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Abstract

We study the problem of non-convex optimization using Stochastic Gradient Langevin Dynamics
(SGLD). SGLD is a natural and popular variation of stochastic gradient descent where at each step,
appropriately scaled Gaussian noise is added. To our knowledge, the only strategy for showing
global convergence of SGLD on the loss function is to show that SGLD can sample from a station-
ary distribution which assigns larger mass when the function is small (the Gibbs measure), and then
to convert these guarantees to optimization results.

We employ a new strategy to analyze the convergence of SGLD to global minima, based on
Lyapunov potentials and optimization. This adapts well to the case with a stochastic gradient
oracle, which is natural for machine learning applications where one wants to minimize population
loss but only has access to stochastic gradients via minibatch training samples. Here we provide
1) improved rates in the setting of previous works studying SGLD for optimization under mild
regularity assumptions, and 2) the first finite gradient complexity guarantee for SGLD where the
function is Lipschitz and the Gibbs measure defined by the function satisfies a Poincaré Inequality.

1. Introduction

We consider the minimization problem

arg min F'(w).
weRd
More specifically we are interested in returning a vector w such that F(w) — miny, F'(w) < ¢
for some desired sub-optimality € > 0. In Machine Learning (ML) settings, F' can be thought
of as population loss and w as the parameters of a model we are using for the learning problem.
Additionally, in ML one does not have direct access to F' but only via samples z1, . . ., z, drawn iid
from some unknown but fixed distribution D and we assume that E,.p[f(w;z)] = F/(w). Here
the z; can be thought of as input-output pairs and f(w;z) can be thought of as the loss of the model
parametrized by weights w on instance z. When the objective function/loss function is differentiable
(or sub-differentiable), then a common method of choice in practice is to use gradient descent (GD),
stochastic gradient descent (SGD) and its variants to perform the optimization. To understand their
properties theoretically, we aim to understand how many gradient computations are necessary to find
an e-suboptimal w, and for which functions F' this is possible. Under geometric conditions such as
convexity, the properties of GD and SGD are well-understood. For convex functions, methods from
acceleration to variance reduction have been developed to speed up runtime in a variety of settings.
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Matching lower and upper bounds exist for both exact and stochastic gradients for convex functions
and smaller classes such as strongly convex functions [6].

In recent years, machine learning has seen an explosion of success employing non-convex mod-
els. However, despite intensive study, the empirical success of optimizing non-convex functions to
global optima is not at all well-understood theoretically. Beyond convexity, GD/SGD converges to
global minima under general conditions such as Polyak-FL.ojasiewicz (PL) [28] [22] and Kurdyka-
Lojasiewicz (KL) [20] functions. Much more general geometric properties where GD/SGD can
converge to global minima were found in [15], by considering what properties hold if and only if
gradient flow succeeds. Additionally, researchers have proved GD/SGD with appropriate initializa-
tion can find global minima of particular non-convex problems such as matrix square root [17] [15],
matrix completion [18], phase retrieval [7] [11] [31] [15], and dictionary learning [2].

While gradient descent/stochastic gradient descent has been shown to be successful in the afore-
mentioned cases, there are well-known cases where GD/SGD does not work. A natural variant of
gradient descent that is used for optimization is perturbed gradient descent, where Gaussian noise
is added to the iterates of stochastic gradient descent — known as Langevin Dynamics — is frequently
analyzed. Formally, the iterates of Gradient Langevin Dynamics (GLD) are given as follows:

Wil < Wy —)VE (W) +1/ 2067 tey. (D

Here 1 > 0 is the step size, &; ~ N'(0,1;) is a d-dimensional standard Gaussian, and 3 > 0 is the
inverse temperature parameter (when larger, noise is weighted less). When we use a stochastic
gradient oracle V f (wy; z;) in place of VF'(w;), these iterates become those of Stochastic Gradient
Langevin Dynamics (SGLD). Langevin Dynamics has been shown to work in several highly non-
convex settings where even gradient descent fails [29].

The continuous time version of (1) is the following Stochastic Differential Equation (SDE):

dw(t) = -VF(w(t))dt ++/28-1dB(t). (2)

Here B(t) denotes a standard Brownian motion in R?. This is known as the Langevin Diffusion.
Broadly, all of these recursions are known as Langevin Dynamics. Note as 3 — oo, these iterates
become exactly those of GD/SGD (for (1)) or Gradient Flow (for (2)).

The only strategy in literature we know for proving global optimization guarantees for GLD
is by first showing sampling guarantees, and then connecting it back to optimization. Consider the
Gibbs measure g = e PF /Z, where Z denotes the partition function. It is well known that the
continuous-time Langevin Diffusion with inverse temperature 3 (2) converges to g [14] (although
this is in fact false in discrete time). When /3 is sufficiently large, one can use this convergence to get
optimization guarantees. This was exactly the strategy of the works [19, 29, 35, 39]. These works
prove that under their conditions, this measure y15 can be sampled from, and therefore non-convex
optimization can succeed. Sampling from fi4 is generally known as Langevin Monte Carlo (LMC).

For optimization, we need the inverse temperature 3 = ﬁ(g); consider the natural example
when F(w) = |w]|?, thus 4 is a Gaussian with covariance %Hd. By standard results on Gaussian

concentration [34], we see we need § = ﬁ(g) for even exact oracle access to iz to succeed for
efficient optimization. If € = 0(%), then pg({w : F(w) <e}) is exponentially small in d.

The most general condition under which LMC has been proven to be successful is when 1z
satisfies a Poincaré Inequality [13]. A Poincaré Inequality is defined as follows:
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Definition 1 A measure 1 on R? satisfies a Poincaré Inequality with Poincaré constant Cy(11) if
for all infinitely differentiable functions f : R? - R, we have

fRd T - (fR / du)Q <Cr(p) fR Mikm

If the above is not satisfied, following the convention, we set Cp(11) = oo.

There is evidence that in several cases, LMC does not succeed efficiently under looser conditions on
g such as a weak Poincaré Inequality [25]. Ultimately, a Poincaré Inequality being satisfied by pg
is a geometric condition on F'. It is quite natural: when I is convex (j1z is log-concave), i satisfies
a Poincaré Inequality [5]. But a Poincaré Inequality is in fact much more general. It is stable under
bounded perturbations (at the expense of worsening the Poincar’e constant), hence covering a wide
range of cases that log-concave measures (when F' is convex) does not (see Proposition 4.2.7, Bakry
et al. [3]). Poincaré Inequalities are also stable under convolutions and mixtures, in the sense that
for distributions which all satisfy a Poincaré Inequality, their mixture or convolutions between any
two of them will also satisfy a Poincaré Inequality (again, at the expense of worsening the Poincaré
constant; see Propositions 2.3.7 and 2.3.8, Chewi [12]).

However, the approach of studying optimization guarantees for GLD/SGLD via sampling is not
necessarily optimal. It does not handle stochastic gradients well (the more relevant setting for opti-
mization), only works well when F’ is approximately smooth, and converting sampling results back
to optimization guarantees often incurs extra runtime. Moreover, it is not clear whether sampling,
i.e. proving mixing, is necessary to study optimization. In this paper, we take a different route. We
highlight the benefit our approach brings next in Subsection B.2.

Notation. Unless otherwise specified the domain is RY, with origin 0. We denote the Laplacian
(sum of second derivatives) of a twice-differentiable function f by Af. Here B(p, R) denotes the
Euclidean I, ball centered at p € R¢ with radius R > 0. S~! denotes the surface of the d-dimensional
unit sphere. ﬁ, (:), O hide universal constants, log factors in 3,d, e, as well as wy-dependence.
Sometimes we will write exponentials as exp for readability. When we write vectors w; this denotes
time ¢ in discrete time, and when we write w(¢) this denotes time ¢ in continuous time. Unless
indicated otherwise, [ refers to expectation over the Brownian motion/random variables &; (as well
as the data samples z; in the SGLD case), and E,, denotes the same expectation when the stochastic
processes is initialized at w. For any set 2/ c R%, let the hitting time of the Langevin Diffusion
(2) initialized at w to U be 734(w). We assume that first order tensors, i.e. vectors, are equipped
with [l Euclidean norm and that all second order tensors (i.e. matrices) and above are equipped
with operator norm. When we write ||-| without specifying the norm, we implicitly mean the o
Euclidean norm of a vector. For some f differentiable to k orders, we will let V* f denote the tensor
of all the k-th order derivatives of f, and |||, denotes the corresponding tensor’s operator norm.

2. Lyapunov Potentials and Optimization

In the rest of this paper, suppose F' has a global minimum w*, which need not be unique (thus w*
can refer to any of these). Furthermore, without loss of generality, assume that F'(w*) = 0.
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2.1. Our Strategy

Optimization under Langevin Dynamics can ultimately be posed as a question of hitting time: how
long does it take to reach a point w such that F'(w) < €? In the probability theory and stochastic
partial differential equations (PDEs) literature, an extensive program has been devoted to studying
the connection between isoperimetric inequalities such as a Poincaré Inequality, hitting times of the
Langevin Diffusion to sets A c R, and Lyapunov potentials. As mentioned in Section 1, Poincaré
Inequalities are the loosest conditions under which global optimization guarantees for Langevin
Dynamics have been well-studied. This literature connects these inequalities to the geometry of F'.

Definition 2 Say a non-negative function ® : R* - R is a Lyapunov potential (for Langevin Dy-
namics at inverse temperature 3 given in (2)) if ® > 1 and on the set {w : F(w) > e} we have

(VO(w), VE(w)) > AB(w) + %A(I)(w), 3)

where (3 refers to the inverse temperature of (2).

Our main method to study optimization is to track the progress of GLD/SGLD using the Lyapunov
potential ®(w), which we outline in Section B. The geometric condition (3) turns out to be closely
linked to a Poincaré Inequality: as a corollary of Theorem 2.1 of Cattiaux and Guillin [8], we obtain
the following:

Theorem 3 Assume that g satisfies a Poincaré inequality with constant Cpi(p18) and has finite
second second moment for some 3 = Q(g) Then on AS ={w: F(w)>¢e},

1 1 . 1 1 1 . 1 1
(VF(w),V®(w)) > /\(I)(W)JrEA@(W) for \e [@ mm(—cpl(uﬂ),g), Emm(—cm(ﬂﬁ)(;)i)],

for some non-negative ® that is differentiable to all orders such that on AS, ® takes the explicit form
(W) = Ew[exp(A14.)]-

Remark 4 Note that on AS, ® > 1. Also note ® generally behaves in a ‘dimension free’ manner,
. / 1 1 1) ;
depending on how T4_(W'") behaves, as X\ < i3 mln(m, 5) is very small.

2.2. Results

Now, we state our results in full detail. Complete statements and proofs, including all explicit

dependencies, are in Section D. For all of our results, recall from the above that the desired toler-

ance € = (NZ(%); no results so far in literature yield meaningful optimization guarantees for smaller

tolerance levels.

Before we state our results more explicitly, we state our assumptions, which are in fact neces-
sary. Our first assumption, generalized to higher order derivatives from [15], is that the Lyapunov
potential ® satisfies ‘self-bounding regularity’ in the following sense:

Definition 5 A k times differentiable function f : R — R satisfies k-th order self-bounding regu-
larity if
[V F (W), < il (w)D)
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for some increasing function py ) : R — Ry.

We say f satisfies polynomial-like self-bounding regularity at order k if we can express py i,(2) =
20 cjzdj where all d;j > 0. Note without loss of generality we can assume all cj,d; > 0 and
pri(z) = A(z+ 1)P or ppr(z) = A+ AzP by the AM-GM Inequality.

Assumption 1 Suppose ® satisfies first, second, and third order polynomial-like self-bounding
regularity where the monomials in the self-bounding regularity functions have degree at most 1.

Such an assumption on the relevant Lyapunov potential is necessary to go from continuous to
discrete-time optimization: Theorem 3 from De Sa et al. [15] shows even for Gradient Flow/Gradient
Descent, there are examples where discrete-time optimization fails when continuous-time optimiza-
tion succeeds, but the Lyapunov potential did not satisfy self-bounding regularity. Analysis of the
same or similar examples hold for the Langevin Diffusion/GLD, where the Langevin Diffusion suc-
ceeds as an optimization strategy but discrete-time GLD/SGLD does not. Note Assumption 1 is
satisfied by many Lyapunov functions, e.g. when the Lyapunov function ® has tail growth polyno-
mial in | w| or of the form e"I™I” for s < 1, going well beyond smoothness.

Now we state our assumptions on F'. We consider the most general setting of previous works
[4, 13] for analyzing LMC where we assume F' is Holder continuous with parameter 0 < s < 1:

Assumption 2 (Holder continuity) Suppose VF satisfies L-Hdélder continuity for some 0 < s < 1:
[VF(u) - VE(v)] < Lju-v].

When s > 0, that is F' is not Lipschitz, we also require an assumption on the growth of F'. This
significantly generalizes the dissipation assumption (when s = 1 and v = 2) made in several previous
works studying non-convex optimization [24, 29, 35, 39].

