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The generalized Dickman distribution Dy with parameter 6 > 0 is the unique solution to the distributional
equality W =4 W*, where

w* =, UV W +1), (1)

with W non-negative with probability one, U ~ U[0, 1] independent of W, and =, denoting equality in
distribution. These distributions appear in number theory, stochastic geometry, perpetuities and the study of
algorithms. We obtain bounds in Wasserstein type distances between Dy and the distribution of

1 n
Wy =-— Yy By,
2
where By,..., By, Y],...,Y, are independent with Bj distributed Ber(1/k) or P(0/k), E[Y;] =k and
Var(Yy) = akz, and provide an application to the minimal directed spanning tree in R~. We also provide
bounds with optimal rates for the Dickman convergence of weighted sums, arising in probabilistic number
theory, of the form

n
= Xy log(py),
§ log(pn) kX:‘I &

where (pi)i>1 is an enumeration of the prime numbers in increasing order and Xj is geometric with
parameter (1 — 1/ py), Bernoulli with success probability 1/(1 + py) or Poisson with mean A.

Lastly, we broaden the class of generalized Dickman distributions by studying the fixed points of the
transformation

s(W*) =g UYPsw 4+ 1)

generalizing (1), that allows the use of non-identity utility functions s(-) in Vervaat perpetuities. We obtain
distributional bounds for recursive methods that can be used to simulate from this family.

Keywords: delay equation; distributional approximation; primes; utility; weighted Bernoulli sums
1. Introduction

The Dickman distribution D first made its appearance in [16] in the context of number theory for
counting the number of integers below a fixed threshold whose prime factors lie below a given
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upper bound; see the more recent work [26] for a readable explanation of how the Dickman
distribution arises there. Members from the broader class of generalized Dickman distributions
Dy for 8 > 0, of which D = Dy, have since been used to approximate counts in logarithmic
combinatorial structures, including permutations and partitions in [6], and more generally for
the quasi-logarithmic class considered in [7], for the weighted sum of edges connecting vertices
to the origin in minimal directed spanning trees in [25], and for certain weighted sums of inde-
pendent random variables in [27]. Simulation of the generalized Dickman distribution has been
considered in [15], and in connection with the Quickselect sorting algorithm in [22] and [19].

Following [19], for a given 6 > 0 and non-negative random variable W, define the 8-Dickman
bias distribution of W by

W* =, U (W +1), (1.1

where U ~ U[0, 1] and is independent of W, and =; denotes equality in distribution. Though
the density of Dy can presently be given only by specifying it somewhat indirectly as a certain
solution to a differential delay equation, it is well known [15] that the distributions Dy are charac-
terized by satisfying W* =; W uniquely, that is, Dy is the unique fixed point of the distributional
transformation (1.1). Indeed, this property is the basis for simulating from this family using the
recursion

Wop1 =Up (W, +1)  forn >0, with Wy =0, (1.2)

where U,,, m > 0 are i.i.d. /[0, 1] random variables and U,, is independent of W,,, see [15].

Generally, distributional characterizations and their associated transformations, such as (1.1),
provide an additional avenue to study distributions and their approximation, and have been con-
sidered for the normal [21], the exponential [23], and various other distributions that may be less
well known, such as one arising in the study of the degrees of vertices in certain preferential
attachment graphs, see [24].

In the following, Dy will denote a Dy distributed random variable, where the subscript may
be dropped when equal to 1. In [20], the upper bound

di\(W, Dg) < (14 6)d, (W, W¥) (1.3)

for the Wasserstein distance between a non-negative random variable W and Dy was proved,
where

d\(X,Y)= sup |Eh(X)— Eh(Y)| (1.4)
heLip,
with
Lip, = {h:|h(x) —h(y)| <alx —yl}  fora>0. (1.5)

We also apply the fact that alternatively one can write

di(X,Y)=infE|X — Y|, (1.6)
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where the infimum is over all joint distributions having the given X, Y marginals. The infimum
is achieved for variables taking values in any Polish space, see, for example, [28], and so in
particular for those that are real valued. For notational simplicity, we write d(X, Y), say, for
di1(L(X), L(Y)), where L(-) stands for the distribution, or law, of a random variable. In [20],
inequality (1.3) was used to derive a bound on the quality of the Dickman approximation for the
running time of the Quickselect algorithm.

Here our aim is two fold. First, in Section 2 we study the approximation of sums that converge
in distribution to Dickman, for instance, those of the form

1n
W, =— Y. By, 1.7
n nl;kk (L.7)

where {Bj1, ..., By, Y1,...,Y,} are independent, By is a Bernoulli random variable with success
probability 1/k, and Y} is non-negative with EY; = k, and Var(Y;) = akz foralk=1,...,n.
The most well known case is the one where Y, = k a.s., for which

1]1
W, =— kBy. 1.8
n ”1; x (1.8)

Sums of this type arise, for instance, in the analysis of the Quickselect algorithm for finding the
m!" smallest of a list of n distinct numbers, see [22] (also [20]), and for the sum of positions of
records in a uniformly random permutation (see [30]). To state the result we will apply to such
sums, we first define the Wasserstein-2 metric

di1(X,Y)= sup |ER(Y)— Eh(X)|. (1.9)
hE’H],]
where, fora >0, 8 >0,
Ha,p=1{h:h€Lip,, h' €Lipg}, (1.10)

with Lip, given in (1.5). The work [3] obtains a bound of the form C./logn/n between W, in
(1.8) and D in a metric weaker than d; 1 in (1.9), requiring test functions to be three times dif-
ferentiable, and with the constant C unspecified. The following theorem provides a more general
result that in the specific case of (1.8) yields a bound in the stronger metric d; 1 with a small,
explicit constant.

Theorem 1.1. Let W,, be as in (1.7) and D a standard Dickman random variable. Then with the

metric dy,1 in (1.9),
di,1 (W, D)<i+—1 il,/(02+k2)02
T T an e g VR ke

and in particular if Yy =k a.s., that is, for W, as in (1.8),

3
di,1(Wy, D) = i (1.11)
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From the first bound given by the theorem, speaking asymptotically we see that W,, in (1.7)
converges to D in distribution whenever ZZ: 1 %, / (ok2 + kz)ak2 =o0(n?).In particular, weak con-

vergence to the Dickman distribution occurs if okz = O (k*¢) for some ¢ > 0. In Section 2, we
provide an application of Theorem 1.1 to minimal directed spanning trees in R.

We also show the following related result for a weighted sum of independent Poisson variables.
For A > 0, let P(X) denote a Poisson random variable with mean A.

Theorem 1.2. For0 > 0, let {P1,..., Py, Y1,..., Yy} be independent with P, ~ P (0/k) and Yy
non-negative with EYy =k and Var(Yy) = okz,for allk=1,...,n. Then

1}1
W, =— Y. P 1.12
2 n};kk (1.12)

satisfies

0 Ox~ok 0 =1 [ 5. 7
2 2 : 2\ 2
d],l(WnaD9)§E+; 74‘@ E (O'k +k)Uk7
k=1 k=1
and in particular, in the case Y, =k a.s.,

1 , 0
W, = - I;kPk satisfies di . 1(Wy, Dg) < "

Similar to the weighted sum of Bernoullis in (1.7), we have weak convergence to the Dickman
distribution if crk2 = O(k*7¢) for some ¢ > 0.

Next, we study Dickman approximation of weighted geometric and Bernoulli sums that
appear in probabilistic number theory. For geometric variables, we write X ~ Geom(p) if
P(X=m)=(— p)"p for m > 0. Let (px)k>1 be an enumeration of the prime numbers in
increasing order and €2, denote the set of all positive integers having no prime factor larger than
pn-Let X1, ..., X, be independent with X ~ Geom(l — 1/py) for 1 <k <n, and let I1,, be the
distribution of M, given by

n

> Xelog(pi. (1.13)

k=1

“ log M 1
anl_[p,fk and let S, = M _
k=1 log(pn) log(pn)

One can specify (see, e.g., [26]) 1, by

I, (m) =

form € 2,

T
with normalizing constant necessarily satisfying 7, = Zmeﬂ,, 1/m. Distributional convergence
of S, to the standard Dickman distribution was proved in [26]. In Theorem 1.3 below, we provide
a (logn)~! convergence rate in the Wasserstein-2 norm.
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Theorem 1.3. For D a standard Dickman random variable and S,, as in (1.13) with X1, ..., X,
independent variables with X ~ Geom(l — 1/py), we have

d1,1(Sy, D) <
logn

for some universal constant C. Moreover, the order is not improvable.

One may instead consider the distribution IT/, over €2/, the set of square-free integers with
largest prime factor less than or equal to p,, with I1), (m) proportional to 1/m for all m € 2.
Then M, = [];_, p]i( * has distribution I/, when X ~ Ber(1/(1 + pi)) and are independent
(see, e.g., [13]). That S,, = log M,,/log(p,) converges in distribution to the standard Dickman
was proved in [13] and very recently a (log logn)3/ 2(log n)~! rate was provided in [3] in a
metric defined as a supremum over a class of three times differentiable functions. We provide
the improved (logn)~! convergence rate in the stronger Wasserstein-2 norm.

