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Abstract

Understanding the generalization properties of
heavy-tailed stochastic optimization algorithms
has attracted increasing attention over the past
years. While illuminating interesting aspects
of stochastic optimizers by using heavy-tailed
stochastic differential equations as proxies, prior
works either provided expected generalization
bounds, or introduced non-computable informa-
tion theoretic terms. Addressing these drawbacks,
in this work, we prove high-probability general-
ization bounds for heavy-tailed SDEs which do
not contain any nontrivial information theoretic
terms. To achieve this goal, we develop new proof
techniques based on estimating the entropy flows
associated with the so-called fractional Fokker-
Planck equation (a partial differential equation
that governs the evolution of the distribution of
the corresponding heavy-tailed SDE). In addition
to obtaining high-probability bounds, we show
that our bounds have a better dependence on the
dimension of parameters as compared to prior
art. Our results further identify a phase transition
phenomenon, which suggests that heavy tails can
be either beneficial or harmful depending on the
problem structure. We support our theory with
experiments conducted in a variety of settings.

1. Introduction

A supervised machine learning setup consists of a data space
Z, a data distribution ., and a parameter space, which will
be R< in our study. Given a loss function £ : R% x Z —
R, the goal is to minimize the following population risk:

min,creL(w), L(w) =K., [l(w,z)]. (1)
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As i, is typically unknown in practice, the population risk
L is replaced by the empirical risk, defined as follows:

n

Lg(w) := %Zé(w,zi), 2)

i=1

where S = (21,...,2,) ~ uS™ is a dataset and each z; is
sampled independent and identically (i.i.d.) from z.. Even
though Lg can be computed in practice as opposed to L,
in several practical scenarios, ¢ is further replaced with a
‘surrogate loss’ function f : R? x Z — R. For instance,
in a binary classification setting, ¢ is typically chosen as
the non-differentiable 0-1 loss, whereas f can be chosen
as a differentiable surrogate, such as the cross-entropy loss,
which would be amenable to gradient-based optimization.
We accordingly define the surrogate empirical risk:'

Fs(w) := %Zf(w,zi).
=1

Given a dataset S and a surrogate loss f, a stochastic op-
timization algorithm .4 aims at minimizing Fs and can be
seen as a function such that A(S,U) =: wg yy, where U is a
random variable encompassing all the randomness in the al-
gorithm. One of the major challenges of statistical learning
theory is then to upper-bound the so-called generalization
error, i.e., L(ws,y) — Ls(wg,r). Once such a bound can
be obtained, it immediately provides an upper-bound on the
true risk L, as Lg can be computed numerically.

In our study, we analyze the generalization error induced
by a specific class of heavy-tailed optimization algorithms,
described by the next stochastic differential equation (SDE):

AW = —VVs(W)dt 4+ 01dLS + V202dB;,  (3)

where L is a stable Lévy process, which will be formally
introduced in Section 2, o € (1, 2) is the tail-index, control-
ling the heaviness of the tails® (examples of Lévy processes
are provided in Fig. 1), B; is a Brownian motion in R,

'In our theoretical setup we introduce the surrogate loss to
be able to cover more general settings. However, this is not a
requirement, we can set f = £.

2L¢ does not admit a finite variance and as « gets smaller the
process becomes heavier-tailed.
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Figure 1. Simulation of L{" for different values of c.

o1,2 > 0 are fixed constants, and the potential Vg is the
£o-regularized loss that is defined as:

Vs(w) := Fs(w) + 7 [w]®. )

The term 3 lw||* corresponds to a ¢ weight decay that
is commonly used in the theoretical analysis of Langevin
dynamics, which corresponds to (3) with 0y = 0 (Mou et al.,
2017; Li et al., 2020; Farghly & Rebeschini, 2021).

There has been an increasing interest in understanding the
theoretical properties of heavy-tailed SDEs, such as (3), due
to two main reasons.

1. Recently, several studies have provided empirical and
theoretical evidence that stochastic gradient descent
(SGD) can exhibit heavy tails when the step-size is cho-
sen large, or the batch size small (Simsekli et al., 2019;
Gurbuzbalaban et al., 2021; Hodgkinson & Mahoney,
2020; Pavasovic et al., 2023). This has motivated several
studies (see e.g., (Nguyen et al., 2019a; Simgekli et al.,
2021; Simsekli et al., 2019; Zhou et al., 2020)) to model
the heavy tails, emerging in the large step-size/small
batch-size regime, through heavy-tailed SDEs and ana-
lyze the resulting SDE as a proxy for SGD.

2. Injecting heavy-tailed noise to SGD in an explicit way
has also been considered from several perspectives. It
has been shown that heavy-tailed noise can help the al-
gorithm avoid sharp minima (Simsekli, 2017; Simsekli
et al., 2019; Nguyen et al., 2019b;a), attain better gener-
alization properties (Lim et al., 2022; Raj et al., 2023a)
or to obtain sparse parameters in an overparametrized
neural network setting (Wan et al., 2023).

Our main goal in this study is to develop high-probability
generalization bounds for the SDE given in (3). More pre-
cisely, we will choose the learning algorithm 4 as the so-

lution to the SDE (3), i.e., A(S,U) = W3 for some fixed
time horizon T > 0, where in this case U will encapsulate
the randomness introduced by L and B;. We will then
upper-bound the generalization gap Ey [Gs(W7)] over
S ~ u®™ under this specific choice, where

Gs(Wi) == L(WF) — Ls(W). 5)

Related work. In the case where the SDE (3) is only driven
by a Brownian motion, i.e. o1 = 0, Eq. (3) reduces to the
continuous Langevin dynamics, whose generalization prop-
erties have been widely studied (Mou et al., 2017; Li et al.,
2020; Farghly & Rebeschini, 2021; Futami & Fujisawa,
2023), as well as its discrete-time counterpart (Raginsky
et al., 2017; Pensia et al., 2018; Negrea et al., 2020; Haghi-
fam et al., 2020; Neu et al., 2021; Farghly & Rebeschini,
2021). For instance, Mou et al. (2017) distinguished two dif-
ferent approaches: the first is based the concept of algorith-
mic stability (Bousquet, 2002; Bousquet et al., 2020), while
the second is based on PAC-Bayesian theory (Shawe-Taylor
& Williamson, 1997; McAllester, 1998; Catoni, 2007; Ger-
main et al., 2009). In our work, we extend this approach to
handle the presence of heavy-tailed noise.

A first step toward generalization bounds for heavy-tailed
dynamics was achieved by leveraging the fractal structures
generated by such SDEs (Simsgekli et al., 2021; Hodgkinson
et al., 2022; Dupuis & Viallard, 2023). These studies suc-
cessfully brought to light new empirical links between the
sample paths of these SDEs and topological data analysis
(Birdal et al., 2021; Dupuis et al., 2023; Andreeva et al.,
2023). However, the uniform bounds developed in these
studies contain intricate mutual information terms between
the set of points of the trajectory and the dataset, which are
not amenable for numerical computation to our knowledge
(Dupuis et al., 2023). Closest to our work are the results
recently obtained by Raj et al. (2023b;a), in the case of pure
heavy-tailed noise (i.e. o2 = 0). Raj et al. (2023b) used an
algorithmic stability argument to derive expected generaliza-
tion bounds. While their approach provided more explicit
bounds that do not contain mutual information terms, it
still has certain drawbacks: (i) the proof technique cannot
be directly used to derive high probability bounds and (ii)
their bound has a strong dependence in the dimension d,
rendering it vacuous in overparameterized settings.

Contributions. In our work, we aim to solve these issues
by introducing new tools, taking inspiration from the PAC-
Bayesian techniques already used in the case of Langevin
dynamics. In particular, we will leverage recent results on
fractional partial differential equations (Gentil & Imbert,
2008; Tristani, 2013), and use them to extend the analysis
technique presented in Mou et al. (2017) to our heavy-tailed
setting. While the presence of the heavy tails makes our task
significantly more technical, our results unify both light-
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tailed and heavy-tailed models around one proof technique.
Our contributions are as follows:

* We derive high-probability generalization bounds, first
when o5 > 0, then in the case oo = 0, which turns out
to introduce the main technical challenge to our task.
Informally, our result takes the following form, with
high probability over S ~ u",

2

K,
Sad dt,

L /T Ey Hvﬁs(wt)
0

nos

Ey [Gs(W3)] £ \/

where U denotes the randomness coming from Lg* and
B, and K, 4 is a constant depending on « and d. We
further provide additional results where the resulting
bound has a different form and is time-uniform (i.e.,
does not diverge with T') at the expense of introducing
terms that cannot be computed in a straightforward way.

* By analyzing the constant K, 4, we study the impact
of the tail-index o on our bounds. Our analysis reveals
the existence of a phase transition: we identify two
regimes, where in the first case heavy tails are malicious,
i.e., the bound increases with the increasing heaviness
of the tails, whereas, in the second regime, the heavy
tails are beneficial, i.e., increasing the heaviness of the
tails results in smaller bounds. Furthermore, we show
that our bounds have an improved dependence on the
dimension d compared to (Raj et al., 2023b).

We support our theory with various experiments conducted
on several models. As our experiments require discretiz-
ing the dynamics (3), we analyze the extension of our
bounds to a discrete setting, as an additional contribu-
tion, see Appendix C.6. All the proofs are presented in
the Appendix. The code for our numerical experiments is
available at https://github.com/benjiDupuis/
heavy_tails_generalization.

2. Technical Background
2.1. Levy processes and Fokker-Planck equations

A Lévy process (L;);>0 is a stochastic process which is
stochastically continuous and has stationary and indepen-
dent increments, with Ly = 0. We are interested in a spe-
cific class of such processes, called symmetric (strictly)
a-stable processes, which we denote L{'. These processes
are defined through the characteristic function of their in-
crements, i.e., b [eif'(L?*Lf:)] = ¢~ [t=sI®lI€ll”  When the
tail-index, «, is 2, then Lf corresponds to \/§Bt, where B;
is a standard Brownian motion in R? . For o < 2, the pro-
cesses have heavy-tailed distributions and exhibit jumps (see
Fig. 1). We restrict our study to o > 1, since when o < 1,
the expectation of L{* is not defined, which may introduce
technical complications and does not have a clear practical

interest. We provide further details on Lévy processes in
Appendix A.2, see also (Schilling, 2016).

As mentioned in the introduction, the learning algorithm
treated in this study consists in the SDE (3), defined in the
1t6 sense (Schilling, 2016, Section 12), which generalizes
both Langevin dynamics (Mou et al., 2017; Li et al., 2020)
and purely heavy-tailed dynamics (Raj et al., 2023b).

Inspired by (Mou et al., 2017; Li et al., 2020), our proofs
will not be directly based on this SDE, but on an associated
partial differential equation, called the fractional Fokker-
Planck equation (FPE), or the forward Kolmogorov equation
(Umarov et al., 2018). This equation describes the evolution
of the probability density function u; (w) := u” (¢, w) the
random variable Wts , that is the solution of Eq. (3). Follow-
ing (Duan, 2015; Umarov et al., 2018; Schilling & Schnurr,
2010), Eq. (3) is associated with the following FPE:

—uy = —of (fA)% utS + U%Auf +div(utSVV5), (6)

where (—A)% is the (negative) fractional Laplacian oper-
ator, which is formally defined in A.2, see also (Daoud &
Laamri, 2022; Schertzer et al., 2001) for introductions.

2.2. PAC-Bayesian bounds

Based on the notations of Eq. (3), the learning algorithm
studied in this paper is a random map that takes the data
S € Z™ as input and generates WTS as the output. Due to
the randomness introduced by B; and L, this procedure
defines a randomized predictor, i.e., given S, the output Wq‘s
follows a certain probability distribution.

Generalization properties of similar randomized predictors
have been popularly studied through the PAC-Bayesian the-
ory (see (Alquier, 2021) for a formal introduction). Infor-
mally, in PAC-Bayesian analysis, a generalization bound
is typically based on some notion of distance between a
posterior distribution over the predictors, typically denoted
by ps, a data-dependent probability distribution on R¢, and
a data-independent distribution over the predictors, typi-
cally denoted by 7, called the prior, see e.g., (Catoni, 2007;
McAllester, 2003; Maurer, 2004; Viallard et al., 2021).

As an additional theoretical contribution, we begin by prov-
ing a generic PAC-Bayesian bound that will be suitable for
our setting. This bound has a similar form to that of Ger-
main et al. (2009), but holds for subgaussian losses, and not
only bounded losses, see Appendix B.

Theorem 2.1. We assume that ¢ is s*>-subgaussian, in the
sense of Assumption 3.1. Then, we have, with probability at
least 1 — ( over S ~ p?”, that

Bunps [Gs(u)] < 20 L0l £ 1oRG/0)

n
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where KL (pg||m) is the Kullback-Leibler (KL) divergence,
whose definition is recalled in Appendix A. 1.

Our main theoretical contributions will be proving upper-
bounds on KL (pg||7), when pg is set to the distribution
of W2 and 7 is chosen appropriately. Additionally, in Sec-
tion 4.3, we will prove generalization bounds that are based
on related but different generic PAC-Bayesian results, for
which we provide a short introduction in Appendix A.1.

To end this section, we define the notion of ®-entropy,
through which we link PAC-Bayesian bounds and the study
of fractional FPEs (Gentil & Imbert, 2008; Tristani, 2013).

Definition 2.2 ($-entropies). Let 1 be a non-negative mea-
sure on R? and @ : R, — R be a convex function. Then,
forag: RY — R, such that g, ®(g) € L' (), we define:

Ent;; (g) :=/<I>(9) dp— @ (/gdu)-

Note in particular that, if ®(z) = x log(z) and g is chosen
to be dpg/dm, the Radon-Nykodym derivative of pg with
respect to 7, then we have Ent? (g) = KL (ps||r).

3. Main Assumptions

As discussed in Section 2.1, our analysis is based on Eq. (6).
To avoid technical complications, we assume that it has a
solution, u; = u” (¢, w), that is continuously differentiable
in ¢ and twice continuously differentiable in w. We provide
a discussion of these properties in Appendix A.2. We also
denote by p; the corresponding probability distribution on

R%, so that pj is the law of W5,

We first make two classical assumptions. The first is the
subgaussian behavior of the objective /. Besides, we make a
smoothness assumption on function f ensuring the existence
of strong solutions to Eq. (3) (Schilling & Schnurr, 2010).

Those assumptions are made throughout the paper.
Assumption 3.1. The loss /(w, z) is s>-subgaussian, i.e. for
2252

allwand all A € R, B, |NAw2)—Ex V(w’z,)])} <ez

Moreover, £(w, z) is integrable with respect to py @ pu&".

Assumption 3.2. f(w, z) is M-smooth, which means:
IV f(w,2) = Vi f(w',2)]| < Mlw—w'].

As our proof technique is based on the use of PAC-Bayesian
bounds, where we use pa? as a posterior distribution, we
are required to find a pertinent choice for the prior distri-
bution 7. We define it by considering the FPE of the Lévy
driven Ornstein-Uhlenbeck process associated with the reg-
ularization term, 2 ||wl|. More precisely, we consider oo
a solution to the following steady FPE.

0= 0% (—A)? lige + 05 Aling + NV - (tlisew).  (7)

It has been shown in (Tristani, 2013; Gentil & Imbert, 2008)
that such a steady state is well-defined and regular enough.
We hence denote by  the probability distribution, on R,
with density @... We characterize further properties of the
prior 7 in Lemma C.16.

Throughout the paper, we will use the following notation:

uf(a) _ dpf

vy () ==
0 (@) Uoo(z)  dm

(z). (®)

We will often omit the dependency of vy on ¢ and/or S,
hence denoting vy, or just v.

Our theory will require a technical regularity condition on
vtS , which we will now formalize. To achieve this goal, let
® : R4+ — R be a twice differentiable convex function.
Specific choices for ® will be made in Section 4.

