Annales de I’Institut Henri Poincaré - Probabilités et Statistiques

ANNALES
2019, Vol. 55, No. 1, 341-377 DETINUT
https://doi.org/10.1214/18-AIHP884 HENRI
© Association des Publications de I’Institut Henri Poincaré, 2019 POINCARE

PROBABILITES
ET STATISTIQUES

www.imstat.org/aihp

Intertwinings and Stein’s magic factors for birth—death processes

Bertrand Cloez?® and Claire Delplancke”

2INRA, Monipellier SupAgro, Univ. Monipellier. UMR Mistea, Batiment 21, 2 place Pierre Viala, 34060 Monipellier Cedex 2, France
E-mail: bertrand.cloez@inra.fr
bCenterfor Mathematical Modeling, Beauchef 851, Edificio Norte - Piso 7, Santiago, Chile. E-mail: cdelplancke @ cmm.uchile.cl

Received 13 October 2016; revised 13 December 2017; accepted 15 January 2018

Abstract. This article investigates second order intertwinings between semigroups of birth—death processes and discrete gradients
on N. It goes one step beyond a recent work of Chafai and Joulin which establishes and applies to the analysis of birth—death
semigroups a first order intertwining. Similarly to the first order relation, the second order intertwining involves birth—death and
Feynman—Kac semigroups and weighted gradients on N, and can be seen as a second derivative relation. As our main application,
we provide new quantitative bounds on the Stein factors of discrete distributions. To illustrate the relevance of this approach, we
also derive approximation results for the mixture of Poisson and geometric laws.

Résumé. Cet article établit 1’existence d’entrelacements au second ordre entre semi-groupes relatifs aux processus de naissance-
mort et gradients discrets sur N, allant ainsi un pas plus loin que les travaux récents de Chafai et Joulin, qui concernent les entrela-
cements au premier ordre et leur application a I’analyse des semi-groupes de naissance-mort. Comme la relation du premier ordre,
I’entrelacement de second ordre fait intervenir des semi-groupes de naissance-mort et de Feynman—Kac et des gradients a poids sur
N, et peut s’interpréter comme une relation de dérivation a I’ordre deux. Comme application principale, nous établissons des nou-
velles bornes sur les facteurs de Stein relatifs aux distributions discretes, et nous donnons également des résultats d’approximation
pour le mélange de lois géométriques et le mélange de lois de Poisson, qui illustrent la pertinence de notre approche.
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1. Introduction

A birth—death process is a continuous-time Markov process with values in N = {0, 1, ...} which evolves by jumps of
two types: onto the integer just above (birth) or just below (death). We denote by BDP(«, 8) the birth—death process
with positive birth rate ¢ = (¢ (x))en and non-negative death rate 8 = (8(x))xen satisfying to 8(0) = 0. Its generator
is defined for every function f : N — R as

Lf@)=a@)(fxr+1) = f)+B0)(f(x =1 = f(x)), xeN.

For a generator L, associated to a semigroup (P;);>0 and a Markov process (X;);>0 on N, and a function V on N
(usually called a potential), the Schrédinger operator L — V is defined for every function f as

L-V)fx)=LHx)-Vx) f(x), xeN,
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and is associated to the Feynman—Kac semigroup (P,");>0 defined for all bounded or non-negative functions f on N
as

(PY £)(x) =E[f(X])e o VD] Nt > 0.

The starting point of our work is the recent article [11] which establishes a first order intertwining relation involving
birth—death and Feynman—Kac semigroups, and discrete gradients on N. For example, it reads as

ap, =P, (1

where 9 is the discrete gradient defined by df (x) = f(x 4+ 1) — f(x), the notation (EV),ZO standing for an alternative
Feynman—Kac semigroup. Actually, the precise result holds more generally for weighted gradients and allows to
derive known as well as new results on the analysis of birth—death semigroups.

According to this observation, the aim of the present article is to extend this work by stating a second order
intertwining relation. More precisely, let us define the backward gradient 9* by

FfO)=fax-D—fx), xeN'={L2,...s  3"f(0)=—£(0).
Under some appropriate conditions on the potential V, we derive a formula of the type
9*9P, = PV 9*3, )

where (f’\tv) ¢>0 1s a new Feynman—Kac semigroup. Similarly to the first order, this second order intertwining relation,
which is our main result, is given in the more general case of weighted gradients.

