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NEW ERROR BOUNDS FOR LAPLACE APPROXIMATION VIA
STEIN’S METHOD

ROBERT E. GAUNT®

Abstract. We use Stein’s method to obtain explicit bounds on the rate of convergence for the Laplace
approximation of two different sums of independent random variables; one being a random sum of
mean zero random variables and the other being a deterministic sum of mean zero random variables
in which the normalisation sequence is random. We make technical advances to the framework of Pike
and Ren [ALEA Lat. Am. J. Probab. Math. Stat. 11 (2014) 571-587] for Stein’s method for Laplace
approximation, which allows us to give bounds in the Kolmogorov and Wasserstein metrics. Under
the additional assumption of vanishing third moments, we obtain faster convergence rates in smooth
test function metrics. As part of the derivation of our bounds for the Laplace approximation for the
deterministic sum, we obtain new bounds for the solution, and its first two derivatives, of the Rayleigh
Stein equation.
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1. INTRODUCTION

The central limit theorem states that for a sequence of independent and identically distribution (i.i.d.) ran-
dom variables, X1, X, ..., with zero mean and variance o2 € (0, ), the standardised sum W,, = ﬁ Z?:l X;
convergences in distribution to the standard normal distribution, as n — co. By modifying the sum W,, appro-
priately such that either the number of terms in the sum is random or the normalisation is random we can
instead naturally arrive at an asymptotic Laplace distribution. Studying the rate of convergence to the Laplace
distribution in these two settings, via Stein’s method, is the subject of this paper.

More precisely, consider the Laplace distribution with parameters a € R and b € (0,00) with probability
density function

1 oo
- s eRr (1.1)

fW(CU): %e )

If a random variable W has density (1.1), then we write W ~ Laplace(a, b). It is readily checked that E[W] = a
and Var(W) = 2b2. For a comprehensive account of the properties and applications of the Laplace distribution,
see [28].
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The first limit theorem we consider concerns geometric sums, which arise in a variety of settings [26]. Let
X1, Xs, ... be asequence of i.i.d. random variables with zero mean and variance o2 € (0, 00) and let N, ~ Geo(p)
be independent of the X; with probability mass function P(N, = k) = p(1—p)*~1, k=1,2,...,0 < p < 1. Then,
with an obvious abuse of notation,

g

V2

Np
S, = \/ﬁZXZ —4 Laplace(0, —=), p — 0.
i=1

This result is proved under the stronger assumption of symmetric X; in [28], whilst weaker Lindeberg-type
conditions for the existence of the distributional limit are given by [47].

The second limit theorem considered in this paper concerns the case in which the sum Z?Zl X; is normalised
by a random variable. Let B,, be a beta random variable with parameters 1 and n > 1 and probability density
function

e, (@) =n(1l—2)""' O0<z<l.

We write B,, ~ Beta(1,n). As in the first limit theorem, let X7, X5, ... be a sequence of i.i.d. random variables
with zero mean and variance o2 € (0,00). For n > 2, let B,,_1 ~ Beta(1,n — 1) be independent of the X;. Then,
Proposition 2.2.12 of [28] states that

T, = B}L/_Ql ZXi —q Laplace(0, U n — 0o.

2 75

For characterisations of the Laplace distribution involving the random variables S, and T;,, see [25, 33, 34],
respectively.

In this paper, we give explicit bounds on the distance, with respect to certain probability metrics, between the
distributions of S, and 7T}, and their limiting Laplace distributions via Stein’s method, a powerful probabilistic
technique that was introduced in 1972 by Charles Stein [45] for normal approximation. For a given target
distribution ¢, the first step in Stein’s method is to find a suitable operator A acting on a class of functions F
such that E[Af(Y)] = 0 for all f € F if and only if the random variable Y has distribution ¢. For the N (u,o?)
distribution, the classical Stein operator is Af(z) = o?f'(x) — (x — p) f(z). This leads to the Stein equation

Afn(x) = h(z) — E[h(Y)], (1.2)

where the test function h is real-valued. The second step is to solve (1.2) for f; (for which we require f}, € F)
and obtain suitable bounds for the solution. Finally, to approximate the distribution of a random variable of
interest W by the target distribution ¢, one may evaluate both sides of (1.2) at W, take expectations, absolute
values, and suprema of both sides over a class of functions H to obtain

du(W)Y) := sup |E[R(W)] = E[R(Y)]] = sup [E[Afn(W)]].

This is of interest because many important probability metrics are of the form dy (W,Y’), and in many settings
bounding the expectation E[A f,(W)] is relatively tractable. In particular, taking

Hx ={1(- < 2) |z € R},
Hw = {h: R — R|h is Lipschitz, ||r'| < 1},
Hpw = {h: R — R|h is Lipschitz, ||h]| <1 and ||A| < 1},
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Hy = {h: R — R| R is Lipschitz, ||h"| <1},
Hi2={h:R — R|A is Lipschitz, ||| <1 and ||n"| <1}

gives the Kolmogorov, Wasserstein and bounded Wasserstein distances, which we denote by dk, dw and dpw,
respectively, as well as two smooth test function metrics, which we denote by dy and d; 2, respectively. (Here and
throughout the paper ||g|| := ||g]|cc = Sup,er |9(x)].) The dy and d; » and similar smooth test function metrics
are often found in applications of Stein’s method in which ‘fast’ convergence rates are sought, see, for example,
3, 13, 21, 23].

Stein’s method was adapted to the Laplace distribution by [38] (a number of their contributions are outlined in
Sect. 2), and as an application they derived an explicit bound on the bounded Wasserstein distance between the
distribution of \S), and its limiting Laplace distribution. Their approach, which involves the introduction of the
so-called centered equilibrium transformation for Laplace approximation, mirrored that of [35], who used Stein’s
method for exponential approximation to give explicit bounds on the rate of convergence in a generalisation of a
well-known result of Rényi [40] concerning the convergence of geometric sums of positive random variables to the
exponential distribution. In this paper, we make technical improvements on the work of [38] (through Lem. 2.1
and Thm. 2.5) that allow for their framework of Laplace approximation by Stein’s method to yield optimal
order Kolmogorov and Wasserstein distance bounds, as well as faster convergence rates in the do distance. As
an application we are able to obtain the following theorem.

