /F A= L72(11 AL exp( 201 L) 1(dy)

for some ¢ > 0 independent of ¢ (which will keep varying again from line to line below).
Recalling that z1,y; > 0 and decreasing F), if needed we can assume that 0 < zq 4+ y; <
2(xz1 + y1) in F,), and with ﬁ > 1+1‘A|, ﬁ > 1 and 0L < 0,e0L < 1 the previous
integral can be bounded from below as

. I € efL 1+4x; +4y7
pa(E) = —e 5"/F ()1/2exp(91_L)l>u(dy)dL

£3 1+ 4| 2(1
c _ A4 C c _A+fn
=—F—e = Lexp | —— | p(dy)dL = ——e~ = . (5.16)
ez2—1 F 1-L gz~1
n

In the last equality we used that (y, L) — Le~¢/(!=L) > 0 is locally u(dy)dL-integrable
together with the fact that F;, has positive measure, and as usual ¢, C' > 0 may depend on
the various parameters (including n > 0) but not on «.

. Consider now the opposite case A = Iin (x,y*) < Is(x,y*). If a < 1 there holds |z +y1|? >
|21 — y1]? in and therefore Iy > Ijy, so we may as well assume that a > 1. But,
for a > 1, from the proof of Lemma @ we have Iy, = Iy if either 1 = 0 or y; = 0, see
Figure @ Hence we only consider a > 1 and x1,y] > 0.

This being said, fix again a small 77 > 0 and choose a small neighborhood F, C E of y*
with positive Lebesgue measure (recall that E° # () and such that Iy (z,y) < A7, p-a.e.
on E,. Up to decreasing £, if needed we can further assume that z;y; > %:myi‘ > 0 in
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this neighborhood. By (5.7) and u(dy) > dy, elementary algebra in the exponentials gives

P (E) = /E P y)uldy) + /E e puldy) > /E phonlap)dy

n

_ / 1 exp (- 21 — | _exp (- 21 + 31 exp | — 2"~y dy
E, (27{'5)% 2e 2e 2e
2 1 _ 2 I a2
_ %/ 1 — exp ( 2z ) exp | — = 71 — 1 n 2" — /| dy
ez JE, € € 2 2

S #1vf Iine (z,9) < A+n

A 1 At
> %efxeﬂ/ —dy = 967%, (5.17)
2 E 2 19

where ¢ > 0 is again uniform in €.
Gathering (5.16)(5.17) and taking e — 0 we get in any case
lim inf e log pS (E) > — (A + 7).
e—0

Since > 0 was arbitrary this gives the desired LDP lower bound the proof is complete. O

6 Study of the cost function

In order to support our informal discussion from Section [3] we need now to rigorously identify the
static cost from Theorem [5.1{as a dynamical minimization problem c¢(z,y) = min fol L(we, wy)dt,
where the Lagrangian L(z,q) is obtained by Legendre-transforming the Hamiltonian

Hp(x) = Hy(z,Vo(z)) = lii%ee_?Qse%.

Again, we only carry out this program in the easy planar setup for simplicity (our explicit
computation of geodesics below becomes impossible in general manifolds). Claiming now full
mathematical rigour, for fixed a > 0 and allp € T} D, q € T,,D we set according to (3.5))(3.6) (3.7)

1|[p* ifzeD
H(.’E,p) =3 ||2 .
2 |alpl* ifxeoD
and
1)|g* ifzeD
L(z,q) = H*(z,q) = - . 6.1
(¢,0) = H*(2,0) Q{W IR (6.1

Implicitly we mean here that ¢ € T,0D = R?~! should be a vertical tangent vectors if 2 € 9D
while ¢ € T, D = R? at interior points = € D. According to our discussion in Section [3| L is only
lower semi-continuous for a > 1, and we expect that the lower semi-continuous relaxation is the
relevant object. Here it is a simple exercise to compute

L if 1
L(z,q) == inf liminfL(z,,q,) = 1 | (x;q) 1 @ (6.2)

2:’;33}’ n—00 §\q| ifa<l1

The associated path-action is
1 . .
L dt if H'
Cwy{%@“m Hwehs (6.3)
+00 else.

