A Fokker-Planck Equation and Backward Kolmogorov Equation

In this section, we introduce the Fokker-Planck Equation and the Backward Kolmogorov equation.
Fokker-Planck equation addresses the evolution of probability density p(x) that associates with the
SDE. We give the following specific definition.

Definition A.1 (Fokker—Planck Equation). Let p(x,t) be the probability density at time ¢ of the
stochastic differential equation and denote pg(x) the initial probability density. Then

atp(xv t) = E*p(X7 t)a p(X, O) = pO(X)a
where L£* is the formal adjoint of L.
Fokker-Planck equation gives us a way to find whether there exists a stationary distribution for the

SDE. It can be shown [30] that for the stochastic differential equation (1.2), its stationary distribution
exists and satisfies

1
m(dx) = éefﬁmx), Q= / e PFn () gx. (A.1)

This is also known as Gibbs measure.

Backward Kolmogorov equation describes the evolution of E[g(X (¢))| X (0) = x] with g being a
smooth test function.

Definition A.2 (Backward Kolmogorov Equation). Let X (¢) solves the stochastic differential equa-
tion (1.2). Let u(x,t) = E[g(X (¢))| X (0) = x], we have

Jru(x,t) = Lu(x,t), u(x,0) = g(x).
Now consider doing first order Taylor expansion on u(x, t), we have

u(x,t) = u(x,0) + %u(x, t)]i=o - (t — 0) + O(t?)

= g(x) +tLg(x) + O(t?). (A2)

B Proof of Corollaries

In this section, we provide the proofs of corollaries for iteration complexity in our main theory
section.

Proof of Corollary 3.4. To ensure the iterate error converge to € precision, we need
O n < € Gl _ €
-2 8 — 2

The second inequality can be easily satisfied with = O(¢) and the first inequality implies

K> ilog (2@)
An €

Combining with 7 = O(e) and © = O(d?/p?/?), we obtain the iteration complexity

ol m(t)

which completes the proof.
O

Proof of Corollary 3.7. To ensure the iterate error of SGLD converging to € precision, we require the
following inequalities to hold

¢ Cun
3’ B — 3

_ 1/4
n-bB <, @e Mg
) 3

C1/BT(MVT + G)K7n [B(n—l

Wl m
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The third inequality can be easily satisfied with n = O(e). For the second inequality, similar as in the

proof of Corollary 3.4, we have
1
Kn> —log (39).
A €

Since € < 1, we know that log(1/e) will not go to zero when € goes to zero. In fact, if we set
n = O(e) and K = O(d/(Xe)log(1/e)), the first term in (3.2) scales as

_ 1/4 3/2 3/2
s oty ] " <o ) o o ()

Therefore, within K = O(d/(e)) - log(1/e)) iterations, the iterate error of SGLD scales as

d3/? 1
O<Bl/4)\ log <6) + €> .
[

Proof of Corollary 3.11. Similar to previous proofs, in order to achieve an e-precision iterate error
for SVRG-LD, we require

LBM?*(n— B

a\1"7* e
LK%/ Y (onarrr + 62+ & <z A <
Gty SR marr s 6 S| < g e s

By previous proofs we know that the second and third inequalities imply n = O(¢) and Kn =
O(1/A1og(3©/¢)) respectively. Combining with the first inequality, we have

Bl/4¢
1/4 _
n - O((Kn)3/4d5/4L1/4)

Combining with the first inequality, we have

1o

Combining the above requirements yields

Ld® at 1
K=0(—=7=1 - - . B.1
(B/\464 o8 (6>+6> (B.1
For gradient complexity, note that for each iteration we need B stochastic gradient evaluations and we
also need in total K /L full gradient calculations. Therefore, the gradient complexity for SVRG-LD is

. o™ 1. (r 1) o
O(K-B+ K/L n)—O((B+L)€4+<L+B>€) e\,

If we solve for the best B and L, we obtain B = \/ﬁe*?’/ 2 L= \/563/ 2 Therefore, we have the
optimal gradient complexity for SVRG-LD as

5(\/ﬁ> L0

€5/2

C Proof of Technical Lemmas

In this section, we provide proofs of the technical lemmas used in the proof of our main theory.
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C.1 Proof of Lemma 4.1

Geometric ergodicity of dynamical systems has been studied a lot in the literature [47, 40]. In
particular, Roberts and Tweedie [47] proved that even when the diffusion converges exponentially fast
to its stationary distribution, the Euler-Maruyama discretization in (2.2) may still lose the convergence
properties and examples for Langevin diffusion can be found therein. To further address this problem,
[40] built their analysis of ergodicity for SDEs on a minorization condition and the existence of a
Lyapunov function. In time discretization of dynamics systems, they studied how time-discretization
affects the minorization condition and the Lyapunov structure. For the self-containedness of our
analysis, we present the minorization condition on a compact set C as follows.

Proposition C.1. There exist ¢y € R and £ > 0 such that the Markov process { X (¢)} satisfies
P(X (tg) € A|X(0) =x) > Ev(A),

for any A € B(R?), some fixed compact set C € B(R?), and x € C, where B(R?) denotes the Borel
o-algebra on R? and v is a probability measure with (C¢) = 0 and v(C) = 1.