Assumption 3.3. For all ¢ and S, the functions vf are

positive, continuously differentiable and Entgm (UtS ) < 00.
Moreover, we define:

a(8,y; 8,u) = 0-Vu(y+s0) " (v(y))0-Vo(y) e (y+ub),

and we assume:

1. For each bounded interval I, there exists a non-negative
integrable function x 1 s.t. Vt € I, |0:P(vs)Uoo| < X1

2. Let us fixed ¢ and denote v = v;. For any bounded open
set V of R?, the functions, defined for (s,u) € V,

Oa

0
(1:0) = al,y:5,), (1,0) = =2, (3,0) =~ 5,

ds’
with (6,y) € $7~! x R, are uniformly dominated by
an integrable function on $971 x RY.
3. Finally, the function RY — R given by:

(V[@" o v+ [P ow]) e (IVVI+VVs]), (9
vanishes at infinity (along each coordinate of 2 € R%).

We will say that the functions vy are ®-regular. The first
condition is essentially allowing to properly differentiate
Entgm (vi’), which, following Gentil & Imbert (2008), is
key to the proposed methods. The second requires local inte-
grability of functionals naturally appearing in the computa-
tion of %Entg)oo (vf ) The third condition makes valid the
integration by parts performed in the proof of Lemma 4.1,
presented in Appendix C.1. Note that we do not require any
uniformity in S in Assumption 3.3.

Let us informally justify the third condition when ®(z) is
either = log(x) or 22 (which is our case). It is known that
the tail behavior of @i, is in 1/||z|**t* (Tristani, 2013).
Moreover, |[VV (x)|| and | VVs(z)]|| are of order at most
1+ ||«|| based on Assumption 3.2. The condition boils down
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to ®(v () + v (2)® (v (z)) = O (||x||d+a—1), which
is reasonable given the definitions of u;’ and v?.

Finally, we assume that an integral appearing repeatedly in
our statements and proofs is finite.

Assumption 3.4. For almost all S and all ¢ > 0, we have:

/ T (b//

Let us consider ®(z) = xlog(z). In this case, Assump-
tion 3.4 directly holds when the surrogate f is Lipschitz in
w. More generally, when ¢ — oo, following arguments
in (Tristani, 2013), it is reasonable to consider that the

. There-
fore, the previous assumption can be informally thought as
IVEs(z)|| < |lz|*? with @ < « (e.g., if Vf is Holder
continuous), weaker conditions may also be acceptable.

HVFSH dx < +00.

behavior of uy near z — oo is O (||x||_d_a)

4. Generalization Bounds via Multifractal
Fokker-Planck Equations

In this section, we present our main theoretical contributions.
The main tool is Lemma 4.1, which offers a decomposition
of %Entg’x (vf ) , that will be used throughout the proofs.

After presenting Lemma 4.1, we will start by dealing with
the easier case, which is when o5 > 0 in (3). Then, in
Section 4.2, we show how an additional assumption can be
leveraged to handle the case where o2 = 0, which presents
the most interest for us. Finally, we will extend our analysis
to obtain time-uniform bounds, in Section 4.3. For nota-
tional purposes, we define, with a slight abuse of notation:

Gs(T) =By [Gs(W7)] = Eyps [Gs(w)].  (10)

4.1. Warm-up: Noise with non-trivial Brownian part

Thanks to our PAC-Bayesian approach, our task boils down
to bounding the KL divergence between the posterior pa?
and the prior 7. It is given by KL (pf||7) = Entg’w (v3),
where, in Sections 4.1 and 4.2, we fix the convex function
P to be ®(z) = Piog(2) := xlog(z), Assumptions 3.3 and
3.4 should be considered accordingly.

We bound the term KL (p#||7) by first computing the en-
tropy flow, i.e. the time derivative of Ent?jw (vf ) While
such an approach has already been applied in the case of
pure Brownian noise (07 = 0) (Mou et al., 2017), it is
significantly more technical in our case, because of the pres-
ence of the fractional Laplacian in Eq. (6). The following
lemma is an expression of the entropy flow for a general
®, that we obtain by adapting the technique presented in
Gentil & Imbert (2008) (in the study of the convergence to
equilibrium of FPEs) to our setting.

Lemma 4.1 (Decomposition of the entropy flow). Given a
convex and differentiable function ® : (0,00) — R, we
make Assumptions 3.3 and 3.4, relatively to this function ®.

d (0% (0%
DEnd_ (o) = ~o31a(f) — ot BG(0})

— /@”(vf)vtvaf - VFsiiodr,
where Ip(v) == [®"(v VIVl Gisoda is called the -

mformanon and Bg(v) is called the Bregman integral,
which will be formally defined in Appendix C.1.

For ®(z) = xlog(z), the term I reduces to the celebrated
Fisher information between p3. and 7, denoted J (p3|7). Tt
is commonly used in the analysis of FPEs (Chafai & Lehec,
2017, Section 1) and is defined as:

J(pFlm) : /HVIog i

Lemma 4.1 is a central tool for the derivation of our main
results. As a preliminary result, we first present the simpler
case where oa > 0. This leads to the next corollary.

Corollary 4.2. We make Assumption 3.3 and 3.4. With
probability at least 1 — ¢ over u®", we have:

Gs(T) < s\/n; (T, S) +4%,

dpg:.

where A := KL (po||7) and I is defined by:

T 2
I(T, ) ;:/0 EUHVﬁS(WtS)H . (11)

When f is L-Lipschitz, we have in addition I (7T, S) < TL?,
recovering known bounds in the case o1 = 0 (Mou et al.,
2017). Corollary 4.2 may seem to have no dependence
on the tail-index «, however, it is implicitly playing a role
through the integral term involving VFS, as W is gener-
ated by a heavy-tailed SDE. Nevertheless, this bound does
not apply when oy = 0, which we will now investigate.

4.2. Purely heavy-tailed case

Now we assume o, = 0, which makes our task much more
challenging. Indeed, in the proof of Corollary 4.2, the ®-
information, /g, is used to compensate for the contribution
of the third term in Lemma 4.1. As we cannot do this
anymore since I3 does not appear with the choice of 02 = 0,
we need to develop a finer understanding of the Bregman
integral term, i.e. BZ(v), which is the contribution of the
stable noise L{' to the entropy flow.

Towards this goal, in Appendix C.3, we prove that, under
Assumption 3.3, there exists a function:

Jo.u 1 [0, +00) — [0, +00),
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such that Jg, is non-negative, continuous, satisfies
Jo »(0) = Ig(v) and we have the integral representation:

By (v) = Coa 7! /0 Joul) )
where the constant C, 4 is defined in Eq. (32), and 04—, is
the area of the unit sphere, given by Eq. (30). The identi-
fication of the function Jg s turns out to be crucial, as it
illustrates that the Bregman integral term can be used for
approximating a ®-information term, and therefore re-use
ideas from Corollary 4.2. Thus, Jg ,s (r) can be seen as an
approximation of I¢ (vf ), i.e., in the case & = Py, Of the
Fisher information .J(p3|), at least for small values of 7.

A takeaway of our analysis is that, for the approximation
Jo (1) = Is(v) to be accurate, we need to introduce an
additional condition regarding the behavior of the function
Jo ,, near the origin. This assumption is specified as follows:

Assumption 4.3. There exists an absolute constant R > 0
such that, for all ¢ > 0 and u?"-almost all. S € Z™:

1
Vr e [07 R]7 J@,vf (’I") > §J¢,vts (O)

Note that, by continuity, this condition trivially holds point-
wise for fixed S € Z™ and t > 0; however, we essentially
require it to hold uniformly in both time ¢ and data S. On the
other hand, if the dynamics (3) is initialized at its stationary
distribution (like an ideal ‘warm start’ (Dalalyan, 2016)),
then vf is independent of ¢, in which case the statement of
Assumption 4.3 can be obtained, in high probability over S,
through Egoroff’s theorem (Bogachev, 2007, Thm. 2.2.1).

The factor R plays an important role in our analysis, it is
needed that it is positive and preferably not too small. How-
ever, we are not able to formally estimate this quantity. The
exact formula for J¢log,q,, Definition C.4, shows that, if v
is a constant function, then Jélog,v is a constant function,
hence R = +oo (this corresponds to the trivial case where
Fs = 0 and the dynamics is initialized at u.). Therefore,
we argue that R can be large to get non-vacuous bounds
when the function v is uniformly bounded away from 0 and
has bounded first and second-order derivatives. A more for-
mal version of this argument is provided in Appendix C.3.

This allows us to prove the following theorem, which is a
high probability generalization bound in the case o = 0.

Theorem 4.4. We make Assumptions 3.3, 3.4 and 4.3. Then,
with probability at least 1 — ¢ over ", we have

Gs(T) < 25\/K°"dI(T, g+ 108B3/O+A

(0%
noy n

with A and I(T, S) as in Corollary 4.2, and:

(2-a)l (1-§)dr (3)
a2oT (HTO‘) R2-«

Kaa= ; (13)
where 1" denotes the Euler’s Gamma function, on which
more information is provided in Appendix A.4.

Note that, in both Theorems 4.2 and 4.4, if we set the initial
distribution pg = = that has the heavy-tailed density @, we
get A = 0 and, therefore, the bound becomes tighter. This
might be an argument in favor of heavy-tailed initialization,
which has been considered by several studies (Favaro et al.,
2020; Jung et al., 2021), and has been argued to be beneficial
(Gurbuzbalaban & Hu, 2021). We will further highlight the
quantitative properties of Theorem 4.4 in Section 5.

The proof of Theorem 4.4 would also apply when g2 > 0,
however, compared to Section 4.1, it requires the additional
Assumption 4.3. The bound of Corollary 4.2 was obtained
by using mainly the contribution of B, to the noise, while
Theorem 4.4 corresponds to the contribution of L{*. It turns
out that both approaches can be combined, under Assump-
tion 4.3; it is presented in Appendix C.7.

Theorem 4.4 (valid for 1 < a < 2) should be compared
with existing generalization bounds for continuous Langevin
dynamics (CLD), i.e., @« = 2, where integral terms that
are similar to I(7T, S) appear (Mou et al., 2017; Li et al.,
2020; Futami & Fujisawa, 2023; Dupuis et al., 2024). Our
bound features the new constant K, 4/0¢ and we show in
Section 5 that we recover similar constants to the CLD case
in the limit « — 27. Compared to (Mou et al., 2017) (in
the case of CLD), I(T, S) does not contain any exponential
time decay. This point is discussed in detail in Section 4.3
and Appendix E. Despite this fact, I(7, S) can still be small
because the norm of the gradients may become small.

4.3. Towards time-uniform bounds

Corollary 4.2 and Theorem 4.4, while being the first high
probability bounds for heavy-tailed dynamics with explicit
constants, may suffer from a time-dependence issue. The
reasons why this is an outcome of our proofs are discussed
in Appendix E. It appears from this discussion that Theo-
rem 4.4 can be made time-uniform, under the existence of a
specific class of functional inequalities. Unfortunately, we
argue that such techniques do not always apply in our case,
as it is detailed in Appendix E.

Nevertheless, in this section, we take a first step towards
improving the time-dependence of the bounds, derived in
our setting. However, this comes at the cost of weakening
the interpretability of the bound and might make it hard
to compute in practice. In order to present this result, we
need to make another choice for the convex function ®: we
consider ®(z) = ®y(z) := 1a? instead of Pjog. This
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choice is justified by the fact that it significantly changes the
structure of the Bregman integral term, i.e. Bg(vy), in a
way that is clearly presented in the proofs of Appendix C.8.

We only discuss the case 0o = 0, the case g5 > 0 can
be found in Appendix C.8. Following the reasoning of
Section 4.2, we make Assumption 4.3 with the convex func-
tion ®, instead of ®1,,. We will refer to it as Assump-
tion 4.3—®,. This leads to our last theoretical result.

Theorem 4.5. Let 0o = 0. We make Assumptions 4.3—®,,
3.3 and 3.4, with the choice ® = ®s. Then, with probability
at least 1 — ¢ over S ~ p®™ and w ~ p% we have

anT
4K, 4 - 2¢e "2 A+ log 24
—=2I(T, S) + <,

{67
nos n

Gs(w) < 2s

with A = Entgm (po), and

an

- T 2
(T, 8) ::/0 e IO [(vf)QHVFSH }dt.

While the exponential decay term, e.g. e~7(T—%) is a sig-
nificant improvement over Theorem 4.4, the integral term
I(T, S) is less interpretable than the term I(T', S), appear-
ing in Corollary 4.2 and Theorem 4.4. Indeed, I(T, S) is
simply related to the expected gradient of the empirical risk.

5. Quantitative Analysis

We focus our qualitative and experimental analysis on the
results obtained in the case of pure heavy-tailed dynamics
(02 = 0), namely Theorems 4.4 and 4.5, as they bring the
most novelty compared to the literature. From now on, we
assume that the constant R, coming from Assumption 4.3,
can be taken independent of «, o and d. This assumption
has important consequences for our quantitative analysis.

Asymptotic analysis. We analyze the behavior of the
constant K, 4, appearing in Theorems 4.4 and 4.5. Let
Koa = R*°K, 4, the following lemma provides an
asymptotic formula of this constant, when the number of
parameters d goes to infinity. This is pertinent as modern
machine learning models typically have a lot of parameters.

Lemma 5.1. We have that, for all o € (1,2):

2-a)l(1-9)
a2a/2 ’

Koaq ~ P,d'™%, P,:= (14)
d— oo

In Eq. (14), we isolated a term P, depending only on «
and a dimension dependent term, d'~2. A quick analysis
(see Appendix D) shows that the pre-factor o — P, is

decreasing in (1, 2) and satisfies % <P, < \/g )

Despite being proven for o < 2, our bounds do not explode
when a« — 27, as we show in the following lemma.

Lemma 5.2. Foranyd > 1, we have K, 4 —

1
a—27 2

Phase transition. By Lemma 5.1, in the limit d > 1,
Theorem 4.4 becomes:

P.dl—% A+1lo
Gs(T) < 25\/0‘(11(T, S) + Tg

a P2—a
no{' R

|

(15)

We can rewrite the constant term, multiplying (7, S), as:

1-2 1-5
P,d'~2 :Pado 2
no{R2-@

PadO
n(o1v/do)>’

where we introduced a ‘reduced dimension’ dy := d/(R?).
As mentioned earlier, we have, for all « € (1, 2), that % <
P, < \/g . Therefore, it is clear that the main influence of
the tail-index « on the generalization bounds is induced by
the geometric term (o1+/dg) ~. Based on this observation,
our bounds suggest a phase transition between two regimes:

«
nos

* Heavy regime: (011/dg) < 1, the generalization error
increases with the tail, i.e. the performance should be
better with heavier-tails. If we take into account the
contribution of the factor P,, this condition becomes
(01v/dg) < 1/+/2m, see Appendix D.1.

* Light regime: (01+/do) > 1, heavy-tails are harmful for
the generalization bound.

This shows that, depending on the setting and the structure
of the dynamics, heavy tails may have a different impact on
the generalization error.

Comparison with existing works. In (Raj et al., 2023b),
the authors studied Eq. (3), with 07 = 1, 05 = 0, and f
Lipschitz continuous.® Informally, the obtained bound is:

= 11l ip AR
Esu [LWE) - Ls(WE)| < =25 (16)

where A is a quantity that has a complex dependence on
various constants appearing in the assumptions, [|£[|;, is the
Lipschitz constant of £, which is assumed finite, and R, 4
is a constant, explicitly given in Appendix D.2, where we
also show that it satisfies R ¢ = Od—oo (dHTa ).

