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Abstract

Motivated by a problem from theoretical machine learning, we show asymptotically optimal
bounds on E[[|X,||_]/E[/T], where (X});>0 is a continuous stochastic process in R" with
(Xt:)e>0 being a Brownian motion for each i € {1,...,n} and 7 being a stopping time such
that E[/7] < co. We further extend this result to the setting where the entries of (X});>0
have smooth quadratic variation. Finally, we show a similar result for discrete-time processes
using analogous techniques, together with a discrete version of It6’s formula.
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1. Introduction

Let (X;)i>0 be a stochastic process in R” such that (X;;);>0 is a standard Brownian
motion for each ¢ € [n] :={1,...,n}. In this paper, we study the values of

— qup 2L Xl
R

for all values of n, where the above supremum is taken over all stopping times 7 (defined
with respect to the same filtration used for the process (X;):>o ) such that E[/7] < co.
Our initial motivation for investigating K, comes from the study of a continuous-time
model of online learning 7, [4], a theoretical model of machine learning over a stream of data
examples. In this model, at each instant in time ¢ > 0 a learner picks weights p(t) € [0, 1]"
that sum to 1 over a set of n actions or “experts”. Moreover, the experts are given rewards at
each time instant ¢ that reflect their performance at that instant. The instantaneous reward
of the learner is given by the experts’ rewards weighted by p(¢). In the continuous-time
setting, the vector of rewards of the experts is given by a continuous stochastic process
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(X¢)t>0 in R™ where the reward process (X; )0 of each expert i € [n] follows a Brownian
motion, although the rewards of different experts need not be independent. Past work on
this setting focused on finding almost sure bounds on the performance of strategies for the
learner. Interestingly, the expected performance of any algorithm at a stopping time 7 with
E[v7] < o is E[[|X;|| ] by the optional stopping theorem (see [7, §5.2] for a similar
discussion), which inspired the study of K.

Problems related to were studied in the past, but mostly focusing on the expected
lo-norm of X;. For example, Burkholder [I] and Davis [2] 3] studied the convergence of || X.||,
to y/Tn for any stopping time 7 with E[/7] < 0o as n — oo. Of particular interest for us
is the work of Davis [2] on the case with n = 1. In this work, he studies optimal bounds
on E[|X,[?]/E [77/?] for stopping times 7 such that E [ 77/?] < 0o and 0 < p < co. One
of Davis’ results is that, for n = 1, E[|X,;|] < A(0) E[/7] for any stopping time 7, where
At R>g — R is the inverse of a function that involves a confluent hypergeometric function,
and that this constant cannot be improved. In this note we give asymptotically tight bounds
on K, with techniques similar to the ones used by Davis in [2]. Namely, we show

K, <An-1)<3++Vv2ln, Vn > 1, (2)

where the bounds on A(n) and its asymptotic behavior as n — oo may be of independent
interest since the confluent hypergeometric function involved and its inverse appear in previous
work on related problems [2, [7, [5, 1T]. The bound in (2) can be seen as a generalization
of Davis’ results to higher dimensions. Furthermore, we know that for any ¢ > 0 and
for sufficiently large n, we have E[[|X;|| ] > (1 —¢)v2tInn for any ¢ > 1 due to the
asymptotics of the expected value of the maximum of n Gaussian random variables (e.g., see

. . . . . )\(n_l) -
[13, Exercise 2.11] or [10, Theorem 3]). The asymptotic behavior of A is lim,, s = L

and so is asymptotically tight as n — oo. We provide a slightly improved lower bound:
we show that there are constants ¢, for n > 1 with ¢,/v2Ilnn — 1 as n — oo such that
cn < K, for all n > 1 and, for large n, ¢, > vV2Inn and A(n — 1) — ¢, < 3. Interestingly,
this result follows from a careful choice of a stopping time for a standard n-dimensional
Browninan motion. Showing more quantitative lower bounds on ¢, and pinning down the
exact values of K, are interesting open questions. Finally, we extend the upper bounds on
K, to discrete-time martingales using remarkably similar techniques thanks to a discrete
version of It6’s formula and some properties of the confluent hypergeometric function. While
our results hold for any martingale with bounded increments, Davis [2] has results for
discrete-time martingales of a different class: those whose increments have distributions
symmetric around 0. We also pose a conjecture that yields better bounds for martingales
with increments supported on intervals that are not symmetric around zero.