Proposition C.1 does not always hold for a Markov process generated by an arbitrary SDE. However,
for Langevin diffusion (1.2) studied in this paper, Mattingly et al. [40] proved that this minorization
condition actually holds under the dissipative and smooth assumptions (see Corollary 7.4 in Mattingly
et al. [40]). For more explanation on the existence and robustness of the minorization condition under
discretization approximations for Langevin diffusion, we refer interested readers to Corollary 7.5 and
the proof of Theorem 6.2 in Mattingly et al. [40]. Now we are going to prove Lemma 4.1, which
requires the following useful lemmas:

Lemma C.2. Let V(x) = C + ||x]|2 be a function on R?, where C' > 0 is a constant. Denote
the expectation with Markov process { X (¢)} starting at x by EX[-] = E[-|X(0) = x]. Under
Assumption 3.2, we have

b+m+d
L bEm /s

EX[V(X ()] < e 2™V (x) -

(1 _ ef2mt)

)

for all x € R<.

Lemma C.3. (Theorem 7.3 in Mattingly et al. [40]) Under Assumptions 3.1 and 3.2, let V(x) =

Co + M /2||x||2 be an essential quadratic function. The numerical approximation (2.1) (GLD) of

Langevin diffusion (1.2) has a unique invariant measure y and for all test function g such that |g| < V,
we have

—d/2 m 2mk77pd

|]E[9(Xk)] _E[Q(XM)” < Ckp / (1+rwe™)exp | — W )

where p € (0,1),C' > 0 are absolute constants, and £ = 2M (b +m + d)/m.

Proof of Lemma 4.1. The proof is majorly adapted from that of Theorem 7.3 and Corollary 7.5 in
Mattingly et al. [40]. By Assumption 3.1, F}, is M-smooth. Thus we have

Fu(x) < Paly) + {(VEa(y),x— ) + e~ I3

for all x,y € R%. By Lemma D.1 and choosing y = 0, this immediately implies that F},(x) can
always be bounded by a quadratic function V' (x), i.e.,

Fax) < 5 V00 = 5 (Cot IxIB).

Therefore V' (x) is an essentially quadratic Lyapunov function such that |F},(x)| < MV (x)/2 for
x € R%. By Lemma C.2 the Lyapunov function satisfies

b d
B[V (X (£))] < e~V (xo) + U8y _ pm2mey
m
According to Corollary 7.5 in Mattingly et al. [40], the Markov chain { X}, }x=1 2 .k satisfies
M(b d
EX0[MV(X1)/2] < e ™MV (x0)/2] + ( +2m i /6). (C.1)
m
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Recall the GLD update formula defined in (2.1)

X1 = X —nVEL(Xy) + V20871 - €.
Define F'(X}) = SF,(Xy) and y’ = 1/, we have

X1 = X — ' VE (Xi) + V21 - €. (C2)

This suggests that the result for 8 # 1 is equivalent to rescaling n to /8 and F,(-) to SF,(+).
Therefore, in the following proof, we will assume that 5 = 1 and then rescale 7, F,(-) at last. Similar
tricks are used in Raginsky et al. [45], Zhang et al. [53]. Under Assumptions 3.1 and 3.2, it is proved
that Euler-Maruyama approximation of Langevin dynamics (1.2) has a unique invariant measure
on R?. Denote X* as a random vector which is sampled from measure z. By Lemma C.3, for all
test function g such that |g| < V/, it holds that

_ 2mknp?

d/2 m

[Bla(X5)] ~ Blg(X*)] < Cu'p=/2(1-+ w'em)exp = ).

where p, 6 € (0,1),C' > 0 are absolute constants, and " = 2M (b + m + d)/m. Take F,, as the test
function and X = 0, and by rescaling 7 and F,,(-) (dissipative and smoothness parameters), we
have

mkno?
|]E[F”(Xk)] - E[FH(X#)” < C"Pid/Q(l + re™") exp ( N 210§(775 >,

where k = 2M (b +mf + d)/m. O

C.2 Proof of Lemma 4.2

To prove Lemma 4.2, we lay down the following supporting lemma, of which the derivation is
inspired and adapted from Chen et al. [12].

Lemma C.4. Under Assumptions 3.1 and 3.2, the Markov chain { X}/ | generated by Algorithm
| satisfies

1 _ - B n
Z‘BE (X |X0_x]—F‘§C¢,<nK+ﬂ>,

where F' = [ F,(x)m(dx) with  being the Gibbs measure for the Langevin diffusion (1.2).
Proof of Lemma 4.2. By definition we have
[, ()]~ BLF, ()| = | [ i) ~ [ Fueimtax

For simplicity, we denote the average [ F,(x)m(dx) as F,. Since x is the ergodic limit of the
Markov chain generated by the GLD process, for a given test function F},, we have

/ Fo(x)u(dx) = / E[F, (X)) Xo = x] - (dx).

Since i and 7 are two invariant measures, we consider the case where K — co. Take average over
K steps { X, }+—,' we have

(C.3)

/ Fa(x)u(dx) = lim_ / ZE (X1)| Xo = x| - p(dx). (C.4)
Submitting (C.4) back into (C.3) yields
1 K-1
|E[F(X*)] — E[F(X™)]| = lim /[ E[F, (X)) X0 = x] — F} - p(dx)
K—oo K =0
1<
< lim /‘ZE W (Xk)| Xo = ] ’ (dx).  (C.5)
—00
k=0



Apply Lemma C.4 with g chosen as F), we further bound (C.5) by

L7 (X))~ EIR (X7 < Cy - Jim [ (S48 - utaw

_ : go_n
= Cvr i (77[( T
= 701‘[),'7.

3

C.3 Proof of Lemma 4.4

Lemma 4.4 gives the upper bound of function value gap between the GLD iterates and the SGLD
iterates. To bound the difference between F,,(X i) and F,,(Yx ), we need the following lemmas.

