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Abstract

In online learning, a learner sequentially predicts labels over T rounds, incurring loss at
each step. The regret measures the learner’s total loss over T' rounds relative to the best
expert from a given class. In this paper, we study the minimax regret with logarithmic loss
for a general class of experts including the probit function, under mild regularity conditions,
but with unbounded d-dimensional weights, a regime that has received comparatively little
attention in the literature. The minimax regret with logarithmic loss is fully characterized by
the Shtarkov sum, a fundamental complexity measure that we analyze precisely using tools
from analytic combinatorics. Our main results provide a sharp characterization of the average
Shtarkov sum and, consequently, of the average minimax regret with unbounded weights, up to
second-order asymptotics. For weights bounded by R < T the average minimax regret grows
as g log T + % log R+ O(loglogT'). In particular, for R = T the leading term scales linearly
with a: the regret grows as (g(l +a)— a) logT for @ < 1, and undergoes a phase transition
at a = 1, beyond which the regret approaches dlogT, independent of «. This solves the open
problem of Drmota et al. (2025), who derived the regret only for logistic regression and o < 1/4.

1 Introduction

Sequential prediction under logarithmic loss lies at the junction of online learning and universal
coding: the minimax regret against a class of experts equals the logarithm of the Shtarkov sum
(Shtarkov, 1987), and for smooth d-parameter classes over a bounded parameter set it grows as
glog L +log Jr V/det I(w) dw 4 o(1) (Rissanen, 1996; Clarke and Barron, 1990) (see also Jacquet
and Szpankowski, 2004). This classical picture breaks down when the parameters are unbounded.
For generalized linear experts p({w,x)) with ||w| < R, the Fisher-information integral diverges
as R — oo (for d > 2). The regret is then known to move from %logT for bounded weights to
dlogT for R = oo (Drmota et al., 2026), yet how it moves between the two regimes, that is, its
second-order dependence on R, has so far been characterized only for logistic regression with R =
O(T"*) (Drmota et al., 2025). In this paper we describe the transition for all R = O(T/(log T')*®)
and for a broad class of experts, including Gaussian-type tails such as probit, whose analysis
differs substantially from the logistic case. We show that the expected fixed-design regret equals
glogT—i— % log R+ O(loglog T'). Hence for R = T“ the growth rate %(1 + ) — av increases linearly
in a over the whole range 0 < a < 1, which solves the open problem of Drmota et al. (2025).

To set the stage for our discussion, we recall that the online learning problem can be described as
a game between nature/environment and a learner/predictor. Broadly, the objective of the learner
is to process past observations to predict the next realization of nature’s labeling sequence. At each
round t € N, the learner receives a d-dimensional data/feature vector x; € R? to make a prediction
9t € [0, 1] of the true label y, € {—1,1}. Once a prediction is made, nature reveals the true label y;,
and the learner incurs some loss evaluated based on a predefined function £ : J> x Y — R* where

A~

Y =10,1] and Y = {—1,1} are the prediction and label domains, respectively. In regret analysis,



we are interested in comparing the accumulated loss of the learner with that of the best strategy
within a predefined class H of expert functions h : R — Y. After T rounds, the pointwise regret is

T T
R(?JT,?JT’% | CCT) = Zg(gtvyt) - gg%zf(h(ﬂﬂt)ayt)a
t=1 t=1

Iand z'. Throughout, we write y* =

where §; is the prediction based on prior observations 3!~
(Y1, y) € {—1,1} and 2! = (z1,...,2¢) for t € [T).

In this paper, we focus specifically on the logarithmic loss and consider the general hypothesis
class

Hy = {hy : w € RY}, ho(z) == p((w,z)), =R, (1)

where p is a function R — [0, 1] and (w, x) is the scalar product of z and w. We do assume that
p satisfies some mild conditions discussed in the next section. For example, logistic regression
p(w) = (1 + e )=t or the probit function p({(w,x)) = ®((w,z)), where ® is the CDF of the
standard normal distribution, belong to H,. However, we do not bound the weights w & R?, and
this seems to have rarely been analyzed in depth, with the exception of Drmota et al. (2026, 2025);
Qian et al. (2024). Specifically, we assume that ||w| < R < oo, where R can grow with 7". We are
interested in the fixed design regret r7(H | 2T) and its average 77(H), where the feature vector o7
is known in advance. Specifically, for any given H and z” we define

rBf(H | 2T = inf sup R@"y" H | 2T),  Fr(H) =Eur [rr(H | 27)]. (2)
vty

This notion of the fixed design regret is also known in the literature as transductive online learning
(Cesa-Bianchi and Shamir, 2011). We often write rr(z7) := rZ(H | 2T).

It is well known (Jacquet et al., 2021; Shamir and Szpankowski, 2021) that the minimax regret
rr(2T) can be studied through the so-called Shtarkov sum

Sr(@) =Y sup P’ 2", w), (3)
yTe{-1,1}T lw[|<R

where P(y” | 27, w) = [[~, p(ye(xs, w)), and then ri(zT) = log Sp(zT). However, for technical
reasons, to study second-order asymptotics we need to work with the regularized Shtarkov sum and
its corresponding regularized regret defined in Drmota et al. (2025) as

S.(zT) = Zsup PyT | mT,w)e_‘EHwHQ, re(zl) = log S.(27), (4)
yr

where € > (0. We apply a multi-dimensional Fourier analysis to extract precise asymptotics of the
regularized Shtarkov sum for any € > (log7T)?/T?. Furthermore, we use Lemma 1 from Drmota
et al. (2025) that connects the regularized regret r5.(z7) and the standard regret ro(z7), that is,

2dlog T 1
o (7)) <rB(T) < rfﬁ(xT), 1=y €= o3 (5)

This demonstrates that the standard and regularized regrets grow at the same asymptotic rate for
R < T. In short, precise asymptotics of the regularized regret allow us to extract second-order
terms of the standard regret. That is the route we take in this paper.
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Figure 1: Phase transition of the regret growth constant 8 in r¢ ~ BdlogT for R = T“. In this
paper we establish the red curve § = (o + 1)/2 — a/d in the range « € [0, 1] for a general class H
with bounded Hessian. The lower thin green segment for o € [0,0.25] for logistic regression was
proved in Drmota et al. (2025). The blue horizontal line for v > 1 was derived in Drmota et al.
(2026) for logistic regression.

Summary of contributions. In this paper, we present precise second-order asymptotics for the
average Shtarkov sum and the average minimax regret for a large class of logistic-like and probit-like
functions. Our contributions are threefold:

1. For a general class H of functions we derive precise second-order asymptotics of the average
regularized Shtarkov sum for e = Q((log T)?/T?) of the form

for some 3(d) > 0, where B(w) is a d x d matrix that depends on p((z,w)) belonging to
the class H. We also obtain the corresponding expansion for the second moment E[S.(z7)?],
which allows us to show that E[log S.(z7)] ~ log E[S(xT)].

2. By using a spectral decomposition of B(w) and corresponding asymptotics of the eigenvalues
we obtain asymptotics of det(B(w)) of the form ~ C|jw|~%2 (for some C' > 0), which
implies asymptotics of E[S.(z”)] in terms of T and . Due to the relation E[log S.(z”)] ~
log E[Sc(2T)] this implies (for ¢ = Q((log T)?/T?))

d—2

d 1
5 = Eflog S.(2T)] = B logT + log z +log Cy(p) + O(T P4y
for some (d) > 0 and some Cy(p) that depends on p € H and hence on the structure of the
hypothesis class H.

3. By applying Lemma 1 from Drmota et al. (2025) and the asymptotic formula for 5, we obtain
the corresponding second-order terms for the average regret as a function of R, namely

d d—2 d—

d—2
—logT 1 —
> og '+ 5 og R 5

2

2
log(2dlog T) +log Cy(p) < rit < log R+1log Cy(p)

for R = O(T/(logT)*5). Observe that even for the logistic regression class, we extend its
asymptotics from R = O(T*) to R = O(T/(logT)*®) (see also Figure 1). This solves the



open problem posed in Drmota et al. (2025). In particular, for R = T% with 0 < a < 1 we
obtain that the average regret grows linearly with «, that is, for a < 1,

d
it = (5(1 +a) — a) logT + O(loglogT).
Previously, in Drmota et al. (2025) this expression was known only for logistic regression and
a < 1/4, as graphically represented in Figure 1. We recall that for 7' < R < oo the behaviour
of the expected regret stays about dlogT (Drmota et al., 2026), so we cover (almost) the
whole range (just excluding the change of behaviour around R ~ T).

