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LARGE DEVIATIONS FOR THE
ONE-DIMENSIONAL EDWARDS MODEL

March 6, 2002

Remco van der Hofstad ! 2
Frank den Hollander 3
Wolfgang Konig 4

Abstract: In this paper we prove a large deviation principle for the empirical drift of a one-
dimensional Brownian motion with self-repellence called the Edwards model. Our results extend
earlier work in which a law of large numbers, respectively, a central limit theorem were derived. In
the Edwards model a path of length T receives a penalty e #H7 where Hy is the self-intersection
local time of the path and 8 € (0,00) is a parameter called the strength of self-repellence. We
identify the rate function in the large deviation principle for the endpoint of the path as B3I (ﬁ’% s
with I(-) given in terms of the principal eigenvalues of a one-parameter family of Sturm-Liouville
operators. We show that there exist numbers 0 < b** < b* < oo such that: (1) I is linearly decreasing
on [0,b**]; (2) I is real-analytic and strictly convex on (b**,00); (3) I is continuously differentiable
at b**; (4) I has a unique zero at b*. (The latter fact identifies b* as the asymptotic drift of the
endpoint.) The critical drift b** is associated with a crossover in the optimal strategy of the path:
for b > b** the path assumes local drift b during the full time 7', while for 0 < b < b** it assumes

local drift b** during time b;;j;bT and local drift —b** during the remaining time %T. Thus,

| ")
2

in the second regime the path makes an overshoot of size T in order to reduce its intersection

local time.
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1. INTRODUCTION AND MAIN RESULTS

1.1 The Edwards model

Let B = (By)>0 be standard Brownian motion on R starting at the origin (By = 0). Let P be the
Wiener measure and let E be expectation with respect to P. For T" > 0 and 8 € (0,00), define a
probability law ng on paths of length T" by setting

ng’ ] 1 ,BHT['],

—e

—=[]= 75 = B(e PHT), (1.1)
dP Zg

where

Hy [(Bt)iepo,r] :/0 du/o dv §(By — By) = /Rdw L(T, z)* (1.2)

is the Brownian intersection local time up to time 7. The first expression in (1.2) is formal only. In
the second expression the Brownian local times L(7T,z), z € R, appear. The law (@g is called the
T-polymer measure with strength of self-repellence 8. The Brownian scaling property implies that

@i ((Be)cpry € ) = @;gT ((IB_%Bﬂ%t)te[O,T] € ) . (1.3)

It is known that under the law ng the endpoint B satisfies the following central limit theorem:

Theorem 1.1 (Central limit theorem). There are numbers a*,b*,c* € (0,00) such that for any 8 €
(0,00):

(i) Under the law ng, the distribution of the scaled endpoint (|Br|— b*B%T)/c* T converges weakly
to the standard normal di(zs'tribution.
(ii) limg o0 & log Zo = —a*f5.

Theorem 1.1 is contained in [vdHdHK97, Theorem 2 and Proposition 1]. For the identification of
a*,b*,c*, see (2.4) below. Bounds on these numbers appeared in [vdH98, Theorem 3]. The numerical
values are: a* =~ 2.19, b* ~ 1.11, ¢* ~ 0.63. The law of large numbers corresponding to Theorem 1.1(i)
was first obtained by Westwater [W84] (see also [vdHdH95, Section 0.6]).

The main object of interest in the present paper is the rate function Ig defined by 5
.1 _BH
—Ig(b) = Jim o IOgE(e g T]l{BszT})
1 (1.4)
— hm L 8 ~
~ lim —log {ZTQf}(BT bT)} . beR,
where By ~ bT is an abbreviation for |Bp — bT| < v for some vy > 0 such that yp/7T — 0 and

7 /VT — 00 as T — oo. (We will see that the limit in (1.4) does not depend on the choice of y7.) It
is clear from (1.3) that

B 3I4(85b) = L(b),  b>0, (1.5)
provided the limit in (1.4) exists for 8 = 1 and b > 0. Moreover,
I5b) = Is(~b), b=, (16)

Therefore, we may restrict ourselves to § = 1 and b > 0. In the following we write I = I;.

®In fact, I differs by a constant from what is usually called a rate function. This constant is imr_, % log zZ8 =

—a*Bi (see Theorem 1.1(ii)). Hence, Ig — a*B# is the true rate function.



LARGLLE DEVIALIONS FUR 1068 UNE-DINMBINSIOUINAL pvwaAaRDS MUDRLL 3

1.2 Main results
Our first main result says that I exists and has the shape exhibited in Fig. 1. ©

Theorem 1.2 (Large deviations). Let 5 = 1.

(i) For any b > 0, the limit I(b) in (1.4) exists and is finite.
(ii) I is continuous and convez on [0,00), and continuously differentiable on (0, 00).
(iii) There are numbers a** € (a*,00), b** € (0,b*) and p(a**) € (0,00) such that I(0) = a**, I is
linearly decreasing on [0,b**] with slope —p(a**), is real-analytic and strictly convez on (b**,00),
and attains its unique minimum at b* with I(b*) = a* and I"(b*) = 1/c*2,

(iv) I(b) =202 + O(b 1) as b — oo.

1(b)

0 b** b*
Fig. 1. Qualitative picture of b — I(b).

The linear piece of the rate function has the following intuitive interpretation. If b > b**, then the
best strategy for the path to realize the large deviation event {Br =~ bT'} is to assume local drift b
during time 7'. In particular, the path makes no overshoot on scale 7', and this leads to the real-
analyticity and strict convexity of I on (b**,00). On the other hand, if 0 < b < b**, then this strategy
is too expensive, since too small a drift leads to too large an intersection local time. Therefore the best
strategy now is to assume local drift b** during time %T and local drift —b** during the remaining
time %T. In particular, the path makes an overshoot on scale T', namely, %T, and this leads
to the linearity of I on [0,b**]. At the critical drift b = b**, I is continuously differentiable.

For b — oo, I(b) is determined by the Gaussian tail of Br because the intersection local time Hr
vanishes.

For the identification of a**,b**, p(a**), see (2.5) below. The numerical values are: a** ~ 2.95,
b** ~ 0.85, p(a™*) =~ 0.78. These estimates can be obtained with the help of the method in [vdH98].

There is an intimate connection between the rate function I and the two moment generating func-
tions AT,A": R — R given by

1
AT () = lim ilogE(efHTe“BT]l{BTZO}), (1.7)

T—o0

$Tn [MS87, Corollary 2.6 and Remark 2.7] it was proved that limr_, % log E(e_HT | Br = 0) = —a™*, which essen-
tially gives the existence of I(0) with value a**. Furthermore, the existence of I(b*) with value a* follows from our earlier
work [vdHdHK97, Proposition 1].
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and the same formula for A~ (u) with T;p, >0} replaced by 1yp,<gy. Obviously, A" (—u) = A~ (u) for
any u € R, provided one limit exists.

Our second main result says that A" exists and has the shape exhibited in Fig. 2, and that its
Legendre transform is equal to I on [0, 00).

Theorem 1.3 (Exponential moments). Let § = 1.
(i) For any p € R, the limit A*(u) in (1.7) ezists and is finite.
(ii) A" equals —a** on (—oo,—p(a**)], is real-analytic and strictly convex on (—p(a**),c0), and
satisfies lim,,| gy (AT) (1) = b**.
(i) A*(p) = 34° + O(u™") as p — co.
(iv) The restriction of I to [0,00) is the Legendre transform of AT, i.e.,

10) = max[bu— A" ()], b0, (L8)

AT ()

- slope b*

- slope b™*

Fig. 2. Qualitative picture of pu — AT (u).

As a consequence of Theorem 1.3(ii), the maximum on the right-hand side of (1.8) is attained at
some p > —p(a**) if b > b** and at u = —p(a™) if 0 < b < b**. Analogous assertions hold for A~, in
particular, the restriction of I to (—oo,0] is the Legendre transform of A~. Since A~ (u) = AT (—p),
the moment generating function equals

1
A(p) = Jim Zlog B(e rePr) = max{A*(u), A (1)} = A*(l),  pER,  (L9)
—00
which is symmetric and strictly convex on R, and non-differentiable at 0, with A(0) = —a* and

lim,, g A' (1) = b*.

