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Abstract

We consider a transient Brownian motion reflected obliquely in a two-dimensional
wedge. A precise asymptotic expansion of Green’s functions is found in all directions.
To this end, we first determine a kernel functional equation connecting the Laplace
transforms of the Green’s functions. We then extend the Laplace transforms analyti-
cally and study its singularities. We obtain the asymptotics applying the saddle point
method to the inverse Laplace transform on the Riemann surface generated by the
kernel.
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1 Introduction

Context Since its introduction in the 1980s, reflected Brownian motion in a cone has
been extensively studied [29, 31, 45], particularly due to its deep links with queuing
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systems as an approximate model in heavy traffic [27, 41]. Seminal work has deter-
mined the recurrent or transient nature of this process in dimension two [34, 46] and
in higher dimensions [3, 4, 6, 8]. The literature on the stationary distribution in the
recurrent case, in particular the study of the asymptotics, is wide and vast [10, 11, 23,
28, 40, 42]. Numerical methods have been explored in [7, 9] and explicit expressions
for the stationary density have been given in [1, 2, 12, 19, 21, 24, 25, 33]. The tran-
sient case, which is less studied, is also considered by several articles which study the
escape probability along the axes [20], the absorption probability at the vertex [15,
26], or the corresponding Green’s functions [14, 22].

In this article, we consider a transient obliquely reflected Brownian motion in a
cone of angle B € (0, ) with two different reflection laws from two boundary rays
of the cone. We denote by g(p cos(w), p sin(w)) the Green’s function of this process
in polar coordinates; Green’s functions are used to study the distribution of time that
the process spends at a point on the cone. The article determines the asymptotics of
g(p cos(w), psin(w)) as p — oo and w — wq for any given angle wy € [0, B]. See
Theorem 1 when wg € (0, §) and Theorem 2 when wy = 0 or 8. This extends results
of [14] in two aspects. Firstly, asymptotic results are obtained in any convex two-
dimensional cone with two different reflection laws from its boundaries. While in [14]
the authors are able to easily calculate an explicit Laplace transform of the Green’s
function for the half plane, the same is certainly not true for RBM in the cone. Laplace
transforms of Green functions in this case are expressed in [22] in terms of integrals
as solutions of Riemann boundary problems. Secondly, Theorem 1 provides Green
function’s asymptotics for any direction of the cone and not only along straight rays
as in [14], namely when the angle @ above tends to a given angle wg. The asymptotics
depend on the rate of convergence of w — @ and enables us to determine the Martin
boundary of the process.

In [23] the asymptotics of the stationary distribution for recurrent Brownian motion
in a cone is found along all regular directions wgy € (0, §), while some special direc-
tions wq were left open for future work. The asymptotics are obtained by studying the
singularities and applying the saddle point method to the inverse Laplace transform of
the stationary distribution. This article applies the approach of [23] to Green’s func-
tions and provides new techniques which enable us to treat all special directions where
the asymptotics depend of the convergence rate of w to wg rather to that of » tending
towards infinity. This is the case when wg = 0 or § (see Theorem 2), and also when
the saddle point meets a pole of the boundary Laplace transform (see Theorem 3).

The tools used in this paper are inspired by methods introduced by Malyshev [39],
who studied the asymptotic of the stationary distribution for random walks in the
quarter plane. Articles studying asymptotics in line with Malshev’s approach include
[36], which studies the Martin boundary of random walks in the quadrant; [37], which
extends these methods to the join-the-shorter-queue issue; and [35], which studies
the asymptotics of the occupation measure for random walks in the quarter plane
with drift absorbed at the axes. Fayolle and Iasnogorodski [16] also developed a
method to determine explicit expressions for generating functions using the Riemann
and Carleman boundary value problems. Then, in the seminal book [17], Fayolle,
Tansogorodski and Malyshev merged their analytic approach for random walks in the
quadrant. The work [23] was the first to extend their approach to continuous stochastic
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Fig.1 The cone of angle 8, the

reflection angles § and ¢ and the
drift ; with its direction 6. The

point Z with polar coordinates p
and w is displayed

processes in the quadrant to compute asymptotics of stationary distributions, and [14]
was the first one to study the asymptotics of Green’s functions using this analytic
approach.

Main results We consider an obliquely reflected standard Brownian motion in a
cone of angle B € (0, ) starting from Zzg, with reflection angles § € (0, 7) and
¢ € (0, ) and of drift & of angle & € (0, B) with the horizontal axis, see Fig. 1. We
assume that

b+e<pB+m.

This well known condition ensures that the process is a semi-martingale reflected
Brownian motion [47, 48]. The reflected Brownian motion will be properly defined
in the next section. The process is transient since we have assumed that 6 € (0, B)
which means that the drift belongs to the cone. If we assume that p; is the transition
probability of this process, the Green’s function is defined for 7 inside the cone by

§(2‘)=/0 P1(20,2)dt. (1.1)

For w € (0, B) and p > 0 we will denote 7 = (p cos w, p sin w) the polar coordi-
nates in the cone. Note that the tilde symbol ~stands for quantities linked to the standard
reflected Brownian motion in the 8-cone. The same notation without the tilde symbol
will stand for the corresponding process in the quadrant Ri.

In the next remark we explain how to go from a standard Brownian motion reflected
in a convex cone to a reflected Brownian motion reflected in a quadrant by adjusting the
covariance matrix. This will be useful because our strategy of proof is to first establish
our results in the quadrant for a general covariance matrix, and then to extend the
results to all convex cones. The proof of the main Theorems 1, 2 and 3 stated below in
the case of a cone can be found at the very end of Sect. 11 and are based on Theorems
4, 5 and 6, which determine the asymptotics in the case of a quadrant.

Remark 1.1 (Equivalence between cones and quadrant) There is a bijective equiva-
lence between the following two families of models:

e Standard reflected Brownian motions (i.e. identity covariance matrix) in any con-
vex cone of angle g € (0, 7),
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e Reflected Brownian motions in a quadrant of any covariance matrix of the form

1 —cosf
—cosf 1 ’

In Sect. 11 this equivalence is established by means of a simple linear transformation
defined in (11.2). Therefore, all the results established for one of these two families
can be applied directly to the other family.

Furthermore, any reflected Brownian motion in a general convex cone and with a
general covariance matrix can always be reduced via a simple linear transformation
to a Brownian motion of one of the two families of models mentioned above (see
Remark 1.3 below).

Before presenting our results in more detail, we pause to make the following remark.

Remark 1.2 (Notation) Throughout this article, we will use the symbol ~ to express an
asymptotic expansion of a function. If for some functions f and g we state that f(x) ~

> r_; gk(x) when x — xo, then gx(x) = o(gk—1(x)) and f(x) — > }_, g (x) =
0(gn(x)) when x — xo.

We now state the main result of the article. We define the angles
@ =0 —28 and o™ =0+ 2e.
Note that w* < 0 < ©™*.

Theorem 1 (Asymptotics in the general case) We consider a standard reflected Brow-
nian motion in a wedge of opening B, with reflection angles § and & and a drift [t of
angle 6 (see Fig. 1). Then, the Green’s function g(p cos w, p sin w) of this process has
the following asymptotics when w — wo € (0, B) and p — oo, for alln € N:

o Ifw* < wy < w** then

3 in o) —2p\ﬁ|sin2("’%g) 1 Zn: Ck (@) (1.2)
Z(pcosw, psinw) ~ e — — .
e VP iz

o Ifwy < w* then

no o~
~( CcOoS w Sin w) ~ C*e_zplﬁ‘ Slnz(w+5—9) +672p|ﬁ‘ Sinz(wT79> 1 Z Ck(a))
glp P p—00 \/ﬁ ,Ok :
w—>w() k=0
(1.3)
o Ifw™ < wy then

n ~
5 - —20lfi] sin®(@—e— —2p|f|sin?(252) 1 ()
Z(pcosw, psinw) e c** e 2Pl sin"(0—e=0) 4, ( p )_,0 E s
w—> () k=0
(1.4)
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1 0

e o
0 (w—e=0) e~ 20lilsin®(47)

= 6—2/)\;7\ siuz(;;g)

P o
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> 4 -
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(0w <0<w™<h (D) w* <0< B<w™

Fig. 2 Asymptotics of the Green’s function determined in Theorem 1 according to the direction wg: four
different cases according to the value of angles w* = 6 — 2§ and w™* = 6 + 2¢.When w( belongs to the
gray region, the asymptotics are given by (1.2); in the purple region, they are given by (1.3); in the orange
region, they are given by (1.4) (Color figure online)

where ¢* and ¢** are positive constants and cy(w) are constants depending on w such
that ¢y (w) —> ¢k (wo).
w—wq

There are four cases which are illustrated by Fig. 2.
Our second result states the asymptotics along the edges when w — 0 or  — B.

Theorem 2 (Asymptotics along the edges) We now assume that wg = 0 andlet p — o0
and v — wy = 0. In this case, we have co(w) ~ c'w and c{(w) ~ " for some
w—0 w—0

non-negative constants ¢’ and ¢’ which are non-null when w* < 0. Then, the Green’s
function g(p cos w, p sin ) has the following asymptotics:

o When w* < 0 the asymptotics are still given by (1.2). In particular, we have
~ . — 71| sin2 w—0 1 C//
F(pcosw, psinw) ~ ¢ I () (C’w+ _>.

p—>00 ﬁ 0

w—0
o When w* > 0 the asymptotics given by (1.3) remain valid. In particular, we have

~ . % _—2p|fi| sin®(w+5—6)
COoSw sin w ~ Cc e .
gp psinw) ~

w—0

where ¢* is the same constant as in Theorem 1.

Therefore, when w* < 0, there is a competition between the two first terms of the sum
g "
Yo % to know which one is dominant between ¢'w and %. More precisely:
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e [fpsinw pjgo o< then the first term is dominant.

w—0
e If psinw pjgo ¢ > 0 then both terms contribute and have the same order of

w—0
magnitude.

o Ifpsinw pjgo 0 then the second term is dominant.
w—0
A symmetric result holds when we take wy = B. The asymptotics are given by (1.2)
when 8 < w** and by (1.4) when o™* < B. The first two terms of the sum compete to
be dominant, and this depends on the limit of p sin(f — w).

We will explain later in Propositions 11.1 and 11.2 that ™ and w** correspond in
some sense to the poles of the Laplace transforms of the Green’s functions and that w
corresponds to the saddle point obtained when we will take the inverse of the Laplace
transform. Our third result states the asymptotics when the saddle point meets the
poles, which occurs when v — @* or @ — w™*.

Throughout, we let ®(z) := \/%7 foz exp(—tz)dt.
Theorem 3 (Asymptotics when the saddle point meets a pole) We now assume that
wy = 0w = 0 — 28 and let w — w* and p — oo. Then, the Green’s function
g(p cosw, p sinw) has the following asymptotics:

o When p(w — w*)? — 0 the asymptotics are given by (1.3) with the constant c* of
the first term has to be replaced by %c*.

o When p(w — w*)? — ¢ > 0 for some constant c then:

- If w < w* the asymptotics are still given by (1.3) with the constant c* of the
first term has to be replaced by %c*(l + ®(/cA)) for some constant A.

— If o > w* the asymptotics are still given by (1.3) with the constant c* of the
first term has to be replaced by %c*(l — ®(/cA)) for some constant A.

o When p(w — w*)? — oo then:

— If w < w™* the asymptotics are given by (1.3)

- If o > ™ the asymptotics are given by (1.2) and we have co(w) ~ ——
w—o*

for some constant c.

A symmetric result holds when we assume that wy = ©** = 6 + 2e.

These main asymptotic results are very similar to those obtained in the article
[23] on the stationary distribution in the recurrent case when the drift points towards
the apex of the cone. This makes sense given that the Green’s functions and the
stationary distribution measure the time or proportion of time that the process spends
at a point. However, the analysis of Green’s functions is more complex because of
their dependence on the initial state of the process.

In the three previous theorems, we considered a Brownian motion which is standard,
i.e. of covariance matrix identity. But all the results stated above may easily be extended
to all covariance matrices by the the simple linear transformation mentioned in the
previous remark. The next remark explains how to proceed, in line with what is stated
in Sect. 11.
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Remark 1.3 (Generalisation to any covariance matrix in any convex cone) Consider Z
an obliquely reflected Brownian motion in a cone of angle ,30 € (0, ) starting from
20, with reflection angles 3 and 7@, of drift w of angle 0 and of covariance matrix 3. We

introduce the angle ,31 1= arccos (—L) € (0, ) and the linear transformation

V011022
1 tB\ L 0
=~ = CO
T:=|sinp || Vo"
0 1 0

Vo

Then, the process Z = ?Z is an obliquely reflected standard Brownian motion in
a cone of anglg\ B € (0, ) starting from zg := Tz, with reflection angles § and ¢ and
of drift it := Tt of angle 6. The angle parameters are in (0, 7r) and are determined
by

tan 8 = sin 'gl tanf = sin El
1 022 1 022
tan Bo o1l +COS‘81 andV o1 +COS’31
sin B sin B
tané = '3 tan(B —¢) = '8
1 022 2 022
ansV o1l + cos B tan(Bo—2) V o1 +COS’31

The linear transformation T gives the following relation between the Green’s func-
tion of Z; denoted by g(z) for Z inside the cone of angle o and the Green’s function
of Z; denoted by g(?) for 7 inside the cone of angle j:

0 = (T?).

1
Vdet X

Therefore, the previous formula allows us to extend our results from g to g.

The following remark concerns the Martin boundary.

Remark 1.4 (Martin boundary) The Martin boundary associated to this process can
be computed from the asymptotics of the Green’s function obtained in the previous
theorems. The corresponding harmonic functions can also be obtained utilizing the
the constants of the dominant terms of the asymptotics. See Section 6 of [14] which
briefly reviews some elements of this theory in a similar context.

Plan and strategy of proof

In this article, the results will be first established in a quadrant for any covariance
matrix and then will be extended to a cone in the last section.

The first step in solving our problem is to determine a functional equation relat-
ing the Laplace transforms of Green’s functions in the quadrant and on the edges
(see Sect.2). In Sect. 3, we continue to study these Laplace transforms, in particular
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their singularities. Then, we use the inversion Laplace transform formula combined
with the functional equation to express the Green’s functions as a sum of simple
integrals (see Sect.4). To determine the asymptotics, we first use complex analysis
to obtain Tauberian results, which links the poles of the Laplace transforms to the
asymptotics of the Green’s functions. Then, we use a double refinement of the clas-
sical saddle-point method: the uniform method of the steepest descent. One of the
reference books on this classical approach is that of Fedoryuk [18]. Appendix A,
which gives a generalized version of the classical Morse Lemma by introducing a
parameter dependency, will be useful in understanding the refinement of the saddle-
point method. Section 5 studies the saddle point and Sect.6 explains how we shift
the integration contour, thus determining the contribution of the encountered poles
to the asymptotics. Section 7 identifies which parts of the new integration contour are
negligible. Section 8§ establishes the contribution of the saddle point to the asymptotics
and states the main result. Section9 studies the asymptotics along axes and Sect. 10
studies the asymptotics in the case where the saddle point meets a pole. Appendix B
states a technical result useful to this section. Finally, Sect. 11 explains how to transfer
the asymptotic results obtained in the quadrant to any convex cone and thus concludes
the proof of Theorems 1, 2 and 3.

2 Convergence of Laplace transforms and functional equation
Transient reflected Brownian motion in a cone

Let (Z:)is0 = (z0 + ut + B; + RL;);>0 be a (continuous) semimartingale
reflected Brownian motion (SRBM) in ]Ri on a filtered probability space where
w = (u1, u2)" € R2? is the drift, ¥ is the covariance matrix associated to the
Brownian motion B, R = (r;j)i<i j<2 € R?*? is the reflection matrix, and
(L0 = ((Ltl, L?)T),zo is the bivariate local time on the edges associated to the
process. We will assume that det(X) > 0, i.e. that ¥ is positive-definite. See Fig.3
to visualize the parameters of this process. We recall the following classical result
concerning the existence of such a process, see for example [43, 47].