Lemma C.5. Under Assumptions 3.1 and 3.2, for any x € R<, it holds that

* _ An = B)(M|x]|; +G)?
5 B(n—1) ’

where B = |I};| is the mini-batch size and G = max;=1,.__,{||V fi(x*)| 2} + bM/m.
The following lemma describes the L? bound for discrete processes X}, (GLD), Y}, (SGLD) and Z;,

(SVRG-LD). Note that for SGLD, similar result is also presented in Raginsky et al. [45].

Lemma C.6. Under Assumptions 3.1 and 3.2, for sufficiently small step size 7, suppose the initial
points of Algorithms 1, 2 and 3 are chosen at 0, then the L2 bound of the GLD process (2.1), SGLD
process (2.2) and SVRG-LD process (2.3) can be uniformly bounded by

1 d
(B[] X Bl B[ B 2B <7 where Ti=2(14 1) (b4262+ 5).

n{IIVFi(x)ll2} + bM/m.

.....

The following lemma gives out the upper bound for the exponential L? bound of X.

Lemma C.7. Under Assumptions 3.1 and 3.2, for sufficiently small step size n < 1 and the inverse
temperature satisfying 8 > max{2/(m — M?n), 4n}, it holds that

28(b+ G?) +2d
p—dn

Lemma C.8. [44, 45] For any two probability density functions y, v with bounded second moments,
let g : R? — R be a C'! function such that

[Vg(x)|l2 < Chllx||2 + Ca, ¥x € RY

for some constants C7, Cy > 0. Then

\ [ stdn= [ g

where W is the 2-Wasserstein distance and 02 = max { [p. [|x[[3(dx), [pa [x[30(dx)}.

log Elexp(|| Xx[3)] < [ X053 + kn.

< (Cio + Co)Wa(p,v),

Lemma C.9. (Corollary 2.3 in Bolley and Villani [5]) Let  be a probability measure on R%. Assume
that there exist xo and a constant o > 0 such that [ exp(a||x — x¢|3)dv(x) < co. Then for any

probability measure ;. on R, it satisfies

Wa(p,v) < C, (v/Dra (allv) + (Dxe (il [v)/2) ),

where C,, is defined as

_ . 1/3 )
O = chilang \/ 2 (5 10w [ explalx ~xolBavt) ).
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Proof of Lemma 4.4. Let Pg, Qg denote the probability measures for GLD iterate X i and SGLD
iterate Y respectively. Applying Lemma C.8 to probability measures Px and Q) i yields

|E[F,(Y)] — E[F,(Xk)]| < (C1VT + C2)Wa(Qk, Px), (C.6)

where C7, Cy > 0 are absolute constants and I' = 2(1 + 1/m)(b + 2G? + d/J3) is the upper bound
for both E[|| X||3] and E[|| Y%]|3] according to Lemma C.6. We further bound the W, distance via
the KL-divergence by Lemma C.9 as follows

Wa(Qr, P) < AV Dxi(Qr||Pr) + v/ Dx(Qk||Px)), (C.7)

where A = /3/2 + log Ep,. [exp(]| Xk ||2)]. Applying Lemma C.7 we obtain A = /(6 + 2T') K.
Therefore, we only need to bound the KL-divergence between density functions Py and @ k. To this
end, we introduce a continuous-time Markov process {D(t) },>¢ to bridge the gap between diffusion
{X (t)}+>0 and its numerical approximation { X}, }x=o,1,... k. Define

dD(t) = b(D(t))dt + /28~ 1dB(t), (C.3)
where b(D(t)) = — Y 2o VF(X (nk))1{t € [nk,n(k + 1))}. Integrating (C.8) on interval

[nk,n(k + 1)) yields

D(n(k+1)) = D(nk) —nVE(D(nk)) + /21671 - €y,

where €, ~ N(0,1;x4). This implies that the distribution of random vector (X7y,..., Xk) is
equivalent to that of (D(n), ..., D(nK)). Similarly, for Y}, we define

dM(t) = (M (t))dt + \/28-1dB(t),

where the drift coefficient is defined as ¢(M (t)) = — > "7 g (M (nk))1{t € [nk,n(k + 1))}
and gx(x) = 1/B)_;c; Vfi(x) is a mini-batch of the full gradient with I} being a random subset
of {1,2,...,n} of size B. Now we have that the distribution of random vector (Y7,...,Yx) is

equivalent to that of (M (n),..., M (nK)). However, the process M (t) is not Markov due to the
randomness of the stochastic gradient gi. Therefore, we define the following Markov process which
has the same one-time marginals as

dM (t) = h(M(t))dt + \/26-1dB(t), (€.9)

where h(-) = —E[gr(M (nk)) 1{t € [nk,n(k + 1))}|M(t) = -] is the conditional expectation of

the left end point of the interval which M (¢) lies in. Let IP; denote the distribution of D(¢) and
Q; denote the distribution of M (t). By (C.8) and (C.9), the Radon-Nikodym derivative of P, with
respective to Q; is given by the following Girsanov formula [38]

d]Pt = é t S)) — S S)— S S
ﬂ&wnm{VZAmmn» b(M ()" (M (s) — h(M(s))ds)

s 2
-5 [ i) - sareop s}

Since Markov processes {D(t) }1>0 and { M (t) };>¢ are constructed based on Markov chains X,
and Y}, by data-processing inequality the K-L divergence between Pk and  x can be bounded by

Dir(Qk||Pr) < Drr(Qur||Pyk)