The outline of the present paper is as follows. In Section 2 we introduce some preparatory material
that will be needed in the sequel. Two basic propositions are presented in Section 3: a representation
for the probabilities of certain events under the Edwards measure, and an integrable majorant under
which the dominated convergence theorem can be applied. In Section 4 we carry out the proofs of
Theorems 1.2-1.3. Some more refined results about the Edwards model (which will be needed in a
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forthcoming paper [vdHdHKO02]) appear in Section 5. Finally, Section 6 contains a technical proof of
a result used in Section 5.

2. PRELIMINARIES

In this section we provide some tools that are needed for the proofs of our main results in Section 1.2.
These tools are taken from [vdHdH95], [vdHdHK97] and references cited therein. Section 2.1 intro-
duces the Sturm-Liouville operators that determine the constants. Section 2.2 provides the ingredients
that are needed for the formulation of the Ray-Knight Theorems (describing the joint distribution of
the endpoint and the local times), and contains a mixing property. Section 2.3 gives a spectral de-
composition of a function describing the “overshoots” of the path (i.e., the pieces outside the interval
between the starting point and the endpoint) in terms of shifts of the Airy function, which plays an
important role in various estimates.

2.1 Sturm-Liouville operators and definition of the constants
In [vdHdH95, Section 0.4] we introduced and analyzed a family of Sturm-Liouville operators
Ke: L2[0,00) N C?[0,00) — C0, 00), indexed by a € R, defined as
(K%z) (k) = 2ha" (k) + 22’ (k) + (ah — B®)z(h),  h > 0. (2.1)
The operator K2 is symmetric and has a largest eigenvalue p(a) € R with multiplicity one. The
corresponding strictly positive (and L?-normalized) eigenfunction z,: [0,00) — (0, 00) is real-analytic
and vanishes faster than exponential at infinity, more precisely,

2
lim h~ 2 log z4(h) = —i. (2.2)
h—o0 3

The eigenvalue function p: R — R has the following properties:
(a) p is real-analytic;
(b) p is strictly log-convex, strictly convex and strictly increasing; (2.3)
(c) limg) oo p(a) = —o0, p(0) < 0,lim, o0 p(a) = 0.

In terms of this object, the numbers a*, b*, c* appearing in Theorem 1.1 are defined as

1 pll(a*)
* * *2
pla™) =0, b= ——0, = 3 2.4
@) 7(a") Ja)? 24
while the numbers a**,b** appearing in Theorem 1.2 are defined as
1 1
a** = 23(—ayp), b** = , (2.5)
p'(a™)

where ag (=~ —2.3381) is the largest zero of the Airy function:

Ai is the unique solution of the Airy differential equation

y"(h) = hy(h) that vanishes at infinity. (2:6)

;From [vdHdHK97, Lemma 6] we know that a* < —ag. Therefore a** > a*, which in turn implies
that b** < b*.

2.2 Squared Bessel processes, a Girsanov transformation, and a mixing property

The basic tools in our study of the Edwards model are the Ray-Knight Theorems, which give
a description of the joint distribution of the local time process (L(T,z))zcr and the endpoint Brp.
These will be summarized in Proposition 3.1 below. The key objects entering into this description are
introduced here.

The first key ingredients are:
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(i) a squared two-dimensional Bessel process (BESQ?), X = (X,)y>0,
(ii) a squared zero-dimensional Bessel process (BESQP), X* = (X}),>o0,

and their additive functionals
t t
= / X, dv, A*(t) = / X, dv, t>0. (2.7)
0 0

The respective generators of BESQ? and BESQC are given by 7
Gf(h) =2hf"(h) +2f'(h),  G*f(h) =2hf"(h), (2.8)

for sufficiently smooth functions f: [0,00) — R. For h > 0, we write P, and P} to denote the
probability law of X and X* given Xo = h and Xj = h, respectively. BESQ? takes values in
Ct = C*[0,00), the set of non-negative continuous functions on [0,00). It has 0 as an entrance
boundary, which is not visited in finite positive time with probability one. BESQC takes values in
CO+ = C(T [0,00), the subset of those functions in C* that hit zero and afterwards stay at zero. It has
0 as an absorbing boundary, which is visited in finite time with probability one.

The second key ingredient is a certain Girsanov transformation, which turns BESQ? into a diffusion
with strong recurrence properties. Namely, the process (D;“))yzo defined by

D{) = ol Xo exp / [(Xy)" — aXy + p(a)] dv}, y =0, (2.9)

is a martingale under P, for any h > 0 and hence serves as a density with respect to a new Markov
process in the sense of a Girsanov transformation. More precisely, the transformed process, which we
also denote by X = (Xy)y>0, has the transition density

P2(h1, ha) dhg = By, (DSLix, cansy),  Y»hi,he > 0. (2.10)

We write P2 > to denote the probability law of the transformed process X given Xy = h. This trans-
formed process possesses the invariant distribution z,(h)? dh, and so

e :/ dhzq(h)? P} (2.11)
0

is its probability law in equilibrium. The transformed process is reversible under @a, since BESQ? is
reversible with respect to the Lebesgue measure. Hence, wa(hl)zP;(hl, hg) is symmetric in hy,hg >0
for any y > 0.

The third key ingredient is the time-changed transformed process Y = X o A™! = (X A—l(t))tZO-

We write @a to denote the probability law of Y given Yy = h. This process possesses the invariant
dlstrlbutlon 7(a )hma(h)2dh, and so

1
p'(a)

P = / dh hza(h)? P2 (2.12)
0

is its probability law in equilibrium. Both transformed processes X and Y = X o A~! are ergodic.

The following mixing property will be used frequently in the sequel. By (:,-) we denote the inner
product on L? = L?[0,00), and we write (f,g)o = fooo dh hf(h)g(h) for the inner product on L?
weighted with the identity. The latter space will be denoted by L*° = L?°(0, co).

"BESQC is sometimes called Feller’s diffusion.
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Proposition 2.1. Fiz a € R and fit measurable functions f,g: [0,00) — R such that f/id,g € L?°.
For any family of measurable functions fs,gs: [0,00) — R, s > 0, such that fs/id,gs € L*°, s > 0,
and fs — f,9s — g as s — oo uniformly on compacts and in L*°, and for any family as, s > 0, such
that as — a as s — o0,

1

p'(a)

This proposition is a slight extension of Proposition 3 in [vdHdHK97]; we omit the proof.

fs(Xo) gs(Ys)
Za,(X0) Za,(Ys)

lim f@as( ) = (f, Ta)—r—{, Ta)o- (2.13)

2.3 BESQ?, the Airy function, and a spectral decomposition

For a < a**, introduce the function y,: [0,00) — (0, cc| defined by
ya(h) = EX (efow[aXﬁ—(Xé)zldv)' (2.14)

(As a consequence of (2.17) and Proposition 2.2 below, the expectation on the right-hand side is
infinite for a > a**.) It is known (see [vdHdHK97], Lemma 5) that y, is equal to a normalized scaled
shift of the Airy function Ai:

_ Ai(2=5(h — a))

Ya(h) Al(_2-Ya) h >0, (2.15)

It is well-known (see [E56, p. 43] and (6.2) below) that y, vanishes faster than exponential at infinity:

5
lim b3 logya(h) = - Y2, (2.16)
h—o0 3

An important role is played in the sequel by the function w: [0,00)% — [0, 00) defined by
w(h,t)dt = E (e_ G A*(oo)edt}). (2.17)

It is easily seen from (2.7) and (2.14) that [;°dte*w(h,t) = ya(h) for a < a**. We also have the
following representation for w(h,t) derived in [vdHdHK97, Lemma 7]:

w(h,t) = Es (e*2fot Buds | — t) on(?), (2.18)
P@ (To c dt) 1 3 B2
(Ph(t) = ZT = (87T)7§t7§h67§, (219)

with Ty = inf{¢ > 0: By = 0} the first time B hits zero. (We write P, and E} for probability and
expectation with respect to standard Brownian motion B starting at h > 0, so that P = Py, E = Ej.)