Theorem 1.1. Suppose X1, Xa, ... is a sequence of independent random variables with E[X;] = 0 and E[X?] =
02 € (0,00). Let N, ~ Geo(p), 0 < p < 1, be independent of the X;. Define S, = \/]52?7:”1 X; and let Z ~
Laplace( , f) Then

dk (sp,Z)<f( +\F)‘[supF— Feil. (1.3)
Suppose additionally that p3 = sup;>; E[|X;]?] < oo. Then

w(S,, Z) < 20\/;3(1 + 33) (1.4)

Let k > 1. Suppose that pyy2 = Sup;>; E[|X;|*+2] < co. Then

Pk 2pk+2 GFD
Sy, Z) <11.56 - QT (2p) 7D . 1.5
( D> ) + ( p) ( + (k+1)(k+2)0’k+2) ( )

Finally, suppose that X1, Xo, ... are identically distributed and that E[X}] = 0, E[X{] < co. Then

_ 4 o B
dg(sp,Z)gfpﬁ_i+Eé§ﬂ M@l(f(_lf)’) <2+E“;§”>} (1.6)

Remark 1.2. The dependence on p in (1.5) is worse than in (1.3), but the bound may be preferable if

SUP;>1 ||F)}1 - F );;H is difficult to compute or large. Note, though, that as k increases the exponent %

of p in (1.5) approaches the exponent % of (1.3).

We are also able to obtain a similar theorem for the deterministic sum T,:
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Theorem 1.3. Let n > 2 and suppose that Xi,...,X, are independent random variables with E[X;] = 0,
E[X?] = 02 € (0,00) and E[|X;|?] < oo, for all 1 <i < n. Then

n—2
0.5600 2
di(Tn, 2) < — 3/2ZE|X| (1+2(1—n> )

and

dw (T, Z) <

2v/20 «— ( |X| ]) N 9.1680

_33/2 n

In addition to the above assumptions, suppose that E[X?] =0 and E[X}] < oo, for all 1 <i <n. Then

2 n EX4 .1
d2(Tn, 2) < 7 (1+ [ Z])+9 650
n “ o

n

Written in the notation of Theorem 1.1, the bounded Wasserstein distance bound of [38] reads dpw (Sp, Z) <
U\/]S(l + %) (1 + ;%) We see that in addition to being given in a stronger metric, the Wasserstein distance

bound (1.4) of Theorem 1.1 has a better dependence on ¢ (the bound of [38] has an extra factor of (1 + 26—‘/5)
meaning that the bound has a worse dependence on o if o is ‘small’) and a smaller numerical constant if
o < 2v/2 (the bound of [38] has the smaller numerical constant if o > 2v/2). The bound (1.4) also improves on
the recent Wasserstein distance bound given in Theorem 5.10 of [18], in which Laplace approximations were
obtained as part of a more general work on variance-gamma approximation. By working in a specialist Laplace
framework, it is no surprise that we outperform the results of [18], and our Kolmogorov distance bound (1.3) is
also an improvement on the analogous bound in Theorem 5.10 of that work. The O(p) bound (1.6) is the first
faster than O(p'/?) bound for the random sum S, in the literature. The faster convergence rate is a result of
the vanishing third moment assumption, and as such complements a number of other ‘matching moments’ limit
theorems that are found in the Stein’s method literature, see, for example, [5, 13, 16, 19, 22, 29]. Theorem 1.3
gives the first bounds in the literature on the rate of convergence of the deterministic sum 7;, to its asymptotic
Laplace distribution. Again, under the assumption of vanishing third moments, we obtain a faster convergence
rate. As part of our proof of the theorem, we obtain the first bounds in the literature for the solution, and its
first two derivatives, of the Rayleigh Stein equation, which may be useful in future applications.

The rest of the paper is organised as follows. In Section 2, we obtain new bounds for the solution of the
Laplace Stein equation (Lem. 2.1) and give general bounds for Laplace approximation involving the centered
equilibrium distribution (Thm. 2.5). In Sections 3 and 4, we prove Theorems 1.1 and 1.3, respectively. In
Section 5, we obtain new bounds for the solution of the Rayleigh Stein equation that are used in the proof of
Theorem 1.3.

2. STEIN’S METHOD FOR THE LAPLACE DISTRIBUTION

In this section, we recall some of the theory developed by [38] for Stein’s method for Laplace approximation
and make some technical improvements that allow their framework for Laplace approximation to be applied in
the Kolmogorov and Wasserstein metrics, as well as the dy metric when faster convergence rates are sought. We
begin by recalling the following characterisation of the Laplace distribution ([38], Thm. 1.1).

Let W be a real-valued random variable. Then W follows the Laplace(0, b) distribution if and only if

E[b*f"(W) = f(W) + f(0)] =0 (2.1)
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for all f: R — R such that f and f’ are locally absolutely continuous and E|f'(Z)| < co and E|f"(Z)] < oo,
for Z ~ Laplace(0, b). Based on this characterisation, [38] were led to the initial value problem

b2 f"(x) = f(x) = h(z), f(0)=0, (2.2)

where h(x) = h(x) — E[h(Z)], Z ~ Laplace(0, b).
At this point it is worth noting that an alternative Stein equation for the Laplace(0,b) distribution is given
by

Vo f (x) + 20%f (z) — xf(x) = h(x), (2.3)

which is a special case of the variance-gamma Stein equation of [15] (it is noted in Proposition 1.2 of [15]
that the Laplace distribution is a special case of the variance-gamma distribution). A framework for variance-
gamma approximation by Stein’s method in the Kolmogorov and Wasserstein metrics was developed by [18],
and a special case of this general framework gives a framework for Laplace approximation. However, the Stein
equation (2.3) is more difficult to work with than (2.2) and it is therefore not surprising that all the comparable
results for Laplace approximation obtained in this paper outperform those of [18]. We also remark that another
Stein characterisation of the Laplace distribution is given by [1], as a special case of a general characterisation
concerning infinitely divisible distributions, although the quantitative limit theorems derived in their work are
quite different to ours.
Let us now focus on the initial value problem (2.2). The solution

Fa) = 21b<ef/b / T () dt 4 e / " e dt) (2.4)

— 00

was obtained by [38], as well as bounds for f and its first three derivatives. In the following lemma, we improve
on Lemma 2.2 of [38] by obtaining bounds for f and its derivatives (of arbitrary order) that have smaller
constants and hold for a larger class of functions. The latter improvement is crucial in enabling us to later
obtain Kolmogorov and Wasserstein distance bounds for Laplace approximation.