Once our second order relation is established, it reveals to have many interesting consequences. In particular, we
derive results on the estimation of the so-called Stein factors. Stein’s factors, also known as Stein’s magic factors, are
upper bounds on derivatives of the solution to Stein’s equation and a key point in Stein’s method, introduced by Stein
in [27], which consists in evaluating from above distances between probability distributions. Among the important
results appearing more or less recently in this very active field of research, let us cite some references within the
framework of discrete probabilities distributions. Stein’s factors related to the Poisson approximation in total variation
and Wasserstein distances are studied in the seminal paper [12], in the reference book [6] and in the recent article
[5] for example. For the binomial negative approximation, one can cite [9] for the total variation distance and [5] for
the Wasserstein distance; for the geometric approximation in total variation distance, see [22] and [23]. An important
advance is made in [10], where a universal approach to evaluate Stein’s factors for the total variation distance is
developed. The work [17] provides Stein’s factors for the total variation distance when the target distribution is a
Gibbs distribution. While our approach relies on the so-called generator method, which characterizes the reference
distribution as the invariant measure of some Markov process, more general Stein operators have also been developed
([19D.

In the present article, we propose a universal technique to evaluate Stein’s factors related to the approximation
in total variation, Wasserstein and Kolmogorov distances. On the basis of some results derived in [10], the main
ingredients are the method of the generator and the intertwining relations presented above. To the authors’ knowledge,
the systematic use of this last ingredient, which comes from the functional analysis, seems to be new within the context
of Stein’s method. It allows to construct a unified framework for the derivation of Stein’s factors, which applies to a
wide range of discrete probability distributions-namely, distributions that are invariant with respect to some reversible
birth—death process on N with good properties. A similar approach might be developed similarly for continuous
distributions characterized as the invariant measure of some diffusion processes, for which a first order intertwining
relation already exists ([8,15]); or for other discrete distributions, such as compound Poisson distributions which are
invariant with respect to some downwards skip-free process.

A case-by-case examination of our general results in examples of interest reveals that our upper bounds sometimes
improve on the ones already known, and sometimes are not as sharp. For example, we improve the first Stein factor
related to the negative binomial approximation in total variation distance and we derive new Stein’s factors for the
geometric approximation in Wasserstein distance.
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As an additional part of independent interest, we study the approximation of mixture of discrete distributions in the
spirit of the Stein method. Combined with the Stein bounds, the obtained results have potential applications of which
we give a flavour through the following example. Denote NB (7, p) the negative binomial distribution of parameters
(r, p). It is a mixed Poisson distribution, converging in law towards the Poisson distribution P, in the regime p — 1,
r — oo and r(1 — p)/p — A. The following bound in Wasserstein distance W seems to be the first attempt to quantify
this well-known convergence:

8 [r(l—p)(1—p)
W (NB i) < / .
( (",P),77<1p>)<3\/Z » »

To conclude this introduction, let us announce the structure of the article. In Section 2, we state with Theorem 2.2
our main result about the second order intertwining, after having recalled the first order intertwining; we follow with an
application to the ergodicity of birth—death semigroups. In Section 3, we firstly present theoretical bounds on Stein’s
factors derived from the intertwinings, and secondly we investigate the approximation of mixture of distributions. In
Section 4, our results are applied to a wide range of examples, including M/M/co process and Poisson approximation,
Galton—Watson process with immigration and negative binomial approximation, and M/M/1 process and geometric
approximation. The three last sections are devoted to the various proofs of the results previously stated: Section 5
deals with the preparation and proof of our main result Theorem 2.2, Section 6 gathers the proofs of the bounds on
Stein’s factors and finally, a useful upper bound related to the pointwise probabilities of the M/M/oo process is proved
in Section 7.

2. Main result

Before stating our main result Theorem 2.2, let us introduce some notation. The set of positive integers {1, 2, ...}
is denoted N*. For all real-valued functions f on N and sets A C N, we define || f|co,a = sup{| f(x)|,x € A} and
I flloo = Il fllco.N. For all sequences # on N, the shift-forward and shift-backward of u are defined as:

U@ =ux+1), xeN,  u(@)=ux—1), xeN' % (0)=0.

