THE AREA UNDER A SPECTRALLY POSITIVE STABLE EXCURSION
AND OTHER RELATED PROCESSES

CHRISTOPHE PROFETA

ABSTRACT. We study the distribution of the area under the normalized excursion of a
spectrally positive stable Lévy process L, as well as the area under its meander, and under
L conditioned to stay positive. Our results involve a special case of Wright’s function, which
may be seen as a generalization of the classic Airy function appearing in similar Brownian’s
areas.

1. INTRODUCTION

Let L be an a-stable Lévy process without negative jumps, with a@ > 1. We assume that
L is normalized to have characteristic exponent :

In (E [¢*1]) = (iA)e mse™) - X eR.

It is well-known, see for instance [22, Prop. 3.4.1], that the distribution of the area under L
also follows a stable distribution :

1
/ Lodu ™ (1+a)"3L,. (1.1)
0

The purpose of this note is to study the distribution of the area under three related
processes : the normalized excursion of L, the meander of L, and L conditioned to stay
positive. These distributions have already been extensively studied in the Brownian case,
see in particular the survey by Janson [8] or the paper by Perman & Wellner [21]. For
all these Brownian areas, one observes the occurrence of the classic Airy function Ai. We
shall prove that for spectrally positive stable Lévy processes, the role of Ai is played by the
following M-Wright’s function

1 X (=) (1+n 1+n -
D, (z) = = r i 1+ a)itea”.
0= C e (F) (e ) s

n=

The function @, is known to be related to a time-fractional diffusion equation, see [18] and
the references within. In particular, it admits the integral representation :

1 oo - rmay it lta
Py (x) = —/ e 03 e cos (cos (ﬂ) © — z:c) dz
0

T 2/ 14+«
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from which we immediately see that ®5(z) = Ai(x). Another function of interest will be its
cosine counterpart :

U, (z) = © io (=D (1 il ”) cos (7?1 - ”) (1+a)tea.

n! 14+« a+1

We now state the main results of this paper.

1.1. The area under a normalized excursion. Let L(¥ denote a normalized excursion
of L on the segment [0, 1] and set

1
Ay = / L™ ay.
0

Theorem 1. The double Laplace transform of Aex is given by :

[Tt g —ar (12 1) (B0 00

In the Brownian case, i.e. when a = 2, the distribution of A, is nowadays designated in the
literature as the Airy distribution. We refer the reader to Louchard [16, 17] for a study of the
Brownian excursion area via the Feynman-Kac formula, to Takécs [24] for an approach via
random walks and to Flajolet & Louchard [6] for a study of Airy distribution via its moments.

In the physics literature, this distribution has also appeared in the study of fluctuating in-
terfaces, see [19]. We finally mention that more recently, some authors have investigated the
area under a normalized Bessel excursion and shown its relation with the cooling of atoms
1, 12].

As is the case for the Airy distribution, we may deduce from Theorem 1 a recurrence relation
for the moments of Ae. To this end, let us define a sequence (B, x,1 <n, 1 <k <n) by

2 — _
n,lz(( a)nl n>17

n+1)(n+2)’ -

and for £ > 1,

14\

This sequence corresponds to the values of the exponential partial Bell polynomials taken on
the sequence (B, 1,n > 1), see Comtet [5, Section 3.3]. We then set c((]a) =1 and for p > 1,

o) = W (%)pg&p,kr <p+k+ %) (2(a — 1)), (1.3)

The coefficients (cl(,a),p > 0) are the ones appearing in the asymptotic expansion of the
function @, see Proposition 10 in the Appendix.

n—1
1 n
Bn,k—l—l = E < )Bn—l,l X B“f, n > 1. (12)

'For z € Rand n € N, (), = z(z 4+ 1)...(z +n — 1) denotes the usual Pochammer symbol, with the
convention (z)y = 1.



Corollary 2. The moments of the random variable Ay are given by :

E[A"] = n! Qual (1 - é) iy ((” —Ule+D) 1)

«

-1
and for n > 2,
2a

where the sequence (S, n > 1) is defined recursively by )y = a

—1

o 2n—1(a+1)—2 .

Q, = csl_)l( )(2a ) — E ch;_)k (1.4)
k=1

As a consequence, we have the asymptotics® :
1

E[A"])" = n'"%  and = WP(Ag >z) = —aaT.

n—-+0o00 T——+00
The first moments are given by :

_a-1 1 o; T(1=2)(a—1)(2a+1)
E[lA«] = 5 F(l—a) and [E[A,] = T 1+ D) .

1
«

Note that in the Brownian case, since B, ; = 0 as soon as n > 2, the coefficients cg) simplify

to )
1 1\“" 1
@__ - (= r -
o = anir (3) <3”+ 2)

and we recover a classic recurrence formula for the moments of Airy distribution, see [17].
In this case, a complete asymptotic expansion for P( A, > x) was computed by Janson &
Louchard in [10].

