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POLYHARMONIC FUNCTIONS AND RANDOM PROCESSES IN
CONES

FRANCOIS CHAPON, ERIC FUSY, AND KILIAN RASCHEL

ABSTRACT. We investigate polyharmonic functions associated to Brownian motions and
random walks in cones. These are functions which cancel some power of the usual Lapla-
cian in the continuous setting and of the discrete Laplacian in the discrete setting. We
show that polyharmonic functions naturally appear while considering asymptotic expan-
sions of the heat kernel in the Brownian case and in lattice walk enumeration problems.
We provide a method to construct general polyharmonic functions through Laplace trans-
forms and generating functions in the continuous and discrete cases, respectively. This
is done by using a functional equation approach.

1. INTRODUCTION AND MOTIVATIONS

In the continuous setting, polyharmonic functions are functions which cancel some
power of the usual Laplacian. More precisely, a function v on some domain K of R?
satisfying

APy =0

for some p > 1, where A is the usual Laplacian in R?, is said to be polyharmonic of order
p, or polyharmonic for short. So polyharmonic functions of order 1 are just harmonic
functions. Obviously, a polyharmonic function v, of order p satisfies Av, = v,_1, where
Up—1 is polyharmonic of order p — 1. For example, polynomials are polyharmonic. Har-
monic functions have been tremendously investigated and pioneer works on polyharmonic
functions go back to the work of Almansi [I]. One can consult for instance the monograph
[2] for an introduction to this topic.

In particular, Almansi [I] proved that if the domain K is star-like with respect to the
origin, then every polyharmonic function of order p admits a unique decomposition

—_

(1) fla) =) la*h(x),

0

bS]

i

where each hy, is harmonic on K and |z| is the Euclidean length of z, hence completely
characterising continuous polyharmonic functions on such domains.

In comparison with the continuous case, much less is known in the discrete setting,
where the Laplacian has to be replaced by a discrete difference operator. Some progress
in understanding discrete polyharmonic functions has been made in the last two decades.
For instance, one may cite [12], where the authors investigated polyharmonic functions
for the Laplacian on trees, and proved a similar result as Almansi’s theorem (II) for
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homogeneous trees. Recent works of Woess and co-authors [18] 21] are generalising this
previous work.

Our original motivation to study discrete polyharmonic functions comes from the fol-
lowing framework. Consider a walk in Z? with step set S confined in some cone K C Z.
Denote by ¢(z,y;n) the number of n-length excursions between z and y staying in the
cone K. To simplify, we only consider the case where y is the origin, but all considerations
below can be generalised to y # 0. In various cases [15], the asymptotics of ¢(z,0;n) as
n — oo is known to admit the form

(2) q(z,0;n) ~ vo(z)y"n=%,
where vy(z) > 0 is a function depending only on z, v € (0, |S|] is the exponential growth,

and aq is the critical exponent. It is easy to see that the function vg(z) in (2]) defines a
discrete harmonic function. Indeed, plugging (2)) into the obvious recursive relation

(3) gz, 0n+1) = gz +5,0;1) L gser),
SES

dividing by 4"*'n=% and letting n — oo, we obtain

1
(4) ’UO(ZE) = - Z UO("E + 3)1{06—1—861(}7
seS
which proves that, with the assumption that vo(z) = 0 for x ¢ K, vg(x) is discrete
harmonic for the Laplacian operator

(5) foc+8 f(z),

SES
that is, Lvg = 0. Denisov and Wachtel [15] go further and show that
e the exponential growth ~ is minRi E(SL__ s)es xi' - a2y, it does not depend on
K;
e the critical exponent oy equals 1+ /A, + (d/2 — 1)2, where d is the dimension
and \; is the principal Dirichlet eigenvalue on some spherical domain constructed
from K.
As a leading example, consider the simple random walk in the quarter plane, with step
set {1, —,,}. In this case, the number of excursions ¢((i,),0;n) is 0 if m = "=~ is
not a non-negative integer, and otherwise takes the value

(i +1)(j + Dnl(n+2)!

6 ,7),0;n) = —
(6) a((i.) ) mlm+i+j+2)!(m+i+ 1)I(m+j+ 1)
see [9] and our Example 2l The equivalence (2)) is then
. 4 vo(e, ]
M) 0((i,5), 0:m) ~ 20T

where vo(i,7) = (i + 1)(j + 1) is the Well-known unique (up to multiplicative constants)
harmonic function positive within the quarter plane with Dirichlet boundary conditions.
Other examples of such asymptotics may be found for instance in [4] [10] [14].

Our aim in this discrete setting is to study more precise estimates than (2)), by consid-
ering complete asymptotic expansions of the following form, as n — oo,

(8) xOnwyZn%.

p>0

From such an asymptotic expansion and using similar ideas as in ([3), () and (&), it
is rather easy to prove that the terms v, are polyharmonic functions, in the sense that
a power L*v, of the Laplacian operator vanishes. We will provide examples of such
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asymptotic expansions (at least for the first terms) and of the set of exponents {a,},>0
appearing in ().

On the other hand, the functional equation approach has proved to be fruitful when
studying random walk problems. The reference book on this topic is the monograph
[16] by Fayolle, lasnogorodski and Malyshev. This method has been used in [20] to
construct harmonic functions, both in the discrete and continuous settings. Basically, the
method consists of drawing from the harmonicity condition a functional equation satisfied
by the generating function (in the discrete setting) or by the Laplace transform (in the
continuous setting) of a harmonic function. Solving some boundary value problem for
these quantities leads, via Cauchy or Laplace inversion, to the sought harmonic function.
We will provide an implementation of this method to construct bi-harmonic functions,
which can be generalised to polyharmonic functions.