The symbol P stands for the set of probability measures on N and we denote by £(W) the distribution of the random
variable W. For all real-valued functions f on N and u € P, we use indifferently the notation

/ fdp=p(f)=Y_ fu).

xeN

Recall that the discrete forward and backward gradients are defined for all real-valued functions f on N by
Afx)=f(x+1)— f(x), xeN; O f(x)=f(x—1)— f(x), xeN¥ 0% £(0) = — £(0),

the convention chosen for 9* in 0 being interpreted as a Dirichlet-type condition (implicitly we set f(—1) = 0).
Letting u be a positive sequence, we define the weighted gradients 9, and 9" respectively by

1 1
814:—8’ 8::—3*
u u

With this notation, the generator of the BDP(«, 8) reads for every function f : N — R as

Lf =adf + Bo*f.

Let us assume that the birth rate « is positive on N and that the death rate 8 is positive on N* with moreover 8(0) = 0.
Hence the process is irreducible; to ensure that the process is ergodic and non-explosive we further assume respectively
that ([16], [14, Corollary 3.18])

*fa(())a(l)ma(x -0 __ i( I B ﬂ(x)-~~ﬂ(1)>
BMBQ2)---B(x) ’

ax) a@ax—1) T ax)---a0)

x=1 x=1
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The measure v defined on N as

-1
—1
7(0) = <1+Z]_[“(ﬂy(y) )> , n(x)—n(O)l_[a(g( : 0D N, 3)

x>1y=1 y=1

is then the invariant, and symmetric, probability measure for the associated semigroup.

Recall that if (P;);>0 is a Markov semigroup on N associated to the process (X;);>o and if the potential V : N - R
is bounded from below, the Feynman—Kac semigroup (P, ), is defined for all bounded or non-negative functions f
on N as

(PY £)(x) =E[f(X)e o VD] e N1 > 0. )

When V is positive, the formula (4) admits an interpretation involving a killed, or extended, Markov process. Add a
new state a to N and extend functions f on N to NU {a} by f(a) =0. Then, we have:

PY f(x)= ELf (Y ) v 2ay]-

where the process (Y;);>0 is absorbed in a with rate V (¥}*). The generator of the process (¥;*);>0 acts on real-valued
functions on N U {a} by the formula

(K@) = (LFIN ) + V(©)(f@) = f(x). &)

This interpretation can be extended to the case where V is bounded from below by adding and subtracting a constant
to V inside the exponential.

The Kolmogorov equations associated to the Schrodinger operator L — V and the Feynman—Kac semigroup defined
in the introduction read for all functions f in the domain of L as

P f=(L-V)PYf=PY(L-V)f, t>0. ©)

Here 0; denotes the derivative in time. In the following, when using a Feynman—Kac semigroup, we will always
assume that the equation (6) stands for all bounded real-valued functions on N. It is the case for example when L is
the generator of a birth—death process with rates («, 8), and «, 8, V are P;-integrable for all ¢ > 0.

In order to state the first intertwining relation, we associate to any positive sequence u a modified birth—death
process on N with semigroup (P, ;);>0, generator L, and potential V,,. For all functions f : N — R set

N
Lufzau8f+,3u3*f, Vuza_alt+ﬂ_ﬂuv

1 -1
o, (x) = %a(x + D, Bu(x) = %ﬁ(ﬂlmw xeN.

Under the compacted form V,, = 9, (27,3 — ua) one can see the parallel with the analogous formulas in the diffusion
setting ([3,8]).
We recall now the first order intertwining relation, due to [11].

Theorem 2.1 (First order intertwining relation). If'V, is bounded from below, it holds for every real-valued function
on N such that ||9y f|lco < +00 that:

dPif=Pld.f 1>0. 7
Although we will not prove this result in full generality, a new proof is proposed in Section 5.2 when the weight is

u = 1, the birth rates « are non-increasing and the death rates 8 are non-decreasing. This proof is based on a coupling
argument and gives a probabilistic interpretation of the semigroup (and its jump rates) in the right-hand side of (7).
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We now turn to the main theorem of this article. Let # and v be positive sequences and assume that the potential V,,
defined above is non-increasing on N. We define a modified process on N with semigroup (P, v r):>0 and generator
L.+ as follows: for all real-valued functions f on N, set