Related work. In universal coding, the minimax regret under logarithmic loss is given by
the Shtarkov sum (Shtarkov, 1987). For smooth parametric classes over a bounded parameter
set it admits the precise expansion of Rissanen (1996); Clarke and Barron (1990), and analytic-
combinatorics refinements go back to Drmota and Szpankowski (2004). Logistic-type experts have
been studied extensively under various formulations of regret, mostly with bounded weights (Kakade
and Ng, 2005; McMahan and Streeter, 2012; Hazan et al., 2014; Rakhlin and Sridharan, 2015; Fos-
ter et al., 2018; Shamir, 2020; Bilodeau et al., 2020; Jézéquel et al., 2020; Agarwal et al., 2022; Wu
et al., 2022, 2026); see Cesa-Bianchi and Lugosi (2006) for background. For the sequential regret,
where both 27 and y” are chosen adaptively, the minimax regret is at most %log(TR2 /d) for any
weight range R (Foster et al., 2018; Shamir, 2020; Wu et al., 2022). This bound becomes vacuous as
R — oo. Unbounded comparators are also central in parameter-free and scale-free online learning
(Orabona and Pal, 2016; Mayo et al., 2022), but not at the precision considered here. For the
fixed design (transductive) regret (Kakade and Kalai, 2005), lower bounds of order %log(T /d?),
independent of R, are known (Shamir, 2020; Wu et al., 2022; Mayo et al., 2022); related expected-
regret notions are studied in Wu et al. (2023). Recently, Drmota et al. (2026) showed that the
fixed design regret is at most 2dlogT" for a general monotone class even with R = oo, and equals
(1 +o(1))dlog(T/d) for logistic regression. The transition from %logT to dlogT as R grows has
been characterized precisely only in Drmota et al. (2025), for logistic regression and R = O(T"/*).
Unbounded weights were also treated in Qian et al. (2024), though without precise asymptotics. To
the best of our knowledge, Drmota et al. (2025, 2026) are the only works giving precise fixed design
regret with unbounded weights. We extend these results to a general class of functions, including
probit, and to the full range R = O(T/(log T)*%). This extension requires substantially sharper
tail estimates for the Fourier representation of the Shtarkov sum.

2 Main result

The main goal of this paper is to estimate the average regret 72 for ||w| < R. Throughout we
assume that the vectors x1,...,x7r are i.i.d. random vectors X1i,..., Xp that follow a probability
distribution over bounded support. In what follows we assume that X is uniformly distributed in
the unit ball. This simplifies several of our computations.

We focus specifically on the logarithmic loss defined over a hypothesis class of experts H, =
{hy : w € R4}, hy(z) := p((w,z)), € R%. We shall study a general class of functions p with
bounded first and second derivatives; for example, logistic regression p(w) = (1 4+ e~%)~! or the
probit function p(w) = ®(w) (where ® is the CDF of the standard normal distribution). The logistic
case was discussed in Drmota et al. (2025). All necessary calculations for logistic-like functions can
also be done in a slightly more general framework:



(H) The function p satisfies 1 — p(w) = p(—w) and —logp(w) is convex with bounded first and
second derivatives. Furthermore, ((logp(u))u)’ ~ —ce™®"u? for u — oo for some ¢, a0 > 0,
B >1, (logp(u))u) ~~ for u — —oo for some v > 0, and ((logp(u))'u)” # 0 at all zeros of

((log p(u))w)’, which are only finitely many.

Clearly, the logistic functions p(w) = (1 + e~%)~! satisfy all assumptions (with c =a = =~ =
1). Note that the probit case p(w) = ®(w) does not satisfy (H). It only satisfies the conditions
1 —p(w) = p(—w) and that — logp(w) is convex. However, the derivatives are not bounded and the
other conditions are not satisfied either. Actually the tail behaviour of ® is completely different
from the exponential tail behaviour for p that satisfy (H). This makes the analysis even more
challenging and interesting.

The main result of this paper is formulated next. We delay the proof to Section 3 for p that
satisfies (H), while the probit case is discussed in Appendix C.

Theorem 1. Let w € R? and ¢ > 0. Assume that the features x; are i.i.d., generated by a
uniform distribution over the d-dimensional unit ball By. Suppose further that p satisfies (H) or
that p(w) = ®(w). Then for 1 < R < O(T/log"® T) we have for the expected minimaz regret

2
5 log R+ O(loglogT). (6)

d

The proof follows from two propositions that we state now and prove below and in the appen-
dices. The roadmap of the proof was partially outlined in the introduction: we first analyze the
generalized Shtarkov sum S (z7) defined in (4) using a multidimensional Fourier analysis, resulting
in the following proposition.

Proposition 2. Under the same assumptions as in Theorem 1, for e = Q((log T)?/T?) there exists
B(d) > 0 such that

Blsa) = (5-) " [ vaerBwpe o du (14 0(r-4)) )

_ )
Blw) = iz, /de<<w,x>>p<—<w,x>> ® @4, (®)

where x @ x = xx” is the tensor product of x with itself, T denoting the transpose. Furthermore
(see Appendiz B),

with

E[S(z")?] = E[S:(zT)* (1 + O(T 7). (9)
Before we proceed, we briefly indicate how Proposition 2 establishes
E[log S:(XT)] = log E[S:(XT)](1 + O(T~PD)). (10)

To simplify the notation we set S = S.(x7). By Jensen’s inequality we directly have E[log 5] <
log E[S]. Thus, it is sufficient to obtain a lower bound. Observe that (9), proved in Appendix B,
implies Var[S] = O((E[S])?T~?). Then Chebyshev’s inequality

iy 1=4) =) -0

can be used to obtain the lower bound E[log S] > log E[S](1 4+ O(T—#(d)).
The second main result needed to prove Theorem 1 is presented next.



Proposition 3. Suppose that the matriz B(w) is given by (8). Then, as ||w| — oo, we have

det(B(w)) = Aa(p) |[w|~*72(1 + O(Jw] %)), (11)
where p
Vd—1 2 * d—1 *
A = 1 3).
a(p) o (@121t (1) ¢*(3)
Here vd = 7Td/2/F( + 1) = Vol(Bg) denotes the volume of the unit ball By and q¢*(s) =
I~ a(w)w*=tdw the Mellin transform of the function q(w) = p'(w)?/(p(w)p(—w)). For example,
Vd—1 i

for the logz’stic function we have Aq(p) = “oq 3(d19)T

Given Propositions 2 and 3 we show below how to establish the following asymptotic properties
(which then also lead to Theorem 1).

Proposition 4. Under the assumptions of Theorem 1 we have, as € — 0 but € > (logT)"T~2,
TY2(Cy(p) =172 + O(1) (1 4+ O(T# D)), d>3,
E[S.(zT)] = { T*/? (ﬁ [, B(w)Y? dw + 0(51/4)) (1+0(T—PW)), d=1, (12)
B(

T<7VA22(p) loge™! + 0(1)) (1+O(T-#2)) d=2,

where
Calp) = (2m) 4/ Aulp) ST (122,

In particular, for d > 3 and e = O(T2%) with 0 < a < 1, we have
1
7% = E[log S.(XT)] = ((§+%)d—a) log T + O(1). (13)

Proof. Proposition 4 follows from Propositions 2 and 3. We only do the calculations for d > 3; the
cases d = 1 and d = 2 are simple variants. By Proposition 3 we have for ||w| > 1 det(B(w)) =
Ag()||lw]|~42(1+0(|Jw||~2)). Consequently we obtain (with s4 = dvg denoting the surface measure
of the d-dimensional unit sphere)

/Rd \/det B(w) eelwl® gy = / \/ det B(w) eIl qoy + o(1)

I>1
— VA /W |rw\|*¥(1+0<ku*2>>e*“1"“2dw+0<1>
W/ S1+062)e = dr +0(1)
—\/mg% T i 2(1+ 0@ 'e))e " dv + O(1)
At [T ot

Wr(d 2) -4+ o),

2

w\»—t

(NI

e ’dv+ O(1)

where we have used the substitution er® = v and the property that foav%fge_” dv = 0(5%7%).

This establishes (12), and with the help of (10) we directly get (13). O

The proof of Theorem 1 is now immediate. We just use (13), and after setting e = 1/R? and
invoking (5) we are done.



3 Analysis and preliminary results

In order to prove Theorem 1 we just have to prove Propositions 2 and 3. Whereas Proposition 3
is a direct generalization of a corresponding property from Drmota et al. (2025), the proof of
Proposition 2 requires a lot of preliminaries. In what follows we comment on the main steps that
are used to obtain this result in the case where hypothesis (H) is satisfied (here we refer to Drmota
et al. (2025) for more details). The probit case (p(w) = ®(w)) requires an even more technical
analysis since the tail of ® is much smaller than in the case of hypothesis (H). This is detailed in
Appendix C.