Lemma 2.1. Let h: R = R be a measurable function with E|h(Z)| < oo, where Z ~ Laplace(0,b). Let f be
the solution (2.4) to the Stein equation (2.2). If h is bounded, then this is the unique bounded solution to (2.2).
Moreover, the solution f and its first two derivatives satisfy the bounds

A T TR P =) (25)
Suppose that h is Lipschitz. Then
[f@) < @b+ [zDM]l, = €R,
Now suppose that h®) is Lipschitz, where h(®) = h. Then, for k >0,

1 2
7D < ROV, FOAD) < AEE, ) < S nt), (26)

Proof. 1t is easily verified that there is at most one bounded solution to (2.2). Suppose that u and v are solutions

0 (2.2). Then w = u — v satisfies w(0) = 0 and solves the differential equation b?w” (x) — w(z) = 0, the general
solution to which is given by w(z) = Ae*/® + Be=*/*. For w(zx) to be bounded for all z € R, we must take
A = B =0, from which we conclude that w = 0, so that u = v.
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Now we establish the bounds in (2.5). Suppose h is bounded. We first note that, for all z € R,

o0 o0
ew/b/w et/PR(1) dt‘ < ||B\|ew/b/x et/ dt — bl|i,
and
’e-z/b /_I o!/Vh(t) dt‘ < |[hfje—=r? /_ !/t dt = b||i|.
Applying these inequalities into (2.4) gives the bound
IfIF < %b(bH’NlH +0[[All) = |IA]. (2.7)
Differentiating both sides of (2.4) gives that

f(z) = ;}(iew/b / e /Ph(t)dt — %e_“’/b / et/ h(t) dt), (2.8)

and so
! 1 7
11 < ;(Ilhll +Al) = *IIhH-

From (2.2) and formula (2.4) we have that, for all z € R,

1
[f"(2)] = z72| (@) + f(2)]
b%fz() 2})3 (ew/b / et /Ph(t) dt + e /b / e”%(t)dt)‘
1 - - 2 .
7llhll t 5 (thII +b||hll) = pz Il

Now we suppose that h is Lipschitz. We shall now prove the non-uniform bound for |f(z)[. By the mean
value theorem, |h(z)| < ||h'||(|z| + E|Z|), where Z ~ Laplace(0,b). Note that E|Z| = b. Also, in anticipation of
bounding |f(z)| we note two integral inequalities: for A > 0 and = € R,

. 2 . 2
e/\”“/ o™ d < = (14 ). e_)‘l/ e dt < o5 (1+ Alz).

— 0o
We verify the first inequality; the second inequality is proved similarly. For x > 0,

T > — 1
e’\/x e dt = 5 (14 )

and, for z < 0,

[o%¢) 0 o3}
e”/ t|e_’\tdt=e)"”(—/ te_’\tdt—i—/ te_’\tdt)
T x 0
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1 e 1
= F(2eA —1-Az) < (1= Az).

Putting all of the above together, we obtain, for = € R,

IN

!/ oo x
|f ()| ”;b”(ex/b/ e*t/”(|t|+b)dt+e*z/b/ et/b(t|+b)dt>

— 00

IN

1 2 M 2) _ /
55 <2b (1+ 5 ) +20% ) = ||W]](2b + |z|).

Finally, we prove the uniform bounds. We note that applying integration by parts to (2.8) gives that

f/(x) 1 {2693/17 [be—w/bﬁ(x) +b/oo e—t/bh/(t) dt:|

2
- %eﬂ”/b [bez/bﬁ(x) —b / et/Ph (1) dt”
— 21b<ef/b/ e R/ () dt+e*z/b/ et/Ph/(t) dt).

We recognise this representation of f’(z) as being the same as the representation (2.4) of f(x), with h(t)
replaced by A’(t), and so we can immediately deduce the bounds in (2.6) for ||f’[|, ||f”|| and || f®]||. Repeating
the procedure inductively yields the bounds for ||f*+V, || f#+2)|| and ||f*+3)|, & > 0. O

The following distributional transformation, introduced by [38], is very natural in the context of Stein’s
method for Laplace approximation. Let W have mean zero and non-zero finite variance. Then we say that the
random variable W has the centered equilibrium distribution with respect to W if

ELf(W)] - f(0) = SEWE[f" (W) (29)

for all twice differentiable f : R — R such that E|f(W)| < oo and E|W f/(W)| < co. Stronger conditions were
imposed on f by [38], but on examining the proof of their Theorem 3.2 it can be seen that the weaker conditions
presented here are sufficient to ensure W’ exists and is unique. We also refer the reader to [7] for a generalisa-
tion of (2.9) to all random variables W with finite second moment, and we note that the centered equilibrium
distribution is itself the Laplace analogue of the equilibrium distribution that is used in Stein’s method for expo-
nential approximation by [35]. Some useful properties of the centered equilibrium transformation are collected
in Section 3 of [38] and Proposition 4.6 of [18]. In the sequel, the following moment relations will be important:
assuming E[W?] = 2b?, we have that, for r > 0,

]E[WN'Q}

E[WH|"] = R j}fq%i 2])172 . (2.10)

E[(WF)] =
The formulas in (2.10) are obtained by substituting fi(w) = w™*?2 and fo(w) = |w|"*2, respectively, into (2.9)
and using that E[W?] = 2b2.