20



Recalling that the contact angle « is defined as
. 9 1
sin“a = — fora > 1,
a

our main result in this section is

Theorem 6.1. The dynamical cost C is H'-weakly lower semi-continuous, coercive, and induces
the static cost ¢ from Theorem[5.1] in the sense that

1
¢(x,y) = min {/ L(ws,d)dt:  we HY0,1;D) and wo = x, w1 = y} . (6.4)
0

The minimum is always attained for a unique geodesic (ny)te[o,l] € H'(0,1; D). Moreover
e Fora <1 geodesics are the standard Fuclidean interpolants ;¥ = (1 — t)z + ty.

e Fora > 1 geodesics are characterized as in Figure and Figure : fory & €(x) they are
concatenations of at most three straight lines, either making an angle o with the normal
direction or vertical along the boundary, while for y € €(x) geodesics are again Euclidean
interpolants.

Not only this is a dynamical characterization of our intrinsic distance, but it will also be useful
in our next section [7] to derive the sample-path LDP from the static one in Theorem

Since L(z, -) is quadratic in its second argument, an immediate consequence is that our static
cost, as a short-time rate function, truly determines the intrinsic distance of SBM:

Corollary 6.2. c(x,y) = d*(z,y) is a squared distance.

Proof. This is very classical so we only sketch the proof. Assume that c¢(z,y) = 0. According
to (6.1)(6.2) there holds L(z,q) > Clq|* for C = min{1/2 1/2a} > 0. In that case the unique

minimizing geodesic must satisfy 0 = c(z,y) fo fyfy,'yt dt > Cfo 7Y|2dt, hence z =
%Y = ~1Y = y. The symmetry is obvious in view of and L(z,q) = L(:c —q). For the
triangular inequality, pick any x,y,z. For given A\ € (0 1) we can construct an admissible

path (wy)eejo,1) starting from wy = z, passing through wy = y and finally w; = z by following
first the geodesic v rescaled in time ¢ € [0, A] and then the geodesic 4¥* in time ¢ € [A,1].
By quadratic scaling this gives a cost d?(z,z) < fol L(wy, i) = +d*(z,y) + 25d?(y, 2), and

d(zy)+dly.z)

dg) gives the triangular inequality d*(z, 2) = [d(z,y) + d(y, 2))*. O

choosing \ =

Proof of Theorem[6.1l For a <1, L(z,q) = %|q|? is the standard Euclidean cost and the whole
statement is obvious so we only address the case a > 1.
Let us first prove that C' is a well-behaved functional. For a > 1 we have L = L, hence by

(6.1) .
L(x,q) = 5-lal*, VeeD,qeT,D (6.5)

is is of course a very bad estimate if x € D, when L(x,q) = 5|v|?). is immediately gives
(this is of y bad estimate if z € D, when L(z,q) = %|v[?). This i diately gi
H? coercivity of

1 1 1
w s C(w) ::/ L(w, o)t > ﬁ/ (o 2.
0 0

For the weak lower semi-continuity, consider any fixed endpoints wy = z,w; = y and let w,, — w
weakly in H'. By usual compactness H* CC C([0,1]) we can assume that w, — w uniformly.
Let

Z::{te(o,l): wtgaD} and J::(O,l)\Z:{te(O,l): thD}
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)

Zout - - - - - - - - - - ZZEEEREELLLLEE - -

T1, 91

(a) x1 >0 (b) x1 =0
Figure 3: Geodesics for all possible configurations of (z,y) € D?