Proposition 2.1 (Existence and uniqueness of SRBM) There exists an SRBM with
parameters (i, X, R) if and only if ¥ is a covariance matrix and R is completely-S,
ie.

ri1 >0, rp >0, and [det(R) >0 or ryg, ripg > 0]. 2.1

In this case, the SRBM is unique in law and defines a Feller continuous strong Markov
process.

Condition (2.1) will therefore be required throughout the article. The recurrence
and transience conditions of those processes are well known, see [34, 46]. In our case,
the SRBM will be transient because of the following assumption of positive drift,
which we assume to hold throughout the sequel.

Assumption 1 (Positivity of the drift) We assume that ; > 0 and pp > O.
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Fig.3 SRBM parameters in the ‘
quadrant: drift u, reflection R1

vectors R! and R? and \
I

covariance matrix X

Note that this assumption is equivalent to that made in the introduction: 6 € (0, B).
Under Assumption 1, the reflected Brownian motion is transient by [34].

Green'’s function

As in (1.1), recall that the Green’s measure G inside the quadrant is defined by
o0
G(z0, A) = Eg |:/ ]lA(Zt)dt]
0

for zg € Ri and A € R?. Fori € {1, 2}, we define H; the Green’s measures on the
edges of the quadrant by

Hi(ZOv A) = EZO [/(\) ]]-A(Zt)dL;} .

The measure H; has its support on the vertical axis and H has its support on the
horizontal axis.

Proposition 2.2 Green measures G (resp. Hy, Hy) have densities g (resp. hy, hy) with
respect to the two dimensional (resp. one dimensional) Lebesgue measure.

We then have G(zg, A) = fA g(z)dz for A C R%, Hy(zo, B x {0}) = fB hy(z)dz for
B C R and H>(z0, {0} x C) = [ ha(z)dz for C C R.

In the sequel it should be kept in mind that in the notations g and h; we have omitted
the dependence on the starting point zg.

Proof In the recurrent case, Harrison and Williams proved in [32] that the invariant
measure has a density with respect to the Lebesgue measure. The proof in that article
extends to the transient case and justifies the existence of a density with respect to the
Lebesgue measure for the Green’s measures. Indeed, the proof of Lemma 9 of section
7 in [32] shows that for a Borel set A of Lebesgue measure 0, we have

+00
E [/ ]lA(Z,)dt:| =0.
0

This is even an equivalence, although we will not need it in the present article. Since
the proof does not require the recurrence property, this gives the desired result by
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the Radon Nikodym theorem. The same argument applies to the densities of H; for
i = 1,2, see theorem 1, section 8 in [32].

In the following, we denote R = [0, oo) and R* = (0, 00).

Remark 2.3 (Partial differential equation) Let us denote £ = IV .SV + 4V the
generator of the SRBM inside the quadrant and £* = %V - XV — - Vits dual
operator. Then, the Green’s function g satisfies

Lg = =8,

in the sense of distributions D’((Rj)z).
Let us define the matrix R* = 2% — R diag(R) ™~ 'diag(X). We denote R} and R}
the two columns of R*. Then, the following boundary conditions hold

drrg(2) —2m18(z) =0 forz € {0} x Ry
Ir;8(2) — 2u28(z) = 0 for z € Ry x {0}

where dg: = RY-V.

Sketch of proof of the remark The partial differential equation of the Green’s function
and its boundary conditions are derived from the forward equation of the transition
kernel established in [29], see Equation (8.3). However, we provide here a direct
elementary proof of the fact that L*g = —§,,. Let ¢ € C° ((Rj)z). Applying Ito’s
formula and taking expectations, we obtain

t
Elp(Z)] = ¢(z0) + E [/0 E(p(Zs)dsi| :

One may remark that there are no boundary terms since the functions ¢ will cancel
on a neighborhood of the boundaries. Since we are in the transient case and since
@ is bounded, the left term converges to 0 as ¢ tends towards infinity by the domi-
nated convergence theorem. Since successive derivatives of ¢ are bounded, Lo (a, b)
is bounded by an exponential function up to a multiplication constant. Due to the con-
vergence domain of the Laplace transform (see Proposition 2.6 below), we obtain by

dominated convergence that ¢(z9) = —IE[ 0+°° E(p(ZS)ds] = _fRi Lo(2)g(z)dz
which implies that £*g = —§,.

Furthermore, it is preferable to have continuity of the Green’s function when investing
their asymptotic behaviour. This is the content of the following comment.

Remark 2.4 (Smoothness of Green’s functions) By the strictly elliptic regularity the-
orem (see for instance the Hypoelliptic theorem 5.1 in [30]), we may deduce from
L*g = —3,, that the density g has a C> version on (0, +00)?\{zo}. We will not go
into more detail here about the proof of this result. In the remainder of this article, we
will assume that g is continuous on [0, +00)2\{0, zo}.
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Laplace transform and functional equation

Definition 2.5 (Laplace transform of Green’s functions) For (x, y) € C? we define
the Laplace transforms of the Green’s measures by

oo
p(x, ) = Ey [/ e("'y)'zfdt] = fz g (2)dz
0

RY

and

o0
p1(y) == Eq [ / e(x’y)'Z'dL,l]: / e’ hy (b)db,
0 Ry

oo
pr(x) =K |:/ e(x’y)'z’dL,2] = / e*“hy(a)da.
0 Ry

Let us remark that ¢; does not depend on x and ¢; does not depend on y. Recall the
dependence on the starting point zo even though it is omitted in the notation.

Since Green’s measures are not probability measures, the convergence of their
Laplace transforms are not guaranteed. For example, ¢(0) is not finite. Convergence
domains for Laplace transforms of Green’s functions have been studied in [22] but
we need stronger results. The following proposition establishes the convergence when
the real parts of x and y are negative.

Proposition 2.6 (Convergence of the Laplace transform) Assuming that 1 > 0 and
2 >0,

o ¢1(y) converges (at least) on y € {y € C, N(y) < 0}
o ¢y (x) converges (at least) on x € {x € C, R(x) < 0}
e ¢(x,y) converges (at least) on (x,y) € {(x,y) € C2, R(x) < 0 and NR(y) < 0}.

Before proving this proposition, we state the functional equation that will be central
in this article. First, we need to define for (x, y) € C? the following polynomials

yy) =@y Sy + () o= Yona? + 20100y + 020y?) + ix + woy
NG,y =R (x,y) =ryx +ray

y2(x,y) = R? - (x,y) = ripx + 122y

where R', R? are the two columns of the reflection matrix R. The polynomial y is
called the kernel.

Proposition 2.7 (Functional equation) If f(x) < 0 and R(y) < O, then

— 7 (X, ), ¥) = y1(x, M1 () + 12 (x, Vga(x) + S0 (2.2)

The proofs of these two proposition are directly related, so we will prove both
together.
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Proof of Propositions 2.6 and 2.7 The main idea of the proof is to take the expectation

of It6’s formula applied to the SRBM and to use a sign argument to justify the limit

when t — +400. The beginning of the proof is inspired by the Proposition 5 of [22].
Letting (x, y) € (R*)?, Ito’s formula applied to f(z) := e™¥)% gives

¢ ' 2 .
f(Z) = fzo) = fo V f(Zs).dBs + fo Lf(Zs)ds +) /0 R -V f(Zs)dLy (2.3)
i=1

t t 2 t .
:/ Vf(Zx).deer(x,y)f e("'”'zde+ZJ/i(x,y)/ N Zsqrl (2.4)
0 0 0

i=1

where £ = %V - XV 4+ - V is the generator of the Brownian motion. Since (x, y) €

(R*)?, the integral fot V f(Zs).d By is a martingale (its quadratic variation is bounded
by C.t for a constant C > 0) and its expectation cancels out. Therefore,

t
E, [e(x,y)-zt] — eV (x, s, [/ e<X’Y)‘sts]
0
t 1 t )
= [ [m(x,y)/o e Zsqr ) +yz(x,y)/0 e(x*”‘zdes}. (2.5)

The expectations in the left-hand side of the previous equation are finite because for
(x,y) € (R*)?, the first expectation is bounded by 1 and the second expectation is
bounded by ¢. This implies that the expectation of the right-hand side is also finite.
The aim now is to take the limit of (2.5) when ¢ goes to infinity to show
the finiteness of the Laplace transforms and the functional equation. First, since
(x,y) € (IR’:)2 and || Z;| t—) 400 a.s., the expectation E, [e(x’y)'zf] converges
—> 00
toward O when + — oo by the dominated convergence theorem. Secondly, by the
monotone convergence theorem, the expectation K, [ fot e(x,y)-sts] converges in

[0, 00] to @(x, y) = By [fo~ e %ds].

We now prove by contradiction that ¢(xg, yg) is finite. For the sake of contra-
diction, let us assume that it is possible to choose (xg, yp) € (R*)? such that
Y (x0, y0) < 0, y1(x0, y0) < 0and y2(xp, y0) < 0andE, [fooo e(’“”y‘))'z“ds] = +400.
Since y(x0, yo) < 0, the left-hand side of (2.5) will be positive for large enough
t. But, since y1(xp, yo) < 0 and y»(xp, yo) < O, the right-hand side of (2.5) is
always negative. We have thus obtained a contradiction, allowing us to conclude
that p(xo, yo) = Eq [ fooo eX0:30)Zs ds] is finite. Hence, the limit of the right-hand
side of (2.5) is also finite and converges by the monotone convergence theorem to
71(x0, y0)91(¥0) + v2(x0, yo)¢2(x0). We deduce that ¢; (yo) and @2 (xo) are also finite
and that the functional equation (2.2) is satisfied for (xg, yo). This implies that for all
x and y in C such that Rx < xp and Ny < yg the Laplace transforms ¢(x, y), ¢1(y)
and ¢ (x) are finite and the functional equation (2.2) is satisfied by taking the limit of
(2.5) when t — oo0.

All that remains is to show that we can always choose xg and yg as close to 0 as we
like, such that (xg, yp) € (R*j)z,y(xo, y0) < 0, y1(x0, y0) < 0and y»(xp, yo) < Oand
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. vy =0 .

(20, y0) . (20, %0)

7 <07 <0

7 <0,7% <0

Eiy(z,y) =0 E:q(zy) =0

n=0

(a) Case ri1 >0, ra2 > 0, r12 > 0 and 721 > 0. (B) Case r11 > 0, ra2 > 0 and det R > 0.

Fig.4 Tllustration of the domain where | < 0 and y» < 0

the proof of Propositions 2.6 and 2.7 will be complete. Let us denote by & the ellipse
of equation y (x, y) = 0. One may observe that the interior of the ellipse £ defined by
y(x,y) < 0 contains a neighbourhood of 0 intersecting (R* )> by Assumption 1 on
the positivity of the drift. Indeed, the drift is an external normal to the ellipse at (0, 0).
We consider two cases coming from the existence condition of the process (2.1). The
first case is given by r11 > 0, 22 > 0, r12 > 0 and 1 > 0 (see Fig.4a). In this case,
one may see directly see that y1(x, y) < 0 and y»(x, y) <Oon (R*)2. 1t is therefore
easy to pick (xg, yo) close enough to (0, 0) which satisfies the required conditions.
The second case is given by r1; > 0, rpp > 0 and det(R) > 0 (see Fig.4b). In this
case, the cone defined by y; < 0and y» < 0 has a non-empty intersection with (R* )2.
Hence, we can still choose (xg, yo) as close as we want to (0, 0) inside the desired
cone and the ellipse &.

Remark 2.8 (Dependency on the initial state) The main difference compared to the
recurrent case [23] comes from the additional term e*>Y)%0 in the functional equation.
With the exception of this one term, it is coherent that Green’s functions in the transient
case have similar asymptotic behaviors that those of the stationary densities in the
recurrent case.

The following proposition follows from the functional equation and states that the
boundary Green’s densities &1 and A, are equal, up to some constant, to the bivariate
Green’s function g on the axes.

Proposition 2.9 (Green’s densities on the boundaries) The Green’s density g is related
to the boundary Green’s densities h; by the formulas

o1 022
rithy(b) = 78(0, b) and rphy(a) = Tg(a’ 0).
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Proof The initial value formula of a Laplace transform gives

o
xp(x,y) ) —/(; e 2(0, b)db.

Therefore, by dividing the functional equation (2.2) by x and taking the limit when x
tends to infinity, we obtain

1 o0 o0
Jo / g0, bYdb = r1191(y) = 111 / iy (b)db
0 0

which implies the result.

3 Continuation and properties of @ (y) and @2 (x)

The first step of the analytical approach [14, 17] is to study the kernel.
Lemma 3.1 (Kernel study)

(i) Equation y(x,y) = 0 determines an algebraic function Y (x) [resp. X (y)] with
two branches

1
YE@x) = 722( —opx — U2 £ \/(0122 — 011022)x% 4+ 2(u2012 — H1022)x + M%)

The function Y (x) [resp. X (y)] has two branching points X, and Xpay [resp.
Ymin and Ymax | given by

M2012 — (11022 — /Dy M2012 — (1022 + /D
Xmin = s Xmax = s
det(X) det(X)
M- 1012 — 2011 — ~/ D2 Y = n1012 + 2011 — /Do
min det(z) L) max det(z) E)

where Dy = (2012 — j1022)? + p3 det(X) and Dy = (k1012 — p2011)? +
//,% det(X). Both of them are real and X;yin < 0 < Xpmax [1€SP. Ymin < Ymax[- The
branches of Y (x) [resp. X(y)] take real values if and only if x € [Xmin, Xmax]
[resp. Y € [Ymins Ymax]1]. Furthermore Y~ (0) = —% < 0, Y (xpax) < O,
YT(0) =0, YT (xpar) < 0. See Fig. 5.

(ii) Foranyu € R

ReY™ (u + iv)
= L( —oppu—py £ L\/(’4 = Xmin) Xmax — u) + v2 4+ [(u+iv— Xpin) Xmax —u — iv)‘)-
022 V2
(iii) Let 6 = 00 iforp > 0and § = —pua/012 — Xmax > 0 if 012 < 0. Then for some

€ > 0 small enough

ReY " (u+iv) <0 foru €] —e€, xpmax +6[, veER.
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Proof Points (i) and (ii) follow from elementary considerations. The fact that
Y+ (Xpmax) < Oimplies the inequality —o12Xqx — 2 < 0,sothat§ > 0. Furthermore,
by (ii)) Re Y™ (u + iv) < ReY ™ (1) which is strictly negative for u €] — €, x;4x + [
by the analysis in (i).

Lemma 3.2 (Continuation of the Laplace transform) Function ¢, (x) can be meromor-
phically continued to the (cut) domain

{x=u+iv|u < xpax +6,v € R}\ [Xmax, Xmax + 6] 3.1
by the formula:

—y1(x, Y~ ()1 (Y~ (x)) — exp (aox + boY ~(x))
v2(x, Y~ (x))

P(x) = 3.2)

where zo = (ag, bp). A symmetric continuation formula holds for ¢ .

Proof By Lemma 3.1 (iii) for any x = u 4 iv with u €] — ¢, O[ the following equation
holds

—y Y ()oY (x) = yi(x, Y ()1 (Y™ (x0) + y2(x, Y (x))p2(x)
+exp(aox + boY ™ (x)).

Since y (x, Y™ (x)) = 0, the statement follows.