We already mentioned, in Section 1, some differences be-
tween Eq. (16) and our results. We additionally emphasize
that (i) we do not require a Lipschitz assumption, and (ii)
The constant R, 4 has a worse dependence on the dimen-
sion d than the constant K, 4, appearing in our theorems.
Eq. (16) cannot explain generalization in an overparame-
terized regime, i.e. when d > n. Moreover, in the limit
o — 27, it does not yield the known dimension dependence

3Raj et al. (2023b) consider a Lipschitz loss £ and a surrogate
f, that has a dissipativity property; we can frame it within our
setting by assuming that f is Lipschitz in w.
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for Langevin dynamics (Mou et al., 2017; Pensia et al., 2018;
Farghly & Rebeschini, 2021), while Lemma 5.2 shows that
K4 becomes independent of d when o — 27

To have a fair comparison, we shall note that (16) does
not increase with the time horizon 7', whereas it is the
main drawback of our bounds. Nevertheless, the results
of Section 4.3 and Appendix E show that this point might
have room for improvement, which we leave as future work.

6. Empirical Analysis

Setup. We numerically approximate Eq. (3), using its Euler-
Maruyama discretization (Duan, 2015), Vk € {1,..., N},

WS, = WE —AVEs(WS) — myWe + 2o, LS, (17)

where v > 0 and N € NN are fixed learning rate and num-
ber of iterations. Our main experiments were conducted
with 2 layers fully-connected networks (FCN2) trained on
the MNIST dataset (Lecun et al., 1998). Additional exper-
iments, using MNIST, FasionMNIST (Xiao et al., 2017)
and CIFAR10 datasets (Krizhevsky et al., 2014), as well
as linear models and deeper networks, are presented in Ap-
pendix F.4. We choose the objective ¢ as the 0-1 loss and
the surrogate f (that we used for training) as the cross en-
tropy loss. These choices make our experiments as close as
possible to our theoretical setting, still allowing us to have
a varying number of parameters d. Each experiment is run
with 10 different random seeds. All hyperparameters details
can be found in Appendix F.1.

We provide, in Appendix C.6, an additional analysis justi-
fying that our continuous-time theory is still pertinent to
study the discrete one, Eq. (47), thus providing sufficient
theoretical foundations for our experiments.

The estimation of the accuracy is subject to important noise,
due to the jumps incurred by L. To act against this noise,
we first use « € [1.6, 2]. This range is also coherent with es-
timated tail indices in practical settings by Raj et al. (2023a);
Barsbey et al. (2021). Moreover, the accuracy gap is (ro-
bustly) averaged over the last iterations, see Appendix F.2.

As shown in Eq. (17), we use the full dataset S at each
iteration, in accordance with the model that we study in
this paper. Moreover, it has been argued in several studies
(Gurbuzbalaban et al., 2021; Hodgkinson & Mahoney, 2020;
Barsbey et al., 2021) that SGD may create heavy-tailed be-
havior, an effect whose interaction with the noise L§* would
be unclear. Our setting allows us to isolate the effect of
L on the generalization error. To make our experiments
tractable, we sub-sample 10% of the MNIST and Fashion-
MNIST datasets to run our main experiments. To show that
our theory may stay pertinent in more practical settings, we
estimated our bound when training a FCN5 on the whole
MNIST dataset, with smaller batches, see Appendix F.4.5.
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Figure 2. (up) Correlation (Kendall’s 7) between « and the accu-
racy gap, for different values of d, with a FCN2 trained on MNIST.
The green curve is the average 7 over 10 random seeds. The
black curve is the correlation between o and the average accuracy
gap over 10 seeds. (bottom) Accuracy gap with respect to o for
d=3-10* (left) and d = 15 - 10* (right).

Lévy processes simulation. As shown by Eq. (17), the
numerical approximation of Wks requires the simulation of
the Lévy process L, which is estimated by independent
realization of L{'. Simulating a-stable Lévy processes is
standard in probabilistic simulation. In our case, we use the
method described by Nolan (2013, Section 1). More pre-
cisely, we sample L§ as L§ = +/AG, where G ~ N(0, I)
and A is a skewed stable distribution given by:

A~ S <Z,1,QCOS (%)Z/a ,0) ,

where S(«, (3, ¢, 1) denotes stable distributions, with /3 the
skewness parameter and c the scale parameter, see (Duan,
2015) for more details. This model was in particular used
to generate the Lévy processes in Fig. 1.

Results. We test our theory through 3 types of experiments.
We present in this section their results for a FCN2 trained
on MNIST. Appendix F.4 contains additional experiments.

First, on Fig. 2, we compute the correlation between o and
the accuracy gap, measured in term of a Kendall’s 7 coef-
ficient*(Kendall, 1938). We use a FCN2 and let the width
vary to compute 7 for different values of the dimension d.
The detailed procedure to obtain Fig. 2 can be found in
Appendices F.1 and F.3. We observe that the phase transi-
tion between positive and negative correlation, predicted in
Section 5, happens for a value of the dimension d ~ 8 - 104,
which we will use to further estimate R. We observe that

“The sign of 7 corresponds to the sign of the correlation.
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the positive correlation of the heavy regime seems to be
stronger than the negative correlation of the light regime.
As an additional experiment, we also provide the same plot
as Fig. 2 in Appendix F.4, but using the Pearson correlation
coefficient instead of 7. These results, displayed in Fig. 15,
yield the same empirical results than Fig. 2.

The bound of Theorem 4.4 is computable in practice, we
estimate it by the formula (in that case s = 1/2):

G. |Pad ™2y ZN: Hvﬁs(W,f)HZ. (18)
=1

nop R2— £

On Fig. 3, we plot Eq. (18) w.r:t. to the accuracy gap, for
several values of R. We use R = 1 as a default choice,
as R is unknown a priori, it shows, for each value of «, a
good correlation with the accuracy gap. Nonetheless, based
on Fig. 2, conducted with the same setting as Fig. 3, we
can estimate the value of R to be in ~ [2.8,7]. If we use
these values in Eq. (18), the observed correlation is much
stronger. If we use a slightly larger value (R = 15), we
see, in Fig. 3, that the correlation becomes almost perfect,
which we interpret as the phase transition being correctly
taken into account. This shows that the right corrective
term in Eq. (49) is indeed of the form R?~%. We note
that the reason why our bound over-estimates the accuracy
gap, is that it increases with 7. However, as the bounds
presented in Section 4.3 and Appendix E are time-uniform
and have similar constants and dependence on V Fg as in
Theorem 4.4, we believe that this issue can be alleviated
by extending Theorem 4.4 in a similar direction, which we
leave as an open question.

Finally, to obtain Fig. 4, we fixed o to 0.01 and let d vary in a
fixed range. Based on Eq. (15), we expect the accuracy error,
denoted G'g, to be proportional to d'/2~/*_ This suggests
to perform the linear regression, log(Gg) ~ 7log(d) + C,
to compute an estimate @ := 2 — 47 of the tail-index a.. The
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Figure 3. Bound estimated from Eq. (18) versus accuracy gap for
a FCN2 on MNIST, for different values of R: 1 (top left), 3 (top
right), 7 (bottom left), 15 (bottom right).
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Figure 4. Regression of the tail-index « from the accuracy error,
for a FCN2 trained on MNIST.

blue curve in Fig. 4 shows & in terms of . This shows a
strong correlation between the estimated and the ground-
truth tail-index, in particular, we retrieve the expected mono-
tonicity. However, @ seems to underestimate the true value
of o, by a term independent of cv. We suspect that this may
be because other terms in the bound have a dependence on
d, or because our bound is not a strict equality, which we
assumed to compute @ from Gg.

7. Conclusion

In this paper, we proved generalization bounds for heavy-
tailed SDEs. Our results are the first to be both in high-
probability and computable. Moreover, they allow for a
more flexible setup and have a better dimension-dependence
than existing works. We analyzed the constants appearing
in our theorems, which led us to predict the existence of a
phase transition in terms of the effect of the tail index on the
generalization. We supported our theory with various nu-
merical experiments. Several directions remain to be studied
in the future. In particular, obtaining new functional inequal-
ities, such as presented in Appendix E, could improve the
time-dependence of the bounds. Moreover, understanding
the interaction, between small batches and the stable noise
L, would be a natural extension of the theory.
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Organization of the appendix: The appendix starts with a short notations section. The remainder of the document is then
organized as follows:

* In Appendix A, some technical background is presented. The technical background is divided into three main topics:
PAC-Bayesian bounds, Lévy processes, and ®-entropies inequalities. We also include a small subsection on the Euler’s
T" function.

* Appendix B presents the proof of our version of a PAC-Bayesian generalization bound for subgaussian losses.

* Appendix C is the core of the appendix, we prove the main result, along with all intermediary lemmas, and introduce
the notations necessary to understand those proofs. Moreover, a few additional theoretical results are given, which
are a refinement of the main results. In particular, the extension of the theory to a discrete setting is discussed in
Appendix C.6, while Appendix C.7 presents bounds in the case o2 > 0, which are different than those of Section 4.1.

* In Appendix D, we provide details on how to obtain the theoretical results of Appendix D.

» In Appendix E, we discuss the time dependence of Corollary 4.2 and Theorem 4.4 and mention that this time dependence
could be largely improved by assuming that a certain class of inequality holds.

* Finally, Appendix F presents some details on the experimental setting, as well as a few additional experiments.

Notations

In order to simplify the notations, we will sometimes omit the = variable when integrating with respect to the Lebesgue
measure in R, i.e. we will write invariable J for [ fdx,instead [ f(x)dz. These conventions are meant to ease the
notations throughout the paper.

We will use the following convention regarding the Fourier transform, for ¢ : R — R, regular enough, we set:
Fo) = /e‘”'fgb(x)d:c. (19)

The partial derivative 9/90t will often be shortened as J;. Similarly, 9; may denote 9/9x;.

Let’s also precise some notations introduced in the main part of the document. As mentioned in Section 1, the data space is
denoted Z. More precisely, Z is a measurable space, endowed with a o-algebra F. The data distribution, y., is a probability
measure on (Z, F).

A. Technical background
A.1. Information-theoretic terms and PAC-Bayesian bounds

The concept of PAC-Bayesian analysis has been introduced in Section 2.2. In this section, we detail two particular PAC-
Bayesian bounds that we use for the derivation of our main results. For a more detailed introduction to those subjects, the
reader is invited to consult (Alquier, 2021).

We start by defining the information theoretic (IT) quantities appearing in the aforementioned theorems, see (van Erven &
Harremoés, 2014) for more details. Let i1 and v be two probability measures, on the same space, such that p is absolutely
continuous with respect to v. We define the Kullback-Leibler (KL) divergence as:

d
KL (p|lv) == /log (Jj) du, (20)

where dy/dv denotes the Radon-Nykodym derivative between £ and v.
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Next, we define the Renyi divergences, for some 3 > 1, as >:

1 du g
-1 log </ (dv) du) . 21

-), so that, by (van Erven & Harremoés, 2014, Theorem 3), Dg (+||-) is nondecreas-

Dy (ullv) :=

By convention, we set Dy (+]|-) := KL (|
ing in 3.
In the following, to mimic the notations of the rest of the paper, we consider a probability measure = on R? and a family of

data-dependent probability measures on RY, (ps)sezn, where Z has been defined in Section 1. We mainly require this
family to satisfy the following properties:

1. Absolute continuity: for (almost-)all S, we have pg < .

2. Markov kernel property, for all Borel set B C R, the map S —— pg(B) is F®"-measurable. Recall that F is the
o-algebra on the data space Z.

In the following, as we do in the rest of the paper, we refer to 7 as a prior distribution, and to pg as posterior distributions.

The next theorem is a generic PAC-bayesian bound due to Germain et al. (2009).

Theorem A.1 (General PAC-Bayesian bound). Let ¢ € (0,1) and ¢ : R x Z® — R a measurable function, integrable
with respect to the posterior distributions. With probability at least 1 — ¢, over S ~ u2", we have:

Eunps [p(w, 9)] < 10g(1/€) + KL (ps]|m) + 10g EsBunr [e75]

where the KL divergence has been defined by Eq. (20).
Theorem A.2 (Disintegrated PAC-Bayesian bound). Let ¢ € (0,1) and ¢ : R? x 2™ — R a measurable function. With
probability at least 1 — , over S ~ pu™ and w ~ pg, we have:
B 26 -1
p-1 p-1
where the Renyi divergence has been defined by Eq. (21).

(w,8) < 2= 10g(2/€) + D (ps|im) + log BsEunr [e775S)]

We give below one particular instance of Theorem A.1, using the notations introduced in Section 1, for u., S, f, L and L S-
This theorem was first proven by (McAllester, 2003; Maurer, 2004).

Theorem A.3. Assume that the objective [ is bounded in [0, 1], then, with probability at least 1 — ( over S ~ ™, we
have:

~ KL (ps]||7) + log 22
)}S\/ (psllr) +log 2%
2n

A.2. Background on Levy processes and associated pseudo-differential operators

In this section, we introduce some basic notions related to the study of Lévy process. In particular, we insist on the case of
stable Lévy processes and their associated operators, namely the Laplacian and fractional Laplacian. Therefore, we make
the link between the SDE (3) and the PDE (6) as clear as possible for the reader. We will also set up several notations used
throughout the sequel.

A.2.1. LEVY PROCESSES

In this subsection, we recall some basic notions related to Lévy process, in order to make our main results as clear as
possible. The main goal is to get an understanding of Eq. (6). For a more detailed introduction to those subjects, we refer the
reader to (Schilling, 1998; Xiao, 2004; Béttcher et al., 2013).

SThere are definitions of Renyi divergences for other values of 3, but we won’t need them in this paper, see (van Erven & Harremogés,
2014).
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Definition A.4 (Lévy process). A Lévy process (Ly);>0, in R?, is a stochastic process such that:

* Lo=0,

* the increments are independents, i.e., forall ¢; < - -- < tk, the processes L;, — L;, , are independent,

. . . d d e
* the increments are stationary, i.e. for 0 < s < ¢, we have L; — L, = L, where = denotes the equality in distribution,

* the process is stochastically continuous, by which we mean that for any s > 0 and § > 0, we have:

lim P (|| — L] > 6) = 0.

Equivalently, one can show that stochastic continuity is equivalent to the process having a modification with cadlag paths®,
therefore, the paths of Lévy processes may exhibit jumps.

Levy processes are closely related to the notion of infinitely divisible distributions. A probability distribution is said to be
infinitely divisible if, for any /N € IN*, it can be seen that F' is the distribution of the sum of N random variables.

Lévy processes have infinitely divisible distributions’. Following Schilling & Schnurr (2010, Corollary 2.5), it can be
deduced that their characteristic function can be expressed as (with £ € R%):

)

B [e€1r] = et (©)

where the function v is called the characteristic exponent. It characterizes the Lévy process (L) and plays a great role in
our analysis.

The following theorem is the fundamental result in the study of characteristic exponents. In particular, it introduces the
notion of Lévy measure, which we use repeatedly. Several conventions or notations may exist for this formula, we follow
those of (Bottcher et al., 2013, Theorem 2.2).

Theorem A.5 (Lévy-Khintchine formula). Let (L;);>¢ be a Lévy process as above. The characteristic exponent of L has
the following form:

VE e RY, ¢(€) = —il - €+ %5 Q¢ +/ (1—e™C +if - 2x(||z]]) dv(2),
R4\ {0}

where | € R%, Q € R¥*? is a symmetric positive semi-definite matrix and v is a positive measure on R\ {0} such that
/ min(1, ||z]*)dv(z) < +oc.
R4\ {0}

Finally, x is a truncation function, such that x(s) and sx(s) are bounded and there exists a constant k > 0 such that
0<1-x(s) <xmin(l,s).

The triplet (1,Q,v) is called the Lévy triplet associated to L, and v is the Lévy measure.

Remark A.6. As it is mentioned in (Bottcher et al., 2013, Theorem 2.2), the truncation function Y is arbitrary and only
influences the drift [ € R?. In our paper, we only consider Lévy process and infinitely divisible distributions with no drift
(i.e. [ = 0), the choice of  therefore has no impact. A typical choice would be x(s) = min(1, s2).

Remark A.7. 1tis clear, from the above discussion, that any infinitely divisible distribution can be associated with a Lévy
triplet, as in Theorem A.5.