We will need the following expansion of the function w in terms of shifts of the Airy function:

Proposition 2.2.

(i) For anye >0,

wih,t) =Y D w(e) en(-)) er(h),  h>0,t>¢, (2.20)
k=0
where
a® =25a;,  ep(h) =crAi(273(h+a™)), k>0, (2.21)

with ay, the k-th largest zero of Ai and with ¢ chosen such that |leg|]2 = 1.
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(ii) There exist constants K1, Ko, K3 € (0,00) such that

—a® ~ Kik3, k- oo, (2.22)
/ her(h)?dh < Ksks  Vk, (2.23)
0
]
/ ser(h)?dh < Ksks Yk (2.24)
0

(Note that a® = —a** by (2.5).)

Proof. (i) The proof comes in steps. We write ¢ for a generic constant in (0,00) whose value may
change from appearance to appearance.

1. Let K* be the second-order differential operator on C§° = C§°[0, o), the set of smooth functions
z: [0,00) — R that vanish at zero, defined by

22" (h) — hz(h) if h > 0,

2.25
0 if h=0. ( )

(K*z)(h) = {
This operator is symmetric with respect to the L?-inner product on L3 = L? N C§°. Furthermore, we
can identify all the eigenvalues and eigenfunctions of K£* in L% in terms of scaled shifts of the Airy
function. Namely, a comparison of (2.6) and (2.25) shows that the k-th eigenspace is spanned by the
eigenfunction e : [0,00) — R given in (2.21) and the k-th eigenvalue is a®, k € Ny.

2. We next show that * has a compact inverse on L2. Therefore, this inverse has an orthonormal
basis of eigenvectors in L2, and hence the same is true for K* itself. Consequently, (er)keN, is an
orthonormal basis of L2. This fact will be needed later.

We begin by identifying the inverse of £*. To do so, we follow [G81]. Let
Ai(2%u)

Ai(0) ’
where Ai is the Airy function and Bi is another, linearly independent, solution to (2.6) (for the precise
definitions of Ai and Bi, see [AS70, 10.4.1-10.4.3]). Hence, both y; and y; solve K*y = 0, y; satisfies

the boundary condition at zero (y1(0) = 0), while yo satisfies the boundary condition at infinity
(y2 € L?). Let G: [0,00)2 — R (Green function) be defined by

G(u,v) = Ky1(u Av)y2(u Vo)  with K = —2y1(0)y2(0). (2.27)

y1(u) = Bi(235w) — Bi(0) yo(u) = Ai(25), (2.26)

Let T be the operator on L? defined by

= /000 G(u,v)y(v) dv. (2.28)

According to [G81, Proposition 2.15], z = I'y is a weak solution of the equation £*z = y with boundary
condition z(0) = 0, for any y € L. In fact, we can adapt the proof of [G81, Proposition 9.12] to see
that T' is the inverse of K*, since K*z = 0 does not have solutions in L? that satisfy the boundary
condition z(0) = 0. Hence, we are done once we show that I' is a compact operator.

3. By [G81, Theorem 8.54], it suffices to show that I' is a Hilbert-Schmidt operator, i.e., G is
square-integrable on [0, 00)2. In order to show this, we first note that (2.27) gives

/du/ dvG2uv—2K2/ du/ dv ya(u)?y; (v)2. (2.29)
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Substitute (2.26) to see that, since Ai € L?, it suffices to show that

/000 du /Ou dv Ai(u)?Bi(v)? < . (2.30)
Since Bi is locally bounded and Ai € L?, the latter amounts to

/100 du /lu dv Ai(u)?Bi(v)? < . (2.31)
We next use [AS70, 10.4.59 and 10.4.63], which shows that

[N99)

Ai(u) < cu e 5% , Bi(v) < cv ies? , u,v > 1. (2.32)

Hence
00 u oo u 3 3
/ du/ dv Ai(u)?Bi(v)? < 04/ duu%/ dvv ze 5@ v3) (2.33)
1 1 1 1

Use partial integration to see that

/“ dov 'u*%efg(“%*”%) = 1/vu dvvili(efg(u%ﬂ’%» < 1[1}7167%(“%71)%)]“7 < 1lfl, u > 1.
1 2 1 dU 2 v=1 2
(2.34)
Hence
o0 u 1 o0
/ du/ dv Ai(u)?Bi(v)? < 504/ duu~2 < oo. (2.35)
1 1 1

This proves that I' is a compact operator, so that (eg)ken, is an orthonormal basis of L2,

4. To prove the expansion in (2.20), we now need the following:

Lemma 2.3. For any € > 0, the function w is a solution of the initial-boundary-value problem

dw(h,t) = K*(w(-t))(h), h >0,t> ¢, (2.36)
w(0,t) = 0, t >e,
and the initial value w(-,e) lies in C§°.
Proof. Use the Markov property at time s > 0 in (2.18) to see that, for any A~ > 0 and ¢ > s,
w(h,t) = B (e— J52Bedvy (2B, t — s)). (2.37)
Now differentiate with respect to s at s = 0, to obtain
0 = —hw(h,t) + 2(0p)*w(h,t) — dw(h,t) = K*(w(-,t)) (k) — Bw(h,t). (2.38)

This shows that the partial differential equation in (2.36) is satisfied on (0,00)2. It is clear that it is
also satisfied at the boundary where h = 0, since w(0,t) = 0 for all ¢ > 0 (recall (2.17-2.18)). O

5. From (2.18) it follows that w(-,e) € Cg§° for any € > 0. A spectral decomposition in terms of the
eigenvalues (a®)en, and the eigenfunctions (eg)ren, of K* shows that (2.36) has the solution given
in (2.20).

(ii) In [AS70, 10.4.94,10.4.96,10.4.97,10.4.105] the following asymptotics for the Airy function can be
found. As k — oo,
—ay, ~ ck%, ag—1 — ag ~ ck_%, : max | |Ai] ~ ck_é, |AY (ag,)| ~ cks. (2.39)
A, Ak —1

We will use these in combination with the observation that, by (2.6), Ai is convex (concave) between
any two successive zeroes where it is negative (positive).
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The first assertion in (2.39) is (2.22). To prove (2.23-2.24), we write the recursion
) a1 (k)\) 2 _9 1 [t 2
% = Ai(273(h+a™)) dh =% + 23 Ai(h)*dh. (2.40)
ax

Using the second and third assertion in (2.39), we find that fai’“l Ai(h)?dh < k=5 and hence that

01;2 = k5. In a similar way, we find that

o0 oo 1
/ hAi(275 (h+a®))? dh < ck, / EAi(z_%(h +a®))?dh < cki. (2.41)
0 0
Combining (2.41) with (2.21) and ¢, % < k%, we obtain (2.23-2.24). O

3. TWO BASIC PROPOSITIONS

In this section we present the basic tools of our proofs. Section 3.1 introduces the Ray-Knight
Theorems, which give a flexible representation for the probabilities of certain events under the Edwards
measure. Section 3.2 exhibits an integrable majorant under which limits may be interchanged with
integrals.

3.1 Ray-Knight representation

In this section we formulate the Ray-Knight Theorems that were already announced in Section 2.2.
We do this in the compact form derived in [vdHdHK97, Section 1.2], which is best suited for the
arguments in the sequel.

For any measurable set G C Cp, define wg: [0,00) x [0,00) — R by

’LUG(h, t) dt = E;: <67 Joo(x3)? dv]l{X*EG}]l{A*(oo)edt}) . (31)
It is clear that wg is increasing in G. For G = Cy, wc, is identical to w defined in (2.17).

For y > 0, denote by C*[0,y] the set of non-negative continuous functions on [0,y]. Then the set
Ct = UyZO ({y} xC*[0, y]) is the appropriate state space of the pair (BT, L(T,Br— -)|[073T]) consisting
of the endpoint Br(> 0) and the local time process between the endpoint By and the starting point
0.