By standard properties of Sobolev functions we see that w; is tangent to 9D for a.e. t € Z. By
standard weak lower semi-continuity we get

1 1
L . _ P 2<1. . f . '7L2<1' . f/L n -n dt
[ Beonin) = [ golanl® <timint [ o <timin [ L o)t

where the last very rough inequality is just (6.5)). In order to get control over J, fix an arbitrarily
small n > 0 and let

Iy = {t €[0,1]: dist(w, D) > 77} CJ
Since w € H! is uniformly continuous we have that |J \ J,| = 0 as n — 0. Crucially, for fixed 7

the uniform convergence w”™ — w guarantees that dist(wj’, 0D) > n/2 > 0 for sufficiently large
n. As a consequence

1 1
/ L(wy,c)dt :/ — | |2dt < liminf/ —|wrAdt
J J 2 n—oo  J ;g 2
n n n

:hminf/ L(w!, wi)dt < liminf/L(wt",w?)dt7
n—oo J‘r] n—oo J

where the last inequality holds simply because J,, C J. Since n > 0 was arbitrary and |J\J,| — 0
as n — 0 we conclude that

J J

n—0 Iy n— oo
and therefore
1
/ L, o)dt = / L o)dt + / L, n)dt
0 z J

1
< liminf/ L(w?,w?)dt—f—liminf/L(wf,wt")dt < liminf/ L(wy, wi)dt.
z J 0

n—roo n— oo n— oo

This shows that the Lagrangian cost C' is lower-semicontinuous and coercive, and we can now
focus on the geodesic problem itself. In other words, for fixed x,y € D let us solve

1
min {/ L(ws,)dt :  w € HY(0,1; D) with wy = z,w; = y} .
0
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First, note that linear interpolation w; = (1 — ¢)z + ty is always an admissible competitor with
finite cost, hence there exists a minimizing sequence {w"},>0 C H!. Since the endpoints are
fixed, the coercivity gives |[|w"||z1 < C and there exists a weak-H' limit w. By lower-
semicontinuity w is necessarily a minimizer and it suffices to show that it has the right cost
c(xz,y) = fol L(we,w;)dt. We distinguish cases depending on whether z,y belong to D or not.

1.

If 21 = y; = 0, recall that L(w¢,dy) > 5= |ix|? with equality if and only if w; € OD. Clearly
in that case the best one can do is follow the Euclidean geodesic v;¥ = (1 —t)z + ty along
the vertical boundary, for a cost c(z,y) = 5|y — z|* = fol =% 2dt as in (B.3).
Consider now z; > 0 and y; > 0 as in Figure [3a]

e Pick first y ¢ €(z), and take ziy,2ous € OD as in Figure implicitly defined

through the condition of making an angle o with the normal (elementary geome-
try shows this is possible if y € €(z)). The blue curve = ~ 2z, ~ Zout ~> Y is
always admissible. Suitably adjusting the constant speed on each segment so that
L(w;, ;) = cst for t € [0,1], the definition of sin® v = % precisely results in the overall

cost - (\/Z(xl +y1)+ 1y — z’\)Q as in (we omit the lengthy but straightfor-
ward computation here). Let us check that this is optimal. Indeed, since y € €(z) <
(z,y) € €, and by definition of € this particular cost is strictly less than the Euclidean
cost %|yf:v|2, which is clearly the best one could do if the geodesic remained contained
in D and away from 0D for all times ¢ € [0, 1] (since then the Lagrangian would just
be 01 ]w¢|?dt). This means that, for y € €(z), a geodesic must eventually go through
the boundary at some point. By continuity, there are a first entry and last exit times
0 < tin < tout < 1 such that Zi, = wy,, and Zoyt = wy,,, lie on dD. Clearly in that

case the best one can do is to first follow a geodesic x + t_i(Zi — x), then a vertical
t—tin
tout —tin

(Zout — Zin), and finally connect to y via Zout + %‘;‘;Z(y — Zout)-
Y—Zout

_ 2 2 2
This has overall cost fot o dt + ftti:“” = dt + ‘fttut =32t | dt. (The

1/2a factor along the vertical path is crucial here!l) Optimizing first in ¢in,out for
fixed Ziy, Zous, and then minimizing with respect to Zi,, Zous € 0D, a tedious but
straightforward computation shows that the optimal cost in this case is realized when
Zin = zin and Zoys = Zout are precisely defined through the a-angle condition as in
Figure [3al (we omit again the details).