1.2. The area under a stable meander. Let L™ denote the meander of L on the
segment [0, 1] and set

1
Ape = / L™t
0

Theorem 3. The double Laplace transform of Ane is given by :

/O+°° o [t -t = o (1 B 1) VNP~ TN

«v

In particular,

E[Ame]=r<1_l) o1

and there is the asymptotics, for 1 < a <2 :
(a—DI(1+ o)l (1-1)
zotoe T(2—a)l (2+a—1)

—Q

P(Ape > )

2We write a, = b, as p — 400 to state that there exist two constants 0 < r; < Ky < oo such that
k16, < by, < Kaay for p large enough.
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In the Brownian case, this distribution was studied for instance by Takécs [25], see also
Perman & Wellner [21]. Note that here, since the process is not pinned down at ¢ = 1, the
presence of positive jumps yields a polynomial decay of the tail of A,,., which is different
from the case a = 2, see Janson & Louchard [10].

Remark 4. Again, when o = 2, Theorem 3 simplifies. Indeed, observe that in this case, Wy
is a solution of the following differential equation

WA = ATy (N) - -

hence the derivative of the numerator on the right-hand side of (1.5) equals

(\II’Q(A)Ai()\) _ Ai’()\)\lfg()\)) _ —%Ai()\).

By integration, this implies that

WAL — ATV T\ = - — L /0 Ai(w)de = & /A " Ai(w)da

3r 0w T

which agrees for instance with [21, Corollary 3.2].

1.3. The area under L conditioned to stay positive. Let L' be the process L started
from 0 and conditioned to stay positive. We set

1
Al = / Lldt.
0

Theorem 5. The double Laplace transform of A" is given by :

Feo 1l O ANV, (A) =TV (N) D, (N) DL (N)
—)xtE —ttta AT —_ [¢] a a @ S — . 1.6
A 2, (V) o0 0
In particular, there is the asymptotics, for 1 < a <2 :
(1
PA" > z) ~ Chall) e

eotoo ['(1+a—1)0(2-a)

In the Brownian case, A" corresponds, up to a v/2 factor, to the integral on [0, 1] of a three-
dimensional Bessel process started from 0. As for the meander, Formula (1.6) simplifies
when « = 2, and the right-hand side equals

/\+OO Ai(x)dx AN A f+°° Ai(x)dz + f)\ rAi(z)dx fo zAi(x + \)dx
Ai(N) Ai(\) Ai(N) Ai(N)
which agrees with [3, p.440].

1.4. Outline of the paper. The remainder of the paper is divided as follows. Section 2
provides some notation as well as a key proposition which is of independent interest. Section
3, 4 and 5 give the proofs of the main Theorems, respectively on the normalized excursion,
the meander, and L conditioned to stay positive. Finally, Section 6 is an appendix on the
Wright’s function ®,, where we compute its asymptotic expansion at infinity.



2. PRELIMINARIES

2.1. Notations. We start by recalling the definition of the considered processes, for which
we mainly refer to Chaumont [4]. We assume that L is defined on the Skorokhod space of
cadlag processes. We denote by P, its law when Ly = x, with the convention that P = Py,
and by (F;,t > 0) its natural filtration. Define, for z € R,

T, =inf{t >0, L, = z}.

(1) We denote by P}, the law of the bridge of L of length ¢, going from x to y.

(2) We denote by P! the law of L started at > 0 and conditioned to stay positive. It
is classically given by the h-transform :

1
VAt c .E, Pl(At) - ;Em [LtlAtl{To>t}:| . (21)

This law admits a weak limit in the Skorokhod sense as x | 0 which we shall denote
P}
(3) We denote by P(™) the law of the meander of L, which is given by the limit

VA, € F,  PMI(A) = lim P, (ATy > t).
(4) Finally, we recall that, since L is spectrally positive, the law of the stable excursion

of length t is equivalent to the bridge of L conditioned to stay positive, and starting
and ending at 0. From Lemma 4 in [4], this law may be for instance defined by

Vs<t A EF,  PL(A)= h?gpx (Ag|To =1). (2.2)

2.2. The key proposition. The proofs of Theorems 1, 3 and 5 will rely heavily on the
following proposition, which gives the joint Laplace transform of the pair (TO, fOTO Lsds>.

Proposition 6. For z, A\ > 0 and p > 0 we have :

Tra A
E [e—ATo—ufoTO Lsds} _ ®a <“ i <Z+ u))
o, (/fﬁk)

Proof. We first assume that A\ = 0. The law of fOTO Lgds has been studied by Letemplier &
Simon in [15]. In particular, they obtain the Mellin transform :

E, [(/OT Lsds)y} GO0y

< —.
Mg -vl(t—-v) ' 1+«

Replacing v by —vr and using the definition of the Gamma function, we obtain :

/0+°° u”—lEl [€—MIOT° LSdS] dp = (o + 1)—VF(V)F(aL+1)F(1 +(a+1)v)

L5+l +v)
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We now invert this Mellin transform following Janson [9] :

= n Tra
E, [6_uf0ToLsds] 14T (L) Z (=" (1+a) )* uts

1+«

n=1

hence, by scaling, we thus obtain
7 . ) D, (zuﬁ)
E, [e‘“fo Lsds} =T ( ) (14 a)te @, (Z/NT‘*> = Te.0) (2.3)

which is Proposition 6 when A = 0. We now deal with the general case. Let x > y > 0.
Applying the Markov property, we deduce from the absence of negative jumps that

B, [eno" bete| — B, [emnh” Lete) g, el ett) (2.4)

1+«

Furthermore, by translation, we also have :

T, T
Ex |:6_Mf0 Yy Lsds:| _ E:c—y |:6_”yTO_“fOO Lsds] )

Finally, setting z —y = z > 0 and A = py > 0, and plugging (2.3) in (2.4) yields

] g ok (o)
. |:€—>\TO—/JIOTO Lsds} _ E, [e 0 B O, (pute (2 + o
P,

e )

E, [e—ﬂfoTO Lsds}
which ends the proof of Proposition 6. U

Remark 7. Proposition 6 was proven in the Brownian case by Lefebvre [14], by applying
the Feynman-Kac formula. A generalization where Ty is replaced by the exit time from an
interval was obtained by Lachal [13] by a similar method.