Proposition 3.1 (Ray-Knight representation). Fiz a € R. Then, for any T > 0 and any measurable
sets GT,G~ C Cy and F C C,

B <€_HT€_p(“)BT Y128 +)e6+y L(Br, L(T,Br— )0, 5, eFY L {L(T, - ~)eG—})

:/0 dtl/o dty gy, 1y <yeH5) (3:2)

% Ea (]l . wag+ (XO’tl) wg- (YT*h*tz,t?))
(ATt —2) Kljo a1 (2t 1)) F za(Xo) Ta(Yr—t,-t;) /7

Proof. We briefly indicate how (3.2) comes about. Details can be found in [vdHdHK97, Section 1.2].
Recall the notation in Section 2.2. Fix T' > 0. Then, according to the Ray-Knight Theorems, for any
t1,t2,h1,he > 0 and y > 0, conditioned on the event

o0

{Br =y} N {L(T, Br) = ha} N {L(T,0) = ha} N {/B

L(T,z)de =t} O {/Ooo L(T,~2)de = t, },
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the joint distribution of the processes

L(T,Br+-),  L(Br—-)loy, L(T,—), (3-4)
on Cyf x CT[0,y] x Cf is equal to the joint distribution of the processes
X X0l XH0) (3.5)
under
i ([A%(00) = 11) @ Pp, (- |A(y) =T — t1 — t3, Xy = hg) ® I}, (- |A%(00) = t2), (3.6)

where X is BESQ? and X*!, X*2 are independent copies of BESQC. In particular, the intersection
local time in (1.2) has the representation

(e o] Y (e e]
Hr 12”/ (X:’1)2dv+/ (X,J)der/ (X5?)? dv. (3.7)
0 0 0

Use (2.10) for y = A~1(T'—t1—t3) and note that, on the event { A(T'—t1—t2) = y}N{Xo = h1, Xy = ha},
(2.9) becomes

h2) Y Cbi—ta)
D@ — ma( _/ Xv 2d a(T—t1—t2) ,—p(a)y 3.8
§ =y ol | () dofe e v, (3.8)
which implies that
0T o~ Hr o,—p(a)Br law za(h1) D@ galti+t2) ,— o xsh)? dv,— Jo(X5%)2 dv (3.9)
zq(h2) Y

Integrate the left-hand side with respect to P and the right-hand side with respect to the measure
in (3.6), and absorb the term D" into the notation of the transformed diffusion. Integrate over
hi,h2 > 0 and note that Xy has the distribution z,(h1)? dh; under e, Finally, use the notation in
(3.1), to obtain (3.2). O

3.2 Domination

In order to perform the limit 7" — oo on the right-hand side of (3.2), we will need the dominated con-
vergence theorem to interchange this limit with the integrals over ¢; and t2. The following proposition
provides the required domination.

Proposition 3.2 (Domination). For any as, s > 0, in a compact subset of (—oo,a**), the map

’LU(X(), tl) ’LU(Y;, tQ))
Zay(Xo) a,(Ys)

(t1,tg) > sup e%(trttz)fas ( (3.10)

s>0

is integrable over (0,00)2.

Proof. Under the expectation in (3.10) we make a change of measure from the invariant distribution

of X to the invariant distribution of Y, i.e., we replace [as by [E% and add a factor of p'(as)/Yy. Fix
1 < p < ¢ < oo such that 1—1) + % = 1, apply Holder’s inequality and use the stationarity of Y under

P2 . This gives, for any t1,t2 > 0, the bound
]Eas ( ’lU(Y(],tl) w(ifsatZ)
Yoa:as (YO) La, (ifs)
where the functions W, Ws>: (0,00) — (0, 00) are defined by

W (t) = E* ((%O(Yt())))p)l W (t) = e ((Z’E}E"Yg)q) ‘. (3.12)

) < WO (b)) W (t2), (3.11)
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Hence, it suffices to show that the maps
t e WI(t),  t e TWP(1), (3.13)

are integrable at zero and at infinity, uniformly in s, for a suitable choice of p and ¢. In the proof of
Proposition 4 in [vdHdHK97] we showed that ngl) and Wéz), with a, replaced by a*, are integrable
at zero when p < ¢ with p, ¢ sufficiently close to 2. An inspection of the proof shows that they are
actually integrable at zero uniformly in s.

We will show that t +— e®!W3"(t) and t — e®!W> (t) are integrable at infinity uniformly in s.
This will complete the proof because the left-hand side of (3.11) does not depend on p, g.

We use Proposition 2.2 with € = 1 together with the representations (recall (2.12))
) 1 <1 2\ 2 @) 1 2
W) = ——— ([ dhiwnt?)’, W) = ———( ~ dhhw(h,¢) ) (314
p'(as) Mo h p'(as) \o
Using (2.20), the Cauchy-Schwarz inequality and the fact that ||eg|l2 = 1, we estimate

1 2 ek gty 1 3
Wi (t) < ﬁ(”w('al)ng D elamretE 1)/0 E|ek1(h)||ekz(h)| dh)2, t>1. (3.15)

'(as) k1,k2=0
Using the Cauchy-Schwarz inequality for the last integral, we obtain the bound

1
2

W) < llw(-, a||2 Z al®) (t— 1)(/ %ek(h) dh) t>1. (3.16)

In the same way, we find that
o1 i oo 1
W2(2) (t) < M Zea(k)(t_l)(/ hek(h) dh) 2 t>1. (3.17)
' (as) k=0 0

Substitute (2.23-2.24) into (3.16-3.17) and use that a® < a(® = —a**, to estimate

WD () VWS () S ce DS e Whs >0, (3.18)

By (2.22), the sum in the right-hand side converges. Since as; < a**, s > 0, is bounded away from
a**, it is now obvious that the maps ¢ ~ e!W,"(t) and t + e®*Wy> (t) are integrable at infinity
uniformly in s. O

4. PROOF OF THEOREMS 1.2-1.3

In Sections 4.2-4.3 we give the proof of Theorems 1.2-1.3 with the help of Propositions 3.1-3.2. In
Section 4.1 we derive a technical proposition that is needed along the way.

4.1 Growth rate of a restricted moment generating function

Abbreviate By = {B::t € [0,T]} for the range of the path up to time 7. For T" > 0 and
J,C € (0,00], define events

£0;T) = {Bjor C[-6,Br+4]}, (4.1)
ES(5,C:T) = L(T,z) < C L(T.z) < C\. 4.2
BOT) = | pog, B9 <O max, LT <O} 42

In words, on £(0;T) the path does not visit more than the d-neighborhood of the interval between its
starting point 0 and its endpoint By, while on £5(§,C;T) its local times in the §-neighborhoods of
these two points are bounded by C. Note that both £(co;T) and £(J,00;T) are the full space.
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Proposition 4.1. Fiz yu > —p(a**). Then, for any 6,C € (0,00] there exists a constant K1(6,C) €
(0,00) such that, for any pr — p as T — oo,

P H(—nr)T g (e_HT etr Br L,y le< (5,0 By 20}) = K1(6,C) +o(1). (43)

Moreover, if p = py solves I(b) = ub — A" (u), then the same is true when lyg, oy is replaced by
g, bty

Proof. We may assume that ur > —p(a**) for all T. Fix 6,C € (0,00] and choose ar such that
pr + plar) = 0, ie., ar = p t(—pr) < a**. Clearly, limr a7 = p~*(—p) < a**. Since, on
E(6; T)N{Br < 2§}, we can estimate

36 36 2
dz dz 2 T
Hr = 45/ L(T, z) _45(/_5 5 L(T,a:)) e (4.4)

we may insert the indicator of {Br > 24} in the expectation on the left-hand side of (4.3), paying
only a factor 14 o(1) as T' — oo.