In Section [2| we prove the upper bounds on K, first for the case when the coordinates
of (X;)i>0 are each distributed as a Brownian motion, and we loosen this assumption on
Section 2.1} In Section [3] we extend these results to discrete-time martingales. In Section
we collect some well-known properties of the confluent hypergeometric function we use, prove
bounds and asymptotic behavior of A\, and discuss a conjecture that improves the results for
discrete martingales. Finally, in Section [4] we show a lower bound to K, that is bigger than

Vv2Inn for large n.




2. Continuous-time Martingales

In this section we begin by proving . Our proof technique is similar to the one used by
Davis. More precisely, for the remainder of this paper, we shall use the function f given by

f(t,x) = ||z — BVE, Vo eR"Vt>0, (3)

where 5 > 0 is some fixed constant that may depend on n. Moreover, let (X;);>0 be a
continuous-time martingale. For this section, we assume for each i € [n] that (X;;)>o is a
standard Brownian motion. We shall loosen this assumption in Section [2.1]

If (f(t, X¢))i>0 were a (local) supermartingale, then the inequality in (2) would easily
follow since we would have E[ f(r, X,;)] < E[f(0,0)] = 0 for any bounded stopping time
7 by the optional stopping theorem, and the claim for general stopping times would follow
from Fatou’s lemma. However, f is non-smooth, so it is not clear whether (f(t, Xt)):>o is a
supermartingale. Instead, we shall design a potential function ® such that ®(¢,x) > f(¢, z)
and (®(t, X¢))i>s is a local martingale for any fixed 6 > 0 and lim; o ®(,0) = 0.

The potential function we shall use is based on a confluent hypergeometric function M,
given by

My(z) = " — /mrerfi(\/7), Vz € R,

where erfi is the imaginary error function and is given by

2 x
erfi(x) = ﬁ/o ¢ dz, VzeR

Our potential function ® will be a separable function, defined below in , depending on ¢
given by

2
o(t,x) = —VitM, (%), vVt > 0,Vz € R.

One interesting feature of ¢ is that it satisfies the backwards heat equation (BHE), i.e.,
1
Op(t, ) + §8m(b(t, x) =0, vVt > 0,Vx € R. (4)

For details on the above equation and other properties of ¢, see [6] or Section .

It is already known that (¢(t, Xt,))i>s is a local martingale for any ¢ € [n] and fixed 6 > 0.
This fact can be proven via the use of Itd’s formula together with the BHE ; see [12,
Proposition IV.3.5] for an example. To later simplify the proof of , we modify ¢ to obtain
a local martingale starting at 0. Namely, define

PO (t,x) = ot +0,2) Vt>0,6>0,z€R.

Crucially, ¢ also satisfies the BHE in . We summarize the above discussion in the next
theorem and include a proof for the sake of completeness.

Theorem 2.1. Let (X;):>o be a stochastic process in R" such that (X;;):>o is a standard
Brownian motion for each i € [n] and let § > 0. Then (¢®) (¢, X;;))i>0 is a local martingale
for each i € [n]. Consequently, we have that Y"1 | ¢ (¢, X ) is a local martingale.

3



Proof. Fix i € [n] and ¢ > 0. By It6’s formula [I2, Theorem IV.3.3], we have

t t
¢(6) (ta Xt,i) - ¢(5) (0a XO,i) = / ax¢(6) (57 Xs,i) dXs,i +/ at¢( (3 Xs 'L) + 1arx¢ 6)< s z) dS.
%,—/ 0 2

N J/

=5 =0

Since 9,90 (t,r) for any z € R and X;,; are both continuous on ¢ € [0, +00), we have
that the process ( ft 0,0 (s, XSZ)dXM)DO is a local martingale that vanishes at 0 [12]
Proposition IV.2.10]. Thus, (¢ (t, X;))>0 is a local martingale. O

Remarkably, note that we do not require (X;);>o to be an n-dimensional Browninan
motion: the above theorem only requires each coordinate of (X;);>o to be a Brownian motion,
but we do not make any assumptions on the covariation [X;, X;] for ¢ # j. Based on the
above theorem, we define our potentials ®© by

dO) (¢, 2) Zgb‘s)txl Vt>0,0>0,2€R", (5)

where 7 > 0 is some fixed constant. By Theorem [2.1| we know that (®©)(¢, X;))s>o is a local
martingale. To prove (2)), we want the potential ®@)(t, 2) to upper bound f(¢,z) modulo
some slack that goes to 0 as d goes to 0. For that, we need to properly define n and (5, and
both are going to depend on the function A that appeared in . We now formally define A
here; it is effectively the inverse of the function ¢(1,-).