(Lu,*vf)(x) = au,*v(x)af(x) + ,Bu,*v(x)a*f(x)

x—2 x—2
¥ . v(k)
+ (9, Vu) (x) v(j) o R - fx), x=2,
(&%) (,go ),;(Z,-:Sv(m( )
(Lo [)(X) = oty 50 (0)Df () + Busw (0)3* f(x), x=0,1,
Ay 0 (X) = v+ 1) ulx + 1)oc(x+ 1), xeN,
v(x) u(x)
vix — D ulx—2)
v(ix) ulx-—1)

Bu,o (1) = v(0)35 V, (1), Bu,xv(0) =0.

Busv(x) = Blx —D+vx -1V, (x), x=>2,

In contrast with the previous semigroups, this modified process is not a birth—death process in general. Indeed, if
the process starts at a point x > 2, it can jump on the set {0, ..., x — 2} with rate (3} V,,)(x)(Z’]‘-;(z) v(j)). Remark
that both this quantity and the death rate in 1, B, « (1) = (3*V,,)(1), are non-negative thanks to the hypothesis V,
non-increasing on N. We also define the potential V,, ., as

Vi (x) = (1 + ﬂ)%ﬁ - (1 + 1)) Ot Do+ 1)

u(x —1) v(x) u(x)
x—1
vix — D u(x —2) . %
AR e u(x_l)mx—l)—(;vu))avvu(x), x> 1,
o (0) = a( )—( +v(0))u(0)a( )+ B(D).

We are ready to state our main result.

Theorem 2.2 (Second order intertwining relation). Assume that V,, is non-increasing, bounded from below, that
infyeyv(x) > 0 and that V,, s, is bounded from below. Then for every real-valued function on N such that |0, f ||co <
+00, we have

Vu *U
058, (P f) = P, i (828, f), 1>0.

Since some preparation is needed, the proof of Theorem 2.2 is postponed to Section 5.

Remark 2.3 (Propagation of convexity?). Under the assumptions of Theorem 2.2, if 9}, f is non-negative, so is
070, P; f for all + > 0. A similar property for the first order intertwining admits an interpretation in terms of prop-
agation of monotonicity ([11, Remark 2.4]): the intertwining relation (7) implies that if a function f : N — R is
non-decreasing, then so is Py f for every t > 0. However, it is not clear whether there is an analogous nice interpreta-
tion for the second order intertwining because, in contrast to the continous space case, the condition 9,3, f > 0 is not
equivalent to the convexity of f (even for u =v =1).

Let us comment further on Theorem 2.2. The interpretation of a Feynman—Kac semigroup as an extended Markov
semigroup sheds light on various aspects of Theorem 2.2. As the first-order potential V,, is bounded from below, recall
that the Feynman—Kac semigroup (P,X‘,‘) >0 appearing in the right-hand side of equation (7) can be represented as a
Markov semigroup (S;);>0 related to the process (¥;);>0 on NU {—1} by adding a point a = —1. The Markov process
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(Y1)=>0 is then non-irreducible and absorbed in —1. To differentiate again in the equation (7) amounts to differentiate
the Markov semigroup (S;)s>0.

Firstly, this explains intuitively the use of the backward weighted gradient 9; instead of the regular weighted
gradient 9. Indeed, to deal with the absorption of the Markov process in —1, additional information at the boundary
is needed. The use of 9* gives the missing information, since the knowledge of d*g is equivalent to the knowledge of
dg in addition with the knowledge of g(0) = —9*g(0).

Secondly, this allows to understand the hypotheses required for Theorem 2.2 to apply. The main assumption of
this theorem is V,, to be non-increasing. As noticed before, this assumption is necessary in order to have well-defined
objects. The following remark provides another justification.

Remark 2.4 (Around the monotonicity assumption). On the one hand, the second intertwining relation is equivalent
to a first intertwining relation for the extended Markov semigroup (S;);>0. On the other hand, if a first intertwining
relation holds for (S;);>0, then (S;);>0 propagates the monotonicity. Set f =1y =1 —1;_1). Then for all x, y € N,
Sof(x) = Sof(y) =1 and by formula (5),

(St f)@)i=0 = (Lu f I @) 4+ Vu @) (f (=) = f () = =V, (x),
(S fx) =S fM)|,_o= Vi) — Vu(x).