Assumption 3 There exists vy > 2s such that for some m,b > 0 and all w € R?,
(W, VE(w)) 2 m|w]|" -b.

Analyzing growth rates, we can see v < s + 1, which leads to no issues for 0 < s < 1. Note this
assumption is quite reasonable: in some sense it states that the gradient will push us towards the
origin when we are sufficiently far away. Moreover, all critical points of F are in B(0, (b/m)'/7).
However, we allow for arbitrary non-convexity inside this ball. In fact, by adding a suitable regular-
izer penalizing solutions lying outside B(0, (b/m)l/ 7), we can ensure F' satisfies the above, which
is discussed on page 15 of Raginsky et al. [29].

Theorem 6 Suppose that F' satisfies Assumption 2 and Assumption 3, g satisfies a Poincaré
Inequality with constant Cpi(118) for B = ﬁ(g), and (i3 has finite second moment S < oco. (In our
results dependence on S will be logarithmic.) Suppose ® (from Theorem 3) satisfies Assumption 1.
Then running GLD, with probability at least 1 — 0, across all the runs we will reach a w with
F(w) <€ in at most

~ 2+ . 1)2+35
O ma{ i max G, 1%, D (1) ©

gradient evaluations.
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We note considering Assumption 2 for any s > 0 and a Poincaré Inequality not only compatible but
natural to study in tandem, as discussed in [13].

We now move on to the stochastic gradient oracle case. Some control over the stochastic gradi-
ent estimates is necessary: if they are very inaccurate, following them will be meaningless.

Assumption 4 (Bound of variance of gradient estimates) The unbiased gradient estimate ¥V f (w;z)
of VF(w) satisfies the sub-Gaussian property that for all w € R% and t > 0,

P, (|Vf(W;z) - VF(W)|y 2 t) < e 17k, ©)

Assumption 4 covers the classic setting of stochastic optimization where V f(w;z) = VF(w) + &
where &; is sub-Gaussian with mean 0 and variance 0'% [26]. We expect our techniques to hold when
gradient noise scales in function value, a more general setting discussed in De Sa et al. [15], but for
simplicity we work with Assumption 4.

We also need the following assumption made in Raginsky et al. [29] studying stochastic op-
timization in this setting. This is also reasonable, saying stochastic gradients contain reasonable
signal and will push us towards the origin when sufficiently far away.

Assumption 5 For every z, V f(w; z) satisfy Assumption 2 and Assumption 3. (Note they may be
satisfied with larger L and b and smaller m.)

Then, we have the following:

Theorem 7 Suppose pg, F', ® satisfy the same assumptions as in Theorem 6. Then running SGLD
with a stochastic gradient oracle satisfying Assumption 4 and Assumption 5, we obtain the same
guarantee (5) of the query complexity of our stochastic gradient oracle as in Theorem 6.

To our knowledge, our result Theorem 7 is the first finite iteration guarantee for the setting of F'
Holder-continuous and g satisfying a Poincaré Inequality with a stochastic gradient oracle. The
stronger assumption of smoothness is not satisfied by many canonical non-convex optimization
problems [15], so analyzing optimization with a stochastic gradient oracle in this more general
setting is highly relevant to study.

Recall from our conditions Assumption 2 and Assumption 3 that by analyzing the implied
growth rates of F', we have 2s < v < s+ 1. Thus when s = 1, v = 1 is forced, so this recovers
as a special case of our assumption the smooth and dissipative setting from [19, 29, 35, 39]. In turn,
s =1, =1 actually implies ug satisfies a Poincaré Inequality for all 3 > % [29]. In this setting we
have the following result which is stronger than directly applying Theorem 6:

Theorem 8 Suppose F' is L-smooth and (m,b)-dissipative (that is, there exist m,b > 0 such that
(w,VE(w)) > m|w|* = b). Moreover suppose the resulting ® satisfies Assumption 1. Running
either GLD or SGLD with a stochastic gradient oracle satisfying Assumption 4 and Assumption 5,
with probability at least 1 — 0, across all the runs we will reach a w with F(w) < € in at most

2 max PI , 2
5(max{d3max(cpl(p5),l)3,d (02(’%) ) }bg(%))

3

gradient/stochastic gradient evaluations.

For all these results, we highlight the improvement on literature in Subsection B.2.
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Appendix A. Setup for Rest of Paper

The appendix is organized as follows. We first give a proof sketch and resulting comparison to
literature in Section B. We derive our ‘continuous time’ result Theorem 3 in Section C. Then in
Section D we prove Theorem 6, 7, and 8.

A.l. Additional Notation

In the following, log always denotes natural logarithm. The notation U ([a, b]) refers to the uniform
distribution on [a, b]. The notation J 4 denotes the Dirac Delta on some event .A. The notation I'
refers to the Gamma function.

The notation d(p, .A) refers to the minimum distance from a point p € R? to a set A c RY. For
a setU c R% oU denotes its boundary. For a vector w ¢ RY, w; refers to its i-th coordinate. For
a k-th order tensor operator 7" and vy, ..., vy € R, T[v1,...,vi] refers to applying T to the k-th
order tensor vi ® - -+ ® vy, that is, (T, v ® --- ® vi).

Again, we will refer to the measure on R? proportional to e~ *¥’ (w) by g (the subscript shows
the dependence on the temperature, which is crucial for optimization). When we write Z, it refers
to the normalizing constant [pa e PFW)dw of the measure, unless specified otherwise (so it may
change line-to-line if we refer to different measures). For any set 2/ c RY, let the hitting time of the
SDE (7) initialized at w to U be 7}, (w).

Before we apply results from probability regarding the continuous-time Langevin Diffusion,
consider the SDE

dw(t) = -BVF(w(t))dt + V2dB(t). (7)

We refer to this SDE when we directly use results from Cattiaux et al. [9] and Cattiaux and Guillin
[8], so that our convention for Poincaré and Log-Sobolev constants will match theirs. Note (7) is
equivalent to (2). For a given realization of a Brownian motion driving both SDEs, both SDEs will
trace out the same path. However in (7) time passes ‘(3 times faster’ than in (2). Hence for any set
U c R, the hitting time of the SDE (7) to U is % (i.e. faster if 5 > 1) than that of the hitting time
of (2) to U, if both SDEs are driven by the same Brownian motion. That is, using our notation, we
have 7/, = %Tu for all U c RY.

Appendix B. Proof Sketch
B.1. Proof Sketch

The fundamental idea of how we use Theorem 3 is as follows. Consider 7.4, (W), the hitting time
of GLD/SGLD initialized at w to A.. Denote this by 7 for short in the following. Consider the
random variable X := % Z;_Ol A®(wy). Suppose that ® is L-smooth and L-Hessian Lipschitz. The
idea is that, by the following, we can make X relatively small if 7 is relatively large, by Taylor
expanding @ to third order and using (8) (it turns out to be possible to control the higher order
discretization terms). However, by definition none of wy, ..., w;_1 lie in A.. Clearly X is lower-
bounded by A, since ® > 1. But we just showed X is small if 7 is relatively large. This gives
contradiction! Hence, we can upper bound 7. This idea, while currently informal, can be made
rigorous (using discrete-time Dynkin’s formula, Theorem 11.3.1, page 277 of Meyn and Tweedie
[23]). See Section D for details. To show how X can be made small, using definition (1), we Taylor

11
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expand ® to third order (using that it is L-smooth and L-Hessian Lipschitz) to obtain
(wiin) = (wi - gV E(wi) + V205 e,
<D(wy) + (-nVE (W), VO(wy)) + <\/277?€t, V(I)(Wt))
+ %(V2‘I’(Wt)(—ﬁvF(Wt) + \/Wst), -nVF(w) + W&)
+ %H—WF(WQ + \/W&Hg-
We first use (3), which gives
(I F (W), VE(W)) < —AD(we) = SAD(w)

Now, take expectations with respect to £;. The term (\/ 2nptey, V@(wt)> disappears, in addition
to the cross term —2n\/2nﬁ‘1(v2¢>(wt)et, VF(wt)) from the second-order term. Note now that

EI:%(VZ(I)(Wt) V218 ey, \/2775_1&5)] = %A(I)(Wt)-

Therefore, the Laplacian terms %A(I)(Wt) cancel in the above after taking expectations, and what
we obtain is (upon dividing by 7)

AE[®(wy)] < E[®(wWy)] — E[®(wy¢41)] + {higher order discretization error terms }.
Summing and telescoping this relation, and using that ® is non-negative, we obtain

173 d(wo) 1 . L
E[X]=- Z AE[®(wy)] < + — - {higher order discretization error terms}.
T 5 T T

If we can control higher order discretization error terms, which it turns out we can do as discussed
in Section D, then if 7 is large then E[ X ] will be small. But as discussed earlier X > X pointwise,
hence E[ X ] > A\. This lets us control 7, the hitting time of GLD/SGLD to the set .A.. One might
note this idea of considering the hitting time of SGLD to A, bears resemblance to the style of proof
from Chen et al. [10], Zhang et al. [38]. However, Chen et al. [10], Zhang et al. [38] considered
the hitting time to second-order stationary points, and so our results (in addition to the techniques)
are fairly different. To fully generalize this, using Lemma 16, this idea can be extended to cover
essentially all Lyapunov functions of interest (far beyond when ® is smooth and Hessian Lipschitz).
Due to the stochasticity already present in GLD, our analysis for GLD vs SGLD is extremely similar.

B.2. Comparison of our Results to Literature

In our work, we prove optimization results for GLD/SGLD through Lyapunov potentials that are
implied by Poincaré Inequalities. To our knowledge, this is the first time such a proof has been
used to analyze global convergence of GLD/SGLD. Techniques to analyze sampling of GLD/SGLD
generally go through a Girsanov change of measure style argument [4, 13, 29]. This is both fragile,
and does not work as well for the more natural case of stochastic gradients (SGLD). In contrast, our

12
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Lyapunov-potential based method is more direct, robust, and naturally handles stochastic gradients.
Rather than in sampling or even expected suboptimality, our geometric properties allow us to study
the hitting time of GLD/SGLD. This leads to better bounds for optimizing non-convex functions,
both in general and especially via SGLD. We highlight these improvements as follows; earlier the
full statements were given in Subsection 2.2:

1. Theorem 6 and Theorem 7: Consider the case where F' is s-Holder continuous for some
0 < s < 1, there exists 7y > 2s such that for some m, b > 0 we have (w, VF(w)) > m|w|” - b,
and g satisfies a Poincaré Inequality with constant Cp(pg) for g = ﬁ(g) This is the
setting of Balasubramanian et al. [4] and Chewi et al. [13]". For both GLD and SGLD, with
probability at least 1 —§ we will reach a w with e-suboptimality to the global minimum using
at most

_ 2+2 1 2+5
O(max{dgmax(CPI(uﬁ),l)3,d max(o;;‘g“ﬁ)’ ) 2}10g(1/5))

3

gradient/stochastic gradient evaluations. Here, the O hides universal constants and polyno-
mial log factors in 3, d, €.

2. Theorem 6 and Theorem 7, special case: Consider the case where [ is Lipschitz and jig
satisfies a Poincaré Inequality with constant Cp; (1) for 5 = ﬁ(g) Here, unlike the above,
we do not need lower bounds on the tails of F'. For both GLD and SGLD, with probability at
least 1 — § we will reach a w with e-suboptimality to the global minimum using at most

5(max{d3 max(Con(15), 1) d? max(Cpi(p3),1)? } 10g(1/5))

22
gradient/stochastic gradient evaluations.

3. Theorem 8: Consider the case when F' is smooth (VF' is Lipschitz) and (m, b)-dissipative
(that is, there exist m, b > 0 such that (w, VF(w)) > m|w]|? - b; see Raginsky et al. [29],
Xu et al. [35], Zou et al. [39], and Mou et al. [24] for more details on dissipativeness). By ¥’
smooth and dissipative, one can show that pg satisfies a Poincaré Inequality for 3 = ﬁ(g);
see Proposition 9 of Raginsky et al. [29]. For both GLD and SGLD, with probability at least
1 -6 we will reach a w with e-suboptimality using

6(max{d3 masx(Cor(113), 1)3’ d? max(Cy, (1g)s 1)? } log(l/d))

22
gradient/stochastic gradient evaluations.

4. Theorem 3: We show a tight connection between 15 satisfying a Poincaré Inequality and the
hitting time of the Langevin Diffusion to the set of e-suboptimal global minima of F. This is
a corollary of literature in probability theory and partial differential equations (PDEs) [8, 9];
we believe we are the first to connect these results to optimization.

1. Although these works do not make our assumption on the tail growth of F', this assumption is mild and natural for
non-convex optimization problems motivated by machine learning.