Definition 2.2. For o € R, let A(«) > 0 be the unique positive solution to the equation

a = —My(M)*/2). (6)

The existance and uniqueness of the solution of () follows directly from item of
Lemma with ¢ = 1. Asymptotic behavior of lower bounds on A\ were already studied,
such as in [I1), Proposition 1(b)]. However, in our case we want to study upper bounds of A
or even the asymptotic behavior of A itself. In the next lemma we give both an upper bound
and the asymptotic behavior of A(n) as n — oo. This result is partially proven in [7] (since
they only show an upper bound on the limit) and we defer the proof to Section [5

Lemma 2.3. Let n € R be positive. Then,

A(n) < 3+ +/2In(n+1).

Moreover, we have
A
im 2

n—o0 \/21lnn

Finally, we can prove the following lemma showing that, for carefully picked § in and
7 in , the function ®© upper bounds f minus a slack of Sv/6.
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Lemma 2.4. Let 6 > 0 and set § = A(n — 1) in . Moreover, fix ¢ > 0 and, in Eq. ,

define 8
— 40 _ _ /T .
n = 0,00 (t, vVt +6) = ,0(t, V) = \E erﬁ( \/§>

Then ®©)(t,x) > f(t,x) — /0 for all z € R™.
Proof. Let t > 0 and assume x; > x9 > -+ > x,, without loss of generality. By Lemma [5.2]

we know ¢ (¢,) is convex and that 0,¢ (t,0) = 0. Thus, the minimum of ¢ (¢,-) is
attained at 0. Then, for any @ € R we have

1 -1 1 -1
B9, 2) 2 26002 + "0 (1,0) = L0 (1) - DT
n n n n
Lot a) + 26.09(¢. a oo =1
Z _¢ (t7 O[) + _axgb (ta a)(‘rl - Oé) - t+ 57
n n n
where the last inequality follows from convexity. If we pick f = A(n — 1) and a =

sign(x1)BvVt + 6, then the definition of A in ({2.2]) yields %}(b(‘s)(t, a) = _71\/75 + 0Mo(A(n —
1)%/2) = "T’lx/t + ¢ and by our choice of  we have %&cqﬁ(‘s) (t,) = sign(x;). Putting all of

this together and recalling that |z;| = ||z||,, we have
OO (t, x) > sign(xy)(z1 — sign(z1)BVE+0) = |z1| — BVE+0
> ol — BVE= BV = f(t.z) = V. =

The following corollary completes the proof of .

Corollary 2.5. For any stopping time 7 we have
B[ X-llo] €A —1)-E[V7] <3+ V2mm)E[ V7]

Proof. Let n and 8 be as in Lemma [2.4] and let 6 > 0. By Theorem [2.1, we have that
(@(t, X))o is a local martingale. Let {7 }ren be a localizing sequence of stopping times
for (®®(¢, X;))i>o. Fix k € N and let 7 be any bounded stopping time. Then, by the optional
stopping theorem and Lemma [2.4| with 8 = A(n — 1),

Ve
n

Since this holds for all 6 > 0, in the limit 6 — 0 we get E[ f(T A 7, X7ar,)] < 0. By the
definition of f in (3) we have E [ || X, x|, ] < BE[v/7 A7]. Now by Fatou’s Lemma, since

limy,_, 7x = 00 almost surely, we have

E[[|X,] o] <UminfE [ | X;ar ] <liminfA(n —1)E[TAT] < An—1)E[V/7T].
k—o00 k—o0

E[200,X0)] = E[®(7 A7, Xoan) ] 2 E[f(7 ATy Xoan) ] = BV,

The quantitative bound on A comes from Lemma [2.3] Finally, to extend the above inequality
to general stopping times 7, it suffices to apply the claim for the sequence of stopping times
{7 A k}ren and apply Fatou’s lemma as we did above. O

b}



2.1. Martingales with Smooth Quadratic Variation

Finally, we can slightly generalize Theorem 2.1l In the 1-dimensional case (i.e., n = 1), we
know that (¢ ([X];, X¢))i>0 is a local martingale for any continuous martingale (X;);>o that
vanishes at 0 [12], Proposition IV.3.4|, where ([X];);>0 is the quadratic variation of (X;);>o.
For general n, however, such a general result does not follow since there is no clear choice
of what to use as the quadratic variation of a multidimensional process. Yet, when each
(X+¢:)e>0 has a smooth enough quadratic variation, we can prove a very similar result.