3. THE AREA UNDER A SPECTRALLY POSITIVE STABLE EXCURSION

3.1. Proof of Theorem 1 : the double Laplace transform. Notice first that by mono-
tone convergence, the absolute continuity formula (2.2) remains true at s =t :

Ejf [em 1] = limE, [ bl Ty = o] (3.1)

Next, starting from Proposition 6, we may write

Py (2) Pal(z+)) /+°° . _yy
- - L= e R, [ Bl — i BTy e at). (32
(ba(()) (I)a()\) 0 ( € ) e o } 0 ( 0 € ) ( )
Recall now from Sato [23, Theorem 46.3] that since L has no negative jumps, T is a positive
stable random variable of index 1/a, i.e. for z > 0 :

—+00

P.(Ty € dt)/dt %Z (_2?_1 sin(nr/a)T(1 + n/a)z"t /e, (3.3)

n=1



Dividing (3.2) by z and letting z | 0, we deduce from (3.1) and (3.3) that
P, (0) @, (A) _ sin(m/a) 1 e Aymtt | = [ Lydul| ;—1-21
R ORE N il G /O (1— e ED, [e } 1% dt.

Theorem 1 now follows by the complement formula for the Gamma function and the scaling
property. 0

3.2. Proof of Corollary 2 : study of the positive moments. To get information on
the moments, we shall work with a slight modification of the formula of Theorem 1. Indeed,
differentiating under the integral sign, we deduce that for A > 0 :

[Tl () (B (8

As a consequence, we obtain :

[l T () (- ()

We now integrate this relation with respect to A on (£, +00). Using the Fubini-Tonelli
theorem on the left-hand side, and the asymptotics of ®, and @/ given by Proposition 10
in the Appendix on the right-hand side, we deduce that

oo e+l dt 1 1\ @, (&)
&t e A _ _- /o -
/o UE[L-c L1+é‘r< a)51 ”( a)%(&)‘

Setting = £~(171/%) and making the change of variable s = At then yields

+00 el d 1 (I); (ZL'_“;LO‘)
/ 6—8E [1 o 6—:05 +aAex] —S =T (__) xﬁia + 1 . (34)
0 s T P, (gj_H_a)

Next, observe from Proposition 10 that the right-hand side admits the asymptotics expan-
sion, as | 0 :

r( 1) IEACES, S (—1PH A2 4 o(am)

oy B G vl e @ 1
a o, (x_u_a> > p—o(—1)Pep aP 4 o(a™)
1 n
-7 <—_) > (1)t + o(a™t)
a
k=1

where, using a Cauchy product, the sequence (€2) is given by the recurrence relation (1.4).
We shall prove by induction that for any £ > 1, E [A{;X] is finite and equals

E[AY] = Kl Qo (1 . é) i <(k - 1)050‘ L 1) . (3.5)
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For k = 1, we obtain applying the Fubini-Tonelli theorem in Equation (3.4) :
+eo oo St 1
/ / PP(Aex > 2)dzds = al’ (1——) Q1 +o(1).
«

Then, letting x | 0 and applying the monotone convergence theorem on the left-hand side,
we deduce that the expectation of A, is finite and equals :

E[Aex] = al’ (1—5) Q, = ;1 (1—&).

Next, let n € N and assume now that Formula (3.5) holds true for all & < n. Plugging the
Taylor formula with integral remainder of the exponential function

n+1 1 1
(sH%Aex) / (1—t)rets" @ oden gy
0

into Equation (3.4), and using the recurrence assumption, we deduce that :

n k n+1

asltE 14X 1 k nT
D D Vs <sl+aAeX> SN UL

n!
k=1

1 [t

n!

! 1+1 1
e—ssn(1+é)/ (1 - t)nE [A(r;j—le—ts +axAcx] dtds = oI’ (1 — —) Qn—l—l -+ 0(1)
0 «

Then, letting = | 0 and applying once again the monotone convergence theorem on the
left-hand side, we conclude that

1 n(a+1) 1
r LE[A =o' (1-=)Q,
i () Bl =er (1 Do
which is Formula (3.5) with &k =n + 1. O

3.3. Proof of Corollary 2 : asymptotics. To study the asymptotics of (£2,), observe
first that by definition, this sequence is positive, and so is the sequence (c,(f‘)). Therefore, we
deduce from the recurrence relation (1.4) and from Corollary 11 in the Appendix that there

exists a finite constant x; such that for n large enough

1
1 2 —D(a+1)—2\"
Q;LL§<C(Q>(7’L Ja+1) ) < rim.

n—1 20{

Stirling’s formula now implies the upper bound for E[A™ ], which may be written

E[A” ]

limsup —=7— < ky (3.6)

n—-+400 n o

for some finite constant x5 > 0. To obtain the tail decay of A.y, we shall rely on Kasahara’s
Tauberian theorem of exponential type. Indeed, applying [11, Theorem 4], we deduce from
(3.6) that there exists a constant 0 < k3 < 400 such that