13
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Additionally, sampling and optimization runtime guarantees are not the same. As mentioned
above, as done in Raginsky et al. [29], Xu et al. [35], Zou et al. [39], and Kinoshita and Suzuki [19],
one uses the sampling result to upper bound Evy.;,,. [ F(W)] = Ew.,., [ (W) ]. However, techniques
to do this can and often do pick up extra dependence in d, €, and isoperimetric constants such as
Cpi(115), depending on the information metric the sampling guarantee is for. Moreover, for papers
such as Chewi et al. [13], Balasubramanian et al. [4], and Yang and Wibisono [36] which study
sampling in the constant temperature regime, when converting their results to optimization, we must
scale their smoothness parameter by /3, which again changes the runtime. Therefore, the runtime
for optimization for other papers may not reflect the runtime written in said paper for sampling,
as we compute the rate implied by the literature for our task of optimization (which requires low
temperature, that is, large 3 = Q(g)): refer to Subsection D.2 for full derivation of the rates of
literature.

We summarize the comparison to literature in Table 1 on page 17. Note in our comparisons, we
assume other results in literature are done with an O(1) warm-start, which is the most favorable for
pre-existing literature (i.e. the least favorable comparisons for our results).”

Remark 9 We additionally note that unlike the strategy for converting sampling to optimization
guarantees outlined in Raginsky et al. [29] and followed in Xu et al. [35], Zou et al. [39], and
Kinoshita and Suzuki [19], which is to upper bound By, [F(W)] — Ew.p, [ F(W)] using sam-
pling guarantees, there is a more elegant and faster approach. To our knowledge it has not been
mentioned in literature. The approach is to simply sample until T V(,uT, ,uﬂ) <0.1=0(1). For any
e > 0, denote the set {w : F(w) < e} by A.. For (3 = Q(g) one can show (see Lemma 14) that
pa(Ae) > 0.5. Therefore pr(Az) > 0.4 by definition of TV distance — that is, the probability our
iterate wr € A is at least 0.4. When 3 = o(g), 13 (A:) can be exponentially small in d as seen
from the Gaussian example, so this strategy still requires large 3. Table 1 on page 17 shows the
results using the strategy from Raginsky et al. [29] known in the literature, but below we discuss the
comparisons using both methods. While the rates of literature do improve, our rates are still more
favorable.

Here we expand on these comparisons:

1. Consider the case where F" is s-Holder continuous, there exists -y > 2s such that (w,VF(w)) >
m|w|” - b, and pz satisfies a Poincaré Inequality for 3 = Q(g) This case has been studied
in Chewi et al. [13] and Balasubramanian et al. [4].

In the GLD case, using the strategy of Raginsky et al. [29], Theorem 7 of Chewi et al. [13]
d2+%cpl(uﬁ)l+%
g Sumiis) °

£s

obtains a rate of O( ) Following the method suggested by Remark 9, the rate

~ dH%C 1+% .
becomes O(# . When s < % our result from Theorem 6 is always better or
£s
equal to both of these in all parameters. When s € (%, 1], our result from Theorem 6 is supe-
FEICED)
CPI(“ﬁ)%(Si%) ‘
dl—s
s
Cri(up)°2

rior to the rate obtained following the strategy of Raginsky et al. [29] when € <

Theorem 6 is superior to the rate obtained following Remark 9 when € <

2. For simplicity, in our comparisons we assume Cp(1g) = (1), which is generally the case (for example this is true
if pg is isotropic and F' is convex, and perturbations to F' will increase Ce(pg)). All explicit expressions for our
rates and those of the literature are given, so one can still perform these comparisons when Cpi(p18) = o(1).
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When s < % Corollary 19 of Balasubramanian et al. [4] improves on Chewi et al. [13].

- - d%#—B—SSC (,LL )3
Using the strategy of [29], the rate is O| ———zoe—2> |, which is using s <

g 1+s

1
5 at least

gl+s

oo 5 - priis-2s 3
O(—d c;ilo(“ﬁ) ) Following Remark 9, the rate becomes O(W), which using

s < % is at least O

these in all parameters, oftentimes by a significant amount.

8 3
%). Our result from Theorem 6 is superior or equal to both of

In the SGLD case, our rate from Theorem 7 is the first finite gradient complexity guarantee.

2. Consider the case when F' is Lipschitz and pg satisfies a Poincaré Inequality for 3 = ﬁ(g)
This has not been well-studied in the sampling or optimization literature, and the only work
we know of with finite gradient complexity is Balasubramanian et al. [4], namely s = 0
in Corollary 19, in the GLD case. The rate here using the strategy of Raginsky et al. [29]
- A &1Cri(up)® A( 4°Cri(us)?

), or following Remark 9, is O ) Our rate from Theorem 6 is

superior or equal to both of these in every parameter, oftentimes by a significant amount.
Again, Theorem 7 is the first finite gradient complexity guarantee for the SGLD case.

3. Consider the case for SGLD and when F' is smooth and dissipative, which has been well-
studied in the works Raginsky et al. [29], Xu et al. [35], Zou et al. [39], Yang and Wibisono
[36], and Kinoshita and Suzuki [19]. Theorem 1 of Raginsky et al. [29] requires gradient
noise  to be potentially exponentially small in d, which does not make sense (we only re-
quire gradient noise of constant order, which is more realistic). Similarly, the relevant result
of Yang and Wibisono [36] which are Theorems 2, 3 also require gradient noise or to be
potentially exponentiall small in d. Their gradient noise epgf is lower bounded by our op
from Assumption 4.

In particular their results give sampling results in KL divergence that, with constant gra-
dient noise/score estimation error, are of order at least O(O’%CLSI(MQ)) where Cypg(13)
denotes the Log-Sobolev constant. A Log-Sobolev Inequality is a stronger functional in-
equality which implies a Poincaré Inequality, with the corresponding Log-Sobolev constant
Cusi(pg) > Cpi(pg). Crsi(pp) is worst-case exponentially large in d (in fact in 3), while
using either the strategy of Raginsky et al. [29] or Remark 9, we need at most O(1) sampling
error in KL divergence, necessitating that o g be tiny for their results to be meaningful for opti-
mization. It should be noted, however, that Yang and Wibisono [36] does not assume dissipa-
tivity; it only assumes a Log-Sobolev Inequality. Recall the stronger Log-Sobolev Inequality
is implied by dissipativeness [29], although dissipativeness (i.e. quadratic tail growth) can
also be thought of as a canonical case of a Log-Sobolev Inequality.

For using the results from Xu et al. [35] and Zou et al. [39], we must account for total gra-
dient complexity for a stochastic gradient oracle with O(1) noise. After doing so we obtain

9] ( d’ ) for Xu et al. [35] and a rate of 9] (/\ff—;) for variance-reduced SGLD from Xu et al.

€52

[35]. Here, A, is a quantity similar to m (but not directly comparable)®. Our rate from

Theorem 8 thus is generally superior to both of these in every parameter. (The results of

3. It is the spectral gap of discrete-time SGLD.
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Xu et al. [35], being phrased directly in optimization, can’t be directly improved using Re-
~ 8 2
mark 9.) The rate from Zou et al. [39] is, using Cheeger’s Inequality, at least O(dc";#

using the strategy of Raginsky et al. [29]. Thus our rate is superior when € < %.

6 2
Following Remark 9, Zou et al. [39] yields a rate of O(doi_#); our rate is superior when

d1.5
A e P

For Kinoshita and Suzuki [19], we directly apply their Theorem 3 which applies their re-
dBCL51§l/«B)3) >
[3)

sults on sampling to non-convex optimization to obtain a rate of at least O(

3 3
O(M) (their ~y is our 3), which our rate is always superior to. Using their sampling

. . d> 2 . .
result and then Remark 9 improves their result to O(%); our rate is superior when

€< W We note their result uses a variance reduction technique, analogous to variance
reduction in convex optimization, to discretize the Langevin Diffusion in a slightly different
way. We also note that Kinoshita and Suzuki [19] also assumes dissipativity for optimization,
see the statement of their Theorem 3.

4. We additionally touch on other discretizations of the Langevin Diffusion. To our knowledge,
the only other discretization of (2) successful beyond log-concavity is the Proximal Sampler
first introduced in Lee et al. [21], Titsias and Papaspiliopoulos [32]. With exact gradients,
Altschuler and Chewi [1] showed it succeeds under a Poincaré Inequality when F' is smooth;
the Proximal Sampler can only be implementable with smoothness for non-convex F'. In the
stochastic gradient setting, the only work we are aware of showing its success is Theorems 4.1
and 4.2 of Huang et al. [16], showing the Proximal Sampler succeeds under smoothness and
a Log-Sobolev Inequality (which is satisfied in the smooth and dissipative setting as shown in
Proposition 9 of Raginsky et al. [29]). The rate from there is, using the strategy of Raginsky

~ 5.5 3 3.5 3
et al. [29], O T-Cotal Rk

from Theorem 8 is superior or equal in every parameter, often by a significant amount.

). Or following Remark 9, the rate is O( ) Our rate

Appendix C. Proofs for Continuous Time
C.1. Proof of Theorem 3 and Related Results

Now we restate Theorem 3 formally here. Note Theorem 10 requires us to control x(.A:) in the
A from Theorem 3, for which we need Lemma 14. Lemma 14 is precisely where we need ¢ =
ﬁ( %) This leads to consistency between our results and our discussion from the Introduction. We

defer Lemma 14 to later in this section and note Theorem 3 follows immediately from combining
Theorem 10 and Lemma 14.

Theorem 10 Assume that ji5 satisfies a Poincaré inequality with constant Cpi(115). Then there
exists a non-negative Lyapunov function ® differentiable to all others such that on AS, we have
®>1and

L(VF(w), VD(w)) + %A@(w) < AD(w), )
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Problem Setting Our Result Best in Literature

GLD Poincaré & Lips- | ~ d2Co(115)2 ~( dMC (115)?

ohits O(max{dSCPI(uﬁ)?’, #}) o(%)
[4]

No finite guarantee

SGLD Poincaré & Lips- | ~ G, S
chitz O(maX{d3CPI(Mﬁ)3, #})

pative 2 E SR =3

[19, 35, 39]

SGLD smooth & dissi- | ~ 2 2 )
O(max{d3CpI(MB)37 M}) 6(m1n{ dSCPI(Mﬂ)2 d7 dBCPI(H‘ﬂ)S

)

Table 1: Gradient complexity comparisons. We compare our optimization results to those obtained
by proving sampling results and then converting back to optimization using the strategy
known from pre-existing literature, from Raginsky et al. [29]. In the table, d refers to
dimension and ¢ refers to tolerance. 3 = @)(g), and Cp( M,B) denotes the Poincaré constant
of pg. A, is a spectral gap comparable to m

where
1 1 1
A= —pug(A:) min| ——, - |.
Ss(Amin( ot 8)

In fact, on A, ® has the explicit form
O(w') = Ew[exp(A7a.)]-

Proof We first need to introduce some concepts from Markov processes and Partial Differential
Equations (PDEs). First, we introduce the concept of the (infinitesimal) generator of a Markov
process, which will make this exposition much more natural. We give only what is needed for our
proof and refer the reader to Chewi [12] for more details.

Definition 11 The (infinitesimal) generator of a Markov process w(t) is the operator L defined on
all (sufficiently differentiable) functions f by

Lf(w)=lim

E[f(w(t)] - f(w)
t

It is well-known and can be easily checked that for the Langevin Diffusion given in the form (7),
the generator

Lf(w)==(BVE(w),Vf(w))+Af(w). ©)

For example, this calculation can be found in Example 1.2.4 of Chewi et al. [13].

Note the similarity of the above to (3). This is no coincidence; our discrete-time proofs, specifi-
cally Lemma 17 and Lemma 19, are essentially re-deriving the generator of the Langevin diffusion.
In Lemma 17 and Lemma 19 we Taylor expand to third order (so we have the full second order
quadratic form); intuitively that is all that is needed by It6’s Lemma.
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We also need to introduce the idea of symmetry of the measure g with respect to the stochastic
process. In particular, we say pg is symmetric (with respect to the Langevin Diffusion (7)) if for all
infinitely differentiable f, g,

[ t29dus= [ £fgdus
Here L refers to the generator (9) for the Langevin Diffusion (7). It is well-known and can be easily
checked again that p5 is symmetric, see Example 1.2.18 of Chewi et al. [13] or the discussion on
page 3 of Cattiaux and Guillin [8].
Finally, we need to introduce some ideas from PDE theory. Consider a second-order differential
operator

+ Y bi—

@ij
é’wlﬁwj 1524 6wl

1
P:§ Z

1<i<j<d
The following definitions generalize far beyond second-order differential operators, but this is all
we need for our work. We say that P is elliptic if, for every w # 0 € R?,
Z AQijWiW; # 0.

1<i,j<d

We say P is uniformly elliptic if we can write

(o)

<

2
¢ + Y bi—

U(?WZ(?W] 1524 é’wl

l\DI»—\

for some o € R? where uniformly on R? we have

ool >a>0
in the PSD order [8, 30].

A canonical example of P that is uniformly elliptic is the Laplacian, where a;; = 26;-; [37].
Beyond this, note for the Langevin Diffusion (7), we have a;; = 20;-; as well, from (9). Thus, it is
clear that £ for the Langevin Diffusion (7) is uniformly elliptic.