Note that we significantly extend the results of Drmota et al. (2025). First we extend the
logistic case p(w) = 1/(1 + e™™) to hypothesis (H). More importantly, we extend the range from
e = QT '?) to e = Q(logT)?/T?), which fills the gap that was left in Drmota et al. (2025).
Finally, we can also handle the probit case.

3.1 Fourier representation of the Shtarkov sum

Our objective is to find precise asymptotics for the generalized Shtarkov sum S.(z7) defined in (4).
Note that for any 7 and 27 we have for any £ > 0

T

T
Py" 2" w) = [[ e, w)  and  P(y" | 2T, w) = [ plufa, w)) e (14)
— t=1

We define L(yT | z7,w) = —log P(yT | 27, w) and Lc(yT | 27, w) = L(yT | 27, w) + ¢||w||*>. Then

¢,
VL(y" | 2T, w) Zp IZ’ YTt + 26w
and .
/i
V2Lg(yT ‘ ijw Z yt J"t? ] p (yt<xt’w>)p(yt<xt7w>) xt ®xt + 28_[7 (15)

p? (Yt (e, w))

where z ® = denotes the matrix (xﬂj)lgi,jgd and I the identity matrix.

To study the Shtarkov sum, we need a better understanding of the optimal w} defined as w} =
arg min,cpa Le(y? | 27, w), which is the (unique) solution of the equation VL:(yT | 27, w) = 0.
Similarly, for every a € R? the equation

VLE(yT | xT,w) =aq (16)

has a unique solution w?(a). This follows from hypothesis (H), namely from the convexity of
—logp and from the tail estimates. Furthermore, if we denote Gyr|,r (w) = VL:(y" | 27, w),

then w} = G;Tllﬂ _(0).
We analyze the Shtarkov sum via a multidimensional Fourier transform, which we can prove to
exist as in Drmota et al. (2025). For convenience we set

—elG 7 (@)
hyT‘mT(a/) = ( |:1: G T\a:T( ))e yT 2T .
By assumption (H) it follows that (for given y”, 27, and € > 0)

el
limsup ————

llaf—o0 [all

> 0. (17)



Actually this also holds in the probit case. Hence, the Fourier transform

of hyryr(a) exists and the inverse Fourier transform has an absolutely convergent inte-
gral hyr,r(a) = fRd T‘xT )el @) dz. Actually we only need hyr,r(0) since
supyepd Pe(y? | ,w) = P.(y" | 2T G Tl e (0)) = hyr;r(0). Consequently we can evalu-
ate the Shtarkov sum as follows:

Supd Ps(yT | $T7w) ( r ’ z” G yT|2T e (O)) = exp ( - L(yT | mT,GiTlmT’E(O)))
weR
= (27r)_d/ iLyT|xT(Z) dz = (27?)_‘1/ / hyT|xT(a)e_i<“’z> dadz
Rd JR4

_d/ / exp ( y' 2T, G} S| (a)))e_i<“’z) dadz
Rd JRd

(2m)~ / / T|x ,w)e” WUV L(yT|zT w),z)
Rd JRA

x eclvll*=2ie(w,2) qot (V2 Syl | 2T w)) dwdz,

where we have used the substitution a = Gr|yr (w) = VL¢ (y" | 27, w). To complete our deriva-
tion, we observe that the determinant det(V2L.(y? | 27, w)) contains in each of its d? entries a sum
of the form Zthl[. ..]. In order to proceed further we use the explicit formula for the determinant
and expand all these d? sums (where we have to use d? different indices t = 1,...,T). Nevertheless
each summand of the expanded determinant depends on at most d different y;’s. Thus, T — d of
the y¢’s do not appear in this summand. Suppose that these are the first T'— d components. Then,

by summing over y7 % we can use the following simplification:
T—d
> Py 2" w)exp (= i(VLy" | 2" w), 2)) = [] fw, 2, 2),
nydE{_Ll}T—d t=1
where
'((z '(—(z,w



For example for d = 1 this leads to the representation

2

Se(x ZsupP y | 2T w)e v (19)

) 2
/ / ZP T ’ 27 ) z—:w2 i Le(yT |27 w)z 8(1)2 Lg(yT ’ xT,’UJ) dw d=

T

2
_ 2 :Qi /oo /OO 2 :P(yT ’ xT’w>675w267i%L5(yT|xT,w)z <p,(ysxsw)2 . p”(ysxsw)>x§ dw dz
s
s=1 o0V To

P(yszsw) P(yszsw)

+2€/ / ZP(yT|xT,w)e_5w2 i35 Le W 12T 0)2 gy 12
T
_zgﬁ/ | Tlstnzw

O t£s

X p(YsTsw) exp (ipi(ysxsw)xsz>
p(ysmsw)
2

« (p,(ysxs ) _ p//(ysxsw))xz €f€w2672iswz dw dz (20)
p(yszsw p(Yszsw)

+25/ / H F(ae, 2, w) e~ e 280 guyy .

0 1<t<T

Assuming that X7 = (X1,..., X7) are i.i.d., we find for d = 1 the expected Shtarkov sum

T o oo .
E[S.(XT)] = 27r/ / f(w, 2)T 1 B(w, z)e_awze_%swz dw dz

25 > & T 2 2
/ / flw,2z)" e = e % dw dz,
TJ—ocoJ-c0

flw,2) =E[f(X,w,z2)] = E[p(Xw) exp ( — zI;:(())((Z))Xz> + p(—Xw) exp (zl;,(_Xw)Xzﬂ

(21)

where f(w, z) abbreviates

and B(w, z) is given by

B(w,z) = ]E[p(Xw) exp ( - i];(Xw

+E [p(—Xw) exp (z

Note that

/ w 2
B(w,0) = B(w) = E[p ( ;w()); (_)Xw)xﬂ . (22)

If d > 1, then a more complicated expansion holds. However, the first term is still of the form
T T—d —ellwl? —2ie(w,2)
— flw, z)" "“det(B(w, z))e e # dw dz,
(2m)? Jpa Jra

where f(w, z) = E[f(w, X, z)] and B(w, z) is a matrix-valued function with B(w,0) = B(w). This
expression is the main tool that we use to study asymptotically the average minimax regret.



3.2 Roadmap to the proof of Proposition 2

In order to keep the presentation as simple as possible we discuss here only the case d = 1 and
concentrate on functions p satisfying (H). We also refer to Drmota et al. (2025) for several technical
computations. However, as mentioned before, we generalize the results of Drmota et al. (2025) sig-
nificantly (we cover not only the range ¢ = Q(1/v/T) but the range ¢ = Q((log T)°/T?)), including
the probit case (p(w) = ®(w)), which needs even more technical refinements and is discussed in
Appendix C.

3.2.1 Convergence issues of the Fourier integral

We want to emphasize that the method described above has some convergence issues. The integral
in (20) has to be interpreted as an iterated integral. It is not an absolutely convergent double integral
on R x R. This comes from the direct use of the integral formula for the inverse Fourier transform.
Nevertheless, by taking expectation with respect to X7 we find the integral representation (21),
which turns out to be an absolutely convergent integral on R x R—this is actually a kind of miracle.

In order to transfer the asymptotics from E[S.(X7T)] to E[log S-(X*)] we need the corresponding
asymptotic expansion for the second moment E[S.(XT)?] (compare with the comments following
Proposition 2). We can proceed formally very similarly to obtain an integral representation for
E[S.(XT)?]; however, at this stage this miracle does not happen. As discussed in Appendix B, we
need another regularizing parameter to cover this case.

3.2.2 Gaussian approximation

The integral (21) contains the factor f7—!. Tt is therefore natural to consider a local expansion
for f and apply a Laplace-like approximation in order to evaluate the integral (21) asymptotically.
Actually we have

f(w,z) = e 27 Bw) (1 + O(Z* min(1, [w|™*)) + O(2* min(1, \w[76))>

with B(w) from (22). Furthermore we have the property B(w) = O(min(1,|w|~?)). For example,
if we restrict ourselves to the range

R ={(w,2) € R xR : |2| < max(L, |w])¥2T~2(log T)"/?}, (23)

then we directly obtain

T )
2// f(w,z)T_lB(w,z)e_EwQe_mswz dwdz
T™JJIR
T—1

T oo
~ / B(w70)6€w2/ e~z B2 gz quw
21 ) oo |zl <max(L,|w|)3/2T~1/2 (log T)1/2
T oo
VT / B(w)Y2e %" duw. (24)
V2T J o

This is exactly the asymptotic leading term (from Proposition 2). However, it is a non-trivial task
to show that the remaining parts of the integral (21) outside the range R of (23) are negligible.
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3.2.3 Asymptotic properties of f(z,w) and B(w, 2)

The following lemmas collect some asymptotic properties of f(z,w) and B(w, z) under hypothesis
(H). They are used to upper bound the tails in the integral representation (20). Most of the
properties have already been stated in Drmota et al. (2025), but only for the logistic case. Proofs
of Lemmas 5-8 can be found in Appendix A.