1 1
limsup — InP(Ae > 2'72) < —k3

z—+oco L

which gives the announced upper bound.
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It does not seem easy to obtain a lower bound for €2, from the recurrence relation (1.4).
Instead, we shall rather study directly the tail of the survival function of A.. To do so,
we recall the following absolute continuity formula for the normalized excursion of L, see [4,

Formula (11)]: ( )}
Ji—s(Ls

L

where ¢ is a normalization constant and, from Monrad & Silverstein [20, Formula (3.25)],
Ji_s is a measurable function which admits the asymptotics :

Vs <1, A,€F,, Pl (As) = cE} {1As

o S B
Ji-s(@) o~ (- ) Hagre-m gni=s) *Tiee

where v and 7 are two positive constants. Using this absolute continuity formula, we first
deduce that :

3/4
P(Ax > ) > szé / Lldu > x)
1/4

[ ) % )
R J1/4(L3/4) 4 91/4(L3/4)
=cE, | ——"—1, 3/4 ¢+ > cE 1
0 LT {f1/4 Ludu>a} 0 1 inf Ll>2
3/4 3/4 y ity
Applying the Markov property, we further obtain
o7t
31/4(L1/2)
P(Ay > z) > cEl BT, | =20 1,4
( ) 0 Lia LI/2 inf LZ>2m} {422}
L 0<u<h
B} | —E 4 (L)1 1
0|77 Ly, Jija\tay2 o L {L],,>22} |
I 1/4 OSIES% u>2x

where we used in the last equality the absolute continuity formula (2.1) for IP’EW. Now, since

Lyp > inf ) L, > 2x, we deduce from the asymptotics of j; /4 that for x large enough there
0<u<s

exist two positive constants 7 and 77 such that

N
~ _nmaTI 1T .
P(Ae > ) > 7e E, —LIM IP)LI/4 <0<12£§ L, > 2x> 1{LI/4>21”}] :

T |
~ _FpesTot .
> ye EO —LI/4 PLI/AL <0<1£1£é Lu > 2LU, L1/2 < 4']:) 1{4m>LI/4>3m}]

_ a1
> Fe 1zt Rl
=7 4r 0

P, ( inf L, >—x, L)< O) 1{4m>LI/4>3z}]

0<u<;
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e
— 51T 2 p, [ inf L,> -z, Lis <0 IP>T(4:C>LT > 3 )
! Az " <o<1u<é oo ) ’ /e~

where, in the third inequality, we have used the independent increments property of L. The
lower bound now follows by taking the logarithm on each side, and using the limits

1
Py ( inf L, > —z, Lijs < 0) ——— Py (L1)2 <0) = —
OS“S% r—r—400 e

and, see Chaumont [4, p.12],

P} (4:17 > LI/4 > 393) ~ ra T

Tr—+00

for some x > 0. The lower bound for IE[AQX]TIL follows then as before from Kasahara’s Taube-
rian theorem of exponential type [11, Theorem 4]. O

3.4. Study of some (fractional) negative moments. As was observed by Flajolet &
Louchard [6] for the classic Airy distribution, one may also compute by induction some
specific negative moments. These moments are related to the asymptotic expansion of &,
at A = 0, which is given by its very definition as a series.

Corollary 8. Let us set forn >1 :
Ap=E AT T (1) (14 o) i,
a+1

Then, the sequence (A,,) follows the recurrence relation

e B (ot - () () (7 - vl

a+1 a+1

In particular, the first value is given by :

s [4] <>(<_; <<—> <—>)

M) (e

a+1

a+1

Proof. We first prove that the negative moments of A exist. To to so, observe that differ-
entiating n times the formula in Theorem 1, we obtain for A > 0 :

+o00 1 1 1 dn (I)/ ()\)
1)t [ e ME (et T A g = al (1 = ) (220 )
=1 /0 ‘ [e ] @ a/) dxr \ @, (N)

We now let A | 0. Since @, is analytic on C and ®,(0) # 0, the right-hand side is well-
defined for A = 0. Applying the monotone convergence theorem on the left-hand side, we

obtain that
/+°° pn-1-1p [6_#%,4“} df — 4 p (¥ ! E :ingll
; a+1 a+1
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which is therefore also finite. Next, to get the recurrence formula, we go back to Theorem 1
and write the Taylor expansion of 1 — e~*. Multiplying then both sides by ®,, we obtain

o QN (SDF T e fak— 1
a(}) (oz—i-l; k! AE g a+1
n+1 400 L 1 Ll
(-2 , / =% / (1—s)"e ™ E [e—“a«“cx} dtds)
n. 0 0
LD (e
T (—1) <<1>; V) + (14 )T (zt})%m) |

o I (557)

The result now follows by computing the Cauchy product on the left-hand side, and by
identifying both expansions. O

4. THE AREA UNDER A SPECTRALLY POSITIVE STABLE MEANDER

4.1. Proof of Theorem 3 : the double Laplace transform. We shall work here with
a Laplace-Fourier transform to avoid integrability problems. Observe first that by analytic
continuation, Proposition 6 remains valid for A and g in the open set {z € C; R(z) > 0}.
Letting o — 4, we thus obtain :

d, (Zﬁ (z + %)) |

o, (f%m)