The main features of our results are as follows:

e We shine a light on a new link between discrete polyharmonic functions and com-
plete asymptotic expansions in the enumeration of walks.

e Our approach provides tools to study complete asymptotics expansions as in (§),
but does not allow to prove their existence. On the other hand, the powerful
approach of Denisov and Wachtel [I5] seems restricted to the first term in the
asymptotics (2)). Indeed, one of the main tools in [I5] is a coupling result of random
walks by Brownian motion, which only provides an approximation of polynomial
order, see [I5, Lem. 17].

e We introduce a new class of functional equations (see (2I) and (29)), for which
the method of Tutte’s invariants introduced in [23] [5], 6] proves to be useful.

e In the unweighted planar case, it has been shown [8] that knowing the rationality
of the exponent ag in (8) was sufficient to decide the non-D-finiteness of the series
of excursions. However, for walks with big steps in dimension two or walk models
in dimension three, this information is not enough [7]. As a potential application
of our results, we might use arithmetic information on the other exponents «,
to study the algebraic nature, for example the transcendance, of the associated
combinatorial series.

This paper is organised as follows. We choose to start with the continuous setting
since computations are more enlightening and accessible. In Section 2 we prove that
polyharmonic functions naturally arise when performing an asymptotic expansion of the
Dirichlet heat kernel in a cone. We next present the functional equation method to
construct polyharmonic functions. Our main result here is Theorem 2.4 where a class
of solutions for the Laplace transform of a bi-harmonic function is provided. It shows
that the Laplace transform of a bi-harmonic function can be expressed in terms of the
Laplace transform of the related harmonic function plus some additional terms. This can
be thought of as a Laplace transform version of Almansi’s theorem (). In Section [3
we exhibit the same phenomenon in the random walk setting. Discrete polyharmonic
functions appear when considering the asymptotic expansion of coefficients counting walks
with fixed endpoints in a domain, and the functional equation approach may be used to
construct discrete polyharmonic functions.

These notes are the starting point of a long-term research project on discrete polyhar-
monic functions in cones. Notice that many ideas and techniques are not specific to cones
and would work for many other domains of restriction K.

Acknowledgements. We would like to thank Cédric Lecouvey, Steve Melczer, Pierre
Tarrago and Wolfgang Woess for very interesting discussions. This project has started in
July 2019, when two authors were invited at the Institute of Mathematical Statistics of
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Miinster University. The institute, and in particular Gerold Alsmeyer, is greatly acknowl-
edged for hospitality. The first author also acknowledges the Institut Denis Poisson for
the warm hospitality during his stay at the Université de Tours, where part of this work
has been pursued. Finally, we thank the three anonymous referees for useful comments.

2. CLASSICAL POLYHARMONIC FUNCTIONS AND HEAT KERNEL EXPANSIONS

As pointed out in [2, Chap. V1], the connection between the heat kernel and polyhar-
monic functions is very profound. Here, we deepen this connection by proving an exact
asymptotic expansion for the heat kernel in terms of polyharmonic functions. We then
implement the functional equation method to construct polyharmonic functions.

2.1. Exact asymptotic expansion for the Brownian semigroup in a cone. Let K
be some cone in R? and consider the Brownian motion (Bi)i>o killed at the boundary of
K. Denote by p(x,y;t) its transition density, that is the density probability function of
the transition probability kernel

P.(B; € dy, T > t),

where 7 is the first exit time of K. Recall the well-known fact that p(z,y;t) corresponds
to the heat kernel, i.e., the fundamental solution of the heat equation on K with Dirichlet
boundary condition, see for instance [3]. Here, we prove that the heat kernel admits a
complete asymptotic expansion in terms of polyharmonic functions for the Laplacian.

Denote by A the usual Laplacian on R?. In polar coordinates (r,), where r is the
radial part and @ the angular part, it writes:

”? d-10 1

(9) A—w—FTE—'—ﬁASdﬂ,
where Aga-1 denotes the spherical Laplacian. Let respectively m; and A; be the Dirichlet
(normalised) eigenfunctions and eigenvalues for the spherical Laplacian on the generating
set K NS, that is,

(10) Agd—lmj = —)\jmj in KﬂSdil,
m; = 0 in (K NS*1).

The eigenvalues satisfy 0 < A\; < Ay < A3 < ... by [II, Chap. VII]. We introduce, for
J=1

(11) Br= A+ (@2 - 12 and b=1—d/2+ /A + (/2 1)2.

Lemma 1 in [3] gives an explicit expression for the transition density p(z,y;t) of the
Brownian motion in K. It states that, for z,y € R? and t € R,

(12) p(x,y;t) = M i I, (ﬂ) m;(0)m;(n),

t(/)"’)%_l j=1 t
where in polar coordinates © = (p,6) and y = (r,n). Here, I is the modified Bessel
function of the first kind of order §, satisfying the differential equation I§(z) + LIj(z) =
(14 f—;)[ 5(2) and admitting the series expansion

[e.9]

1 2\ 2m+p
(13) I(x) = 3 mIl(m + 3+ 1) (5) '

m=0

The following easy lemma will allow us to define certain polyharmonic functions.
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Lemma 2.1. For any pn > 0 and j > 1, let f,; be defined in spherical coordinates by

(14) Juj(r,0) = rtm;(6).

Then f,; satisfies

(15) Afug = (1" +(d = 2)p = X)) -

Proof. The proof is elementary using (@) and (I0). O

Corollary 2.2. For any k € N, the function fy, o ; defined in (I4)) is k-polyharmonic.

Proof. Tt is obvious that p = b; satisfies pu* + (d — 2)u — X\; = 0, see (II)), so that f, ; is
harmonic by (IH). An induction based on (IZ) completes the proof. O

Doing an expansion of the heat kernel (I2]) as ¢ — oo and using series expansions of
the exponential function and of the Bessel function (I3)), one immediately obtains:

Theorem 2.3. The Dirichlet heat kernel p(x,y;t) in K admits the following expansion,
as t — 00, where fy,1or; is defined in (I4), and b; and B; in ([II):

p(z,y;t) ~
k

DD DD DS ) R SN T S
t1+5j+k+2m Qkk'm'f‘(m+ﬁj I 1) bj+2(m+n),j P, bj+2(m+k—n),j r,mn).

j>1 k,m>0 n=0

As such, the above result shows that the transition density of the Brownian motion in
K admits, as t — oo, an asymptotic expansion in descending powers of ¢ and in terms of
polyharmonic functions for the Laplacian (see Corollary [2.2)). Moreover, the set of these
exponents is (with N={0,1,2,...})

(16) UG +1+N).

j=1
Note that, depending on the cone, there might be an overlap between the sets 5; +1 +N.
For instance, in the quadrant in dimension 2, one has 8; = 2j and the set in (IG)) reduces
to {3,4,5,...}. On the other hand, in dimension 2 in a cone of opening « such that
m/a ¢ Q, there is no overlap between the points in (I€]).