Theorem 1.4. For D a standard Dickman random variable and S, as in (1.13) with X1, ..., X,
independent variables with Xy ~ Ber(1/(1 + px)), we have

C
dy,1(S, D) <
logn

for some universal constant C. Moreover, the order is not improvable.

In Examples 2.1 and 2.2, we also provide such bounds when the X ’s in (1.13) are distributed
as Poisson random variables with parameters A; > 0 given by certain functions of pj. For our
results in probabilistic number theory, we closely follow the arguments in [3].

In Section 3, we consider the connection between the class of Dickman distributions and per-
petuities. By approaching from the view of utility, we extend the scope of the Dickman distri-
butions past the currently known class. The recursion (1.2) was interpreted by Vervaat, see [37],
as the relation between the values of a perpetuity at two successive times. In particular, during
the n'" time period a deposit of some fixed value, scaled to be unity, is added to the value of
an asset. During that time period, a multiplicative factor in [0, 1], accounting for depreciation is
applied; in (1.2) that factor is taken to be U!/?. The generalized Dickman distributions arise as
fixed points of this recursion, that is, solutions to W* =; W where W* is given in (1.1).

Measuring the value of an asset directly by its monetary value corresponds to the case where
the utility function s(-) of an asset is taken to be the identity. We consider the generalization of
(1.2) to

SWoi1) =Up s(W, +1). (1.14)

In [9], see also the translation [10], Daniel Bernoulli argued that utility should be given as a
concave function of the value of an asset, typically justified by observing that receiving one unit
of currency would be of more value to an individual who has very few resources than one who
has resources in abundance, see [17]. We may then interpret (1.14) in a manner similar to (1.2),
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but now in terms of utility. Again, during the n’ h time period, a constant value, scaled to be one,
is added to an asset. Then, at time n + 1, the utility of the asset is given by some discount factor
applied to the incremented utility of the asset. When s(-) is invertible, as for the most common
Vervaat perpetuities, one can now gain insight into their long term behavior by studying fixed
points of the transformation

W* =4 s H U s(W +1)). (1.15)

Theorem 3.3 in Section 3 shows that under mild and natural conditions on the utility function
s(-) the transformation (1.15) has a unique fixed point, say Dy s, which we say has the (6, s)-
Dickman distribution, denoted here as Dy ;. As the identity function s(x) = x recovers the class
of generalized Dickman distributions, this extended class strictly contains them. The parameter
6 > 0 here plays the same role for Dy  as it does for Dy, in particular in its appearance in the
distributional bounds for simulation using recursive schemes. Theorem 3.4 generalizes the bound
(1.3) of [20] to the Dy ¢ family, providing the inequality

di(W, Dg.s) < (1—p)~'dy (W*, W) (1.16)

with a parameter p given by a bound on an integral involving 6 and s(-), see (3.10) and (3.11).
We apply (1.16) to assess the quality of the recursive scheme

Wos1 =5 (U ’s(W, +1))  forn>0and Wy =0, (1.17)

for the simulation of variables having the Dy ; distribution. Simulation by these means for the
Dy family was considered in [15], though no bounds on its accuracy were provided. An algorith-
mic method for the exact simulation from the Dy family was given in [18] with bounds on the
expected running time. In brief, the method in [18] depends on the use of a multigamma coupler
as an update function for the kernel K (x, ) := £(U'?(x + 1)), and on finding a dominating
chain so that one can simulate from its stationary distribution, a shifted geometric distribution in
this case. To extend this approach to the more general family Dy ;, one would consider the kernel
K(x,):=LUYs(x + 1)), and though one can generalize the multigamma coupler for use as
an update function for this kernel, finding a suitable dominating chain in this generality may not
be straightforward.

The efficacy of a simpler recursive scheme for simulation from this family is addressed in
(3.17) of Corollary 3.2 where we show that the iterates generated by (1.17) obey the inequality

o N i
di(Wy, Do) < (1= p) <9+1) E[s— (U],

and which thus exhibit exponentially fast convergence. In Section 3.3, we present some instances
from the Dy ¢ family that arise as limiting distributions for perpetuities when taking our utilities
s(+) from those studied in economics.

We obtain our results by extensions of [19] for the Stein’s method framework for the Dickman
distribution. The application of Stein’s method, as unveiled in [34] and further developed in [35],
begins with a characterizing equation for a given target distribution. Such a characterization is
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then used as the basis to form a Stein equation, which is usually a difference or differential
equation involving test functions in a class corresponding to a desired probability metric, such
as the class of Lip; functions for the Wasserstein distance in (1.4). One key step of the method
requires bounds on the smoothness of solutions over the given class of test functions. For a
modern treatment of Stein’s method, see [14] and [31].

Theorems 1.4 improves on results of [3]. That work applies a different version of Stein’s
method, and in particular does not consider any form of the Stein equation, such as (1.18) or
(1.20). Consequently [3] does not obtain bounds on a Stein solution for any Dickman case, as is
achieved here in Theorems 4.7 and 4.9. Indeed, there it is noted in [2] that this last step can be
an “extremely difficult problem”.

In [19] the Stein equation used for the Dy family was of the integral type

g(x) — Ayr18 =h(x) — E[h(Dy)], (1.18)

where the averaging operator Ayg was given by

g(0) for x =0,
Axg=16 [*

x& —9/ g(u)ue_1 du for x > 0.
X 0

To handle the Dy ; family, over the range x > 0 we generalize the form of the averaging operator
to

l X
Ag= @fo g)t'(u)du, (1.19)

where 7(x) = s?(x). Smoothness bounds for solutions of (1.18), with A, as in (1.19) and Dy
replaced by Dy s, are given in Theorem 4.7 in Section 4 for a wide range of functions s(-). This
generalization requires significant extensions of existing methods.

Use of the Stein equation (1.18) is appropriate when the variable W of interest can be coupled
to some W* with its 6-Dickman bias distribution. However, such direct couplings appear elusive
for all our examples in Section 2, including in particular those in probabilistic number theory,
and a different approach is needed. To handle these examples we consider instead a new Stein
equation, of differential-delay type, given by

(x/0) f' () + f(x) = f(x +1) = h(x) — E[h(Dp)]. (1.20)

To apply the method, uniform bounds on the smoothness of the solution f(-) over test functions
h(-) in some class H is required; we achieve such bounds for the class 1 j in Theorem 4.9 in
Section 4.

Throughout the paper, for a real-valued measurable function f(-) on a domain S C R, || flco
denotes its essential supremum norm defined by

I lloo = ess sSup|f(x)| =inf{beR:m({x: f(x) > b}) =0}, (1.21)
xXe
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where m denotes the Lebesgue measure on R. For any real valued function defined on A C S,
we define its supremum norm on A by

Iflla= su§|f(x)l. (1.22)

Unless otherwise specifically noted, integration will be with respect to m, which for simplicity
will be denoted by, say, dv when the variable of integration is v.

This work is organized as follows. We focus on sums, such as the Bernoulli and Poisson
weighted sums in (1.7) and (1.12), and sums arising in probabilistic number theory as (1.13),
in Section 2. We focus on perpetuities, with examples, in Section 3, and in Section 4 we prove
smoothness bounds on the two types of Stein solutions considered here.

2. Dickman approximation of sums

We will prove Theorems 1.1 and 1.2, starting with a simple application of the former, in Sec-
tion 2.1, and then provide the proofs of Theorems 1.3 and 1.4, in probabilistic number theory,
in Section 2.2. In this section, we deal with the form (1.20) of the Stein equation. That is, in the
proofs of Theorems 1.1, 1.2 and 2.1, we take a fixed 6 > 0 and & € H; 1, the function class de-
fined in (1.10), and let f € Hy 9,2 be the solution of the Stein equation (1.20) that is guaranteed
by Theorem 4.9. Substituting our W,, of interest for x in (1.20) and taking expectation yields

E[h(Wy)] — E[h(Dg)] = E[(Wy/0) f'(Wy) — (f (Wa + 1) = f(Wp)]. 2.0

2.1. Weighted Bernoulli and Poisson sums

We begin with a simple application of Theorem 1.1 to the minimal directed spanning tree, or
MDST, following [11], first pausing to describe the construction of the MDST.

For two points (u#1, v1) and (u3, v2) in R2, we write (41, v1) < (42, v2) if u; < up and v; < vy,
and write (11, v1) ﬁ (42, v2) otherwise. For any set of points V in R?, we say (u,v) € Visa
minimal point, or sink, of V if (a, b) ﬁ (u,v) forall (a,b) €V, (a, b) # (u, v).

For n € N, consider a set of n + 1 distinct points V = {(a;, b;),0 <i <n} in [0, 1] x [0, 1]
where we take (ag, bo) = (0, 0), the origin. Let E be the set of directed edges (a;, b;) — (aj, b;)
with i # j and (a;, b;) < (aj,b;). Since (0,0) < (a;,b;) forall i =1,...,n, the edge set E
contains all the directed edges (ag, bg) — (a;, b;) with i # 0. Let § be the collection of all
graphs G with vertex set Gy =)V and edge set Gg C E such that for any 1 < j < n, there exists
a directed path from (ag, bo) to (a;, b;) with each edge in Gg. We define a MDST on V as any
graph T € § that minimizes ZeeGE le|] where |e| denotes the Euclidean length of the edge e.
Clearly T is a tree and need not be unique.