Theorem 2.5 below gives general bounds for Laplace approximation involving the centered equilibrium trans-
formation. Bounds (2.15)—(2.19) of the theorem are the Laplace analogues of the bounds of Theorem 2.1 of [35],
which give Kolmogorov and Wasserstein distance bounds in terms the absolute difference between a random
variable W and its W-equilibrium transformation. We additionally provide a bound in the weaker d; metric,
which is used to obtain the O(p~!) bound (1.6) of Theorem 1.1. We mostly follow the approach of [35], but the
approach used to obtain the dy metric bound is similar to that used by ([22], Thm. 3.1) to prove an analogous



332 R.E. GAUNT

bound for the zero bias transformation. We begin by stating three lemmas. The proofs of Lemmas 2.2 and 2.4 are
simple and hence omitted, and the proof of Lemma 2.3 follows immediately from the estimates of Lemma 2.1.

Lemma 2.2. Let Z ~ Laplace(0,b). Then, for any random variable W,

Pla <W < f) < 52_1)0‘ + 2dx (W, Z). (2.11)
Lemma 2.3. For any a € R and any € > 0, define
hae(z) :=¢! / 1(z+ s <a)ds. (2.12)
0

Let f,.. be the solution (2.4) with test function hge. Let hgo(z) = 1(x < a) and define f,0 accordingly. Then

[ faell <1, (2.13)
1

Ifall < 3 (2.14)
2

Ifaell < 55

Lemma 2.4. Let W be a real-valued random variable and let Z ~ Laplace(0,b). Then, for any € > 0,

dxc(W, Z) < 5o+ sup [Elha, (W)] = Elha(2)]]
a€R

with hq e defined as in Lemma 2.5.

Theorem 2.5. Let W be random variable with zero mean and variance 2b* € (0,00), and let WL have the
W -centered equilibrium distribution. Then, for any 8 > 0,

dx(W, Z) < WH(H\E)PQW—WL > B), (2.15)
dx(Wt, 7z) < §+2P(|W—WL| > f). (2.16)

Suppose further that E[|[W|3] < co. Then

dw(W, Z) < 2E|W — Wk, (2.17)
dw(Wt, 2) <E|W — W, (2.18)
1
dx(Wt,z) < g]E\W—WL\. (2.19)
Suppose now that E[W*] < co. Then
do(W, Z) < bE[[E[W — WE | W][] +E[(W — W)?]. (2.20)

Remark 2.6. Analogues of inequalities (2.15)—(2.19) for variance-gamma approximation were given in Theorem
4.10 of [18], which as special cases give bounds for Laplace approximation in terms of the centered equilibrium
distribution. In all cases, our bounds improve on the bounds of [18].
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Proof. For ease of notation, we let k = di (W, Z). We also let A := W — WL and I := 1(|]A| < ). Let f be the
solution of the Laplace(0, b) Stein equation with test function hg ¢, as given in (2.12). Note that the expectation
E[f”(WT)] is well defined, since ||f”| < oo (see Lem. 2.3). By the Laplace Stein equation (2.2), we have

E[h(W)] - E[M(Z)] = E[b* /" (W) — f(W)]
= VE[L(f"(W) = f" (W) + E[(1L = L)(f" (W) = f"(WF))]

=: Jl + JQ.
Using the bound (2.13) we have
2| = [E[(L = L) (f(W) = FWE) + ha,e(W) = ha,e(W5))|
= [E[(1 = L) (f(W) = F(WE) + ha (W) = ha (W5))]]

< @A+ DB(A] > 5)
< 3P(|A[ > B).

We also have
—-A
Ji :E[h/ V2 FO(W +t) dt]
0
—-A
:E[Il/ {fW+t)—e"L(a—e<W+t<a)}dt
0

0
< IF IEILA| + 6—1/ Pla—e<W +1t<a)dt
-B

BB _ 36
S5t op T2 R= o

2 —1
i + 23

where we used inequality (2.14) and Lemma 2.2 to obtain the last inequality. By a similar argument,

36 1,
Jp>——=-2
1 T

and so we conclude that

3
Jl S 7/6 =+ 266_1/€.
2b

We now apply Lemma 2.4 and take the convenient choice e = 13, n > 2, to obtain

36+ €
2b

28t = 3B(A| > g) + CTME L 26

k< 3P(|A] > B) + 22C e

which on rearranging yields

(3n+n°)B

2] (2.21)

3n
H<n7 (1Al > 8) +

Choosing 7 = 2 4+ /10 minimises the second term in (2.21) and yields the bound (2.15). We elected to min-
imise the second term because in some applications the first term vanishes; as an example, see the proof of
inequality (3.2).
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Now we prove inequality (2.16). We have

E[p*f"(WF) = f(WE)] = E[f(W) - f(W")]
= E[L(f(W) = fF(WE)] +E[(1 = L) (F(W) = fF(WE))].

By the mean value theorem, applying the triangle inequality and then using the bounds (2.13) and (2.14) we
obtain

E f"(WE) — fW5)] < [IFIIEILA|+ 2] fIP(A] > 5)

<=~ +2P(|A] > B),

yielding inequality (2.16).
Now suppose that E[|[W 3] < co. By the absolute moment relation (2.10), this assumption guarantees that
E|WL| < co. Let h € Hyw. We have

[E[R(W)] — E[A(Z)]| = [E[b*f" (W) — fF(W)]| = B2[E[f" (W) — f"(W5)]]
<V fOEIW — WE| < 2E[W — W,

where we used the bound || f®)|| < #Z|I1'|| of Lemma 2.1 in the final step. This proves inequality (2.17). Also,

B[ f" (W) = fWH)]| = [Ef(W) —Ef(WF)|
< |IfIEW — W (2.22)

Using inequality || f|| < ||#']| of Lemma 2.1 to (2.22) gives (2.18). Suppose now that h € Hk. Then using the
bound ||f']| < %HEH gives us (2.19).