Lemma 5. For |w| < 1 we uniformly have |f(z,w)| < min(1,C/|z|) for some constant C" > 0.
Furthermore, for |w| > 1 we have

Ch +cgelwl>
VI wz| lwz| /°

Lemma 6. Suppose that c; > 0 is a given constant. Then there exists co > 0 such that

¢y max{1, log(|z[/|w|)}
|wl

[£(zyw)] < min (1,

[f(zw)] <1 -

uniformly for |z| > c1|w|.

Lemma 7. Suppose that c; > 0 is a given constant. Then
k
fz,w)=1-— kz/w) + O(ie*w> (25)
w w

uniformly for lw| > 1 and |z|/|w| > ¢1, where

k(v) = /OO p(u) (1 — exp (Z,p’(u) uv>> du

o p(u)

satisfies k(v) = logv +loglogv + O(1) and k'(v) = O(Jv|™1) as |v| — co. Furthermore we have the
upper bound %f(z,w) = O( 1 )

|zw]

Lemma 8. We uniformly have
|B(z,w)| = O(min(l, \w|_3)), B(w) = @(min(l, |w|_3)),
B(z,w) = B(w) + O(z* min(1, |w|?)).
More precisely,

/ 2 [e%s) ’1)2 / v 2
B(w) = gp((?)))2+0(w2) (w—0), Bw) = 2“10‘3 /_Oo p(v)(ffiw do+0w™)  (w— o).

Furthermore, for some constant c; > 0,

flw,z) =1-— @(z2 min(1, ]w|_3)) (for |z] < max(1,c1|w|))
52
=1- ?B(w) + O(2* min(1, |w|™))

_ ¢ 37*B(w) (1 +O(z*min(1, |w|™*)) + O(z* min(1, |w\*6)))-

Finally, suppose that |z| > c1|w| for some ¢; > 0. Then we have uniformly %B(w7 z) = O(ﬁ)

11



3.2.4 Some key estimates

We recall that E[S-(X7)] can be represented as T'Jo+2¢.J1, where Jy and J; are double integrals that
look very similar (see (21)). We have already seen that the range |z| < max(1, |w|)?/2T~1/2(log T)'/?
in the double integral Jy provides the (proposed) asymptotic leading term for E[S.(XT)]. The main
issue is to provide proper upper bounds for the tails. More precisely, we split up the integrals in
(21) into three parts (for the sake of brevity, we only deal with Jy), where we focus on the second
and third parts, in which we have to use the upper bounds for B(w, z) and f(w, z) in a proper way.

A: The case |w| < 1. Here we proceed as in Drmota et al. (2025).

B: The case 1 < |w| < T, where n =n(T) = cg(logT)™3 — 0 and cg is sufficiently large. The
range |z| < ¢j|w| can again be handled as in Drmota et al. (2025), so we do not repeat it. However,
if |2| > e1|w| we argue in a more precise way (in order to cover also the range e = Q((log T)?/T?)
and not only the range ¢ = Q(1/vT)).

First suppose that cjjw| < z < e
Lemma 10)

2 .
2w Here we use the formula (a direct consequence of

zel

/H 2z g o( (max (- |+/|H’ )\dz)) (26)

for the function H(z) = B(w, 2) f(w, )7~ and the interval I = [c1|w|, e2*’]. By Lemmas 8 and 6
we find max,¢r |B(w, 2) f (w, z) “1 = O(w3e=T/") for some constant ¢ > 0. For the derivative
we thus have the upper bound

[H'(2)] < B:ALFIT= + BT = DIFIT21£-

)+O< T _plesz/w) 1 )
e i

w3 2w
(for some constants ¢, ¢’ > 0), which leads to

62w2
/ \H'(2)| dz = o(
1wl
Consequently, we obtain
Jo1 = / / w z)f(w Z)T 1 —awz—stwz dz dw
1<|w|<nT Jer|w|
nT 9
— O(/ ech/wfsw dw)
1

(T/e)/? .y nT
O</ e~ T gy + / e’ dw>
1 (T/e)1/3

o 7(8/2)T2/3€1/3 o 1
=0 )= O(T)

—eT/wl -

log( )) + O<‘w1|36 [w] ) = O(e*CT/lq“U').

e

as long as ¢ > ¢"T~2(log T)* for a proper constant ¢’ > 0.
In the range |z| > ¢2*” we use the upper bound |f(z, w)| < Csexp(e®!)/z and find

) - w™? —1)w?—-2(T—-2)w 1 _ w
/€2w2 |B(w, 2) f(w, 2)" 1}dz:O<Te(T Dw?—2(T—2) 2) :O<f6 . 2/2)’
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and consequently

1
Jog = / / B(w, 2) f(w, z)T 1 eEW 2iews g dyy = O(—).
1< jw|<nT J|2|>e2w? T

We note that it was essential to use inequality (26). Had we upper bounded the corresponding
integral by [, |H(2)|dz, it would have been impossible to cover the range ¢ = Q((log T)?/T?). The
same comment applies to the third range C.

C: The case |w| > nT. We partition the integration with respect to z into three ranges: |z|
2 2 . e .

cilwl, crlw| < |z| < €2¥”, and |z| > €**". In the first case we use the trivial estimate Bf7 1

O(w™3) and obtain

1 )
= / / B(w,z)f(w,z)T_le_sz_waz dz dw
T Jfw|2nT Jl|z|<c1 |w]
= O(/ w 2w dw)
nT

_ O( 3T3 75n2T2> _ O(efc(logT)i”).

I IA

For the second case we set H(z) = B(w, z) f(w, 2z)"~" and use the property that MAX, |20 |H(z)|+

f:l2|w| |H'(2)| dz = O(e=<T/1*l) for some ¢ > 0, which leads to fcejw‘ B(w,2)f(w, z)T e 22 dy =
O(ﬁe*CT/lwl). Thus,

g|lw

1 .
J30 = / / B(w, 2) f (w, Z)T_le_an_waz dz dw
27 Jjwlznt Jer wl<|z|<e2?

— OOL —cT/|w| ,—ew? _ L —en?T?\ _ —c(log T)3
_O(/nT €|w‘e e dw>_0<5nT6 )—O(e )

Finally, for |z| > 2% we use (as above) the upper bound |f(w,z)| < C’gee‘wl/|z] and the resulting
bound [3.2 |B(w,z)f(w,z)T | dz = O(%e*QT“’?) to obtain

1 ‘
J33 = / / B(w, z) f(w, z)T71675w27225wz dz dw
w|>nT J|z|>e2w

which is certainly negligible.

3.2.5 The cased > 1

In principle, the case d > 1 can be handled very similarly to the case d = 1. For example, there is
the same kind of Gaussian approximation

1 1+ Oodl=l® + 1121%) for [lw]| <1,
w,z) =exp | — =2"B(w)z) x .
f(w,2) p( p* Bw) ) (1 +0(|'|'fu‘\‘; n ||zu2”|§|r|w|2>) for |Jw|| > 1,
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that leads to the asymptotic leading term for E[S.(XT)]. However, most parts of the 2d-dimensional
integral do not contribute to the asymptotic leading term and have to be upper bounded. For
example, instead of Lemma 5 we have an upper bound of the form (compare with Drmota et al.,
2025)

[F(zw)| < min (1,6, loﬁl"f h (27)

if ||w|| <1 (for some constant Cy > 0), and

og( 1]l + e (28)

2] ]|

|f(2,w)| < min (1,02

if ||w|| > 1 (for some constant Co > 0). We do not repeat the technical details but refer (again)
to Drmota et al. (2025), where the d-dimensional case was worked out for the logistic case p(w) =
(14 e )7L

3.3 Proof of Proposition 3

We recall the notation B, for the d-dimensional unit ball. Its d-dimensional volume is vy =
/2 JT(4 + 1). We also note that S, denotes the corresponding sphere, which has ((d — 1)-

dimensional) surface measure sq = dvg = 212/ F(%). We now provide the spectral decomposition
of B(w).

Lemma 9. (i) Suppose that d > 2, let w = w/||w| and set g(w) = #ﬂ(])ﬁw). Then

B(w) = ¢(w)(Ig —u®@u) + MNw) u @ u,

where I is the identity operator on RY (thus I; — u @ u is the identity operator on the hyperplane
orthogonal to ), with

AMw) = Yd-1 /7r cos(6)? sin(8)? g(cos()||w) df (29)
Uq 0
and ) -
o) = g | (0 ateos(0) ul) do (30)

the eigenvalues of B(w), with multiplicity 1 and d — 1 respectively.
(i1) The eigenvalue A\(w) is asymptotically \N(w) = 2v"lidflq>"(3)||w\|_3(14—O(||w\|_2)), where ¢*(s)

v,
denotes the Mellin transform of q. Furthermore, the eigenvalue ¢(w) is asymptotically ¢(w)

W22‘1||T(1H)(1 + O(|lw||=2)). Consequently

det Bluw) = Aw)™ w) = =12 g

v (d+2)d—1q*(1) ¢*3)|[wl| = (1 + O(Jlw] 7).