Now let P be a random collection of n points uniformly and independently placed in the unit
square [0, 1]2 in R2. In this random setting, the MDST on the point set V = P U {(0,0)} is
uniquely defined almost surely, see [11]. By relabeling the points according to the size of their
x-coordinate, without loss of generality, we may let the points in P be (X1, Y1), ..., (X,,Yy)
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where Y1, ..., Y, are independent /[0, 1] random variables, and also independent of X1, ..., X,,,
where 0 < X1 < X» < --- < X, < 1 have the distribution of the order statistics generated from a
sample of n independent /[0, 1] variables.

Though the origin is the unique minimal point of V), the usual set of interest is the collection
of minimal points of P, which has size at least one. For i =1, ..., n, observe that (X;, ¥;) is
a minimal point of P if and only if ¥; > ¥; for all j < i. One much studied quantity in this
context is the sum S, of the ath powers of the Euclidean distances between the minimal points
of the process and the origin for some « > 0; the work [25] shows that S,, converges to D;/q in
distribution as n tends to infinity.

The lower record times Rj, R», ... of the height process Y1, ..., Y, are also studied, see [11],
and are defined by letting Ry = 1, and for i > 1 by

00 ifY;>Yg,_, forall j > R;_j orif R;_1 >n,
min{j > R;1:Y; <Yg_,} otherwise.
In terms of these record times, the collection of the k(n) minimal points inside the unit square is

given by (Xg,;, Yg,) fori =1, ..., k(n). We claim that the scaled sum of lower record times

| ke

Z R; 2.2)

can be approximated by the Dickman distribution D in the Wasserstein-2 metric in (1.9) to within
the bound specified by inequality (1.11) of Theorem 1.1. Indeed, for 1 < j < n, letting By =
1(k € {R1, ..., Rkay}) we have that Zfi"l) R; =Y j_ kBi. As Lemma 2.1 of [11] shows that
B1, ..., B, are independent with By ~ Ber(1/k) for 1 <k <n, Theorem 1.1 yields the claimed
bound for the Dickman approximation of (2.2).

We now present the proof of our first main result.

Proof of Theorem 1.1. Let W, be as in (1.7) and take 6 = 1 in (2.1). Letting
W =w, — —Bk,
evaluating the first term on the right-hand side of (2.1) yields

1 n / 1 n / Y,
E[E;Y"B"f (W")} = ;ZE[Ykka <W,§k) + 731()}

k=1

1< Yx 1< Y, Y,
2 (k) 1 k * , Tk
nkEZlE[Y (W +n>}P(Bk_1)_n§ E[kf(w +n>}

k=1

E[W, f' (W]

The right-hand side of (2.1) is therefore the expectation of

_Zka<W(k) ) /f(W +u)du



Dickman approximation 2767

&f/<W,§k) + E) _ f/<WrEk) 4 E)) 2.3)
k n n
(o)< ()
n n
1 n
(2 7wt - / 1w, +u>du)

k=1

Using that f € Hi,1/2, and hence in particular that f’(-) is Lipschitz, applying the Cauchy—
Schwarz inequality to the first difference on the right-hand side of (2.3) we find that the expecta-
tion of that term is bounded by

n

L W] < 5 e

The expectation of the second difference is zero as E[Y;] = k and Yy is independent of W,Ek). For
the expectation of the third difference, noting that E[Yy Br] = 1, we similarly obtain the bound

n

||f//||oo (k) L Yy 1
ZE|W ~Wal <3 ZE —Bi| =5

Finally, for the fourth difference, applying that same bound on the second derivative of f(-),

almost surely
(W + ) / (W, +u)du

-y /7 Lf W+ k/m) = 1 Wy + )] |
k=1 n

1< [ 11 ! 1
gigfknl(k/n—u)duzi(n—z;k—/o udu>=ﬂ.

Combining these three bounds yields, via (2.1) with 6 = 1, that

|E[a(Wn)] = E[(D)]] < -+ - ZZ (07 +82)0]
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Taking the supremum over # 1 and recalling the definition of the norm d 1 in (1.9) now yields
the theorem. The final claim (1.11) holds as akz =0 when Y, =k a.s. O

The proof of Theorem 1.2 proceeds along the same lines as that of Theorem 1.1, and can be
found in the supplement [12].

2.2. Dickman approximation in number theory

Let (pr)k>1 be an enumeration of the prime numbers in increasing order. Let (Xy)x>1 be a
sequence of independent integer valued random variables and let

n =

Zxk log(py)  forn>1. (2.4)
log(pn

Weak convergence of S,, to the Dickman distribution in the cases when the X} ’s are distributed as
geometric and Bernoulli variables is well known in probabilistic number theory, and [3] recently
provided a rate of convergence in the Bernoulli case. We give bounds in a stronger metric and
remove a logarithmic factor from their rate. We also prove such bounds when the X ’s are dis-
tributed as geometric or Poisson with parameters given by certain functions of py. For our results
in this area, we rely heavily on the techniques in the proof of Lemma 2.3 of [3]; in particular,
the identity (2.5) below, without remainder, is due to [3]. We begin with the following abstract
theorem.

Theorem 2.1. Let S be a non-negative random variable with finite variance such that for some
constant u and a random variable T satisfying P(S+ T =0) =0,

E[Sp(S)|=nE[¢p(S+T)|+ Ry  forall ¢ €Lip, (2.5)
where the constant Ry may depend on ¢ (-). Then
1
di1(S,D)<|u—1]+ = inf E|T —U|+ sup [Ryl, (2.6)
2(T.U) ¢eLipip

where D is a standard Dickman random variable, and the infimum is over all couplings (T, U)
of T and U ~ U[O0, 1] constructed on the same space as S, with U independent of S.

Remark 2.1. We note the connection between the relation in (2.5) and size biasing, where for a
non-negative random variable S with finite mean ., we say S° has the S-size biased distribution
when

E[S¢($)] = nE[(S")]

for all functions ¢ (-) for which these expectations exist. In particular, when Ry in (2.5) is zero for
all ¢ € Lip; ,, we obtain that §* =4 S + T'; for an application which requires the remainder, see
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Lemma 2.2. Additionally, Section 4.3 of [6] shows that the standard Dickman D is the unique
non-negative solution to the distributional equality W* =; W + U, where U is U[0, 1], and
independent of W. Hence, the error term comparing 7 and U in Theorem 2.1 is natural.

Proof of Theorem 2.1. We first show that the set of couplings over which the infimum is taken
in (2.6) is non-empty. Note that the case when S is identically zero is trivial since one can take
u=0,T =0 and Ry =0 for all ¢ € Lip,,. For a nontrivial S, let 4 = E[S], and let S¥ and
U be constructed on the same space as S, independently of S, with S° having the S-size biased
distribution and U ~ U[0, 1]. Then setting T = §° — § identity (2.5) is satisfied with Ry = 0 for
all ¢ € Lip, /», and the pair (T, U) satisfies the conditions required of the infimum in the theorem.

Invoking Theorem 4.9 with 6 = 1, for any given & € H; | there exists a function f(-) satisfying
1000y < 1 and || £ 0.00) < 1/2 such that

E[h(S$)] — E[R(D)] = E[Sf'(S) + f(S) — f(S+ D].

Now consider p and 7T satisfying (2.5) with (7', U) constructed on the same space as S, with
U ~ U[0, 1] and independent of S. Then, using that P(S + 7 = 0) = 0 and the mean value
theorem for the second inequality and recalling definitions (1.21) and (1.22), we obtain

|E[h($)] — E[h(D)]|
=|E[SF'(S) = £/ S+ U)]|=|E[nf'(S+T)— f(S+U) + Ry/]
<|E[uf'S+T)— f/S+D]|+|E[f/S+T)— f( S+ ]|+ IR

1
<1 Voot = 114 17" 0,00 EIT = Ul +1Rp| < it = 11+ S EIT = Ul +|Rp .