1. Introduce the following subsets of C;, respectively, C* (see below (3.1)):
GJS’C = {gECJr:g((S):O,maxggC}, (4.5)
FS, = {(y flect:y> 2, max f < C, max [ < o} (4.6)
’ [0,6] [y—d.y]
Note that
E(6;T)NES(5,C;T)N{Br > 25§}

={L(T,Br +-) € G50} N{L(T, - ) € G5} N{(Br, (T, Br — *)|o,5,]) € F5¢}-
Apply Proposition 3.1 for a = ar with F = Fa%c and Gt =G~ = GSS,C, to get

Lhs. of (4.3) = (1 + o(1)) / at, / dta Ty o0,y ()
0 0

(W, (Xost)
x E*T e (X0 ]I{Aﬂ(T_tl_tZ)Z%}]l{maX[o,a] x<c} (4.8)

wGJS,C (YT—tl —t2> tZ) )

{maX[A*:l(T7t17t2)—6,A*1(T—t1—t2)] XSC} Tap (YT—t1 —t2)

(4.7)

Tarp

2. In the case C' = 0o, the last two indicators vanish and we can identify the limit of the integrand
as T — oo with the help of Lemma 2.1. Indeed, apply Lemma 2.1 for f(-) = wg,(-,t1) and g(-) =
wg, (-, t2), where we put G5 = G5 = {g € Cy: g(6) = 0}. Then we obtain that the integrand
converges to

ea(t1+t2) <wG5 (., tl), a:a> ﬁ <’LUG5 ('a tZ)’ xa>07 (4'9)

where we also use that A~!(0c0) = oo because X never hits 0 (recall (2.7)). According to Proposi-
tion 3.2, we are allowed to interchange the limit 7' — oo with the two integrals over ¢; and t3. This
implies that (4.3) holds with K;(d, c0) identified as

K1(6,00) = (yg”, Ta)—
where y (h) is defined as (recall (3.1))

Y (h) = /0 dt e®wg, (h,t) = K (efo“[aXﬁ—(Xi)ﬂdvn{X;ZO}). (4.11)

1
p'(a)

(¥, Ta)o, (4.10)
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Trivially, K1 (6, 00) > 0. Since y$ < yq, it follows from (2.2) and (2.16) that K (J, 00) < oo.

3. Next we return to (4.8) and consider the case C € (0,00). Note that the integrals over ¢; and ¢,

can both be restricted to [0, Cd], since w,< (h,t) = 0 for t > C4 as is seen from (3.1) and (4.5).
5c

Let us abbreviate s = T'—t1 —t9. We first apply the Markov property for the process X at time § and
integrate over all values z = A(J). Because of the appearance of the indicator of {max)y5 X < C},
we may restrict to z € [0,C6] (recall (2.7)). We note that the additive functional of the process
(X54¢)i>0 given that A(6) = z, denoted by A = (A(t ))t>0, is given by A(t) = A(t + 6) — z. Making
the change of variables s = A(t) + z, we see that A~!(s) = A~(s — z) + & for any s > 0. Defining
fi:(0,00)2 — [0,00) by

S,

¢ ~a wGaSc(XO’tl)
for(h,z) dhdz = zar (R)E*T WB{A*@)Z%}H{IM‘X[O,&]XSC}]I{Xgedh}]l{A(ﬁ)edz} , (412)

Tar

we thus obtain that the expectation under the integral in (4.8) can be written as

- wGS (X07 tl) wGS (ifsa tZ)
E*T (—6’0 I g-1(5)>251 1 1 —
Tar (Xo) 2208 Y maxgo 5 X<O} {max 1055 a-100) XSO} 24, (Y) (4.13)
/Cad For (fs T(XOv ) wG«sSc(XA_I(sz)JrJ’tZ))
= yA : .
0 :EaT XO {max —1(s—z),A"1(s—2z)+6] XSC} :EaT (XA_l(sfz)HkJ)

(The tilde can be removed afterwards.) We next apply the Markov property for the process Y at time
s — z (respectively, the strong Markov property for the process X at time A~!(s — z)), to write

cs “ (X0, 2) of2(Y
r.h.s. of (4.13) :/ dz E*T (fs’T( 0.2) g7 (¥s ) ), (4.14)
0 Lar (XO) "EGT(Y'S*Z)
where gé? is defined by
~ wGS (X5at2)
to _ aT s
9 () = 2ar (MET (Ll o)) (4.15)

4. We want to take the limit s — oo in (4.14) (recall that s = T —t; — ¢2) and use Proposition 2.1.
Therefore we need dominated convergence. To establish this, we note that

w(h,t)
sup sup sup
hel0,C] te[0,C8] T>1 Zar(h)

=K <o (4.16)

(see (2.17-2.19) and recall that z, is bounded away from zero on [0,C] and continuous in a). By
(4.15-4.16), the last quotient in the right-hand side of (4.14) is bounded above by K. Substituting
(4.12) into (4.14) and using that w,< < Wer = W, We therefore obtain

4,C

f:,lT(XO’ z))
Lap (XO)

Ta w(X )t )
Ror (0 L g x<C) Iaea)) (4.17)

dz
Per (A(6) € dz)
dz '

It is easy to see from (2.9) that the right-hand side of (4.17) is bounded uniformly in 7" > 1 and
z € [0,C¢]. Therefore we have an integrable majorant for (4.14), which allows us to interchange the
limit s — oo with the integral over z.

integrand of r.h.s. of (4.14) < K Eor (

<K

< K?
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5. In order to identify the limit as s — oo of the integrand on the right-hand side of (4.14), we

apply Lemma 2.1 to see that this integrand converges to <ft1(-,z),wa(-)>ﬁ<gt2,wa>o, with fi and

g%? the pointwise limit of f;lT and grf,?, respectively:

. . Yas, (Xo,t1)
f (h, z) dhdz = .’L’a(h)E <W H{E%TXSC} ]l{Xgedh} H{A(J)Edz}) (4'18)
W ~< (X()a tZ)
t _ wa G&,C
g 2 (h) dh = xa(h)Eh (ll{max[(),g] XSC} W) . (419)

Using this in (4.14) and interchanging the integral over z with the limit s — 0o, we obtain that

lim (Lh.s. of (4.13)) = (™, z,)

5300 p,(a) <g 27$a>o (420)

with fi (k) = [*° dz £ (h, 2).

6. Finally, recall that s = T — t; — t5 and that e*(1+2) times the left-hand side of (4.13) is equal
to the integrand on the right-hand side of (4.8). According to Proposition 3.2, we are allowed to
interchange the limit 7" — oo with the two integrals over ¢; and t2. Hence we obtain that (4.3) holds
with K;(d,C) identified as the integral over ¢1,ts of the right-hand side of (4.20), which is a strictly
positive finite number. This proves the statement with the indicator on 1¢p >0y

7. To prove the statement with 1y, >0y replaced by g, ~41}, we let u = py solve I(b) = pb—AT ().
The statement follows when we show that for every a € R, we have that

Bp—bT

— a2
%% 1(—“)TE(e“ VT e‘HTe”BTﬂs(s,T)ﬂgS(a,C;T)ﬂ{BTzo}) = e2 7 K1(5,C) + o(1) (4.21)

for some o2 € (0,00). Indeed, (4.21) shows that 1B, —bT|>4r,Br>0} 18 asymptotically negligible for
any ~yr such that yr/vT — oo.

In order to prove (4.21), we rewrite the left-hand side as

e[P71(7/4)7P71(7Ha,T)]T*ab\/TeP71(7P'a,T)TE<67HTel’4a,TBT ]IS(J,T) ]lSS(é,C;T) ]l{BTZO}) , (4.22)

where por = p+ % Clearly, pq 7 — p, so that the second factor converges to K1(d,C). We are

therefore left to compute the exponential. We note that since p = p; solves I(b) = ub — AT (u), we
have that p'(—pp) = 1/b. Therefore,

) = e - e Ly o (423
— = —p) — —= — — 0 . .
Therefore,
-1 -1 T-abVT _ % 5o (1)

el ) =pT (e, ) T—abVT _ 73 3,2 (1+0(1)), (4.24)
which completes the proof with o = —% (). O
4.2 Proof of Theorem 1.3(i—iii)
STEP 1. For any p > —p(a**), the limit in (1.7) ezists and equals AT(u) = —p~(—p). On

(—=p(a**),00), the function A is real-analytic and strictly convex, and satisfies lim,,| gy (AT) (1) =
b**.
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Proof. Fix pu > —p(a**), apply Proposition 4.1 with § = C' = oo, and use the continuity of p, to
obtain that the limit in the definition of A*(u) in (1.7) exists and equals —p~!(—u). This proves the
first assertion. The remaining assertions follow from (2.3-2.5). |

In the following step, we consider paths that never go below —§, have local times that are bounded
by C in the §-neighborhood of the starting point 0, and have the endpoint Bt close to 0. Recall that
7 is a function that satisfies y7/T — 0 and y7/vVT — oo as T — 0.