Finally, let h € Hs. Suppose that E[WW*] < oo, which, by the moment relation (2.10), ensures that E[(W£)2?] <
00. By Taylor expansion we have

B (W) — SOV = BRIELF (W) — /(W)
< BB OW) - W[+ 2 O B — W)
:ﬁmmwme—Wme+%mWWMZW%ﬂ

2
< PIFONEEW — W W] + %Hf(‘*)H]E[(W - W2l

Applying the bounds [|f®)|| < #||n”|| and | f*|| < Z||h”| from Lemma 2.1 then yields the bound (2.20), as
required. O

Corollary 2.7. Let k > 1 and suppose that E[|W|**2] < co. Then

1/(k+1

dx(W, Z) < 11.56( 7
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Proof. Applying Markov’s inequality to (2.15) gives

(7/2+V10)8 2\ E[[W — Wh*]

whence on setting 8 = (BE[|W — WE[F])1/(F+1) we obtain (2.23). O

3. PROOF OF THEOREM 1.1

We begin by proving the following general theorem, which improves on Theorem 4.4 of [38] and Theorem 5.9
of [18]. The improvement comes from smaller constants than in both of those theorems and by giving the bounds
in metrics stronger than the bounded Wasserstein metric bounds of [38]. Very recently, [37] have obtained an
optimal order Wasserstein distance bound for a multivariate generalisation of the following theorem. In their
result X7, Xo,... arei.i.d. random vectors, the limiting distribution is a centered multivariate symmetric Laplace
distribution (see [28]) and an explicit constant is not given in their bound.

Theorem 3.1. Suppose that X1,Xo,... is a sequence of independent random variables, with E[X;] = 0
and E[X?] = 0% € (0,00). Let N be a positive, integer-valued random variable with finite mean u, which

is independent of the X;. Define o2 = %E[(Zil Xi)2] = %E[Zi\; 0’?]. Also, let M be a random variable
satisfying

2

g
P(M = = —"P(N > =1,2,....
(M=m)= 75PN >m), m=12

Define W, = ﬁ Zfil X, and let Z ~ Laplace(0, %) Then
dw (W, Z) < 20~ Y2 {E| Xy — X |+ sup o, B[|N — M|3]}. (3.1)
i>1

Now suppose that | X;| < C for all i and [N — M| < K. Then we have

V2(7/2 +/10)
aVh

and if K =0 the bound also holds for unbounded X;.

dx(W,, Z) < {Sr;llf |Fx! = Fhll + OK}, (3.2)

Proof. It was shown in the proof of Theorem 4.4 of [38] that W = pm (M X+ XE). We take XE to
be independent of M, N, and X}, for all k. Therefore

NVM
W —Ww, = u“{(xﬂz — X)) +sgn(M — N) Z X}
i=(MAN)+1

Substituting into (2.17) and bounding E’ Zig%ANHl Xi‘ < sup;s; o E[|N — M|/?] (see the proof of Theorem
4.4 of [38]) gives us (3.1). Recall from (2.15) that

(7/2 ++/10)3 N 15+ 3\/EP

dg(W,,7Z) <
K( l“)f b 5

(W, =Wy > B). (3-3)
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On setting 8 = p~'/2{sup;>, [|Fx' — Fx1|l + CK}, and using Strassen’s theorem we deduce (3.2) from (3.3)

[od

(recalling that b = ﬁ) The assertion after inequality (3.2) follows similarly. O

Proof of Theorem 1.1. To ease notation, in this proof we drop the subscripts from S, and NV,. As noted by
[38], the assumptions imposed on N and the X; imply that £(M) = L(N), meaning that we can take M = N.
Inequality (1.3) now follows from inequality (3.2). To prove inequality (1.4), we note the following simple
inequality (see [38])

E[| X;|?] p3

o+ —

E| Xy — X§| < supE|Xi| + sup E|XF| = supEIX| + sup i) < o4 22
i>1 i>1 i>1 i>1 30 3o

where in the final step the Cauchy-Schwarz inequality was applied. We are now able to obtain (1.4) from (3.1).

To prove inequality (1.5), we apply inequality (2.23) of Corollary 2.7. We use the assumption that
sup,~; E[X""2] < oo, the moment relation (2.10) and the simple inequality |a + b]" < 2"(|a|” + [b]"), r > 1,
to obtain the bound

B[S — §*] = p/?E[| Xy — X§[*
< 2+ LM (B Xy ) + B X 1)

_ 2pk+2
< 9k=1,k/2 _ PR+2 ) 4
=2 P\ G D)k +2)00 (34)

Substituting into (2.23) then yields inequality (1.5).
We end by establishing inequality (1.6). We now assume that X;, Xo,... are identically distributed with

E[X?] = 0 and E[X}] < oo. We prove inequality (1.6) by applying inequality (2.20) of Theorem 2.5. We proceed
similarly to we did in obtaining (3.4), but this time use the independence of X and X% to obtain

B{(S - 8°)7) = pEICy — X§)7) = R + B{x)) = (o + ZEH). (35)

We now bound E[[E[S — S| S]|]. We have
E[S - S*|S] = VPE[XN — X§ | S] = VB(E[XN | S] - E[XF]),

as Xk and S are independent. Also, due to the assumption that E[X?] = 0 for all i > 1, we have, by (2.10),

that E[X%] = =5 E[X3] = 0. By the tower property of conditional expectation we then have

302
E[S — §"|S] = VPE[E[Xx |S, N] | ]
of3 1]
where we used that because the X; are i.i.d., and therefore exchangeable, E[Xy | S, N] = S/(/pN). Therefore

E[[E[S — S* | S]] = EHE[}?; ’S] H

<=[e[¥ 15
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S
[' ] Z (3.6)
Taking h(z) = |z| in inequality (4.4) (note that h € Hw) gives the inequality
L o (o EIX:[
—E|>" x| - <7 (24 =12t
‘ vn i=1 z 7= \/ﬁ< * o3
(see [4] for a similar bound), and on applying this inequality to (3.6) we obtain the bound
2 E[| X3
E[[E[S — S¥|9]]) < \/ ZoE[N~2] + \/po (2 + H;l])E[N_l]. (3.7)
™ o

The expectation E[N 1] is easily evaluated:

nt plog(1/p)

:ip(l—p) _
= n 1—p

We can bound E[N -1/ 2] through an application of the integral test:

1 - 1/2 S “ (1 -p)* o > exp(xlog(l —p))
B = R < [ B - [

/ —t2/2 /
—log (1-— / di = log 1 — \/7

where we used the standard inequality log(1 4+ x) < z, for z > —1, in the last step. Plugging the estimates for
E[N~'/2] and E[N~'] into (3.7) then yields the bound

2 3/21og(1 E[| X3
1—p 1—-p o
Finally, inserting (3.5) and inequality (3.8) into (2.20) yields the desired bound. O

4. PROOF OF THEOREM 1.3

Let Z ~ Laplace(0, %) and recall that T,, = Bl/2 7, Xi, where the Xy, ..., X, are independent random

variables with zero mean and variance o2 € (0,00). Then we have the representations

Tn =d UnVn»
Z =q UV,

where U, = \/nB,_1, Vi, f >" , Xi, U follows the Rayleigh distribution with density function fy(z) =

2re~ ;2> 0,and V ~ N(0,0?) are mutually independent random variables. This representation of the Laplace

distribution is given in ([28], Prop. 2.2.1). In the limit n — oo, U,, converges in distribution to U, and, by
the central limit theorem, V;, converges in distribution to V. Indeed, P(U, < u) =1 — (1 —u?/n)""!, u €

(0, +/n), which converges to 1 — e v as n — co. We prove Theorem 1.3 by obtaining explicit bounds on the
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distance between the distributions of U, and U and the distributions of V,, and V with respect to suitable
probability metrics and then combine these bounds to bound the distance between £(T},) and the Laplace(0, %)
distribution. We combine these bounds through the following lemma.

Lemma 4.1. Let Y1,Y5, Z1, Zy be real-valued random variables. Then

dx(Y121,Y223) < dx(V1,Y2) + dx(Z1, Z2),

dw(Y121,Y222) < E|Z1|dw (Y1, Yz) + E|Yaldw(Z1, Z2),

d12(Y121,Y2Z5) < E|Z1|dw (Y1, Ya) + E[Y3|do (21, Zo), (4.1)
where each inequality holds provided the expectations in the the right-hand side of the inequality exist.

Proof. We prove the bound for d; 2; the bounds for dx and dvw are obtained through similar and slightly simpler
arguments. Let h € H; 2. Then, by the triangle inequality and conditioning,

[E[r(Y1Z1)] — E[h(Y222)]]

< [E[r(Y1Z1)] = E[n(Y221)]| + [E[R(Y221)] — E[h(Y22Z2)]|

= [E[E[r(Y1Z1) — h(Y2Z1)]| Z1]]| + |E[E[R(Y221) — h(Y2Z2)] | Y2]]|

<E[E[R(Y121) — M(Y2Z1)]| Z1][] + E[|[E[R(Y2Z1) — h(Y2Z2)] | Ya]. (4.2)

Now, for a € R\ {0} and real-valued random variables X and Y we have that

[E[h(aX)] - E[h(aY)]] < dw(aX,a¥) = adw (X, Y),
[E[h(aX)] — E[h(aY)]] < da(aX,aY) = a?da(X, Y),

since H1,2 C Hw and Hi 2 C Ho. Applying these inequalities to (4.2) we obtain that, for h € H; o,

[E[h(Y121)] — E[h(Y2Zs)]| < B[|Z1dw (Y1, Y2)[] + B[ Y5 da(Z1, Z5))
= E|Z1|dw (Y1, Y2) + E[YS']d2(Z1, Z2) (4.3)
The bound (4.3) holds for all h € Hi 2, and as dy 2(Y121,Y2Z2) = supey, , [E[R(Y121)] — E[h(Y2Z5)]| it follows
that inequality (4.1) holds. ' O

There is a vast literature on bounds for dy(V,,, V). We will make use of three bounds from the literature for
the cases Hk, Hw and Ho.

Theorem 4.2 (Shevtsova [43]). Let Xi,..., X, be independent random variables with E[X;] = 0, Var(X;) =
0?2 € (0,00) and E[| X;|*] < oo, for all 1 <i < n. Denote V,, = ﬁ S Xi and let V.~ N(0,0?). Then

Co <
dx(Va, V) < — 575 Y E[1X:]%,
=1

where Cy = 0.5600.

Theorem 4.3 (Reinert [39]). Under the same assumptions as Theorem 4.2, we have that, for h € Hy,

g i 13
A1) ~ BV < 157 3 (2 ; ]E[|X3|]) | (1.4)

a
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Consequently,

g

g ~ i3
w(Va,V) < —75 ; (2 + E“‘X;' ]). (4.5)

Theorem 4.4 (Gaunt [16]). Let Xi,...,X,, be independent random variables with E[X;] = 0, Var(X;) = 02 €
(0,00), E[X?] =0 and E[X}] < oo, for all 1 <i < n. Then

do(Vyp, V) < Zzn:( 304 ) (4.6)

Remark 4.5. The Berry-Esseen Theorem 4.2, with a larger constant Cy, was proved independently by Berry
[2] and Esseen [12] in the early 1940s, and since then several works have improved on the constant with the
best estimate of Cyp = 0.5600 due to [43]. For i.i.d. random variables Xi,...,X,, the constant improves to
Co = 0.4748 [44]. The assumption of bounded third absolute moments can also be reduced at the expense of
a slightly more complicated bound with bigger constants [14]. Theorem 4.3 is formulated slightly differently in
Theorem 2.1 of [39], but by re-scaling we obtain the bound (4.5). This is also the case for Theorem 4.4, and
we additionally obtain an improved constant in (4.6) by using the bound ||| < 2||h”|| (due to [5]) for the
solution of the standard normal Stein equation f”(z) — zf'(x) = h(z) — E[N], N ~ N(0,1), rather than the
bound || f®|| < 3||n"|| that was used in proof of Theorem 3.1 of [16].

As the Rayleigh distribution is a special case of the generalized gamma distribution, the following lemma
follows as a special case of Proposition 2.3 of [17].