If now y € €(z) we claim that the Euclidean geodesic with cost %|y—ac|2 is optimal, see
again Figure Clearly this is the best one can achieve without ever going through
0D, so it is enough to prove that any path actually going through 0D has larger cost.
For any such path w, let as before 0 < t;, < tout < 1 be the first entry and last exit
times, with Zi, = wy, € 0D and Zow = wtin, € 0D. Exactly as before, the best
strategy is then given explicitly by three consecutive straight lines x ~> Zi, ~» Zous ~
y, each with constant speed suitably determined by ti, < tous. Again, this can be
explicitly optimized first w.r.t to ti, < tout for given Zj,, Zout, and then with respect
to the locations of Zi,, Zous. The main difference is that the condition that y € €(x)
leads now to Z;, = Z,yu, uniquely determined by normal reflection on the boundary
(this is geometrically intuitive and clearly gives the shortest path from = € D to
y € D if forced to go through the boundary at least once, so we skip the details).
The resulting cost turns out to be exactly & (|z —in | + |Zouws — y[)? > 3|z — y[?. This
cannot be optimal, since the cost %|x — y|? is realized in particular by the Euclidean
interpolation. As a consequence a minimizing curve cannot cross the boundary at any
time, and the Euclidean geodesic v;¥ = (1 — t)x + ty is therefore the sought geodesic.

segment Z;, +

Zout —Zin

tout —tin

Zir,f:E
tin

3. Finally we consider x; = 0 and y; > 0 (we already covered 1 = y; = 0 and 27 > 0,y1 > 0,

so all the remaining cases are covered by simple symmetry c(z,y) = ¢(y, x)).

e Pick first y & €(z). Similarly to a previous case, it is easy to check by hand that if

Zout 18 determined through the a-angle condition as in Figure Bb and the constant
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speed is suitably adjusted on each segment of the blue curve, the cost is exactly
2
L (x/Z(xl +y1)+ Y — a:’\) . By (5.3) this realizes the cost ¢(z,y). We claim that

2a
this is necessarily optimal in the Lagrangian minimization. Indeed, by definition
of €(x) this cost is strictly less than the Euclidean |z — y|?, hence a minimizing
geodesic must necessarily go through the boundary at some point, until a last exit
time touy € [0,1) with Zouy € 9D. The case ton = 0 would lead to the suboptimal
Euclidean cost and is therefore ruled out. By definition of L clearly the best one can
do is then to move vertically z ~» Zo, along 0D for ¢t € [0,toy] (Wwandering off of
0D would result in unnecessary oscillations in the horizontal direction as well as more
costly vertical motion due to a > 1), and then remain contained in D for later times
t € (tout,1]. In this scenario clearly the best strategy is to follow two consecutive
straight lines  ~~ Zyyt ~ vy, and optimizing first w.r.t. toy for fixed Zoy, and then
w.r.t Zoyt, one gets that Z,ut = 2oyt is determined exactly by the a-angle condition
with the right cost. This means that the blue curve in Figure [3b]is optimal as claimed.

e Now if y € €(z) the same optimization program easily leads to Zouy = 2 and tous = 0,
i-e the geodesic immediately exits D and never reenters. But in that case w; € D
for all ¢ € (0,1], the Lagrangian is simply fol 1]y [*dt, so the minimal cost is realized
by Euclidean interpolation as in our statement and the proof is complete.

O

7 Sample path Large Deviation Principle

Recall that Q = C([0,1]; D) and RS € P(f) is the path measure for SBM started from x € D,
slowed-down on the scale € > 0 as before. The goal of this section is to establish the dynamical
counterpart of Theorem [5.1]

Theorem 7.1. For fized x € D the sequence {R5}.., € P(Q) satisfies a Large Deviation
Principle

R, = exp (—icgﬂ(w))

e—0

for the uniform topology on ), with good rate function
C, (w) = Ywo=z} T+ C(w)
and C as in (6.3)).