Example A.8 (Brownian motion). The Lévy triplet (0, I, 0) corresponds to the standard Brownian motion in R¢, denoted
(Bt)i>o0-

We end this subsection by defining stable Lévy processes, which are the main object of our study, see (Bottcher et al., 2013,
Example 2.4.d).

Scadlag means right continuous and having a left limit everywhere.
"This is an equivalence: every infinitely divisible distribution is naturally associated with a Lévy process.
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Definition A.9 (Stable Lévy processes). Let a € (0, 2], the (isotropic) a-stable Lévy process (L§')¢>o, is defined by the
following expression of its characteristic exponent: ¥ (£) = normof£€®. Its Lévy triplet is given by:

e If a = 2, then the triplet is (0,214, 0), in which case we have L? = V2B;.
e If « € (0,2), the triplet is (0, 0, v, ), with:

. dz

T (atd
dvy(z) = Ca’deHm’ ( _2

Coc,d = a20‘_1ﬂ‘_d/2ﬁ. (22)

we (=

A.2.2. GENERATOR OF THE SEMIGROUP AND FRACTIONAL LAPLACIAN

In this subsection, we introduce the notion of fractional Laplacian. This is related to the study of Lévy processes through the
notion of “infinitesimal generator of the semigroup”, which we first define.

Given a temporally homogeneous Markov process (X;);>o we define its semigroup (P;);>o (Xiao, 2004; Schilling, 2016),
as the following operators, defined for bounded measurable function f:

Py f(x) = E*[f(Xy)],
where IE* denotes the initialization of the process at = (i.e. conditionally on Xy = x).

If X is a Lévy process, or more generally a Feller process, see (Schilling, 2016), such a semigroup is characterized by its
infinitesimal generator.

Definition A.10. Let C (R?) be the space of continuous functions vanishing to zero at infinity. As soon as it exists, we
define the generator of the semigroup (P;); as the ensuing limit:

Af(z) = lim Lff -/

t—0 t ’

where the limit is understood in the uniform norm on C2, (R?). The domain of the generator, denoted D(A) C C% (R4), is
the set of functions for which the above limit is defined®.

It is known that the generator of L? = v/2B; is A¢ = A¢, where A denotes the Laplacian. Following (Béttcher et al.,
2013; Duan, 2015; Umarov et al., 2018), we can express the generator of (L¢'), for a € (0, 2), on the appropriated domain,
which at least contains C°(R9)°,

A0(a) = Coa [ (00 +2) = 0(a) = V(o) - 2x(z1)) dvn(2). (3)

with the same notations as in Definition A.9. Following (Lischke et al., 2019; Umarov et al., 2018), Eq. (23) is one of
the possible equivalent definitions of the fractional Laplacian. Note that the term fractional Laplacian is actually an abuse
of notations, the correct terminology would be the negative fractional negative Laplacian, as we can see in the following
definition:

—(=8)F 9(0) 1= Coa | (90 +2) = 6(a) = V(o) - 2x(z1)) v (2), @)

Remark A.11 (Equivalent definitions of (—A) 2 ). There are several equivalent definitions of the fractional Laplacian, we
refer the reader to (Lischke et al., 2019; Teymurazyan, 2023) for all details. We only mention two that are commonly used:

* Principal value integral this is the definition used by Raj et al. (2023b), even though their sign convention is different:

(—A)% ¢(z) = Cod lim/ Lwdz
€20 JR4\B,(0) (E

« Fourier transform representation: F((—A)?2 ¢)(€) = ||€]|* Fo(€).

8When the context allows it, the generator may be naturally extended to other spaces.
°c2°(RY) denotes the set of infinitely many times differentiable functions with compact support.

17



Generalization Bounds for Heavy-Tailed SDEs

A.2.3. LEVY-DRIVEN DIFFUSIONS

In this subsection, we consider a function V : R* — R, which we call potential function. We consider the following
stochastic differential equation (SDE):

dXt = —VV(Xt)dt + UldLg + 0'2\/§dBt7 (25)

with a € (0,2). This equation admits a strong solution (in the Itd sense), as soon as V' is smooth, i.e. it satisfies
Assumption 3.2, see (Schilling & Schnurr, 2010).

Let us denote by p = p(t, z) the probability density of the process X . Under certain regularity conditions, this function p is
known to satisfy the following Fokker-Planck equation, at least in a weak sense (i.e. in the sense of distributions):

Op =V - (pVV) +1p], (26)

with the operator p being defined using the self adjoint operator of the driving process of Eq. (25) as:

Ilp] = 038p + Ca,q0f / (p(z + 2) = p(x) = Vp(2) - 2£(]|2[])) dva(2), 27)

Eq. (26) is exactly Eq. (6), with V' = FJg.

We will use the self-adjointness of such an operator, recalled in the following lemma, of which the reader may find more
precise formulations in (Gentil & Imbert, 2008; Lischke et al., 2019; Tristani, 2013).

Lemma A.12. As soon as it is well defined, the operator I, defined by Eq. (27) is self-adjoint, i.e. for @ and 1), regular
enough, we have:

[erwldo= [vtiglan,

We now discuss the validity of this equation in the following two remarks. Those remarks may be skipped without hurting
the general understanding of the paper. They are meant to explain what needs to be assumed to be as rigorous as possible in
our treatment of the fractional Fokker-Planck equation.

Remark A.13 (Justification of the equation). Using the main result of Kiihn (2018), it can be argued that, under Assump-
tion 3.2, X is a Feller process. Its generator can be expressed as (Schilling & Schnurr, 2010; Duan, 2015; Umarov et al.,
2018):

Ag(x) = —VV(2) - Vo(x) + 03 Ad(x) — of (—A)? ¢().

If we denote by (P;); the semi-group associated with X, then we have the Kolmogorov backward equation, for f in the
generator D(A) of A:

d
) = AP f = PAf,

taking the L2-adjoint of this equation leads to ,p = A*p (at least in a weak sense). A direct computation of the adjoint A*,
using properties of the fractional Laplacian, leads to Eq. (26).

Remark A.14 (Validity of Eq. (26)). Let us quickly discuss the domain of validity of the Fokker-Planck equations considered
in this paper. We are in particular interested in the (local) regularity of the potential solutions, as they are necessary to give
meaning to several computations made in our proofs. Let us first mention that in the simpler case of a quadratic potential,
the regularity easily comes from the analytic solution of such equations (Lafleche, 2020). Moreover, equations such as
Eq. (26) are known to have regularization properties and have the ability to generate smooth solutions.

More precisely, as it is mentioned in (Umarov et al., 2018), under regularity assumptions, it is known that such an equation
is satisfied in a weak sense, namely in the sense of distributions (Halperin & Schwartz, 1952). Therefore, one may ask
whether smooth solutions do actually exist. Smoothness in the = variable has been proven for the Ornstein-Uhlenbeck drift
by (Xie et al., 2015). Space-time regularity has been proven in (Imbert, 2005) in the case of a bounded force field VFg. An
example of space regularity was achieved in the case of a force field with bounded derivatives of positive order, in (Wang &
Duan, 2017). Finally, let us mention the work of (Lafleche, 2020), which provides further regularity conditions.
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A.3. Logarithmic Sobolev inequalities and ®-entropy inequalities

Logarithmic Sobolev inequalities (LSI) and Poincaré inequalities are central tools in probability theory. LSIs were historically
introduced by Gross (1975) and have famously been applied to the analysis of Markov processes (Bakry et al., 2014), the
study of evolution equations (Markowich & Villani, 2004), and have been connected to optimal transport and geometry
(Villani, 2009). For a short introduction, the reader may consult the tutorials (Chafai, 2004; Chafai & Lehec, 2017). In this
section, we quickly introduce a few of these results, with an emphasis on a generalization to infinitely divisible distributions,
playing an important role in our study.

A.3.1. THE CLASSICAL INEQUALITIES

We first quickly recall the classical Poincaré inequality and LSI. They hold for the standard Gaussian measure'?, defined by
~va = N (0, I;). We first give Poincaré inequality:
Theorem A.15. Let f be a function such that V f € L*(,), we have:

/}Rd Frdya — (/R fdw)2 < /R IV £11% drya.

2

Example A.16. If we define the convex function ®(x) = ®3(z) := %, as in Section 4.3, then the left hand side of the
inequality of Theorem A.15 can be understood as 2Ent$d (f).

The next theorem is the classical LSI for the Gaussian measure ~,:
Theorem A.17. Let f € CY(R?, R) be non-negative and integrable, then we have, for ®(x) = ®1o5(z) = xlog(z):

2
Ent], (f) < %/}Rd HV]{”d’yd.

Example A.18. With the convex function ® used in the above theorem, the right-hand side of the inequality is, up to the
constant, the Fisher information, which we call ®-information in Lemma 4.1.

A.3.2. GENERALIZATION TO INFINITELY DIVISIBLE DISTRIBUTIONS

Part of our analysis is based on a generalization of those inequalities to infinitely divisible distributions. Let us recall that
those distributions have been defined in Appendix A.2 and can be equivalently seen as the distribution of Lévy processes.
This is how we connect those inequalities to our theory.

Let us first recall the definition of ®-entropies, i.e. Definition 2.2.

Definition 2.2 (®-entropies). Let z1 be a non-negative measure on R? and ® : Ry — IR be a convex function. Then, for a
g: R4 — Ry, such that g, ®(g) € L'(u), we define:

Enty () r=/<1>(9) dp— @ (/gdu>-

Note that, by Jensen’s inequality, such a term is always non-negative.

The following theorem was proved by Wu (2000) and Chafai (2004), it generalizes Poincaré and logarithmic Sobolev
inequalities to infinitely divisible distributions.

Theorem A.19 (Generalized LSI). Let i be an infinitely divisible law on RY, with associated triplet denoted (b, Q,v), in
the sense of Theorem A.5. We further assume that ® : Ry — R is a convex function that satisfies the following set of
assumptions:

{(u7 v) — ®(u+v) — ®(v) — ud’(v) is convex on its domain of definition 28)

(u, z) — @ (u)z - Q is convex on its domain of definition.

Then, for every smooth enough function v, we have:

Ent (v) < %/(I)N(’U)V’U - QVv du —|—/ Do (v(z + 2),v(x))dv(z)du(x).

0Using very simple arguments, it holds for every Gaussian, up to changes in the constants.
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Note that, when 1 = 74, then its Lévy triplet is (0, I4,0), so that Theorem A.19 implies Theorems A.15 and A.17. The
assumptions given by (28) where in particular identified by (Chafai, 2004) and (Gentil & Imbert, 2008), they contain in
particular the functions x — z log(x) (so that we recover the usual LSI in the Gaussian case), and the functions z — z?,
with 1 < p < 2, which is the case we will consider in this study.

A.4. Some properties of the Gamma function

The Euler gamma function is classically defines by:
Vo >0, I'(z) = / t*Le~tdt.
0

It has a natural extension to C\(—IN). In this subsection, we give a few properties of this function, which will be useful to
prove the results of Section 5 in Appendix D.

One particular value:

1
Lemma A.20 (Euler’s reflection formula). For all z € R\Z, we have:
m
I'1—-2I(z) = ———.
(1= 2)0(z) sin(7z)

Lemma A.21 (Stirling’s formulas). We have have the two following asymptotic formulas:

Px+1) ~ V2mx (E)m ,

T—00 e

and, for all o € R:
Mz+a) ~ T(z)z®.

T—r00

B. A PAC-Bayesian bound for sub-gaussian losses

In this section, we give proof of a PAC-Bayesian bound, which applies to sub-gaussian losses. The notations for Z, S, p., £,
L and Lg are the same as in Section 1, i.e.:

L(w) =B, [l(w,2)], ,Ls(w):= %Ze(w, ),

with S = (21,...,2,) € Z™. We consider a prior distribution 7 as well as a family of posterior distributions, as it has been
introduced in Appendix A.1.

By Theorem A.3, which has been proven by McAllester (2003); Maurer (2004), we know that with probability at least 1 — ¢
under S ~ p&™, we have:

N 2v/n
By [L(w) - Ls(w)] < ¢ Gl 2)n+ sl

Unfortunately, to the best of our knowledge, no such bounds (i.e. without the variable A like in Theorems A.1 and A.2),
exist for sub-gaussian losses, which is the assumption we make in our paper. As an additional theoretical contribution, we
present the following PAC-Bayesian bound for sub-gaussian losses. We believe it may be useful for other works.

Theorem B.1. We assume that f is s*-subgaussian, in the sense of Assumption 3.1. Then, with probability at least 1 —
under S ~ pu™, we have:

KL (ps]|) + log 2

n

E,. [L(w) - Es(w)} < 25\/

""This formula is actually true for all o € C, considering the extension of the T' function into the complex plane.
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Proof. The proof follows very closely that of (Vershynin, 2020, Proposition 2.5.2), which we adapt to our particular case to
exhibit the exact absolute constants.

~ 2
We start by fixing 0 < a < 1/(2s?) and applying Theorem A.1 to the function ¢(w, S) := an (L(w) - Ls(w)) , which

gives that, with probability at least 1 — ¢ under S ~ p®":

anF,, {(L(w) - Es(w))2] < KL (ps]|r) + log(1/¢) + log E,Eg [ean(L(w),Es(w))z} ,

The above holds as soon as the last term is defined and finite, this will be an outcome of our computations. Let us denote
= |L(w) — Lg(w)| and estimate the expected exponential term, by Tonelli’s theorem:

k. k

w15
k=1

Let us fix some p > 1, we note that we have:

Eg [A?].

ES[AP]:/OOOIP(AP>6)de

Now, by Hoeffding’s inequality and several changes of variables, we have:
s [AP] < / (A > el/p) de
ne2/P
/ T 252 de
0
p[ e
0

2 10 oo
23) e tti gt

p
n

()
=2(5) ()
n
9 p/2
:2(é§> r(i+%),
n 2
were the last two inequalities follow from the definition and properties of the I" function, as stated in Appendix A.4. If we

plug this into our previous computations, we find that:

ko k

>, /252 F a®™n
s |€ <1+ ; W il

<1+42) (25%a)
k=1

2s%a
1—2s2qg’

=142

where the last line holds because we assumed 2as? < 1. We now make the following particular choice a := 1/(4s%) and
we get:

ESFWM}S&

Now, by Jensen’s inequality and Fubini’s theorem, this implies that, with probability at least 1 — ¢ over S ~ p2"™:

n
452
which immediately implies the desired result. O

B, [Lw) ~ Ls(w)] < KL (ps]fm) +log(1/¢) + log(3).
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Remark B.2. If we assume, as in Theorem A.3, that the function f is bounded in [0, 1], then, by Hoeffding’s lemma, f is
s2-subgaussian with s = 1/2. Therefore, our bound implies:

og 2
By, [Lw) ~ Lsw)] < \/KL(”S"?“ L

which has a slightly less good constant than Theorem A.3, but we improve the term log(2+/n) into log(3).

By combining the previous computations with the disintegrated bound of Theorem A.2, we immediately obtain:

Theorem B.3. We assume that f is s*-subgaussian, in the sense of Assumption 3.1. Then, with probability at least 1 — (
under S ~ p®™ and w ~ pg, we have:

L(w) — Ls(w) <

P < 28\/]32 (psllm) +log 2
n
C. Proofs of the main theorems and additional results

In all the proofs, we use the following notation:
Tl = 3 8u -+ Coaof [ (ulo+2) —ulz) = Va(e) - 2€(2]) dva(2),

Note that this is the generator of the process driving Equation (3), e.g. 02 B; + 01 Lg. We will use the following notations
for the drift terms:

= n n
Vs(w) :Fs(w)+§||’wll2’ V(w) = 5HU}||2~

We use the notations u;, o, p, ™ and v in the same way as they have been introduced in Section 2. Moreover, we remind
the reader that we often denote v instead of vf , and u instead of uf , the dependence in the time ¢ and the data S being
implicit.

C.1. The main decomposition

Before proving our main results, we define the Bregman divergence, associated with a convex function ®. We will use it
repeatedly in our proofs and statements. This notion also justifies that we call the term B§, appearing in Lemma 4.1, the
”Bregman” integral.