Applying then the Markov property, we have for z > 0 and ¢ such that R(£) > 0

+oo
/ 6—§tEZ |:6—ifg Ludul{To>t}:| dt
0
+00 r .ot too i [
_ / 6_5th e—zfo Ludu] dt — / e—ﬁth [e—lfo LUdul{Toﬁt}} dt
0 L 0

+0o0o -
:/ e—ﬁtEZ 6—if0t Ludu] dt—E |: —£TH— zfo Ludu / EtEO zf(f Ludu} dt
0 L

E |:€—>\To—if0T0 Ludu:| _
z

1
P, (z THa

B /0+00 ¢, :e_izt—ifOtLudu] di — . (Z 1+a£) )/ ¢, [ —zfgLudu] m

We now divide this equality by z and let z | 0. Using (3.3), the scaling property and the
definition of the meander, the left-hand side converges towards

+oo .
fraclz/ e ¢'E, [e_i Jo L“d“‘To > t] P,(Ty > t)dt
0

R 1 /+00 . |:€_it1+1/aAmC] 1/ gy
20 T(1=2) Jo
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while the right-hand side yields
+oo o 1 (b:x (2_1%5)) +o00 o
—/ ite 'R, [e_lfo L“d“} dt — zH_a—/ e 'R, [e_lfo L“d“} dt. (4.1)
0 i~ 0

Let us set, to simplify the notation :

Fo(€) = /0 " o, [e_i Js Ludu] dt. (4.2)

From (1.1), we deduce that for £ € C :

+00 ft (s tl-‘ra
F. (&) = - 2 dt
- [ (c5nn)

—+00

— mi T (W, (i7TE) + i, (77 (4.3)
which shows that ®, and ¥, are closely related to the integral of L. Notice also that
- / e, [e—ifé Luﬂ dt = iF(€). (4.4)
0

Plugging (4.3) and (4.4) in (4.1) then yields the formula
+o00
/ ¢ [e—itH%Amc] _%dt
0

=l (1 - l) jhn W (i T2 )@ (i FP0E) — B (i)W (7150
) Bl )
Finally, applying Cauchy’s integral theorem with the curve {¢; 0 <t < R} U {ti—ﬁ; 0<
t<RYU{Re? 0<0< —attay ) and letting R — +o00, we deduce that

oo 14+ L 1 1—a oo - 1+1 1
/ e St W Ame 4= 5t = 11+a/ e Tttt Ame 4= gt
0 0

and the result follows by taking the expectation on both sides, applying Fubini’s theorem,
and then replacing ¢ € {z € C, R(z) > 0} by AiTe with A € (0, +00). d

4.2. Proof of Theorem 3 : first moment and asymptotics. To simplify the following
computation, we set
VoM Pa(A) = 2, (M)Pa(N)
Do (M)
We start by computing the expectation of Ap,.. Plugging the decomposition

E [6_t1+éAmei| -1 _/
0

H,(\) =

—+00

1
Hae T P(Ape > 2)dz
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into Formula (1.5), we first deduce that

Feo Feo 1+1 1 1
/ e‘”t/ e P(Ape > 2)dzdt =T (1 — —) ( - — Ha()\)) : (4.5)
0 0 a) \ s

We then integrate this relation with respect to A on (£, 400). This gives, using the Fubini-
Tonelli theorem :

+o0 141 +oo 1
/ / e P(Ape > 2)dzdt =T (1 - —) / <F - Ha(A)) d.
5 o

Finally, the change of variable s = £t, yields :

[ e e e =r (1 D) [ (G - )

Taking the limit as £ — 400, we deduce from the monotone convergence theorem that the
left-hand side converge towards E[A,,]. To compute the limit of the right-hand side, we
need to study the asymptotics of H,. Since the asymptotics of ®, and ®/ are given in
Proposition 10 in the Appendix, it only remains to study those of ¥, and W/ . To this end,
observe from (4.3) that

< T

o\ = O E (Nt — i@, (0.
T
Applying Watson’s lemma, we deduce from the definition (4.2) of F, that

+00
Fayitte) ~ qmifa 3 LLA U+ ) o

A—+00 = nl (14 a)"

which implies, since @, decreases exponentially fast, the asymptotic expansion

1 ~ 1T (1+(1+a)n ))\—n(l—i-oz)—l

A-stoo T 44 nl (I+a)

and similarly

1R 1T @2+ (1+a)n)
\I// A ~ = )\—n(1+a)—2
( )A—>+oo W;n! (1+a)"

Therefore, going back to the definition of H,, we deduce that

Hi() = (Ai‘l et

A—400 (6%

— A 2T (1 + o)A e )+o(x2—a+i). (4.6)

As a consequence, we obtain the limit

—+00 1 —+00 1 1
lim ¢ __H,(\) ) dr= lim ¢ Ot L yean = oF
2
3 3 @

E—+o0 Az E—+o0 20
from which we deduce that the first moment is finite and equals

E[Amo]:r<1—l) atl

Qo 2a
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We now compute the asymptotics of P(Aye > ). Integrating by parts, we first write the
decomposition :

+oo 141 oo 1 1+1 Feo
/ €_Zt +a]P)(Ame > Z) dz = ]E[Ame] - / t1+ge_2t . / IP)(-’411’143 > u)du dz.
0 0 ?