The proof of the spectral decomposition is the same as in Drmota et al. (2025). Only the proof
of the asymptotics for A\(w) and ¢(w) needs a small modification. Since A(w) and ¢(w) depend
only on the norm w = ||w| we also use the shorthand notation A(w) and ¢(w).

We now apply the machinery of analytic combinatorics, especially Mellin transform asymptotics,
which can be learned from Flajolet and Sedgewick (2008) and Szpankowski (2001). As in Drmota
et al. (2025) one uses the Mellin transforms

A (s) = /000 Mw)w* ™ dw, ¢*(s) = /000 d(w)w* ! dw.
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As in Drmota et al. (2025) it follows that

o 200 [ . o
A (s) = dl/o (1-y*H 1)/21/2/0 q(yw)w* ™t dw dy

Vd
2041 ! _ s 2v .
_ a1 / (1= )02 gy = 291 ey ge3 gy,

Ud 0 Vd
where ¢*( fo w1 dw is the Mellin transform of ¢ and
] D(%H)r(3)
Bi(s) = S r dims
(=57)

is the Mellin transform of the function (1 — y?)(4~1/2 defined over [0,1]. As usual T' denotes
the Euler gamma function. Note that ¢*(s) and §j(s) are analytic for Re(s) > 0. Thus, the
dominating singularity of A*(s) is a simple pole at s = 3 (coming from I'(25%)) with residue
res(\*, s = 3) = —22=L¢*(3). This implies that A(w) = A([[w]]) = 242" (3) ]| =3 (1 + O(||w]|~?))
as w — 00, since s = 5 is the next pole of A*(s).

We can make a similar analysis for ¢*(s) and arrive at ¢*(s) = ﬁq*(s) B5(1 —s), where 35(s)

is the Mellin transform of the function (1 — »?)@+1)/2, Hence,

‘ 1 D)
56 = 30O prars
Here the dominating singularity is a simple pole at s = 1 with residue res(¢*,s = 1) = —ﬁq*(l).
The next pole is s = 3. Thus, we have ¢(w) = ¢(||w[|) = 3254 i (“) (14+O(Jlw[=2)), and consequently
2d

— _ Vd—
det B(w) = Mw)¢(w)"™" = Udl (d+2

)d_lq*(l)d g (3) ]|~ (1 + O(lwl 7)),

as proposed.
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A Proofs of Lemmas 58

The proofs of Lemmas 5-8 rely mainly on the following two properties (which can be found in
Huxley, 1996). Lemma 10 is used more frequently; Lemma 11 is only used when Lemma 10 does
not apply.

Lemma 10. Let 81 < 2 be real numbers. Assume that h is continuously differentiable on [S1, B2
and has a monotone nonvanishing derivative. Then for each continuous function H of bounded
variation we have

max(g, s, |H| + V52 (H)

mingg, s,] ||

B .
‘ H(x)e™® dz| < 2
B1

where Vi *(H) denotes the total variation of H on [By, Ba].

: (31)

Lemma 11. Let 81 < B2 be real numbers. Assume that h is twice continuously differentiable on
[B1, B2] such that the second derivative is non-zero. Then for each continuous function H of bounded
variation we have

B
‘ / zh () dr ’ <8 MaxX[s, 6] ‘H’ +V 12 (H) ' (32)
B

min[ﬁl’ﬁﬂ \/ |h”|

The proof of Lemma 5 is actually the same as that given in Drmota et al. (2025). Instead of the
explicit logistic function p(w) = (1 + e~*)~! we use the properties stated in (H). More precisely,

we set h(z) = :Uzz;l(( )) which gives h/(z) = z((logp(u))’u)/ (with u = zw). If ((logp(u))'w) # 0
then we apply Lemma 10, and if we are close to the zeros of the function ((logp(u))w)’, where
Lemma 10 does not apply, we use the property that ((logp(u))'u)” # 0 in a small neighborhood of
the zero, so that Lemma 11 applies.

Lemma 6 is an extension of a corresponding property in Drmota et al. (2025), where it was only

proved that |f(w,z)] <1-— ﬁ for some constant ca > 0 if |z| > ¢1|w|. Suppose that w > 0. Then
we first have ‘ fol p(—zw)eh®) dac‘ = (‘ |) Similarly to the proof of Lemma 10 we have
1/w (Jluol4+n)/w c/w 1 .
’ / zw)e=?) d;v / / / —I—/ )p(:vw)em(_”) dx
(luol+m)/w  Je/w
<1

1 e¢
<l-—--— + (0] + + ,
w (|Z’ V]zw| |z]c>
where ¢ > |ug| + 1 and ug denotes the zero of ((logp(u))'w)’. By setting ¢ = max{1,log(|z|/|w]|)}
we thus obtain
Fzw) <1— max{1,log(|z|/|w|)} +O<maX{1,10g(|Z\/|w|)} - )
v 2 NET

ca max{1log((zl/[w])} f, -

Thus, if |z] > cjw for a sufficiently large constant ¢}, we have |f(z,w)| <1 —
some constant ca > 0. Finally, the case c;w < |z| < ¢jw follows as in Drmota et al. (2025).
Lemma 7 is a more precise form of Lemma 6 and relies first on the computation

1 1 / (zw) P (—zw)
fws) =5 [ (paw)e™ ‘%<w>+p< w)e ) de

2J
)dx

_ _/ (1 v

(zw)
_ Z/w +/ 1_ezxz(w)>dx.
|x\>1
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It remains to upper bound the remaining integral. This can be done with the help of the tail
estimates provided by hypothesis (H), for which we need the asymptotic property k(v) = logv +
loglogv + O(1) and the upper bound for %f(fw, z). For both properties one uses again Lemma 10
(we omit the easy details).

Finally, Lemma 8 is a direct analogue of corresponding properties from Drmota et al. (2025)
for the logistic case. We only added an upper bound for %B (w, z), which is immediate from the
integral representation of B(w, z) and a direct application of Lemma 10.

B The second moment

The main difference from the first moment is that the second moment E[S.(x”)2] cannot be explic-
itly represented as a convergent multi-dimensional integral. In order to handle this problem we use
a regularized version of S.(z7) of the form

SY(x) = =5 / / Hf w, xy, 2) e~ EW T REws g2 Le(yT | 27, w) e v? dwdz, (33)

which is absolutely convergent as a double integral if » > 0 and has the property that S.(z7) =
lim, 0 S¥(z7). As in Drmota et al. (2025) it follows that

)07 =0 (5 + 7))

and consequently (since E[S.(zT)] = O(VT))
IE[S-(2T)?] — E[SY(T)?)| = O((g% i ’;;Z)eO(TQ/e))
In particular, if we choose
v=eCTl 50 (34)
for a sufficiently large constant C', we find
E[S:(27)?] = E[SY(2T)?)| = O(e 2~ T"/2) = O(Te=C" e T)’)

if e > (log T)°T~2.

Thus, it suffices to compute E[SY(2T)?]. Since v > 0, SY(xT) is represented as an abso-
lutely convergent double integral (33), and by dominated convergence we obtain, writing = =
e—s(wi+wd)—2ie(wizi—waz2) o=v(z}+23) and dv = dw; dwy dz; dzs,

B¢ ()] = [H (w1, x4, 21) f(wa, w1, 22)) V2 Le(y" | 27, w1) VP Le(y" | 2", wo) | Edv
t=1
2 S fwr, wa, 21, 22)T 1 B(21, w1) B(22, wp) Edv
)2 R4f w17w2vzlaz2) B 32(21,22,11}1,102) 2Edv
+2 éfgz R4f (wi, wa, 21, 20) 1 f (w1, 21) B(22,w2) Edv
+ ((37&;))22 - f(wr, w2, 21, ZQ)T =dv

=(T*=T)-J§ +T-J§y+2T - J} + (26)°J5,
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where

flwy,w, 21, 22) = B[ f(w, X, 21) f(wg, X, 22)]
1 /L e—ile/(l—&—eg“”l) eile/(l—&—e_x“’l) eimm/(l—l—exw?) e—irzg/(l—o—e_‘”’?)
L It

dx

2 14+ e 711 * 1+ e™™1 1+ e—7w2 * 1+ e¥w2

(written here for the logistic case) and
Bs(z1, 20, w1, w2) = E[ f(wy, X, 21) f (w2, X, 22) p(Xwr)p(—Xwr ) p(Xwa)p(—Xw2) X*].