The function f is non-decreasing on NU {—1} and a necessary condition for S; f to be non-decreasing for all > 0
is, in the light of the preceding equation, that V;,(y) — V,(x) <0 whenever x <y, i.e. V,, is non-increasing on N.

If V,, is constant, then Theorem 2.2 admits a variant involving the gradient 9,0, instead of 9. d,, which is stated
in Theorem 2.5 below for the sake of completeness. In the applications, when V), is constant, we choose to invoke
Theorem 2.5 in lieu of Theorem 2.2, because the underlying arguments are much simpler. Indeed, in this case the
equation (7) reduces to

WP f=e""Pydyf, t>0,

and it is no longer required to extend artificially the Markov process, nor to add information at the boudary, in order
to differentiate a second time. As a matter of fact, one can notice that if V,, is constant, then the BDP associated to the
semigroup (Py, «v.r)r>0 of Theorem 2.2 do not visit the state 0 unless it starts there.

In order to state the theorem, a new birth—death semigroup (P, , ;):>0 with generator L, , and a potential V,, , is
introduced. Set for all real-valued functions on N:

Ly f(x) Zau,vaf(x) +,3u,va*f(x)’ x €N,
_vx+Dulx+2) _vx=Dulx—1)
oy (X) = o) u T l)a(x+2)’ Bu,v(x) = o) n() Bx), xeN,
vix+1) wuxgo
v(ix) ulx+1)

vix —D\u(x—1)
_<1_|_ o) ) a0 B(x), xeN.

|4 = - +2)+ 9y +1
uw(X) = a(x) ax (u(x+1) )ﬂ(x )

In contrast to the Markov semigroup (P «y.1)r>0, the semigroup (Py,y.r)s>0 is always a birth—death semigroup.

Theorem 2.5 (Alternative version of the second intertwining relation). Assume that V, is constant on N and that
Vv is bounded from below. For all real-valued functions on N such that ||9, f ||co < +00 and ||8,,0y f |lec < 400, we
have:

Vuw
00y (P f) =P,y 100y f), t=0.
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Remark 2.6 (Link between the two versions of the second intertwining). Surprisingly, it is only possible to deduce
directly Theorem 2.5 from Theorem 2.2 in the case where the sequence v is constant. When v = 1 for instance, one
can write that 3*9,, f (- + 1) = —99, f, yielding under the appropriate assumptions on f : N — R that:

<«
Puiif)=Pysi f(x+1), xeN=0.
At the level of the processes, this equation can be reformulated into the equality in law:

x¥ o =x*l 1 xeN,t>0,

Tu,t — 1,su,t

where (le" )10 and (X’l"u’t)tzo are the Markov processes corresponding respectively to the semigroups

(Py x1,1)r=0 and (P, 1,)s>0. If v is not constant, no similar relation holds in general.

Remark 2.7 (Other versions). It is possible to derive similar theorems for other gradients. For example, if the
gradient 9* is defined as 9* f = 3* f on N* and with the Neumann-like boundary condition in 0, 3* f (0) = 0, then the
analogous theorem to Theorem 2.2 holds for 9, 9. It is also possible to derive intertwining relations in the case where
the semigroup lives on [0, n], although the underlying structures are rather different: for instance, the condition V,,
non-increasing is no longer necessary.

Let us turn to our first application of Theorem 2.2 and its variant Theorem 2.5. The first order intertwining relation
recalled in Theorem 2.1 yields a contraction property in Wasserstein distance. Precisely, under the assumptions of
Theorem 2.1, by [11, Corollary 3.1], we have for all u, v € P,

W, (WP, vP) < e " WIWy (1, v), ®)

where the distance d,, on N and the related Wasserstein distance Wy, on P are defined in the forthcoming section,
Section 3.1. Similarly, Theorems 2.2 and 2.5 lead to a contraction property for the distances ¢, s, and ¢, ,, defined
respectively for two sequence of positive weights u and v by