Definition C.1. Given a convex interval I and ® : I — R a convex function, we define the Bregman divergence as:
Dg(a,b) := ®(a) — ®(b) — ®'(b)(a — b).

We first prove Lemma 4.1, which is the main decomposition that we use, in order to derive our main results. This result
follows the computations of Gentil & Imbert (2008), which are adapted to the comparison of two dynamics.

Lemma 4.1 (Decomposition of the entropy flow). Given a convex and differentiable function ® : (0,00) — R, we make
Assumptions 3.3 and 3.4, relatively to this function ®.

d
Dt (05) = ~o31a(f) — 07 B3 (05

- /fb"(vf)vtSva -V Fgiined,

where 15 (v) := [ ®"(v) |V v||? tioodz is called the ®-information, and BS (v) is called the Bregman integral, which will
be formally defined in Appendix C.1.

Before proving this theorem, let us give the complete expression of the Bregman term Bg (v). It is given by the following
formula:

Bg(v) = Cu // Do (v(z),v(x + 2)) oo Ve (z)dz.
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Proof. In all the proof, we omit the time dependence of w and v, as already mentioned above. Let us first recall the
Fokker-Planck equation satisfied by u. Rewritten with the notations of this section, this equation is:

Ou=1I[u] +V - (uVVs).
Similarly, the stationary Fokker-Planck equation satisfied by . is:
0=1TIltoo] + V- (2 VV).

We finally remind the reader that v := u/%. Using the definition of v and the FPE of w and @, we have:

00 = —— (I [at] + V - (i1 0V V)

_ L (I [tov] + V - (1ecvVV)) + %V (UovV (Vg = V)

Uoo o0
Therefore, the entropy flow is equal to:

%Entam (v) = %/fb(v)uoO

= /fbl(v)ﬂooﬁtvdx
= /@'(v) (I [uoov] + V - (U0ovVV)) dx + / &' (v)V - (lievV (Vg — V))dx
=: A1 + AQ.

Note that the derivation under the integral is perfectly justified, from our ®-regularity assumption.

Using the self-adjointness of I (see Appendix A.2) and the integration by parts formula, we have:

A= / [ (0)] viiaoda — / & (0)0ii Vo - TV da.
Now we use the formula r®” () = (r&'(r) — ®(r))’ and get:

A — / L[ (0)] viiaoda + / (08 (v) — D)V - G VV da

- / [[®(v)] viineds — / (W' (v) — B())] [1a0] dv

- / (I[0' ()] v — T [p@ (0)] + I [B(v)]) Gooda.
Therefore, we have to compute the quantity f(v) := I [®/(v)] v — I [v®/(v)] + I [®(v)]. Using the definition of I, we get:

F(0) = 02 (WA (v) — AWd'(v)) + AD(v))
+Ca,a07 / {v(@)®' (v(z + 2)) — v(2)® (v(x)) — v(z) V' (v(x)) - 2x(]|2]])

— (x4 2)@"(v(z + 2)) + v(2)2(v(2)) + V(&' (0))(x)) - 2x(|I2])
+@(v(z + 2)) — 2(v(z)) — V(2(v))(x) - 2x(I|2]]) }dva(2).

which is equal, after easy computations, to:
f(v) = —030" (v) | Vv|* - Ca’dO'?/Dcp(fU(fE), v(z + 2))dve(2).
Therefore:

A = —o%/fb”(v) |\Vv||2 Uoodr — Ca_,daf‘/ Da(v(2),v(x + 2)) oo dvy(2)dz.
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for the second term, we have:

Ay — / &' (0)V - (a0 V (Vs — V))da

- / D" (v)vie Vv - V(Vs — V)dz.
The result follows. O

In the sequel, the quantity 3 d Entf (v) will be called entropy flow.

Remark C.2. If, in Equations (6) and (7), we where using the multifractal process, ov/2dB; + Zf\;l o; L, instead of
V209B; + 01 L%, then the result would become:

d Vv
%Ent- v):—a"‘/” v” i ZC’% Pl / Dy (v V(X + 2))loodVa, (2 dl‘—/V’U VFsuoo

C.2. Proof of Corollary 4.2

An easy consequence of Lemma 4.1 is the following generalization bound, namely Corollary 4.2, which was first stated in
Section 4.1. It holds only when g2 > 0.

Corollary 4.2. We make Assumption 3.3 and 3.4. With probability at least 1 — ¢ over u®", we have:

Gs(T) < ¢I<TS> 4LoeB) T A

noj n

where A := KL (po||7) and I is defined by:
T ~ 2
I(T,S) = / EUHVFS(WtS)H dt. (1)
0

Proof. Thanks to Theorem B.1, we have, for a time ¢ and ¢ € (0, 1), with probability at least 1 — ¢ over S ~ p&™, that:

Ey, [£0u) - Ts(w \/KL (pslIm) +10g(3/0)

Ps n

where the posterior p% is the distribution with density « — u(t,z), described by Equation (6), and the prior 7 is the
distribution with density @i.. Now we set ®(u) = ulog(u), so that we have ®”(u) = 1/u and, if v = u/loo:

Ent?_ (v) = KL (p]|r).

Therefore, by Theorem 4.1, we have:

%KL( /vaH UoodT — ad0'1/ Dg(v V(2 + 2))UoodVa(z da:+/VU V(V = Vs)tso-

Using the non-negativity of the Bregman divergence of the convex function ®, along with Cauchy-Schwarz and Young’s
inequalities, we have, for any constant C' > 0:

d
—KL(pSHﬁ ) < —03 /HVUH Uoodx + — /”VUH Uoodx —&-f/”VV VVsl|*u

Note that Assumptions 3.3 and 3.4 ensure that the above integrals are finite.

By choosing C' = 203 and using the definition of u and pf, we then have, with A := KL (p2]|r) = KL (pol|7):

I 2
L(plim) <A+ g | B [IVV () = VVs(w)]] du
Finally, the results immediately follows by applying Theorem B.1, as described at the beginning of the present proof. [
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C.3. Bounds on the Bregman integral - introduction of the functional Jg .,

The previous computations are interesting, but we can note that the tail index «, as well as a scale o of the heavy-tailed
noise, play no role in the derived bound. In particular, this approach cannot help us to derive bounds that hold in the case
o9 = 0, i.e. a pure heavy-tailed dynamics. This section is meant to introduce the main tools for a step toward this direction.
In particular, it is in this section that we justify the introduction of the functional Jg ,, of Section 4.2. In this section, we fix
O (z) = Piog(x) = xlog(z), while some computatios are valid in a more general setting, see C.8.

We first remark that, if we want the integral term of Corollary 4.2 to appear in the bound (in order to have a strongly

interpretable bound), namely,
T - 2
/ Ey {HVFS(WE)H }dt
0

then we can still use Young’s inequality on the last term of Lemma 4.1, and write that, for any C' > 0:

/w YV — V)i /”W” *w—/\\vv Vel u.

Therefore, in order to improve our bounds, we need to understand how the Bregman divergence integral can be used to
2
compensate for the Fisher information given by [ %ﬂm. The following lemma is a first step toward that direction.

Lemma C.3 (Spherical representation of the Bregman divergence integral). With the same notations and assumptions as in
Theorem 4.1 and with ®(x) = xlog(x), we have, for all R € (0, +]:

/ Do (v(x), v(x + 2))icodva(z d:z:>/ / / //Sd 19 V”‘”*fjluz)”(x*“m o) dbdaduds d

If R = +o0, then this is even an equality.

The proof of the following lemma is based on a second-order approximation of the Bregman integral appearing in the
Bregman integral term above. Such computations were first hinted by (Chafai, 2004; Chafai, 2006), in particular through the
notion of “®-calculus”.

Proof. We use a spherical change of coordinates in R?, along with the fact that dv,(z) = || z| —e gz

/D<I> 0(@ + 2))lscdva (2 d:rf// / Do (v(@),v(z + r0))a ()g:ldédx.
Sd 1

Let us fix some R > 0. By Tonelli’s theorem and the positivity of the Bregman divergence, we can write that:

/ Do (0(x), 0(x + 2))iodve(2)dz > / /S L Dttt r@))aoo(x)da:dt?%
Let us fix x, r and 6, by the ®-regularity assumption, we have that v is differentiable, therefore, we have:
Do (v(z),v(z +10)) = ®(v(z)) — P(v(z + b)) — D' (v(x 4+ 70))(v(z) — v(z + b))
- /07' ' (v(z + $0))0 - Vu(z + s8)ds + ' (v(z + r0)) /07' 0 - Vo(z + sb)ds

|6 ol 58) (@0 +16) — ol + 58))) ds
= /7’ /T 0-Vou(x + s0)" (v(z + uh))0 - Vu(x + ub)du ds
0

Now we use the fact that ®(x) = x log(x), hence ®”(z) = 1/z, which gives:

Da(v(z), v(z + ) / / 6 - Vu( :E—i—sx@)fuov)v( +U9)duds,
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Finally, thanks to the ®-regularity assumption, the function:

0-Vo(r+ s0)0 - Vu(r + ub) _
T —> Uoo (),
v(z + uf)

is integrable for each (s, u, #), moreover, by the dominated convergence theorem and the ®-regularity assumption, the

function:

0-Vo(z + s0)0 - Vo(z + ub)
v(z + ub)

(s,u,0) —
R4

‘ oo (2)d,

is continuous. Now, as we integrate those variables over compact sets, we have:

e L L

The result follows from the application of Fubini’s theorem. O

0-Vou(r+ s6) - Vo(x +ub) | _
v(z + ud)

Uoo (z)dzdudsdd < +00.

The term appearing in the above lemma resembles a lot the Fisher information,

2
J, ;:/HVZH fioo. (29)

Note that, with ®(x) = x log(x), which is the case in all this section, we have, as introduced in Section 2:

I@(v) = Jv.

This justifies the introduction of the following notion of ’spherical information”.

Definition C.4 (Spherical Fisher information). For r» > 0, we introduce the following spherical Fisher information, for

r >0
Jo(r) = / / / / 0-Vo(r+ s0)6 - Vv(m+u6)  (2)d0dzduds,
7“20'd 1 Re Jga-1 (QE—FUQ)

where o4_1 is the surface area of the (d — 1)-dimensional hyper-sphere $¢~1 C R, it is given by:

27Td/2

1= 30
941 = T (30)
Jy is the function Jg ,, introduced in the main part of the paper, for the particular case ®(z) = xlog(z).

The following lemma justifies the normalization used in this definition.

We also define:

(5, ) / / 0 Vou(z+ s0)6 - Vv(x+u9) - (2)dbdx
Rd Jgd—1 ( -‘r-’LLQ)

We will denote by dg/0s (resp. dg/du) the partial derivative of g with respect to its first (resp. second) variable.

Lemma C.5. Under Assumption 3.3, g is differentiable in the second variable and both g and 9 are jointly continuous in
(s,u) € R3.
Proof. This follows from the ®-regularity condition. More precisely, let us denote:

0-Vou(z + s0)0 - Vo(z + ub)
v(x + ub)

h(s,u;z,0) = Uoo (T).
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By the ®-regularity condition, we know that this function is continuous in (s, u). Moreover, let V' C I[{ﬁ_ be a bounded
open set of R2 . By the ®-regularity condition, the mappings (s,u) — |h(s, u; x, §)| are uniformly dominated on V by a
function yy € L'($97! x R?). Therefore, by the dominated convergence theorem, we have the joint continuity of g.

Now, again by the ®-regularity condition, h is differentiable in the second variable and, u, and the partial derivatives % are

uniformly (w.r:t. (s,u) € V') dominated by a function in L' ($9~! x R9). Therefore, we can differentiate under the integral
sign and get that g is differentiable in its second variable, u.

We get the joint continuity of % by a very similar argument than before, it is again a consequence of our ®-regularity
condition. O

Remark C.6. The ®-regularity assumption, Assumption 3.3, has been designed, in particular, to get enough regularity of this
function g, which is a central tool in our proofs. This is the central reason why we need that much regularity of the functions
Vt.

Lemma C.7. The function J,(r) can be continuously extended to [0, +00), by setting:

2
JU(O):JU:/HVUH Uso,

v

the obtained function is still denoted J,,.
Proof. We first compute:

) O-Vo@?
o0.0 = [ [ L @do

As the distribution that is considered on the sphere is the uniform distribution, the invariance by rotation, along with Tonelli’s
theorem, implies that:

2
9(0,0) = / IV ae [ 620,
v gd—1

Now we easily compute:

d
1 1 Od—1
02d = = 0%do = 7/ df =
/SH ! d/SHZ ' d Jga1 d ’

=1

so that:

Od— Vol?
9(0,0) = = /7” e

Let us now define the following function:

Hir) = /0 ' / " g5, u)duds — /O ' /O " (s, w)dsdu

H'(r) = /Org(sm)ds.

It is clear that H(0) = 0 and that:

Therefore we also have H'(0) = 0. Let us fix some a > 0, from the ®-regularity condition, we justify that the function
g(s,u) and g—g are continuous, and therefore uniformly continuous on the compact [0, a] x [0, a] (by Heine’s theorem).
Thus, let us fix some € > 0 and compute, for 0 < r < a:

"(r+¢€) —H'(r e '
Tl H():l/ 9(s,r+e)d5+%/0(g(s,r+6)*9(svr))d5

€ €

1

r4e r+e r
— o[ stmise s [ Gl —gtsnds+ 1 [ (a0 - (s
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For the first term, we clearly have, by definition of the derivative:

1 r+€
7/7- g(s,r)ds ;3 glr,r).

€

From the fact that % is continuous, on [0, a] X [0, a], we deduce that it also uniformly continuous on this set. Therefore, we
have:

r4e
1/ (g(s,7+¢€)—g(s,r))ds| <e

0 — 0.

€ e—0

L>([0,a]?)
From the dominated convergence, thanks to Lemma C.5, we can differentiate under the integral sign and get that:

1 T
E/O(g(s,r—i—e) ds:}())/ Pu (s,r)d

Finally, we have: H(0) = ¢(0,0). This also implies:

2d 2d 1 Vol?
J’u(r) - 7H(T) — — (0,0 = JU = || U” U
r20q_1 =0 012

This is the desired result. O

We therefore have the following integral representation of the Bregman integral term:

Od—1 o dr

/ Do (v(x),v(x 4 2))loodvy(2)dz =

Note moreover that, by non-negativity of the Bregman divergence, the function .J,, is non-negative.

With the notations of Lemma 4.1, we have:

Od—1 i dr

Bg(v) = Coa—+ 2 J, v(r)rai_r

(32)

Therefore, Eq. (31) is the justification of Eq. (12) given in Section 4.2.

Remark C.8 (About the value of R in Assumption 4.3). In Section 4, we argue that the value of the parameter R introduced
in Assumption 4.3 can be sufficiently large when the function v is reasonable close to a constant function (i.e., v = 1). Let
us make this argument slightly more formal. Let us fix such a function v and assume that there exists €1, 2 > 0 such that,
uniformly on R¢, we have:

v>er, ||[Vu||<es [[VPo] <eo. (33)

We also assume that v is twice continuously differentiable. Then, based on the proof of Lemma C.7, we have:

() = T 0)] < Jofr) = 5o 1/ / /}R [ A )i @) dbdduds,

where:

0-Vu(z+s0)0 - Vo(x +ub) (0 Vu(z))?
v(z + ub) v(z)

Az, 0,s,u) = ‘
Using the conditions (33), we can easily see that:
Az, 0,5,u) < Cy10] (u+s),

with C a constant depending on e; and 5. Therefore, we have |J, () — J,(0)] < Car, with Cy a constant depending on
€1, €2 and d. This shows that the derivative of .J, in 0 can be controlled, hence allowing R to be big enough.
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C.4. Pure Levy case: 05 = 0 - Additional results with Bregman Fisher inequalities

Before proving our main results, i.e. the results of Section 4.2, we quickly present a more general point of view. The
message of this section is the following, any inequality of the form:

I3(v) S Bg(v),

where B§ (v) and Ig(v) have been defined in Lemma 4.1. In all this section, we assume o = 0.