Now taking the infimum on the right hand side over all couplings (7', U) satisfying the conditions
of the theorem yields

1.
|E[h(S)] — E[p(D)]| < In — 1] + 3 (;?£)E|T —Ul+IRgl,

where we have written f = f;, to emphasize the dependence of f(-) on A(-). Taking supremum
over h € H; 1 first on the right, and then on the left now yields the result upon applying defini-
tion (1.9). O

Now we will demonstrate a few applications of Theorem 2.1. In all these examples the con-
ditions that the variance of S is finite and that S + 7 > 0 almost surely are straightforward to
check, and will not be mentioned further. For n > 1, let 2, denote the set of integers with no
prime factor larger than p,,, and let I1,, be the distribution on £2,, with mass function

T, (m) =

form € 2,
T

where 7, = Zmesz,, 1/m is the normalizing factor. One can check, see, for example, Proposition
1 in [26], that M,, = [[;_, p,f" has distribution IT,, where X ~ Geom(1 — 1/py) are inde-
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pendent for 1 < k < n; we remind the reader that we write X ~ Geom(p) when P(X =m) =
(1 — p)™p for m > 0. For n > 1, the random variable S, as in (2.4) is therefore given by

Z Xilog(py) = M 27
k Pk . .
log<pn> o8 log(pn)
Taking the mean, we find
1 & log(pr)
un=E[S,]= . (2.8)
’ " log(pn) ,; pi—1
Now define the random variable [ taking values in {1, ..., n}, and independent of S,,, with mass
function
1
P =k = 0g(Pk) fork € {l,....n). 2.9)

(pk — D log(pn) n

The next lemma closely follows the arguments in Lemmas 3 and 5 of [3], which considered only
weighted Bernoulli sums and obtained an O(loglogn/logn) bound. In Lemmas 2.2, 2.3 and
2.4 below, we consider weighted sums of geometric, Bernoulli and Poisson random variables
respectively, and obtain an O (1/logn) bound; see the supplement [12] for detailed proofs.

Lemma 2.2. Let S, be as in (2.7) with X1, ..., X,, independent with X; ~ Geom(1 — 1/px), n
as in (2.8), I with distribution given in (2.9) and independent of S, and

_loglpp e . 1 Zlog(Pk) |:k<¢(S +10g(pk)>_¢(s )>]

IOg(pn) IOg(pn) Pk — 1 IOg(pn)

Then

E[S:¢(S)] =t E[¢(Sy +T)] + Rup  forall g € Lip, 5.

Moreover

1 1
sup |Rn,¢|=0< 5 > and ,un—1=0< ), (2.10)
p€Lip, logn logn

and there exists a coupling between U ~ U[0, 1] and T,, with U independent of S,, such that

1
E|T,1—U|=0( )
logn

Proof of Theorem 1.3. The upper bound follows directly from Theorem 2.1 upon invoking Lem-
ma 2.2. We prove that the order of the bound is unimprovable by lower bounding the distance
between S, and D in the metric (1.9) by |EA(S,) — Eh(D)| = |, — 1| for the choice h(x) = x,
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which is a member of 1,1, and showing that the order of that difference in (2.10) is optimal. For
details, see [12]. O

For our next example, for n > 1 let ), denote the set of square-free integers whose largest
prime factor is less than or equal to p, and let I, denote the distribution on €2/, with mass
function

, 1
I, (m) =

form € ),

T, m

/
n
where 1, = )", o 1/m is the normalizing factor. We again consider S, as in (2.7), here for
M, =TTz p]i(k where X ~ Ber(1/(1 + pi)) are independent for 1 < k < n. One can check,
see, for example, [13], that M,, ~ IT/,. Following [3], let

n

1 log(pk)
2 =E[S,]= . 2.11
g o] log(pn) ,; L+ pi @D

The following lemma combines Lemmas 3 and 5 of [3]. By following tightly the same lines of
argument in [3] the bounds, we obtain in (2.14) and (2.15) are O(1/logn) whereas [3] claims
only the order O (loglogn/logn).

Lemma 2.3. Let S, be as in (2.7) with X1, ..., X, independent with Xy ~ Ber(1/(1 + px)).
With u,, as given in (2.11), let the random variable I take values in {1, ..., n} with mass function

log(pk)

P(I=k) =
(I + pi) log(pn) itn

forkef{l,..., n},

and be independent of X1, ..., X,. For

_log(pr)  Xilog(pr)

= (2.12)
" log(p)  log(pa)
we have
E[S:¢(S)] = E[¢(Sa+To)]  forall ¢ €Lipy,. (2.13)
Moreover,
1 X1 1
un—1=0< ) and E‘M =0< . ) (2.14)
logn log(pn) log®n
and there exists a coupling between a random variable U ~ U[O0, 1] and I with U independent
of S, such that
1 1
E‘ _ log(py) =0< ) 2.15)
log(pn) logn
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Proof of Theorem 1.4. The upper bound follows directly from Theorem 2.1 upon invoking
Lemma 2.3 which gives that Ry = 0 for all ¢ € Lip, /5, and noting that with 7, and U as in

(2.12) and (2.15) respectively,
( : )
0 ’
logn

by using (2.14) and (2.15) on these two terms, respectively. For a proof of the optimality of the
order of the bound, see [12]. O

X log(pr)
log(pn)

ElTn_Ule‘

‘ log(pr)
log(pxn)

We also prove that these types of convergence results hold for S, given in (2.7) when X ~
Poi(Ag), k > 1 for certain sequences of positive real numbers (Ag)r>1. Here we take u, equal to
the mean of §,,,

% M log(pr) and
" log(p )Z &P

e log(n (2.16)
P(I=k)= K08P kel n)

IOg(pn)/J«n

with 7 independent of S,,. Under this framework, we have the following construction of a variable
having the size bias distribution of S,,.

Lemma 2.4. For a sequence of positive real numbers (Ay)1<k<n and independent random vari-
ables X1, ..., X, with X ~Poi(Ay), let

Z Xy log(pi).
~ log(pw)

For u, as in (2.16) and T,, =log(py)/log(p,), where I is distributed as in (2.16) and is inde-
pendent of S, we have

E[S:¢(S0)] = E[¢(Sy + T)]  forall ¢ €Lipy ).

The proof of this result can be found in the supplement [12], and is a direct consequence of
the well known method for size biasing a sum of independent non-negative variables with finite
mean, see, for example, [14].

We now present two applications of Lemma 2.4 with notation and assumptions as there.

Example 2.1. Let Ay = 1/(1 4 pi). As the mean of the X variables are the same here as in
Lemma 2.3, u,, and the distribution of I also correspond. Taking U ~ U[0, 1] independent of S,,,
and coupling / and U similarly as in Lemma 2.3, we have that
(1en)
=0 .
logn

1 |
|M,,—1|=0(—> and E‘U— og(pr)
logn log(pn)
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Now, by Theorem 2.1 and Lemma 2.4, we obtain
C
di,1(Sy, D) < ——
logn

for some universal constant C. One may show that the order of this bound is optimal by arguing
as in the proof of Theorem 1.3.

Example 2.2. Let pg =1 and and 1y = 1 — log(px—1)/log(px) for k > 1. Then clearly u, =1
in (2.16). Now to obtain a coupling (7,,, U), we take U ~ U[0, 1] independent of S,,, and define

1 _ I
i og(pr—1) <l < og(pr) fo

= rl <k<n.
log(pn) log(pn)

Then by construction we have

_ A log(pi)

PI=b= log(pn) it

forl <k <n.

Conditioning on I, we have

log(pe—1)  log(pi)
log(pn)  log(pn) |

E|T,-Ul=) P(UI=kE
=g e =oe (i)

k=1

log(px) —U“I:k) SZP(IZIC)
k=1

Now using that pi/pr—1 <2 by Bertrand’s postulate (see, e.g., [29]) for all k£ > 1, we obtain

log(2
ENT, — Ul < 282

log(pn)

Hence from Theorem 2.1 with u, =1 and Ry =0 for all ¢ € Lip, », we have

log(2) - C

di 1(S,. D) < —&=)
L1, D) = 21og(py) ~ logn

for some universal constant C.

Following the distribution of a draft of this manuscript, [5] pointed out that the approach in [4]
may be used to obtain bounds in the Wasserstein-1 metric for some results in this section.

3. Perpetuities and the Dy ; family, simulations and
distributional bounds

In this section, we develop the extension of the generalized Dickman distribution to the Dy
family for 6 > 0 and a function s : [0, 00) — [0, 00). As detailed in the Introduction, the recur-
sion (1.2) associated with the Dy family can be interpreted as giving the successive values of a
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Vervaat perpetuity under the assumption that the utility function is the identity. More generally,
with utility function s(-), one obtains the recursion

sWor) =Up’s(W, +1)  forn>0, 3.1)

where U,,n > 0 are independent and have the U0, 1] distribution, U,, is independent of W,,,

and Wy has some given initial distribution. In Section 3.1, under Condition 3.1 below on s(-),

we prove Theorem 3.3 that shows that the distributional fixed points Dy ¢ of (3.1) exist and are
unique. When s(-) is invertible, at it is under Condition 3.1 below, we may write (3.1) as

Wos1 =s (U "s(Wy + 1)) forn >0, (3.2)

In Section 3.2, we provide distributional bounds for approximation of the Dy  distribution.

Using direct coupling, Corollary 3.1 gives a bound on how well the utility s(W,,) in (3.1) ap-

proximates the utility of its limit Dy . Next, Theorem 3.4 extends the main Wasserstein bound
(1.3) of [20] to

di(W,Dg) < (1—p)~'dy(W*, W)  where W* =4 s " (UYs(W+1)  (3.3)

for U ~ U0, 1], independent of W. The constant p is defined in (3.11) as a uniform bound on an
integral involving (6, s) given by (3.10). However, [8] shows that this quantity can be interpreted
in terms of the Markov chain (3.2) and its properties connected to those of its transition operator
(Ph)(x) = E[h(s~"(UY?s(x + 1)))] in this, and some more general, cases. In particular, for
h € Lipy, p is abound on the essential supremum norm of the derivative of the transition operator.
Though linear stochastic recursions are ubiquitous and are well known to be highly tractable, this
special class of Markov chains, despite its non-linear transitions, seems also amenable to deeper
analysis.