Plugging this formula into (4.5) and replacing E [A,.] by its value then yields :

+o0 +00 141 00
/ e‘Att/ e et / P(Ape > u)dudz dt
0 0 z
=T (1 — l) (O‘ 1y i + HQ(A)) :
o 2a
Integrating as before in A on (£, +00) we obtain :
400 400 400 1+ S
/ / / e et / P(Aye > u)dudzdt

_ (1 - é) /:OO (O‘;alA yH (/\)) AN (4.7)

and the right-hand side is equivalent to :

o 1 (1
/ <O‘+ A—2—Aé—1+Ha(A)) i o~ Ld+ae) +O‘)15 1oty
¢ 2av Eotoo l v — =

Applying Karamata’s Tauberian theorem in (4.7), we thus deduce that

+oo  pHoo 1 oo r(1—1Yra+
t”é/ / e_ZtHa/ P(Ape > u)dudz ~ (- 2) I - @) s,
0 0 P =0 T'(24+a-—7)

Note that the function on the left-hand side is increasing, as may be easily seen by performing
the change of variable 2175 = 2. Another application of Karamata’s Tauberian theorem
yields
+eo F(l—l)l“(1+a)
P(Ape > u)du ~ !
/Z ( u) Y e M2+a-— —)P(?—a)z

Since the function on the left-hand side is concave, we may differentiate this relation to
finally obtain :

—x

(a—1)T (1 — l) M'l+ao)
Pldme >2) 0 T@+ac Ir2—a)

which is the announced asymptotics.

5. THE AREA UNDER L CONDITIONED TO STAY POSITIVE

5.1. Proof of Theorem 5 : the double Laplace transform. We proceed as for the
meander. Applying the Markov property, we first have for z > 0 and & such that R(§) > 0

+00o ‘
/ e *'E, [Lte_ifo Tl gy | dt
0
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d, (zl%a (z + %))
o, (rl%ag)

Dividing both sides by z and letting z | 0 then yields by definition of IP’g :

+o00
/ e~¢E] [e—ifot Lud“] dt
0

+o0 . +oo -
= / e_ft]Ez |:Lt€—i fo Ludu] dt o / e—ﬁtEO |:Lt6_2 f() Ludu:| dt
0 0

@, (rﬁ@

+o0 ,
= / e 'R, [(1 —itLy)e o Luﬂ dt —ive ———— 1
0 @, (77%¢)

+00 .
/ e~EE, [Lte—ifo Luﬂ dt.
0

Observe next that, integrating by parts the definition (4.2) of F,, we also have

Fo () = L e 'R, [Lte_ifot Ludﬂ dt.
& &Jo

As a consequence, we deduce from (4.3) that
+eo 141
/ e—ﬁtEg [e—zt a fo Ludu] dt
0
@, (imree)

— X (L= &FL(8))
o, (i—mg)
o (i) w, (i) —w (iTag) @, (i) @ (i)
o, (zﬂ%f) '
As before, Cauchy’s integral theorem shows that

+oo . 1+l 1 a +oo .71$— 1+l 1
e—fte—zt a fo L“dudt — i Tta e—ﬁz &te—t a fo Lududt
0 0

= —EF(€) — i

and the result follows by taking expectations and replacing £ by AiThs with A > 0. U

5.2. Proof of Theorem 5 : asymptotics. The asymptotics of the tail of A is easy to
obtain as we can directly apply Karamata’s Tauberian theorem. Indeed, since we are dealing
with monotone integrands, there is the asymptotics for o < 2 :

+o0 . 1 @ (A) I'(1+a)
MR (] — e TTAT g = Z 4 AHL (N o ~ T
/0 NE |1 J e =5+ M) + B, () Artoo yITa-T

which implies that
B [1 B 6_t1+éAT] N F(l + Oz)l ta_%
t—0 F(l + o — a)
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which in turn implies that

PA' > z) ~ ) e
2otoo I (1+a— L)1 (2-a) '

6. APPENDIX ON M-WRIGHT’S FUNCTIONS

We gather and prove in this section several useful formulae for the M-Wright function &,
and its derivative.

6.1. The integral representation. Following the notation of [7], the classic Wright func-
tion is defined by :

Zk

“+oo
PO ) N — - C.
¢(pvﬁ7z> kzz()k'r(pk—i-ﬁ)’ P> 17 56

A special case of this function is obtained when p =3 —1 = _1J+on for which, applying the
compensation formula for the Gamma function, we obtain :

e 1 1
Bale) = (1 ) 506 (o T s ) )

1 X (=1) /1 1 o
= — ( )F< +n)sin<7r +n>(1+a)1+_ax"

|
[ a+1

which is nowadays referred in the literature as an M-Wright function. This function is also
closely related to the probability density of the positive stable distribution of parameter a%rl,
see Sato [23, p.88]. To get an integral expression, recall the formulae, since o > 1 :

coetin/(1+a)

lta .m(n+1) n—a ]_
/ Mo Tra y = e:l:z 1+t¥1 (1 + Q)THF (n + )
0 o+ 1

which implies

A
Q
8
~
I
‘H
|
N
3
&
3

coeim/(1+a) 4o coe— i/ (1+a) it
‘ e e dz — e e dz
n=0 e 0 0

1 coei™/(1+a) ita

= — e Tha ~dz.
2T Joge—in/(1+a)
Applying Cauchy’s integral theorem, we may deform the path of integration to pass by the
imaginary axis, and thus obtain the integral representation :

]_ oo . TQ zl+(¥ I4a
O, (r) = —/ e~ S0 s cos <cos (%) lz—l— - zx) dz. (6.1)
T Jo a
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6.2. Asymptotic expansion of &, and ®/. We now study the asymptotics of ®,(z) as
x — +00. A general (theoretical) asymptotic expansion for ¢ was computed by Wright [26]
(see also [7, Theorem 2.1.3]), but it seems difficult to extract from his formula an explicit
expression for the coefficients. This will be our objective here.