This is nothing but a Schilder’s theorem for sticky-reflected Brownian motion. Our interest
for such dynamical statement is twofold. First, it provides information at the path level, which
conveys more information than the static LDP in Theorem Second, this allows a direct
application abstract results guaranteeing Gamma-convergence of the e-Schrodinger problem to
the deterministic counterpart, see e.g. [33, prop. 2.5 and thm. 2.7].

Note that our static result from Theorem asserts nothing but the LDP for the initial-
terminal joint distribution for é, ® pS = (eg,e1)xR%. Just as in one of the classical proofs of
Schilder’s theorem for pure Brownian motion, the main and standard idea to establish Theo-
rem [7.1] will be to perform a time slicing, retrieve a discrete LDP via the Chapman-Kolmogorov
property and iterated applications of our previous static LDP, and finally apply the Dawson-
Gértner theorem to recover the dynamic LDP by projective limit. More precisely, we will first
establish

Proposition 7.2. Theorem[7.1] holds for the topology of pointwise convergence on Q.
To this end, fix a large N € N and take any partition 7 of the time interval [0, 1]

O=to<t1 < ---<ty=1
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with size |Tn| = max; [t;+1 —t;| = 0 as N — oco. For a fixed curve w € Q with wy = = we denote
yj::wtj7 j:O7"'7N7

and _
RN = (ery, .- ety )4 RS € P(DN ).

In other words,
RSN (Eg x -+« x Ex) = R (wy, € By, ... ,wiy € Ex) =Py(X;, € Ey,...,X;, € En)
for the slowed-down sticky Brownian motion (X7 ).c(o,1]-

Lemma 7.3. For any fized x € D and N < +oo the sequence {R?N}Do satisfies the LDP

1
R = o (<26 o))

e—0

with good rate function

N-1
. C\Yj,
CY (o, yn) = tiyomay + CN (o, -, yn)  with CN(yo,...,yn) = Z (v yj? , (7.1)
j=0 ti+1 —

where the static cost c(x,y) is exactly as in (5.2))(5.3).

Proof. The argument is very similar to the proof of Theorem so we only sketch the details.
Pick any Borel sets Ey,..., Ex C D, and let us denote for convenience

gj i=e(tj41 —t;) and E=FE x---x Ep.

By the Chapman-Kolmogorov property we have that

REN(Eg x --- x Ey) = 1{zeEoy /Epso (@, dy1)pe, (y1,dy2) .. . Doy, (Un—1,dyn)
= lisem) /E P (dy1)pgt (dya) . .. pE =1 (dyn ).
Just as in (5.6) (5.7) (5-8) (5.9) the kernels py/ (dy;41) are explicitly given by
1
i (dyje1) = pi (Y, y5+1)dy; 41 + (/0 Pt (yjyijrl»Lj)dLj) p(dyjs1)-

For finite NV, it is a tedious but rather straightforward exercise to adapt N consecutive times the
same argument as in the proof of Theorem to get the LDP for RSN as e — 0. Let us just
sketch the idea. For the LDP lower bound, pick first a minimizer y* = (yg,...,y%) of CY in E =
Eix---xEyn.In clearly one has two possible rate functions Iin (5, yj+1) and Ist (Y5, ¥j4+1) =

Lnel%(l)lu Iss(yj,Yj+1, L) competing for c(yj,yj+1) = min{line (Y5, vj+1); Lo (Y5, y541) ). Distin-
J ’

guishing which one is acting separately on each subinterval [t;,¢;11], each with scale ¢; =
e(tj+1 — tj), one simply guesses as in the proof of Theorem [5.1f - how to pick either an 5-
neighborhood FEj,, C Ej of y7,, or a neighborhood Fj, C Ej; x [0,1] of (y;,,,L}) (depending
on whether I, or I T smaller) in order to get the LDP lower bound, up to an arbltrarlly small
correction 7 (see again the details of the proof of Theorem [5.1]). The LDP upper bound is even
simpler, given that the upper estimates used in the static proof were actually global in x, ¥y, L
(at least to a sufficient extent so that they can be iterated N times). The ¢;;1 — ¢; scaling in
(7.1) appears as usual due to our setting €; = £(t;4+1 — t;) in each subinterval. O
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Proof of Proposition[7.2 In view of Lemma and by the Dawson-Gértner theorem [I8] thm.
4.6.1], the desired LDP will automatically hold with good rate function