We apply the inequality (3.3) in Corollary 3.2 to obtain a bound on the Wasserstein distance
between the iterates W, of (3.2) and Dy ;. Finally in Section 3.3, we give a few examples of some
new distributions that arise as a result of utility functions that appear in the economics literature.

3.1. Existence and uniqueness of the Dy ; distribution

In the following, we use the terms increasing and decreasing in the non-strict sense. Let <
denote inequality between random variables in the stochastic order. The proofs of all the claims
in this subsection can be found in the supplement [12].

Lemma 3.1. Let 6 > 0 and s : [0, 00) — [0, 00) satisfy
sx+1)<s(x)+1 forall x >0, (3.4

let Wy be a given non-negative random variable and let {W, ,n > 1} be generated by recursion
(3.1). Then

sWop) < U (s(Wo) + 1) foralln>0. (3.5)
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If in addition s(Wy) <g Dy, then

s(Wy) <¢Dp  foralln>0. (3.6)

Theorem 3.3, showing the existence and uniqueness of the fixed point Dy ¢ to (1.15), requires
the following condition to hold on the utility function s(-).

Condition 3.1. The function s : [0, 00) — [0, 00) is continuous, strictly increasing with s (0) =0
and s(1) = 1, and satisfies

sx+1D)<sx)+1 for all x >0 3.7
and
s+ 1D —s(y+ D] = [s@x) — s forall x, y > 0. (3.8)

The following result, proven by constructing a direct coupling, shows that choice of the starting
distribution in (3.1) has vanishing effect asymptotically as measured in the d; Wasserstein norm.

Lemma 3.2. Let 0 > 0 and Condition 3.1 be in force. Let Wy and Vy be given non-negative
random variables such that the means of s(Wy) and s(Vy) are finite. For n > 1 let s(V,) and
s(W,) have distributions as specified in (3.1). Then s(W,) and s(V;) have finite mean for all
n >0, and

d; (s(W,,), s(Vn)) < (90?) d; (s(Wo),s(Vo)) foralln > 0. 3.9)

Define the generalized inverse of an increasing function s : [0, co0) — [0, 00) as
sT(x) = inf{y 1s(y) > x}

with the convention that inf & = oco. In particular, for X a random variable we consider s~ (X)
as a random variable taking values in the extended real line. When writing the stochastic order
relation V <y W between two extended valued random variables, we mean that P(V >t) <
P(W > 1) holds for all ¢ in the extended real line. Note that s~ (-) and s~'(-) coincide on the
range of s(-) when s(-) is continuous and strictly increasing.

Theorem 3.3. Let 0 > 0 and s(-) satisfy Condition 3.1. Then there exists a unique distribution

Dy s for a random variable Dy s such that s(Dg ) has finite mean and satisfies Do s =4 D;, o
with D;’s given by (1.15). In addition, Dy s <g s~ (Dpg).

3.2. Distributional bounds for Dy ; approximation and simulations

In this section, we study the accuracy of recursive methods to approximately sample from the
Dy, family, starting with the following simple corollary to Lemma 3.2 that gives a bound on
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how well the utility s(W,,), satisfying the recursion (3.1), approximates the long term utility of
the fixed point.

Corollary 3.1. Let 0 > 0 and Condition 3.1 be in force. Then s(W,) given by (3.1) satisfies

di(s(W). 5(Dp.,)) < (%) di(s(Wo).s(Dy))  foralln>0.

Proof. The result follows from (3.9) of Lemma 3.2 by taking Vo =4 Dy s and noting that Dy s
is fixed by the transformation (3.3) so that s(V,,) =4 s(Dy ;) for all n. O

Corollary 3.1 depends on the direct coupling used to prove Lemma 3.2, which constructs the
variables s(W,) and s(V,,) on the same space. Theorem 3.4 below gives a bound for when a
non-negative random variable W is used to approximate the distribution of Dy . Though direct
coupling can still be used to obtain bounds such as those in Theorem 3.4 for the Dy family,
doing so is no longer possible for the more general Dy  family as iterates of (3.2) can no longer
be written explicitly when s(-) is non-linear. Theorem 3.4 below provides a Wasserstein bound
between Dy ; and W assuming certain natural conditions on the function s(-).

For 6 > 0, suppressed in the notation, and x > 0 such that s"(x) exists, let

s’ (x) [*

00 s s (v) dv. (3.10)

I(x)=

For S C [0, 00), we say a function f : [0, co) — [0, 00) is locally absolutely continuous on S
if it is absolutely continuous when restricted to any compact sub-interval of S. Unless otherwise
stated, locally absolutely continuity will mean over the domain of f(-).

Theorem 3.4. Let 0 > 0 and s : [0, 00) — [0, 00) satisfying Condition 3.1 be locally absolutely
continuous on [0, 00) and such that E[Dg 5] < oo. With 1(-) as in (3.10), if there exists p € [0, 1)
such that

[lloo = p, (3.11)

then for any non-negative random variable W with finite mean,
di(W, Dy ) < (1 —p)~'di (W*, W). (3.12)
In the special case s(x) = x, |[I|loo =6/(0 + 1) € [0, 1), and one may take p equal to this value.

Remark 3.1. Note that E[s~!(Dg)] < oo implies E[Dg ] < 0o as Dy <g s~ (Dg) by Theo-
rem 3.3.

Remark 3.2. By a simple argument, similar to the one in Section 3 of [20], for 8 > 0 and
s : [0,00) — [0, 00) satisfying Condition 3.1, (3.15) below and E[Dg ] < oo, for any non-
negative random variable W with finite mean, we have

di(W, Dgs) < (1 +9)d1(W*, W)
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so that (3.12) holds with p =6/(6 + 1).

The use of Stein’s method in Theorem 3.4 does not require that s(-) satisfy (3.15) but does
need s(-) to be locally absolutely continuous. In addition, the alternative approach in [20] has no
scope for improvement in terms of finding the best constant p; Example 3.2 presents a case where
taking p = 6/(6 + 1) is not optimal. Theorem 3.7 below gives a verifiable criteria by which one
can show when the canonical choice p =6/(6 4 1) is not improvable.

We will prove Theorem 3.4 using Stein’s method in Section 4. Here, we provide the following
corollary applicable for the simulation of Dy ¢ distributed random variables. Note that when s(-)
is strictly increasing and continuous, for W independent of U ~ U[0, 1] the transform W* as
given by (1.15) satisfies

W=y s " (U 's(W+1D) <W+1. (3.13)

Corollary 3.2. Let s : [0, 00) — [0, 00) be as in Theorem 3.4 and let {W,,, n > 1} be generated
by (3.2) with Wy non-negative and EWy < 0o, independent of {U,,,n > 0}. If p € [0, 1) exists
satisfying (3.11), then

d\(Wa, Dy s) < (1= p) " di(Wyi1, Wy). (3.14)
Moreover, if s(-) satisfies
|s71(as(x)) — sil(as(y))| <alx —y| forae[0,1landx,y > 1, (3.15)
then
9 n
di\(Wy, Dy 5) < (1 —p)—l(m> di (Wi, Wo). (3.16)
When Wy =0,
9 n
di(Wy, Dgs) < (1 —p)—l(m) E[s~(U"")], (3.17)

and in the particular the case of the generalized Dickman Dy family,
9 n
di(W,,Dp) <0 —— ) . 3.18
1(Wh, Dp) < (9—1—1) (3.18)

Proof. Identity (3.2), the inequality in (3.13) and induction show that W,, < Wy + n, and hence
EW, < oo, for all n > 0. Inequality (3.14) now follows from Theorem 3.4 noting from (1.15)
that W =4 W, foralln > 0.

To show (3.16), recalling that the bound (1.6) is achieved for real valued random variables, for
every n > 1 we may construct W, _, and V, independent of U, such that W _, =4 W,_1,V, =4
W, and E|V, — W, _,|=d{(W,, W,_1). Now letting

W =s" (U s(W,_,+1)) and V!, =s" (U s(V] +1))
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we have W) =4 W,, and ,:’H =4 Wy+1. Thus, using (1.6) followed by (3.15) we have

di(Wyy1, Wo) < E|V) = W)

—Els7 (U s(v, + 1)) =s (U s(W)_, + 1))
0

|Vn/ - W}’/L—l |] = —dl(an Wi—1).

1/6
! 0+1

<E[U,

Induction now yields

9 n
AWy, W) < —— ) di(W, W,
1 (Wit ”)_(6+1> 1 (W1, Wo)

and applying (3.14) we obtain (3.16).
Inequality (3.17) now follows from (3.16) noting in this case, using s(1) = 1, that (Wy, W1) =

©,s™! (Uol/e)), and (3.18) is now achieved from (3.17) by taking p to be /(6 + 1), as provided
by Theorem 3.4 when s(x) = x. O

In the remainder of this subsection, in Lemma 3.6 we present some general and easily ver-
ifiable conditions on s(-) for the satisfaction of (3.15), and in Theorem 3.7 ones under which
the integral bound ||/||cc < p in (3.11) holds with p € [0, 1). Lastly we show our bounds are
equivalent to what can be obtained by a direct coupling method in the cases where the latter is
available.