Lemma 4.6. Let U denote a Rayleigh random variable with probability density function py(x) = 2xe_$2, x> 0.
Suppose that f : (0,00) — R is differentiable and such that E|U f'(U)| < oo, E|f(U)| < co and E|U?f(U)| < oco.
Then

E[Avf(U)] =

where Ay f(x) = zf'(z) + (2 — 222) f(z).

Lemma 4.7. Let U, = \/nB,,_1, where B,_1 ~ Beta(l,n — 1). Suppose that f : (0,/n) — R is differentiable
and such that E|U, f'(Uy,)| < oo, E|U3f'(Uy,)| < oo, E|f(Uy,)| < 0o and E|U2f(U,)| < co. Then

E[Av, f(Un)] = 0. (4.7)

where Ay, f(z) = 2(1 — 22 /n) f'(z) + (2 — 222) f ().

Proof. Define the operator T, by T,y(z) = xy'(x) + ry(z), r € R. In this notation, the classical Stein operator

)T
for the Beta(1,n — 1) distribution is given by Ap, _ 1y(az) = Tvy(x) — 2T,y(x) [6, 23]. Let On = Brl/_Ql and let
g: (0,1) = R by such that E|C,¢'(C,)| < oo, E|C2¢'(Cy) < o0, E|g(C,)| < oo and E|C2¢(C,)| < co. Then,

by equation (15) of [20],

(The conditions on g that are stated above are not specified in [20], but on examining their analysis one can
see that these conditions ensure that (4.8) holds.) That is

E[Ch(1—C2)g'(Crn) + (2n — 2nC2)g(Cy)] = 0. (4.9)
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We have that U,, =4 v/nC,, and on rescaling we deduce (4.7) from (4.9). O

In the following lemma, the bound (4.10) is proved purely for reasons of exposition, as an improved bound
will be stated in Remark 4.9. Proving both the Kolmogorov and Wasserstein distance bounds requires very little
more work than only proving the Wasserstein distance bound.

Lemma 4.8. Let the random variables U, and U be defined as above. Then, for n > 2,

| Do

dx(Up,U) < —, (4.10)

1.4
(U, 1) < 15 2 (4.11)

=3

Proof. Let the Stein operators Ay and Ay, be defined as in Lemmas 4.6 and 4.7, respectively. Suppose that
h: (0,00) — R is either bounded or Lipschitz. Let f be the solution of the Rayleigh(1/v/2) Stein equation
Ay f(x) = h(z) — E[A(U)], which by Lemma 5.4, we know satisfies the bounds

2 1
lzf' @) < 5= > Ih —ER@U)I <2, heH, (4.12)
6.11 1
Il < 5= % 5 IIWIl < 8.6408, D € Huw. (4.13)

Then

[E[A(Un)] = E[RU)]] = [E[Ay f(Un)]| = [E[Au f(Un) — Av, f(Un)]|

= U3 )]

IN

" min { o) [EIUZ], 7V E(US] (4.14)

That E[Ay, f(Uy,)] = 0 follows from the assumptions on h and the estimates of Lemma 5.4 for the solution of
the Rayleigh Stein equation. Now, E[U2] = 1 and

1
E[U?] = nB/QE[Bf’fl} = n3/2/ (n—1)2%2(1 — )" 2dt = n®?(n — 1)B(2,n—1)

0
3 I'(5/2)0'(n—1)  3yan3?I(n)
=n*(n—1) T(n+3/2)  40(n+3/2) (4.15)

where B(a,b) = fol 2971(1 — )1 dz is the beta function, and we used the standard formulas ul'(u) = I'(u + 1)
and T'(5/2) = 3y/x /4. Now n%/2T'(n)/T(n + 3/2) is an increasing function of n on (0,00) [24]. Therefore, for
n>2,

37 i n3?T(n) 37w

4 noooT(n+3/2) 4

E[U]] <

where the limit follows from [32, formula (5.6.4)]. Applying the bounds (4.12) and (4.13) together with the
bounds for E[U2] and E[U3] to (4.14) then yields the bounds (4.10) and (4.11). O
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Remark 4.9. The following bounds will appear in the supplementary material of the arXiv version of the
preprint [11]. For n > 2,

dx (U, U) < i(1+2<1 - i)n_2), (4.16)

and

__ V)
INTACESVE)
L pygh =L (=204 (= 4)n) + (0 = 20 P (3,3 = mi i 2)

20

nn (n—2)2(2n —-5)(2n —3)(2n — 1) ’

(4.17)

where o F (a, b; c; ) is the Gaussian hypergeometric function. (We define 0° := 1, but this is irrelevant because
the bound (4.16) is greater than 1 in this case.) These bounds were obtained using a recent technique of [11]
for bounding distances between distributions that builds upon the formalism of [10] for new representations of
solutions to Stein equations. For another recent approach to bounding distances between distributions, see [9].

Our Kolmogorov distance bound (4.10) outperforms (4.16) when n = 2 (although in this case the upper
bound of 1 is trivial), but for all n > 3 the reverse is true. Numerical calculations carried using Mathematica
suggest that the Wasserstein bound (4.17) improves on our bound (4.11) for all n > 2, although verifying this
assertion analytically seems to be difficult. Our bound is of course much simpler and the dependence on n is
very clear. For this reason, we will use the bound (4.11) in our proof of Theorem 1.3.