STEP 2. For any § € (0,00) and C € (0, 0],

-H —a**T+o(T
E(e Tﬂ{BTE[OHT]}ﬂ{min[O,T] 32*5}]1{“’“[—5,5] L(T,-)SC}) =€ o, T — oo. (4.25)

Proof. Pick a = a** and apply Proposition 3.1 for
F=Fo={ypfectiyssmx f<Ch G =Cf, G =G (420

y—d,y]
(recall (4.5)). Note that the event under the expectation on the left-hand side of (4.25) contains the
event

{L(T, Br +) € C§ } N {(Br, L(T, Br — ) € Fsc} N{L(T,—) € G5} (4.27)

Also note that e ?(@")BT < 1 when By > 0 because p(a**) > 0. Therefore we find

ok

Lh.s. of (4.25) > / dtl/ dito ]l{tlthZST}efa 8
0 0

(4.28)
o ( (XO,tl) ’(.UGJS:C(Y'S,Z'Q)

x I Tar (Xo) liam@zard { maxy 104100 XSO} 20ee (Vi) )’
where we again abbreviate s = T' — t; — t3. Next we interchange the two integrals, restrict the to-
integral to [0,d] and the ti-integral to [T' — ty — §, T — t2], estimate A~1(s) < A71(J) for s < §, and
integrate over s =1 — t; — tg, to get

Lh.s. of (4.25)
we< (Ys,t2)

e (w(Xo, T —t2 — ) hic
dt ds e 1 1 — ).
/ 2 / S Lqmn (X()) {A-1(8)<8} {maX[O Bl X<C} Tgrr (Y;) )

Now we use Proposition 2.2(1) to estimate w(Xo, T —s—tg) > e~¢" T+o(T) uniformly on the domain of
integration. The remaining expectation on the right-hand side no longer depends on 7" and is strictly
positive for any § € (0,00) and C € (0, co]. O

(4.29)

STEP 3. A" equals —a** on (—oo, —p(a**)].

Proof. For p < —p(a**), define AT (n) and Af(n) as in (1.7) with lim replaced by liminf and
lim sup, respectively. Since Ai is obviously non-decreasing, we have Ai (1) < AT (—p(a**) + ¢€) for
p < —p(a**) and any € > 0. Using Step 1 and the continuity of p, we see that lim, g AT (—p(a**)+¢) =
—p~Y(p(a**)) = —a**, which shows that AT (u) < —a**. In order to get the reversed inequality for
A*(u), bound

B(e et r g, o) 2 B(e MMM g cion,ny) 2 @B (e gy cpongy ), (4.30)
take logs, divide by T', let T — oo and use Step 2, to obtain that AT (u) > —a**. Since AT < Ai, this
implies the assertion. O

STEP 4. At (p)=1p2+ 0O !) as p— 0.
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Proof. According to Step 1, we have AT (u) = —p !(—p) for u > —p(a**). Hence, in order to obtain
the asymptotics for AT (u) as u — oo, we need to obtain the asymptotics for p(a) as a — —oo. In the
following we consider a < 0.

We use Rayleigh’s Principle (see [G81, Proposition 10.10]) to write (recall (2.1))

pa) = s (Ka)
zeL?NC?: ||z|[2=1

_ sup [ 2ha!(h)? + (ah — K2)e(h)?] dh. (4.31)
z€L2NC2: ||z|[2=1

Substituting z(h) = (—a)%y((—a)%h), we get
pla) = ()b swp [T oy R — (b R2a) By an (432)

yeL2NC2: ||y|l2=1J0

Hence, we have the upper bound p(a) < V(—a)% with
V= sup / [ - 2hy/(R)? — hy(h)?] dh. (4.33)
yeL2NC2: ||y|l2=1J0

By completing the square under the integral and partially integrating the cross term, we easily see

that y*(h) = 126*"/‘/5 is the maximizer of (4.33) and V' = —+/2. Substituting y* into (4.32), we can

Sl

also bound p(a) from below:
pla) > —v2(-a)? — (—a)~} /0 ~ K2y (h)? dh. (4.34)
Therefore,
pla) = —vV2(=a) + O(ja| ™),  a— —oo. (4.35)
Consequently,
A (p) = —p~H(—p) = %uz +0(u™),  p— oo (4.36)
U

Steps 1, 3 and 4 complete the proof of Theorem 1.3(iii).

4.3 Proof of Theorem 1.2 and 1.3(iv)
For b € R, define I_(b) and I, (b) as in (1.4) with lim replaced by lim sup and lim inf, respectively.

STEP 5. For any b > b**, the limit in (1.4) exists and (1.8) holds.

Proof. Fix b > b**.
1. To derive ‘>’ in (1.8) for I_ instead of I, bound, for any p € R,
B(e™ " gy bri<yr}) < € HTHEITE (e M 1 yryary) (4.37)
< e—ubTHuhTE(e—HTeMBT ]1{BT>0}), '

where the last inequality holds for any T sufficiently large because yr/T — 0 as T' — oco. Take logs,
divide by T', let T — oo, use (1.7) and minimize over u € R, to obtain

—I_(b) < min[—ub+ AT (u)]. (4.38)
peER

This shows that ‘>’ holds in (1.8) for I replaced by I_.
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2. To derive ‘<’ in (1.8), bound, for any p € R,

—H:
E(e "1y 5, 111<yr})
> B(e™ " Ne(sm) U sy -im <90} UBrz0)) (4.39)
> e—HbT—\H\VTPN,&TUBT —bT| < ,-yT)E(e_HTe,UBT (s ]I{BTZO})7
where P#9%T denotes the probability law whose density with respect to P is proportional to
—Hr ouBrq) 1
e e e ) H{Br=0}

3. Let up be the maximizer of the map pu — ub — AT (u). (Note that, by Step 1, the maximizer is
unique and is characterized by (A™)'(up) = b.) Next we argue that

lim P57 (|By —bT| < v7) = 1. (4.40)

T—o00
Indeed, pick e = yr/cT > 0 (with ¢ > 0 to be specified later) and estimate

]l{BTZbT+’YT} S eeT[BT_bT_’YT]. (441)

This implies, with the help of Step 1 and Proposition 4.1 with ur = u + ey, C = oo, that
PH.ST (BT > bT + ’YT) < e—sT[bT+’YT}e[A+(#b+6T)—A+(ub)]T(1 +0(1)), T — 0o. (4.42)

A Taylor expansion of AT around uj, in combination with the observation that (A™)'(up) = b and
¢ = (A")"(up) > 0, yields that the right-hand side of (4.42) is equal to

2
C%E%T[lJFO(ET)]*gT‘YT — e ;g;w [1+O(WTT)]’ T = 00. (4.43)

The right-hand side vanishes as T — oo because yr/T — 0 and y7/v/T — oo. This shows
that limp_, ., PHo5T (BT > b + W’T) = 0. Analogously, replacing e by —er, we can prove that
limy o P07 (By < bT — yr) = 0. Hence, (4.40) holds.

4. Use (4.40) in (4.39) for u = pp, take logs, divide by T, let T — oo, and use Step 1 and
Proposition 4.1, to obtain

~Le(0) 2 —puwb + AT () = — max[ub — AT ()] (4.44)

This shows that ‘<’ holds in (1.8) for I replaced by I.. Combine (4.38) and (4.44) to obtain that
I_ =1 =1, and that (1.8) holds on (b**, c0). O

STEP 6. For any b> 0, I_(b) > —bp(a™™) + a™*.