Condition 3.2. The function s : [0, 00) — [0, c0) is continuous at 0, strictly increasing with
s(0) =0and s(1) =1, and concave.

Lemma 3.5. [f a function f : [0, c0) — [0, 00) is increasing, continuous at O and locally abso-
lutely continuous on (0, 00), then it is locally absolutely continuous on its domain.

The proof of Lemma 3.5 is straightforward, see [12] for details.

Lemma 3.6. Ifs : [0, 00) — [0, 00) satisfies Condition 3.2, then it is locally absolutely continu-
ous on [0, 00), satisfies Condition 3.1 and

|s~Has(y) —s Hasx))| <aly—x|  forallx,y>0andac(0,1].  (3.19)
Proof. First, since s(-) is concave, it is locally absolutely continuous on (0, co). Thus, by
Lemma 3.5, s(-) is locally absolutely continuous on its domain. Next we show s(-) is subad-

ditive, that is, that

s(x+y) <sx)+s) forx,y > 0. (3.20)
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Taking x, y > 0, we may assume both x and y are non-zero as (3.20) is trivial otherwise since
s(0) = 0. By concavity,
y X X y

s(0) + s(x+vy)<s(x) and s(0) +
x+y() x+y( y) <s(x) x+y() Tty

s(x+y) =s(y).

Since s(0) = 0, adding these two inequalities yield (3.20). Taking y = 1 and using s(1) =1 we
obtain (3.7). Next, the local absolute continuity and concavity of s(-) on [0, o) imply that it is
almost everywhere differentiable on this domain, with s’(-) decreasing almost everywhere. Thus
for x > y > 0, we have

x+1 x+1
s(x—{—l)—s(x):f s’(u)duf/ sS'(u+y—x)du

X

y+1
_ / s'uydu =s(y + 1) — s(y),
y

which together with the fact that s(-) is increasing implies (3.8). Hence, s(-) satisfies Condi-
tion 3.1.

Lastly, we show that s(-) satisfies (3.19). Since s(0) = O the inequality is trivially satisfied for
a =0, so fix some a € (0, 1]. Again as the result is trivial otherwise, we may take x # y; without
loss, let 0 < x < y. The inverse function r(-) = s~1(") is continuous at zero and convex on the
range S of s(-), a possibly unbounded convex subset [0, co) that includes the origin. Letting
u =s(x) and v = s(y), as s(-), and hence r(-), are strictly increasing and x # y, inequality
(3.19) may be written

r(av) —r(au) - r(v) —r(u)
v

r(av) —r(au) < a(r(v) — r(u)) or equivalently
av —au

, (3.21)

where all arguments of r(-) in (3.21) lie in S, it being a convex set containing {0, u, v}.

The second inequality in (3.21) follows from the following slightly more general one that
any convex function r : [0, c0) — [0, co) which is continuous at 0 satisfies by virtue of its local
absolute continuity and a.e. derivative r’(-) being increasing: if (u, v) and (uz, vy) are such that
uy1 # vy, u1 <up and vy < vy, and all these values lie in the range of r(-), then

rv) —r@) 1 f lr/(w)dw:/ (w4 (v —upw)dw
0

v —uj v — UL Jy,
l v
1 2 _
5/ r’(u2+(v2—”2)w)dw= / r’(w)deM’
0 v2 — U2 Ju, vy — Uy
as one easily has that u; + (vi —u)w <uz + (v2 —uz)w forall w € [0, 1]. O

When the function s(-) is nice enough, we can actually say more about the constant p in (3.11)
of Theorem 3.4.
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Theorem 3.7. Assume that 0 > 0 and s : [0, 00) — [0, 00) is concave and continuous at 0. Then
with I (x) as given in (3.10),

0
oo < ——. 3.22
oo < 1 (3.22)
If moreover s(-) is strictly increasing with s(0) = 0 and lim,_, o 5’ (x,,) < 00 for some sequence
of distinct real numbers x, | 0 in the domain of s'(-), then

0
oo =—. 3.23
11l co 1 (3.23)

Proof. Since s(-) is concave and continuous at 0, it is locally absolutely continuous with s’(-)
decreasing almost everywhere on [0, c0). Since u’*! is Lipschitz on any compact interval, by
composition, g0l (+) is absolutely continuous on [0, x] for any x > 0, and thus for almost ev-

ery x,
O+ DIx) _ O+ 1Ds'()

0 - 59+1(x) 0

s9+l(x) _S9+1(0)

= < 17
s9+1(x) -

xsg(v)dv < ﬁ /OX(Q + 1)s? (v)s’ (v) dv

proving (3.22).

To prove the second claim, first note that 0 < lim,_, o0 5" (x;) < 00, the existence of the limit
and second inequality holding by assumption, and the first inequality holding as s(-) is strictly
increasing and s’(+) is decreasing almost everywhere.

Thus, in the second equality using a version of the Stolz—Cesaro theorem [36] adapted to
accommodate s?*1(x,) decreasing to zero,

x” s?(v)dv
0+l(x )
[ 5% (v)dv

Xn+1
_9,111>m s"(xn) hm s (x,) — 91 (x,41)

s () dv
=0 lim s'(x,) lim fx";‘
n—00 n—00 ( + 1) fx’:;_] s?(v)s'(v) dv

lim I(x,) =6 lim s'(x,) lim
n—o00 n—00 n— 00

0 0
= —— lim s'(x,;) lim = —,
0+ 1n—-o00 n—o00 §'(xy,) 0+1

where the penultimate equality follows from the fact that

X,
1 " sOw)dv 1
lim i fo i

- im ——— < lim — im ——
n—oo s’ (x, ) n—>00 8’ (Xp41) ~ >0 fx,,n G(U)s/(v)dv n—o00 s’ (x,)
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and hence

oo > ——,
I|II<><>_9Jrl
which together with (3.22) proves (3.23). ([l
The bound (3.18) of Corollary 3.2 is obtained by specializing results for the Dy ; family,

proven using the tools of Stein’s method, to the case where s(x) = x. For this special case,

letting V; = U}/ o for j > 0, the iterates of the recursion (3.2), starting at Wy = 0, can be written
explicitly as

n—1n—1

Wa=> [V

k=0 j=k

allowing one to obtain bounds using direct coupling. Interestingly, the results obtained by both
methods agree, as seen as follows. First, we show

n—1 k
Wh=a4Y, where Y,, = Z l_[ Vi, and Yo ~ Dg where Yoo = Z l_[ V.
k=0 j=0 k=0 j=0

The first claim is true since for every n > 1,

Moy oo, Va1 =a (Vi1 .., Vo).

For the second claim, note that the limit Y, exists almost everywhere and has finite mean
by monotone convergence. Now using definition (1.1), with U_; ~ U[0, 1] independent of

Up, Uy, ... and setting V_| = Ul/la, we have

ook
v =UM Yo+ )=V, (Z]‘[ v,+1>

k=0 j=0
k

g]_ﬁ[ +V_1—Z [TV

k=—1j=—1
oo k ook

=Z Vj,1=d21_[Vj=Yoo.
k=0 j=0 k=0 j=0

Hence Yo ~ Dyg. As (Yy, Yo) is a coupling of a variable with the W,, distribution to one with
the Dy distribution, by (1.6) we obtain

ook
di(Wy, Dg) = d1(Yn, Yo) < ElYoo — Yul = E<ZH V./)

k=n j=0
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0 0 k+1 0 n
= e :9 )
X))

n

in agreement with (3.18).

3.3. Examples

We now consider three new distributions that arise as special cases of the Dy ; family. Expected
Utility (EU) theory has long been considered as an acceptable paradigm for decision making
under uncertainty by researchers in both economics and finance, see e.g. [17]. To obtain tractable
solutions to many problems in economics, one often restricts the EU criterion to a certain class
of utility functions, which includes in particular the ones in Examples 3.1 and 3.3. In these two
examples, we apply the bounds provided in Corollary 3.2 for the simulation of the limiting dis-
tributions these functions give rise to via the recursion (3.2) with say, Wy = 0. For each example,
we will verify Condition 3.2, implying Condition 3.1 by Lemma 3.6, and hence existence and
uniqueness of Dy .

Example 3.1. The exponential utility function u(x) =1 — e¢~** is the only model, up to linear
transformations, exhibiting constant absolute risk aversion (CARA), see [17]. Since utility is
unique up to linear transformations, we consider its scaled version

1 _ e—C(.X

Sa(x):m forxzo
characterized by a parameter o > 0. Clearly s, (-) is continuous at 0, strictly increasing with
5¢(0) =0and s4(1) = 1 and concave. Since lim, | o s, (x) =a(l —e"")’1 € (0, 00), forall > 0,
by (3.23) of Theorem 3.7, one can take p to be 6/(6 + 1) and not strictly smaller, and (3.17) of
Corollary 3.2 yields

0 n—1
d\(Wy, Dy s,) 59<m> for all n > 0,

using that 0 < s;l Uy < sojl (1) =1 almost surely.
Letting Wy, ~ Dy g, it is easy to verify that

Sa(We) =g UM sq(Wo + 1) = UV (1 + e %50(Wo)).