We now define

o _ oL
= Kapy — M1 and Y™ =2 iy — K2

2 2 .
_ T2 12 1 _ 1
o1 — 201277 + 022 (rzz) o1l (m> 20125 +on
(3.3)

Proposition 3.3 (Poles of the Laplace transform, necessary condition)

(i) x = 0is not a pole of p2(x), and ¢2(0) = E[Lgo] < 4-00. The local time spent
by the process on the horizontal axis is finite.

(it) If x is a pole of p2(x) in the domain (3.1), then x = x* and (x*, Y~ (x*)) is a
unique non-zero solution of the system of two equations

Y, ) =0, y(x,y) =ripx+rny=0. (3.4)
In this case, Xymaxr12 + Yi(xmax)rgz > 0, x™ is real and belongs to (0, Xpqx).
(iii) If y is a pole of p1(¥), then y = y** and (X~ (y™*), y**) is a unique non-zero
solution of the system of two equations
Yy, y) =0, yix,y)=rnx+ryy=0. (3.5

In this case, Ymaxr21 + XT (Ymax)r11 > 0, y** is real and belongs to (0, ypmax).
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Ymin

Fig.5 In the real plane (x, y), graphical representation of poles x* and y** when both exist

Finally, we define
y* =Yt (x*) and x**:= XT(y").
See Fig. 5 below, which depicts the poles x* and y** when they are both poles.

Proof (i) The observation that y,(0, Y~ (0)) = rpp x Y~ (0) # 0 implies the first
statement.

(ii) If x is a pole of ¢y, then (x, Y~ (x)) should be a solution of the system (3.4)
above by the continuation formula (3.2) and the continuity of ¢ [resp. 2] on {Ry < 0}
[resp. {fx < 0}]. This system has one solution (0, 0) and the second one (x°, y°),
which is necessarily real. Then x° € [X;;in, Xmax] and y© is either Y~ (x°) or Y+ (x°).
But x° can be a pole of ¢;(x), if only it is within ]0, x;,4,] and y° = Y~ (x°). This

o, . . p— j:
last condition implies 112 > =¥ Cimad)
22 Xmax

Proposition 3.4 (Poles of the Laplace transforms, sufficient condition) The point x*
(resp. y**) is a pole of 3 (resp. ¢1) if (and only if) Xmaxr12 + Y (Xpmax)r2a > 0 (resp.
Ymaxt21 + Xi(ymax)rll > 0).

Proof The inequalities above are necessary by the previous proposition. The next two
lemmas prove sufficiency. In those, we denote the dependence of Laplace transforms
wittll the initial condition. z0 by ¢}, 3° instead of ¢y, 2. The proof is done for x*,
but is of course symmetrical for y**.
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Lemma 3.5 (Existence of the pole for a starting point) If X4 712 + Yi(xmax)rzz > 0,
there exists 7o € ]Rz+ such that x* is a pole of <p§°.

Proof The denominator of the continuation formula (3.2) vanishes since we assume
that x,uaxrio + Y+ (Xmax)r22 > 0. We are looking for a zo such that the numerator
doesn’t vanish at x*, which will imply that z( is a pole of ¢;. If y;(x*, Y~ (x*)) > 0,
this is obvious due to the exponential term and since y;(x*, Y~ (x*)@1 (Y~ (x)) > 0.
We suppose now that —C = y;(x*, Y~ (x*)) < 0. We proceed with a proof by
contradiction. For the sake of contradiction, assume that

V20 = (ag, bp) € R2, —C@\“"0 (¥~ (x*)) 4 @0¥" +h0Y " — g, (3.6)

Let T be the stopping time defined by the first hitting time of the axis {x = 0}, i.e.
T =inf{t > 0, Z} =0} with Z = (Z', Z?). (It is possible that T = +oc). Firstly,
since the Stieltjes measure dL! is supported by {Z' = 0} and since Z is a strong
Markov process, for a starting point zo = (ag, bo) we have:

+00
b -~ 2 y— .k
(p}ao, 0)(Y (x*)) — ]E(ao,bo) / eZ,.Y (x )dLZI]lT<+00:| 3.7
T

=F & ity 338
= L(ag,bg) VA 0 € t T <400 ( . )

[ 0.22)  _
= Eag,bo) <Pf Y (X*))]IT<+<>O:|~ (3.9)

Conditioning by the value of ZZ, using (3.6) and ¥~ (x*) < 0, we get:

+00
o070 (y= (%)) :/O OO (Y () ) (T < +00, 23 = db) (3.10)

T 1 ok aby— (x* 1 1
:/0 EeoAx FOYT O 0 by (T < 400, 25 = db) < Plagby (T < +09) < & (3.11)

But, (ag, bo) can be chosen such that e+ T0oY~ (™) ig ag large as desired because
x* > 0. This is in contradiction with (3.6).

Lemma 3.6 (Existence of a pole for all starting points) If x* is a pole of (pé" for some
20 € R2, then x* is a pole of ¢5° for every zp € R3.

The proof of Lemma 3.6 requires Proposition 3.8 to be established and is therefore
postponed until after Proposition 3.8.

Lemma 3.7 (Nature of the branching point of ¢;) Letting x — Xyax With X < Xmax,
we have

o If voa(xmax, Y™ (Xmax)) = 0, i.e. x* = xppax, then
(x) < +0(1)
P2(x) = ———
VXmax — X

for a constant C > 0.
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o If vo(Xmax, Y™ (Xmax)) # O, then
p2(x) = C1 + Co/Xpax — X + O (Xppax — X)

for constants C1 € R and C, > 0.

Proof By Lemma 3.1, Y~ can be written as Y~ (x) = Y~ (Xjax) — C/Xmax — X +
O (Xmax — x) where ¢ > 0. We proceed to calculate an elementary asymptotic expan-
sion of the quotient of the continuation formula (3.2). Firstly,

1 1
y2(x, Y™ (x)) B v2(max, Y~ (Xmax)) — r22¢/XYmax — x + O (Xmax — x)

—1 . —
P s if Y =0,
¢/ Xmax—x ¥2 (Xmax (Xmax)

1 (1 72203 max X + O (Xmax — X)) if y2 (max, Y™ (¥max)) # 0.

¥2 Cmax Y~ (xmax)) 2 (¥max Y™ (xmax))

Secondly, for the numerator,

Y1, Y7 (0))@1 (Y (x)) + e®0xtbol 7 —
(11 Cmaxs Y~ (Kmax)) = 121687/ Xmax — X + O (Xpax — X))
X (01(Y ™ (Xmax)) — @] (Y™ (Xmax)) v Xmax — X + O (Kmax — X))
e 0Xmax tOY " Cnae) (1 — by /Xmax — % + O (Xmax — X)) (3.12)

Combining the two asymptotic expansions, we obtain the desired formula with

_n Xmaxs Y™ (Cmax)) @1 (Y™ (Xmax)) + e0¥max+bo¥ ™ (Xmax)

rpc

C

and

1 B _ B _
G = - [r21 co1 (Y™ (Xmax)) + cv1 (Cmax, Y™ (Xmax ))‘Pi Y™ (Xmax)) + Cboeao)fmax Fho¥™ (xmax)
v2(¥max, Y~ (Xmax))

mac

- m (V] Xmax, Y™ (max )1 (Y™ (¥max)) + g0 max +b0Y7(Xm‘”‘)) ]
max s max

The following proposition states the asymptotics of the Green’s functions 4 and
hy on the boundaries. We note that we obtain the same asymptotics as in Theorem 2
and 5 with « — 0, which is consistent with the link made between A1, i, and g in
Proposition 2.9.

Proposition 3.8 (Asymptotics of the Green’s functions on the boundary /; and /) In
this proposition we denote by c a constant which is allowed to vary from one line to
the next.

1. Suppose that we have a pole x* €)0, Xxpax[ for 2. Then, the Green’s function h;
has the following asymptotics

ho(u) ~ ce U,
u— 00
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2. Suppose that x* = Xyqy, then

h2(u) ~ Cu_l/ze_xnmxu.
u— 00

3. Suppose that there is no pole in 10, Xy [ and that x* # Xpqay, then,

ho(u) ~ cu "> Fmaxtt,
u

— 00
A symmetric result holds for h;.

Proof The result directly follows from classical Tauberian inversion lemmas which
link the asymptotic of a function at infinity to the first singularity of its Laplace
transform (which is here given in Lemma 3.7). We refer here to Theorem 37.1 of
Doetsch’s book [13] and more precisely we apply the special case stated in Lemma
C.2 of [10]. To apply this lemma, we have to verify the analyticity and the convergence
to 0 atinfinity of ¢ in adomain Gs (x;4x) = {z € C : 2 # Xpmax, | Ar2(Z—Xmax)| > 8}
for some 6 € (0, /2). But this follows directly from the continuation procedure of
Lemma 3.2:the exponential part of the continuation formula (3.2) tends to O in a
domain Gs(x,4y) for some § € (0, 7/2) by using (ii) of lemma 3.1. Note that the
convergence to 0 also follows from Lemma B.2. Then, Lemma 3.7 gives the nature
at the branching point x,,,, which is the smallest singularity except in the case where
there is a pole in ]0, x,,,4x[, where the pole x* is the smallest singularity.

Remark 3.9 We remark in the proof of Lemma 3.7 that O (1) and O (x;;;4x — x) of this
lemma are locally wuniform according to zo. This means that
)
Xmax —X

(z) _
SupZ6€V '(p;O (x) — = O(1) as x — x* when V2(Xmax, Y™ (Xmax)) = 0

for a sufficiently small neighborhood V of z¢ (and the same holds for O (x;,4x — x) in
the other case). This implies that the results of Proposition 3.8 hold locally uniformly
in zg. Indeed, it is enough to adapt the Tauberian lemmas of [13] used in the proof of
Proposition 3.8. Note that the constants c of this proposition depend continuously on
20-

Proof of Lemma 3.6 Let zo = (ag, bg) be a starting point such that x* is a pole of (pgo.
Then, the continuation formula (3.2) implies that —y; (x*, Y _(x*))gpfO(Y “(x*)) —
exp (aox* + boY ™ (x*)) # 0. By continuity with respect to the starting point (which
follows from the integral formula given in [22] or from [38]), there exists a neighbour-
hood V of zg such that —y; (x*, Y_(x*))gaio(Y_(x*)) —exp (a(’)x* + b6Y_(x*)) #£0
for all z6 = (a{), b(’)) € V. Therefore, by the continuation formula, x* is a pole of
(pgo for all z;, € V. From Proposition 3.8 and by continuity of the constant of this
proposition according to z;, we conclude the following. If x* is a pole of (péo, there

exists a constant ¢ such that for all z;, € V we have h(;o)(u) = ce™"U(1 + o(1))
(notice that o(1) is uniform in z;, in the sense of Remark 3.9 and that ¢ is continuous
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in z{). For z{j € R? we introduce the stopping time
Z//
Ty :=inf{tr >0:Z,° € V}

where Z ,ZO denotes the process starting from z;j. By the strong Markov property applied
to Ty we have for some constant C and when u — c0,

hy' () > Py(Ty < 00) inf () = Ce™" (1 + o(1).
ZOE

We deduce by Proposition 3.8 that z(j is necessarily a pole.
We conclude this section with the following lemma which will be needed in Sect. 6.

Lemma 3.10 (Boundedness of the Laplace transform) Let n €]0, &[, we have

sup |p2(u +iv)| < o0.

ME[Xi(VVmax)_nﬂXmax +nl
lv|>€

Proof Clearly, for any x = u + iv withu < 0, |@p2(u + iv)| < ¢2(u). Then for any
€ >0,
sup |gp2(u +iv)| < oo. (3.13)
u€[X* (Ymax)—n,—¢€]

For any x = u + iv with u € [—€, xpqax + n] Lemma 3.2 applies and gives the
representation (3.2). Let us consider all its terms. By Lemma 3.1 (ii), for any fixed
u € R, the function ReY ~ (1 4 iv) is strictly decreasing as |v| goes from O to infinity.
Moreover, for any u € [—€, Xpax + 6]

ReY (u +iv) < —

[v].

1
V20

Then,

lp1 (Y~ (u+iv)| = pi(ReY™ (u+iv)) < ¢ ( Ivl) =¢i1(0). (3.14)

-1
V202
By Proposition 3.3 (i) ¢1(0) < oo. It follows that

sup o1 (Y™ (u+iv)) < oo. (3.15)

U€[—€,Xmax+3]

By Lemma 3.1 (i) there exists a constant d; > 0 such that
ly1(u +iv, Y™ (u +iv))| < dilvl, VYu € [—€, Xmax + 1], [v] > €. (3.16)
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Note that [y2(u + iv, Y~ (u + iv))| > |rjau + rpoReY ™ (u + iv)|. Then by Lemma
3.1 (ii) and also by Proposition 3.3 (ii) there exists a constant d» > 0 such that

ly2(u +iv, Y™ (u +iv))| = da|vl, Vu € [—€, Xpmax +1l, |v] = €. (3.17)
Finally by Lemma 3.1 (ii)
|exp(ag(u +iv) + boY ™ (u + iv))| = exp(apu + boRe Y™ (u + iv))

012 bo
<ex ag—by—= | u — |v|> (3.18)
p(( 0 0022> V202

for any u € [—e€, x;uq0¢ + 1] and v with |v| > €. Then the estimate (3.13), the repre-
sentation (3.2) combined with the estimates (3.15), (3.16), (3.17) and (3.18) lead to
the statement of the lemma.

4 Inverse Laplace transform: from a double integral to simple
integrals

By the Laplace transform inversion formula ([13, Theorem 24.3 and 24.4] and [5]),
for any € > 0 small enough,

1 —e+ioo —e+ioo
g(a,b) = W/ - ' ¢(x, y)exp(—ax — by)dxdy,
—€—100 —€—I100

in the sense of principal value convergence.

Lemma 4.1 (Inverse Laplace transforms as a sum of simple integrals) Let zo = (ag, bo)
be the starting point of the process. For any (a, b) € Rﬁ_ where either a > ag, b > 0
orb > by, a > 0 the following representation holds:

g(a,b) = Ii(a,b) + Ir(a, b) + I3(a, b)

where
1 —e+ioo " " dx
Ii(a,b) = — P2(x)y2(x, YT (x)) exp(—ax — bY " (x)) ———,
i )eino P Vo YT ()
1 —e—+ioco n 4 y
Ia,b) = — e1My1XT (), y)exp(—=aX ™ (y) —=by) —————,
270 ) —e—ioo e (X, y)
1 —e+ioco 4 + X
I3(a,b) = — exp(apx +boY ™ (x)) exp(—ax —bY ™" (x)) ————— ifb > by,
270 J—e—ico Yy, YH(x)
1 —e+ioco 4 4 y
Iy(a,b) = — exp(ag X" (y) + boy) exp(—aX ™" (y) — by) ————— ifa > agp.
270 J—e—ioo yr(XT (), )
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The two different formulas for 73 will be useful in Sect. 9 in studying the asymptotics
along the axes.

Proof For any € > 0 small enough y (—e, —¢) < 0. Then
Rey(—e +ivy, —e +iv2) <0 Vv, v € R “.1)

since X is a covariance matrix. Then, by (2.2)

—e+ioco —e+ioo

-1
g(a’ b) - W /;E—iOO —€—i00
Y1(x, Y)o1(y) + v2(x, ¥)g2(x) + exp(aox + boy)

y(x,y)

exp(—ax — by)dxdy.

Now, let us consider for example the second term. It can be written as

-1 —€+ioo —e+ioo i
W./ . @2(x) exp(—ax)(/ ' 7;2((;: ;)) exp(—by)dy)dx.