Recall the following definition of the coefficients (céa)) :

2p

2 P
=1 d E B I + k + 200 — 1 >1
Co an Cp ( )'\/— ( ) 2p,k (p ( ( )) ) p

where the sequence (B, ) is defined for any n 2 1 by

(2= a)ps 1 & (n

SRS R et

We start with a simple lemma.

Lemma 9. For any k > 1, there is the upper bound :

Bup _ (Bx)® _ (1/4)* = B
IR TR where  Boo =3 =

Vn > 1, (6.2)

n=1

Proof. We prove the first inequality by iteration on k. For k = 1, this is obviously true since

(6.2) holds for all the integers up to some k. Then, from the

n!
definition (1.2) of the sequence (B, ) (which is recalled above), we have
By k+1 1 nz_l By_i1 Bz,k )k nzl 1.1 Boo)k+l
n! k+1le=(n-0 Ul k+1'l:k (n—=0!~ (k+1)!

which proves the first inequality. The second one follows from the fact that (2 — a),_1 <
(n — 1)! for all n > 1, hence, going back to the definition of the sequence (B, 1),

We may now compute the asymptotic expansion of ®, and ®/,.

Proposition 10. We have the asymptotic expansions as x — 400 :

1 =

l-a _ _a ,1+l/a _
(ba X ~ €T 2a e a+1x g _1 pc(a)x p(1+1/a)
and
/ 1 3—a _ o  1+l/« - p+1 j(a),.—p(1+1/a)
(I)a(l') ac—::—oo 27?0[1’ 2a e at1® E (_1) dp T

p=0
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where d((]a) =1 and forp>1:

2a

Proof. Since these asymptotics are already known for the Airy function, we shall assume in
the following that o < 2. We start with the asymptotic expansion of ®,. Coming back to
the formula (6.1), we may write, using the change of variable z = xéy :

<(2p— (a+1) —2) |

1 1 ; 1+ 1 1 i —i 1+
@ o €T« +oo ix1+E (el% y1+; —y) d €T o +oo ix1+E (67,7777,£2Q y1+; —y) d
a(x) - 2_ € Y+ 2_ e Yy

™ Jo ™ Jo
1 1 ; 1+

€T +00 izt (el% y1+:‘ —y)

= — e dy
2m J_ o

where, for y < 0, we take arg(y) = —m. Applying Cauchy’s integral theorem, we first deform
the path of integration to pass through the line {z € C, &(z) = —1} :

1 )1+a

=3 -
Recall next the following Taylor expansion :
(u _ i)l—l—a (_i>1+a u2 u3

1
= AL _ _ -1 _1_/ 1— 2 _oa—2
1+a T+a +u(—i)" + 2a( )+ ala )2 0( 6)* (tu — 2)““dt

as well as Euler’s integral formula for the hypergeometric function o F :
1 2—a 1

/01<1_t>2<tu—z’>°"‘2dt:§<‘i)a_22F1{ 1 ;_w}

Setting & = 2'71/® and making the change of variable u/€ = z, we further obtain

+oo 22 z
Ba(g7H) = 5 gt eade / S COPE (6.3)
™ —

o0

where
S0(2) izF[Q—al z}
= | = Tz =201 Uyl
Va3 6/ 4 Va3
For |z] < /€, the definition of 5 F} as a series yields the alternative expression :
400 n
z (2 =)y < Lz )
ol—=|= — | —i—= ] .
(x/f ) ; (2+n)! Va3

By definition of the sequence (B, 1 <n, 1 <k <mn), we have, still for |z| < /¢ :

“+oo . n n
z2a(a—1)<p<i) 1 —z 9 k
e Ve, =1+ — | — z’ala—1)) B, 6.4
2 alve) 2 Fala=1) B (6.4)
which may be read as an asymptotic expansion in £. It remains now to plug this expansion
in (6.3) and integrate term by term to obtain the announced result. However, some care
is needed as the convergence of the expansion is not uniform in z, hence we cannot apply
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directly [2, Theorem 1.7.5] for instance. Let N € N. Using the integral definition of the
Gamma function, we have

11 ag o 1 N e
62 1+aga+tl (ba(gaﬁ»l) — (_1)pcpa§ D
2o =
p=0
1 /+Oo —aZ ( z2a(a—1)<p<i) Nl (—1)1’ ( z )210 2p , i
| D,
21 ) o o 2p)! \VE)

and we need to prove that this last quantity is smaller than K ¢~ for some constant K
independent from £. We decompose the integral according as |z| < ry/€ or |z| > /€ where
0 <7 < 1is fixed. On the one hand, when |z| < ry/, we use the expansion (6.4), in which
we separate the even and the odd terms. For the odd terms, we obtain :