Theorem 2.6. Let § > 0. Let (X;);>0 be a R"-valued continuous martingale that vanishes at
0, that is, (X¢):>o is a stochastic process that is continuous in ¢ and a martingale with respect
to some filtration (F;):>o. Moreover, assume that for each i 6 [ | there is a stochastic process

(fi(t))i>0 such that (fi(t))eo is adapted to (F)e>o and [X = [J fi(s)?ds for each i € [n].
Define o, == fot max;e(, fi(s)? ds. Then (@) (at,Xt))tZO is a local supermartingale.

Proof. Since ¢® is convex on its second argument by Lemma , we have 0,, ., ®(t,-) >0
for any ¢ € [n] and ¢t > 0. Thus, for any ¢ > r > 0 we have

t 1 n t
5 } : 5
/7« atq)( )(Usa Xs) dO‘S + § £ /T ax“xlq)( )(087 Xs) d[Xz]s
g I [ (6)
:/ 0, P (O'S,XS)(%?%{ fr(s))ds + 5 E / Op0; @' (05, X5) fi(s) ds

/651)(5 (05, X )(maxf;C )ds + = Z/ D, 2,29 (04, X,) (max fi(s)?) ds

ke[n]

/ (0970 X.)+ 0,00 ., X)) (s () ds =

where the last equation follows since ¢(®) satisfies the backwards-heat equation . Therefore,
from It6’s formula combined with the above inequality we have, for any ¢t > r > 0,

n t
q)((S) (O-tu Xt) S q)(a) (UTa XT) + Z/ 8w1®(6) (057 Xs) dXs,i-

Since 9,,®( is continuous, the above stochastic integrals are local martingales. Therefore,
(@9 (04, X;))e=0 is a local supermartingale. O

As in Theorem [2.1] note that the above theorem does not make any assumptions on
[X;, X;] for i # j. Finally, from the last result we get the following generalization of
Corollary 2.5 Since its proof is nearly identical, we omit it.

Corollary 2.7. Let (X});>0 and o; be as in Theorem . Let 7 be a stopping-time for the
martingale (X;);>0. Then,
E[|X:]] <An—=1)-E[Vo:] < (3+ V2Inn)E[/o;].
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In Section [4] we give lower bounds on K, that show, in some sense, that the results in
Corollary are nearly tight. Thus, it is natural to wonder whether the bounds in the above
corollary are nearly tight as well. However, in this case it is not clear that o; is the right
quantity to compare E [ ||X¢|| ], against. The anonymous referee suggested that the choice
of oy might not be optimal (at least when the entries of X; are i.i.d.) and one might obtain
improved bounds by modifying ¢ for this case. We believe this is an interesting question,
and we could not find a brief satisfactory answer to this question.

3. Discrete-time Martingales

In this section we prove a similar statement to the one from the previous sections but for
a discrete martingale (S;)ien in R™ such that |S;; — S;_1 ;| <1 for all i € [n]. Namely, we
show that for any stopping time 7 of the martingale (S;);eny we have

E[I5/]..] < An— DE[V7] < 3+ V2Inn) E[ a7 ]. )

Interestingly, the proof technique we use here mimics the one used for continuous-time
martingales via the use of a discrete version of 1t6’s formula [8], and we easily get true
(super)martingales instead of the localized versions. In order to do so, we shall make use of
discrete derivatives in a way similar to [6]. For any bivariate function g, define its discrete
derivatives as
gt(tvx) = g(tv JI) - g(t - 1,:6),
gt,z+1) —g(t,x — 1) (8)

gx(t7'r) = 2 Y

Gzz(t,x) = (g(t,z+1)+g(t,x —1)) —2¢9(t, x).

A key property of ¢ is that, similar to the continuous-time case, the potential function ¢
satisfies a discrete version of the backwards-heat equation as an inequality. This was already
shown by [7], but we include a short proof of this fact using properties of M, for the sake of
completeness. Similar to the results from the previous section, this discrete backwards-heat
inequality will be key to show that (®(¢,5;)):>1 is a supermartingale.