Using this identity, that Theorem 3.3 gives 0 < s5,(Wy) < Dy for all @ > 0, and that
limg 0 ¢ (x) = x for all x > 0 one can show that W, converges to Dy as « | 0. Hence, now
setting so(x) = x, the family of models Dy s,, @ > 0 is parameterized by a tuneable values of
a > 0 whose value may be chosen depending on a desired level of risk aversion, including the
canonical « = 0 case where utility is linear.
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Example 3.2. Here we show how standard Vervaat perpetuity models can be seen to assume
an implicit concave utility function, and how uncertainty in these utilities can be accommodated
using the new families we introduce. Indeed, letting & = 1 in (1.14) and then sp(x) = x?,6 ¢
(0, 1], it is easy to see that D 5, = Dy. To model situations where these utilities are themselves
subject to uncertainty, we may let A be a random variable supported in (0, 1] and consider the
mixture s(x) = E[s4(x)].

More formally, for some 0 < a < 1, let i be a probability measure on the interval (0, a], and
define

5(x) = fo S0 (¥) (1),

Since 0 < a < 1, each s,(-) is concave and satisfies Condition 3.2 and hence so does s(-). By
(3.22) of Theorem 3.7, for the family Dy s one can take p =6/(0 4 1).

Fix [ > 0. For x > [, note that dx%*/dx = ax® ! < ql*=! which is bounded and hence -
integrable on [0, a]. Thus by dominated convergence, since [ > 0 is arbitrary, we obtain

a axa a
s’(x)=/ a—d,u(oc)zf ax® Vdu(@)  forallx > 0. (3.24)
0 X 0

Now note that for a < 1, lim, o s"(x) diverges to infinity, and hence (3.23) of Theorem 3.7 cannot
be invoked. We show, in fact, that one may obtain a bound better than /(6 + 1) in this case.

Taking 6 = 1 and computing / (x) directly from (3.10), using (3.24) for the first equality and
Fubini’s theorem for the second, we have

+1

[y ex® = du@ILfy fo v* du@)dv] [y ex*"dp@lfy 377 du@)]

1 =
w Uy < dpu(e)P? Uy @ dpu(e) P
_Us Jo gt du@ dnn U I 5 G + s du@ dup))
[y x* dp(@)P? Jo J§ xtP dp(ay d(p)

1 < o B )
< sup = + .
apel0a 2\f+1 a+1
Taking 0 <« < 8 < a, the reverse case being handled similarly, using the simple fact that
B-a)t<p-a for0<a<p<l
shows that forO <o < f <a,

« B 28 2a
+ < <
B+1 oa+17 B+17a+1

and hence one can take p = a/(a + 1). Note that when a = 1/2, say, we obtain the upper bound
p = 1/3, whereas the bound (3.22) of Theorem 3.7 gives 1/2 when 6 = 1. Taking u to be unit
mass at 1 yields p = 1/2 which recovers the bound on p for the standard Dickman derived in
[20], and as given in Theorem 3.4, for the value 6 = 1.
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Example 3.3. The logarithm u(x) = logx is another commonly used utility function as it ex-
hibits constant relative risk aversion (CRRA) which often simplifies many problems encountered
in macroeconomics and finance, see [17]. Applying a shift to make it non-negative, let

s(x) =log(x +1)/log2 for x > 0.

Clearly s(-) satisfies Condition 3.2. To apply Corollary 3.2 it remains to compute an upper bound
p on the integral in (3.10). Now since lim, o s’(x) < 00, by (3.23) of Theorem 3.7, we may take
p =06/ +1). Noting sty =2 —1, simulating from this distribution by the recursion

1/6
Woi1 =W, +2)Y" —1  forn > 1 with initial value Wy = 0,

inequality (3.17) of Corollary 3.2 yields

0 n—1
d\(Wy, Dy 5) < 6’(9—“) for all n > 0,

Ul

using that 0 < s~ (U/?) =2 — 1 <1 almost surely.

4. Smoothness bounds

In this section, we turn to proving Theorem 4.7 from which Theorem 3.4 readily follows. We
develop the necessary tools building on [19]. For notational simplicity, in this section given
@,s), let

t(x)=s%x)  forallx >0. 4.1

Throughout this section ¢ : [0, 00) — [0, co) will be strictly increasing and hence almost ev-
erywhere differentiable by Lebesgue’s Theorem, see, for example, Section 6.2 of [32], induc-
ing the measure v satisfying dv/dv = t'(v) on [0, c0), where v is Lebesgue measure. For
he Ll([O, a], v) for some a > 0, define the averaging operator

Axh=$/xh(v)t/(v)dv forx € (0,a] and Aoh=h(0)1(1(0)=0). (4.2)
0

We first need to state several lemmas before proving Theorem 4.7. Proofs of Lemmas 4.1, 4.2
and 4.4 can be found in the supplement [12], and the remainder of the results required, Lemmas
4.3, 4.5, 4.6 and Theorem 4.7, are straightforward generalizations of results in [19]; hence we
omit the proofs.

Lemma 4.1. Let t : [0, 00) — [0, 00) be a strictly increasing function. If h € L'([0, al, v) for
some a > 0, then
1(x)
1'(x)

f(x)=Axh satisfies f/(x)+ f(x) =h(x) a.e. on (0, al. 4.3)
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Conversely, if in addition t(-) is locally absolutely continuous on [0, co) with t(0) = 0, and
fe Uazo Lip,,, then the function h(-) as given by the right-hand side of (4.3) is in LY([0,al, v)
forall a > 0 and

f(x)=Ash for all x € (0, 00). 4.4)
Lemma 4.2. Let t : [0,00) — [0, 00) be given by Vo) =s() for s(-) a strictly increasing
locally absolutely continuous function on [0, 0o) with s(0) = 0. Then t(-) is also locally ab-

solutely continuous on [0, 00). Moreover, for W a non-negative random variable and W* with
distribution as in (1.15), for h € ﬂaes LY([0, al, v) where S is the support of W + 1,

E[h(W*)] = E[Aw+1h] (4.5)
whenever either expectation above exists, and letting f(x) = Axh forall x € S,

W) s N
E[,/(W*)f (W*)+ f(W )] =E[f(W+D)], (4.6)

when the expectation of either side exists.

For an a.e. differentiable function f(-), let
t(x)
' (x)

Note that if f(x) = A,g for some g(-), then under the conditions of Lemma 4.1, by (4.3) we
may write (4.7) as

Dy f(x) = FrO+ ) = fx+1). 4.7

D f(x)=g(x)— Axy18 almost everywhere. 4.8)

Condition 3.1 is assumed in some of the following statements to assure that the distribution
of Dy exists uniquely. The proof of the next lemma is omitted, as it follows using Lemmas 4.1
and 4.2, similar to the proof of Lemma 3.2 in [19].

Lemma 4.3. Let 6 > 0 and s(-) satisfy Condition 3.1. If s(-) is locally absolutely continuous on
[0, 00), then,

E[h(Dg )] = ElAp,,+1h]l and E[D,f(Dgs)]=0,

forall h(-) € ﬂae(o,oo) L'([0,a],v) and f(-) € Uaso Lipy for which E[D; f (D s)] exists, re-
spectively.

The second claim of the lemma and (4.7) suggest the Stein equation

t(x)
1'(x)

[ @)+ f@) = fx +1) =h(x) = E[(Dp,s)], (4.9)
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which via (4.8) may be rewritten as
g(x) — Ary18 =h(x) — E[h(Dy)] (4.10)

whenever g(-) is such that A, g exists for all x and f(x) = A,g.

To prove Theorem 3.4, we first need to identify a set of broad sufficient conditions on f(-)
under which we can find a nice solution g(-) to (4.10) when & € Lip, , where, suppressing
dependence on 6 and s(-) for notational simplicity, for o« > 0, we let

Lip, o= {h:[0,00) > R:h € Lip,, E[h(Dg )] =0}. 4.11)

We note that the integral I (x) in (3.10) can be written as the one appearing in (4.13) below
when 7(x) = s?(x) as in (4.1). Also note that by Lemma 4.2, if s(-) is strictly increasing with
s(0) = 0, locally absolutely continuity of one of s(-) and 7(-) implies that of the other. Hence,
given that either one is locally absolutely continuous on [0, 00), as any continuous function
h :[0,00) — R is bounded on [0, a] for all a > 0, we have h € ﬂa>0L1([0,a], v). As the
integrability of /(-) can thus be easily verified, it will not be given further mention.