By using corresponding upper bounds for f(wy,ws,21,22) (compare with Drmota et al., 2025)
one can handle the integrals Jg, Jio, Ji, J3. As in the case of the expected value it follows,
for example, that J¥ = JZ2(1 + O(T~?)) + O((1 — k)T logv~!) for some 8 > 0 and some x > 0.
Putting all these estimates together we finally obtain (by setting v = exp(—CT?/¢), see (34))
R[S (2T)?] = E[S.(z7)]?(1 + O(T~?)) and consequently

E[S. («7)%] = E[S. (") (1 + O(T ). (35)

C The probit class

We assume that d = 1, so that the X; are i.i.d. and uniformly distributed on [—1, 1]. We also use
as p(w) the Gaussian distribution function (the probit case)

p(w) = ®(w) = \/12? /_w e /2 dy.

Note that p satisfies 1 — p(w) = p(—w). Since ®'(w) = \/%e_“ﬁ/z and ®(w) > 1 — e *"/2/(\/21 w)

(for w > 0), and more precisely

—w?/2 —w?/2
e e _
O(w)=1- Jorw + NG (1+0(w™?)) (w — +00),

p = ® satisfies the properties (log p(w))” < 0 and (log(1 — p(w)))” < 0 and
p(w)=0(), p'(w)=0(1), p"(w)=0(),

(logp)' = O(w), (logp)” = O(w?), (logp)” = O(w?),
and similarly (log(1 —p))’ = O(w), (log(1 — p))"” = O(w?), (log(1 — p))"” = O(w?). It is also easy
to check that the property
G (a)
limsup ————
la]—o0 ‘(l|

>0 (36)

holds. Suppose that y7 and z” are given and without loss of generality assume that w > 0. Then
Gyriar (W) = WY1 4er yyz, <0 x7 + 2ew + O(1/w). Thus, a = Gyr,r(w) > (2 + o(1))w, which
implies (36).

With the help of these properties of p = & it follows that the expected regularized Shtarkov
sum is given by

T o o X
BS.(XT)] = 5 / / F(w, 2) T B(w, 2)e= =2 gy

2 RO .
+ = / / f(w, z)Te_WQ_z’sz dwdz =:T - Jy+ 2¢ - Jp,
27T —0o0 —0o0
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where

f(w7 Z) - E[f(w7X7 Z)]
—z2w?/2 —z?w? /2

1 . e (37)
— ;/_1 (‘P(:Ew) exp < — z\/m(mw)xz) + ®(—zw) exp <Z\/wm>) dz,

and where B(w, z) abbreviates

—X2uw2/2 X202 X —X2w?/2
e e we
B =E|®(X —i X x°
(w, 2) [ (Xw) eXp( Z\/g@(xw) Z)(%Q)(Xw)2 * V27 ®(Xw) )
—X2w2/2 _X2w2 X —X2w2/2
e e we
+P(—X — X - ?
(—Xw)exp (Z 2r®(—Xw) Z>(27T<I>(—Xw)2 \/ﬂCI)(—Xw)> }

1 1 ( ( e—a:2w2/2 ) ( e~ T W mwe—x2w2/2 )
= - exX — 2z + )]}
2 /1 P V2P (zw) 2m®(zw) V27

24,2
e:611)/2

— 22 242
T w xwezw/Q

+ exp G\/ﬂ@(—xw) xz) <2ﬂe@(_$w) — Nors )332) dx.

We also set

dx.

[2#(1)(Xw)¢(—Xw) T2 ) 27®(zw)d(—aw)

X2 — X 22 1 1 2 —x2w?
B(w) = B(w,0) = E ¢ }_ / re

Our goal is to give a full proof of the following asymptotic property that is the basis of all other
results, see Theorem 1 (we skip the corresponding computations for the second moment and for
d > 1; they are more involved but follow precisely the lines given here combined with the methods
of Drmota et al., 2025).

Proposition 12. Suppose that p = ® and that the Xy are i.i.d. and uniformly distributed on [—1,1].
Then we have uniformly for e > (logT)?/T?

Bl = \/ZT /Oo B(w)'?e==%" dw + O(T~777)

oz
for some B > 0.
We start with some technical lemmas.
Lemma 13. We uniformly have
|B(z,w)| = O(min(1, |w| ™)),  B(w) = 6(min(1, |w| ™)),
B(z,w) = B(w) + O(\z| min(1, |w|_4)).
More precisely,

o] 1)2671}2 9
Blw) = - 40@?) (w—0),  Blw)= /_Oo Soiar POW ) (w o).

Furthermore, for some constant c¢; > 0,
flw,z)=1-— @(22 min(1, |w|_3)) (for |z| < max(1,ci|wl))
2
=1- %B(w) + O(2* min(1, |w|™))

= =350 (14 O (P min(L ™)) + O (=" min(1, [w] ) ).
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Proof. By symmetry we can rewrite the definition of f(w, 2):

—x2w?/2 e~ T 2w? /2

flw, z) = /0 <<I>(acw) exp ( —is \/ﬂfb(—mw)wz)) dr.

mmz) + &(—zw) exp (z

By differentiation we directly obtain f(w,0) fo (zw) + &(—zw)) der =1,

gf(w,z / ﬁrw/z(exp(—z il z)
z \ﬁ V271 ®(zw)
— exp (z%xz)) dx,
° w.0) =0
2242
gi];( =g e ((P(glcw) exp (- i\/em(x/;“)
ey
+ CI)(—l) exp (zwxz)) dzx,
a0 = ‘% | s e 2>:1>$<w w07 B
3 —z2w?/2
%(w’z 2\/% e 73:1:2102/2(@ S ex p( jﬂ@(xw) z)
e~ w2/2
— ———— 5 exp (z Vard(— )) dx.

Since ®(zw)®(—zw) = ®(0)2 + O(wa?) and =" =1 + O(z2w?) we have (as w — 0)

B()—/1 - d+0(/1 24d)—3+0( )
w) = . 47Tq)(0)2 X 1’11) T XL _37'(' w).

For w — oo we obtain

1 1 26—x w w
B = - d
(w) 2 /1 27D (zw) P (—zw) 47rw3/ D (v v

w

B 1 /oo ,026—1;2 ot O /oo 5 —1)2/2
drwd o O(v)P(—0)

w

o 1 o0 1)2671] —1 _,w2/2
= a3 /_Oo B(0)B(—0) dv+O(w™'e ).

Putting these two properties together we also get B(w) = ©(min(1,|w|™?)). Similarly it follows
that (w z) = O(1) as w — 0 (uniformly in z) and, as w — oo,

i&w’@ =0( /01 mgegxsz/z(q»(;wﬁ * (I)(—isw)Q) d)

— (/ $3(xw)26m2w2/26—3x2w2/2 dl‘) — O(w_4).
0
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Thus it immediately follows that f(z,w) =1 — %B(w) + O(z3 min(1, |w|=*)), and by expanding
f(z,w) = e°8f(5¥) we obtain the third representation for f(z,w) (where we use z*min(1,|w|%)
as the order of 2*B(w)?). Next, if |2| < max(1, c1|w|) (for some sufficiently small constant ¢; > 0)
it follows that z2B(w) > 2® min(1,|w|~*). Thus we also get f(w,z) = 1 — O(z? min(1, |w|~3)).

Finally we consider B(w, z). Clearly we have B(w, z) = O(1) for w — 0 (uniformly in z). For
w — oo we argue similarly as above and obtain

—z2w? $|w‘efx2w2/2

o e
B(w, z)| < 4 + 24
[Bw, 2)| < /0 (277(13(—]3310\) Vor )x o
= O(/ wale /2 da:) =O0(w™®).
0

Finally we use the expansion e = 1+O(u) to obtain B(z,w) = B(w)+O(|z| min(1, |w|~*)), which
completes the proof of the lemma. O

Lemma 14. There exists wg > 0 with the following property. For |w| < wy we uniformly have
|f(z,w)| <min(1,C/|z|) for some constant C > 0. Furthermore, for |w| > wo we have

o) 026|w|2/2>

+
1/|’U}Z| ’U)225|

F(zw)] < min (1,

for some constants C1,Co > 0.
67127412/2 -

Proof. We consider the function h(z) = Viro(ew) Y which satisfies h/(x) = z h(zw), where

u? —u?/2

2 _
- uZe v /2 ue e

hlu) = CV2rd(u)  2m®(u)? * V21 ®(u)

We have the following three different asymptotic regimes:

uZe~v’/2 = 2 -

Vi (u — 00), h(u) ~ - (u—0), h(u) ~ —2u (u — —o0).
Furthermore there is a unique zero ug > 0 of h, which satisfies h'(up) < 0. Now, f(w,z) can be
represented as

h(u) ~ -

1 1
flw,z) = ;/ & (zw)e®) dzv+;/ ®(—zw)e ) da.