Note that the convergence in the sense of the principal value of this integral can be
guaranteed by integration by parts.
Now, it just remains to show that

=1 [T p(x, y) kYT () N
% i y(x’ y) exp(—by)dy = m eXp ( —bY ()C)) (42)

Let x = —e. The equation y(—¢, y) = 0 has two solutions, YT (—€) > 0 and
Y~ (—¢) < 0. (In fact, for € > 0 small enough Y+ (—¢) is close to Y+ (0) = 0 staying
positive and Y~ (—e) is close to Y7 (0) = —2uz/022 < 0). Let x = —e + iv. The
functions ¥ T (—e+iv) and Y ~(—e+iv) are continuous in v. By (4.1) their real parts do
not equal —e for any v € R. Thus ReY T (—€ +iv) > —e and ReY ™ (—€ 4 iv) < —¢
for all v € R. Let us construct the contour [—€ — iR, —€ + iR]U {t + iR, | t €
[—€, 0]} U{Re |t €] — /2 +m/2[}U{t —iR, |t € [—¢, 0]}, see Fig. 6.

For any fixed x = —e + iv, the integral over this contour taken in the counter-
clockwise direction of the function % exp(—by) equals the residue of this function
multiplied by 2777, which is exactly the resultin (4.2). It suffices to show that the integral
over {t +iR |t € [—€,0]} U{Re!" |t €] —m/24+m/2[}U{t —iR | t € [—€,0]}
converges to zero as R — oo. The integral over the half of the circle {Re' | t €
] —7m/2 4 7 /2[} equals

/2 it
/ ! )/Z(x’—Re.) exp(—bRe”)iRe”dt.
—n2 Y(x, Re'l)

r@.Re') . p it _
We have supg_ g, SUP;c|—x/2.7/2] WIRE < oo for Ry = Ro(x) > 0 large
enough, while |exp(—bRe”)| = exp(—bRcost) — 0as R — oo for any t €
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—e+ iR

—e —iR

Fig.6 Integral contour in the complex plane Cy, with the pole YT (x)

1—m/2, /2] since b > 0. Hence, the integral over the half of the circle converges to
zero as R — oo by the dominated convergence theorem. Let us look at the integral
over segment {t +iR | t € [—¢, 0]}. For any fixed x = —e +iv, there exists a constant
C(x) > 0 such that for any R large enough

y2(x,u +1iR) _ C(x)

sup ; <
uel—e,01 Y (X, u +iR) R
Therefore
y2(x,u +1iR) ) C(x)
—b R))du| < b 0.
)/e y(x,u+i R)exp( (u+iR)du| < €exp(be) R Roro

The representation of I (a, b) follows.
The reasoning is the same for the third term. The integral over the half of the circle
equals

ltdt

/” exp(—(b — bo)Re”)
—7'[/2 V(X’Relt)

We have Sup .. g, SUPsej /2,721 | 7oy R | < 00 while | exp(—(b—bo) Rei")| =
exp(—(b — bg)Rcost) - 0as R — ooforany t €] — /2, w/2[ since b — by > 0.
The integral over the half of the circle converges to zero as R — 0o by the dominated
convergence theorem once again. For any fixed x = —e + iv, there exists a constant
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C(x) > 0 such that for any R large enough

1 C(x)
sup ‘ - ‘ =0
u€[—e,0] y(x,u+iR) R
Therefore
0 exp(—(b — b R ¢
‘/ exp(—( 0)(.14 +1i ))du‘ < eexp((b — by)e) « 0, R — oo.
e y(x,u+iR) R?

The representations for />(a, b) and I3(a, b) with a > a are obtained in the same
way.

Remark. Let us introduce the notation a, b, ¢, @, b, ¢'by
y(x,y) = a(x)y* +b(x)y + c(x) = a()x* + b(y)x + (). 4.3)

Then functions in the integrand can be represented as

Yo YH0)) = a0 (Y (x) = Y~ (1) = 2a(0)Y T (x) + b(x) = /b2 (x) —4a(x)c(x) (4.4)

Ye(XT (), y) =G0)XT () = X~ () = 20X T () +b(y) = /b2(y) — 4d(»)T(y). (4.5)

5 Saddle point and contour of the steepest descent

Our aim is to study the integrals 71, I> and I3 of Lemma 4.1 using the saddle point
method (see, for example, Fedoryuk [18]).

Saddle point

For o € [0, 2r[ we define
(x(a), y(@)) = argmax , )., (x, y)=o(X cOS@ + y sin). 6.

We will see that this point turns out to be the saddle point of the functions inside the
exponentials of the integrals /1, I> and /3. See Fig. 7 for a geometric interpretation of
this point.

The map « : [0,27[— {(x,y) : y(x,y) = 0} is a diffeomorphism. The func-
tions x (), y(«) are in the class C*°([0, 27r]). For any o € [0, 7/2] the function
cos(a)x +sin(a) Y T (x) reaches its maximum at the unique point on [X* Ymax)s Xmax)
called x(«). This function is strictly increasing on [X *(Ymax), x(a)] and strictly
decreasing on [x(a), Xuax]. The function cos(e) X+ (y) + sin(a)y reaches its max-
imum on [Yi(xmax), Ymax] at the unique point y(«). It is strictly increasing on
[YEnax), y(a)] and strictly decreasing on [y(®), Ymax]-
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‘\
Fig.7 Graphical representation of the saddle point. We denote e, = (cos(), sin(w))
Thus x(0) = xmax, y(0)

Finally, x(«) = 0 and y(«)

0 if (cos(a), sin(a)) =

Yi(xmax)» x(m/2) = x* Ymax)> Y(T/2) = Ymax
denote the direction corresponding to the drift by o,.
Let us define the functions

i

%)

, WY

F(x,a) = —cos(a)x — sin(a) Y (x) + cos(o)x (o) + sin(a)y(a), 5.2)
G(y,a) = —cos(a)X T (y) — sin(a)y + cos(a)x (a) + sin(a) y(c).

of the integral I, see Lemma 4.1. We have

We see that the function F is (up to a constant) the function inside exponential of the
integral /1, and the function G is (up to a constant) the function inside the exponential

F(x(a),a) =0 Va € [0, /2]
and

Fl(x(a), ) =0 Ya €]0, /2], but not at o = 0.

In the same way G(y(«), o) = O for any @ € [0, 7 /2] and G/y(y(a), a) = 0 for any
—tan(o).

o € [0, w/2[ but not at & = /2. Then (Y (x()))’ = —ctan(e) and (X (y(@)))’ =

Using the identities ¥ (x, Y T (x)) = 0 and y (X" (y), y) = 0, we get:

@) _ (@), y(@) _ _Cf)S(Ol)’
x=x(@) Yy (x(e), y(e)) sin(@)

a€l0, /2] (5.3)
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Fig.8 Level sets of N(F) in
purple and of I(F) in orange.
The saddle point x () is
represented in blue and the
branch point x4y is in red
(Color figure online)

_//

LIS ASES

X

oy | = BE@@) s
y=y(@) vi(x(a), y(a)) cos(a)
o+ 20712 (—ctan (o)) + 022 (—ctan ())?

a € [0,m/2]

Y+ Vi _

R Y@, y(@)

X+ () _ _011(—tﬂf1(0l))2 + 2012(—tan (@) + 022
y=r@) YL (@), y(@)

=2 _ . 2
F/(x(a), @) = o1 sin“(«) — 2077 sin(a) cos('a) + 027 cos” () 0 & €0, 72,
Yy(x (), y(a)) sina

(5.4)

) N . 2
G’y/(y(oz), o) = o011 sin“(«) — 2077 sin(a) cos(a) + 077 cos= () =0 & c0.7/2].
7y (x(a), y(a)) cos(a)

where the strict inequality arises from (4.4), (4.5) and the positive-definite form of X.
The values of x(«) and y(«) are given by the following formulas.

2 2
(2012 — 1022) 1 H5011 — 21 42012 + 47022
xe) = SRR (022 — tan(@)o12)| —2— ! (5.5)
et(X) det(X) o1 tan“ (o) — 207 tan(w) + 097
2 2
(11012 — H2011) 1 1 H1022 — 2101 2012 + U507 ]
v = = ldzet():)z : T @\ @ ™2 o S o2 o (5.6)
tan2 (@) ~ “tan(a) +on

Indeed, using the same calculations as in section 4.2 of [23], the equation 0 =
% [y (x, YT (x))] |x=x(«) combined with the first equation of (5.3) gives a linear rela-
tionship between x (o) and y(«). Injecting this condition in the polynomial equation
y(x(a), y(a)) = 0, we get two possible values for x(«) and y(«). The choice of sign
then depends on «.
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Contour of the steepest descent

Before continuing, the reader should read Appendix A which states a parameter depen-
dent Morse lemma. The usual Morse Lemma enables one to find steepest descent
contours for a function at a critical point. The parameter dependent Morse lemma
treats the case of a family of functions ( fy), Which have critical points x(c) (with
smooth dependency in «). This lemma tells us that the contours of steepest descents
of fy at x(«) are also smooth in «. This property is necessary to obtain the asymptotic
behaviour where r — 400 and @ — «g. Let og €]0, 7 /2]. We apply Lemma A.1 to
F defined in (5.2). Let us fix any € €]0, K[ and consider any « such that |« —ag| < 7,
where constants K and 7 are taken from the definition of €2(0, ¢g) in Lemma A.1.
Then, for any o we can construct the contour of the steepest descent

Iyo=1{x@t, )|t €[—€, €]}
Clearly,
F(x(it, o), ) = —t2.
We denote by x; = x (i€, ) and x, = x(—ie, o). Then
F(x} a)=—€>, F(x,,a) =—€ (5.7)

Since F!'(x(@), a) # 0, the contours in a neighborhood of x(«) where the function
F is real are orthogonal, see Fig.8. One of them is the real axis. The other is the
contour of the steepest descent, which is the orthogonal to the real axis. It follows
that Imx(;z > 0 and Imx, < 0. By continuity of x (i€, &) on o for any n > 0 small
enough, there exists v > 0 such that

Imx;‘ >v, Imx, <—v Va:|a—ap| <n. (5.8)

In the same way, for any @ € [0, w/2[, we may define by the generalized Morse
lemma the function y(w, o) w.r.t. G(y, ). Let ag € [0, 7/2[. We can construct the
contour of the steepest descent

Pyo = {y(it,@) | 1 € [—¢€, €]}
with end points y” = y(i€, @) and y, = y(—ie, &) and the property analogous to

(5.8).
We note that for any o =]0, 7 /2[

+ +
F)C,O( =X (Fy,a)a Fy,oz =Y (Fx,a)- (5.9
—e e e
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Fig.9 Steepest descent contour
for R(F) according to a. As o I}
gets closer to zero, the
corresponding contours appear
in lighter shades of green. When
a — 0 this contour tends to the
half line [xpax, 00) (Color iz

figure online) ® -

The arrows mean that the direction has to be changed because of the facts that
(X () ( )< Oand (YT (x)) ( )< 0. This notation comes from [17] (chap-

y(a x=x(a

y_
ter 5.3, p 137).

Casewhereag =0

In this case Iy o is now well-defined, but not I'y o (since F' (x(0), 0) = 00), see Fig.9.
Thus we define

+
Fx,O =X (Fy,O)
—_—

with end points xa' = X*(yar) = Xmar + €2 and X, = X*(yo_) = Xpax + €. In
fact, for @ = 0, we have G (y, 0) = —X () + Xnax and G(y (i€, 0), 0) = —e%. Thus
I'x 0 runs the real segment from x4, + €2 10 X;ax and back to Xmax + €2 Figure9
illustrates why this phenomenon happens when o« = 0. Again by continuity on @ we
may find n > 0 and v > 0 small enough, such that

Rex) — Xmax > v, Rexy — Xmax > v, Va € [0, nl. (5.10)

If ag = /2, Iy /2 is well-defined, but not I'y, 2. We then let
+
Uy =Y"Tynp2)
_

with endpoints y;” = Y (x]) and y; = YT (x}).

@ Springer



Queueing Systems

S+

T,00

e+

Fig. 10 In the complex plane Cy, shift of the integration contour passing through the saddle point along
the steepest line

6 Shift of the integration contours and contribution of the poles

We will now define the integration contours of /1, /> and /3 using the contours of the
steepest descent studied in the previous section. First, let

Sty =l +it|t1>0}, Sy, ={x; —it|t>0},

Sta={vd +it|1=0). Sy, ={y; —it|1=0).

Now, let us construct the integration contours Ty o = St Txe + S;a and
Tyo = S;a +Ty o+ S;fa for any o € [0, 7 /2]. See Fig. 10 which illustrates these
integration contours.

Case where the saddle point meets the pole

The only exception in defining these contours will be for & € [0, /2] such that
x(a) = x* €]0, xpax[ is a pole of ga(x) and y(a) = y** €]0, ymaxl is a pole of
©1(y). We call these directions o * and o**, so that x (@*) = x*, y(a*) = YT (x*) = y*,
y(@**) = y**, x(a@**) = XT(y**) = x**. When x* and y** are poles, we recall that
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by the Lemma 3.3:

2 rni

s Mot — iy and 52 M;m—m .
— 2 2 1) _ 1
o1 — 20127 + o2 (,22) o1l (m> 201275 +ox
6.1)
We also recall that
y* =Yt (x*) and x** = XT(*). (6.2)
We remark that we have y* = —g—ix* (resp. x** = —22Ly™) if and only if x* (resp

y**)is not a pole of ¢; (resp. ¢1) because of the condition on x* and y** to be poles.

Remark 6.1 If x* is a pole, then o* €]0, [, and if y** is a pole, then «** €]e,,, 7/2[.
We denote o* = —oo if x* is not a pole and o™* = 400 if y** is not a pole.

If « = a* €]0, ay, [, we modify in the definition of T , the contour I'y by Fx,a,
which is the half of the circle centered at x (™) going from x(; to x_« in the counter-
clockwise direction. The same modification is made for & = o™* €la,,, 7/2[.

The next lemma performs the shift of the integration contour and takes into account
the contribution of the crossed poles. Recall that 17, I> and I3 are defined in Lemma4.1.

Lemma 6.2 (Contribution of the poles to the asymptotics) Let « € [0, w/2]. Then for
anya,b >0

(—resy—xr @2 (X)) Y2 (x*, y*)

Ii(a, b) = V}C(x*’ y*) exp(_a-X* - by*) X 1y g
1 Yt
b / V2 (x)y2(x (x)) exp(—ax — bY T (x))dx,
2mi ry(x, Yt(x))
T — xE P
L(a,b) = ( =) <p1(y)))/1( ) exp(—ax™ — by™) x 1gsgr

Yo (¥, y*)

L [ o0& 0.y exp(—aX ™t (y) — by)dy

2mi YIXT(), y)

_ 1 ' . . + _ax
Ig(a,b)—%T/ exp((ag — a)x + (bg — b)Y (x))y;oc,w(x)) ifb > by
I3a,b) = —— / exp((do — )X () + (b — By ——2— ifa> ay
S 27n'T ViXT(), ) '

We remark that we have y» (x*, y*)resy+ @y < 0 and y; (x**, y*)resy+ @ < 0.

Proof We start from the result of Lemma 4.1, and we use Cauchy theorem to shift
the integration contour. We take into account the poles by the residue theorem noting
that x* < x(«) if and only if « < «* and that y** < y(«) if and only if ™ < «. In
order to get the representation of /1 by shifting the contour, we want to show that the
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integrals on the dotted lines of Fig. 10 tend to 0 when these lines go to infinity. To do
so, it suffices to show that for any n > 0 small enough,

sup P2+ iv)ya(u +iv, Y (u +iv))
u€[X* (Ymax) =1 Xmax+n] y)/ (M + il), Y+(M + lU))

exp(—a(u +iv) —bYt(u +iv))| = 0, asv — oo.
It suffices to study the supremum on [—¢€, X4 + n]. By Lemma 3.10 for any € > 0,

sup la(u +iv)| < oo.
ue[ Xt (Ymax) =1 Xmax+nl,|v|>€

Let us observe that by (4.4)

Yy, YT () = \/ b2(x) — da(x)e(x) = \/ (03, — o11022)x% + 2(uz012 — io)x + 3. (6.3)
This function equals zero only at real points x;,;;, and x4, and grows linearly in

absolute value as |Ix| — oo. By Lemma 3.1 (i) the function |y (x, Y+ (x))| grows
linearly as |Jx| — oo. Then for any € > 0

v(u+iv, YT (u +iv))

sup - - exp(—a(u +iv))| < oo.
ME[X+()’mux)_'7vxmax+77]w )/)i(u + v, Y+(I/t + ”)))
[v|=€
Finally,
sup lexp(—=bY " (u +iv))]
u€[XF Ymax) =1 Xmax+n]
= sup exp(—bReY " (u +iv)) — 0,

u€[XT (Ymax) =1 Xmax=+n]

as |v| — oo due to Lemma 3.1 (ii) and the fact that » > 0. The other representations
are obtained in the same way. In the representations of I3(a, b) we have used the facts
thata —ag > Oand b — by > 0.