R )

nK
:iA E[|[h(M (r)) = b(M (r))|3] dr, (C.10)

where in the last equality we used the fact that d B(t) follows Gaussian distribution independently
for any ¢ > 0. By definition, we know that both h(M (r)) and b(M (r)) are step functions when
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r € [nk,n(k + 1)) for any k. This observation directly yields

nk K-1 n(k+1) _ N
/0 E[|h(M (1)) — b(M(r))|3]dr < o Ellon (M) - V E, (M (nk))||3] dr
o
=1 Efllgn(Ya) — VF.(Y2)[13].
k=0

where the first inequality is due to Jensen’s inequality and the convexity of function || - ||, and the
last equality is due to the equivalence in distribution. By Lemmas C.5 and C.6, we further have

nK n— 2
/ E[|h(M (1)) — b(M (r))||2] dr < Ank( BE)EAT)FJFG) . (C.11)
0

Submitting (C.10) and (C.11) into (C.7), we have
— 2 . >
Wa(Qk, Pr) §A<\/B”K(” B)(MT + G) N §/5171((71 B)(MT + G) >

B(n—1) B(n—1)
_ 2
<A BnK~+/n— B(MT + Q) . (C.12)
B(n—1)
Combining (C.6) with (C.12), we obtain the expected function value gap between SGLD and GLD:
Kvn—B(MVT + G)2]"?
(%) - B[ ()] < ey | 2 ( )
B(n—1)
where we adopt the fact that K'n > 1 and assume that C; > Cs.
O

C.4 Proof of Lemma 4.5
Similar to the proof of Lemma 4.4, to bound the difference between F,, (X k) and F,,(Zk ), we need
the following lemmas.

Lemma C.10. Under Assumptions 3.1 and 3.2, for each iteration k¥ = sL + ¢ in Algorithm 3, it
holds that
M 2(n — B) =) 112
=\ PRz, — Zz®
B(n—1) ” k ||27

(Vfir(Zk) = Vi, (Z®) + VF,(Z) and B = |I},| is the mini-batch

E|Vi — VF,(Zy)|3 <

where Vi, =1/B >, ;.
size.

Proof of Lemma 4.5. Denote Q% as the probability density functions for Z . For the simplicity of
notation, we omit the index Z in the remaining part of this proof when no confusion arises. Similar
as in the proof of Lemma 4.4, we first apply Lemma C.8 to probability measures P for X i and
Q% for Z, and obtain the following upper bound of function value gap

[E[F,(Zk)] — E[F.(Xk)]| < (C1VT + Co)Wh(Q%, Px), (C.13)

where Oy, Cy > 0 are absolute constants and I' = 2(1 + 1/m) (b + 2G? + d/B) is the upper bound
for both E[|| X||3] and E[|| Z||3] according to Lemma C.6. Further by Lemma C.9, the WV, distance
can be bounded by

Wa(Q%. Prc) < Ay Drw(QE11Px) + 3/ Dxw (@1 Prc)). (C.14)

where A = \/3/2 + log Ep, [elXx3]. Applying Lemma C.7 we obtain A = /(6 4 2I')K7.

Therefore, we need to bound the KL-divergence between density functions Pk and Q% . Similar to
the proof of Lemma 4.4, we define a continuous-time Markov process associated with Zj, as follows

AN (t) = p(N(t))dt + /28~ 1dB(t),
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where p(N () = — oo Vi 1{t € [nk,n(k + 1))} and V, is the semi-stochastic gradient at k-th
iteration of SVRG-LD. We have that the distribution of random vector (Z1, ..., Zk) is equivalent

to that of (N (n),..., N(nK)). However, N (t) is not Markov due to the randomness of V. We
define the following Markov process which has the same one-time marginals as N (¢)
AN (t) = q(N(t))dt + /26~ 1dB(t) (C.15)

where ¢(-) = —E[V 1{t € [nk,n(k + 1))}}p(N(t)) = . Let QtZ denote the distribution of N ().
By (C.8) and (C.15), the Radon-Nikodym derivative of P; with respective to Q7 is given by the
Girsanov formula [38]

T (N = exp {\f / —b(N (1)) " (dN(r) = h(N (r))dr)

d@t
2 [l - b<N<r>>||§dr}.

Since Markov processes {D(t)}+>0 and {IN () }+>¢ are constructed based on X}, and Zj, by data-
processing inequality the K-L divergence between P and Q% in (C.14) can be bounded by

D1 (Q%|1Px) < Dk (Qf|[Pyx)
()]

_5 / E[lg(N () — b(N(r))|2] dr- (C.16)

where in the last equality we used the fact that d B(t) follows Gaussian distribution independently
for any ¢ > 0. By definition, we know that both ¢(IN (7)) and b(IN (r)) are step functions when
r € [nk,n(k + 1)) for any k. This observation directly yields

nK K-1 (k+1) N
/0 E[[lg(N (1) — (N ())|2]dr < / E[V(N (k) — VE, (N(nk)|12] dr

k=0
K-
= Z [IVk(Zy) — VF.(Z1)]3].
k=0
where the first inequality is due to Jensen’s inequality and the convexity of function || - |2, and the
last equality is due to the equivalence in dlstrlbutlon Combine the above results we obtain

ﬂn
Dy (QF||Px) < Z E[|Vy, — VF.(Z)]3]
k=0
577 K/LL-1
T 2 D ElVarse = VE(Zerso)I3), (C.17)
5=0 £=0
where the second inequality follows the fact that k = sL+¢ < (s+1)L forsome ¢ = 0,1,...,L—1.
Applying Lemma C.10, the inner summation in (C.17) yields