As a last remark, we note that the same phenomenon appears for the survival proba-
bility P, (7 > t). Indeed, thanks to its explicit expression given by [3, Thm 1] (in terms of
the confluent hypergeometric function), one can write down an asymptotic expansion of
P, (7 > t) in descending powers of ¢ in terms of polyharmonic functions for the Laplacian.

2.2. The functional equation approach. We apply here the functional equation ap-
proach in order to construct polyharmonic functions for the 2-dimensional killed Brownian
motion in a convex cone. This approach has been previously introduced in [20] to com-
pute harmonic functions, and is an adaptation of the functional equation method of the
random walk case. Our main result is Theorem [2.4] which gives the general form of the
Laplace transform of a bi-harmonic function.

Consider the Brownian motion B in the quarter plane R? (compared to the last section,
we use (z,y) for the coordinates of a 2d point) with covariance matrix

011 012
Y= ,
012 022

with 011,099 > 0 and det X = 011099 — a%z > 0. Its infinitesimal generator is the operator

1 0*f O*f O*f
gf = 5 (011@ + 20128:10—8@/ + 0228—y2> :
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Note that through some linear transformation ¢ (see [20, Eq. (5.1)]), one obtains the
Brownian motion with identity covariance matrix in the cone ¢(R2).
The kernel associated to the Brownian motion is defined as the quantity

1
y(z,y) = 5(01@2 + 20190y + 022?/2),

for (z,y) € C?. The Laplace transform of a function f, which in the continuous case is
the analogous quantity of the notion of generating function, is defined as

@ = [[ e,

for (z,y) € C* with positive real parts.

Now, let h be a harmonic function associated with the Brownian motion with covariance
matrix >3, that is, h vanishes on the boundary axes of the quadrant and satisfies Gh = 0.
The functional equation for h takes the following form (see [20, Eq. (A.1)]):

V(@ y) L) (z,y) = %(OuLl(h)(y) + 09la(h)(x)) + L(Gh)(z,y),

where we have denoted

L) = (Goo) e = [ Govera,
Ly(h)(z) = L(g—Z(~,O)) (x) = Owg—Z(u,O)em“du.

Using the harmonicity condition Gh = 0, the functional equation for h rewrites as

(17) V(@ y)L(h)(z,y) = %(UnLl(h)(y) + 092 La(h)(2)).

We recall below the key argument of the method of [20] to solve the functional equa-
tion (I7)), which leads to harmonic functions for the Brownian motion via Laplace inver-
sion. We will subsequently apply a related method to obtain polyharmonic functions.

Consider the two solutions of 7 (z, Y (x)) = 0, which, since « is a homogeneous polyno-
mial of degree two, are explicitly given by Y. (z) = cyz, with

—012 + ’i\/ det X

18 Cy = )
(18) p—
so that ¢, =c_. We write c. = ce*™ with ¢ = o and ¢ such that cosf = —\/%.

Denote by Gy the domain delimited by the curve Y, ([0, co]) U Y_(]0, 00]) = ¢4[0, 0] U
¢_[0, 00] and containing the positive axis [0, 00]. Plugging each of the solutions ciz into
the functional equation (7)), one obtains a boundary value problem for Li(h), which states
that:

(1) Li(h) is analytic on Gy,

(2) Ly(h) is continuous on Gy \ {0},

(3) Forall z € (0,00], L;(h) satisfies the boundary equation Li(h)(cix) = Ly (h)(c_z).
In order to solve this problem, one introduces the conformal mapping w from Gy onto

C \ R_ defined by w(z) = 7% One eventually obtains that a class of solutions is
obtained by letting L;(h) to be of the form

(19) L =7 (1),

y7r/0
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for any given polynomial P. The same applies to Ly(h) (by considering the solutions of
v(X(y),y) = 0), and using the functional equation (I7) and the fact that (c.)™? = —c™/?,
one must have
L)) = -2 (- s )
2 Y) = 099 c/0gm/0 |7

with the same P as in (I9). Hence, using again the functional equation (7)), we deduce
that the Laplace transform of h writes

P () = P(—mmmrm
(20) L(h)(%y):%crn <y/>7(x o) / /).

In particular, taking P to be a polynomial of degree 1, one gets

p2 w1
02232/ T 011 a5
v(z,y)

where the constants are related by us = ul(g—ﬁ)l_“/ 20 Taking the inverse Laplace trans-

form, one should recover the unique positive harmonic function (written in polar coordi-
nates (p,7))

L(h)(x,y) =

)

x T
h(z,y) = p? sin (5n> :
Suppose now that v is bi-harmonic and satisfies Gv = h, where h is harmonic. The
functional equation for v now reads

Q) A L)) = Senli®)) + onL)) + LR).y)

By considering the roots of the kernel v and using the same method as above, we obtain
1 1
(22) 5011L1(U)(C+37) - ianLl(v)(c,x) = L(h)(z,c_x) — L(h)(x, cyx).