sup Cg(wto,...,th):L{wozx}—ﬁ— sup CN(wtO,...,th), w€E N

|[Tn[—=0 |Tn|—0
so clearly it is enough to show that

N-1

sup

(Wt Wiy ) _ fo (we,wy)dt  ifw e HY
I l=0 S Lt T

400 else

for any fixed w € Q.
To this end, consider first w € H!. Setting v/ = Wi, ts(t;41—t;)» We have by (6.4) and
2-homogeneity of L(x,-) that
v ti+1
o) < [ LOLADAs =t —t) [ Liwnandt,
0 t;

As a consequence

N—

c Wt 5 W J“ L
ON(wt(),.. th = Z tJ tJ+1 < Z/ wt,wt dt:/ L(wt,wt)dt
0

t
j=0 L

>_-

for any N. In order to get a lower bound, let (wi¥ )telo,1] be the continuous, piecewise geodesic
interpolation of wy,, . ..,w:,, where geodesics are not the Euclidean ones but rather the intrinsic
ones from Theorem [6.1] and appropriately scaled in time so that

N-1 1
c(wy,,w
CN(wiys .- wiy) = E M:/ L(w!,oM)de.
j=0 Jj+1 0

By coercivity (6.5) and the previous upper bound we see that {w”" }xy is bounded in H' with

fixed endpoints w) = wy and wl’ = w;. We can therefore assume that w” has a weak-H" limit,

and this limit is of course w. Hence by the weak lower semicontinuity in Theorem and from
the previous upper bound we obtain

1 1
/ L(wg,wy)dt < lim 1nf/ L(wlN,oMN)at
0 0

N —oc0

= liminf CN (wyy, . . ., Wiy )
N—o00

1
S limsupCN(wtO,...,th) S / L(wt,wt)dt
0

N—oc0

as claimed.

‘wtﬂ—l —wiy |

If now w ¢ H', standard properties of Sobolev functions give that Z Dy
J J

j=
as |7V — 0. The coercivity (6.5 integrated along geodesics readily gives c(z,y) > ﬁ|x —y)?

for any x,y, thus

— 400

N— 2
Z th+1’th Z |wt1+1 wtj' +o0
- ]+1 — t 2a J+1 — tj N—oc0

and the proof is complete. O

We are finally in position to establish our main result.
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Proof of Theorem[7.1] Since the uniform topology is obviously stronger than pointwise conver-
gence, by [I8, Corollary. 4.2.6] it is enough to prove that {RZ}.q is exponentially tight for the
uniform topology. By [43] Theorem 4.1] it is enough to check the “exponential Arzela-Ascoli”
conditions

(i) compactness:
im limsupslogRi({w w(0)] > M}) = —00,

1
M—oo  ¢0

(ii) equicontinuity: for all fixed n > 0,

lim lim sup € log R, ({w i osup |w(t) —w(s)| > 77}) = —00. (7.2)

=0 50 [t—s|<s

Since w(0) = x for Ri-a.e. w € Q the first condition is trivial so we only focus on the second
part. Fix n > 0. We first deal with the vertical component, which according to (4.3)) reads

X;'=+VaBp,, + Bli_o,,
for two independent (d — 1)-Brownian motions B’, B’. For fixed 0 < s <t <1 we have

es—0Ocs

X7 = X3 < Va|Bo, - Bo.. |+ |Blo., — B

and therefore

5 5 7
P sup | X' —X|>n|<P| sup |B, —By |>-—=
<|ts|<5| ! | \t75\§5| Qe oc.| 2v/a
+P ( sup |Bf§t—ogt - Aés—ogs| > Z) = AL+ B,
|t—s|<s