Proof. Estimate

LBy s7<vp) < LiBp<priqpy < e Ao/ Br=bl=orl (4.45)

to obtain, for T sufficiently large,

< 9¢bp(a* )T trp(a™) g (e*HTe”’ (a®)Br ]I{BTzo}) ’ |

According to the definition of AT in (1.7), the expectation in the right-hand side is equal to
AT (—p(a”)T+o(T)  We therefore obtain that I(b) > —bp(a**) — AT (—p(a**)). Now Step 3 concludes
the proof. O

STEP 7. For any 0 <b < b*, I, (b) < —bp(a**) + a**.
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Proof. Fix 0 < b < b*, pick b’ > b** and put a = b/b' € [0,1). We split the path (Bs),c[o,r) into two
pieces: s € [0,aT] and s € [aT,T]. First we bound from below by inserting several indicators:

E (e_HT ﬂ{\BT—bTmT})

—H
Z E (e g ]l{‘BaT_b’OéT|S’YT/2}ﬂ{maX[o,aT] BSBaT+5} ]1{ maX[BaT_67BaT+5] L(aT,)SC} (4'47)

x 1, 1 1 . ).
{1Ba-ayr|<vr/2} " {minjg, 1 —ayr) B2—6]} ~ {maxiz_, 5,8, 515 L(1-a)T,)<C}

Here, (Es)se[o,(l—a)T} is the Brownian motion with B, = Byr+s— Bur, and z((l —a)T,z) = L(T,z)—
L(aT,z),z € R, are its local times.
On the event under the expectation in the right-hand side, we may estimate

—_~ BaT+5 — ~
HT = HaT + H(l—a)T + 2/ L(aT, (L’)L((l - a)T, IE) dx S HaT + H(l—a)T + 4502, (448)
Bar—6
where H (1-a)T denotes the intersection local time for the second piece. Using the Markov property at
time aT', we therefore obtain the estimate

E(e_HT ﬂ{\BT—bT\SvT})

—45C? —Hur
>e E<e ]1{|BaT_b’aT|§’YT/2}ll{max[owaT] BSBQT+5} Il{max[BaT_‘szaT+5] L(aT,-)ﬁC}) (449)

—Hy .
% E(e ¢ )T]l{|B(1—a)T|§'YT/2}]l{min[o,(l—a)T] 32—5}11{110&)([75,5] L((l—a)Ta')SC})'

(The tilde can be removed afterwards.) Now use Proposition 4.1 (in combination with an argument
like in parts 2-3 of the proof of Step 5) for the first term (with T" replaced by aT') and use Step 2 for
the second term (with T replaced by (1 — a)T'), to conclude that

b
I(b) <o)+ (1 - a)a™ = E(I(bl) —a*) +a*. (4.50)
Let o' | b**, use the continuity of I in b**, and note that I(b**) — a** = —b**p(a**) by Step 5, to
conclude the proof. O

STEP 8. Theorems 1.2 and 1.3(iv) hold.

Proof. Steps 1 and 5 allow us to identify I on (b**,00) as I(b) = —bp(ap) + ap, where ap solves

p'(ap) = 1/b (the maximum in (1.8) is attained at u = —p(ap)). From this and (2.3-2.5) it follows
that

d [’ (an)?

I'(b) = — I"(b) = —p'(ap)—ap =

) ==pla) T'0) = @) o = Ly

In particular, I is real-analytic and strictly convex on (b**,00). Since ap«» = a**, it in turn follows

that

>0, b>b"™ (4.51)

inI(b) = min I(b) = I(b*) = a* 4.52
%12161() jfoin I(b) =I(b") = a7, (4.52)

where a* solves p(a*) = 0 (the minimum is attained at b* = 1/p'(a*)). This, together with Steps 5-7,
proves Theorem 1.2(iiii).

Step 5 shows that (1.8) holds on (b**,00). To show that it also holds on [0, 5**], use Step 3 to get
—bp(a™™) + a™ = meaﬂic[bu — AT ()], 0 <b<b™, (4.53)
"
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since the maximum is attained at 4 = —p(a**). Recall from Steps 67 that the left-hand side is equal
to I(b). Thus we have proved Theorem 1.3(iv).

Finally, Theorem 1.2(iv) is an immediate consequence of Theorem 1.3(iii-iv). O

5. ADDENDUM 1: AN EXTENSION OF PROPOSITION 4.1

At this point we have completed the proof of the main results in Section 1. In Sections 5-6 we
derive an extension of Proposition 4.1 that will be needed in a forthcoming paper [vdHdHKO02]. In
that paper we show that several one-dimensional polymers models in discrete space and time, such as
the weakly self-avoiding walk, converge to the Edwards model, after appropriate scaling, in the limit
of vanishing self-repellence. The proof is based on a coarse-graining argument, for which we need
Proposition 5.1 below.

Recall the events in (4.1-4.2). For § € (0,00),a € [0,00), define the event

E2(6.o:T) = L(T.z) > ad~3 \. 5.1
(8,05 T) {zE[BTrg%fBM (T,z) > a73 } (5.1)

Note that £(6,0;T) is the full space.

Proposition 5.1. Fiz p > —p(a**). Then:
(i) For any é € (0,00) and o € [0,00) there ezists a Ka(d, ) € (0,00) such that
er CWTE (e_HTe“BT e,y Ue 2 (5,05m) H{BTzo}) = Ky(b,@) +o(1), T — o0 (5.2)

(ii) For any a € (0,00),

lim K2 (6a a)

B RG00) (5:3)

where K1(0,00) is the constant in Proposition 4.1 (recall (4.10)).

Proof. (i) As in the proof of Proposition 4.1, we may insert the indicator on {Br > 2§} in the
expectation on the left-hand side of (5.2) and add a factor of 1 + o(1).

Introduce the following measurable subsets of C’ar , respectively, CT:
G5, = {9€Cy:g(6)=0,maxg > ad~1}, (5.4)
Ffa = {(y, flect:y>26, %a:ﬁcf > aé’%}. (5.5)

Note from (4.1) and (5.1) that
E(6;T)NEZ(S,5T)N{Br > 26} = {L(T, — ) € Gs}N

5.6
({L(T, Br +) € G5, } U [{(Br, L(T, Br — o 5,) € Fio} 1 {L(T, Br +-) € Gy} ) >0

with G5 = {g € Cf : g(d) = 0}.

Pick a € R such that u + p(a) = 0, i.e., a = p~(—pu) < a**. Apply Proposition 3.1 twice for
G~ = Gs and the two choices: (1) F = Fg, Gt = G5; (2) F = C*, Gt = G5,,. Sum the two
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resulting equations, to obtain

Lh.s. of (5.2) = (1 + 0(1))/ dtl/ dt2]1{t1+tz§T}ea(tl+t2)
0 0

— 1N y- 1
zq(Xo) {A=Y(T—t1—t2)>26} {maX[o,a] Xzaé‘%} (5.7)

wez (Xo,t1)
L _%.

] WG, (YT—t1 —t2) tZ) )

xa(XO) $a(YT—t1—t2)
In the same way as in the proof of Proposition 4.1, we obtain that (recall (4.10-4.11))
lim (r.hs. of (5.7)) = K2(6, ) (5.8)
T—o0
with
Ko(S. ) = |Fe Y (Xo) (3,a) 1 (8 5.9
2(0,0) = [ h( zq(Xo) {maX[oﬂg] XZa&’%}) + {%a, v >] p'(a) (% Yo" )eos (5.9)

where 33 is defined in (4.11) and y* is defined as (recall (3.1))
G py — [ s eat _ o (X (X2 duy )
Y (h) /0 dtewg: (h,t) = Ej (e ) UG- xesasd1) (510
The right-hand side of (5.9) is a strictly positive finite number.