We now deduce generalization bounds in the case where we do not have any Brownian part in the bounds. We denote, as
before:

S

s ._ U
Vg = —.
Uoo

As we did repeatedly until now, we often omit the dependence of v on ¢ and S.
In this subsection, we introduce one of the main ingredient behind our proof of generalization bounds in the pure heavy-tailed

case, i.e. o9 = 0.

The main argument is that such bounds appear if we can use the Bregman integral to control the Fisher information coming
from Young’s inequality in the proof of Corollary 4.2. We formalize the connection between such a functional inequality
by the following definition. We will then see how the results of the previous sections can make this inequalities happen in
practice.

Definition C.9. Given a smooth convex function ¢, we introduce the notion of Bregman-Fisher inequality, denoted
BFg (7, a), for v > 0. For a (smooth enough) function v, we say that v satisfies BFg (7, a), with respect to %, when:

/ Dy (v (x4 2))boodva(z /||Vv|| U
ad

It is clear that we have the following result:

Theorem C.10. We make Assumptions 3.1, 3.2 and 3.3, where the ®-regularity is for the ®(x) := x log(x). We further
assume that there exists a constant y > 0 for eacht > 0 and S € 2", the function vy satisfies BF (7, o) with respect to
Uoo. Then, with probability at least 1 — ¢ over ™, we have:

/ Eo {HVFS W H } A+log(3/<)

Ey | L L
U[ (WT) SWT - \/4n01'y

where A := KL (po||tico ).

Proof. From Theorem 4.1, the BF condition and Young’s inequality, we immediately get, with v = vy
d 1 —
%Entf (v) < —Cq q0f Do (v(x),v(x + 2))lodvy(2)dz + [ " (v)oVv - V(V — Vg)iieo
\Y
< —70?/ Vol aoodx+/Vv -V(V = Vs)iiso
v
<
Therefore, by using the same reasoning as in Corollary 4.2, we get the results. O

C.5. Pure Levy case: 05 = 0 - Omitted proofs of Section 4.2

Functional inequalities like BF¢ (7, o) are not trivial at all to get in practice. In the rest of this subsection, we will justify
that, under a reasonable assumption, we can satisfy an almost identical identity. This will give us an idea of the rate that we
expect for our bounds.
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The idea is the following: the results of the previous section, namely Equation (31) and Lemma C.7 point us toward the
following informal computation, for some R > 0:

R 2—
_ Od—1 dr og_1R*™¢
> ~ .
/ Do (v ( + 2))Uoodvy(2)dz > 5 /0 Jv(r)roﬁ1 242 —a) J»(0)

Therefore, we see that we can control the Fisher information terms, coming from Young’s inequality, using the above
integral. However, we need an additional assumption to control the behavior of the function J,,, uniformly with respect to
the data and the time.

We formalize this idea with the following assumption:

Assumption C.11. We assume there exists an absolute constant R > 0 such that, for all ¢ > 0 and y®"-almost all S € Z™,
we have:

Vr € [0, R], Jys (r) > J

This assumption is exactly a reformulation of Assumption 4.3, with ®(z) = ®i, = 2 log(z).

If we fix ¢t and .S, this assumption is trivial by the continuity of J,. The above condition is essentially a kind of weak
uniformity in ¢ and .S of this continuity. The uniformity in ¢ would be justified in case of convergence of ut to a limit
distribution. The strongest part of the assumption is the uniformity in S. Note that it is common in the learning theory
literature to assume uniformity of various constant in the data.

Theorem 4.4. We make Assumptions 3.3, 3.4 and 4.3. Then, with probability at least 1 — ¢ over ™, we have

GS<T>§2S\/K 1T, 5) + BB+ A

nof n

with A and 1(T, S) as in Corollary 4.2, and:

o _Coar(-gar()

13
T (G e "

where I denotes the Euler’s Gamma function, on which more information is provided in Appendix A.4.
Proof. Letus fixt > 0and S € 2" and denote v for v, as before. By Theorem 4.1, we have:

%Entf (v) < —C’a,da?/ Dg(v(x),v(r + 2))locdvs (z)dx + /VU -V(V = Vg)iiso

By Young’s inequality, if C' > 0 is a constant:

[Vell”

iEnt _(v) < —C’mdof‘/ Do (v(x),v(x + 2))boodva(z)de + — /

7 dr+ 55 /va VVsl? dug.

By Assumption 4.3 and Lemma C.3, we have:

d R
ZEnt? () < —Cpq00 2 1/ Jo(r —/”WH T +—/||vv VVs|? du?.
e e 2d J,
R
d
< ~Coaot %21 [0 /”V”” ool +—/va TVl duf.
4d  J, ro—
_ Caq0fo4 1 R*” “/IIWII _ /IIVUII /
_ 4 = o) sodz + — dr+ 5o [ VYV = VVs|? dug.
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So we make the choice:

C’a,da?ad_lRQ_o‘

¢= 22 —a)
and, putting everything together, we have:
%Ent% (v) < K“ 4 / IVV = VVs|* duy,
with:
K= d(2 — «)

Co,404—1R?>=
We conclude by the same PAC-Bayesian arguments as in the proof of Corollary 4.2, i.e., we use THeorem B.1.
Regarding the value of the constant K, 4, we remind the reader that we have:

a+d d/2
—goe-l—dr2 - "2 ) ( ) = L
Cog=a T r(i-2) Od-1 T(d/2)

A simple computation gives:

T RZ-a g0
which is the desired result. O

C.6. Extension to the discrete-time case

In this section, we quickly demonstrate that our methods, developped in the time-continuous setting, can be extended to
the discrete setting. This gives more theoretical foundations to our experimental analysis. We treat this case slightly less
formally than the rest of the paper, our main goal is to make a first step toward the understanding of the discrete heavy-tailed
algorithms. Let us simplify the notations of Section 6 and consider the following discrete recursion:

wi g =wy —vg(wy) —ynwy + o1 LY, (34)

where g(wy) := VFS(wk )and S ~ u®". We assume that yn < 1.

Remark C.12. We could also consider that g; is an unbiased estimate of the true gradient, i.e. using random batches
independent of the stable noise. Most of our analysis would also hold in this case. However, we focus on the full-batch case,
both for simplicity and to stick to the theoretical foundations of our experimental work. As mentioned in Section 6, the used
of mini-batches could result in gradient with heavy-tailed noise, which could interfere in an unclear way with the stable
noise Lg*. Similarly, the same techniques could be extended to varying learning rate and noise scale, but we stick to a setting
close to both the time-continuous and the experimental settings.

Extensions from the discrete In this section, we adapt the technique presented in (Mou et al., 2017, Section 5) to the
heavy-tailed setting. This will highlight that our technical contribution in the continuous case are directly useful for the
discrete case. The strategy is the following:

1. We will construct a Levy driven Ornstein-Uhlenbeck process interpolating between the density of two successive
iterates.

2. We apply the analysis of Section 4.2 and use the associated FPE to bound the KL divergences of each iterate wy.

Interpolating techniques have also been used by Nguyen et al. (2019a), in the study of the discretization of heavy-tailed
SDEs.
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Let us fix some o’ > 0 and consider the process, for a fixed z € Ré:
dX; = —nXydt — g(z)dt + o’dLY,
where, as defined above, g = Vﬁ s. Note that X depends on z. We can express the solution as:
t
X, + g(Z) — (XO + g(z)) +O_// e—n(t—s)dL;x.
n n 0

=04

We can compute the characteristic function of the integral term, using computations similar as in (Raj et al., 2023a, Lemma

9), for all £ € R*:
‘ f N 1— e—’r/ozt
B e =exp{- [ fo'ere]"dsh —exp { o Jel” f
0 “

Let us now fix one iteration k and denote by u; the probability density of w}. We set the initial condition X ~ uj. Then,
by the two previous equations, we have that, for a fixed 7 > 0:

1

1—e " 1—emom )@
X, ~e uy + —y uy) + o' {} LY.
k 7 (ug) o 1

Our goal is that X interpolates between ug and uf . 1» therefore we set:

1
17 —naTt o
e’ =1-1m, 0’{;7} = o177,

Q=

so that is reproduced Eq. (34). Thus X, and uf 1 have the same distributions.

Let us denote by hf % the density of X; at time ¢, were we made explicit its dependence on the data S and the iteration

number k. Now, if we proceed as in (Mou et al., 2017, Theorem 9), and integrate the FPE of X with respect to uf , we get

that the density hf’s of X, satisfies, provided we can switch the differential operators and the integration over uf :

By = =o' (=A)2 WP 4V - (b %w) + V- (WP [g(wg)| X, = w])

This fractional FPE has exactly the form studied in this paper, therefore, we can express the associated entropy flow as (with
a slight abuse of notation, we identify h; with the associated probability distribution):

d dz
%KL (hf,SHﬂ_) = — // B@(’Uf’s({[j),vf’s(x + z))ﬂoo(x)de - /v'[}f’s - E [g(w}?)\Xt = w} dw,

with:

k,S
ks . Ny

Uy =
oo

This leads us to formulate the following assumption, which is the extension of Assumption 4.3 to the discrete case.

Assumption C.13. We assume that there exists a constant R such that, for all k, all ¢ and all dataset .S, the functions Uf ’S,

constructed by the above procedure, satisfy:

Vr <R, Jg s (r) >

k
log, V¢

1
§J¢‘log77)f’s (0)

We now omit, as we did in the time continuous setting, the dependence of vf S on k and S, and just denote it v;. We do the
same for hf S, simply denoted h;. Therefore, by the proof of Theorem 4.4, we have:

d K,
ZEn? () < U,(;d/HlE [9(w)|Xe = w] || dhe,
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with K, 4 defined as in Theorem 4.4, using the constant R coming from Assumption C.13. Let us denote by h;(w, z) the
joint density of X; and w,f , by Cauchy-Schwarz’s inequality, we have:

2
ht (w, 2) ha(w

dz )dw
< K“d /ht ( ht(w;)dz> (/ ht(w,z)g(z)dz> dw
:K"‘d//hth 2)dzdw

oty (o]

O./Q
Let us denote by pj, the density of wy,. Integrating between 0 and 7, and using that hg is the density of wy, and that h is the
density of w1, we can write that:

d
aEntgm (v¢) =

KL (i 17) < KL (oal|7) + 7 <2t [|lgw)||°]

where, as in the rest of the paper, U denotes the randomness coming from the stable noise, i.e. the noise due to L.

Therefore, a telescopic sum immediately gives that, for a fixed number NV of iterations:

L(pnllm) <A+

>~ By [
Kes S e [l
k=0

— Kaa 1 1 1—(1—9n)" = ENT
= A+ o 1 IOg(l—'m) < an ) rard Ey {Hg(wk)H }7

Therefore, under the subgaussian assumption, Assumption 3.1, we have proven that, with probability at least 1 — ¢ over
S ~ u®", we have:

with A = KL (po||7).

Ey [Gs(wy)] < 2s K‘“”lg( ! )(1(17")Q>NEEU U]vﬁs(w§>m+“l‘f(3/<). (35)
k=0

ot m 1T—m an

Finally, let us notice that when 77 is small, which is the case in our experiments, see Appendix F.1, we have the following

asymptotic development:
1 1 1—(1—~n)~
Lo ( ) < (1—m) ) ~
v L=m an =0

Therefore, the computations made in this section, while slightly informal, give a solid justification to Eq. (18), which we use
in our experiments. The qualitative behavior with respect to a and d is unchanged.

Remark C.14. The analysis presented in this section could also be extended to SDEs with a non trivial Brownian contribution
to the noise, i.e. the setting of Section 4.1 where g2 > 0.

C.7. Mixing of Brownian and heavy-tailed noise

Because the Fisher information term, appearing in Lemma 4.1, is non-negative, the proof of Theorem 4.4 also applies when
oo > 0, i.e. in the setting of Section 4.1. However, not that this requires to make Assumption 4.3, while such an assumption
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is not necessary to derive Corollary 4.2. Therefore, the results of Section 4.1 still present the advantage to hold under lighter
assumptions.

Nevertheless, this motivates to write down the result in the case o2 > 0, under Assumption 4.3. This allows to get insights
on how both noise affect the generalization error. This leads to the following theorem.

Theorem C.15. Let us consider the dynamics of Eq. (3), with both o1 > 0 and o2 > 0. We make Assumptions 3.3, 3.4 and
4.3. Then, with probability at least 1 — ¢ over u™, we have

oy < 2y M0 [T, [y ] 83101
0 n

n

with A = KL (po||7), and the noise mixing constant M (o1, 02, d) is given by:
1

M(01702>d» a) = Ao? 4+ glaazar(”“T”)sz :
(2-a)T(1-%)dr(€)
Proof. The proof follows by the exact same computations than the proofs of Corollary 4.2 and Theorem 4.4. O

Based on the above theorem, we can make an interesting observation. The constant M (o1, 09, d, &) clearly shows the
relative contribution of both noises. Therefore, we can argue that they have the same contribution when the following
condition is fulfilled:

ofa2°T (42) R~

402 =
P2-ar(1-g)dr (9

Using the asymptotic developments discussed in Section 5, and proven in Appendix D, in the limit d — oo, we can write
this condition as:

403 ~ 1 Paﬁ,

d—oo R2—«
where the pre-factor P, has been defined and studied in Section 5. It is now meaningful to write it as:

1
(021/do)* = ﬁ(al do)®, (36)

with dy := d/(R?), the "reduced dimension introduced in Section 5. This is the equal noise contribution condition. What is
particularly noticeable in Eq. (36) is that, as was the case in the study of the phase transition, in Section 5, the meaningful
quantities, for both noises, is (scale of the noise) x /dimension.

C.8. Time-uniform bounds deduced from a generalized Poincaré inequality - Omitted proofs of Section 4.3

In this section, we fix the convex function ® to be ®(z) = %xz. In that case, the Bregman divergence becomes symmetric
and satisfies:

Da(a,t) = Da(b,a) = 5(a—b)*

Combined with the logarithmic Sobolev inequality, given by Theorem A.19, this allows us to prove a time uniform bound on
the chi-squared distance between the prior and the posterior.

We denote, as above:
Vs(w) = Fs(w) + 3w, and: V(w) = 1 [lw]*,

with 17 > 0 the regularization coefficient.

Before bounding the ®-entropy, we first need the following lemma. It is close to remarks already made in (Gentil & Imbert,
2008) and (Tristani, 2013), for instance.
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Lemma C.16. In this setting, U is the density of an infinitely divisible probability distribution, whose characteristic
exponent is given by:

d _ i% 2 i «@
ve € R v(e) = 32 el + 2 el

Proof. Let us first recall some notations. 7 is the (prior) density distribution whose density with respect to the Lebesgue
measure is %,. The existence of such the steady state 4., was obtained in (Gentil & Imbert, 2008; Tristani, 2013). Moreover,
Gentil & Imbert (2008) showed that 7 is infinitely divisible, therefore, it makes sense to introduce its characteristic exponent,
denoted 1), and defined by:

VE € RY, Exor [e6%] = 7).
Following computations of Gentil & Imbert (2008); Tristani (2013). We quickly show how the expression of the characteristic

exponent can easily be obtained in our particular case. First, because of the symmetry of Eq. (7), both %, and ¥ must be
symmetric (i.e. even functions). Therefore, if we define the Fourier transform by:

F(u)(€) = / e Sy (w)dw,
R4
then we have:
Flii)(€) = ™).
We can take, at least formally (Tristani, 2013), the Fourier transform of Eq. (7) and write that, in the sense of distributions:
Fla)(©) (o2 161" = 3 1€]1%) +nF(V + (witae(w))(€) = 0.