L-1 _ L-1 M2( 9
> ElVarte = VFu(Zorio)|3) < B(i]EHZSLH Z0|2. (C.18)
£=0

Note that we have N
E||Zosve — 2],

£—1 {—1 2
/2
=K Z U(VfisL+u (ZSL+u) VstL+u( S)) + VF Z(S - Z FnesL%»Z
u=0 u=0 2
= 2 s) (s 477d
S BV Fo) ~ i (B + TR ZO] + 3 21
u=0
< 44n <9en(M2r2 +G?) + g) (C.19)
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where the first inequality holds due to the triangle inequality for the first summation term, the second
one follows from Lemma D.1 and Lemma C.6. Submit (C.19) back into (C.18) we have

L—-1 L-1

o 2 4nM?(n — B) 2 212 2y, td
> ElIVense ~ VEZallf) < Pt (oo 4 6%+ %)
4nM?(n — B) 3 9 9 L?

Since (C.20) does not depend on the outer loop index 4, submitting it into (C.17) yields

" KLM?*(n — B)(3LnB3(MT + G?) +d/2)
B(n—1) '

-1
% ST E[VE - VE.(ZW)]3] < (€21

k=0
Combining (C.13), (C.14) (C.17) and (C.21), we obtain

2K LM2(n — B)(3LnB(M2T + G?) +d/2)]1"*
|<C1an (n )(3LnB( +G*) +d/2) '
B(n—-1)
where we use the fact that Kn > 1, n < 1 and assume that C; > Cs. O

[E[F(ZK)] - E[F,(X

D Proof of Auxiliary Lemmas

In this section, we prove additional lemmas used in Appendix C.
D.1 Proof of Lemma C.2

Proof. Applying 1t6’s Lemma yields

2d 2
AV(X (1)) = ~2(X (6), VE(X (1))t + 5 dt + 2\/;<X(t), dB(t)). (D.1)

Multiplying 2™ to both sides of the above equation, where m > 0 is the dissipative constant, we
obtain

me>™V (X (£))dt + 2™ dV (X (1)) = 2me>™V (X (t))dt — 2¢2™ (X (t), VE, (X (£)))dt

+ %de%”dt + \/g 2mt(X (), dB(t)).

We integrate the above equation from time O to ¢ and have

V(X () = WV(XO + 2m / 2m(s— t)V(X(s))ds—Z / t > (X (5), VF, (X (s)))ds

Note that by Assumptlon 3.2, we have

<2 [ X (6, VR (X (s < -2 [ 0 (ml X1 - 1)

0
b+m

t
_ 2m(s—t) e~ 2mt
—2m/06 V(X (s))ds + - (1 2
(D.3)

Combining (D.2) and (D.3), and taking expectation over X (¢) with initial point x, we get

EX(V(X ()] < V() + LT (1= e 4 e
— 672mtV(X) 4 b + mer d/ﬁ (1 _ 672mt)7

where we employed the fact that dB(s) follows Gaussian distribution with zero mean and is indepen-
dent with X (s). O
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D.2 Proof of Lemma C.3

Here we provide a sketch of proof to refine the parameters in the results of Mattingly et al. [40]. For
detailed proof, we refer interested readers to Theorem 7.3 in Mattingly et al. [40].

Proof. Denote k = 2M (b + m + d)/m according to Lemma C.2 where b, m are the dissipative
parameters. We also define ¢ = pd with some constant 0 < p < 1. Let {X;;};=¢,1,... be a sub-
sampled chain from { X}, }x=0,1,.. at sample rate 7 > 0. By the proof of Theorem 2.5 in Mattingly
et al. [40], we obtain the following result

[E[g(Xir)] — Elg(X")])] < K[V + 1](1 = ¢)™7 + V2V (x)0'" 67/ 2%, (D.4)

yeus

is a bounded constant, § € (e~2™" 1) is a constant, and « € (0, 1) is chosen small enough such that
§k%/2 < 1. In particular, we choose @ € (0, 1) such that /2 < (1 — $)®, which yields

N log(1/6) _ log(1/9)
~ log(VE/(1=¢)) ~ log(vk)’

where the last inequality is due to 1 — ¢ < 1. Submitting the choice of « into (D.4) we have

Blg(X1,)] - Elg(X")]| < 2?; [V 4+ 1]V (x0)(1 — )17 10B(1/8)/ loa(v/)
_ 2\\?%/@ [‘—/ n I]V(Xo)elTlog(T), (D.5)

where r = (1 — (b)log(l/ 8)/1og(V%) is defined as the contraction parameter. Note that by Taylor’s
expansion we have
1-7r2 (1-r)3

logr=1log(l—-(1—-7r))=—-(1-7)— 7~ 3 —..<—=(1=r), (D.6)

when |1 — 7| < 1. By definition 7 = (1 — ¢)°8(1/9)/1°8(v%) and ¢ = p? where p € (0,1) is a
constant. Since it is more interesting to deal with the situation where dimension parameter d is large
enough and not negligible, we can always assume that |¢| = p is sufficiently small such that for any
0<(<1

(=0 =1 ot g n/26 oot (§) ol 4 s1-c0 @)
by Taylor’s expansion. Submitting (D.6) and (D.7) into (D.5) yields

242k
Vo

where we chose 6 = e~ "". Next we need to prove that the unsampled chain is also exponential
ergodic. Let k = 7 4+ j with j = 0,1,...,7 — 1. We immediately get

22k Mexo [ — 2mlrnp®
YR+ DRV (X, e ( - SR ).