Ellipticity is well-known to imply that solutions u to the Dirichlet problem Pu = f in some
open domain Q c R are smooth, which is all we need here [37].* Ellipticity implies maximal
hypoellipticity, which in turn implies strong hypoellipticity/Hormander’s condition from Cattiaux
et al. [9], as discussed in Yang [37]. Thus uniform ellipticity implies strong uniform hypoellipticity
as defined in Cattiaux et al. [9]. Using the results of Cattiaux et al. [9] requires strong uniform
hypoellipticity and symmetry with respect to the stochastic process, and Cattiaux and Guillin [8]
requires uniform ellipticity and symmetry. We have uniform ellipticity and symmetry, and so can
use all those results.

Now we move to the main proof. Our main tool is Theorem 2.1 of Cattiaux and Guillin [8],
which connects Poincaré Inequalities to more explicit geometric conditions that we can use in an
‘optimization-styled’ proof analysis later.” Specialized to the Langevin Diffusion (7) on the domain
D = R?, it states the following:

4. For this, ellipticity is sufficient but not necessary. The loosest such condition for this is hypoellipticity [30, 37], which
is not relevant for this work.

5. We presume here F' is sufficiently differentiable to use the results of Cattiaux et al. [9] and Cattiaux and Guillin [8],
for example this holds if F' is infinitely differentiable. The careful reader will notice that I’ can be approximated by
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Theorem 12 (Theorem 2.1 of Cattiaux and Guillin [8]) Suppose that g satisfies a Poincaré In-
equality with constant Cp(118). Then for all open subsets U of RY, there exists a function ® differ-
entiable to all orders such that on U we have ® > §' > 0 for some &', as well as

LO(W) =—(BVF(W),VP(W)) + Ad(wW) < -\'P(w), (10)

1
where X' = pg(U) m1n(4CP[(Mﬂ), 8)
Note to prove this result in D = R? all that is needed is ellipticity, which is clearly satisfied here
in the case of the Langevin diffusion (following the discussion on page 9 of Cattiaux and Guillin
[8]). Hence, applying Theorem 12 with i = {w : F(w) < €} which is clearly open, this gives the
existence of such a ®.

, Suppose {w : &(w) < %} # @. In this case, consider {w : ®(w) < %} c{w: d(w) <
%} c {w: F(W) < e¢}. Apply the standard construction of bump functions to the compact set
{w:o(w)< 5 9\ contained in the open set {w: ®(w) < 3 } to obtain a function y differentiable to
all orders supported on {w : ®(w) < 3 } and 1dentlcally 1 on{w:P(w) < %} Let B=inf® < %.

It is easy to check that ® + ( + max(O -B) ) X 2 , and differentiable to all orders as ® and x are,
and is identical to ® on {w : F'(w) > ¢}. Taking ® « & + ( +max(0, B))X > 5, this gives us

the existence of ® > & dlfferentlable to all orders where we know on {w : F'(w) > ¢}, it satisfies
(10).

Notice pg({w: F(w) <e}) = ug(Ae), since ug(0A:) = pg({w: F(w) =¢}) is simply a
positive constant times the Lebesgue measure of 0.A., and hence is 0. Therefore we know for this
(I)7

LP(w) = —(BVF (W), VO(W)) + Ad(W) < -\ ®(w) = -BAD(W). (11)

We claim with such a ®, the moment generating function Ey, [exp(ﬁ)\ﬁ’%)] exists (i.e. is finite).
The argument is done explicitly on page 8 of Cattiaux et al. [9] (connectivity of A is not necessary,
as one will see below). We write it here explicitly here for the reader. Clearly this MGF is finite
for w’ € A., so consider any w’ € AS. Consider any ¢ < oo, any R < oo and consider the hitting

/ o / . . . .
time TAE B(6,R)°" Denote 7, . p = t AT LUB(0,R)° for short, which is clearly a stopping time.

Apply Dynkin’s Formula to the map (s, w) — ¢”**®(w) with the stopping time 7/ p: thus for all
8 <7/ g, we know ®(w(s)) satisfies (11). We obtain:

& , / /
EEWI [exp(ﬁ)\rwﬁ)] <Ewr [CXp(/B)\Tt@R)(I)(W(Tt@R))]

/

- <I>(w')+Ew/[/ beR
0

o)+ | [ exp(50) (320w(9) - (a6

exp(BAs) (BAD(wW(s)) + L(I)(w(s)))ds]

an infinitely differentiable function to arbitrary precision. We also assume the boundary 0.A. = {w : F(w) = ¢}
is differentiable to all orders, non-characteristic for (7) in the sense described in Cattiaux et al. [9] and Cattiaux and
Guillin [8], and has Lebesgue measure 0. In the F' Lipschitz case we assume this set is bounded and hence compact;
boundedness and hence compactness follows from Assumption 3 in all other cases. Since we can approximate ' by
an infinitely differentiable function to arbitrary precision, this boundary in turn will be infinitely differentiable.
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= d(w').

For justification, the first line above follows as ®(w) > g, Dynkin’s Formula and then Chain Rule
and It6’s Lemma are used in the second line (an analogous calculation is done formally on page 121,
Peskir and Shiryaev [27]). The third line uses the geometric condition (11) that we know ®(w(s))
satisfies for s < 7/ _ p.

Thus, we havé for all £ < oo, R < oo that

!
20 (w') <o
6/

Ew [exp(ﬁ)\rt"sﬁ)] <

Recalling 4’ > 0 is independent of R,t, letting first R — oo and then ¢ - oo, Dominated Conver-
gence Theorem gives the result Ew/[exp( B)\TJ’% )] < 2(1)((5)"') < oo (since the right hand side above
is a finite upper bound independent of R, t).

We now claim the moment generating function E, [exp( B )\7'“’45 )], which we now know exists,
satisfies (8). In fact this holds as an equality on A (although we don’t need this). This is shown on
page 8 of Cattiaux et al. [9] and discussed on page 12 of Cattiaux and Guillin [8]. Thus, here we
just give a sketch; it follows by literature on PDEs, specifically Dirichlet problems. The result used

to prove this is result 1 of Section 7.2 of Peskir and Shiryaev [27]:

Theorem 13 (Result 1 of Section 7.2 of Peskir and Shiryaev [27]) LetU be a bounded, open sub-
set of RY. Given a continuous function L : U — R define

F(w) = EWUOT&C L(w(t))dt],

where w(t) here denotes the iterates of any diffusion process and 7/,. denotes the hitting time of
w(t) to UC. Then F solves the Dirichlet problem

LF=-LinU,F|g=0.
Here, L is the generator of this diffusion.

Consider any R < co. Consider U g := ASn {w: |w| < R}, which is clearly open. Now, we apply
the same reasoning as Result 4 of Section 7.2 of Peskir and Shiryaev [27] (the killed version of
the Dirichlet problem), except now we want to study the created version of the Dirichlet problem®.
There is not much difference, thus we just give a sketch and refer the reader to Result 4 of Section
7.2 of Peskir and Shiryaev [27] and again page 8 of Cattiaux et al. [9]. Let L = S\ be a constant
function and now let w(t) denotes the iterates of the Langevin diffusion (7). Consider

F(w) = Ew[ fo i eﬁ’\tﬁ)\dt] - Ew[ fo i efB’\tL(w(t))dt].

where 7}, now is consistent with our definition from Section A, being for the Langevin Diffusion
(7). Observe that

T,c BA ,c ,
F(W) +1= Ew[l + / Ui r €’B>\tﬂ)\dt:| — Ew[e TME’R:I < Ew[eﬁx\TAE] < oo,
0

6. See Section 5.4, [27].
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: 0 BNt _ At / . .
since 565 = BrePN, Tye , S Ta Hence, F'(w) < oo and so we may continue to analyze it.

Now consider w(t) := e w(t) (the created process). By the same reasoning as in Result 4
of Section 7.2 of Peskir and Shiryaev [27] but for the created rather than killed process, we have

E» )
F(w) = Ewl /, Her L(w(t))dt | where 7y denotes the hitting time of W(¢) to U p. Let the
generator of w(¢) be £. Now, Theorem 13 implies that F'(w) solves the Dirichlet problem
LF =-L=-B\inU g, Flay , = 0.

It can be readily seen that by Chain Rule that £ = £ + 8; this calculation is done formally on page
121, Peskir and Shiryaev [27]. Therefore, we have

—BA=LF =LF +BAF inUe g, Flay, , =0.
Therefore, ®r = F' + 1 satisfies (note L& = LF)
[,‘I)R =LF = —B)\(F + 1) = —,6)\‘1)3 in Z/{&R, @Rbus,R =1.

Note we showed earlier

e BAT) e
Op(w)=F(w)+1= Ew[l + /(; Yen eﬁ’\tﬁ)\dt] - Ew[e UE,R]_

Finally, since we’ve already shown E, [eﬁ AT ] < oo, the same argument of page 8 of Cattiaux et al.
[9] shows that the pointwise limit

' BAT) e
d(w) := Ew[eﬁ)‘TAs] = lim Ew[e TME»R]

R—oo

exists and solves the Dirichlet Problem
LO =-FAD in }%EEOUE’R n{w:|w| <R} = AL
Thus, it satisfies (8). Moreover, since L is elliptic (and therefore hypoelliptic), the resulting solution
d(w) =Ey [eﬁ’\T«"‘s ]

is differentiable to all orders in limp_o, AS N {w : |w| < R} = AS. Note since the quantity in the
exponential is always non-negative pointwise, ®(w) > 1 on A¢.

Since the boundary 0.A. = {w : F/(w) = ¢} is compact and differentiable to all orders, through
a standard compactness and 6 — € argument we can show by defining

d(w)= lim ®(w')forall we oA,
w/->w,w’eAS
the resulting ® is differentiable to all orders on A U 0.A. (when we define derivatives as the limits
coming from outside .AS). (Compactness here is important.) As AS U 0.A. is closed, applying Whit-
ney’s Extension Theorem as mentioned in [9], & above can be extended to a function differentiable
to all orders on all of R? so that (8) holds on {w : F'(w) > }. Note ® > 1 on {w : F/(w) > ¢}.
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Suppose the resulting ¢ from the extension was not non-negative. Let B := inf & < 0. Observe
{w:®(w) <0} c {w:®(w) < 3} c A.. Apply the standard construction of bump functions to
the compact set {w : ®(w) < 0} contained in the open set {w : ®(w) < 3} to obtain a function
x differentiable to all orders supported on {w : ®(w) < %} and identically 1 on {w : ®(w) < 0}.
Then ® — By is non-negative (recall B < 0) and differentiable to all orders, and is identical to ®
on A¢. Taking @ < ® — By, this gives us the existence of ® > 0 differentiable to all orders where
we have its explicit form and know it satisfies (11) and therefore (8) (upon dividing both sides by
B>0)on AZ.

To conclude, note from our remarks from Section A that

1
Ta. (W) = 274 (W),

B
Therefore on A¢ we can also write
O(w') = Ey[exp(AT4.)] > 1.

This completes the proof. |

Now we prove Lemma 14.

Lemma 14 Suppose F' satisfies Assumption 2 and g has finite second moment S < oo. Then for
€2 %d log(4meBLdS), we have 115(Az) > 3.

Proof As F'(w) is non-negative, by Markov’s Inequality, we have

Brepus [F(W)]

(A9 = pa(fw s F(w) > 2}) < 10220,

Now we compute Ev.,., [ F'(w)] with the same strategy as in the proof of Proposition 11 of Ragin-
sky et al. [29]. Write

1
B F(W)]= [ F)pis(w)iw = 2 (h(y15) ~log 7).
Here Z is the partition function of ;53 and

W) = = [ ma(w)log ps(w)dw

is the differential entropy of ps.

To upper bound the differential entropy of 13, we use the same derivation as the proof of Propo-
sition 11 of Raginsky et al. [29]. The assumption that [pq |wl?dus(w) < S, as well as the fact that
the differential entropy of a measure with finite second moment is upper bounded by the differential
entropy of a Gaussian with the same second moment, yields

d 2meS
h < =1 .
(kp) < 5 og( 2 )

Now we aim to lower bound the partition function Z. Using Lemma 25 and Lemma 26, we obtain

log Z =log .[Rd e W) qw
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Zlogf eIV gy
Rd

- log [ L
Rd

2m /2 _d d
= 1 —_— L S+1 . _— .
Og(F(d/2) (L) (s+1))
It is well known that on R, I'(+) attains a constant lower bound of at least 1 5 (the real value is
around 0.8856, but this is all we need for our purposes). Moreover, by well- known properties of

I'(+), we have I'(d/2) = C—l . d;z e d_2ld/2J+T,+2 -I‘(d_2ld/2J+T/) where 7’ = 2(1 -d (mod 2)).

Since M € {1/2,1} and I'(1/2) = \/_ I'(1) < 1, this gives I‘(d QLd/QJ) < d¥%/x. This
implies (smce BL > 1) the following very loose bound:

2
logZzlog( Q(d/2) L (BL)” o F( dl))

/2
> Og(2\/7—r(BL)ddd/2)
> —dlog(2B8Ld).