We now have an a priori non-homogeneous boundary value problem for v, that we can
in fact transform into an homogeneous one, thanks to the (already known) explicit form
of L(h). The key remark to this task is that (c;2)™? = (c_z)™? = —(cx)™?. Rewriting

20) as
L(h)(z,y) = Z—;P sz_jy(—%)

and letting y — c,z and y — c_x, one finds

011 T 1 , 1 1
L(h =F—-— P .
( )<x7 C:l:x> :!:0_22 9 (Cix _ C:FI') <<Cix)7r/9) (Cil’)w/e-i_l

Eventually, we get
L(h)(l’, C,SL’) - L(h,)(ilj‘, C+.§L’)

1 1
onm 1 P ((c+m)7‘/@) 1 P ((c_:):)ﬂ'/9>
02000 \ (cyx—c_x) (cpa)™/0+1 (c_x—cyx) (c_x)™/0+1

_ourw C+ 1 1 C~ 1 1
090 \cy —c_ (cyx)™? ) (cpx)™/0+2 ¢ —c, (c_x)™/? ) (c_x)m/0+2

__oum & [ 1 1 _p 1 1
o0 (e —c)? (cpx)™/? ) (cqpa)™/+2 (c_x)™/0 ) (c_x)m/0+2 )’
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where the last equality follows from (cy2)™? = (c_z)™/?. Therefore, the boundary value
equation (22)) is now homogeneous, and of the form

%allLl(v)(C+x) — F(eyz) = %auLl(v)(c_x) — F(c_x),

where F' is equal on Y, ([0, 00]) UY_([0, o¢]) to

011 T CyiC_ , 1 1
23 F = - P .
(23) (v) 022 0 (cy —c_)? (yﬂ/e) y/6+2

We note that the simpler case when F'(ciz) = F(c_z) occurs exactly when ¢2 = 2, ie.,
0 is 0 or /2. In this way, we obtain a boundary value problem analogous to the harmonic
case, which, on the boundary of Gy except at 0, leads to

soua(e)0) - P = (15 ).

for any given polynomial ). The same computation applies to Lo(v). As such, using the
equation (21), the Laplace transform of the bi-harmonic function v admits the following
form:

Theorem 2.4. For any polynomials P and @), the formula

L)) = 1@ (27 = @ (aer ) + Glen) + L) w)

is the Laplace transform L(v) of a bi-harmonic function v satisfying Gv = h, where h is a
harmonic function with Dirichlet boundary conditions, where the Laplace transform L(h)

of h has the form ([20) and where
Gl,y) = Fly) — Flepx) — L(h)(x, cyx),
with F' defined in FEq. (23)).

The above theorem can be understood as a Laplace transform counterpart of Almansi’s
theorem [1].

Recursively, if v, is polyharmonic of order n with Gv,, = v,_1, where v,_; is poly-
harmonic of order n — 1, the above method permits to express the Laplace transform
of v,, through the one of v,_1, allowing to construct polyharmonic functions via Laplace
inversion.

Further computations for the Brownian motion with identity covariance matrix are
proposed in Appendix [Al

3. DISCRETE POLYHARMONIC FUNCTIONS

Similarly to the continuous setting, we first investigate the appearance of polyharmonic
functions in the asymptotic expansions of the counting coefficients of lattice paths with
prescribed endpoints, starting from an exact expression for these coefficients (such exact
expressions may typically be obtained from reflection principles). We then implement the
functional equation approach to construct polyharmonic functions.

Our framework is thus the following. We consider random walks in the quarter plane
Z% with the following assumptions:

(1) The walk is homogeneous with transition probabilities {p; ;}_1<;j<1 to the eight
nearest neighbours and ppg = 0 (so we are only considering walks with small
steps),

(2) In the list p11,p1,0,P1,-1,P0.—1, P—1,-1, P—1,0, P—1.1, Po.1, there are no three consecu-
tive zeros (to avoid degenerate cases),

(3) The drifts >, ;ipi; and ), . jp; ; are zero.
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The Markov operator P of the walk is defined on discrete functions by
Pflx,y)= Y. pijfle+iy+j),
—1<i,j<1

and the Laplacian operator is L = P — I. A function f is said to be harmonic if Lf =0
and polyharmonic of order p if LPf = 0.

3.1. Examples of asymptotic expansion in walk enumeration problems. We start
by recalling a few exact expressions for the number of quarter plane walks of length n
with prescribed endpoints.

Example 1 (The diagonal walk). The step set is { 7, N\, \, v}, with uniform transition
probabilities 1. It is well known (see for instance [9]) that

. (i+1)(G+1)( n n
(24> Q<<Z7 .])7 (07 0)7 n) = nt+i+2 n+j+2 n+i nt+j |’
2 2 2 2
with ¢ and j having the same parity as n. Starting from (24]), one can prove that

(25) a((0,), 0,0):m) ~ Sar 37 00D

n3+p
p=>0

where the first few terms in the above asymptotic expansion are given by

{vo(i,j) = @+ +1),
vi(i,j) = =10+ D)G+DE@+ 2 +20+2j49).

The first term vg is the well-known unique (up to multiplicative constants) positive har-
monic function, with Dirichlet conditions; it is the same as for the simple walk, see ([T
and (26). The next term satisfies Lv; = —3vy, and therefore is bi-harmonic. Note that in
fact, using the explicit expression of the Laplacian L, it is obvious that any polynomial
of degree at most 2p — 1 is polyharmonic of order p, since for any polynomial f of degree
k, Lf has degree at most k — 2 (it is a discrete equivalent of Lemma [2T]).

To derive a full asymptotic expansion of (24)), we shall use the Laplace method ap-
plied to the counting coefficients rewritten as an integral, in the spirit of 22 p. 75-79]
(alternatively one can apply the saddle-point method [I7, Chap. B VIII] in the frame-
work of analytic combinatorics in several variables [14] [19]). We choose to postpone it to
Appendix [Bl since the computations are a bit long, though straightforward.

Example 2 (The simple random walk). The step set is {<, 1, —, ]}, with uniform tran-
sition probabilities i. We have (@) by [9]. Again, starting from (@), one can prove that

a((i.9), 0.0)sm) ~ 24 3 ),

n3+p
p=>0

where the first few terms in the asymptotic expansion are

v(i,j) = (+1D(I+1),
(26) {vl(i,j) = —i(z’+j1)(j+1)(2i2+2j2+4z‘+4j+15).

Again, vy is harmonic, and since Lv; = —%vo, vy is bi-harmonic.