Since the GLD approximation (2.1) of Langevin is ergodic when sampled at rate 7 = 1, we have
k =1r =1land j = 0. Note that by Lemma A.2 in Mattingly et al. [40], we have C = {x : V(x) <
k/e~™1}, which implies that V' = ke™". Thus we obtain

[Elg(X0,)] — Elg(X*)]| < 2Y25 17 + 1V (x0) exp ( - D3)

|E[g(Xir15)] — E[g(X")]] <

mkno?
[Elg(X)] — Elg(X*)]| < Crp~ 2 (re™ + 1) exp <_ Teg >’

log(k)

where we used the fact that xo = 0 and C' > 0 is an absolute constant. O
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D.3 Proof of Lemma C.4

To prove Lemma C.4, we choose the test function in Poisson equation (1.3) as g = F;,. Given the
Poisson equation, suppose we choose g as F;,, the distance between the time average of the GLD
process and the expectation of F;, over the Gibbs measure can be expressed by

- Z F.(Xy) - F = Z LY(Xp). (D.9)

Note that by [41, 51], we know the Poisson equation (1.3) defined by the generator of Langevin
dynamics has a unique solution v under Assumptions 3.1 and 3.2. According to Theorem 3.2 in
[23], the p-th order derivatives of ¢ can be bounded by some polynomial growth function with
sophisticated coefficients (p = 0, 1, 2). To simplify the presentation, we hence follow the convention
in the line of literature [12, 51] and assume that E[|| V74 (X},)||] can be further upper bounded by a
constant Cy, for all { X }r>0 and p = (0, 1,2), which is determined by the Langevin diffusion and
its Poisson equation. In fact, Erdogdu et al. [23] showed that the upper bound of derivatives (up to
fourth order) of v only requires the dissipative and smooth assumptions. We refer interested readers
to [23] for more details on deriving the C';, for Langevin diffusion. We show that the case p = 0 can
be easily verified as follows. By Assumption 3.1, using a similar argument as in the proof of Lemma
4.1, we bound F),(x) by a quadratic function V' (x)
M M
Falx) £ 5V (x) = - (Co + [1x1).

Applying Assumption 3.2 and Theorem 13 in Vollmer et al. [S1] we have
()] < Cr(1+[Ix]3) < C2V (x). (D.10)

Note that by Assumptlons .1 and 3.2 we can verify that a quadratlc V(x) and p* = 2 satisfy
Assumption 12 in [51] and therefore we obtain that for all p < p*, we have

sup EVP(X}) < 0. (D.11)
k
Combining (D.10) and (D.11) we show that ¢»(X},) is bounded in expectation.

Proof. For the simplicity of notation, we first assume that 5 = 1 and then show the result for arbitrary
3 by a scaling technique. Note that for the continuous-time Markov process {D(t) };>¢ defined in
(C.8), the distribution of random vector (X7, ..., X k) is equivalent to that of (D(n), ..., D(nK)).
Let ¢ be the solution of Poisson equation L) = g — [ g(x)m(dx). Since we have E[¢)(X})| X =
x| = E[{(D(nk))|Do = x]. We denote E[¢)(D(nk))| Dy = x] by E*[¢)(D(nk))]. By applying
(A.2), we compute the Taylor expansion of E*[¢)(D(nk))] at D(n(k — 1)):

EX[/(D(nk))] = E*[i (D (n(k — 1)))] + nEX[L(D(n(k — 1))] + O(n?).

Note that the remainder also depends on the second order derivative of the Poisson equation and are

bounded by constant C;,. Take average over kK = 1, ..., K and rearrange the equation we have
1
an(E"[w(D(nK))] —¥(x) +0(n) = ZE" LY(D(n(k —1)))]. (D.12)

Submit the Poisson equation (D.9) into the above equation (D.12) we have

ZE" LY(Xp-1) ZE" LY(D(n(k - 1)))]

1
an

| =
M7
=

(EX[(D(nK))] - ¢(x)) + O(n)

= — (B(Xi0)] ~ ¥(x)) +Oln).

where the second and the fourth equation hold due to the fact that the distribution of { X} } is the
same as the distribution of { D (nk)}. We have assumed that ¢)(X},) and its first and second order
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derivatives are bounded by constant C', in expectation over the randomness of X,. Therefore, we
are able to obtain the following conclusion

_ 1
x < — .
i el

This completes the proof for the case S = 1. In order to apply our analysis to the case where 3 can
take any arbitrary constant value, we conduct the same scaling argument as in (C.2).

x n 1 / _ ﬁ 77
& oAl o (o) e 3)

This completes the proof. O

D.4 Proof of Lemma C.5

We first lay down the following lemma on the bounds of gradient of f;.
Lemma D.1. For any x € R<, it holds that

IVfi(x)ll2 < Mlx|2 + G
for constant G = max;=1,.._o{||V fi(x*)||2} + 0M/m.

Proof of Lemma C.5. Let u;(x) = VF(x) — V f;(x), consider

EH;Z‘%‘(X S ST w0 Twe () + o)
i€l wﬁz el
- 5T 2 uil) s ) + Bl
= a1y 2o R %Mui(x)n%;mi(x)n%
- %Euuxxmz, ®.13

where the last equality is due to the fact that 1/n ) . u;(x) = 0. By Lemma D.1 we have
(IVfi(x)]l2 < M|x]||2 + G, therefore we have HVF( )2 < M]|x||2 + G and consequently,
[lu;(x)]|2 < 2(M||x||2 + G). Thus (D.13) can be further bounded as:

ST

i€ly,

2 n—B

LS Bn- 1)

AM|x[l2 + G)*.