Hence, we see

B [F()] = (1) ~10g 7) < 5( 5 o

8 p\2
The conclusion follows from our condition on 3 and the original application of Markov’s Inequality.
Note it suffices to just take € > 2Ey,.,,, [ F'(w)] to make this proof work; most of our work was
to find a suitable upper bound for Ey.., ,[F(w)]. Also, ¢ = Q(]EWNMB [F(w)]) is necessary, as
demonstrated by the Gaussian example in Subsection B.2. |

2meS
d

) + log(2ﬁLd)) < %log(élﬂeﬁLdS).

Appendix D. Proofs for Section 2

In this section, we state all guarantees with constant probability. To obtain those results with prob-
ability 1 — J, one can simply use the standard log-boosting trick.

D.1. Proofs of Theorem 6, 7, and 8

Here we formally state and prove Theorem 6, 7, and 8, which are all subsumed by the following
result.

Theorem 15 Suppose that F' satisfies Assumption 2 and Assumption 3. Suppose i3 has second
moment S < oo and satisfies a Poincaré Inequality with constant Cp(pg) with [ = @(g), namely

e> %i log(4meBLdS).

Suppose ® (from Theorem 3) satisfies Assumption I (hence 0 < p < 1). Define po = max(pa. 1, po.2, Pb,3)-
We can assume without loss of generality that pg(z) = A(z + 1) for some constant A > 0.
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Then consider running either GLD, or SGLD using a stochastic gradient oracle V f satisfying
Assumption 4 and Assumption 5, with constant step size for T' iterations. We will reach a w in
{w : F(w) < e} with probability at least 0.8 in at most T gradient (for GLD) or stochastic
gradient (for SGLD) evaluations respectively, where we set

4L2 4 L,B) 4B?
T <8¢ max(l AL7 Amax(L,B) 457 ¢ p o0 g2p212, 120AC’0M)
m m

m
max(ﬁmax(cm(ug) 2), d”* max{Cp (1), 2} B2 max(Con (115), 2)2+s/2)

(An explicit expression can be found in our proof.)

Here we define the above constants as follows:
MVQ 8/2 mv2 38/4
4(m+b+4dg2) ’ A 4<m+b+4dﬁ+2) "

s L3 = HW()” +8

Lo := 4+8 )
2 HWO” mAal mAl

4A%p(p+1) +2Ap + 1
3 )
M = max(l, 20) : (80’% + 16 max(L, B)?(max (Lo, L3) + 1)).

B =max(Lmax(1, |w"|),or),Co =5040(P(wo)) v1,C =

Here 0 = pq) , as defined in Lemma 16. (Take L < max(1,L), op « max(op, 1) if necessary.)
Moreover, this generalizes to s = 0,1 as follows:

1. In the case when s = 0, this result holds with no dependence on Lo, L3 and instead we have

1
M = max(i, QC) : (80% + 16 max(L, B)3).

2. In the case when s = 1, we no longer need to make assumptions on pg: as 2s <y < s+1,
s = 1forces v = 1, the setting of F’ being L-smooth and (m, b) dissipative from Raginsky et al.
[29], Xu et al. [35], and Zou et al. [39]. As shown in Raginsky et al. [29], these conditions

imply g satisfies a Poincaré Inequality for 3 > %, and also that pg has finite second moment
g < brd/s
< ==

Moreover, our guarantees improve as follows. Instead letting

2 2 " 3/4
= ”W02+—(b+232+§),[/3 = (Hw0||4+C’”v ¢ ) ,
m I53 m

where
4d + 2

Y

4 1 1
c" = —(20’2(4 + —) v—(3mB + C')Q),C’ =m+b+
m m/) m
we have a runtime guarantee of

2 2
T£83C’0max(1 ALz Amax(L, B) 457 6 B.120242 B2 120ACOM)
m m

m

. max(,B maX(Cpl(uﬂ), 2), d? max{Cp](,ug), 2}3, 2 max(CpI(,ug), 2)2).
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First, note from our assumption that £ > %d log(4mweBLdS), we may apply Theorem 3 (in particular,
by combining Theorem 10, Lemma 14) to obtain ® satisfying the properties described in Theorem 3.

Now, we need to show that with self-bounding regularity, by composing with the appropriate
function, we can obtain some analogue of third-order smoothness in order to perform optimization-
style discretization. We detail this as follows via the following Lemmas.

Lemma 16 Let © be any non-negative function that satisfies polynomial self-bounding regularity
to first, second, and third orders’, that is we have HVZ(I)(W)Hop < po,i(P(w)) for 1 <i < 3, where

pa.i(2) = Z;ﬁl ci7jzdi»j for all z > 0 (where all the d; j > 0). Then there exists some 0 : Ryy - Ry
such that 0'(z) >0, 0”(2) <0, 0" (2) >0 for all z >0, and

0(2(w+ 1)) <O(R(w)) +0'(2(w))(VE(W),u) + %9'(¢(W))(V2¢(W)u, u) + %IIUII?’,

for some constant C' that depends only on the form of the functions p1, p2, and ps.
Moreover, we also have

0(2(w +1)) <O(2(w)) +0/(2(w))(VE(W),u) + %IIHIIQ,

and
IVO(W)[ < pao(R(w))\/20(D(W)).

Proof Note we can assume without loss of generality that all the ¢; ; > 0, and thus again we can
assume without loss of generality that for all z > 0 we have

max(pe,1(2), p0,1(2)°, po2(2), po3(2), po1(2)pe2(2)) < A+ AzP <2A(z + 1)

for some A > 0,p > 0. The last step follows from Lemma 27.
Next, define pg(z) := 2A(z + 1)P, which is clearly non-negative and increasing. Thus for all
z >0 we have

pa(2) > max(ps,1(2), po.1(2)%, po2(2), po3(2), po1(2) pa2(2)).

Now let 6(z) be defined by 6'(z) = %;(z) and 6(0) = 0. The potential  we consider is non-negative
and so we only consider z > 0; thus, 6 is differentiable to all orders. Clearly 6'(z) > 0. We can also
check that 0" (z) = =& (z + 1) P~ <0, thus

10" (2)|pe(2) = %(z F1) P24z + 1P <p(z+ 1) <p.

for all z > 0. Finally, we can compute §"(z) = ’%(z +1)7P72 thus

o) = 0" o) = BT (1) 72200 17 - P <)

forall z > 0.

7. This implicitly assumes & is differentiable through third order.
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Now define forall 0 < o < 1,
l(a) :=0(P(w + au)).

Recall @ is non-negative, so all the inputs here to # are non-negative. [(«) is differentiable to third
order, since ® is and 6 is for non-negative inputs.
By standard calculation using the Chain Rule (this is also done in the proof of Lemma 11 of

(15D,
I'(a) = 0" (®(w + au) )(VE(W + au),u).

We also have, from similar calculation (also done in the proof of Lemma 11 of [15]) and using that
0" (z) <0 for all z > 0 which was established earlier,

1"(@) = 0" (®(w + o) )(VE(w + au), u)? + 0 (d(w + au))(v2<1>(w +au)u, u)
<O'(®(w+ au))(v2<1>(w +au)u, u).
Similar calculation, noting #’(z) > 0 and the bounds we established earlier on |6”(2)|ps(2) and
0 () s (2). gives
I"(a) = 0" (®(w + au))(VE(w + au),u) - (V®(w + au), u)?
+0"(®(w +au)) - 2(V®(w + au), u)(V2<I>(W +au)u, u)
+0"(@(w + au) (VE(w + au),u) - (V>®(w + au)u, u)
+0'(®(w + au))V3®(w + au)[u, u, u]
= 0" (®(w + au))(VE(w + au),u)’
+30"(d(w + ozu))(qu)(w +au)u,u)(Ve(w +au),u)
+0'(®(w + au)) V3 ®(w + au)[u, u, u]
< 0" (B(w + o)1 (B(w + aw))? Ju?
+ 3‘0"(@(w + au))’pqm(fb(w +ou))pa2(P(w+au)) |ul?
+ /(B (w + 0m))pa (2w + om)) ]
< pa(P(w+ au))(‘@"'(@(w + au))| + 3‘9"(@(w + au))‘ +0'(®(w +au))) |u?
<(p*+p+3p+1)|ul’.

From here, we consider Taylor expansion of /(1) around 0. By Taylor’s formula for the remainder,
we know for some « € [0, 1] that

1(1) = 1(0) + 1'(0) + %z”(O) N %l'"(a).

Plugging in the above inequalities, we get

2+ dp +
U(@(w + 1)) < B(B(w))+6/((w)) (VB(w), u) + 0" (B(w)) (2@ (w)uw, u) + L

The result follows since C' = p? + 4p + 1 only depends on the form of the functions Po.1, Pd 2, and
P 3-
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The second part follows from noticing that pg as defined here is an upper bound on pg 1 and
pa .2, so the same derivation as in the proof of Lemma 11 of De Sa et al. [15] suffices.

Finally, if max;(d; ;) < 1 forall 1 <14 < 3 (i.e. the max degree of the self-bounding regularity
functions is at most 1), we can be a bit tighter in how we define §. Instead we can just say

max(p@l(z),pq),l(z), pq>71(z)) <A+ AP < 2A(Z + l)p

where 0 < p < 1, and we define pg(2) = A(z + 1)P. Defining 6 by 6'(z) = p(}%(z), 0(0) =0
analogously as before, note we have for any z > 0 that

0'(z) >0,0"(2) <0,0"(2) >0,
0" (2)|pw1 (2)° = w(z +1) P72 8A4% (2 + 1)% = 8A%p(p + 1) (2 + 1)7? < 8A%p(p + 1),
10" (2)|pe,1(2)pa2(2) = %(z +1) P44 (2 +1)% = 4Ap(z + 1)P7 <4Ap,
! — 1 . p_
V' ews() = g3 2AG+ D7 =2,

The above three lines all use p < 1 in the last inequality of those lines. Therefore, an analogous
derivation as above gives

0(2(w + 1)) <O(2(w)) +0(2(w))(VE(W),u) + %9'(‘P(W))(V2‘P(W)u> u)

. 4A%(p+1) +24p + 1

3
u| .
2 Jul

Lemma 17 For one iteration of GLD starting at arbitrary wy,
Ee [0(D(wi:1))] < 0(D(wr)) = 6’ (B(wi))AB(w;)
+ PTG + PR () [P + 20 97,
where p and C are defined from Lemma 16.
Proof First, apply Lemma 16 with w = w; and u = —-nVF(wy) + \/Wst to obtain
O(®(wi1)) = 0(®(wi - nVF(wy) +\/2n/Bey) )
<O(®(wW1)) + 0 (D(w:) ) (V(we), =1V F (wi) +/2n/Be:)
# 50 (@(we)) (V2@(w0) (1 F(we) + v/20Ber), =19 F(wi) + /205
+ %H—TIVF(Wt) + \/Wi‘?tH3

where C is defined in the proof of Lemma 16.
We take expectations of this inequality with respect to £;. Let’s consider what each term of the
upper bound becomes when we take expectations.
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* First order term: Since &; has mean as the 0 vector,
Ee, [0/ (®(w0)(VO(We), -1V F (wi) +\/20/Ber) | = =nt/ (B(wi) (VO (w1), VF(wy)).

¢ Second order term: Note

Ee, [0'(®(w2)) (V> ®(wi) (-nV F (w) +/2n/Ber), -V F (W) +\/2n] e ) |
=120 (®(wy)) (V20 (W) VF (wy), VF(wy))

= 2m(20/8)'20" (®(w)) (V> (W) VF (1), Ee, [1])

+(20/B)0 (@ (wr))Ee, [(V®(wy )er,e1) ]

In the above, the cross terms cancel because &; has mean of the O vector.

Now, consider E,, [(V2<I>(wt)et,st)]. We perform similar analysis as in the derivation and
application of Ito’s Lemma. This is where we see how the Laplacian term here actually helps.
To make the parallels and motivation to Stochastic Calculus clear, here 7 corresponds to dt,
and ,/7(g;); corresponds to (dB;);. Note

Ee [(V®(Wi)er,e)] = > Eet[(at)i(et)j(VQCD(wt))ij]

1<i,j<d

= Y VP®(wy)ijEe, [(e1)i(er);].
1<i,j<d

We break into cases:

1. When 7 # j: Note by symmetry of the unit sphere that

Ee, [(et)i(er);] = 0.

In particular this follows because for any x € S¢™1, (¢;); has equal probability of being
X O —X.

2. When ¢ = j: This is where we pick up the Laplacian. Note by symmetry,
2 2 d 2 d 2
Ee,[(e0)7] = Est[(st)j] foralli,j, and d = Ec,[>.(e1)7] = Y. Ee,[(e0)7]-
i=1 i=1

Therefore,
Ee,[(€¢)7] =1 forall 1 <i<d.