-1 -1
Note that ®(zw) is uniformly bounded and that its variation is uniformly bounded, too. Next we
set wg = ug — 7 for a sufficiently small 7 > 0 such that A’(u) # 0 on the interval [ug —n, ug + 1. If
|w| < wo then we have |zw| < ug —n for |x| < 1, so that |h'(z)| = |z||h(zw)| > C’|2] for |z| < 1,
for some constant C’ > 0. Hence, a direct application of Lemma 10 implies |f(w, z)| < C/|z| for
some constant C' > 0.

Next, if |w| > wo then we cut out the interval Ip(w) = [“2=1 “H] from the interval [—1,1]

if there is a non-empty intersection. For z € Iy(w) (which is equivalent to zw € [ug — n,ug + 1)
we have h”(x) = zw h/(zw) and consequently |h"(z)| > C"|wz| for x € Iy(w), for some constant
C"” > 0. Hence, by applying Lemma 11 we obtain an upper bound for the corresponding integral
of the form O(1/4/|wz|). Finally, in the remaining part of the interval [—1,1] we certainly have

W(z) # 0 and |I/(z)| > C"|z|w2e~*/2 for some constant C"” > 0. Thus, we can apply Lemma 10
w 2
again and obtain (for |w| > wo) |f(z,w)| < 4= + Caell /2

=V |wz| [w?z]

for proper constants Ci,Cs > 0.
Finally, we note that we always have the trivial upper bound |f(z,w)| < 1. O
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Lemma 15. Suppose that c; > 0 is a given constant. Then there exists co > 0 such that

1f(z,w)] <1— 2 max{1, \/log(|2|/|w])}

|w]

uniformly for |z| > c1|w|.

Proof. We consider first the case |z] > ¢}|w|, where ¢} will be chosen sufficiently large. With-
out loss of generahty we assume that w > 0. As in the proof of Lemma 13 it follows that
|2 fol P (zw) ) dz| = O(1/|z|) and that

| / o= |( o /(:‘: );u /(Z:"Ww+ / lw)q P i

<1——+O<1+ ! 602/2)

+7
1z ]zw|  |2]c2)”

where ¢ > ug+n and k > 0 is a constant. By setting ¢ = max{1,2/log(|z|/|w|)} we thus obtain

o) < 1L 2wlog(|z|/|w)}+ (maX{l 1|(:|$ 21/TwD)} ¢|17w|>+0<wbg<llz!/lwl)>’

Thus, if |2| > ¢jw for a sufficiently large constant ¢;, we have |f(z,w)| <1 — 2 max{l, V;Og(w/lwl)}
for some constant ¢y > 0.
Finally we consider the interval cyw < |z| < djw. With ¢ = |z/w| we have

—z2w?/2 e T 2w? /2

.\/eﬂcb(:rw) V271 ®(—zw) xz)) d
e—v%/2

e=v*/2 .
_ / exp \/%(p(v) ’UC) =+ (I)(—’U) exp <’L\/277T(D(_U)'UC>) dv.
fo v)exp (-

f(z,w) = /1 (@(mw) exp ( z) + &(—zw) exp (z

By continuity it follows that, uniformly for e < ¢ < ¢ and w > wy,

_o2
i\fﬂqf)vc) dv| < fol v)dv — 2 for some constant ¢y > 0. Hence |f(z,w)| < %fo (v) +
v— 2 =1— 2 as propose e case w < 0 is completely the same.

dv— 2 =1 d. (Th 0 i letely th O

Lemma 16. Suppose that ¢c1 > 0 is a given constant. Then

k

few) = 1— FGMW) O(ie*wzﬂ) (38)

w w

uniformly for lw| > 1 and |z|/|w| > ¢1, where
—u /2

k:(v):/oo @(u)(l—exp( \ﬁ‘l)( ) >>du

o

Satzsﬁes k(v) = /2log|v| +O(1) and k' (v) = O(|v|™!) as |v| = oco. Furthermore we have the upper
bound E,Zf(z w) = O(\zw|)
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Proof. Due to symmetry we have

1 e—riw?/2 e T 2w?/2
flz,w) = /0 (@(—xw) exp (z VIrd(—zw) :zzz) + O (zw) exp ( — Z\/ﬂ@(xw) z)) dx

w e~ u?/2 2
=1- llu/o <I>(—u)<1 — exp (Z\/QTT"I)(—H)UU))) du

w e~ u’/2 z
_ llu/o O (u) (1 — exp ( — Z\/QTT‘I)(U)UW)> du.

Furthermore we have

/OO @(—u)’l — exp ( \/i_;/? >‘du = </w°° 6_7;2/2 du) = 0(e 2

and
00 e U /2 P 00 2 Z 2
/ @(u)‘l—exp( \/%q)( )‘du— <w/ e /2udu) :O(Ee /2>.
Thus, (38) holds. Next we observe that (for v > 1)
1 —u /2u
/ D (u) <1 — exp ( )) du = O(1),
e Vard(u)
/\/W ()( ( e—u /2y, ))d V2logu (w)d V2Zlogv W) ( e—u% /2y, )d
P(u)|1—exp (i u:/ D(u u—/ D (u) exp U
1 V21 ®(u) 1 1 V2r®(u)
=+/2logv+ O(1)
00 —u /2u 9] )
/ D(u) (1 — exp ( )) du = O(v/ e /2udu) = O(1).
V2Togv V2rd(u) V2logo
Note that ‘8u \/ﬂ@/(;)v‘ > 5 i for 1 < u < y/2logv. Hence, we can apply Lemma 10 to get the

STons a2
upper bound for the corresponding integral, [ 2logv ®(u) exp (z \e/gq:(?)v) du = O(1). This shows

that k(v) = v/2logv + O(1) for v > 1. The same arguments apply for v < —1.
Finally, we have to deal with

—1 00 —u /2
— [ ew

V2T J_so \/27Tq)(
where we again assume that v > 1. Since fme_“ 2udu = O(1/v) and, by Lemma 10,

fll exp (i r@/(u)v)e“ﬂ/zu du = O(1/v), it remains to consider the range 1 < |u| < y/2logv. By
—u2/2

another application of Lemma 10 it follows immediately that [~ mexp ( Voo ()

O(1/v). Here we use the property that ®(u) ~ e " /2/(\u|\/ ) as u — —oo, so that ‘au \/ﬂé } >
59 for —v/2logv < u < —1. For the last integral we use the substitution e —u*/2 = ] to obtaln

K (v) < 0)e ¥ 2y du,
)

U)e_“2/2 du =

2
e U /2y

/ e exp (ziv) e 2 du
1 vV 27T(b(u)

_[Yve . U+/210g(1/0)
_/w P (Z\/%p( 2log(1/U))”) v
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Uy/2log(1/U) v .
Vi 21Og(l/U))v| > o5 for 1/v < U < 1/y/e, we can apply Lemma 10 another time and

obtain that this integral is O(1/v), which completes the proof of the upper bound for k'(v). The
upper bound for the derivative % f(z,w) follows in the same way (we omit the details). O

Since ‘ %

Lemma 17. Suppose that |z| > ci|w| for some ¢; > 0. Then we have uniformly %B(w,z) =
0(:k).

Proof. By using the substitution u = xw we obtain the representation
w2

w —u?/2 ue—u2/2

B(w,z):w3/wexp<—i\/€27rq>(u)u;)<2§q)(u) + NG )u2du

and consequently

oB(w,z) . _4/w Cev? ue=3u’/2 uZe v\
0z =T . exp( 2,/27r<I>(u)uw>((27r)3/2<I>(u)2 + 27T<I>(u)>u du.

With v = z/w, by Lemma 10 we certainly have

2, —u?