Lemma 3.1. For any ¢t € N with ¢ > 1 and z € R, we have ¢(t, ) + 3¢, (t, z) < 0.

Proof. Let t > 1 and z € R. Then the statement of the lemma is equivalent to

fan(E5) () 2 (5) o

Note that t > 1, so all terms are well-defined. Rearranging, this is equivalent to

(E5) ¢ (55) a3

which follows from Lemma by setting x and z in Lemmato x/+/t and 1/+/1, respectively.
O



Furthermore, we shall make use of the following discrete version of It6’s formula for
convex functions. This version of the lemma was stated in [7], but it follows easily from
previous results (e.g., see |8, Example 10.9] and [6, Lemma 3.13]).

Lemma 3.2 ([7, Lemma 4.7]). Let x1,29,--- be a sequence of real numbers such that
|z —x4—1] < 1 and let f be a bivariate function that is convex on its second argument. Then
for any integer T' > 2, we have

T
[T zr) — f(1,21) < fo(tal't—l (2 — 241 ‘1‘2 ( Jaa(t, 2e—1) + filt, v 1))
t=2

With both of these lemmas we can show that (®(t,S;)):>1 is a discrete-time super-
martingale. Actually, that fact can be established without using the discrete It6’s formula.
Nevertheless, using the discrete [t6’s formula guides us in the claims needed to show that
(®(t,St))e>1 is a supermartingale.

Theorem 3.3. Let (S;);>1 be a discrete-time martingale in R” such that |S;; — Si—14] <1
for any ¢ € N. Then (®(t,.5;))¢>1 is a discrete-time supermartingale.

Proof. Note that it suffices to show that (¢(¢, S;;)):>1 is a supermartingale for each i € [n]
to show that (®(¢,S:))i>1 is a supermartingale. Thus, we may assume n = 1 and show that
(¢(t, St))e>1 to prove the statement of the theorem.

Since S; is bounded for any fixed ¢ > 1, we have that ¢(¢, S;) is integrable for any fixed ¢ >
1. Now let t € N with £ > 1. It only remains to show that E [¢(¢,5;) | Fio1] < o(t—1,5;1)
for Fi_y =0 (51,...,S¢-1). By Lemma , we have ¢(t, S;) —¢(t —1,S;_1) is upper bounded
by

Balts $11) (S = Si1) + 50wt S) + (8, 51).
For the first term above, note that since (S;);>; is a martingale,
E[¢g(t, Si-1)(Se = Sim1) | Feea] = E[@a(t, 51-1)(Sem1 — Si-1) | Fer] = 0.
This fact together with the discrete backwards-heat inequality from Lemma yields
E[¢(t,S) — ¢t —1,51) | Fia]
Gu(t, Si—1) - (S — Si_y) + %¢xx(ta Si-1) + ¢e(t, Se-1) | Fea

1
< §¢xw(t7 Si—1) + @(t, Sp—1) <0
Therefore, (¢(t, S¢))i>1 is a supermartingale. O

We are now in position to prove ([7]), which easily follows from the previous theorem.

Corollary 3.4. Let (S;):>0 be a martingale in R" with Sy = 0 and |S;; — S;—1,;| < 1 almost
surely. Then, for any stopping time 7 we have
EIS-ll] < An=DE[vVT] <3+ vV2lnn)E[VT].
8



Proof. Let us prove the statement of the corollary for a bounded stopping time 7. The
extension to general stopping times follows from Fatou’s lemma in a way identical to the use
of Fatou’s lemma in the proof of Corollary [2.5]

Let n and f be as in Lemma 2.4, Then, ®(¢,x2) > f(t,x) for all £ > 0 and x € R".
Furthermore, by Theorem [3.3| we have that (®(t,S;)):>1 is a supermartingale. Thus, using
the optional stopping theorem together with the facts that ¢(1,-) is increasing in [0, +00)
and that A\(0) > 1 > |S;,| for any ¢ € [n] we have

0=2(LA0) 1) >®(1,1) 2 E[®(L,5)] 2 E[®(r,5:)] = E[f(7,57)],
which implies the first desired inequality. The bound on A\(n— 1) follows from Lemma . O

Note that the above result only requires the martingales increments to be bounded.ﬂ
Davis [2] proves similar results for 1-dimensional martingales from his continuous time results
via the use of Skorohod embeddings. While his results do not assume bounded increments,
the results assume the increments have distributions symmetric around 0.