In the above, we used the expression of Fourier transform for the Laplacian and the fractional Laplacian. Using properties of
the Fourier transform, this leads to:

Fliaoo) (€) (=0 16" = a3 1€]") = 1V F () (©).
Therefore:
ng - V(€) = o €l + a3 ll¢]”
Given that ¢ is symmetric, we can write it as P(||¢]|*), we can then rewrite the previous equation as (for a > 0):

P'(a) = ofa®?7! + o3 %
2n
Integrating, and noting that we have P(0) = 0, leads to the result. O

In this setting, the ®-entropy inequality, i.e. Theorem A.19, becomes the following statement.

Corollary C.17 (Generalized Poincaré’s inequality). Let u be an infinitely divisible law on R®, with associated triplet
denoted (b, Q, V), then, for every smooth enough function v, we have:

%/v2d,u - % </ vd,i>2 < /Vv - QVvd/Hr/ Do (v(2), v(x + 2))dv(2)du().

where we used the symmetry of the Bregman divergence, for ®(x) = %a:Q, to revert the arguments of this divergence,
appearing in Theorem A.19.
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If v is chosen to be the Radon-Nykodym derivative of another measure v, with respect to u, we recognize the chi-squared
distance, defined by:

(vl )-—/ WY g (37)
X (] |p) = g ) L
We also remind the definition of Renyi entropies, for § > 1:
1 dv\”
= l - d .
ol = 3 Og/<du> ’ (38)

Note that, by convention, we also set Dy (v||u) = KL (v||u), see (van Erven & Harremogs, 2014) for an extensive review of
the properties of those entropies.

The following inequalities are clear, the first one being proven in (van Erven & Harremogs, 2014), it is a direct consequence
of Jensen’s inequality:

L (v]|p) < D (v]|n) = log(x* (v| |w) +1) < x* (v]|n).- (39)

C.8.1. WARMU -UP: THE CASE 05 > 0

In order to mimic the resoning of Sections 4.1 and 4.2, we first handle the case where o5 > 0. This is an additional
theoretical result.

Theorem C.18. We make Assumptions 3.3 and 3.4, accordingly to this choice of convex function. Then, with probability at
least 1 — ¢ over S ~ p&™ and w ~ pg, we have:

4e="TA + log ?—ﬁ
Gs(w) < 2s —I(T S)+ —mm—,

TlO'Q n

with A = Entgoo (po), and:
_ T ~ 12
I(T,S) = / e 1T-D [(uff HVFSH } dt.
0

Proof. As before, we fix t and S and ease the notations by denoting u instead of v}, and similarly for v. For our particular
choice of function ®,by Lemma 4.1, the entropy flow is equal to:

d ~
aEnt (v) = 70’2/||VU|| Uoo — (,dal/ Do (v(x),v(x + 2))lodva(z )dl‘+/v1_LOOVU'VFs.

By Young’s inequality, we have, for any C' > 0 and y € (0, 1]:

LEnd_(0) < - ( >/|w oo — ycadal/ Doy (v(w), 03 + 2))lioo a2 )dx+—/ |95 .

Thanks to Lemma C.16, we know that the Levy triplet of . is given by (0,03 /(n), (Ca,a0¢/(an))vs ). Therefore, the
Poincaré’s inequality of Corollary C.17 is given by:

2
Ent) (v) < 2—2 / [V 0]|* oo + dUl / Dg(v(x),v(r + 2))loodre(z)dx.
n
Therefore, we have:
d C ~ |2
EEnt (v) < —yamEnt]_ (v) — (0’% —3 " OW%) /||Vv|| Uoo + =— 20 v? HVFSH Uoo- (40)

(41)
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We make the choice ¥ = 1/ and C = o3, this gives:
d

1 2
%Entgm (v) < —nEntgm (v) + %07 /qﬂ HVFSH Uoo-

Solving this differential inequality implies that, with A := Entg’w (po) and T > 0,
1 -
Ent? (v%) <e A+ —I(T,9),
> 205

with:
_ T 2
I(T, 8) ;:/ e 1 T-OF, [(vf)2HVFSH }dt.
0

From Equation (37), this implies that:

1 I
X (7| Im) < eTTA+ / e M T=D](t, S)dt.
2 20'2 0

We conclude by applying Theorem B.3 and noting that, in our notations, we have:
Ds (pfl|7) < 24 (pls| Ir) = 2Ent?_ (v).
O

In order to make the above theorem more interpretable, we present, as an additional theoretical result, the following
corollary. It states that, if the loss is Lipschitz in w and if the regularization coefficient is big enough, then we have a simpler
time-uniform bound. The main interest for the following result is that it it fully comparable with our other results. This is an
additional result, it was not presented in the main part of the document.
Corollary C.19. We make the same assumptions than in Theorem C.18 and further assume that the loss f(w,z) is
L-Lipschitz in w, uniformly with respect to z. Then, if
L
a:=n——5>0 42
=503 >0 (42)

then, with probability at least 1 — ¢ over S ~ u®™ and w ~ p%, we have, for any A > 0:

1
2 [ L3 1—e T 3 2 A°
with A = Ent§_ (po).

Proof. We follow the exact same step than the proof of Theorem C.18, up to Equation (40). We make the same choices for
~ and C and obtain:
d

1 2
aEntgoo (v) < —mEnt]_ (v) + 507 /112 HVFSH Uoo-

By the Lipschitz assumption, this is:

4 Ent® (v) < —nEnt®  (v) + —Li /U2u
e Mt T oo 203 >
L3 L2
f o f
= (n— =L | En® .
( 20%) AT

The result is deduced by the exact same reasoning as the last steps of the proof of Theorem C.18, by applying Theorem
B.3. O
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C.8.2. TIME UNIFORM BOUNDS IN THE CASE 05 = (0 - PROOF OF THEOREM 4.5

In the previous subsection, we used heavily the presence of a non-trivial Brownian part in the operator . However, we face
the same problem that we had with Theorem C.18: while providing a generalization bound for multifractal dynamics, which
is our main goal, this theorem is not very informative about the impact of the tail-index « on the generalization performance.
This is why, in this section, we focus, like in Section 4.2, on the case o5 = 0. This follows the steps presented in Section 4.2,
with a change in the choice of the convex function .

To overcome this issue, we show how it is possible to derive a bound, even without the Brownian part, by using a reasoning
similar to Section C.3. Under Assumption 3.3, we can apply the same reasoning with the choice of function: ®(z) = 2%/2.

With this change in the convex function ®, the relevant quantity is no more the Fisher information, but the following
L2-norm on the gradient of v, this is the term that appears in Poincaré’s inequality:

G, = / |Vo||® tiodzz. (43)

This quantity, G,,, correspond to the ®-information term, I (v), introduced in Lemma 4.1, for the particular choice of
convex function that we make in this section, namely ®(z) = 22/2

The following lemma is proven by the exact same lines than Lemma C.3, only the function ®, and the corresponding
®-regularity assumption, changes.
Lemma C.20. Assume that v is ®-regular, for ®(x) = x2 /2. Then, we have the following representation:

_og [T dr
J[ Potvta). e+ e @i = T2 [ G2

where the function G, is non-negative and defined by:

/ / / / 0 - Vo(z+ $0)0 - Vo(z + ub) oo (z)d0dzduds.
T‘ Od—1 Rd Jgd—1

This function can be continuously extended at 0 by:

Gv(

Go(0) = G

This function, G, : [0,00) — [0, 00), corresponds to the function Jg ,, introduced in the main part of the paper, for the
particular choice of convex function ®(x) = ||z||* /2.

The following assumption is the equivalent of Assumption 4.3 for the function G, instead of .J,,.
Assumption C.21. There exists an absolute constant R > 0 such that, for 4&™-almost all S and all ¢ > 0, we have:

Vr € [0,R], Gy(r) > 5GU(O).

This assumption is exactly a reformulation of Assumption 4.3, rewritten with ®(z) = %xz. Using the denominations of

Section 4.3, it is Assumption 4.3-®.

We can now prove Theorem 4.5, which is a time-uniform generalization bound obtained in the pure heavy-tailed case
(01 =0).

Theorem 4.5. Let oo = 0. We make Assumptions 4.3—®s, 3.3 and 3.4, with the choice ® = ®4. Then, with probability at
least 1 —  over S ~ %™ and w ~ p5, we have

_anT 24

4Kaa 2e” 2 A+ log =5

Gs(w) < 2s I, S) + Sy
nof n

with A = Entg)oo (po), and
~ T {17]
1= [ 2om o[58
0
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Proof. We start, again, with the expression of the entropy flow.

%E t2 _(v) =~ adol/ Dg(v(z),v(x + 2))lodva(z )dm—l—/vﬂooV%Vﬁs.

We split in two the Bregman integral term and apply the generalized Poincaré inéquality, along with Young’s inequality on
the last term, for any C' > O:

d ~
%Entf (v) < —%Entgoc (v) — Co, dal / Dg (v (T 4 2))Uoodvy (2)dx + /vﬂoovv -VFs.
Ca C
< —7E g (v) - dJl / Do (v (x4 2))Uoodvy (2)dx + Gq, + 20/ H Tood.
We now use Lemma C.20 and Assumption C.21, this gives:
d Ca c 1 -2
ZEn? (v)g——nEt (v) — ;"1 T 1/ Gu(r) o7 + 5 Gut 55 UQHVFSH Toodt
an Cp a0t o R~ C’ 1 2H ~ H27
< ——Ent? e C G, — VF. dz.
S R Oy oy Tttt [ VS| teetw
Therefore, we make the choice:
o Cp.d0CoP B>~
' 4d(2—a)
and we get:
d . o ane @ 2d(2 — a) 2 5017 -
Lons (<ot )+ 2220 [ 2 0h e
et (v) < 5 Entg, (v) + Craotot o v 5| toodx
We introduce the same constant as the one introduced in Theorem 4.4, namely:
9
Kya= d( a) .
’ Cy404—1R?*~=
Therefore, solving the above differential inequality gives:
o QK(X
Ent?_(v) < e “F A+ 24T, 5),
where I (T, S) and A are defined in the same way than in Theorem C.18.
We conclude by applying Theorem B.3 and noting that D (p%||7) < 2Ent _ (v).
O

D. Asymptotics of the constants - Omitted proofs of Section 5

This section is devoting to studying the limit behavior of the constants introduced in our generalization bounds, in terms of
« and d. This corresponds to the proof of the theoretical results of Section 5.

We first study the asymptotic behavior of the constant when d — oo.
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Lemma 5.1. We have that, for all o € (1,2):
2-a)l(1-9)

I 1-3 -
K(x,d d—s 0o Pad 2 ) PO/ A 0{20/2 I (14)
Proof. By the definitions of Sections 4.2 and 5, we have:
a d
’ a2« T d—ga)
By Lemma A.21, we have:
d d
ar(g)  dr(g)
dt+a o
[ (%52) 4= p (4) (4)*2
204/2d1— 5 ,
from which we immediately deduce the result. O

We now prove Lemma 5.2, which study the low-tail limit of our generalization bounds for heavy-tailed dynamics.

Lemma 5.2. Forany d > 1, we have K., 4 — %

a—27

Proof. By the definitions of Sections 4.2 and 5, we have:

(,_Cmar(-5) o)
" ()

a,d

We have « € [1,2), therefore, we know that % ¢ 7.. We can then apply Euler’s reflection formula, Lemma A.20, and get

that:
r(1-3)r(3) - @

3

On the other hand, by continuity of the I" function and using the identity I'(x + 1) = zT'(x), we also have:

r
r(dEey o op(di) =9 (9,
2 ) ol \2 2 \2

Putting everything together, and using that I'(1) = 1, we get that:
_ 1

ad ™ .
a—2- 2

As Ky q= R“*2Ka7d, with R > 0, this implies the result. O

Finally, the next lemma presents the main properties of the function o — F,, introduced in Section 5. As a reminder, we
have:
(2-a)l(1-9)

P, = o202

Lemma D.1. The function o — P, is, on the interval [1,2), continuous, decreasing and satisfies:

Va € [1,2), = < P, < /=

B

N =
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Proof. The continuity follows from the continuity of the I" function on (0, %] Moreover, we have, using the particular
values of the I' function recalled in A.4:

p_TQ) _ v

V2o V2

Using the proof of the Lemma 5.2, we also have:

1
P, — -—.
a—2- 2

Now we fix o € (1,2), we use Euler’s reflection formula, Lemma A.20, and the formula I'(1 4 z) = 2I'(2) to get:

2-a)l(1-9%)
a20¢/2
2—« ™

0272 5 () T (3)
1

m(1-%)
sin (%) 29/2T (1+ %)

P, =

From the general properties of the I' function, we know that o —— I’ (1 + %) is increasing on (1, 2), and therefore it is
enough to show that the function

2—«

is decreasing, as both I' (1 + %) and g are positive on (1, 2). A quick calculation reveals that:

(32 o) = oo (32 fon (3 1)) -+ 1- )},

which implies the desired result, by noting that tan(z) < z on (—7/2,0).

The function « — P, is represented on Fig. 5. This plot confirms the calculations of Lemma D.1.

— a— Pla)
1.2 4
1.1+
1.0
5 091

T

0.8 +
0.7 1
0.6 -
0.5 +

10 12 14 16 18 20

a
Figure 5. Graphical representation of the function o — Py. The leftmost value is P1 = /5 =~ 1.2533 and the right limitis P, = %
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D.1. Precisions on the low noise-regime

In Section 5, we concluded the existence of two regimes predicted by our bounds. We first defined the low noise regime by
the following condition:

01\/E
R

However, the pre-factor o« — P, is decreasing. Therefore, we need to take it into account to accurately describe the regime
where the generalization error is increasing with a. This happens when we have:

PR < P R?
o1 Vd dcr% .
Using Lemma D.1, we get the condition that was mentioned briefly in Section 5:

0'1\/671 < 1
R Vor

D.2. Comparison with the constants appearing in other works
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Figure 6. Comparison of the dimension dependence of our bounds and that of Raj et al. (2023b), under the assumption that ¢ is Lipschitz
continuous, for both bounds.

In(Raj et al., 2023b), the authors prove expected generalization bounds for heavy-tail dynamics. The constant appearing in
their bounds has a complex dependence on various constants defined in their assumptions, but we can sum up the dependence
in « and d as follows (by Applying Euler’s reflection formula to their Lemma 7):

_ vdr (234)
flod =0 (H (2-o) (1~ 3)F(d)>

2

By the proof of Lemma 5.1 and 5.2, we see that:
Rag=0 (d”T“) .

It is to be noted that our bound has a rate in n of 1/2, i.e. our bound is proportional to 1/4/n, while the bound of Raj et al.
(2023b) has a rate of 1, i.e. the bound is proportional to 1/n. If we denote by = the ratio of the rate in d to the rate in n of
the bound, we find (under a Lipschitz assumption for both bounds):

SOwy _ @ cRejeral203n) _ 1t (44)
2’ 2
The meaning of the coefficient = is that, in an overparameterized regime where d > n, the bound is non-vacuous only if
= < 1. We graphically represented this coefficient in Fig. 6.
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E. Discussion of the time dependence of the bounds

While Theorem 4.4 is the first high probability generalization bound for heavy-tailed dynamics, one may notice the time
dependence of the bound, coming from the integral term, i.e.

T
/ By [Fs(Wy)] di. (45)
0

Because of this term, as explained in Section 5, the light-tail limit of this bound leads to an informal bound of the form:

1 [T ~
< _
Gs(We) S \/ = /0 Ey [Fs(Wt)] dt,

which is worse than the existing bounds on Langevin dynamics Mou et al. (2017); Li et al. (2020); Farghly & Rebeschini
(2021), which achieve time-independent bounds. More explicitly, Mou et al. (2017) obtained a similar bound, but with an
additional exponential time-decay in the integral term, i.e., informally,

T A~
/ e T-D, [Fs(Wt)} dt,
0

where a > 0 is a constant dependent of the problem.