7 Exponentially negligible part of the asymptotic

Let us recall the integration contours Ty o = SiatTxa+t Sj, gand Ty o = S; ot
Iyot+S y+ o forany € [0, /2]. This section establishes a domination of the integrals
on the contours Sfj o and Sfa. This domination will be useful in the following sections
to show that these integrals are negligible. We will see that the asymptotics of integrals
I1, I and I3 of contour Ty o and T}, , are given by the integrals on the lines of steepest
descent I'y 4 and I'y 4.
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Lemma 7.1 (Negligibility of the integrals on Sfa and Syﬂfa) For any couple (a,b) €

R%r we may define a(a, b) as the angle in [0, /2] such that cos(o) = m and
sin(a) = «/aZb+7b2'

e Let ag €]0,7/2]. Then for any n small enough and any ro > 0 there exists
a constant D > 0 such that for any couple (a, b) where ~/a* +b* > ry and
la(a, b) — ag| < n we have

+
‘ / wz(y?(fi:;;;” exp ( —ax — bY"'(x))dx‘ < %exp ( —ax(a) — by(a) — ezm)

(7.1)
Furthermore, if b > by we have

| f exp((ao—a)x+(bo—b)Y*(x))ﬁ ?bo exp (= ax(@) — by(@ — €2\/a2 + b — b)?).

Sta

(7.2)

e Let ag € [0, /2[. Then for any n small enough and any ro > 0 there exists

a constant D > 0 such that for any couple (a, b) such that ~a* +b? > r,
la(a, b) — ag| < n we have

‘/‘PI(Y))/I(X+()’) )

—axt o — byl < Zoexp (— _ s )
X0 ) exp (—aX"(y) by)d))faexp( ax(a) —by(a) —e“Va +b>.

(7.3)
Furthermore, if a > ag we have

—oxty SO SR PP —ax(a) — — 2 J(a—ap)? + b2
| [ et~ X+ -+ o | S e o (- e by = Va0 +12).

syfa

(7.4)

The same estimations hold for S, , and Sy,

Proof First, with definition (5.2) and the notation in (5.7), the estimate (7.1) can be
written as

‘ / WZ(X +tv)y2(x +iv, Y+(x +iv) xp(— \/m(F(x;' +iv,a) — F(x;',a))dx‘ < B
2o ye(xa +iv, Y+ +iv) b

(7.5)
with @ = a/(a, b).

Let be ag €]0, /2]. If ag # 7/2, let us fix n > O sufficiently small such that
ap—n >0,and ag +n < /2. If 0g = /2, let us fix any small > 0 and consider
only o € [7/2 —n, /2].

By Lemma 3.10 and equation (5.8)

sup  lga(xg +iv)| < oo. (7.6)

v>0,|le—ag|<n
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By the observation (4.4) yy’ (x, YT (x)) = 0 only if X = Xin, Xmax. Then by (5.8) we
have
inf lyy(xg +iv, YT (xg +iv)| > 0. (7.7

v=0,la—ag|<n
Again by (6.3) and Lemma 3.1 (ii) we have
vt +iv, YT (x) +iv))

sup - - < Q. (7.8)
v20,la—aol<n | Yy (xd +iv, Y (xd +iv))

Finally
lexp (= Va2 +b2(F(x} +iv, ) — F(xg, )| = exp (—bRe¥Yt(x] +iv) —ReYT(x}))). (7.9)

By Lemma 3.1 (ii), the function ReY*(x}" + iv) — ReY " (x]) equals 0 at v = 0
is strictly increasing as v goes from zero to infinity. Moreover, it grows linearly as
v — oo: there exists a constant ¢ > 0 such that for any « such that @ — «g| < 1 and
any v large enough

ReY T (x) +iv) —ReY (x)) > cv. (7.10)

It follows from (7.6), (7.8), (7.9) and (7.10) that the left-hand side of (7.5) is bounded
by

oo
C/ exp(—bcv)dv = C x (cb)_1
0

with some constant C > 0 for all couples (a, b) with |x(a, b) — ap| < .

As for the integral (7.2), we make the change of variables B = b — by > 0.
Next, we proceed exactly as we did in (7.1). The only different detail is the ele-
mentary estimation SUP|g—gg|<n,v>0 | exp(ao(xj + iv))| < oco. We then obtain the
bound %exp(—ax(oz) — By(a) — ev/a? + B?%) with some D’ > 0. Then with
D = D' exp(bpy(a)) the estimation (7.2) follows.

The proofs for (7.3) and (7.4) are symmetric.

The previous lemma will be useful in Sect. 8 in establishing the asymptotics when
ag €]0, r/2[. In the next lemma we will show the negligibility of the integrals in the
two cases where g = 0 or 7r/2. This will be useful in Sect. 9.

Remark 7.2 (Pole and branching point) In the next lemma and in Sect.9 and 10, we
exclude the case y2(Xmaxs Yi(xmax)) = 0 [resp. y1 (Xi(ymax)v Ymax) = 0] such
that the branching point and the pole of ¢ (x) coincides. This case corresponds to
X* = Xpax [r€sp. ¥y* = Yimax), i.e. @™ = 0 [resp. o™ = 7/2]. Note that we already

obtained the asymptotics of /| and & in these specific cases in Proposition 3.8.

Lemma 7.3 (Negligibility of the integrals on Sf’a and $F

Y. Case where g = 0 or
w/2)
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For any n > 0 small enough and any roy > 0 there exists a constant D > 0 such
that for any couple (a, b) where ~/a®> + b%> > rg and 0 < a(a, b) < n we have

+
’ / “’2;’2)(}')(2(;:;“()")) exp (—ax — by+(x))dx| <Dexp ( —ax(@) — by(@) — 2Va? +b2). (7.11)

Furthermore, if b > by we have

‘ / exp((ag — a)x + (bg — b)Y+(x))W’ D exp ( —ax(a) — by(a) — ezw/a2 + (b — bo)z). (7.12)

S,\‘,oz

The same estimations hold for S; . For any couple (a, b) such that Va4 b2 > ry
and 0 < /2 — al(a, b) < n, a symmetric result holds for the integrals on S\+ o and
S o

y,x

Proof Let ap = 0 so that x(eg) = Xpqax. Our aim is to prove (7.11), which is then
reduced to the estimate

/ 02 + iV +iv, YT (g +iv))
v>0 yeGd +iv, Y +iv)

exp(—aiv —h()’Jr(x(;r +iv) — Y+(x(;r)))du| <D. (713)

Let us fix any n > 0 small enough and consider o €]0, n]. By (4.4) the denominator
y)’, (x, YT (x)) is zero at x = x,,,, but not at other points in a neighborhood of X, .
Then by (5.10) we have

inf |y] (e, Y ()| > 0. (7.14)

O<a=ny

The function ¢, (x) has a branching point at xp,ax . But it follows from the representation
(3.2) that it is bounded in a neighborhood of x,,,, cut along the real segment due to
Remark 7.2. Hence, this integral has no singularity at v = 0 for any « €]0, 1] so that

N0t YT xh)
0sasn Vi, YD)

(7.15)

Let us consider the asymptotics of the integrand in (7.13) as v — oo. It is clear that
Yt (x} +iv) grows linearly as v — 0o and so do functions y, and yy/ of this argument.
The function ¢, (x, + iv) is defined by the formula of the analytic continuation

V1G4 iv, Y~ (xd +iv)e) (Y™ (xg +iv) +exp (ag (kg +iv) +boY ~ (xaf +iv)) (7.16)
V(g +iv, Y~ (xd +iv) B

@2 (xq +iv) = —

We know that Y~ (x +iv) varies linearly as v — 00, and moreover ReY ~ (xq +iv) <
—c1 —cpv forall v > 0 and o €]0, ] with some ¢y, ¢; > 0. Then by Lemma B.2 in
Appendix C

l2(x ) +iv)| < Cv*! (7.17)
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for any @ €]0,7n] and v > Vy with some C > 0, Vp > 0 and A < 1. Hence, the
integrand

ea(xf +ivyyax) +iv, YT(x] +iv))
vi(a 4 iv, Y*(xg +iv))

is O(v*~!) as v — oo. The positivity of ReY + (x} +iv) —ReY T (x]) forany v > 0
and the inequality (7.10) in the exponent stay valid for any o €]0, 5], so that the
exponential term is bounded in absolute value by exp(—cbv) with some ¢ > 0. But
for n small enough, the assumption «(a, b) €]0, n] implies the arbitrary smallness
of b. In the limiting case b = 0 the integral in the l.h.s of (7.13) is not absolutely
convergent. In order to prove the required estimate (7.13), we proceed by integration
by parts. This integral equals

o aF + iyt +iv, YT g +iv) ) o . v=00
—aiv—bYT(xf +iv)—Y 7.18
Vod +iv, Y0 + i) (—ai — bV (ed +iv))) exp (= aiv = b0 + i) () ’v:O (7.18)
o0 ‘/’2(/‘2— + iU)VZ(X; +iv, Y+(X;— +iv)) 4 . 4.+ . 4+, +
- —aiv— bt aF +iv)— Y dv.
/0 (V,\/'(x;'+iv,Y+(x;+iv))(fai 7b(Y+(x;+iv))/u))” oxp (i = b (x4 = YT Gy

(7.19)

Note that although in this case x‘;'[) = Xuax Which is a branching point for Y+ (x), the

first and second derivatives are bounded

sup |Y(x} +iv) <oo  (7.20)

ael0,n]

‘ <00, sup |Y(x] +iv)” ‘
v=0 ael0,n] v=
by remark (5.10). Furthermore, Y= (x; +iv)’ is of the constant order and Y+ (x} +iv)”
is not greater than O (1/v) as v — oo.

The term (7.18) at v = 0 is bounded in absolute value by some constant due to
(7.15) and (7.20). It converges to zero as v — oo by the statements above for any
a € [0, 00], a,b > 0. To evaluate (7.19), we compute the derivative in its integrand
and show that it is of order O (v*~2) as v — oco. We skip the technical details of this
computation but outline the fact that g2 (x;" + iv)) is computed via the representation
(7.16)and |1 (Y~ (xj +iv)), | is evaluated again by Lemma B.2. Namely, it is of order
not greater than O (v*~2) as v — oo. Thus, the integral (7.19) is absolutely convergent
for any a, b > 0 and can be bounded by some constant as well. This finishes the proof
of (7.11). The proof of (7.12) is symmetric.

Note that the proof of Lemma 7.1 essentially uses the result of Lemma 3.10 which
bounds the Laplace transforms. The proof of Lemma 7.3 uses a stronger result stated
in Appendix C which gives a more precise estimate of the Laplace transform near
infinity.

Following the lines of the proof we could establish a better estimate, namely the
one that the integral is bounded by some universal constant divided by a, but we do
not need it for our purposes.
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Remark 7.4 (Negligibility) When «a(a, b) — a9 €]0, w/2[, Equations (7.1), (7.2),
(7.3),(7.4) of Lemma 7.1 give quite satisfactory estimates which prove the negligibility
of the integrals on the contours Sfa and S;fa with respect to integrals on contours
[y qand Ty 4, see Lemma 8.1 below. In fact

exp(—ax(a) — by(a) — €2 a2 + b?) 0<exp(—ax(oz) — by(a)))

b Va2 + b2
exp(—ax(a) — by(ar) — €2 a2 + b?) _exp(—ax(a) — by(a))
a =T )

Whena(a, b) — Oorm/2,Equations (7.11) and (7.12) of Lemma 7.3 give satisfactory
estimates which prove the negligibility which will be useful in Sect. 9 when computing
the asymptotics along the axes.

8 Essential part of the asymptotic and main theorem

This section is dedicated to the asymptotics of g(a, b) = I} + I + I3 when «(a, b) —
ag €]0, /2[. The next lemma determines the asymptotics of the integrals on the lines
of steepest descent I'y  and I'y , of the shifted contours.

For any couple (a, b) € ]R%_ we define a(a, b) as the angle in [0, /2] such that

cos(a) = ﬁ and sin(a) = \/ﬁ and we define r € Ry such that r =

Na? + b2,

Lemma 8.1 (Contribution of the saddle point to the asymptotics) Let g €]0, /2[.
Let a(a, b) — ag and r = ~/a* + b2 — oo. Then for any n > 0 we have

1 [ e@ne Y @) ot n
i f y)’,(x, Y0 exp(—ax —bY ™" (x))dx + i
xX,0 V.o

dy
Xtm.y)

f P11 (XT (). y)

—aXxt(y) —
TGy Py

T f exp((ap — )X+ (y) + (by — b)y)

Cx,a

n
¢k (e(a, b))
~exp(—ax(a(a, b)) —by(a(a,b) ) ——=—""— (8.1)
,2) \4/112 +b2(a2 + b2)k/2

with some constants co(), c1(®), . .., ¢y (o) continuous at ag. Namely
co@ = (@), (@)1 (V@) + y2(x(@), y(@)2 (x(@)) + explaox (@) + boy(@) C@), (8.2)
\/27'[(0'11 sin? (a) + 2072 sin(a) cos(ar) + 027 cos(a))
where

sin(a) cos()
/m@w»ﬂM) /uuwxﬂm
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Proof Consider the first integral. We make the change of variables x = x(it, «), see
Sect. 5 and Appendix A. Then the sum of integrals becomes

exp(=ax(@) —by(@) [ ) o exp(—v/a? + b2

2 e

where

Gt ey e), YT (Gt @) ,
flt ) = Y, Ce(it, @), Y+ (x(it, @) Yo (il ).

We take 2 («g) from Lemma A.1 where K and 1 are defined in this lemma. For any
o € lag —n, 00+ n]and t € [—e, €] we have

2n (it)!
rarw =Y 100, oe)l—!‘ < ClrPrH!

=0

with the constant

\f(w, 0) = X7 P00y |

C= sup w2+l

lw|=K,
le—ao|<n

by the maximum modulus principle and the fact that f (w, ) is in class C*° in Q («p).
The integral

€
f ¢ exp(—va? + b2t%)dt

—€

equals 0 if / is odd. By the change of variables s = v/a? + b1 it equals

¢ —-Dd —=3)...(1) Jr N O(exp(—\/az—}-bze)

2 2
2172 (4/a2+b2)l+1 (4/a2+b2)l+l )’ a’+b”—> o0

. . 2 — —
if  is even. The constant comes from the fact that | j;o fle™"ds = Ul)g,#ﬁ .
By the same reason

€
/ 117" exp(—v a2 + b2%)dr = 0(
—€

a? 4+ b? — oo.

1
wm)w)’

The representation (8.1) for the first integral follows with the constants

(=D =3)..) y7 (=)' f0. )

oy
¢ @) = 272 2 Q)
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In particular

1 o Y2(x (@), y(a)p2(x(a))
27 Y (@), y(@))

col@) = x x,,(0, &).