Although Theorem assumes the increments of S; to be in [—1, 1], we should expect
the same bounds to hold with increments in an interval [—a, 8] with «, 5 > 0 as long as
a+ B < 2. However, if max{«, 8} > 1, then we would need to scale S; to apply the theorem.
Yet, we conjecture that even in this case (¢(t,S;))s>1 is indeed a supermartingale. This
in fact follows from Conjecture which can be seen as a generalization of the discrete
backwards-heat inequality

4. Lower Bound on K,

One can get an easy lower bound on K, with the right asymptotic behavior in n from
classical lower bounds on E [maxep,|g;:|] where g1,..., g, are i.i.d. standard Gaussian
random variables. Namely, one can show K, > (1 —¢,)v2Inn with ¢, > 0 going to 0 as
n grows [10, Theorem 3|. In this section, let us show a slightly better lower bound ¢, on
K, that is also asymptotically tight. For that, we shall use a few confluent hypergeometric
functions that are different from M,. Namely, for any a,b € R with b & Z~, the confluent
hypergeometric function of the first kind (with parameters a and b) is defined as

= (a)px®

M(a,b,x) = D)k

Vo € R,
k=0
where (2)), = [[=] (x+1) is the Pochhammer symbol. Other characterizations and properties
of confluent hypergeometric functions can be found in [9, §13|.
For each n, let ¢, > 0 be the smallest positive root of

1 1x2)

xER»—)M(——,—,—
22" 2

!The corollary requires the increments to be bounded by 1, yet one can scale the martingale to allow for
increments bounded by arbitrary constants.



Such ¢, exists for any n > 0 since it is known that M(a, b, ) has [—a] positive roots if a < 0
and b > 0 [9, §13.9(i)]. The lower bound in the next theorem follows from a careful choice of
a stopping time for a standard Browninan motion. One may find it interesting that such a
tight lower bound arises from a martingale with independent coordinates.

Theorem 4.1. Let n > 1 and K,, be defined as in . Then ¢, < K,,.

Proof. Fix n > 1. We shall show that ¢, — ¢ < K, for all € > 0, implying that ¢, < K,,. Let
e > 0 and set ¢ == ¢, — . Also, assume ¢ is sufficiently small so that ¢ > 0.
Let (Bt)i>0 be an n-dimensional Brownian motion. For each i € [n], define

T = inf{ £>0: |Biyl > Vit }

and set 7 := min,c, 7;. Note that by definition of 7, if E[\/7] < oo then E[|B:| ] >
d-E[vT+1] > -E[y7]. Thus, let us show that /7 is integrable.

Following Perkins’ notation from [I], for any ¢ > 0 let Ao(—c,¢) be such that ¢ is
the smallest positive root of x — M (—M\(—c,c),1/2,22/2). By the choice of ¢, we have
Xo(=¢n,cn) = 1/2n. On top of that, by [11, Proposition 1| we know that A(—c,c) is
strictly decreasing for ¢ € (0,00). Thus, since 0 < ¢ < ¢,, we have A(—c,¢) € (5,1).
Finally, by the tail bound from [11, Lemma 10.(a)|, there is a constant C' > 0 such that
Pr7 >t] < C(t+ 1)) Therefore, since —2n\(—c,¢’) < —1 we have

E[m:/ Pr[yv7 > s] ds—/ HPr —
0
SC/ (s 4 1)72M=D s < 0. O
0

Finally, on the asymptotic behavior of ¢,, we know from [I1, Proposition 1.(b)| that

L eP/2) 1
n—oo 2n Cp, 271'

Therefore, we know ¢, ~ v2Inn and that for n big enough we have ¢, > v2Inn. This
means that ¢, yields a better lower bound than the lower bound we have on E[||By]|_ ] for
fixed t. Moreover, this also tells us that A(n — 1) — ¢,, < 3 for sufficiently large n. It may be
that ¢, = K,,, but we were not able to prove this result and leave it as an open question.

5. Properties of the Confluent Hypergeometric Function

In this section we outline some of the main properties of the confluent hypergeometric
function M, that we use throughout this note. All the properties in this section can be found
(or be easily derived from) [0, Section 2.6] and [7]. Yet, we present the proof of some of these
properties for the sake of completeness.

Fact 5.1 ([0, Facts 2.4, 2.5, and 2.6]). We have
10



(i) Mj(x) = =37 erfi(/z) for all > 0 and Mj(0) = 0;

(il) My(z) is strictly decreasing and concave on [0, 400).