, ]:u,*v:{f:N_)Rv 10, flloo < 00,

Cuwo= sup |u(f) —v(f) o f o =1},

€S u v
Sup = SlJI_P () =v(f), Fuw={F N>R, 18, flloc <00, 803 flloo < 1}.
feFuu

We call ¢, « and ¢, , second order Zolotarev-type distances since they are simple metric distances in the sense of
Zolotarev ([29]) and can be seen as the discrete counterparts of the distance {» defined on the set of real probability
distributions (the distance ¢, introduced in [29] and further studied in [25], is associated to the set of continuously
differentiable functions on R whose derivative is Lipschitz). The contraction property reads as follows:

Theorem 2.8 (Contraction of the BDP in second order distances).

o Under the same hypotheses as in Theorem 2.2, we set o (u, xv) = inf V,, . Then, for all i, v € P, we have:

Guo (WPr, V) < €77 g (). ©)
e Under the assumptions of Theorem 2.5, define o (u, v) =infV, . Letting v, v € P, it stands that:

Cuw (WP V) < €770y (1, ). (10)

Proof. The proof is done in the first case, the second one being similar. For all real-valued functions f on N such that
10y fllooc < 00 and |95y flleo <1, Theorem 2.2 implies that

[030,P. ], < e 070, £ ], <@, 20,
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Hence,

’

Cu, o (WP, V) ZSUPH/ Ptfdﬂ_/Ptde

/gdﬂ—/gdv

g_g(u’*v)té'u,*v(ﬂa V). O

3001 <1}

gllee < e

< sup{ o(u,*v)t}

If the quantity o (u, *v) (resp. o (u, v)) is positive, the first bound (resp. the second) is a contraction. In particular, if
we take v = 7 the invariant measure of the BDP, then Theorem 2.8 gives the rate of convergence of the BDP towards
its invariant measure in a second order distance.

Remark 2.9 (Generalization and optimality).

e The proof of Theorem 2.8 can be generalized to the Zolotarev-type distance associated to the set of functions
f:N— Rsuchthat || Df |0 <1 as soon as we have an inequality of the type [|[DP; f|loco < e '||Df ||oo for every
t > 0, some o > 0 and some finite difference operator D. In Section 4 below, we detail such convergences in higher
order Zolotarev-type distances.

e By arguments similar to those developed in [11, corollary 3.1], one can prove that the constants o (u, *v) and
o (u, v) in the equations (9) and (10) are optimal. Indeed, the argument of [11] relies on the propagation of the
monotonicity and we have the analogous property at the second order (cf. Remark 2.3).

e Using [14, Theorem 9.25], we see that, choosing a good sequence u, it is possible to obtain the contraction in the
Wasserstein distance (8) at a rate corresponding to the spectral gap (even if there is no corresponding eigenvector).
For the second order, we do not know if it is always possible to find sequences u, v such that o (xu, v) or o (u, v) is
equal to the second smallest positive eigenvalue of —L.

In the following section we focus our attention on our main application of intertwining relations, Stein’s factors.

3. Application to Stein’s magic factors
3.1. Distances between probability distributions

First of all, we introduce the distances between probability measures used to measure approximations in the sequel.
They are of the form

Cr (. v) = sup{|u(f) —v()|. f e F}.

where F is a subset of the set of real-valued functions on N. The distances ¢, v, {u.» presented at the end of the
preceding section were examples of such distances; we now recall the definition of three classical distances on P.

Total variation distance. The total variation distance dtv is the distance associated to the set Fry of real-valued
functions on N such that 0 < f < 1. In contrast to the continous space case, the topology induced by the total variation
distance on N is exactly the convergence in law. Some authors prefer to define the total variation distance as the
distance associated to the set F ={f : N — R, || f|loo < 1}. The two definitions vary by a factor %:

drv (i, v) = sup !u(f)—v(f>|=l sup !u(f)—v(f>|=121u<x)—v<x>|.
0<f=<l 2 ) flloost 2

xeN

Wasserstein distance. For a distance d on N let us call Lip(d) the set of real-valued functions on N such that

|f) = f)| <dx,y), x,yeN.
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The Wasserstein distance between two probability measures p and v of P is defined as
Wty =int [ () driee, ),

where the infimum is taken over all probability measures IT on N> whose first marginal is « and second marginal is v.
By Kantorovich-Rubinstein theorem (see e.g. [28]),

Wa(u, v) = {Lip) (4, v).