This completes the proof. O

D.5 Proof of Lemma C.6

In this section, we provide the proof of L? bound of GLD and SVRG-LD iterates X}, and Z.
Note that a similar result of SGLD has been proved in Raginsky et al. [45] and thus we omit the
corresponding proof for the simplicity of presentation.

Proof of Lemma C.6. Part I: We first prove the the upper bound for GLD. By the definition in (2.1),
we have

8 2
E[l|Xx+1113] = E[| Xk — nVEF.(X0)]13] + \/ZEKXk =V E(Xk), €)] + gE[Ileklli]
2nd

= B[| X\ — nVE.(X3)]3] + 5
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where the second equality follows from that €, is independent on X . Now we bound the first term
E[| X5 — nVFu(Xw)lI3] = B[ Xx3] — 20E[( Xk, VE.(X0))] + 7°E[l|V Fa (X5) 3]
< E[[| X5 [13] + 2n(b — mE[|| X [13]) + 2n*(MZE[[| X 3] + G*)
= (1= 2nm + 2> M*)E[| Xy[3] + 20 + 27°G?,

where the inequality follows from Assumption 3.2, Lemma D.1 and triangle inequality. Substitute
the above bound back and we will have
2nd
B X [3] < (1= 20m -+ 207 MO Xkl] + 20 + 20°G% + =
For sufficient small 7 that satisfies 7 < min {1, m/(2M 2)}, there are only two cases we need to
take into account:
If 1 — 2pm + 2n?>M? < 0, then from (D.14) we have

(D.14)

2nd d
BlIXulf] <20+ 2077 + 200 < ol +2(04 624 ). @)

If0 < 1 —2nm + 2n2M? < 1, then iterate (D.14) and we have
22 nd

nb+77G +F 2 d
<|IXollZ+ =1(b 24 2.
o <Xl 2 (v 62+ %)

(D.16)

E[|Xx[13] < (1 — 2pm + 20> M*)¥|| X3 +

Combine (D.15) and (D.16) and we have

sl < 1l + (24 2) (e §) =210 L) (b0 ),

where the equation holds by choosing X = 0.

Part II: Now we prove the L? bound for SVRG-LD, i.e., E[| Zy|13], by mathematical induction.
Since Vi, = 1/BY (Vfi(Zy) = V[, (Z) + VE,(Z®)), we have

ip €1k

B B
2nd
B 3

where the second equality follows from the fact that €, is independent of Zj, and standard Gaussian.

We prove it by induction. First, consider the case when k& = 1. Since we choose the initial point at
Zy = 0, we immediately have

~ 8 ~ 2
E[|Z113) = Ell Zo — nVol3] + /2 E[(Zo — 1V, €0)] + 2 Ellleo]|]

~ 8 ~ 2
Ell| Zes113] = ElI Zi — nVil2] + ) ZE{Zk — Vi, ex)] + 2 Ellex 3]

=E[|Zx — nVi|3] + (D.17)

5 B
2nd
=n’E[|VF.(Z)|3) + 5
<G + 2nd

/B )

where the second equality holds due to the fact that Vo = VF,(Z) and the inequality follows
from Lemma D.1. For sufficiently small 77 we can see that the conclusion of Lemma C.6 holds for
E[||Z13], ie., E[||Z1]]3] < T, where I' = 2(1 + 1/m)(b + 2G* + d/3). Now assume that the
conclusion holds for all iteration from 1 to k, then for the (k 4 1)-th iteration, by (D.17) we have,

B 23] = El1 2 - 19,13+ 227, (D.18)
For the first term on the R.H.S of (D.18) we have
E[| Z. — nVl3] = El|Zk — nVFo(Z0) (3] + 20E(Z), — nV Fu(Z1), VF,(Zk) — Vi)
+PE[|[VE.(Z)) — Vi3]
= E[||Zx — 0V Fu(Z0) 3] + n°E[| VF.(Zk) — Vill3), (D.19)

T1 T2
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where the second equality holds due to the fact that E[V ;] = VF,(Z;). For term T}, we can further
bound it by

E(| Z — 0V Fu(Zi)|3] = Bl Zi|l3] — 20E[(Zk, V Fn(Z3))] + 0° B[V Fu(Z3)[I5]
< E[|Z[I3] + 2n(b — mE[|| Z,|[3]) + 20* (ME[|| Z |13) + G?)
= (1= 2npm + 29> M?)E[|| Z,||3] + 2nb + 21*G?,

where the inequality follows from Lemma D.1 and triangle inequality. For term 75, by Lemma C.10
we have

~ M?(n — B) ~an2 _ 2M?*(n — B) 2 5s) 112
E|VF,.(Zy) — Vi|2 < ——LE||Z, — 2|, < ——— 2 (E||Z E||Z®]).
IVE(Zk) = Vilz < B(n—1) H k Hzf B(n—1) (H k||2+ ” ||2>
Submit the above bound back into (D.17) we have
- B
2] _ 27 r2 n 2
Bl Zusalf) < (1 20m + 207007 (14 o2 VIl 2l
202 M2(n — B) i 560112 2nd
= _E||z® b+ 20°G? + . D.20
Bn_1)  EIZ®ll; + 200+ 276" + = (D.20)

Note that by assumption we have E||Zj||§ <Tforallj=1,...,k where ' = 2(1 + 1/m) (b +
2G? + d/ﬁ) , thus (D.20) can be further bounded as:

2(n— B)

E[lZea)| < (1-2 22M2(1 Bln—1)
i k+1||21_( -+ 2PN (14 oS

)> T+ 2nb + 29°G2 + %Z. (D21)

Cx

For sufficient small 7 that satisfies

7 < min <1’ 2M?(1+42(n — B)/(B(n —1))) >7

there are only two cases we need to take into account:
If C'\ <0, then from (D.21) we have

E[|Zxs13] < 20+ 20°G? + Q%d < Z(b +G? + g) (D.22)

If 0 < Cy < 1, then iterate (D.21) and we have

b +1PG” + % 2 d
BllZenlf < 1zl + — T <2 (hra e ). @)
nm —n*M (1 + B(n—l))

Combining (D.22) and (D.23), we have

B[l Zis 3] < 2(1 i ;) <b+ 267 g)

Thus we show that when E[|| Z;||3],j = 1,...,k are bounded, E[||Z)1||3] is also bounded. By
mathematical induction we complete the proof. [

D.6 Proof of Lemma C.7
Proof. We have the following equation according to the update of GLD in (2.1),

2

)
=Eexp <|Xk —VF.(X3)[5 + \/?ka —nVE,(Xy), ex) + 2617”61@%)-
(D.24)

2
Blexp (1Xe1 1] = Bewp (| X - 09 7(X0) + 1 F e
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Let H(x) = exp(|x||3), we have E[H(X}11)] = Ex,[E[H(X}11)|X%]]. Thus we can first
compute the conditional expectation on the R.H.S of (D.24) given X}, then compute the expectation
with respect to Xj. Note that €, follows standard multivariate normal distribution, i.e., €5 ~
N(0,I;%xq4). Then it can be shown that

E[exp (\/?O(k —nVE,(Xk), ex) + QﬂnekH%) ‘Xk}

:W (ﬂ X, - nVFn<Xk>||§)
—4an

holds as long as 8 > 47. Plugging the above equation into (D.24), we have

1
EH(Xk41)] = U_T/ﬁ)d/gﬂixk {GXP (

Note that by Assumption 3.2 and Lemma D.1 we have

LI R GE) 29

Ex, exp (5 54 | Xr —nVE, (X )||§>

= B, 0xp (52 (X8 — 200X, VF (X)) + 2V (XIB) )

p
< Bax, 0 ( 52 (Il = 20 X8 - )+ 20 01| X B + 62)
=Ex, exp (B in (1 = 2nm + 20° M?)[| Xy |13 + 2bn + 277202)).

Consider sufficiently small n such that n < m/M?. Then for 3 satisfying f > max{2/(m —
M?n),4n}, we have B(1 — 2nm + 292 M?) /(B — 4n) < 1. Therefore, the above expectation can be
upper bounded by

( 2nB(b +nG?)
exp| ———=

X —nVE,(X)|?) <
1%, - a9V (X)) < b

Ex, exp ( )E[H(Xk)].

5
B —4n

Substituting the above inequality into (D.25), it follows that

B (X)) € e (220 Y x,)
2n(8b + nBG* + d)
< oxp (2L D N x,)

where we used the fact that log(1/(1 — z)) < z/(1 — z) for 0 < z < 1 and that

o 1 _d 1 _ 2dn/B_ 2d
N\ —ay/pa2) 28\ T—ay/B) = T—4y/8 ~ B—an

Then we are able to show by induction that

2kn(Bb + nBG? + d)
B —4n

E[H (X)) < exp < )E[H(HXOQM,

which immediately implies that

2
2806+ G )+2dkn

log Elexp(1 X )] < X0l + 222575k

where we assume that < 1 and 8 > 4n.
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D.7 Proof of Lemma C.10

Proof. Since by Algorithm 3 we have V. = (1/B) Y2, ;. (Vi (Z1)—V f;,(Z)+VF,(Z1)),
therefore,
2
E[||V), — VE,(Z)]3] H (Vir(Zk) = Vi, (Z®) + VEL(Z®) — VF,(Zy))

S

2

Letw; = VF,(Z) = VE(Z9) = (V1. (Z) = Vi, (ZD)).

2

1
= ﬁlE Z w;(x) "uy(x) + EE”ui(X)H%
2 1 X

Bn(n—1) =
~ B-1 AT B B-1 _ 9, 1 _ 9
= BT Zﬁmm 0 ) = g B0 3 + Bl o)1
n— B
= 7E D.2
where the last equality is due to the fact that 1/n >, u;(x) = 0. Therefore, we have
= n—B
E[|Vi — VE.(Z1)]3] < W)EHWHE
n—B - =
= mEHVﬁk(Zk) = Vi (2) —EIV fi,(Z) = V fi.(2)]]3
n— B =9
< )
Mz(n* B) 7112
< mEnzk — Z|l3, (D.27)

where the second inequality holds due to the fact that E[||x — E[x]||3] < E[||x||3] and the last
inequality follows from Assumption 3.1. This completes the proof. [

E Proof of Auxiliary Lemmas in Appendix D
E.1 Proof of Lemma D.1
Proof. By Assumption 3.2 we obtain
(x*, VF,(x")) = m|x*3 - .

Note that x* is the minimizer for F;,, which implies that VF},(x*) = 0 and threfore ||x*||2 < b/m.
By Assumption 3.1 we further have

. . i bM
IVl < IVAiG)lz + Mx = x|l < Vi) l2 + = + M2

The proof is completed by setting G = max;—1. o {||Vfi(x*)||2} + dM/m. O
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