Example 3 (The tandem walk). The step set is {\, —, |} with uniform transition prob-

abilities 1. From [10, Prop. 9], we know that:

(i +1)(j + 1)+ +2)(3m + 2i + j)!
ml(m+i+ D(m+i+j+2)!

q((i,7),(0,0);n) =

Y
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with n = 3m + 2¢ + j. In this case, writing the asymptotic expansion

0((1,7),(0.0)5) ~ Vg 3 20,

one has for the harmonic function vy and the bi-harmonic function vy,

(27) w(ig) = (FDG+DE+I+2),
vi(i,j) = =G+ 1)+ 1)+ 5 +2)(36% + 352 + 3ij + 90 + 95 + 38).
3.2. Functional equation approach in the discrete case. We implement here the
functional equation method to construct polyharmonic functions. We start by recalling
the key arguments in the harmonic case; details may be found in [20].
For a harmonic function h, we denote by H its generating function, namely,

H(z,y) =Y h(i,j)a'y’.
§,7>0

The kernel of the random walk is defined as the polynomial

K(z,y) = xy < > preayl - 1) :

—1<k, <1
The harmonic equation Lh = 0 yields the following functional equation
(28) K(z,y)H(z,y) = K(z,0)H(x,0) + K(0,y)H(0,y) — K(0,0)H(0,0).
To solve (28)), one first proves that the function H(x,0) (and similarly H(0,y)) satisfies

a boundary value problem (see [20]):

(1) H(z,0) is analytic in Gx,

(2) H(x,0) is continuous on Gx \ {1},

(3) For all z in the boundary of Gx except at 1, H(z,0) satisfies the boundary equa-

tion:
K(z,0)H(x,0) — K(z,0)H(z,0) = 0.

Here, Gx is a certain domain bounded by the curve X ([y1, 1]) UX_([y1, 1]), where X1 (y)

are the branches of the algebraic function defined by K (X (y),y) = 0. Indeed, writing K
as

K(z,y) = a(y)z” + By)z +7(v),
where «a, 8,7 are polynomials of degree 2 whose coefficients depend on the model, we have

By £4/)
_ =

2a(y

X+(y)

where 0(y) = B(y)* — 4a(y)3(y). The functions X. are thus meromorphic on a cut plane,

determined by the zeros of 5.
It follows by [20] that K (x,0)H (x,0) may be written as a function of a certain conformal
mapping w (see [20, Eq. (3.1)] for its explicit expression):
K(z,0)H(z,0) = P(w(z)),
where P is an arbitrary entire function, for example a polynomial. This represents the

analogous statement as (I9) in the continuous setting. By the functional equation (28],
one eventually finds that

P(w(z)) = P(w(X((x)))
K(z,y) ’

which again should be compared with (20)) in the continuous case.

H(x,y) =
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For a bi-harmonic function v, satisfying Lv = h with h a harmonic function, the
functional equation now writes

(29)  K(z,y)V(z,y) = K(z,0)V(z,0) + K(0,5)V(0,y) — K(0,0)V(0,0) — zyH (z,y),

where V' is the generating function of v, i.e., V(z,y) = Zi7j20v(i,j)xiyj; compare with
(21I). Notice that the equation (29) is very close to functional equations coming up in
walk enumeration problems.

Plugging the roots of the kernel into (29), one has

which leads to the boundary equation
(30) K(z,0)V(z,0) = K(z,0)V(z,0) = y (zH(z,y) —ZH(T,y)) ,
for z on the boundary of Gy (except at 1).

Note that a general method to solve this kind of boundary value problem (B0]) exists [16],
for any quantity in the right-hand side, ending up in some contour integral expression for
the unknown function K (x,0)V (x,0). We choose to provide below examples with simpler,
integral-free expressions. Indeed, the resolution of (B0) is made easier in some peculiar
cases, for instance when the right-hand side of (30) is zero (which occurs for the simple

random walk, see Example 2 below), or when it can be decoupled in the terminology
of [6] (which is analogous to the continuous setting and holds for the tandem walk, see

Appendix [C]).

Example 2 (continued). We consider here the case of the simple random walk,with kernel

1 1 1
K(z,y) =y (Z <x+;+y+§> —1).

The domain Gx is the open unit disk, and the conformal mapping w admits the expres-
sion w(x) = T See [20]. A computation shows that w(X(y)) = —w(y), thus one gets
that the generating function of a harmonic function ~ may be written as

P(w(z)) — P(-w(y))

H(z,y) =
S
Choosing P(x) = 7 leads to
ity 4y ]
1—2)2 1—v)2 . . 7 17
H(z,y) = — = 0 = =D+ )G+ D'y,

xy (i(x+%+y+i)—1) (1—2)*(1—y)? 750

that is, H is the generating function of the unique positive harmonic function, see (26]).
We now consider bi-harmonic functions. Using the explicit form of H, one sees that
the right-hand side of Eq. (B0) vanishes. Indeed, we have

Xt () H(X(y),y) — X (y) H(X_(y),y)

Pw(X ()" (X (

) Pw(X_(y)w (X (y))

B +\y)) - —
SR m - YRR m-xXm)
which is equal to zero since w(X,(y)) = w(X_(y)) and
W(Xi(y) X)) _
X4 (y) X, (y) — X_(v) X-(v) X_(y)— Xi(y) ’

by straightforward computations. The boundary equation has thus exactly the same form
as the one in the harmonic case, so we get that on the boundary of Gy,

K(I, O)V(SL’, 0) = Q(w(az)),
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for some polynomial (). Using (twice) the functional equation (29), the general form for
the generating function of a bi-harmonic v satisfying Lv = h, with A harmonic, is thus

Qw(z)) = Q(~w(y)) + X (y)yH(Xy(y), y) — xyH (r,y)

Vir,y) = K(r.y) ,

with
Plufx) — P(—w(y)) P (X () (X ()
K(.y) and - H(X00):9) = 05X () — X ()

For instance, taking P(x) = = and () the zero polynomial leads to the bi-harmonic function
(non symmetrical in ¢ and j)

v(i,g) = @+ 1)+ 1) +2).