[t S () e 0]

p= k=1

(6.5)

To prove that this quantity is null, we need to check that one may exchange the sum and
the integral. Using Lemma 9, we have :

Ve L ER 2] \ P TS ;
/ ¢ Z < (2p+1)! (72) Y (FPala—1)) By pdz

Vg k=1

T\/E . 2;l7+1 14k
S/ 72 2”“2 2af (2') dz
_ =

7‘\/5

T 22 zza(afl)
S/ e 7 g rPrle—1 — dz
_T\/E p:O

2 Too 2
=7 i 2/ e~ 1By <« 400
—r

—00

since v € (1,2). As a consequence, we may apply Fubini’s theorem, which shows that (6.5)
equals 0. We now look at the even terms. Using again Lemma 9, we obtain similarly :

‘/ iy (&;))p (E)Z (fa(a = 1) Buyad:

k=1
%3 g o 1 - 2p+2N 2p+2N .
< —a5- R 9 . B p
- /—"\/Ee 2 Z:: (2p + 2N)! <\/g> ; (*a(a = 1)) Bapranpdz
Lo 2N 2 ARy 2 k(1/4)"
<g [t s oo n) Ul
k=1



20 CHRISTOPHE PROFETA

+oo V3
]_ 22 z2a(a71)
< — E 7,2117 Z2N€_a7€fdz

é‘N =0 —r/€
+o0o
< giN 1 1r2 / Z2N6—%a(3—a)dz

where the last integral is finite and does not depend on €. On the other hand, when |z| > r+/€,
we apply the triangular inequality and first study :

+o00
/ e‘aéezza(a_l)“D(ﬁ)dz ! / 2N o |,
INEN
2127 VE PN e

To check that this last integral may be bounded by a constant independent of &, we shall
simply prove that R(¢(u)) <0 for any u € R. Indeed, observe that
. 1 : 1 1—t¢ 2 )
o (u) = —ﬂ/ (1 — 021+ itw)2dt = —— (—)He“"@—a)dt
2 Jo 2 Jo (1+t2u?)~=

< zza(a—1)<p<i§> dz.

where § = 0(t,u) € [—%, %] is defined by
1 —tu
cos(l) = —— and sin(f) = ——.
O = e O = e
In particular, the sign of u is the opposite of the sign of #. Since 0 < 2 — a < 1, we deduce
that the sign of sin(f#(2 — «)) is also the opposite of the sign of u, and thus

R(p(u)) = g/o ﬁ Sin(6(2 — a))dt < 0.

Finally, the remaining term being polynomial, we have assuming that £ > 1,

/|z|zr\/5 o | ]:z:_;l ((;;))j (%)21) i (*ala — 1)) By

k=1

- 1 +o00 . —aé . 1 - 2p 2p , ' kB ]
~ T2N§N /_OO z7e + W <ﬁ) kz:: (Z Oé(Oé — )) 2,k 2

dz

p=1 1
1 400 5 N—-1 1 2p .
< —viw / 2Nem7 [ 14 Z 'ZQP Z (z°a(a — 1)) Bayy, | dz
r 5 — 00 p=1 (2p) k=1

and this last integral is also finite and independent from £. This ends the proof for ®,.

We now study the asymptotic expansion of ®/. Since o < 2, we may differentiate under
the integral in (6.1) to obtain :

+o0 o L1t 14+«
P (z) = / eSS 2 gin (cos (%) 1Z+ — z:v) dz
0 o

1 “+o0 L ma lda 1 2 “+oo X 1+l< iz% Zl+a_ )
- Zeze 2 o —zzxdz — Ta Zewc ale TTa % dZ.

211 271

—0o0
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Using similar computations to those for ®,, we deduce that

“+oo

]_ 3—a el @
(I);(x) x—;\-Ji-OO 271'04x32_a€_mx1+1/ Z(_l)p+1d§7a)x_p(l+l/a)

p=0

for some coefficients (dg])). The formula for these coefficients follows then by integrating the
1 _a gl+l/a

_ /
asymptotic expansion of (xTeaH CI)a(:c)> and identifying the successive powers. [
6.3. Asymptotics of the sequence (), n > 0).

Corollary 11. There exist two constants 0 < k1 < kg < 400 such that as n — +00 :

kin < (cﬁf‘))% < Kgn.

)2n and keep only the last

Proof. To get the lower bound, we simply observe that Bs,, 2, = (%

term in the sum defining ¢\ :

1 2\" (1\*" 1
@>__— _(2) (2} T'(3n+=])2a-1)>
> gz (2) (5) T(on+g) - m)
The result then follows from Stirling’s asymptotics. To get the upper bound, we first use
Lemma 9 to write
n 2n k
1 /2 1 1 a—1
@ < _— (2 —T kE+= :
w27 (0) Bar () ()

Then, using the recurrence relation of the Gamma function, we obtain
I'(n+k+3) 1 3 1 I'(k+3)
— = k+=)k+=)... | E+= —1) —2

A (*2)(*2) (*2*” )r<k+1>

1 3 1
< |2 — 2 —]...[2 — —1
_<n+2)(n+2) (n+2+n )

< (3n)".

As a consequence,

which ends the proof. O
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