Lemma 4.4. Let ¢ : [0, 00) — [0, 00) be a strictly increasing and locally absolutely continuous
function on [0, 00). If h(-) is absolutely continuous on [0, a] for some a > 0 with a.e. derivative
h'(), then with A h as in (4.2),

. [/(.X) X
20 Jo

If there exists some p € [0, 00) such that

(Ach) h ()t (u) du a.e.onx € (0,al. “4.12)

t/(x) X
esssupl/(x) <p where I (x) =

S st 20 Jo t(u)du, (4.13)

then A h € Lipap on [0, oo) whenever h € Lip,, for some a > 0.

Remark 4.1. If 6 > 0 and #(-) is given by 7(-) = s?(+) for s(-) concave and continuous at zero,
then || /||oc <6/(6 + 1) by Theorem 3.7. Hence, p € [0, 1) always exists for such choices of 7(-).

Lemmas 4.5, 4.6 and Theorem 4.7 generalize Lemmas 3.5, 3.6 and Theorem 3.1 in [19] for
the generalized Dickman; their proofs follow closely those in [19] and hence are omitted.

Lemma4.5. Let 6 > 0 and s(-) satisfy Condition 3.1. Moreover assume that (v = E[Dg ] exists.
Then with Lip,, ¢ as in (4.11), for any o > 0,

SUPjeLip, o|1(0)| = au. (4.14)
To define iterates of the averaging operator on a function A(-), let Ag Jrlh = h(x) and

Aty = AX+1(A:1+_11) forn =1,
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and for a class of functions H let
Aﬁ+1(H)={A;+lh:heH} forn > 0.

Lemma 4.6. Let s(-) satisfy Condition 3.1 and be locally absolutely continuous on [0, 00). If
there exists p € [0, 00) such that (4.13) holds, then for all 6 > 0, > 0 and n > 0,

AZ_,’_] (Lipa‘o) C Lipapn)() .

In the following, by replacing i (x) by h(x) — E[h(Dp )], when handling the Stein equations
(4.9) and (4.10), without loss of generality we may assume that E[h(Dy )] = 0.
For a given function & € Lipa’o for some o > 0, let

Ry =AL b fork>0,  gx)=) h*Y(x) and
k=0
4.15)

n

gn(x) =Y A" (x).

k=0

Also recall definition (1.22) that for any @ > 0 and function f(-), || f1l[0.a] = SUPxe[0,47 | f (X)]-

Theorem 4.7. Let s(-) satisfy Condition 3.1 and be locally absolutely continuous on [0, 00).
Further assume that i = E[Dy ] exists. If there exists p € [0, 1) such that (4.13) holds, then for
alla>0andh € Lipl)o we have

|20 gy < (2 + @), (4.16)

gn € Lip(lipnﬁ—l)/(]ip) and g(-) given by (4.15) is a Lipl/(l_p) solution to (4.10).

Proof of Theorem 3.4. The proof follows by arguing as in the proof of Theorem 1.3 of [19],
with the final claim obtained by applying Theorem 3.7 to s(x) = x; we omit the details. (I

In the remainder of this section, we specialize to the case of the generalized Dickman distri-
bution where for some # > 0 we have #(x) = x?, dv/dv = 0v’~! and the Stein equation (4.9)
becomes

/) ') + f(x) = f(x + 1) = h(x) — E[h(Dg)]. (4.17)

Note that the function s(x) = x trivially satisfies Condition 3.1. For notational simplicity, in what
follows, let p; =6/(60 +1i) fori € {1, 2}.

Lemma 4.8. For non-negative o and B, let Hy g be as in (1.10). For every 0 >0, if h € Hy g
then Ach € C%[(0, 00)] and both Ayh and Ay 1h are elements of Hap,,ps-
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Proof. Take i € Hy g. Since h € Lip,,, by Lemmas 4.6 and 4.4, h(-) is v-integrable on any
interval of the form [0, a] foralla > 0, A h € Lipotpl and

6 X
(Ach) = —iT B (v)v? dv for x > 0.
x 0

Taking another derivative, we obtain
0 6+1 [~
(Ach)’ = = 1[h( yx? L/ h’(v)vedv] for x > 0.
+ X 0

Ash' e Lipg, the function Ak is twice continuously differentiable on (0, 0o) proving the first

claim. Since
6+1 [*
%= + / v dv
x Jo

// 9(9—"_ 1) /

Taking absolute value and using that &’ € Lipg now yields

00 +1
|(Ax h)”|_g[/ |h(x) — h/(v)Ivgdvi|

6+2
,39(9+1)[/( v)vd} BOWO + 1) x 86

X042 W @r D6 exa P

we have

Since both Ak and (A,h)" are continuous at 0 and belong in C'1(0, 00)], we obtain Ak €
Hap,.pp, - The final claim is a consequence of the fact that Ay 1/ is a left shift of A,h. 0

Theorem 4.9. For every 8 > 0 and h € Hy 1, there exists a solution f € Hg g2 to (4.17) with
£ 0.00) <0 and || f" [l 0.00) < 0/2-

Proof. Take i € ;1. By replacing h(-) by h — E[h(Dy)] we may assume E[h(Dg)] = 0.
Clearly s(x) = x satisfies Condition 3.1 and E[Dy] = 6 (see, e.g., [15]). Also, by Theorem 3.4,
p = pi satisfies (4.13). For h € Lip; o, Theorem 4.7 shows that g(-) given by (4.15) is a
Lip]/(lfpl) solution to (4.10). Since g(-) is Lipschitz, we have g € (), L'([0, a], v) and hence
f(x) = Ayg is a solution to (4.17) by the equivalence of (4.9) and (4.10). Now for a > 0, for any
function & € Ll([O, al,v),

1
|AAll0.a = sup |Ach] < sup — |h(v>|9v9 Ydv < hl0.a1- (4.18)

x€[0,a] x€[0,a]
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Let

g =Y h"Px) and f,(x)=A.g,.

k=0

Since gn € Lip(j_ n+1y,(1—p) by Theorem 4.7, it is v-integrable over [0, a]. Now using (4.18),
the triangle inequality and (4.16) of Theorem 4.7, noting E[Dy] = 6, we have

I f — fullio.a) = 1A.g — A.gull{0,a1 £ 18 — gnll0,a]
n+1

sup Y [P < @+a) Y pf=0 +a) :

xel0,al 7 k>ntl A

A

Letting n — oo, we obtain f(x) = ano Ach™ . Lemma 4.8 and induction imply that
A h™ € C2[(0, 00)] and A L™ € H 1 forall n > 0, and hence
| )

|(Axh®m) ptl (4.19)

<P?+l and H(Axh(m))””(o,oo) P

” (0,00)
Thus, for any a > 0, on the interval (0,al, fl(x) = Y j_o(A;h®*0)Y and f/(x) =
oA h™*) converge uniformly to the corresponding infinite sums respectively, noting that
by (4.19), the infinite sums are absolutely summable. Thus we obtain (see, e.g., Theorem 7.17 in

[33D
flx)= nlingo fr(x) and f"(x)= 11;11;0 £l (x) for all x € [0, a].

Hence, again using (4.19), with || - [[(0,00) the supremum norm defined as in (1.22),
17 an+1 _9 and | /"] an+1 /’2 _¢
(0,00) — (0,00) — - 2"
n>0 n>0

Finally, since f(-) and f'(-) are differentiable everywhere on (0, c0) with bounded derivative,
they are absolutely continuous on (0, 0o). Also both f(-) and f’(-) are continuous at 0 since
by definition, f(0) = Aog = g(0) =lim, o f(x) and f'(0) =1lim, o f’(x). Now noting that if a
function is absolutely continuous on (0, co) with bounded derivative and continuous at 0, then it
is Lipschitz, we obtain that f € Hg g/2. O

Remark 4.2. The reasoning in the proof of Theorem 4.9 holds in greater generality in 7(-), and
only specifically depends on the form 7(x) = x? when invoking Lemma 4.8.

Remark 4.3. In contrast to the bound || /|00 < 2|4 ||co (s€€, €.2., (2.12) of [14]) for the solution
of Stein equation in the normal case, one cannot uniformly bound the second derivatives of the
solutions f'(-) of (4.17) in Theorem 4.9 assuming only a Lipschitz condition on the test functions
h(-) in a class H; see [12] for details.
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Remark 4.4. Shortly after a draft of this manuscript was posted, as a special case of their work
on infinitely divisible laws, Arras and Houdré proved smoothness bounds in [1] for a solution to
the standard Dickman Stein equation of the form

1
xt(x) — / t(x +u)du = h(x) — Eh(D); (4.20)
0

this equation corresponds to (4.17) upon identifying #(-) and f'(-). Lemma 5.2 in [1] shows that
when h(-) isin the class H = {h : |hlloo < 1, |F |l < 1, h’(-) is continuous} then there exists a
solution 7(+) to (4.20) with ||#'||cc < 1. The proof of Theorem 2.1 requires a uniform bound on
f'() over (0, 00) to control the coefficient of | — 1] in (2.6). As no such bound is provided
in [1], in the case & = 1 one can argue as for Theorem 2.1 to produce a version of it for the
metric induced by H. As neither class H nor H; ;1 in (1.10) contains the other, the first class
requiring the test functions to be uniformly bounded, and the second requiring their derivatives

to be Lipschitz, the resulting metrics they induce are incomparable.
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