1 e—u?/2 we—3u>/2 ule~
/1 exp ( - Z\/%q)(u)mo <(27T)3/2(I>(u)2 + QF‘I)(U))U2 du = O(%)

Next, by using the substitution U = e~"*/2 and again Lemma 10 we obtain
w . e~ u/2 we—3u?/2 ule— v’
/1 P ( - Z\/ﬁ@[)(u) uv) <(27r)3/2<I>(u)2 * QWCI)(u))UQ du
:/Uﬁexp(—i U\/W v)
e—w?/2 V21 ®((/21log(1/U))
y ( 2log(1/U)U? N (2log(1/U))*2U )
(2m)3/20(1/2108(1/0))> 27 (+/21og(1/0))

-o(})

Finally, a direct application of Lemma 10 (and the property ®(u) ~ e~**/2/(v/2x|u|) as u — —oc)
provides the same bound O(1/v) for the integral over [—w,—1] and completes the proof of the
lemma. O

We recall the representation ES.(XT) =T - Jy + 2¢ - J1, where

_ L
_27'[' R2

1

=5 B(z,w) f(w, )T lemew?=2iews gy .
™ JR2

J1 f(w, z)Te_EwQ_%sz dw dz, Jo

The main challenge in the computation of the integrals Jy and J; are the parts that correspond to
large w. We start with the integral Jy.
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A: The case |w| < 1. If jw| <1 then we have the uniform bound |f(z,w)| < C/|#| by Lemma 14.
We first look at the case |z| < 2C. Here we certainly have the uniform representation (see

22
Lemma 13) f(z,w) = ¢~ 2 2™ (1 4 O(z%)) and, by continuity, |f(z,w)| < e “#* for some con-
stant ¢; > 0. If |z| > 2C then we have the trivial estimate |f(z,w)| < C/|z| < 1/2. Consequently,

w2 —
J01 — / / Z w w Z)T 1, —cw 2z5wzdwdz

/ / e—TB(W)%(1+O(Z + Tz )) —ew?—2icwz dz dw
|z|<T—1/3

/ / _ClTZ) e dzdw+/ / /)2t —v 4z dw
T-1/3<z|<2C |z|>2C

) —2e%w?/(TB(w)) o~ —c T3 -T
ctw W)= duy + O +O0(e™® +0(2
ﬁ () +0(e ") 1o )

w) e dw + O(T7Y).

F

B: The case 1 < |w| < nT, wheren=n(T) = cs(logT)~2 — 0 and c; is sufficiently large. We di-
vide the integral over z into several parts. The first part is the interval |z| < z; = |w|3/2T_1/2 —1/6,
where we use Lemma 13:

fz,w)T=1 = e_TB(w)§+O(|22/w3|+T|Z3/w4|)+O(T|z4/w6|)
B (14 O(|22 | + T|2* /) + O(T|* [u)).

By using the substitution v = z(TB(w))"/? = ©(2T"/?w=3/?) we have (with v; = 2, (TB(w))"/? =
CIU))

~TB(w)Z ~2izwz g, _ V2T _220?/(TB(w) O<|U’|3/2771/66cn—1/3)
21 <=1 - /TB(w) T1/2

for some ¢ > 0. Note that ¢n~/3 = ceglogT, so that e=en? = T ig an arbitrarily large

negative power of T (when c¢g is sufficiently large). Similarly we obtain

e~ TB(w 2/ 3 |w|3/2 / o~ TB(w 3/, 4 |w|2
dz=0 , T dz = 0(21),
/|z|§z1 et o'l <T3/2 ) EES T w'lds = ( T )
2 3/2
~TB(w)% | 4 /,.6 _ |w|
e 2 T|2% /w’|dz = O .
/||<Zl ( T3/2 )

Summing up we find

1 )
J0,21 = / / B(w7Z)f(w’z)Tflefstszswz dw dz
21 Ji<lwl<nT J)zl<a
1

B(w)1/26—252w2/(TB(w))6—sw2 dw + O(T_1/2 /T
n

— -3/2 ,—ew? )
= w e dw
V21T Jijw|>1

+ O<T_3/2 /nT w32’ dw) + O(T_1 /1nTw_16_8W2 dw)
1

1/2,,~2e%02 /(T B(w)) ,—ew? log T’
B(w) dw—i—O( T >

V2T /w>1
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Next suppose that z; = |w]3/2T_1/2 —1/6 < |z] < c1|w|, where ¢; is sufficiently small, which ensures
that (see Lemma 13) B(w )7 >C( L “ |‘6) Recall that B(w) = O(Jw|™3) for |w| > 1. Hence,

Jw[*

there exists a constant ¢ > 0 such that |f(z,w)| < e~¢=*/*[" uniformly for z; < |2| < ¢1|w|. This
implies that the corresponding integral is upper bounded by

1 —ew2—-2i
Jo22 = / / (w, 2) f(w, 2)T~Le oW =202 quyy d
1<|w|<nT z1<|z\<cl|w|
nl/ﬁe—cn 1/3 nl/ﬁe—cn_l/S

= O(T /1<u)<77T w3/2emew” dw) = O(T)

Next suppose that ¢1|w| < |z| < ¢}|w| for an arbitrary constant ¢} > 1. By Lemma 15 we have the
upper bound |f(z,w)| < 1 — ca/|w| < e~/I*l and so we have (provided that (T'/¢)Y/? < 5T, or
equivalently £ > c;>(log T)°/T?)

Jo,23 = / / B(w, 2) f(w, )T Te %" 2wz g duy
1<|w|<nT Jer|w|<|z| < |w]
:O(/ w—Qe—ch/|w|—aw dw)
1<w<nT

= O(/ w2em2T/w dw) + O(/ e 3’ dw)
1<w<(T/e)t/3 (T/e)1/3<w<nT

_ —eyT2/361/3\ 1
=0( )=0(7)
if ¢g is sufficiently large.

Finally suppose that |z| > ¢;|w| (for some ¢; > 1). This range is split up into ¢ jw| < |z| < el*l®
and |z| > el“l’. In the first case we use (26) for the function H(z) = B(w, z)f(w,z)T~! and the
interval I = [e1|w], el*l’]. Clearly we have max.c; |B(w, z) f(w, z)T =t = O(w=3e~<T/I¥l) for some
constant ¢ > 0. For the derivative we have the upper bound

[H'(2)] < |B:ALFIT= + BT = DIFIT21£-

—cT'/|w] ip/2loglz/wl . /
:O<€ : )+O(£36_CT 2Tog] 2log |z/w| )
w3z w 2log |z/w]| zw

(for some constants ¢, ¢ > 0), which leads to

olwl® —eT/|w)| e
€ wl? T — T w —cT/|w
/C |H' ()] dz = O( ——log (e )) +O($ TRy /21ogel \3> = O(e=cT/Iv),

1wl

Thus, we obtain

e|“’ )
Jo24 = / / ) f(w, z)T_le_‘gw?_mwz dz dw
<|w|<77T c1|w|
-0 / ech/w cw? dw
() )

(T/e)'/3 nT
O(/ eI quy + / emew? dw)

1 (

T/e)l/3
. —(6/2)T2/3 1/3 . l
= Oe . )_O(T)
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as long as € > ¢'(log T)3T~2 for a proper constant ¢’ > 0. In the second case we get |f(z,w)| <
Cre®?/2/|z| and

> T-1 _ w|~? (T—1)w? /2—(T—2)|w|?\ _ L 132
/e|“’3 |B(w,z)f(w,z) ‘dz—O(iT e ) _O(fe w )’

and consequently

1 . 1
Jo25 = / / B(w, z) f(w, z)T_le_EwLQ’“”Z dz dw = O(—).
27 Ji<jw|<nT J)z|zelwl? T

C: The case |w| > nT. We partition the integration with respect to z into three ranges: |z|
alwl|, er|w] < |z| < e’ and |z| > e/, In the first case we use the trivial estimate Bf7~!
O(w™3) and obtain

Il IA

1 )
J0’31 = / / B(w,Z)f(w,Z)T_1€_€w2_2Z€wz dz dw
27 JjwlznT J1z1<erwl

= O(/Oo w2’ dw)
nT

_ 0(773;3 e—an2T2> _ O(e—c(logT)?’).
)T

For the second case we set H(z) = B(w, z) f(w, 2)T ~! and use the property that Max, oo oluf? |H (2)|+

elwl®

H'(z)|dz = O(e™ or some ¢ > 0, which leads to w, z) f(w,z)" ~e” y =
c1|w] ' oT/lwly f 0, which lead Cell‘u‘)‘ B T-1,—2iczw g

O(ﬁe‘ﬁ/'w'). Thus,
1 ,
J0’32 = 2/ / \ B(,w7 z)f(w, Z)T—le—an—stwz dz dw
T Jw|=nT J er|w|<|z|<el®!
= O(/ Le*cT/\w\efst dw) — O( 1 efsn2T2> _ O(efc(logT)g‘).
nT €|U)| enT

Finally, for |z| > el*I* we use (as above) the upper bound | f(w, z)| < Coe®*/2/|z| and the resulting
bound [0s |B(w, 2) f(w, 2)T ! dz = O(%G_T‘w‘S/Q) to obtain

1 .
J0733 = / / B(w’ z)f(w, Z)T*lefewzfmswz dz dw
27 Jjw|znt Jiz| 2 el

_ Ool ~Tw|3/2  —ew? _ —3T4/2
_O</T]TT6 e ° dw)—O(en )7

which is certainly negligible. This completes the proof. O
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