Proof of Theorem 1.3. Recall that T,, =4 U,,V,, and Z =5 UV. Then, by Lemma 4.1,

dw (T, Z) < E|V|dw (Un, U) + E[U]dw (Via, V), (4.19)

By standard formulas for the moments and absolute moments of the beta and normal distributions, we have
that E[U2] = 1 and E|V| = o1/2/7. Also, by a similar calculation to the one used to obtain the formula (4.15)
we have, for n > 2,

By, YAVIT) _ VEVIR) 2

C2T(n+1/2) = 2I(5/2) 3

where we used that /nI'(n)/T'(n+ 1/2) is a decreasing function of n on (0,00) [24]. Theorems 4.2-4.4 give
bounds for dk(V,,,V), dw(Vy,V) and do(V,, V), respectively, and dk(Uy,,U) is bounded by inequality (4.16)
and dw (U, U) is bounded by inequality (4.11). Substituting all of these estimates into (4.18), (4.19) and (4.20)
then yields the bounds as stated in Theorem 1.3. (]

5. THE RAYLEIGH STEIN EQUATION
Let R ~ Rayleigh(o), o > 0, follow the Rayleigh distribution with density function

X 2 2
_ T e/ (20%)
pr(z) = e :

x> 0.
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The Rayleigh distribution is a special case of the chi distribution (up to scaling). A random variable K following
the chi distribution with k& > 0 degrees of freedom, denoted by x(x), has probability density function

1 k=1 —2/2

pk(x):mx e , x>0

We proceed by obtaining bounds for the solution of the chi distribution Stein equation, before specialising to
the solution of the Rayleigh Stein equation.
We first note that the density pjy satisfies the differential equation

(s(2)p(x))" = (x)p(x), (5.1)

where s(z) = 2 and 7(z) = k — 2?. It therefore follows from Theorem 1 of [42] that a Stein equation for the x )
distribution is given by

f'(x) + (k —2*) f(2) = h(z) — E[h(K)], (5:2)

where K ~ x (). It is straightforward to solve (5.2) (see Prop. 1 of [42]):

f) = xp%(x) /Ox(h(ﬂ — E[h(K)])pi(t) dt, (5.3)
s [ i)~ B . -

In order to bound the solution (5.3) and its first derivative, it will be useful to note the following
straightforward extension of Lemmas 1 and 3 of [41].

Lemma 5.1. Let p be the probability density function of a random variable Y, supported on (a,b), which satisfies
the differential equation (5.1), where s(x) is a polynomial of degree no greater than two and 7(x) is monotonic
in (a,b) with exactly one sign change at the point m € (a,b). Let h : (a,b) — R be bounded. Then, the solution of
the Stein equation s(x)f'(x) + 7(x) f(x) = h(z) —Eh(Y), as given by f(z) = Wlp(z) LI (h(t) = E[R(Y)])p(t) dt,
satisfies the bounds

Il < M|h=E[RY)]], (5.5)
Is(x)f' ()] < 2[|h = E[R(Y)]]], (5.6)
where
1
M= o e max{F(m),1 — F(m)},

with F' denoting the distribution function of Y .

Remark 5.2. The bound (5.5) is a generalisation of the corresponding bound of Lemma 1 of [41], which is only
given for the case that 7(x) = a(E[Y] — x), where a # 0. The crucial feature of this function that is exploited
in the proof of [41] is that 7(z) is monotonic with exactly one sign change at = E[Y]. As noted by [27], we
can therefore extend the result of [41] to any 7(x) that is monotonic with only one change of sign.
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Lemma 5.3. Let f: (0,00) — R denote the solution (5.3) of the Stein equation (5.2). Let h: (0,00) — R be
bounded. Then

L(k/2)et/?
1Al < Wllh —E[R(K)]I, (5.7)
lzf" (@)l < 21k — E[RE)]]. (5-8)

Proof. Bounds (5.7) and (5.8) follow easily from Lemma 5.1; note that 7(x) = k — 22 satisfies the assumption
of the lemma. To apply the lemma, we note that here m = vk, being the positive solution to the equation
k —x? = 0; s(z) = x; and we used the trivial bound max{F(m),1 — F(m)} < 1. O

We now specialise to the case k = 2, which corresponds to the Rayleigh distribution.

Lemma 5.4. Let f denote the solution of the Rayleigh Stein equation o’z f'(x) + (20% — x)f(z) = h(z) —
E[h(R)], where R ~ Rayleigh(o). Let h: (0,00) — R be bounded. Then

171 < oglih — BLACR), (5.9)
o' (@)l < b~ BRI (5.10)
Now suppose that h is Lipschitz. Then
los @) < 222w, (5.11)
e ”nh’n (5.12)
s (@) < i ). (5.13)

Proof. For ease of notation, we consider the case o = 1. The general case follows from rescaling. Bounds (5.9)
and (5.10) follow immediately from Lemma 5.3.

Now we prove inequality (5.11). Let h be Lipschitz. By the mean value theorem, for ¢ > 0, |h(t) — E[h(R)]] <
I17/]|(t + E[R]) = ||W'||(t + \/7/2). Therefore, for x > 0,

ef@) < 2L [ (54 omm0a= L),

and

1L} )
of@) < 2 [T (/5 + a0 dt = Do),

By integration by parts, the integrals I1(z) and Iz(z) can be evaluated in terms of the error function erf(x) =

% [T et dt:
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It can be seen that I1(z)/pr(z) and Iz2(x)/pr(x) are increasing and decreasing functions of z, respectively, and
we used Mathematica to compute that the two functions intersect at the point * = 1.360722. ... Therefore, for
all z > 0,

I (z¥)
p(x*)

2 f(x)] < 1W]] = 2.325][ ]|

Lastly, we establish the bounds (5.12) and (5.13). Differentiating both sides of (5.2) and rearranging gives
zf"(x) + (3 —2?) f'(x) = W' (z) + 22 f(2), (5.14)

which we recognise as the x(sy Stein equation with test function h'(x) + 2z f(x), applied to the function f’. Tt
is important to note that the test function h'(z) 4+ 2z f(x) has mean zero with respect to the random variable
K3 ~ x(3)- This follows because xf”(x) 4 (3 — *) f'(x) is a Stein operator for the y(s) distribution, meaning
that E[K3f"(Y) + (3 — K2)f'(K3)] = 0, and therefore from (5.14) we have that E[h/(K3) + 2K3 f(K3)] = 0. We
can therefore use the iterative technique of [8] to deduce bounds for ||f'|| and ||z f"(x)| from our bounds (5.7)
and (5.8) with £ = 3 and (5.11). We have

171 < L )+ 20l < SELIE (e + 2he o)
< W(l +2-2.325)||A'|| = 6.11|W|],
and
lzf" (@) < 2([W(z) + 22 f (2)]] < 2(1 +2-2.325)||7|| = 11.30||7,
which completes the proof. O
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