Hence, we obtain the Laplacian A®(w;): we have plugging this into the above that

d
Ee,[(V?®(wyi)er,e0)] = ;(V2<I>(wt))ii = AD(w,).
Hence,
Ee, [0/ (9(w0)(V*®(wo) (-nVF (i) +/20]Bes), ~nV F (wi) +\/2n]Fer) |
=020 (2(wy) ) (V2R (W) VEF (W), VF(wy)) + (21/B)0' (D (w:)) A (wy).
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* Third order term: By AM-GM, we can prove for all a, b € RY,
3 3 3
la+b|” < (Jaf +[b])” < 4]a|” +4]b]°.

Thus using this inequality pointwise we obtain

EEt[ ‘_TIVF(Wt) + \/277//8575"3] < 4773 HVF(W,:)”:S N 4(277/5)3/2613/2.

The last step is because deterministically || < \/d always.

Using the geometric property (3) and §'(®(wy)) > 0 from Lemma 16,
! ! 1
0t (B(w)(TB(wr). TF(w) < = (2(w)) (Ab(we) + S A0 (w1 ).

Putting these together, this gives

Ee, [0(®(Wts1))]
<O(2(we)) = 06" (2(wW))(VE(wy), VF(we))

5 (70 (@ (W) (T20(w) T F(w0), VF(w) + (20/8)6 (2(w0)) A (i)
+ PV E )+ 4(20/8)Y2d)

< O(D(w)) - n&’((l)(wt))()@(wt) ; %A@(wt))
+ 5 (PO @) (TR(W)VF (W), TF(w) + (20/B)0' (B(we) Ad(w1))
¢ (P E Ol +a(2n] )24

Note the terms 70’ (®(w;)) - %A@(wt) and 1(21/8)0'(®(w,))A®(w,) cancel out. Moreover,

note by definition of operator norm and since we set 6'(z) = we obtain

1 1
1 2n/ 2 1 2/ 2
Sn0 (®(w))(V2R(Wi)VE (W), VF(wy)) < Sn0 (2(we)) [VE(we) | p2(P(wt))
1
<SPl F(w)|”
Thus our above bound becomes

B, [0(2(we11))] < 6(B(w0)) 18 (B(w)) - AB(w,)
+ IV () + 2 [ + 20 (ndf )"

This is the desired result. |

In the SGLD setting, we also need the following to control the error of the gradient estimates to
adapt to the stochastic gradient setting.
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Lemma 18 Suppose Assumption 4 holds. Letting {w}o<t<7-1 be the sequence of iterates gen-
erated by any of the variants of SGLD used in our algorithms on F, using stochastic gradient
estimates based on {z }o<t<7-1. Then we have

E, [|Vf(wize) - VF(wy)|?] < o7,
and moreover
B [V (wiize)|?] <205 + 2|V F(wW2) |* By, [| 9 f (Wi 20) |°] < 80 + 4|V (wy) [,
Also with probability at least 1 — 6 we have
IV f(wisze) | < [VE(we)| + 0p/log(T[0) forall 0 <t < T - 1.
Here, all probabilities and expectations are taken over the z;.

Proof Clearly |V f(wy;z;) — VF(w;)|? is non-negative, therefore
E[|Vf(wi;z) - VF(w)|?] = [t—o PV f(wi;2) = VF(wy)|? > t)dt

= [ BV (wiiz) - VF(wo)| 2 Vi)t

Sfooe_t/a?wdt
t=0

_ o2,

Now by Young’s Inequality we have pointwise
IV f(wisze) |* <209 f (wisze) = VE(w) | + 2|V F (wo) |,
and combining with the above gives
E[|Vf(we;z)|*] < 207 + 2E[ | VF (we) |].
Analogously, note
B[19/(wisz) - VEw)*] = [ P(19f(wism) - VF(wo) P > 1)t
= [ B(19s(wiz) - V(w2 £t
< [Tty
t=0
< 20%.
The inequality |a + b|® < 4|a|® + 4|b|? thus yields
E[|Vf(wi;20)[°] < 80 + 4E[[VF (wi) |*].

For a high probability statement, note for any 0 <t <7 -1, we have |V f(wy;2¢) — VF(wy)| >
opy/log(T/§) with probability at most 6/7". A Union Bound and Triangle Inequality implies that
with probability at least 1 — § we have

IV f(weze)| < |VE(wWe)| + op/log(T/6) forall 0 <t < T —1.
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Now analogously as before with Lemma 17, we prove a one-step discretization result. The main
difference now is that we have to do the argument in a way that handles the stochasticity of the
gradient estimates, but the same idea goes through.

Lemma 19 For one iteration of SGLD starting at arbitrary wy,

e, 2 [0(2(W1:1))] < 0(D(wi)) = nb) (D(we))AD(wy)

+ 5P 195 (v m)l?] + B (195 (wis ) |*] + 20 (af)

where p and C' are defined from Lemma 16.
Proof First, apply Lemma 16 with w = w; and u = -V f (wy; z;) +\/2n/S€; to obtain

0(®(wie1)) = 0(D(wi =0V f(wiszi) +\/20/Bey)
<O(D(w1)) + 0 (@(w)) (VB (we), 0V f (Wi z2) + \/2n] ey
50 (B(w)) T30 (w0) (09 f (wis ) + /20fBer), 09 f (wis ) + /2]
+ S fwisz) + 2upe|

where C is defined in the proof of Lemma 16.
We take expectations of this inequality with respect to €; and z;. Let’s consider what each term
of the upper bound becomes when we take expectations.

* First order term: Since V f(wy;2z;) is unbiased, Ee, ,, [V f(w;2¢)] = VF(w;). Thus as &
has mean of the 0 vector,

Ee,.0 |0/ (2(w0)) (VO (W0), 0V f (Wi 2e) + /20 Bey )|

= 0/ (D(w0) ((VO(W1), ~1Be, 2, [V (Wis22)]) + (VO(W), \/20/ BB, 1, [e1]) )
= -0 (®(wi)) (VO (W), VE(wWy)).
¢ Second order term: Note
By [0/ (@(we) ) (V2@ (we) (=09 f (wes 20) + /20 Ber ). =V f (wis 1) + /2] e )|
= 1°0"(®(W1))Ee, z, [ (VO (W) V f (Wi524), V f (We5 2¢) )|
- 21(20/8)"*0 (®(w) ) (V2@ (W) Ee, [€0], By, [V f (wis 24)])
+ (277/5)‘9,(<I>(Wt))E5t,m[(VQ(I)(Wt)et,Et)]
=20 (®(Wi)) By, [(VZR(Wi)V f (Wi 2), Vf (Wi 20)) ] + (20/8)0' (B(wi)) A (wy).

Here we used that £, has zero mean as a vector and that €;,2z; are clearly independent to
compute the cross term. The calculation of

EEt,Zt [(V2<I>(wt)et, 6t>] = A‘I)(Wt)

is the same as before. Note this expectation has no z; dependence.
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« Third order term: Again we use for all a,b € R?,
la+Db|* <4la|®+4]b]*.

Using this inequality pointwise we obtain

E5t7zt|: ‘—UVf(Wt; zt) +\/ 277/,35,5"3] <4PEy, [V f (wesze) ] + 4(20/8) a2,

The last step is because |&;| = \/d always holds deterministically.

We put this together, noting 6’ (®(w;)) > 0 from Lemma 16 which means we can use the admiss-
ability condition (3) which we use to upper bound the first order term. This gives

Est,zt [H(q)(wt+1))]
<O(D(wr)) =10 ((wi))(VD(wr), VF(w;))
b L (20 ((w0) B, [(V20(w0)V (Wi 20), T (wis )] + (20/8)0 (D(w)) Ad(w,))

2
o S (PR (197 (v )] + 4(2n)5)2 )

< 0(@(w)) = 70 (2(wi)) (A (wi) + %A@mt))
o 5 (70 @) | T2 0(w0) | B 195 (s 20) 2] + (2] )0 (B(w)) A ()

o S (PR (197w )] + (2] )2 2),

The second inequality follows analogously as in the proof of Lemma 17; pointwise we have
Vf(wi;20)TV2(wi)V f (Wi 2t) < |V f (Wi 24) ]| 9@ (W) op

and the fact that 1

po.2(2)

always holds. Also note the terms 76’ (®(w;))- %Aq)(wt) and 1(21/8)0'(®(w,))A®(w,) cancel
out. Thus our above bound becomes

0'(2) <

Ee, 2, [0(®(Wt:1))] < 0(D(wy)) — 08 (P(w)) AP (W)
+ %772EZt[||Vf(Wt§ z:)[*] + %n?’Ezt[\Vf(wt; z:)|°] +2C () B)**d*>.
[ |

Next, we show a Lemma showing the iterates of GLD and SGLD are controlled. We will need
this only when s > 0. Similar results have been shown in [29] and [4].

Lemma 20 Suppose F satisfies Assumption 2 and Assumption 3. Consider the {wy}>o generated
by GLD / SGLD (for SGLD we need Assumption 5), run for T iterations for T' < co (we only use
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this for the T we set later). If the step size 1 € (0,1 A 475 A m A 3gz A %), then we have
the following bounds:

E[Hwt ||2S] < Lomax(nT, 1)5/2,E[Hwt ||3S] < Lymax(nT, 1)38/4,

where we define
Ty s/2 3s/4

4(m+ b+ 44:2) N
g

4<m+b+ %) HTWVQ

mAl

Lo = |wo|*+8 Ly = |wol*+8

mAl

Here B = max(Lmax(1, |w*|),or), where o comes from Assumption 4. (Recall we took L «
max(L, 1) if necessary earlier in the statement of Theorem 15.)
Moreover, if s = 1 (which implies F is L-smooth and (m,b) dissipative), we have the following
uniform bounds:
E[wi[?] < Lo, E[Jwi[*] < L

for

124 3/4
Ly o= [wol? + 3(b+ 2B + ﬁ),Lg - (||w04 £ Oy ﬁ)
m 154 m

where
4d + 2

c" = i(20’2(4 " l) v (3mB+ C’)2),C’ —m+b+
m m/) m
Proof Our goal is to use Proposition 14 of Balasubramanian et al. [4] to control the second and
fourth moments of the |wy|. Intuitively, our result should be the same as theirs except their V'
is replaced with SF', and then the relevant parameters change (except for d, the rest of them are
all scaled by 3). However, this gives some unnecessary 3 dependence which arises for technical
reasons in their analysis (intuitively, they should cancel), so we need to modify their proof slightly
to improve this dependence.
As done in the sampling literature [12], define the continuous-time interpolation of (1) by

Wy =W — (r—tn)VF(wy) + \/g(B(r) —-B(tn)) forall r € [tn, (t + 1)n).

This appears somewhat different than the interpolation defined in the literature, but it is actually
the same. Our process (1) with step size 7 is equivalent to theirs with their V' = SF and their step
size h = % They index by ‘time’ where the subscript th corresponds to the ¢-th iterate whereas we
index iterates simply by the iteration count (which is at ‘time’ ¢n in the above interpolation) and are
indexing time by 7 to avoid confusion.®

For the stochastic gradient case, this will be instead

wr =W — (r—tn)Vf(wyz) + \/g(B(r) - B(tn)) forall r € [tn, (t + 1)n).

8. Using this correspondence one can actually carefully track the proof of Proposition 14 of Balasubramanian et al. [4]
to show a similar result to what we show here.
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Note for both these interpolations, all functions of quantities at time ¢7/iteration count ¢ are constant
(including z;), the randomness being over the Brownian motion B(r) — B(¢n).

We will do the proofs in the stochastic gradient case, and the proofs in the exact gradient case
are the exact same.

First, we control the second moment. Define §; by the natural filtration with respect to w;, €, z;
for all j < t. Analogously to the proof of Proposition 14 of [4], Itd’s Lemma applied to ||w|?
conditioned on §; yields for all r € [tn, (¢t + 1)n],

2
%E[er ”2|gt] = 2E[{w, =V f(W¢;2¢))[Se] + % . \/g -2tr(Iy)

= —2E[<Wt = (r=t)Vf(wez) + \/g(B(r) -B(tn)), vf(wt;zt))lst] + %d
= 2E[(w¢ — (r —tn)V f(Wi;2¢), V f (W5 2¢)[5e] + %d

< 2 - 2mllwi | + 2(r - )|V F (wes z) |2 + %d

< 2b - 2m|wy||” +4n- L* max(1, [w"* )2 (|we]* +1) *%d

S4m+2b+%d. (12)

In the above we use that E[((B(r) - B(tn)), Vf(w¢;2¢))|[F¢] = 0, Assumption 5, Lemma 24,
v > 25,1 < 55z, and 7 — tn) < 7. Integrating this over r € [n, (¢ + 1)n] and iterating yields

2d 2d
IE[HWt||2] < |wol? + (4m +2b+ ?) -mt < (||WOH2 +4m +2b + E) max(nT,1).