For the first AL term, recall that the occupation time O; = fg I;x1-0}d7 only depends on
the horizontal sticky Brownian motion, which in turn is completely independent of the two
vertical Brownian motions B’ , B'. Asa consequence, by independence and standard properties
of Brownian increments, Bo_, — Bo,, is distributed as Bo,_, _o.. and therefore

AL =P sup |B, _ ZL )
: <|ts|<6 OOl = 2/

Now, since 0 < O, — O, = f;t Tyx1—0yd7 < &(t — s) one has

sup |Bo,,_o.,| < sup | By |
|[t—s|<d 7<ed

almost surely. Finally, by standard properties of Brownian motion one has the classical estimate
(see e.g. [I8, Lemma 5.2.1]

M2
P sup |B|>M ]| <4(d-1 exp(—), VM >0,T > 0.
(TE[O,T] 1Bl ) ( ) 2(d-1)T

Putting M = n/2v/a and T = &6 we see that

2
< _ I
A < 4d = 1)exp ( 8a(d — 1)55)

Similarly, since ¢t — O; and B’ are independent and 0 < (et — O;) — (es — O.,) < (t — ), one
easily gets that
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and thus
AL 4 B! < Cexp(—cn?/de)

for some uniform constants C,c > 0 independent of 7,6, > 0. This immediately gives the

exponential equicontinuity for the horizontal component.
Let us now turn to the horizontal component X§' = X2, where (X1});>0 is the one-

dimensional sticky-reflecting Brownian motion started from x; > 0. First of all, by fine proper-

ties of the one-dimensional reflected SBM [20] eqs. (2.11) and (3.7)] we have that

Xt1=|St|= )

t
z1+ By —/ lig,—o1dB?
0

where S; is the two-sided, non-reflected sticky Brownian motion on R and By, By are two stan-
dard Brownian motions in R. It follows that

t
X} - XU <18, - S < 1B~ Bul+ | [ 145,20)dB2

and therefore, for fixed ,7 > 0 and s > 0

te[s,s+T) [s,s+T)

+P sup
te[s,s+T)

= A%w + B;.

]P’( sup |St—SS|277>§}P’< sup |Bt—B52n/2>
te

t
/ lis,—oydBY

> 77/2>

For the first term we have exactly as before

2
AL =P | sup |B;|>n/2]| <4exp (—TI).
T€[0,T] 8T
For the second term let us set .
Y; ::/ 1{3T=0}ng.

For fixed A > 0 let f(y) = exp(Ay) and Z; := f(Y;). Because f is convex and Y is a martingale,
Z is a submartingale and therefore by Doob’s martingale inequality

E(Zs+T)

te(s,s+T) [s,5+T) eXP()\U/Q) '

IP’( sup Yy > 77/2> = P( sup  Z; > f(n/2)> <
te
Applying Itd’s lemma
!/ ]‘ 1 )\2
dZ; = f'(Ye)dY: + if (Y)d(Y), = A\Z,dY; + ?Zt]l{stzo}dt,
taking expectation, and integrating we see that
A2 ¢ A2t A2t
E(Zt) == E(ZS) + ?]E/ ZT]I{ST:O}dT == 1 + ?/ E(ZT]I{S,.ZO})dT S 1 + ?/ ]E(ZT)dT

Gronwall’s inequality yields E(Zs 1) < exp(A\2T/2), thus

P sup Y;>M/2| <exp(\*T/2— An/2)
tels,s+T)
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for any A > 0. The right-hand side is minimized for A = 5% and therefore

P sup Yi>mn/2| <exp(—n?/8T).
tels,s+T)

Since Y; is distributed as —Y; we conclude that

Br=P| sup [V >n/2] <2exp(—n*/8T).
tels,s+T)

Finally scaling down time ¢, s <+ €s,et and T' = €6 gives

P ( sup X' - X7 > n) =P ( sup |X}, - XL| > n> < AL+ B < Cexp(—cr?[29).
|s—t|<s |s—t|<s

This shows that the horizontal component also satisfies the equicontinuity ([7.2)) and concludes
the proof. O
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