H(z,y) =

Indeed, one has
Xi(HX W) y) = —7——3

so the generating function V' writes

— 4y
Vv _

which is easily inverted. On the other hand, taking P(z) = z and Q(z) = —2z* — 2z, one
obtains the bi-harmonic function

v(i,§) = (i + 1)(j + 1)(2i% + 25% + 4i + 45 + 15),

which is (up to a multiplicative constant) the bi-harmonic function v; appearing in
Eq. (26). Another example will be treated in Appendix

REFERENCES

[1] E. Almansi. Sull'integrazione dell’equazione differenziale A?" = 0. Annali di Mat. (3), 2:1-51, 1899.

[2] Nachman Aronszajn, Thomas M. Creese, and Leonard J. Lipkin. Polyharmonic functions. Oxford
Mathematical Monographs. The Clarendon Press, Oxford University Press, New York, 1983. Notes
taken by Eberhard Gerlach, Oxford Science Publications.

[3] Rodrigo Bafiuelos and Robert G. Smits. Brownian motion in cones. Probab. Theory Related Fields,
108(3):299-319, 1997.

[4] Cyril Banderier and Philippe Flajolet. Basic analytic combinatorics of directed lattice paths. Theo-
retical Computer Science, 281(1-2):37-80, 2002.

[5] Olivier Bernardi and Mireille Bousquet-Mélou. Counting colored planar maps: algebraicity results.
J. Combin. Theory Ser. B, 101(5):315-377, 2011.

[6] Olivier Bernardi, Mireille Bousquet-Mélou, and Kilian Raschel. Counting quadrant walks via Tutte’s
invariant method. Preprint arXiw:1708.08215, 2017.

[7] Alin Bostan, Mireille Bousquet-Mélou, and Stephen Melczer. Counting walks with large steps in an
orthant. Preprint larXiv:1806.00968, 2018.

[8] Alin Bostan, Kilian Raschel, and Bruno Salvy. Non-D-finite excursions in the quarter plane. J.
Combin. Theory Ser. A, 121:45-63, 2014.

[9] Mireille Bousquet-Mélou. Counting walks in the quarter plane. In Mathematics and computer science,
II (Versailles, 2002), Trends Math., pages 49-67. Birkhauser, Basel, 2002.

[10] Mireille Bousquet-Mélou and Marni Mishna. Walks with small steps in the quarter plane. In Al-
gorithmic probability and combinatorics, volume 520 of Contemp. Math., pages 1-39. Amer. Math.
Soc., Providence, RI, 2010.

[11] Tsaac Chavel. Eigenvalues in Riemannian geometry, volume 115 of Pure and Applied Mathematics.
Academic Press, Inc., Orlando, FL, 1984. Including a chapter by Burton Randol, With an appendix
by Jozef Dodziuk.

[12] Joel M. Cohen, Flavia Colonna, Kohur Gowrisankaran, and David Singman. Polyharmonic functions
on trees. Amer. J. Math., 124(5):999-1043, 2002.

[13] Louis Comtet. Advanced combinatorics. The art of finite and infinite expansions. Dordrecht, Holland
- Boston, U.S.A.: D. Reidel Publishing Company. X, 343 p. Dfl. 65.00., 1974.


http://arxiv.org/abs/1708.08215
http://arxiv.org/abs/1806.00968

[14]

[15]
[16]

[17]

[18]

[19]
[20]
[21]

[22]
[23]

POLYHARMONIC FUNCTIONS IN CONES 13

J. Courtiel, S. Melczer, M. Mishna, and K. Raschel. Weighted lattice walks and universality classes.
J. Combin. Theory Ser. A, 152:255-302, 2017.

Denis Denisov and Vitali Wachtel. Random walks in cones. Ann. Probab., 43(3):992-1044, 2015.
Guy Fayolle, Roudolf Tasnogorodski, and Vadim Malyshev. Random walks in the quarter plane,
volume 40 of Probability Theory and Stochastic Modelling. Springer, Cham, second edition, 2017.
Algebraic methods, boundary value problems, applications to queueing systems and analytic combi-
natorics.

Philippe Flajolet and Robert Sedgewick. Analytic combinatorics. Cambridge University Press, Cam-
bridge, 2009.

Thomas Hirschler and Wolfgang Woess. Polyharmonic functions for finite graphs and Markov
chains. Preprint |arXiv:1901.08376, 2019. Frontiers in Analysis and Probability: in the Spirit of
the Strasbourg-Ziirich Meetings, Springer (to appear).

Stephen Melczer and Mark C. Wilson. Higher dimensional lattice walks: connecting combinatorial
and analytic behavior. SIAM J. Discrete Math., 33(4):2140-2174, 2019.

Kilian Raschel. Random walks in the quarter plane, discrete harmonic functions and conformal map-
pings. Stochastic Process. Appl., 124(10):3147-3178, 2014. With an appendix by Sandro Franceschi.
Ecaterina Sava-Huss and Wolfgang Woess. Boundary behaviour of A-polyharmonic functions on
regular trees. Preprint arXw:1904.10290, 2019.

F. Spitzer. Principles of Random Walk. 2nd ed, Springer, New York, 1976.

W. T. Tutte. Chromatic sums revisited. Aequationes Math., 50(1-2):95-134, 1995.


http://arxiv.org/abs/1901.08376
http://arxiv.org/abs/1904.10290

14 FRANCOIS CHAPON, ERIC FUSY, AND KILIAN RASCHEL

APPENDIX A. DETAILED COMPUTATIONS FOR THE STANDARD BROWNIAN MOTION IN
THE QUADRANT

Here we apply the functional equation approach to the case of the Brownian motion
in the quarter plane with identity covariance matrix. The kernel « is equal to v(x,y) =
(2% +y?), s0 cx = +i and § = Z, see (I8). The functional equation (I7) for A harmonic
is then

(@® +y*) L(h)(z,y) = La(h)(y) + La(h)(x),

P() — P(=3)

L(h,)(ﬂf,y)— :L’2+y2 :

In case when P is the degree 1 polynomial P(z) = x, one gets L(h)(x,y) = xQ—IyQ which
is the Laplace transform of the well-known unique positive harmonic function within the
quarter plane h(z,y) = xy.