2
We now control the fourth moment with the same idea. Applying It6’s Lemma to |w]* = (Hw||2) ,
we obtain

d

B[ 13]

2
= B[, (e, . (wis 23] + 5 \/g - (4d-+ B[ w, /5]

= _4E[er H2<Wt = (r=tn)Vf(weze) + \/%(B(r) - B(tn)), Vf(we; Zt)>|§t] + 4dﬁ+ 2
Let x = BO)-B()

NG be a standard Gaussian vector. Using Gaussian Integration by Parts on h(x) =

HWt —(r=tn)Vf(wyz) + \/% \/WXH2 = |w, ”2, we have

E[IIWrHQ(\/g(B(T) -B(tn)), Vf(Wum))lSt]

= \/% V7=t (E[xh(%)[8:], V(Wi 2t))

E[|w *I3¢]-
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= \/g VT =tn - (E[VA(x)|F:], V.f (W 20))

- %(r ~tn)(wi — (r — )V F (wis 7). V f (wes 20)).

The above follows since Vi (x) = \/% Vr—1tn- (wt —(r=tn)Vf(weze) + \/% N = tnx) and
as x is independent of §; and has mean of the 0 vector.
Hence, we have for all r € [tn, (t + 1)n],

%E[HWTH“I&] = 4E[|w; IIQI&](—M, VF(wiz)) + (r— )| F(wisz) P + 2 2)

B
=ty wi = (- )V f (Wi, T f (wis 20))

ISy

< A(E[Iwe P13:] + 50t (=, 9w z)) + = ) |9 (wis )| +

< 4(]E[||wr||2|3t] N

13)

@ e e

< 4(]E[||wr||2|3t] N

4d + 2
(T—tn))(—%||wt||7+m+b+ d+ )

The above follows as r > ¢ and so the first factor in the above is always non-negative, as well as
n < 15z and 7y > 2s.

A1

Define C' :=m+b+ 4d7+2 for convenience. If |w;| > (%) /V, this means %E[er H4|St] <0.
1

2¢ ) /7, using our upper bound on %E[”WT ||2|3t] gives

m

Otherwise if ||w,| < (

/ 1/’Y
E[w, |213:] + %(r ) < W+ (4m Lo+ %d)(r i) + %(r _tn) < (22 ) 40",

2c’

1/
asr—tn <n < 1. Note |w| < (7) ! implies the second factor in (13) is non-negative, and the

second factor is at most C’ clearly. Thus, in this case we have

1+
2 A l/’}/ 4 4 —+Vv2
iE[Ilwr||4ISt]s4c’(( C) +4C’)58( ¢ ) .
dr m

mAal

Hence the above is an upper bound on %]E[er ||4|St] in all cases, and iterating this gives the
desired fourth moment bound

40" 1T”’\/2 40" 1T"’VZ
E[|w:]*] < wo|* +8 t< ‘48 T,1).
[l < ool +5(290) T e ol s 255) 7 sty

From here, to obtain the desired conclusion, use monotonicity of moments (as s < 1):
s/2

scr \
wol* + 8(m ) max (T, 1)/2.

2s/4
] <{! Al

E[|we|*] < E[Jw]"
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3s/4

e/t max(nT,1)3*/4.

E[wi|*] < E[ jwe " < qu4+8(

400\
mA 1)

When s = 1 and hence v = 2 (which implies (m,b) dissipativeness), we can be tighter in the above
analysis. First, using Lemma 18, we have

Eo [ |V £ (Wis24) - VF(wt)HQ] <o% < B2

With the above, identically as the steps of the proof of Lemma 3 of Raginsky et al. [29], using (m, b)
dissipativeness and our constant upper bound on 7, we can show a uniform bound on the second
moment for both exact and stochastic gradients:

2 d
E[wel?] < [wol® + —(b+ 282+ —).
m B

We also claim we have a uniform upper bound on the fourth moment. We break into two cases, both
using a similar strategy.

\1/2
L. |we] < (%) : In this case, the second factor in (13) is non-negative. Recall the upper

bound we showed from (12):

d 2d
EE[an”?ygt] <dm+2b+ 5

This implies
2d
v, |50] < el + (4m 4 20 + E)(r ~tn).
Now as the second factor in (13) is non-negative, we obtain using r —tnp <n <1,

d 4
S R[5 < 4(E[\\wr\\2|st] ; E(r—tn))(—%“wtz mab+

4d+2)
dr

IA

4(||w,:”2 + (4m+2b+ %l)(r—tn) + %(r—tn))(—%HWtHZ +m+b+

m
<A(Jwil? +4C") (- Fwil + )

IA

4(—%nwt||4+0'||th2 +4C’2)
1 1
< 4(—T\\wt||4 . 0'2(4 . —)) . 40’2(4 . —).
4 m m

The last step uses AM-GM.

N2 . . . .
2. |we] > (22 ) : This time, the second factor in (13) is negative, so we aim to lower bound

E[er\|2|&]. Recalling the intermediate steps in (12), we have

Bl P51] = 2BL(we = (= ) f (i), U (w3 + 5
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> =2(wy, Vf(Wyi;24))

> =2 wi |||V f (Wi 2e) |
—2B|wy|([we] +1)
=3B (| w|? + 1),

\Y%

I\

where we upper bound V f (wy; z;) via Lemma 24 and use AM-GM in the last step.
This implies

1
E[lw,*3] 2 lwel* =3B(|we|* + 1) (r — 1) > §||W1tH2 -3B,

: 1
sincer —tn<n,n< g5 <1

The second factor in (13) is negative, so we may apply this in (13) to give

d 4
L5 < a(B w5+ 5 tm)) (< el m b+

dr
1 m
A(5 et 3B) (-l + )

m 3mB ('
4(—Zwt||4 +( + 7)wtn2 -330')

4d+2)

IN

2
4, (BmB +C’)2)

m
<o+ O
m

2
=~ Dwe* + = (3mB + "2,
2 m

Again, the last step uses AM-GM.

From the above we see that in either case we have
d

m 4 "
—E[|w,|Y3.] < -= c
B[, | '15e] < - wel +

where C" =4C"™(4+ L) v 2. (3mB + C").
Iterating the above for one step and then taking full expectation yields the recursion
4 4 m 4 nm 4
Bl wea '] < B[Jwil ]+ n -5 E{wl ] + ") = (1= T2 )E[wi] ] 4 nC"
If 1 - Z < 0 we obtain E[ |wy ||4] < C", and otherwise if 1 — & € (0, 1), iterating the above and
summing the resulting geometric series gives

t " 1

4 nm 1 2nC 4 20

B wil] < (1= Z2) ol + 22 = o]+ 2.
nm m

2

The desired upper bound on the third moment in this case now just comes from monotonicity of
moments. |

We now are ready to prove Theorem 15. We do the proof when0 < s <1 (whens>0,v>2s>0
so we can certainly use Lemma 20), and we discuss the simple extension to s = 0 and the tighter
results when s = 1 at the end.
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Proof Consider 6 and C' = W defined in terms of pg in Lemma 16 for the p < 1 case.
We set

Co = 50460(D(wo)) v 1, M = max(%, 20) (80% + 16 max(L, B)*(max(La, Ls) + 1)),

f1 ™ m m 1 1 B3N2 \l+s/2
= min — )
1 "4L2 dmax(L, B)' 4B2’ 6B’ 1202A2B2M? 3 ' 120ACoM )’
r-,
nA

Here A € [% min(m, %), ﬁ min(m, %)], as with @, comes from Theorem 3. Thus, using

2 2 3
T=Comax(imax{l,£,4maX(L’B),4B ,63},1202A232M2. d 120ACOML)

m m m ﬁZ)\3 ’ \2+s/2
and

1
3 <843 maX(CPI(/‘ﬂ)a 2)’

we see that our definition of 1" above is consistent with the statement of Theorem 15. Moreover,
note N1’ = % > 1.

As with before let §; be the natural filtration with respect to g4,z for all 0 < ¢’ < ¢ in the SGLD
case, and with respect to £, for all 0 < ¢’ < ¢ in the GLD case.

Define

T4, 7(Wo) = min(74. (wo),T),

where in a slight abuse of notation, 74_ now denotes the hitting time of discrete-time GLD/SGLD
to A, with the choice of 1 above. Note 74, (W) is a stopping time that is at most 7" < co.
Consider wy fort < 74, 1 (wo), thus wy € AS. By Theorem 3, this implies for this wy, (4) holds:

(VE(w), VB(w)) > AB(w) + %A@(w).

Recall ¢ > 0 from Lemma 16, including in this case where p < 1. By Lemma 17, which uses the
geometric condition (3), we obtain

e, 2 [0(2(Wt:1))] < 0(2(we)) = b (B(we)) - AD(wr)

L o 2 3 3 nd\**
# S ITE)I + Ot T (w) P +20( %)

This uses Lemma 16 in the p < 1 case.
In the stochastic gradient case we have by Lemma 19 that

e, 2 [0(2(W1:1))] < 0(R(wy)) = nf (B(we)) - A (wr)

+ %UQ]EZt[HVf(Wt; 2) ] + CpPEo, [ |V f (W5 20) ]

cao()"
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(Note these results can be proved for either £; ~ S~ or &; ~ N'(0,14) by the exact same proof as
Lemma 17, Lemma 19.)

Applying Lemma 18 and then Lemma 24, Young’s Inequality, and |a + b|* <
and noting o > 0, we see in both the GLD and SGLD cases that

ey 02 (w0.1))] < (W) ~ 10 (D)) - AP (wy)
+ 57P (2% + 2V E(w)I?) + O (s0% + 4]V (wil)

nd\*?
7)
<O(@(we)) = 00" (P(we)) - AD(wy)

+20(

+ 1P (203 + dmax(L, B (Iwi]* +1))

3(g .3 3 3s nd\*?
+Cn’ (80 + 16 max(L, B)*(|w, > +1)) +2C 5 .

A(Zil)p > 0. Therefore, 26'(2) =
for z > 1. Recall ®(w;) > 1 from Remark 4, because ¢ < 74, 7(wp) and so w; € AZ.

Recall that «9’ (2) = where p < 1, which is increasing on z

z
A(z+1)P = 2A

Thus, ®(w;)6' (P(wy)) 2 5 A Therefore we can rearrange the above as
o L o, 2 2 2s
Ee 2 [0(P(We41))] < 0(2(we)) =06 (B(W:)) - AR (W) + 571 (20 + 4max(L, B)*(|w:|* +1))
3 nd 3/2
+ O (80% + 16 max(L, B)? (| wi > + 1)) + 20(E)

<b(e (Wt))_ﬂ+ ;n (207 +4max(L, B)?(|w:[* +1))

3(a.3 3 3s nd i
+Chn (80F+16max(L,B) (HWtH +1))+20 ﬁ

=0(2(wy)) - o +err(we), (14)

where we define
o 1, 2 2 2s 3 3 3 3s 77d 3/2
err(w) := 31 (20% +4max(L, B)*(|w|* +1))+Cn’ (80} + 16 max(L, B)*(|w|> + 1))+2C 5 > 0.

Now with (14), the idea is to sum and telescope this relations over 74, 7,1 time steps, as dis-
cussed in Subsection 2.1. The way to do this is using discrete-time Dynkin’s Formula, stated in
Theorem 11.3.1 of [23]:

Theorem 21 (Theorem 11.3.1 of [23]) Let Z,; be any §;-measurable function of wy, . .., wy. Con-
sider any stopping time T and define 7" := min{n, 7,inf(t > 0 : z; > n)}. Then we have for alln > 0
and wo € RY that

7.”1

E[Z;»] =E[Z)] +E ;(E[Ztm] - Zi) |-
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As a simple corollary of Theorem 21, we have the following, Proposition 11.3.2 of [23]. Unlike the
above, it holds for any stopping time.

Corollary 22 (Proposition 11.3.2 of [23]) Suppose there exists non-negative functions s, f;° such
that
E[Zi1]8t] < Zs = fr(wi) + s¢(wy). (15)

Then for any wq € R? and any stopping time T,

71 71
E[ Z ft(Wt):l < Z() + E[Z St(Wt):|.
t=0 t=0
Apply Corollary 22 for the stopping time 7 = 74_ 741, Z¢ = (®(w;)), and the functions f, s;
defined as follows. Take
2 ifwe A

fr(w) = {SA

otherwise

In the GLD case take

( ) ) en.(w) if we Ag
si(w) = EE,Z[H((I)(W—UVF(W) +\/%5))] otherwise ~

and in the SGLD case take

( )_{err(W) ifWE.Ag
si(w) = E&z[e(@(w—an(W;Z)*\/%5))] otherwise

where € ~ N(0,1;) and z is an arbitrary data sample. Note the { f;}, as well as the {s;}, are the
same function for all ¢. Since 6 > 0, the f; and s; are non-negative. As Eg, 5, [-] is the same as
E[-|F¢], (14) proves that (15) holds if w; € AS, and (15) holds for w; € A, as the Z; > 0 and as the
s¢(wy) = B[ Z441|5¢]'°. Thus, Corollary 22 yields

[TAE,T(WO)_l A TA, T (Wo)-1 Ta.,7(Wo)-1 Ta., 7 (Wo)-1
E n

> ft(wt)] < ZO+IE|: > st(wt):| = 0(®(w0))+]E! > err(wt)],

t=0 t=0 t=0

2 54|°E

t=0

since wy € AS for all t < 74_ 7(wo) — 1, and using the definition of f;, s; in that case.