To the best of our knowledge, there is no obvious theoretical argument affirming that the limit o — 27 should exactly
recover the bounds for Langevin dynamics, while it is quite clear that this limit should not be infinite, as in Raj et al. (2023b).
That being said, it is worth discussing why this time dependence happens in our bound, how it could be improved, and, most
importantly, why a time independent bound is currently beyond the reach of the theory.

Section 4.3 presents one step in the direction of time-uniform bounds. However, the integral term appearing in Theorem 4.5
is not satisfactory, because of its lack of interpretability, compared to Eq. (45).

On the other hand, a more detailed analysis of the results of Mou et al. (2017); Li et al. (2020) shows that time-independence
is a direct consequence of the use of a logarithmic Sobolev inequality (LSI, see Appendix A.3). If we translate these
arguments in our setting, such an inequality would need to be satisfied by the prior distribution 7. Therefore, it is natural to
ask, whether we could apply Theorem A.19 in our proofs.

A similar computation has been proposed by Gentil & Imbert (2008), in their study of the rate of convergence to equilibrium
of an equation of the form of Eq. (6). However, we argue that we cannot apply this reasoning in our setting. Let’s explain it
briefly: in the proof of Theorem 4.4, the crucial term that appears in the computation of the entropy flow is what we called
the Bregman integral, it is given by:

Bg(v) = Cu // Do (v(x),v(x 4 2))lodvy(2)dx.

On the other hand, Theorem A.19 uses the following term, if we apply it to 7 (in a similar way to how it is done in
Appendix C.8.1):

/ Ds(v(z + 2), v(x)) oo dvy (2)dz.

Unfortunately, the Bregman divergence is not commutative in general, and, to the best of our knowledge, there is no obvious
way of linking the two integrals appearing above. This discussion is the motivation behind Section 4.3, where we applied

Theorem A.19 and Lemma 4.1 to the case where the Bregman divergence becomes symmetric, i.e. when ®(z) o< 2.

Therefore, we conclude that we do not have the LSI that we would need to make our bounds time-independent. Let’s end
this short discussion by writing down the result that we would obtain with such an inequality.
Theorem E.1. We consider the same setting than in Theorem 4.4, but we additionally assume that the prior w satisfies the

following LSI, with reversed Bregman divergence compared to Theorem A.19, for all v smooth enough:

En?_ (v) < CQT”;?"% / Do (v(2), v(x + 2)) oo () dve (2)da.
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Then, with probability at least 1 — ( over u?”, we have:

«
01

T ~ 2
Ey [Gs(W3)] < \/Md/ BT, {HWS(W;)H }dHAHong@/O
0

with A = KL (pg||tco ) and:

; (46)

F. Additional experimental details
F.1. Hyperparameters details

In this section, we give a list of the exact hyperparameters used to obtain our main experiments. In general, those
hyperparameters were chosen to make our experimental setting as close as possible to our theoretical setting and assumptions.

Linear model trained on MNIST (Figs. 9 and 10) : We use a linear predictor, without bias, trained with a (multivariate
cross-entropy loss). All 10 classes of the MNIST dataset were used but we randomly subsample 10% of the training set, to
lower the computational cost of the experiments. We simulate Eq. (17) with T = 5.103, v = 1072, » = 10~2. The last
2000 iterations were used to estimate the accuracy error, as described in Appendix F.2. During those experiments, we let
« vary in [1.6, 2], using a linear scale of 10 values. The parameter o varies in a logarithmic scale of 10 values, such that
ovd e [0.5,40], where d is the number of parameters in the model, this is inspired by the analysis of Section 5. This range
was chosen to ensure both that the training is stable enough and that the heavy tail of the noise has an impact on the accuracy
(i.e. o not too small).

2-layers FCN trained on MNIST: This experiment was used to produce Figs. 2 to 4. We use a 2-layer neural network
with ReLLU activation, without bias, trained with a (multivariate cross-entropy loss). All 10 classes of the MNIST dataset
were used but we randomly subsample 10% of the training set, to lower the computational cost of the experiments. We
simulate Eq. (17) with T = 10%, v = 1072, = 10~2. The last 2000 iterations were used to estimate the accuracy error, as
described in Appendix F.2. During those experiments, we let « vary in [1.6, 2], using a linear scale of 10 values. The width
of the network varies in a linear scale of 10 values, between 40 and 200.

FashionMNIST experiments: The same model was also used on the FashionMNIST dataset (a 10% subsample of it), to
obtain Figs. 11(a), 11(b) and 12.

5-layers FCN trained on MNIST: We use a 5-layer neural network with ReLU activation, without bias, trained with a
(multivariate cross-entropy loss). 100% of the MNIST dataset were used. We experimented using a batch-size in this case,
i.e. Eq. (17) is replaced by:

b
A A~ ’y A A 1 o
Wi = Wi =23 VI, 2i,) = mWiE + e o L, (47)
j=1
where b € IN* is the batch size and (i1, . ..,%,) are random indices drawn at each iteration. We simulate Eq. (17) with

T = 10°, vy = 10~2, n = 10~3. The last 100 iterations were used to estimate the accuracy error, as described in
Appendix F.2. We used batch sizes b € {64,128, 256, 512}. During those experiments, we let « vary in [1.7, 2], using a
linear scale of 10 values. In order for the training to be stable enough for the experiment to converge, we noted that we had
to use smaller values, those values were chosen on a logarithmic scale of 6 values so that ov/d € [0.1, 3]. It is probable
that only the low noise regime, of Section 5, is then observable. Note that, in this case, i.e. when using mini-batches, we

estimated the gradient norms HVﬁ s H using the batch gradients, appearing in Eq. (47), instead of the whole empirical risk

ﬁg. This makes sense as one of the goals of using batches is to reduce the computational cost of the experiments.

F.2. Accuracy evolution and robust mean estimation

Figs. 7 and 8 show the evolution of both the train and test accuracy, during the first 2000 iterations of training, for models
and datasets similar to the one used for our main experiments (but with less data to make it easier to visualize). We show
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these curves for different values of the tail index c and of the quantity o\/d, which we argue in Section 5 has a strong impact
on the training dynamics.

This allows us to observe two phenomenons, first, at least in these two experiments, there seems to be a transition, around
the value ov/d = 1. Indeed, for ovd < 1, we observe that the tail of the noise has little impact on the evolution of both
accuracies and therefore on the generalization error. On the other hand, for higher values of ov/d, we see the impact of
the tail index «. Indeed, the heavier the tail (i.e. the smaller «), the more jumps are observed on both accuracies, which
necessarily have an impact on the observed generalization. This seems to follow our theory developed in Section 5.

More importantly, the presence of those jumps makes the estimation of the generalization error, Gs(W.3), extremely noisy.
To avoid this issue, we use the following two techniques:

1. The generalization error is averaged among the 2000 last iterations (recall that we use /N > 5000 in all our experiments
so that the model is close to converence when we estimate the generalization error).

2. As the random jumps introduce values of the generalization error that are completely random and often much higher
than the values between the jumps, we avoid them to bias the estimation by removing the 15% upper quantile of the
generalization error, in the last 2000 iterations, before computing the mean.

F.3. Experimental procedures details

In this section, we quickly give more details on how the figures of Section 6 were obtained.

F.3.1. BOUND ESTIMATION - FIGS. 3, 9 AND 12

To get Figs. 3, 9 and 12, we estimated the computable part of Eq. (15). To do so, the gradient norm of all iterations where
averaged, to get an estimate of the integral term:

N 2 T 2
T=aY | wEsoi)| :/0 |vEsow)| 48)
k=1

where ~y is the learning rate and N the number of iterations. The quantity that is plotted on the y-axis of those figures is:

~ P.dl—% ~
Gi= | 1. 49
nof R2—« “49)

Moreover, this quantity is averaged over 10 random seeds, with the same values of the hyperparameters (o, d, ). Unless
mentioned otherwise, the constant R, which is unknown a priori, is taken to be R = 1 in the figures.

F.3.2. CORRELATION EXPERIMENTS - FIGS. 2 AND 11(B)

Figs. 2 and 11(b): In this experiment, we train a 2-layers neural network on MNIST. The tail-index « varies in [1.6, 2] and
the width of the network in [40, 200]. To obtain the green curve, we proceed as follows:

¢ For each value fixed w of the width, we compute Kendall’s correlation coefficient, denoted 7, between the accuracy
error and the tail-index o.

* This gives us the correlation in terms of the width, i.e. a map 7(w).
* We repeat this procedure for 10 random seeds.

* The green curve represents the mean value and standard deviation of 7(w).

For the dot black curve, to get a less noisy coefficient, we directly used, for each width w, the average of the accuracy error
across all the random seeds, and we computed the correlation between « and this mean accuracy error. This is why there are
no error bars in that case.
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Figure 7. Evolution of the test and training accuracies, during the first 2000 iterations, for the simulation of (3) with a linear model trained

with a cross-entropy loss, on the MNIST dataset.

F.4. Additional experiments

In this subsection, we present a few additional experiments to further support the findings of Section 6. These additional

experiments are organized as follows:

1. Additional experiments using a linear model.

2. Additional experiments conducted on the FashionMNIST dataset (the experiments presented in Section 6 were all

conducted on the MNIST dataset).

3. More details figures regarding the use of mini-batches.
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Figure 8. Evolution of the test and training accuracies, during the first 2000 iterations, for the simulation of (3) with a 2-layer neural
network, trained with a cross-entropy loss, on the MNIST dataset.

F.4.1. ADDITIONAL EXPERIMENT WITH LINEAR MODELS

We conducted experiments similar to that presented in Section 6 with a linear model, instead of a 2-layers FCN. The results
are presented in Figs. 9 and 10. More specifically, in these experiments, we let both the noise scale o; and the tail-index «
vary in a fixed grid of values (see Appendix F.1). Note that, in this case, it is not possible to let the number of parameters
vary without affecting the data, but we can act on o instead, and still test our theory. That being said, this model has the
advantage, when using the cross-entropy as a surrogate loss, to fit nicely in our theoretical setting.
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Figure 9. Linear model on MNIST

More specifically, we can see on Fig. 9 that the estimated bound, according to Eq. (49), correlates very well with the
generalization error. On Fig. 10, we show how the correlation between « and the accuracy gap varies when o is varying,
see Appendix F.3. The phase transition, predicted in Section 5 is visible in this figure. An additional interesting phenomenon
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Figure 10. Correlation (Kendall’s 7) between the tail index o and the accuracy gap for different values of the noise scale o7;.

is observed on Fig. 10. Indeed, on the left of the correlation plots (both the black and green curves), we can see that the
Kendall’s 7 coefficient, measuring the correlation between o and G g, decreases. We interpret this as a third regime, when
o1 is too small for our theory to hold and the algorithm starts behaving more like a deterministic gradient flow.

As we did on previous experiments, we can use Fig. 10 and the analysis of Section 5 to estimate the value that the parameter
R takes in those experiments. Given that d = 7840 in this experiment and that the phase transition seems to be happening
around o7 ~ 0.3, we can estimate R ~ o vd ~ 26. On Fig. 9, we plotted the estimated bound both for R = 1 (our default
choice) along with the estimated bound for R = 25. We observe on that second figure a much improved correlation, hence
supporting the experimental results of Section 6.

Remark F.1. With this linear model experiment, it is not possible to let the number of parameters vary (at least not without
affecting the data), it is therefore not possible to test the dimension dependence, as in Fig. 4, in this case.

F.4.2. ADDITIONAL EXPERIMENTS ON THE FASHIONMNIST DATASET
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Figure 11. Experiments with a 2-layers FCN and the FashionMNIST dataset.

We conducted the same experiments as those presented on Figs. 2 and 4 on the Fashion MNIST dataset. The results
are presented in Figs. 11(a) and 11(b). We observe the exact same behavior than the experiments conducted on the
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MNIST dataset: the regression of the tail index shows a remarkable correlation with the ground truth «, with the expected
monotonicity, even though the value of « is underestimated. Moreover, the phase transition, between the two regimes
predicted in Section 5, is observable in Fig. 11(b). It seems to happen at a higher value of d than in the MNIST experiment.
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Figure 12. FasionMNIST

Additionally, we present in Fig. 12 the value of the estimated bound, based on Eq. (49), compared to the accuracy gap, for
different values of th parameter RR. For the default choice R = 1, we already observe a very good correlation. Based on
Fig. 11(b), using the same procedure than in our previous experiments, we can estimate the value of R to be about R ~ 11.
As we observe in all our previous experiments, in Section 6 and Appendix F.4.1, we observe that taking into account this
value of R improves the observed correlation betzeen the bound and the accuracy gap, hence supporting the theory.

F.4.3. ADDITIONAL EXPERIMENTS USING THE CIFAR10 DATASET

All our main experiments were conducted on the MNIST and FashionMNIST datasets (10% sub-sample), and with small
models (i.e., linear models and 2-layers neural networks). The fact that we focus on these small scale experiments is mainly
due to three factors:

1. As mention in Section 6, the computational cost of our experiments is high. They are much more scalable for small
models and datasets.

2. It is not clear whether larger DNNSs satisfy our theoretical assumptions, further theoretical investigation would be
needed in that direction.

3. The Lévy stable noise L§* can make the training dynamics highly unstable, as is shown on Fig. 8. We believe that this
is mainly due to the fact that the heavy-tailed noise in Eq. (17) does not take into account the model’s structure, as in
(Wan et al., 2023) for instance. Further investigation would also be needed to better understand this behavior.

Despite these difficulties, we present small preliminary results toward the application of our theory to larger DNNs. More
precisely we considered a small convolutional neural network (CNN) with 2 convolutional layers, 3 fully-connected (FC)
layers and ReLLU activation. We varied the width of these FC layers between 10 and 200 in order to vary the number of

parameters d. As a dataset, we use a small sample of the CIFAR10 dataset, using only 2 classes of a 10% sub-sample of the
dataset.

The results presented in Figs. 13 and 14 are coherent with those obtained in Section 6, hence hinting toward the idea that our
theory could extend to more practical settings.

F.4.4. EXPERIMENTS USING PEARSON CORRELATION COEFFICIENT

In Fig. 2, we presented the value of the Kendall’s correlation coefficient between the generalization error and the tail index
a, for different values of d. We present the same experiment in Fig. 15, but using Pearson’s correlation coefficient instead of
Kendall’s correlation coefficient. We observe that we can still observe the desired phase transition, hence showing that our
experiment are robust to the choice of correlation coefficient. However, Kendall’s coefficient may be more adapted to our
setup, as it is not clear that a linear correlation can be observed in practice.
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Figure 13. Regression of o from the generalization bound, for a CNN on CIFAR10.
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Figure 14. Estimated bound, computed with Eq. (49), versus accuracy gap, for a CNN on CIFAR10, for R = 1 (left) and R = 7 (right).

1.004

S~< T

0.75 --- T of the mean generalization error wrt a

0.50

0.25

0.00 -

pearson T

—0.25

—0.50 -

—0.75

40000 60000 80000 100000120000140000160000
d

Figure 15. Same experiment as Fig. 2, but using the Pearson correlation coefficient instead of the Kendall’s correlation coefficient.
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F.4.5. ADDITIONAL EXPERIMENTS WITH THE FULL MNIST DATASET AND MINI-BATCHES

As already mentioned in Section 6, in order to argue that our bounds may also be pertinent in more practical settings than
the figure presented in the rest of the paper, we computed our bound using a FCN5, on the full MNIST dataset, using
mini-batches. This is to be compared eith our other experiments, were, according to the SDE we study, we take the full
batch at each iteration to compute V Fs. The exact procedure and hyperparameters are detailed, as for other experiments, in
Appendix F.1. These results are shown on Appendix F.4.5, were we observe that, for several values of the batch size, we still
observe a very good correlation between the estimated bound and the generalization error. Unfortunately, our theroy does
not predict the behavior of the accuracy gap with respect to the batch-size, but, from this experiment, we understand that it is

still capturing relatively well the behavior of the accuracy gap.
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Figure 16. Estimated bound, computed with Eq. (49), versus accuracy gap, for a 5-layers FCN on the full MNIST dataset, for different
value of batch size.
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