More generally, the choice of P(z) = —(27)!(—z)’ leads to the Laplace transform (in
Cartesian coordinates) of the harmonic function f5;; defined in (I4]). Indeed, recall that
f2;.i(p,0) = p¥ sin (2j60), which is written in Cartesian coordinates as follows. Recall that
the Chebyshev polynomial U; of the second kind is defined as U;(cos#)sinf = sin(j6),
7 >0, and admits the expression

13/2) 41
_ g —2\k
Uj(z) =2’ g <2k+1)(1—z )"

k=0

which leads to

Hence, thanks to the explicit expression of Us;_;, the harmonic function fy;; can be
written, in Cartesian coordinates (x,y) = (pcos#, psinf),

J—1 .
2) ,
N _ 1\k 2k+1, 2j—(2k+1)
CIED DA (i P )

k=0
e Laplace transtorm of fo; ; 1s now computed usin T = —1 %77, and one obtains
The Lapl f f fo;;i puted using L(2"y") = i, and btai
j—1 1\J 1\J
1 () = (=)
— (9 k _ (9] % y
(31) L(fo5)(z,y) = (2J)!kz%(—1) 2222k 2N TR

For v bi-harmonic, the functional equation (21) is
(¢% + y*)L(v)(z,y) = Li(0)(y) + La(v) () + 2L(h) (2, y),
and the general form of the Laplace transform of v writes
pPlL)—p(—L
Q) ~0(-4) + 2P(-4) +2 )
(32) L(v)(z,y) = s

where P and @ are arbitrary polynomials. Choosing P(z) equal to x and Q(z) of degree
2, equal to z?, gives that

Y

2?2 + 92 1 1
Lv)(z,y) = =
which is the Laplace transform of the function v(z,y) = (2? + y*)xy, which corresponds

in polar coordinate (p, ) to the bi-harmonic function fy2(p,8) = p* sin 20 defined in (I4).
More generally, choosing

P(z) = (—17%1(25)12(2j + 1)2/  and Q(z) = (—1)71(25)12(25 + 1)z’ *!

leads to the bi-harmonic function fo;2 ;. Indeed, since foji2;(x,y) = (22 + y?) fo;;(x, y),
one has, from the usual properties of the Laplace transform, that L(faj12,;) = AL(f25;)-

$‘4’y4 2 y4 $‘4y2 ’
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As such, by applying the Laplacian to the Laplace transform of f5;; given in (31l), one
obtains that

L(fajr24)(2,y) =

S {osmer (B - G) () -G}

Now, plugging the above choice of P and @ in Eq. (32)) gives easily the formula.

ApPPENDIX B. COMPLETE ASYMPTOTIC EXPANSION FOR THE DIAGONAL WALK

As an explicit example, we provide a complete asymptotic expansion for the number
24) of n-excursions from the origin to (i,7) for the diagonal walk with steps from { "
NG N\ b A straightforward way to obtain such an asymptotic expansion is to apply
the standard Laplace’s method (see [I7, p. 755]) using an integral representation of (24))
(in [22, p. 75-79], this is applied to obtain first order asymptotic estimates in lattice paths
enumeration problems). This leads to an explicit new family of polynomials (v,),>0 of
increasing degree, where v, is the polyharmonic function of order p + 1 appearing in the
expansion (28]), see Corollary [B.2l

Let us first introduce the necessary notations. Projecting the walk onto the coordinate
axes, one gets two decoupled prefixes of Dyck paths. Hence (24)) is obtained by a simple
application of the reflection principle in the one-dimensional case, which gives that the
number of non-negative paths from 0 to A with n steps is given by

n n A1/ n
(33) m(\,n) = (m) - (n+>\+2) = m(m)
2 2 2 2

with A =n mod 2. Using the simple integral representation of the binomial coefficient

n 1 g it
- ikt (1 it\n
<k) %/_ﬂe (14 e)d,

one readily obtains the following integral representation for m(\, n):

/2
(34) m(A,n) = 2 / 2"(cosy)" sin((A + 1)y) sin(y)dy.

T J _r/2
Now define the sequence (a(m)),>1 as
(47 = 1)| By |22

2m(2m)! ’
where the Bsy,,’s are the Bernoulli numbers, which can be defined through the Riemann
zeta function at even integers:

(35) a(m) =

| Ba| (27)*™
C2m) = = om

Define also, for s > k£ > 0,
(36) By, = By (a(2),...,a(s =k +2)),

the rational numbers obtained by evaluating the partial ordinary Bell polynomial in the
variables a(m + 1). Recall that by definition, see for instance [I3], the partial ordinary
Bell polynomials in the variables (xj)g>; are the polynomials obtained by performing the
formal double series expansion:

k
u
exp (u Z xmtm> = Z By (1, ... ,xn_kﬂ)t"ﬁ.

m>1 n>k>0
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Note that the polynomial B, ; contains p(n, k) monomials, where p(n, k) stands for the
number of partitions of n into k parts, see [13] for details and for an explicit expression
of these polynomials. Finally, define for p > k > 0,

Ly~ (1Y
(37) Cf, ==Y o B
Pkl = (2p—2j+ 1)1

We first give a complete asymptotic expansion for prefixes of Dyck paths.

Theorem B.1. Let m(\,n) be the number of non-negative paths from 0 to A € Z, given
by B3). The following asymptotic expansion holds as n — oo:

m(\,n) ~ 232 > (_Djhj(x),

/T n3/? =
where for j >0,
S G 241
. M) =2 2 G Gy A DR

where moy, = % is the 2k-th Gaussian moment and Cy, is defined in (BT).