For a positive sequence u, define the distance d,, on N as

y—1
d(r, )= u®), x<y;  dy(x,y)=dy(y, %), x>y;  dy(x,y)=0, x=y.
k=x

Let us observe that Lip(d,) ={f : N— R, ||9, fllco < 1}. Hence

Wa, (n,v)= sup |u(f)—v(f)|= sup 1|u(f)—V(f)|.

f€Lip(dy) 19 flloo=<

The distance associated to the constant sequence equal to 1 is the usual distance dj(x, y) = |x — y|. We denote by
W = W, the associated Wasserstein distance.

Kolmogorov distance. The Kolmogorov distance is defined as the metric distance associated to the set Fg of
indicator functions of intervals [0, x]:

dg(u,v) = suI[\)I |M([O,x]) — v([O,x])|.
X€E

Comparison between distances. For all u,v € P,

dg (u,v) <drv(u,v) < Wa, (1, v).

ian u
Indeed, both inequalities are consequences of the inclusions
.
Fkx C Frv C — Lip(dy).
infyy u

The second inclusion follows from the implication

0=f=1 = |3fllo=

ian u ’

The total variation distance is invariant by translation, whereas intuitively the Wasserstein distance gives more
weight to the discrepancy between w(x), v(x) if it occurs for a large integer x. The Kolmogorov distance may be used
as an alternative to the total variation distance when the latter is too strong to measure the involved quantities.

3.2. Basic facts on Stein’s method

Given a probability measure p and a target probability measure 7 of P, the Stein—Chen method provides a way to
estimate the distances of the type { (i, ). More precisely, consider a Stein’s operator S:

Sfx)=ax)fx+1) =B fx), xeN;pp=0,
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characterizing the probability measure 7 (meaning that [ Sf du = 0 for every function f : N — R in a sufficiently
rich class of functions if and only if © = ) and the associated Stein equation

ng:f—[fdn. (11)

We call g7 a solution to Stein’s equation. The interest of such solutions comes from the following error bound:

CF(p. ) = sup |u(f) — 7w (f)] = sup ngf du‘~ (12)
feF feF

As a consequence, if it can be shown that

s

then it follows that

<eollgflloo +€11108 flloos

Cr(u, ) <eo sup llgflleo + €1 sup 108 fllco-
feF feF

This strategy of proof is widely used, for example in the references about Stein’s method provided in the introduction.
A key point of this approach consists then in evaluating the so-called first and second Stein factors, also known as
magic factors:

sup [1g oo sup [|9g fllco-
feF feF

Observe that the equation (11) does not determine the value of g7(0). When evaluating the first Stein factor
SUpre F llg rllco, we pick for every f € F the solution gy of (11) such that g¢(0) = 0. Hence, it is sufficient to
consider the quantity

N
sup [ £ lloo,n* = sup [|gf lloo-
feF feF

Similarly, for the second Stein factor, picking solutions g ¢ to (11) satisfying to g7 (0) = g (1), 1.e. 3gr(0) =0, allows
to consider only the quantity

sup [[9g £ lloo,n* = sup 18 lloo-
feF feF

To evaluate the above quantities, we use a method known as method of the generator and the semigroup repre-
sentation deriving from it. Set L the generator and (P;);>o the semigroup associated to the BDP(«, 8) and assume
that (P;);>0 is invariant with respect to the target probability distribution . The operators S and L are linked by the
relation

Lh=S (—B*h).
The Poisson equation reads as

Lhy=f—u(f),

the centered solution /4 ¢ being given by the expression

hp==[ (R =)
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Then, we obtain a solution g s to Stein’s equation (11) under the so-called semigroup representation:
o
gf=_a*hf=/ 8° P, f dr. (13)
0

3.3. Bounds on Stein’s magic factors

In this section, theoretical bounds on the first and second order Stein factors are proposed for the approximation
in total variation, Wasserstein and Kolmogorov distances. Proofs are postponed to Section 6 in order to clarify the
presentation. Before turning to the results, a few general comments are made.

1. Our method evaluates Stein factors by quantities of the form

o0 o0
/ e supP(X! =i)dt, / e sup (P(X! =i) —P(X! =i —1))dr.
0 ieN 0 ieN*

The Markov process ()N(t)tzo which occurs is an alternative process and is not necessarily the same as the
BDP(«, B) with semigroup (P;);>0 appearing in the semigroup representation (13). To our knowledge, this is
new and makes the originality of our work.