The above properties of M, allow us to derive many properties about the function
B(t,x) = —\/t - My(2%/2t), as we show in the next lemma.

Lemma 5.2. Let t € R5p and x € R. Then
(i) ¢(t,-) is convex on R, strictly increasing on [0, +00), and its image is [—v/%, +00);
(il) O.0(t,x) = \/_erﬁ.r/\/—

(iil) Oped(t, ) = NG L exp(2?/2t) for x > 0;

(iv) Bu(t, 7) = —5br exp(a?/2t);

Proof. For (i), note the from (5.1)) we know My(0) = 1 and that M is concave and strictly
decreasing on [0, +00) and its image over this domain is (—oo, 1] (since its derivative is
negative and strictly decreasing) For property (i) we have, by the chain-rule and Fact [5.1] -,

that 8,¢(t, ) is sign(z),/7 erfi( (|z|/V2t) = \/_erﬁ x/\/_) for  # 0 and 0 for x = 0.

Property (il . follows from the fundamental theorem of calculus together with the chain rule
since \/_ erfi(z) = v/2 f 2 dz. For , assume for notational simplicity only that x > 0.
Then,

(Vi3 )) = z%zMo(i—i) 5o (5)
(o (Z) e e () Y (5)

1 x?
= ——exp| — ). ]
2Vt p<2t>

Fact 5.3 (|9, Section 7.8|). For all z > 0, we have
2

* 21
ﬁerﬁ(z) :/ e’ dt < & : (10)
2 0 z

Lemma 5.4. For every z € R, we have 1 — My(2%/2) < exp(2?/2) — 1.
Proof. Using Facts[5.1] and [5.3] for any z # 0 we have

1 — My(2*/2) =1 — exp(2?/2) + \/§|x| erfi(|z|/V/2)

exp(z?/2) — 1
2]/ V2
= exp(2?/2) — 1. O
11
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The next lemma from [7] gives an upper bound to My(z?/2) for z > 0, and we add a
proof for the sake of completeness. Our main use of this lemma will be to bound the values
of A(n) for n > 0.

Lemma 5.5 (|7, Lemma A.2|). For every z > 0,

1— M()(I‘Q/Q) > exp(x2/2)

- VYV >0.
2?2+ 142/22 r=

Proof. Define f(x) =1— My(2?/2) and g(x) = exp(z?/2)/(2* + 1 + 2/x?). The derivatives

are
xf —a® 422 + 4z

(@' + 22+ 2)°

f'(z) = V7 /2erfi(z/V2) and ¢'(z) = exp(z?/2) -
The second derivatives are
f(z) = exp(2?/2)  and

12 10 8 6 4 2
ne s 9 r°—ax? 4+ 92° + 72® — 322% + 8x° 4+ 8
J'(x) = exp(a?/2) - e |

We will show that f”(z) > ¢”(z). By rearranging, this amounts to showing that
' — ' 4+ 92° + 72° — 322" + 82* +8 < (2t + 2% +2)°. (11)
Expanding the right-hand side, we get
(' + 22 +2)° = 212 + 32" + 928 + 1325 + 182" + 1227 + 8.

The right-hand side coefficients are no smaller than the ones on the left-hand side of ,
which shows that f”(x) > ¢"(x) for z > 0.

By integrating and using that f’(0) = ¢/(0) = 0, we obtain that f'(z) > ¢'(z) for all
x > 0. Finally, by integrating again and using that f(0) = g(0) = 0, we obtain f(z) > g(x)
for all x > 0. O

With the above lemma we can present the proof of Lemma [2.3] We note that this result
is already partially proven in [7, Lemma A.5| but here we show that the limit is exactly equal
to 1 (instead of only bounded by 1).