Hence, the above theorem gives, in the one-dimensional case, an asymptotic expansion
of the number of non-negative paths in terms of polyharmonic functions. Indeed, it is
easily seen that the polynomial h; has degree 2j + 1, so is polyharmonic of order j +1 for
the one-dimensional Laplacian Lf(z) = 3(f(z 4+ 1)+ f(z — 1)) — f(x).

Since the number of n-excursions for the diagonal walk is the product of two numbers
of (decoupled) Dyck paths, one readily obtains the following corollary.

Corollary B.2. Let ¢(0, (i,7);n) be the number of diagonal paths with n steps from the
origin to (i,7) and confined in the quadrant, given by (24)). Then

a0, (i gyim) ~ S SO G gy,

mn3 np
p=>0
where, with hy defined in (B,
p
(i, 1) = > i) ()
k=0

Clearly, the polynomial function v, has degree 2p + 1 and thus is polyharmonic of
order p + 1 for the Laplacian associated to the diagonal walk. The set of exponents (16
appearing in the asymptotic expansion is here 3 + N.

Proof of Theorem[B_1l. To obtain the claimed asymptotic expansion, we apply the Laplace
method as in [I7, p. 755] to the integral representation of m(A,n) in (B4). Indeed, the
cosine function admits only one maximum in the interval [-7, 7], at y = 0, and the
contribution to the integral outside any fixed segment containing 0 is exponentially small
and as such can be discarded for an asymptotic consideration.

So, first, we perform the change of variable § = % to get

21 [EVm y \" .y y
m(\,n) =2 — 73\/5(308 (%) sin (%) sin ((A+1)%) dy.
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The next step is to consider an asymptotic expansion of the integrand as n — oo. Using
the Weierstrass product formula for the cosine function,

— 1o 7
o =11 ( w2k - 1)2)
k=1
and the Taylor series of the logarithm function, one has
log cos (y) = — Y _ a(m)y™™,
m>1

where the sequence (a(m));,>1 is defined in (35). Note that an interpretation of the

sequence (o (m)),>1 is that they correspond to the cumulant sequence of the Bernoulli

distribution 3041 + 36_;. Now one has, using a(1) = % and the Taylor series of the

2
exponential function,

y\" y 2 Z Z
_ 1 y2/2 (k+s)
. (ﬁ) o (" e (f)) S S

where By is the partial ordinary Bell polynomial defined in (B€]). Now, using the Taylor
series of the sine function, and after some elementary manipulations, one gets

cos (%)n sin (%) sin (()\ + 1)%)
e Z Z Z Ca) ) PR (4120

j>0 p=0 k=0

where C}' is defined in (37).

The next step in the Laplace method is to neglect the tails. Hence, we write

Jj P

2 2" (—1)/ (- _ o :
A Lz A P\ 1)20 p)+1/ ¥ /2, 2(k+5)+2
(s D D ap DO Y e Eu T ey Y,

where £, is chosen so that the error bounds are exponentially small (for instance one can
choose arbitrarily x,, = n'/1%). Completing the tails of the Gaussian integral, that is

T 29 olkai)io —y2/2 2kt5)+2 e (2(k+5+1))! /z
/_ eI dyN/Rey/y(ﬂH dy = 27T2k+j+1(k:+‘+1)!: 2T le+5+1);

Kn

(2k)!
2’%'

where mg = is the 2k-th Gaussian moment, one finally obtains, with h; defined

in ([38), that

m(\n) ~ 2[\2/”_”;/2 )3 <_n?j hi(\). 0

APPENDIX C. THE EXAMPLE OF TANDEM WALKS

In this subsequent example, we consider the tandem walk with steps from {~N,—,]
}, see Example Bl In this case, the functional equation approach admits a nicer form
because the right-hand side of Eq. ([B0) can be decoupled, that is, can be written as
G(X4(y))—G(X_(y)), for some function G. The computations are close to the continuous
case but are quite tedious. First, we know [20] that the generating function H of a
harmonic function A is of the form

Hiz,y) = P(W(x))[—(g’(;(X+(y)))’

(39)
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where the conformal mapping w is given by w(x) = % The unique positive harmonic

1
function vy (i, ) = (i +1)(j + 1)(i + j + 2) of (1) is obtained choosing P(z) = 3.

Using the general form of H, one has ’
y X (y)H(X (y),y) —yX_(y) H(X_(y),y) =
yX4 (Y)w'(X4(y)) _

Define now the decoupling function on Gx:

yX_(y)w'(X_(y))

’ X (y) — Xy (y)

P'(w(X_(9)))-

(40) F(r) = ———

Some computations show that
y X () (X (y) — yX (y)w'(X-(y))
+(y) = X () ~(y) = X4 (y)
A crucial point is to guess the function F' in (0] satisfying the above equation. Minding
the fundamental fact that w(X, (y)) = w(X_(y)), it follows that

yX (W) H (X (y),y) —y X (y)H(X_(y),y) = G(Xy(y)) — G(X_(y)),

where G(z) = 3F(z)P'(w(x)). One deduces that the generating function V(x,y) for a
bi-harmonic function v satisfying Lv = h admits the form

7[((;, W) (Q(W(ﬂf)) —QW(X4 () +G(x) = G(X4(y) + Xo(y)y H (X (y), y) — 2y H (z, y)),

where H has the general form given by Eq. (89) and G(z) = 3F(z)P'(w(x)) with the
decoupling function F' defined in Eq. ([@0). Note that this has to be compared with
Theorem 2.4

Choosing P(z) = z and @ = 0 leads to the bi-harmonic function

(41) v(i,5) = (G+ 1) G+ 1)(i+j+2)(2i° + 3d%j + 14i* + 5ij + 24i — 3ij° — 25° — 45 +65).
To obtain to bi-harmonic function vy of (27), one chooses P(z) = —5z and Q(z) =

§x2 + ;—?SL’. This is obtained by noticing that an appropriate linear combination of the
bi-harmonic function ([4I]) and of v; is harmonic and its generating function corresponds

to the term
Qw () — QW (X4 ()
K(z,y)
As such, computing its generating function leads to the polynomial Q.
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