Using the expressions (A.1) and (5.4), we get

o) = 2 (x (), y(o) g2 (x(@)) 5 sin(a)
’ V27 (011 sin?(a) + 2012 sin(e) cos(ar) + 022 cos2(a)) yy(x(@), y(@)) '

In the same way, using the variable y instead of x, we get the asymptotic expansions of

the second and the third integral with constants cg (@), ..., c2a), cg (), ..., cf, (o).

*Tn
Namely,

y1(x(a), y(o))p1(y(@)) + explaox(a) + boy(a))
V27 (011 sin?(a) + 20712 sin(e) cos(@) + 022 cos2(a))

o cos(a)
vi(x(@), y(@))

By (5.3) sin(@)y, (x (@), y(a)) = cos(a)yy/ (x(), y()). This implies the representa-

c%(ot) + ca(ot) =

tion (8.1) and concludes the proof with ¢ (o) = Z?:] c}; ().

We will justify later that the constants co(«) are not zero. We now turn to the main
result of the paper.

Theorem 4 (Asymptotics in the quadrant, general case) We consider a reflected Brow-
nian motion in the quadrant of parameters (X, 4, R) satisfying conditions of Propo-
sition 2.1 and Assumption 1. Then, the Green’s density function g(r cos(a), r sin(x))
of this process has the following asymptotics for alln € N when o« — «ag € (0, 7/2)
andr — oo:

o Ifa* <ap < o™ then

. 1 < (o
o prlcost@)x(a)tsint@)ya) L k(k) 8.3)

g(rcos(a), rsin(@)) ~ Jr kX:(:) r

a—>o(

o Ifag < a* then

n
g(rcos(@), rsin(@))  ~ C*e—r(cos(u)x*+sin(a)y*) + e—r(cos(oz)x(oz)-ksin(a)y(a))i Z k(o)
r—00

Jr rk -

a—a k=0
(8.4)
o Ifa™ < g then

n
¢(r cos(@), 7 sin(a)) . C**e—r(cos(oz)x**+sin(ot)y**) +e—r(cos(oz)x(ot)-ksin(a)y(oz))i Z cx (o)

a—aq ﬁ k=0 r
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where explicit expressions of the saddle point coordinates x(«) and y(«) are given by
(5.5) and (5.6), the coordinates of the poles x*, y*, y**, x** are given by (6.1) and
(6.2), and the constants are given by
o (—resx=x*/<ﬂ2(X))V2(X*, ) 20 and o — (—resy— y**(/)] (M)y1 (*F, y*)

Yy (x*®, y) Py (0, yE)

where the ci are constants depending on o and such that cx (o) —> ci(ag) where
a—aq

co() is given by (8.2). We have co(a) > 0 at least when o* < ag < o™ where it
gives the dominant term of the asymptotics in (8.3).

Proof The theorem follows directly from combining several lemmas. By Lemma 4.1
the inverse Laplace transform g(a, b) can be expressed as of the sum of three simple
integrals 11 + I> 4 I3. Those integrals have been rewritten in Lemma 6.2 by the residue
theorem as the sum of residues and integrals whose contour locally follows the steepest
descent line through the saddle point. This has been done in Sect.6 using Morse’s
Lemma, see Appendix A. Residues are present if 0 < x* < x(«) or 0 < y** < y(«).
In addition, we proved in Lemma 7.1 the negligibility of the integrals of the lines Sxiﬂ
and Sfa compared to the integrals on the steepest descent lines. The main asymptotics
are then given by the poles plus the asymptotics of the steepest descent integrals. A
disjunction of cases concerning the pole’s contributions gives the three cases of the
theorem (recall that o® < o™*). In the second case, when oy < o*, ¢ has a pole
and then ¢* # 0 because we have 712 > w which implies y,(x*, y*) # 0.
The same holds for ¢**. Finally, Lemma 8.1 glves the desired asymptotic expansion
of the integrals on the lines of the steepest descent. The fact that co(xg) # 0 when
a* < oy < o™ is postponed to Lemma 8.2 and Lemma 8.3.

The constants co(«) shall not be zero at least when o* < oy < o™, that is when
the poles are not involved in the asymptotics. We divide the proof into two lemmas.

Most of the quantities studied so far depend on the starting point of the process,
even if this dependence is not explicit in the notation. In the following, we add a power
zo (or (ag, bp)) in the notation of the objects which correspond to a process whose
starting point is zo = (ao, bo). For example, we will note 47° or ¢;° when we want to
emphasise the dependency on the starting point.

Lemma 8.2 (Non nullity of the constant co(c) for at least a starting point) Ifa €
( , 2) \{a*, a**}, there exists some starting point z¢y € ]R2 such that c O(a) #0.

Proof Let zg = (ag, bp) the starting point of the process. We proceed by contradiction
assuming that c(()ao’b(’)(a) = 0 for all ag, by > 0. Since x(a) < 0 or y(a) < 0, we
suppose without loss of generality that y(a) < 0. We have then, by (8.2) and the
continuation formula:

c1<p1 00 (y(er)) — cwlao ) (Y= (x (@) = ya(x(@), y(a))ewox@+boY ~(x(@)
_}/2()((05), Y™ (x(a)))eaox(a)-Fboy(o{)
(8.6)
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withep = y1(x(a), Y~ (x (@) y2(x (), y(a)) andc; = y1(x(a), Y~ (x(@))) y2(x(a),
Y~ (x(a))). We remark that y» (x (), Y~ (x(«))) # 0 since we have assumed o # a™.
The right term of (8.6) is unbounded on the set of all (ag, bo) belonging to Ri since
Y~ (x(@)) < y(a) = YT (x(a)). Then, it is sufficient to show that the supremum of

the left term is bounded according to (ag, bg). We denote by h(lao’b‘)) the density of H;
according to the Lebesgue measure corresponding to the starting point (ag, by). We
have then

19" (y(@)) — €20/ (Y~ (x(2)))

o
- /0 (cley(“)z - czeyf(x(“))z) R ()dz =: 1. 8.7)

Similarly to the proof of Lemma 3.5, we introduce T as the first hitting time of the
axis {x = 0}. By the strong Markov property, we obtain in the same way:

+oo y(@)Z2 Y= @) 22\ 11
I=Baypy | Mr<socBo 22, | | Tiopems (Z0) (c17@% — cre f)arl || (8.8)
+00  p+00 _ !
= / / (c1ey(°’)z —cre¥ (x(a))z> h(lo’})(z)dzIF’(T < 400, Z% =dy) (8.9)
o Jo

+00 :
= /0 (clgofo’y)(ya) - cwfo’-")(r(xa))) P(T < +o00, Z2 = dy). (8.10)

Using the identity (8.6) in (8.10) (where we see the relevance of going to the y-axis),
we get the bound

1] < ly2(x(a), y(@)| + [y2(x (), Y~ (x()))] (8.11)

since y(a) < 0. The right term of (8.6) is therefore bounded in (ao, bo), and thus a
contradiction has been reached. This completes the proof.

Lemma 8.3 (Non nullity of the constant cq (o) for all starting points) Foralla € (0, %)
such that o™ < a < o™ and z € Ri, we have C(Z)O () #£ 0.

Proof Denote zg = (agp, bp) the point obtained in Lemma 8.2 such that cé(’ (v) #0.By
continuity of the Laplace transforms <pf° and goéo in zq (see the proof of Lemma 3.6)
%0 (a) # 0 for all z;, in an open neighborhood V of zg. Let zj € ]R?|r be the starting
point of the process Z@) and let T = inf{t > 0, Z,%) € V} be the hitting time of V.
We have P/ (T < +00) = p >,0. By the strong Markov property,

g0 (r cos(d), r sin(a)) > p inf g%0(rcos(e), r sin(cx)) (8.12)

/
zOeV

> p /infv [Céo(a)(l+0r~>oo(l)):| e—r(cos(a)x(ot)—ksin(a)y(a))%. (8.13)
Zn€

<0

/
Furthermore, V can be chosen bounded and such that inf eV cé" (a) > 0. The issue

is that the term 0, _, o (1) may depend on zf). We then refer to the proof of Lemma 7.1.
We remark that the only quantity depending on the initial condition is the constant D
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of Lemma 7.1, which is based on Lemma 3.10. If the supremum on 16 € V of the
quantity of Lemma 3.10 is finite, then the result holds. This fact is verified easily from

the proof of this lemma, because V is bounded and <pf° (0) is continuous in z6.

9 Asymptotics along the axes:a@ — Oora — g

In this section, we study the asymptotics of the Green’s function g along the axes. We
recall the assumptions a* # 0 and o™* # 7 /2 made in Remark 7.2.
Let us recall that for any couple (a, b) € Ri we define r = +/a? + b? and a(a, b)

as the angle in [0, 77 /2] such that cos(«) = \/ﬁ and sin(a) = ﬁ.
a a

Lemma 9.1 (Contribution of the saddle point to the asymptotics when ¢ — 0 or 77/2)

(i) Leta — oo, b > 0 and a(a, b) — 0. Then the asymptotics of (8.1) remain valid
with co(a) — 0 as a — 0. Moreover, we have co(a) ~ c'a and c1(a) ~ ¢ as
o — O where ¢’ and ¢” are non-null constants at least when a* = —oo (i.e. when
there is no pole for ¢2).

(ii) When b — 00, a > 0 and a(a, b) — 1 /2 the same result holds.

Remark 9.2 (Competition between the two first term of the asymptotics) The previous
lemma states that when ¢« — 0 and » — o0, there is a competition between the first
two terms of the sum of the asymptotic development given in (8.1). Namely, the first

term “i;g) f/‘f ~ [ and the second term 0157;) ~ # may have the same order

of magnitude. If » — 0, the second term is dominant. If > — ¢ where c is a positive
constant, they both contribute to the asymptotics. If b — oo (and also b = o(a) since
o — 0), the first term is dominant.

Proof We first prove (i). For any « close to 0, I'y o lies in a neighborhood of x ().
Using the continuation formula of ¢;(x) (3.2), the definition of F (5.2), and the fact
<«

that 'y o, = X+(Fy,a) (5.9), the first integral of (8.1) becomes
—_—

oar(@by@ [ 72 YO (= 11 G Y0 (Y7 () — ettt ()
2 It Y2, Y= () y) (6, Y ()

X exp (\/ a2+ b2F(x, a))dx

Let us make the change of variables x = X' (y). Taking into account the fact that

YH(XF(y)) =y, the relation y;(X*(y), »)(XT () + yy(X*(y),y) = 0 and the

direction of X +(Fy,a), the first integral becomes
_

nXTO, Y~ Xt &t y)

o—ax(e)—by(@) nXTo), y)( — XY TXT ) (YT (X T () - e“OXﬂ”“’"r(Xﬂy”)
2im /l;y o
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X exp (\/az+bzG(y.a))dy. (91)

For the second and the third integral, we use the representation valid for a > ag. We
then have to find the asymptotics of the integral

e—ax(a)—by(a) /
2im Ty o

XYW, Y XTO)HXT (), y) — nXT0), HXTG), Y~ (XT (1)
nETO), Y~ Xt Xt(),y)

X exp (\/ a? + bzG(y, a))dy

where

HXT(y),y) =X, Me1(y) +explaX ™ (y) + boy).

Finally, note that with notation in (4.3)

3 + + 2 2 X+( )
e c(X*H(»)) (X0 2 X )
X0V =X o) < vr X O oy

The function X*(y) is holomorphic in a neighborhood of ¥ * Xmax)- By (4.5) we
have y/ (X" (y),y) = Vb2(y) — 4a(y)Z(y) which is holomorphic in a neighborhood
of Y& (x,uax ) and different from zero. Finally, 2 (Xmax., YEmar)) # 0 by our assump-
tion in Remark 7.2. It follows that the integrand in (9.1) is a holomorphic function in a
neighborhood of ¥* (x4, ). Then, we can apply the saddle point procedure of Lemma
8.1 to G(y, o) with « = 0 and where we replace the function f(if, o) by

flt @) = [y (XT (it ), Y~ (X (Gt )V HX T (it @), y(it, @)
— Xt Oar @), yr, ) HX T (pit, a), Y~ (XT (it )]

8 yi,(it, a)
Xt ), Y (X (i, )y (X (i, ), y(it, @)

where y(it, «) is the path given by the parameter-dependent Morse Lemma (see
Lemma A.1). We get the asymptotic development (8.1) as « — 0 and then have
a competition co(o) + @ + 0 (riz) between co(a) = #;f(o, «) and ¢ (o) =

_#EW' When o« — 0, we have cp(e) ~ c’a and cj(a) ~ ¢” for non-null

constants ¢’ and ¢”, see Lemma 9.3 and Remark 9.4 below.
The proof of (ii) is exactly the same, except that we use the other representation of
I3(a, b).

Lemma 9.3 (Non nullity of ¢’) When o — 0 we have co(a) ~ c’a and the constant
¢’ is non-null at least when o* = —o0 (i.e. when there is no pole for ;).

Proof 1t is clear that c(0) = 0 because co(«) coincides with (8.2) by uniqueness of
asymptotic development, and this expression tends to 0 as « goes to 0 due to C(«). Let
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us now consider the behaviour of ¢g(«) when @ — 0. Recall that co (o) = ﬁ; £, o)
with the notation of the proof of Lemma 9.1. Invoking Lemma 3.1, we obtain

y@ =Y (X)) =y Xt o) - Y X T o@)

2
= 0—22\/(011022 - afz)(xmax — Xt @)XTG@) = Xmin)-

We also remark that (X (y))’
so that

=0and (Xt (y))” .+ S
y=y(0) ( (y)) y=y(0) Vi Cmax Y= Xmax))
022
27/; (Xmax» Y:t(xmax))

Xmax — X T (@) = (1 +o0(1)), asa — 0.

Finally

2(o11022 — 0122)(xmax — Xmin)
2022%2 Xmax, Y+ (Xmax))

xo~ITIlxa,

y@) = YT (XT(y(@)) ~ \/

where IT is defined as the constant in front of «.

Since y2(x, y) = riax + rp2y and y2 (Xpax, Y_(xmax))y)g(xmax’ Y™ (xmax)) # 0,
we obtain

=12 H (¥max, YE max)) x (TMer) + v2 Comax, Y= Comax ) Hy Comax, Y Gomax)) x (Mat) + 0(@)
Y2 Cmaxs Y~ Gmax Vs Cmaxs ¥~ Kmax)) + o(1)

cola) =

=a(c’ +o(1)

as o — 0 where ¢’ is the corresponding constant.
Let us prove that ¢’ # 0. We have to show that

—r2nH (Xpax, Yi Xmax)) + Y2 Xmax Yi(xmax))H;y (Xmax s Yi (Xmax)) #0

i.e. that

+
=22 (11 Comar Y a1 (V5 (i) + e@05max TPV =000 ) g (e, Y (i)

+
X <r2](/)1 (Yi(xmax)) + Y1 (Xmax, Yi(xmax)y/)i (Yi(xmax)) + boeuoxmuX+boy (xmax)) #0.

The equation can be rewritten as

+
101 (YE (max)) + 201 (Y E (Xmax)) # (¢34 cabg)et@maxtho¥ “ma) (g 2)

with c¢1, ¢2, ¢3, ¢4 constants not depending on the initial conditions. Note that ¢3 =
—rpp # 0 by (2.1) and ¢4 = y2(Xmax, Yi(xmax)) # 0 by the assumption in
Remark 7.2. Furthermore, with the same method employed in the proof of Lem-
mas 3.5 and 8.2, the left term of (9.2) is bounded in (ag, bg). Since x4, > 0 and
YEmax) < 0, the right term of (9.2) is not bounded in (ag, bg). Hence, (9.2) holds
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for at least one (ag, bp). By a similar argument developed in the proof of Lemmas 3.6
and 8.3 (using the fact that o™ = —00), since ¢’ # 0 at least for one starting point
(ag, by), ¢’ # 0 for all starting points. Finally, (9.2) holds for every initial condition.
This concludes the proof that co(a) ~ ¢’ for a non-null constant ¢’.