Clearly we can simplify the left hand side as %E[TAE,T(W())]. For the right hand side, note

L -1 _ .
pointwise we have ¥.;% r(wo) err(w;) < Y7o err(w,) by definition of 74 7(Wo) and as the

err(w) > 0. Moreover, all the relevant expectations are finite (by Lemma 20 and as 74_ 7.1 < T <
00). Therefore we see

77)\ T-1
ﬂIE[TAg,T(Wo)] <0(@(wo)) + E[ > err(wt)]'
=0

We now show that the random variable 7.4, 7 is well-controlled.

9. The result in [23] states this for positive s¢, fi, but it is clear their proof still works when the functions are non-
negative.
10. But this is not relevant, since we apply Corollary 22 with 7 = T4_ 7+1.
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Lemma 23 We have

E[74.7(Wo)] < o

Proof Suppose otherwise that E[74_ 7(w)] > 5 > 0. Rearranging the above gives

= 10
A 0(2(wo)) 1 5 (o ]
2Agnﬂngﬂww]+MMngﬂwwﬁ%;%e(t)
__0(@(wo)) | 1
nE[7a.7(Wo)]  nE[T4. 7(W0)] {

Z Elerr(wy)]. (16)
By Lemma 20, which we may apply as our choice of 7 is small enough, we have
E[|wi|**] < Lo max(nT,1)*/%, E[ |w;|**] < Ly max(nT, 1)/,
Therefore,
1
E[err(w;)] < 5772(20% +4max(L, B)? (Ly max(nT,1)** + 1))
T]d 3/2
+ C’773(80% + 16 max(L, B)?(Ls max(nT,1)%/* + 1)) + 20(5)

< M((nd/ﬁ)?’/? + 772 . (UT)S/Q + 773 . (77T)38/4).

The last line follows as n7" > 1 and from definition of M (recall we took o < max(op,1) if
necessary); recall

M = max(%, 2C) : (8(7;’; +16max(L, B)®(max (Lo, L3) + 1)).

Recall our choice of 7" such that n7" = <2, and also our choice of Cjy = 50A460(P(wy))v1. Therefore,
(16) becomes

A 0(@(wo) S
mgwmﬂwm+wmﬂww§ (we)]

109(771(—‘“70)) nT T M(( d/6)3/2+77 (HT)S/Z-F?] (nT)35/4)

I LICICTD) LS (RVESRGTS o, ot
-wtﬁj—+ (&))" +n- 305 + - S0

<10(LA+M00( 2(a/8)%? + + N ))

)\5/2 2\3s/4
<10. 2 A
204 24
In the second inequality we use E[74_ 7(wq)] > Wthh we are supposing for contradiction. The
last ienquality uses
1 63 A2 )\1+5/2
< mi : .
= mm( 120242202 3 120ACOM)
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Note aswehave A<land A>1,Cy2>1, M > % this implies

>\1+s/2 )\%+3§S
<
120ACoM = (120ACoM)1/2’

2
which we also use to show MCj - ﬁ < ﬁ. This yields contradiction, and so we have the

Lemma. u

With Lemma 23, the finish is straightforward. By Markov’s Inequality, with probability at least
0.8,
T
7A.7(Wo) < SE[TA. 7(Wo)] < 5.
However, 74 7(wq) < T implies 74 7(wWo) = 74.(wo). Thus, with probability at least 0.8, we
have 7.4_(wq) < T'. That is, with probability at least 0.8 we hit A. = {w : F(w) < ¢} within T
steps.
When s = 0 and v = 0, we cannot use Lemma 20 anymore. But just note whenever s =
0, we can use the upper bound E[|VEF(w;)|?] < LP < L3 for p = 2,3 in our upper bound of
Ee, 2,[0(®(W¢i1))]. Defining instead
_ 1o o 2 3(g.3 3 nd\*?
err(w) := 37 (20% +4max(L, B)?) + Cn*(80% + 16 max(L, B)*) + 2C ) 0,

we see the rest of the proof goes through the same, with no use of Lemma 20.

The tighter results in the case when s = 1 (the L-smooth and (m, b)-dissipative setting) are also
proved identically. They follow from plugging in the uniform moment bounds from Lemma 20
rather than the general ones into the proof of Lemma 23. Then, Lo, L3 (which are different in this
case) appear in the proof of Lemma 23 with no max(n7’, 1) term present, and again we finish the
same as above. |

D.2. Details for Comparison to Literature

Here, we discuss how we derived optimization results using sampling results from literature, that
we discussed in Subsection B.2. As mentioned there, we assume an O(1) warm-start for all of the
literature, which is the least favorable for us. Consider as an example how we obtained results for
SGLD the smooth and dissipative case from Raginsky et al. [29], Xu et al. [35], and Zou et al. [39].
We analogously obtained results in this way from Yang and Wibisono [36], and directly cited the
results of Kinoshita and Suzuki [19] as they were directly phrased in the same optimization setting
as what we study.

Theorem 1 of Raginsky et al. [29] requires gradient noise J to be exponentially small in d, which
does not make sense (we only require gradient noise of constant order, which is more realistic).
Theorem 3.6, Corollary 3.7, and Remark 3.9 of Xu et al. [35] reports an iteration count of K =
9] (&) where A, is spectral gap of the discrete-time Markov Chain given by (1), however they do
not count the iteration count B to compute each stochastic gradient from B data samples. Either they

also require exponentially small gradient noise, or B = O ( % ) and their total gradient complexity
should be
~( d’

42



LANGEVIN DYNAMICS: A UNIFIED PERSPECTIVE ON OPTIMIZATION VIA LYAPUNOV POTENTIALS

Similarly, for the same paper’s claimed runtime for Stochastic Variance Reduced Gradient Langevin
Dynamics (SVRG-LD) in Theorem 3.10 and Corollary 3.11, noting the correct runtime should be

K - B, we obtain a runtime of . .
~( Ld ~ d
o(_w) , o(_w).

The last step simply follows from noting their L > 1, being the length of an inner loop.

This accounting must also for the result Theorem 4.5 and Corollary 4.7 of Zou et al. [39].
iif 22 ), where p is the Cheeger constant of g,
to obtain a TV distance of ¢ to the Gibbs measure. By Cheeger’s Inequality, we have ,% > Cpi( ,u/3)2.
However to convert from TV distance results to optimization results using Corollary 4.8 of their
same paper Zou et al. [39], we need a TV distance of § (and this is necessary due to dissipativeness)
to obtain an optimization result, which leads to additional dimension dependence. Combined with
noting (3 is (at least) on the same order as g up to log factors, this gives a rate of at least

5( dSCPI(Nﬂ)2 )

Accounting for K - B, they obtain a rate of at least O (

et

for optimizing F' to O (% + 8) = O(e) tolerance.

We now discuss how we obtained results from the rest of literature. Generally the rest of litera-
ture handles exact gradients and so does not have the problem of those above two works. One point
of note is that in some of the sampling literature, such as Balasubramanian et al. [4], Huang et al.
[16], Vempala and Wibisono [33], sampling is done from et /Z. That is, sampling is presumed to
be done at constant temperature, a different setting than optimization. In our setting f = SF, and
the smoothness parameter L or condition number in these works is that of f. Thus their smoothness
parameter L scales like Q(g). The rest of the rates from literature were then derived by convert-
ing KL divergence guarantees into TV distance guarantees via Pinkser’s Inequality, and then using
Corollary 4.8 of Zou et al. [39], analogously to the above example. In more detail, by Pinkser’s
Inequality, if F'is s-Holder continuous we need KL divergence to be at most di—i.

Following Remark 9, it follows that the ¢ in the sampling results can be taken to be O(1).
However, where ¢ denotes the desired optimization tolerance, the smoothness parameter L still
scales like Q(g) Plugging in these choices, we obtained the results from Section 1.

As another example, we mention how we derived a rate from Corollary 19 of Balasubramanian
et al. [4] (which still requires exact knowledge of gradient) in the GLD, Poincaré, and Lipschitz
case. Taking s = 0 in Corollary 19 of Balasubramanian et al. [4], and even supposing a warm start
of Ky =O(1) is possible, we see they obtain a TV distance of /¢ in

o £Cntes)
13

However, since F' is Lipschitz, we require a TV distance of id, the dimensionality again coming
from Remark 4.6 of Zou et al. [39]. This yields a rate of

5(w)-

10
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=~rd . . .. [ Cpi(ug)3dt4 .
= =), 16
We must have 3 Q( 8) so in this case this gives a rate of at least O - for optimizing

FtoO (g) tolerance. We can derive a faster rate from this result using Remark 9, which is also
mentioned in Section 1.

Finally, we mention that we can compare the above results from Zou et al. [39], Chewi et al.
[13], and Balasubramanian et al. [4] for general 5§ = ﬁ(g); as mentioned in Section 1, to use the
results of Chewi et al. [13] and Balasubramanian et al. [4] of optimization, their 5 dependence will
be their stated dependence on the smoothness parameter L. Our dependence on [ is always better
than that of Zou et al. [39], and using § = ﬁ(g), we see for any such 3 our dependence in all

parameters is better than that of Balasubramanian et al. [4], Chewi et al. [13] when s < %

Appendix E. Additional Proofs
E.1. Additional Helper Results

Here we establish many of the results we used in the main discretization proofs.
Lemma 24 Suppose I satisfies Assumption 2. Then for all w € R¢,
[VF(w)| < Lmax(L, [w"[)*([w]* +1),

where w* is any global minima of F. Moreover, if Assumption 5 holds, the above also holds for the
stochastic gradient estimates |V f(w;z)||.

Proof Note VF(w™) = 0. By Triangle Inequality and Assumption 2,

[VE(w)| = [VF(w) - VE(w")]
<Llw-w"|’
<L(|[wl + [w*])®

< Lmax(1, [w™[)*(w]” +1).
The last two steps used the following elementary inequalities:
(az +b)° <max(a,b)’(z+1)° forall a,b, z > 0.

(z+ DYV <241 = 2+1< (Y +1) forall ' > 1.

The extension to stochastic gradients given Assumption 5 is immediate. |
The following result is used to control the values of F' using Assumption 2.
Lemma 25 Suppose F satisfies Assumption 2. Then for all w € RY,
F(w) < Ljw-w*|*".

Proof The proof is very similar to Lemma 3.4 of Bubeck et al. [6]. Let w* be any global minima
of F', thus F'(w*) =0and VF(w") = 0. We see from calculus and Cauchy-Schwartz that

F(w) = [F(w) - F(w") = (VE(W"),w - w")|
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) [t=10<VF(W* +t(w-w"))-VF(w"),w- w*)dt‘

IN

1
[T st =w")) = VF(w) [ w - w

1
< f Lt |w —w* |*|w — w*||d¢
t=0
<Ljw-w"[*",
where we apply Cauchy-Schwartz to obtain the first inequality and Assumption 2 for the second. H

We also need the following simple integral to prove Lemma 14.

Lemma 26 We have for any 0 < s <1 and M > 0 that

s+ df2
[ ()
Rd I'(d/2) s+1 s+1

Proof The surface area of S% ! is g(ﬂTd/;), which scales by r9~! for an arbitrary radius r. Consider

partitioning R into spheres of radius 7: upon making this change of variables, which formally is
27rd/2

(/2 r?1dr, we obtain

s+ d/2 ©o s+
/ L f Mgy,
R4 r'(d/2) Jo

1 __s_
Let u = r5*1, therefore r = u5+T and dr = ﬁu s+1du. Thus

/2
— s+l 27T 1 oo d-1-s
f e MIWIT qw = / e My 5T du
R4 0

dw =

TT(d)2) s+1
d/2
_ 2T 1 -M_sfl-l—‘( d )
r@d/2) s+1 s+1

Here, the last equality is a well known integral essentially following from definition of the Gamma
function, specifically

M (t) = /ooe_M“ut_ldu.
0

d-1-s _ d_ _

It follows since d > 1 > s and s > 0, hence “7~ = ;{7 — 1 > —1, so we may apply these results

regarding the Gamma function. |

The last lemma is used to upper bound z? + 1 for all z > 0 and any p > 0.
Lemma 27 Forall z>0and anyp >0, 2P +1 <2(z + 1)P.

Proof First suppose p > 1. Here we show 2P + 1 < (z + 1)P, which clearly suffices. Letting
f(2)=(z+1)P = (2P +1), we see f'(z) > 0 always. Therefore f(z) > f(0) = 0, proving this case.
Now suppose 0 < p < 1. Let f(z2) = D" Then,

2P+1

PG+ (P e 1) - (2 )P p ! pz (-2
(2P +1)2 B (20 +1)2

OR

45



LANGEVIN DYNAMICS: A UNIFIED PERSPECTIVE ON OPTIMIZATION VIA LYAPUNOV POTENTIALS

Therefore f'(z) < 0 for z € [0,1] and f'(2) > 0 for z € [1,00), so f(z) is minimized on [0, c0)
when z = 1. Hence, f(z) > f(1) = 2P71. Thus, 2P + 1 < 27P(z + 1)P < 2(z + 1)P as desired. [
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