Proof. (of Lemma Define ¢ = 3+ /21In(n + 1). Note that 2 = 2In(n+1) +6¢ —9. So,
by Lemma [5.5]

?)2) exp(In(n + 1) + 3¢ —9/2)
L2y > O - . 12
o(£/2) 2 02142/ 24+ 1+2/0 (12)
Since ¢ > 3 we have 3¢ — 9/2 > ¢, and also

et > P +1+2/0 (13)

12



This may be seen by a direct calculation for ¢ = 3, then observing that the derivative of the
left-hand side exceeds the derivative of the right-hand side for ¢ > 3. Combining and
(13) we obtain

1— My(£?/2) > exp(In(n+1)) = n+1 = —My(A(n)?/2) + 1.
Since —M, is monotonically increasing, it follows that A(n) < ¢. With that, we already have

that \
lim sup (n) <
n—o0 2 ll’l n

Thus, to prove that the limit of A(n)/v/21Inn exists and is equal to 1 it suffices to show that
A(n) > +/2In(n+ 1) for all n > 1. The latter follows similarly as above from Lemma

since, for ¢ := 1/2In(n + 1) we have,

1— My(£2/2) < exp(£2/2) = n+1 =1 — My(A(n)?/2),

which shows that y/2In(n+ 1) = ¢ < A(n). O

The next lemma from [0, Lemma 3.10] is used to prove that the hypergeometric potential
satisfies the discrete version of the backwards heat inequality.

Lemma 5.6 (|6, Lemma 3.10]). For all z € [0,1) and z € R, we have

M, (@) + My <(x _22>2) > 2v1 = 22 M, <2(1x—_2zg)) .

The discrete backwards-heat inequality (Lemma follows from the above lemma. With
it, we showed in Section [3| that (¢(, S¢))¢>1 is a supermartingale if the increments of the
martingale S; are in [—1,1]. We conjecture that the same result should hold even if the
increments of S; are in an arbitrary interval of length 2 that contains 0. This would follow if
the following conjecture, an asymetric version of Lemma [5.6| were true.

Conjecture 5.7. For all ¢ € [0,2], z € [0,1), and w € R,

<1—%>MO(M>+(g>MO<(w+z(2Q—2))2> > \/1—722M0<2(1w—_:2)>'

Declaration of competing interest

Acknowledgements

We are thankful to Ed Perkins for many detailed and insightful comments, including the
suggestion of the lower bound from Section [ We would also like to thank the anonymous
referees that helped us improve the clarity and generality of the results of this work.

13



References

1]
2]
3]
g
[6]
17l
18]
19]

[10]
[11]
[12]

[13]

D. L. Burkholder, Ezit times of Brownian motion, harmonic majorization, and Hardy spaces, Advances
in Math. 26 (1977), no. 2, 182-205.

Burgess Davis, On the LP norms of stochastic integrals and other martingales, Duke Math. J. 43 (1976),
no. 4, 697-704. MR 418219

, On stopping times for n-dimensional Brownian motion, Ann. Probab. 6 (1978), no. 4, 651-659.
Yoav Freund, A method for hedging in continuous time, (2009).

Nicholas J. A. Harvey, Christopher Liaw, Edwin Perkins, and Sikander Randhawa, Optimal anytime
regret for two experts, 2020 IEEE 61st Annual Symposium on Foundations of Computer Science, 2020,
Conference version of [6], pp. 1404-1415. MR 4232140

Nicholas J. A. Harvey, Christopher Liaw, Edwin Perkins, and Sikander Randhawa, Optimal anytime
regret with two experts, (2020).

Nicholas J. A. Harvey, Christopher Liaw, and Victor S. Portella, Continuous prediction with experts’
advice, (2022).

Achim Klenke, Probability theory—a comprehensive course, Universitext, 2020, Third edition [of 2372119].
MR 4201399

Frank W. J. Olver, Daniel W. Lozier, Ronald F. Boisvert, and Charles W. Clark (eds.), NIST handbook of
mathematical functions, U.S. Department of Commerce, National Institute of Standards and Technology,
Washington, DC; Cambridge University Press, Cambridge, 2010. MR, 2723248

Francesco Orabona and David Pal, Optimal non-asymptotic lower bound on the minimax regret of
learning with expert advice, (2015).

Edwin Perkins, On the Hausdorff dimension of the Brownian slow points, Z. Wahrsch. Verw. Gebiete
64 (1983), no. 3, 369-399. MR 716493

Daniel Revuz and Marc Yor, Continuous martingales and Brownian motion, third ed., vol. 293, Springer-
Verlag, Berlin, 1999. MR 1725357

Martin J Wainwright, High-dimensional statistics: A non-asymptotic viewpoint, vol. 48, Cambridge
University Press, 2019.

14



	Introduction
	Continuous-time Martingales
	Martingales with Smooth Quadratic Variation

	Discrete-time Martingales
	Lower Bound on Kn
	Properties of the Confluent Hypergeometric Function