Remark 9.4 (Non nullity of ¢”) We note here that ¢”” # 0. A proof inspired by what
has been done in the previous lemma to show that ¢’ # 0 would work. The same
techniques have also been employed in Lemmas 3.5 and 3.6 to characterize the poles
by showing the non nullity of a constant, and in Lemmas 8.2 and 8.3 to show the non
nullity of co(a).

We now have everything we need to prove our second main result, which states the
full asymptotic expansion of the Green’s function g along the edges.

Theorem 5 (Asymptotics along the edges for the quadrant) We now assume that oy =

0 and let r — oo and a — ag = 0. In this case, we have co(a) ~0 c'a and
o—

ci(a) ~ (" forsome constants ¢’ and ¢’ which are non-null at least when a* = —o0
a—0

(i.e. when there is no pole for ¢2). Then, the Green’s function g(r cos(a), r sin(w))
has the following asymptotics:

o When a* < 0 the asymptotics given by (8.3) remain valid. In particular, we have

: 1 C//
: ~ —r(cos(a)x(a)+sin(a)y(a)) /
g(rcos(a), rsin(a)) , e _«/_ <C o+ _r ) .

a—0 r

o When a* > 0 the asymptotics given by (8.4) remain valid. In particular, we have
*efr(cos(a)x*+sin(oz)y*).

g(r cos(a), r sin(a)) €

a—0

Therefore, when a* = —oQ, there is a competition between the two first terms of the
/!
sum Y ;_, % to know which of ¢'a and <- is dominant. More precisely:

e [frsina 2, then the first term is dominant.
r

a—0
e [frsina =2 ¢ > 0 then both terms contribute and have the same order of
r—

a—0
magnitude.

e [frsina =2 0 then the second term is dominant.
a—0
A symmetric result holds when we take ag = % The asymptotics given by (8.3)
remain valid when % < o and (8.5) remain valid when o™ < 7% and there is a
competition between the two first terms of the sum to know which one is dominant
which in turn depends on the limit of r cos(«).

Proof The theorem follows directly from several lemmas put together. First, in
Lemma 4.1 we invert the Laplace transform and we express the Green’s function
g as the sum of three integrals. Then, in Lemma 6.2 we shift the integration contour
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of the integrals to reveal the contribution of the poles to the asymptotics by applying
the residue theorem. In Lemma 7.3 we show the negligibility of some integrals which
implies that the asymptotic expansion is given by the integrals on the contour of steep-
est descent. Finally, Lemma 9.1 states the asymptotic expansion of these integrals
given by the saddle point method.

10 Asymptotics when a pole meets the saddle point: @ — a* or
a —_ a**

In this section we study the asymptotics of the Green’s function g(r cosa, r sin «)
when o — o in the special cases where ag = a™* or g = o™*, that is when the pole
meets the saddle point.

We introduce the following notation

R 2
o= nGe = \/ ). @) \/ @)

B \/ 2sin(@)yy (x (@), y(@))

o11 sin? () 4 20712 sin(«) cos(a) + 022 cos? ()

We recall that for (a, b) € R% we define r = /a2 + b? and we let a(a, b) be the

: _ a : _ b
angle in [0, /2] such that cos(«) = T and sin(a) = T

Lemma 10.1 (Asymptotics of the integral on steepest descent line when ¢ — o)
Letting a(a, b) — o* asr = v/ a* + b — oo. Then

_ [ e Y e —
= STERTTE R (mF(x,a(a,b)))dx
r

has the following asymptotics.

(i) If Va? + b2 (a(a, b) — a*)® — 0, then

Lyt yresi— g2
2 vy (X*, y%)

- l)’Z(X*a V)res, =+ ¢2
2 Yy (¥, y%)

1 ifa(a, b) > o,

1

ifa(a,b) < o*.

(ii) If Va? + b%(a(a, b) — a*)*> — ¢ > 0. Further, let

—x], (o)

A™) = R@

(10.2)
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Then
I~ _71 exp(cAz(a*))(l - ¢(JEA(a*))> x % ifala,b) > o*,
I~ %exp(cAz(a*))(l - q>(ﬁA(a*))) x % ifala,b) < a*
d(z2) 2 /Z (—12)dt (10.3)
) = — exp(— . .
V7 Jo
(iii) Let ~/a? + b2(a(a, b) — a*)?> — oo. Then
_ RO yHR@) TeS =+ 2 1

2/ ) a@ b)) —x@) | S5

Proof Proceeding as we did in Lemma 8.1, we obtain that
1 €
I~ f f(it, a(a, b)) exp(—/a? + b21*)dt (10.4)
b4
—€

where

ya(x(it, @), YT (x(it, @) pa(x(it, @)

it,a(a, b)) = x x| (it, o).
J ea. by yy(x(it, o), Y (x(it, @))) (i)
The function ¢; is a sum of a holomorphic function and of the term ==+-%2 which after

the change of variables takes the form ——x%2__
x(it,w)—x

We have x (0, «*) = x(a*). By the implicit function theorem there exists a function
w(a) in the class C* such that

x(w(@),a) =x" Va:|la—a*| <7

for some 7 small enough where w (¢*) = 0. Furthermore, differentiating this equality,
we get

—x,(w(a), o)

O = ). )
so that
e @)
o (™) = (0, s
The formula
(@) — x(@) (@) — x(@) \
w(a) = —xc’U(O,oz*) (14+0(1)) = —R(a*) (I1+o0(1)) asa — o™ (10.5)
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provides the asymptotics of w(«) as « — o*. Note also that the main part of w (&) is
real.
Let us introduce the function

w-w@) .
V(w, o) = W .lfa) # w(a)
x),(w(@),a) ifo=ow().

This function is holomorphic in w for any fixed & and continuous as a function of three
real variables. Note that the integral (10.4) can be written as

exp(—+v/a2 + b2t?) i
t+iw(w) ’

L f it )it — (@)
27

Furthermore, there exists a constant C > 0 such that
flt, )it —w() — f0,0)(0 —w(w))| < Clt|. V(it,a) € Q(0, )
={(, ) : |o| < K, e — | <min(ny, 7)}. (10.6)
Indeed, it suffices to take C as the maximum of the modulus of
(f (@, @)@ - @) = 0,00~ w@)"

on {(w, ) : |lw| = K, |@ —a*| < min(n, i)} for n small enough. Moreover since
Sw(a) = oMw(a)) as ¢ — o*, then by Lemma (B.1) (i) for any « close to ™ the
inequality

_
t +iw(a)| —

holds for all ¢ € R. The integral

1
2exp(—vVa? + b2t2)dt = O(———)
A& P Ja? +b?

is of smaller order than the asymptotics announced in the statement of the lemma.
Hence, it suffices to show that the integral

exp(—+a? + b2t?)
t+iw(x)

1 €
T/f(O, a)(0 = w(@))
Tl

has the expected asymptotics. Note that by (10.5)
P(x (@) (—w(a)x, (0, ) — resy=p as o« — a*,
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so that

2 (x*, y*)
)/y x*’ y*)

X T€Sy* .

fO, ) (-o(@) —

It remains to study

€
1 /‘exp(—Va2+b2t2)dt

2mi t+io@)

2mi
—€

For any t € R \ [—¢, €] the denominator in the integral is bounded from below
[t +io(@)] = ||| — @] =€ —w@) = €/2

for any « close enough to o* while

/ exp(—va? + b2t2)dt = O( )
R

1
4/a2 + b2

is of smaller order than the one stated in the lemma. Finally, it suffices to prove that

1 [e%9) _ 2 b2t2
—f expl-va” +0707) (10.7)
271 J_oo t+iw(a(a,b))
has the right asymptotics. By a change of variables, equation (10.7) equals
1 00 2
b / XSy, (10.8)
270 J oo s +iw(a)Va? + b2

Now let o > o™ [resp. @ < a*]. Then x(«) < x(a*) [resp. x(«) > x(a™)] and by
(10.5) Nw(«) > 0 [resp. Rw () < 0]. By Lemma B.1 (iii) this integral evaluates to

_71 exp(Va? + b2w2(a))(1 —oWa + wa(a))) ifo > a*
%exp(\/az + b2a)2(a))(1 —o(—va? + b2w(a))) ifa <o,

If Va2 +b2(a(a,b) — a*)> — ¢ > 0 then by (10.5) Va2 + b2w(a(a, b))*> —
cA2(a*) and the results of (i) and (ii) are immediate. Now let /a2 + b2(x(a, b) —
a*)? — o0. Then by Lemma B.1 (ii) the asymptotics of this integral are

JT
27i % (iw(ala, b)))va2 + b2

where the asymptotics of w(«(a, b)) have been stated in (10.5). The result follows.
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It is useful to note that

—cos(a)x™ — sin(a)y* = — cos(a)x (o) — sin(a)Y+(x(a)) + sz(oc*)(x(ot) — x*)z(l + o(1))
= —cos(a)x(e) — sin(@) Y T (x (@) + A2(@®) (@ — a®)2(1 + 0o(1)), « — a*
(10.9)

with the notation R(«) and A(«) above in (10.1) and (10.2).
By Taylor expansion at x(«) and and by the definition of a saddle point (the first
derivative is zero):

— cos(a)x™® — sin()y* = — cos(a)x(a) — sin(e) Y " (x(a))

—% sin(o) (Y (x))” lx=x(a) (x(a) — 21 +o(l), a— o
We remind the reader that
—lsin(a)(Y+(x))”| = (R(a))"2 = R(a™) (1 1 *
2 x=x@= (R(a@))"" = R(@™)""(1 +o(1)), a—a".

The following lemma is useful in determining the asymptotics of the value of /;
found in Lemma 6.2.

Lemma 10.2 (Combined contribution of the pole and saddle point to the asymptotics
when « — o*) Letr = +/a? + b* — oo and a(a, b) — a*. The sum

—TIESy—y *oy*
I (—resy—x fﬁzix))i/z(x y )exp(—ax* byt X 1y
Yy (X%, y*)
B Y2 (x, YT ()¢ (x)
2iw Jr,, vy, YT()

exp(—ax —bY T (x))dx  (10.10)

has the following asymptotics.

(i) Ifa > o* and v/a? + b2 (a(a, b) — a*)> — oc. Then

_ exp(—ax(a(a, b)) — by(@(a, b))
Ja +b?
ya(x*, y%)
V21 o1 sin?(a*) + 2012 sin(a*) cos(e*) + 022 cos2(a*)

x—— P2 Ca),
x(a(a, b)) — x*

I

where

Cla®) = sin(e*) cos(oe*®)
SV ety ety
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(i) If o > o* and v/a® + b%(a(a, b) — a*)*> — ¢ > 0, then

Y2 (X%, y*)resy— @2
Yy (X%, y*)

I~ _71 exp(—ax® — by*)(1 - q><¢EA(a*))) x

where A(a™*) and © are defined in (10.2), (10.1) and (10.3).
(iii) If v/a? + b2(a(a, b) — a*)?> — 0, then

Y2, yres,_ g2
Yy, )

—1
I~ 5 exp(—ax™® — by*) x

(iv) Ifa < o* and /a® + b2 (a(a, b) — a*)> — ¢ > 0, then

Y2 (x*, yF)resy—y
¥y (¥, y*)

I~ _71 exp(—ax™® — by*)(l + CD(\/EA(a*))) X

(v) Ifa < a* and v/a? + b%(a(a, b) — a*)?> — oo, then

—y2(x*, y*)resy— @
Yy (x*, y*)

I ~ exp(—ax™ — by*) x

Proof Let us note that

+
/‘ 72(x, YT (x)p2(x) exp(—ax — bY™* (x))dx (10.11)
Iy

Yy, Y H(x)

+
— exp(—ax(a) — by(@)) / 2 Y70 a2 +D2F(x, aa, b)))dx
J e @)

(1) The result follows from the representation (10.11) and Lemma 10.1 (iii) with
R(a™) defined in (10.1).
(i1) Invoking (10.9) the representation (10.11) can be also written as

exp(—ax™ — by* — Va2 + b2A%(a*)(a(a, b) — a®)*(1 + o(1)))

+
/ 2@ YT S ¥ 2 F(x, ata, b)))dx (10.12)
Yy, YHR)

xX,o

The result follows from Lemma 10.1 (ii).

(iii) We will consider three subcases.
If a(a, b) > o™, the announced result follows from Lemma 10.1 (i) and from the
representation (10.12) where ~/a2 + b2 A2 (a*)(a(a, b) — a*) — 0.
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If @ = a*, then the contour I'y o is special and a direct computation leads to the
result. We refer to Lemma 19 of [14] which deals with a similar case.

If a(a, b) < o*, then by Lemma 10.1 (i) the asymptotics of the second term of
(10.10) are the same as in the case a(a, b) > o™ but with the opposite sign. It
should be summed with the first term. The sum of their constants 1/2 — 1 provides
the result.

(iv) By the representation (10.12) and Lemma 10.1 (ii) the asymptotics of the second
term of (10.10) are the same as in the case (ii) but with opposite sign. It should be
summed with the first term. The sum of their constants %(1 — ®(JcA@®))) — 1
leads to the result.

(v) By Lemma (10.1) (iii) and the representation (10.12) the second term of (10.10)
has the asymptotics

exp ( —ax* — by* — a2 + B2A% (@) (a(a, b) — o) (1 + 0(1)))

% Y2 (x*, y*)R(a*) % IeSy—x*@ « 1
2ymyy (¥ y*) T (x(a(a, b)) —x(@) Va4 b2

exp(—va2+b2 A% (@) (a(a,b)—a*)?)

(a(a,b)—a*) Val+b?
second term in (10.10) is clearly smaller than the one of the first term which
dominates the asymptotics.

Since

converges to 0 in this case, the order of the

Remark 10.3 (Consistency of the results) The results of (i) and (v) are perfectly “con-
tinuous” with asymptotics along directions @ — «*, ¢ < o™ and @ — a*, ¢ > ™.
Namely, if in (i) we substitute ¢ (x(c)) instead of %, we obtain the asymp-
totics for angles greater than «*. The result (v) remains valid for angles less than

a*.

We now summarize the previous results to obtain our final main result.

Theorem 6 (Asymptotics in the quadrant when the saddle point meets a pole) We now

assume that oy = o* and let o« — o™ andr — o00. Then, the Green’s density function

g(rcosa, rsin ) has the following asymptotics:

o Whenr(a —a*)> — 0 then the principal term of the asymptotics is given by (8.4)
but the constant ¢* of the first term has to be replaced by %c*.

*)2

e Whenr(a —a*)” — ¢ > 0 for some constant c then:

— If a < o™ the principal term of the asymptotics is still given by (8.4) but the
constant c* of the first term has to be replaced by %c*(l + ®(y/cA)) for some
constant A.

— If a > o the principal term of the asymptotics is still given by (8.4) but the
constant c* of the first term has to be replaced by %c*(l — ®(/cA)) for some
constant A.

Note that above ®(z) = \/%? o exp(—t3)dt.

o Whenr(a —a*)? — oo then:
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— If a < o™ the principal term of the asymptotics is given by (8.4).
— Ifa > a™ the principal term of the asymptotics is given by (8.3) and we have

co(a) ~ £ for some constant c.
a—q* 7Y

A symmetric result holds when we assume that ag = o™*.