(ii) Fix a € (0,00). From (4.10) and (5.8) we see that K2(d,a)/K1(d,00) = KP(§,a) + K (4, )
with

* dh z4(h)y” (h)P% (maxg s X > ad 2 (8:2)
KW (6,a) = fO a(h)ya” (h) h(m [0, 4 = )’ K®(5,a) = <wavya(5) > (5.11)
(Ta,¥a") (Ta,¥a")
To prove (5.3), we need the following lemma.
Lemma 5.2. Fiz a < a* and o € (0,00). Then:
(i) There exists d = d(a) > 0 such that, for any R > 0 and any § > 0 sufficiently small,
~ _1
sup IP",’l(maxX > aéf%) < ce® ZIec‘/ﬁ, (5.12)
he[0,R) [0,4]
(6,) h 1
sup va " (h) < ce¥TiVE, (5.13)
helo,r] Ya(h)
(ii) For any § > 0 sufficiently small,
inf y®(h) > c. 5.14
pind; Va (h) = ¢ (5.14)
Proof. The proof is deferred to Section 6. O
We use Lemma 5.2 to show that
lsiﬁll KWY(§,a) = 151%1 K®(5,a) =0, (5.15)

which yields (5.3).
First note that, with the help of (5.14), the common denominator in (5.11) may be estimated from
below by

) é
(Tq,yD) > / dh zo(h)yL (h) > c/ dhzq(h) > cd, (5.16)
0 0
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where we use that z, is bounded away from zero on [0, d].

In order to estimate the numerator of K™ (4, ) from above, we split the integral in the numerator
into two parts: h < R and h > R. In the integral over h < R, estimate 3¢’ < y, and use (5.12), to get

the upper bound ce‘d‘r% ¢VE n the integral over h > R, estimate y$’ < y,, estimate the probability
against one and use (2.2) and (2.16), to get the upper bound ce*CR%. Pick R such that ¢v/R = %5_%,
to obtain that the numerator of K (4, a) is at most ce_%‘r%.

In the same way we show, with the help of (5.13), that the numerator of K®(§, @) in (5.11) is at

1
most ce~3° *. Now combine the two estimates with (5.16) to obtain (5.15). O

6. ADDENDUM 2: PROOF OF LEMMA 5.2

We will need the following asymptotics for z, and y,, which are refinements of (2.2) and (2.16),
respectively.

STEP 1. Fora < a**,

. 1 —2h§ . 1 —hi a
hl;rr;o—hlog[e 5" z4(h)] = ’}Ln;o—hlog[e 5 " ya(h)] = 7 (6.1)

N

Proof. The statement for y, is well-known, and follows from (2.15) together with the asymptotics of
the Airy function given by (see [E56, p. 43])

3
2

1
Ai(h) = —e 3 [14+0(1)], h— 0. (6.2)
2wh1
To prove the statement for z,, use [CL55, Theorem 2.1, pp. 143—-144]. To this end, define
G(h) =za(h?),  C(h) =R *Gi(R). (6.3)

Then the eigenvalue equation K%z, = p(a)z, (recall (2.1)) can be written as (see also [CL55, equation

(5.3)])
¢'(h) = K*B(h){(h), (6.4)
with

c=(20 ) Bo=(y s ) (65

R TR
Note that B(h) = >2° ;A "B™ (B® # 0) is a convergent power series in h 1, with B having
eigenvalues A 2 = +1/2. Therefore (6.4) has formal solutions of the form
Z(h) = P(h)hReQM) (6.6)

where the columns of the matrix Z are the two linearly independent solutions to (6.4), P(h) =
32 oh "P™ (det(P®) # 0) is a formal power series in A~ !, R is a complex diagonal matrix, and
Q(h) = 3h3Q + 1h2QW + hQ® is a matrix polynomial with Q©, Q®, Q® diagonal. In our case,

QY =diag{—v2,+v2}, QW =0, Q¥ =ding{ %, %} (6.7)

From the proof of [CL55, Theorem 2.1] it follows that P(h), R, Q(h) can be chosen to be real, because
B(h), A1, A2 are real. On [CL55, p. 151] there is the further remark that for every formal solution
there exists an actual solution with the same asymptotics.
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We need the solution that is in L?[0, 00). By construction, we compute, for R = diag{ry,m2} (with
r1, 72 some functions of a),

1:34(0)11p20(1) ) h’"le_?hs—i_%h 0
R_1h in h
e VEZp3_ap (6.8)
0 h'e 3 V2
Therefore the solution in L]0, co) must be
VI3 e p e pm
n=0

where Pi(;) denotes the element in the i-th row and the j-th column of the matrix P™. Now return
to (6.3) to read off the claim. O

Pick a’ such that a < @’ < a** and define (recall (2.9))

(a")
YA za(Xo) T (Xt) _tjp(a)—p(a)] y(a"~) f¢ X v >, (6.10)

- DY zg(Xo) wa(Xe)

STEP 2. For any h > 0, (M¢)t>0 is a martingale under I/ES‘;L

Proof. Fix 0 < s < t. If ¢, denotes the time-shift by s > 0 (i.e., (¢5 0 f)((Xt)tzo) = f((Xs+t)t20)
for any bounded and measurable function f), then it is clear that M; = M,(¢$s o M;—_,). Hence, using
the Markov property at time s, we see that, for any h > 0,

5 (M| M) = ME, (¢ 0 My | My) = M} (Ex, (M:-)). (6.11)
Now use that, for any = > 0, according to the construction of the transformed process in (2.9-2.10),
B2 (M, 5) = B, (D", M, ) = B, (D{*)) = 1. (6.12)

O

STEP 3. Proof of (5.12).

Proof. Use Step 2, Doob’s martingale inequality and (6.12), to obtain

~ 1 -~ 1
P?L(maXMZK) < % nax EZ(Mt):Ev h>0, K > 0. (6.13)

inf 2o > e~ VER, (6.14)
[0,R] To
Substitute this into (6.10), to get
(X -
M, > cE (Xt) —cvr Pi-as,0<t<1,0<h<R. (6.15)

T ze(Xy)

Pick go: [0,00) — (0,00) to be the largest increasing function not exceeding z, /x, anywhere on
[0,00). Then, by (6.15), M; > cga(X;)e VE Po-as., 0 <t < 1,0 < h < R. Now use (6.13) to
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estimate, for 0 < h < R,

Pilmyxzed) -

;§>

_1
(max ega(X0) > cga(@d4))

< @”( M, > 52 *CVR)
< B (max t > cga(ad 2)e
1
< —eVE, (6.16)
CYa (a575)
By Step 1, it is possible to pick g, such that
ga(h) > efc‘/ﬁ, h — oo. (6.17)
This implies the bound in (5.12) with d(a) = v/a. O
STEP 4. Proof of (5.13).
Proof. Fix a < a**. Define
Dl ya(Xt*)efOt[aX;—(X;)z]dv, >0, (6.18)

! Ya(X5)
Then it is easy to check (see [RY94, Section VIIL.3]) that (D;**);>o is a martingale under P} for any
h > 0 (y, is a strictly positive solution to the differential equation 2y/(h) = (h — a)y,.(h) on [0, c0);
recall (2.6) and (2.15)). Hence, analogously to (2.10), we may construct a transformed process via
a Girsanov transformation by taking Dia’*) formally as a density with respect to BESQC. Denote by
I/[BZ’* and IEZ’* probability and expectation with respect to this transformed process starting at h > 0.

Recall that y,(0) = 1. We have the following representation for the function y$*® (recall (5.10)):
& (h) = ya(h)B2* (XF = 0, max X* > a6~ 7). (6.19)

The proof of (5.13) is now analogous to Steps 2-3. Indeed, use (6.19), drop the restriction Xj = 0,
and proceed analogously. Step 1 provides the necessary asymptotic bounds for y, and y,, provided
that a < a’ < a™*. O

STEP 5. Proof of (5.14).

Proof. We return to the right-hand side of (4.11) and obtain a lower bound by inserting the indicator
of the event {max X* < 26}. On this event, we may estimate the exponential from below by c. Hence,
for 0 < h <4,

Y (k) > cPj, (max X* < 26, X5 = 0) = c [P} (X5 = 0) — P}, (max X* > 26, X5 = 0)] . (6.20)
Using the Markov property at the first time the BESQC hits 28, we see that the latter probability is
at most P55 (X; = 0). Since the first probability is decreasing in h, we therefore have the bound

y®(h) > e(P5(X5 = 0) — Py (X5 = 0)). (6.21)

Now use that P (X# = 0) = e~ /% for any h,d > 0 (see [RY94, Corollary XI(1.4)]), to complete the

proof. O
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