Proof The theorem follows directly from several lemmas put together. The Green’s
function g is still given by the sum 11 + I» + I3, see Lemma 4.1. We again apply
Lemma 6.2 to take into account the contribution of the poles and Lemma 7.1 which
shows the negligibility of some integrals in the final asymptotics. Furthermore, by

—rcos(a®)x(@™)—r sin(@*)y(@*))
the proof of Lemma 8.1, I + Iz = O (e e 7 e

o — o (recall that «* < ™). With Lemma 10.2, we see in each case that I, + I3
is negligible compared to /; when r — 0o and &« — «*. Indeed, in the case ¢ > o*

and r (¢ — a*)? — 00, the domination of ; is due to the term m For the other

cases, the domination of /; is due to the factor \/L; in the asymptotics of I + I3.

) when r — oo and

The proof is similar for ag = o™**.

11 Asymptotics in a cone
From the quadrant to the cone
Let us describe the linear transformation which maps the reflected Brownian motion

in the quarter plane (of covariance matrix ¥ and reflecting vectors R! and R?) to a
reflected Brownian motion in a wedge with identity covariance matrix. We take

o012
=arccos| —————) € (0, ) 11.1)
P < «/011022>
and we define {
1 (g — 0
co /
T=|sing o (11.2)
0 1

/022

which satisfies TS T T = Id. Then, if Z; ~is areflected Brownian motion in the quadrant
of parameters (X, i, R), the process Z; = T Z; is a reflected Brownian motion in
the cone of angle B and of parameters (TETT, T, TR) = (Id, i, TR). The new
reflection matrix T R correspond to reflections of angles 6 and € defined in (0, ) by

sin sin
tand = —'B and tang = —'B (11.3)
a2 /o022 21 /o1
22 o1l +COSﬂ 11 022 +COSﬂ
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The new drift has an angle 6 = arg it with the horizontal axis and satisfies

sin 8
tan = ——. (11.4)
Ko o
H2 o11 +COS'3

The assumption © > 0 and wy > 0 is equivalent to 6 € (0, §).

Green’s functions in the cone

Let us denote g*° the density of G(zo, -). For z € Ri we have

g ) = /0 pi(zo, 2)dt.

Let us recall that we have denoted 5(50, Z) the Green measure of Z~, and §Z~0 7) its
density. It is straightforward to see that for A € Rﬁ_ we have G(z09, A) = G(T'zp, TA)
and then

g90(z) = |det T|gT5(Tz) = @ (11.5)

1
Jdet X

where 70 = Tzp and 7 = Tz.

Polar coordinates
Forany z = (a,b) € Ri we may define the polar coordinate in the quadrant (r, o) €

Ry x [0, 7] by
z=(a,b) = (rcosa, rsinw). (11.6)

We now define the polar coordinates in the S-cone (o, w) by
7= (pcosw, psinw). (11.7)

For 7 = Tz we obtain by a direct computation that

(rcosa, rsina) = (p /o1 cos(B — w), p/022 Sinw). (11.8)
and that )
sin 8
tan w = . . (11.9)
[0
tan o ﬁ + cos ﬁ
We deduce that

'§Z~°(,o cosw, psinw) = Vdet T g% (p /o011 cos(B — w), pi/orsinw). (11.10)
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Saddle point

The ellipse £ = {(x,y) € R? : y(x,y) = 0} can be easily parametrized by the
following,

E={(x),y@):t €[0,2n]},

where
t xmnr+xmzn Xmax —Xmin t
= Ymas 43 +y 2y oSt (11.11)
y(t) — mav2 min + max2 min COS([ _ﬂ)
see Proposition 5 of [23]. Noticing that
—cosf — Xmax + Xmin . and  —cos(f —0) = Ymax + Ymin
Xmax — Xmin Ymax — Ymin
and that
2|ﬁ| = o1 (Xmax — Xmin) sin 8 = V022 (Ymax — Ymin) sin B
we obtain
X)) = U"‘Jmﬂ(cost cosf) = \/%’ﬂnﬂ sin(eff) sin(ﬂ)
~ 2 0—2
F(0) = g (cos(t — B) — cos(@ — B)) = —2ik sin(%5h) sin(H2E),
(11.12)

The following result gives an expression of the saddle point in terms of the polar
coordinate in the cone.

Proposition 11.1 (Saddle point in polar coordinate) For o € (0, 5) and w € (0, B)
previously defined and linked by (11.9) we have

(x(@), y(@) = (X (@), y(w)) (11.13)

where (x(a), y(a)) is the saddle point defined in (5.1).

Proof Lettinga € (0, T), we are looking for the point (x(e), y(«)) which maximizes
the quantity x cos a +y sin « for (x, y) inthe ellipse £ = {(x, y) € R? : y(x, y) = 0}.
We search for a t € (0, 8) cancelling the derivative of X(¢) cosa + y(¢) sin o w.r.t .
By (11.12) we obtain that X’ (¢) cos« + ¥ (¢) sina = 0 if and only if

1 | S .
— sint coso — sin(t — B) sina = 0.
V011 22
Writing sin(f — ) = sint cos f —cos sin § it directly leads to tan ¢ = lin—ﬁ
o %‘FCOS,B
Then by (11.9) we obtain tant = tanw and we deduce that 1 = @ maximizes

X(t) cosa + Y(t) sina and therefore (x (), y()) = (X (w), V(w)).
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Poles

Let us recall that x* is the pole of ¢ (x) (when x* > 0), and y** is the pole of ¢;(y)
(when y** > 0), see Proposition 3.4. We defined o* and &™* such that x (™) = x* and
y(a@**) = y**. Now, we may define the corresponding w* and w** linked by formula
(11.9) and such that

xF=X(@*) =X(—0*) and ¥y =F(@") =528 — ™). (11.14)
Proposition 11.2 (Poles in polar coordinate) We have
" ' =0—-28 and o™ =0+ 2e. (11.15)

We have, o < o™ if and only if o < w*, and a > «™* if and only if ® > @™*. Then,
x* is the pole of g2 (x) if and only if 6 — 28 > 0, and y** is a pole of 1 (y) if and only
if0 + 2 < B.

Proof When the pole of ¢, exists, we have y,(x*, Y~ (x*)) = 0. Let us recall that
in (6.2) we defined y* := YT (x*) = J(w*). Therefore, we have Y~ (x*) = y(—w*).
We are looking for the solutions of the equation

Y2 (x(1), y(1)) =0, (11.16)

which is the intersection of the ellipse £ and the line y» = 0. There are two solutions, the
first one is elementary and is given by r = 0, that is (xX(¢), y(¢)) = (0, 0). The second
one is by definition (X(—w*), y(—w*)) = (x*, Y~ (x*)). By (11.12), the Eq. (11.16)
gives

1 . (—w*+9>+ 1 . (—a)*+9 ,3> 0
r2 sin 159 sin — =
o1l 2 o2 2

With some basic trigonometry, we obtain that

—ot 40 i
tan a)2+ = sin f = tan(§).
2 o2
my o TC0SB

We deduce that w* = 6 — 28. A symmetric computation leads to o™ = 6 + 2¢.
The necessary and sufficient condition for the existence of the poles comes from
Proposition 3.4. The inequalities on « transfer to @ by equation (11.9).

Asymptotics in the cone

We now compute the exponential decay rate in terms of the polar coordinate in the
cone.
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Proposition 11.3 (Exponential decay rate) For « and w previously defined and linked
by (11.9) we have

rcos(a)x(a) + rsin(a) y(a) = 2p| 1| sin? <wT—9) (11.17)

and

- 20 — w* — 0
r cos(@)x(a*) + r sin(a)y(a*) = 2p|i| sin® <%) . (1.18)
Proof By Equations (11.8) and (11.13) we obtain the desired result.

Proofs of Theorems 1,2 and 3 Equation (11.5) and Propositions 11.1, 11.2, 11.3 com-
bined to Theorem 4 (resp. Theorems 5 and 6), lead to Theorem 1 (resp. Theorems 2
and 3).

Appendix A: Parameter-dependent Morse lemma

The following lemma is a parameter-dependent Morse lemma. Although it is an intu-
itive result, we could not find it in the existing literature.

Lemma A.1 Assume that oy € R is a constant, o +— x() is a function which is
C* near ag, and (x, @) — F(x, ) is a function which is analytic as a function of
the first variable x and C*° as a function of the second variable a near (x (), «p).
Furthermore, assume that for all a near oy we have

Fx(a),a) =0, F(x(a),a)=0, F"(x(a),a)>0.
There exists a neighborhood of (0, ag) in C x R

20, a0) = {(w,0) e CxR: || = K, | — ao| < 1}

with some K, n > 0 and a function x(w, o) defined in 2 (0, ag) such that

Fx(w,a),a) = wz, Vo :|lw| < K

x(0,0) =x(a) Vo : |a —ag| < 1.

Furthermore x(w, ) is in the class C* as function of three real variables Nw, Jw,
and holomorphic of w for any fixed «. Finally

) ] 2
X (0,a) = o@D (A1)
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Proof This is an adaptation of Morse’s lemma to the dependence of the parameter o.
Consider T'(z, ) = F(z+x(a), «). Then T (0, o) = 0, T/(0, ) = 0 and 77/ (0, o) =
F!'(x(@), a) > 0 for any « close to . Then the following representation holds

T(z,a) = 22 F/'(x (@), @) /2 + 2°h(z, @) (A2)

which allows us to define

Sz, ) = zy/F/(x(), @) /2 + zh(z, )

with one of two branches of the square root. Let us choose the one that takes the value
+F] (x(«), @) /2 at z = 0. Due to elementary properties of the function F and the fact
that x(«) is in class C*°, the function h(z, o) in the representation of 7' above is in
class C*° in a neighborhood of O(0, ag) C C x R as a function of three real variables
and also holomorphic in z for any fixed «. Furthermore,

820, ) = Fy (x(ap), atg) /2 # 0. (A.3)

Then by the implicit function theorem (the real one to establish the announced prop-
erties in R3 and the complex one to show the holomorphicity), there exists a function
z(w, ) in a neighborhood of (0, o) which is in the class C* in three variables and
holomorphic in w such that

Sz(w,a),a) =w, z(0,ay) =0. (A4)

This means that 7 (z(w, @), @) = w? for any couple (w, ) in this neighborhood. In

particular, the function z(0, ) solves the equation S(z, @) = 0 in the variable z. Since

S.(0, ag) # 0, a function in the class C* of a real variable « satisfying this equation

and vanishing at o is unique by the implicit function theorem. But we know already

that S(0, ) = O for any « close to «g. Hence, z(0, &) = 0 for any « close to «y.
Now, let

x(w,a) = z(w, o) + x(a),
where x(«) is in the class C*°. It satisfies all expected properties. Furthermore
F(x(w, «), &) = w?. Differentiating this identity twice, we obtain (A.1).
Appendix B: Technical results

This following lemma is useful in Sect. 10 for finding out how the asymptotics behave
as the saddle point approaches the pole.

LemmaB.1 (i) If C > 0 is such that C2>1+ ﬁ—z, then

b _cwer
s +i(A+iB)|
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(ii) Let |A] — ocoand B = o(A) as |A| — oo. Then

/‘” exp(=s®) VT
s t+iA+iB " T iATiB)

(iii) Let
o0 2
I (w) :/ Mds
oo S TIW

with fw # 0. This function is holomorphic in each half plane {w : R w > 0} and
{w: Rw < 0} and can be made explicit:

M(w) = niexp(w2)(l —®(—w)) Yw: Rw <0
(w) = —7i exp(w?)(1 — ®(w)) Vz: Rw > 0

where ®(w) = % IS exp(—s2)ds.

Proof (i) Elementary computation.

2
(ii) We have [ ?((g(;%; ds = AﬁB)' It suffices to show that

f *exp(—sz)ds
RIS+ i(A+iB)|

converges to 0 for any A with absolute value large enough to have % > 1. Then by

1) m < 2 for any s € R. Since the integral fR 2 exp(—s?)ds converges,

the dominated convergence theorem applies and we get the stated asymptotics.
(iii) Let us define for any z > 0 and w > 0

oo 2
M. w):/ exp(—zs )ds

oo SHiw

Then

ds

M (z. w) = / . e /  ((w)? = 8 = (w)?) exp(=zs)
—00 s+iw o stiw

o0 o 3 )
=/ (iw — 5) exp(—257)ds + w? / exp(=zs) |
o0

oo SHiw

=iw /z + wzl'l(w,z).
z

Solving this differential equation, we get that IT(w, z) = c(w, 2) exp(wzz) where
c;(w, 7) = iw\/% exp(—wzz). Taking into account the fact that IT1(4-00, w) = 0,
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we obtain

o0
I(z, w) = —iw+/7 exp(wzz)f 112 exp(—wzt)dt = —ilw\/T exp(w2z)
Z

/oo exp(—sz)ds

wy/z
= —jwnr exp(wzz)(l — @(wﬁ)).
Now let z = 1. Then
(1, w) = —mi exp(w?) (1 — ®(w))
for any real positive w. The holomorphicity of ®(w) in {w € C : Rw > 0}

allows us to prove statement (iii). Finally, we note that for any w with Rw < 0,
[N(—w) = —I(w).

Appendix C: Green’s functions near zero and Laplace transforms near
infinity
We introduce the parameter

_8+e—n
B

where B is the angle of the cone, and € and § are the angles of reflection which can be
expressed in terms of the covariance matrix X and the reflection matrix R, see Sect. 11.
This parameter A is well known in the SRBM literature and is usually denoted by «
but to avoid any confusion of notation we have called it A in this article. It is well
known that existence conditions of the SRBM stated in (2.1) are equivalent to

A< 1.

LemmaB.2 (Laplace transforms behaviour near infinity and Green’s functions near
zero) For some constants C| and C3, the Laplace transforms @1 and @, satisfy

o1(y) ~ Clykf1 when |y| — oo and @r(x) ~ Cox* 1 when |x] > o0 (C.1)
and their derivatives satisfy
@1 () ~ CL(n = Dy "2 when |y| = 00 and ¢y(x) ~ Ca(h — Dx* "2 when |x| - co.  (C.2)
Furthermore, the Green’s functions on the boundaries hy and hy satisfy
hi () ~ CiT(=A + Do~ when |v] — 0 and hy() ~ CaT'(=A 4+ Du~* when [u] — 0, (C.3)
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where T is the gamma function.

We give the sketch of the proof of the previous Lemma which relies on the resolution
of Boundary Value Problem studied in [22]. This lemma is not crucial for establishing
the results of this article. It is only used to simplify the proof of Lemma 7.3 which
is useful only in the special case where we are looking for the asymptotics along the
axes.

Sketch of proof The article [22] states in Theorem 11 an explicit expression for the
Laplace transform ¢;. This result is obtained by solving a Carleman Boundary Value
Problem coming from the functional equation (2.2). The solution is the product of the
solution of the corresponding homogeneous problem and an integral, namely,

Cxwon (L[ 0w
@1(y) = X(W(y) (E R- XT(@) W(y) — W() >’

where we have taken the notation of Theorem 11 in [22] and its proof. Since

Xt (s)
converges to 0 when ¢ tends to infinity, the integral % fol ;%t()[) W converges

to a constant when y — o0 by classical complex analysis results, see (5.2.17) of [17].
The function X (W (y)) is the solution to the corresponding homogeneous BVP which
is studied in detail in the recurrent case in [25]. Proposition 19 of [25] shows that
X(W())) ~ yk’l when y tends to infinity, which concludes the proof of (C.1).

Integral Hardy-Littlewood Tauberian theorems (see for example Karamata’s the-
orem and Ikehara’s theorem [44, §7.4 & 7.5] and [13, Thm 33.3 & 33.7]) state that,
with some hypotheses, for a function f and its Laplace transform L£(f), for A > —1,
f@t) ~ Ct™ when t — 0 is equivalent to £(f)(x) ~ CI'(=A + Dx*~! when
x — o00. Equation (C.3) follows from a Tauberian theorem and from (C.1).

The proof of (C.2) follows from (C.3), from a Tauberian theorem and from the
properties of the derivative of the Laplace transform, namely L(¢f (1)) = %L( HHx).

g(1)
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