2. While the detailed demonstrations of the forthcoming results are given in Section 6, the scheme of proof is briefly
explained here. Firstly, the argmax f; of the pointwise Stein factor

sup [0, (i)|, ieN* ke{0,1},
feF

is obtained by resuming and generalizing results from [10]. Secondly, the function f; is plugged in the semigroup
representation:

o0
akgﬁ(i):/() *d* P, fidt, ke{0,1}).

The intertwining relations of Section 2 are then used to rewrite the term 8%9* P;.
This technique is already employed for Poisson approximation in some works, [4] and [7] for example. In that
context, the intertwining relation reads as:

8Pt=e_tPt3, tZO,

where the semigroup (P;);>0 is the same on the left and on the right. The use of the intertwining relations permits
to go beyond this case and to construct a universal method to derive Stein’s factors.

3. For the sake of clarity, the present section only includes results on the uniform Stein factors. However, it can be
seen in Section 6 that our upper bounds on the pointwise Stein factors are often sharp.

4. For the second order Stein factor, two sets of assumptions are used:

Assumptions 3.1 (Assumptions).

Hy: The potential V) is non-increasing and non-negative, the potential V| s, is bounded from below, and the
sequence u is bounded from below by a positive constant. In this case, we define o (1, *u) = infy V| s, and
denote by (Xi’*u’t),zo the Markov process of generator L ., such that Xi,*u,o =1.

Hy: The potential V| is a non-negative constant and the potential V1, is bounded from below. In this case, set
o(1,u) =infy V1, and call (Xi,u,t)tzo the birth—death process of generator Ly, such that Xli.u,o =1.

This comes from the fact that the double intertwining relation is given by the main result Theorem 2.2 under H;

and by its analogous Theorem 2.5 under Hj.

5. Stein’s factors related to the different distances compare between each other through the inequalities:

ak = ak < ak . keN.
f=1[§,l:£),me H 8f Hoo — Ozl}}l;l || 8f Hoo — ll’lfNM feill’;)lzdu) H 8f ||oo €
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We now state the main results of this section, formulated for each distance of interest.
Approximation in total variation distance.

Theorem 3.2 (First Stein’s factor for bounded functions). Assume that V,, is bounded from below by some positive
constant o (u). Then, we have:

o0
sup ||gf||oo§/ e W sup P(XY , = i) dt.
0<f<1 0 ieN ’

This theorem is applied to the negative binomial approximation in Proposition 4.5.

Theorem 3.3 (Second Stein’s factor for bounded functions I). Under Hy,

o
sup [19g fllo < 2/ e o qup (XY L, =1i)dt.
0=/=<1 0 ieNs T

If the sequence is chosen to be u = 1, we have:

o
sup [13g oo < / e~ sup (P(X] Ly, = 1) = P(X] 4y, =i — 1)
0<f=<l 0 ieN* T T

+ (X1 4 =1) —P(X]

1,%u,t

=i+1))dt.
The analogue of Theorem 3.3 under the alternative set of hypotheses reads as:

Theorem 3.4 (Second Stein’s factor for bounded functions II). Under Hj,

o0
sup [10gfllec < 2/ e W supP(x} , , =i)dt.
0=f=1 0 ieN Y

If the sequence is chosen to be u = 1, we have:

o
sup ”agf“OO = / et Sup(P(Xll ut = l) - HD(Xll wp=1— 1)
0<f<1 0 ieN "’ o

+P(X]

Lut —

i)—P(X},, =i+1))dr.
Remark 3.5 (Alternative versions). By the same techniques, it is possible to upper bound the quantities

sup g £lloo> sup 1048 lloo-
0<f/u=<l 0<f/u=<l

It could be useful if one is interested in the approximation in V-norm ([21]) rather than in total variation distance.
Approximation in Wasserstein distance.

Theorem 3.6 (First Stein’s factor for Lipschitz functions). If V, is bounded from below by some positive constant
o (1), then we have:

sup gy /ulloo < ——.
feLip(dy) S/ ee o(u)

Moreover, if V,, is constant, then the preceding inequality is in fact an equality.
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Theorem 3.7 (Second Stein’s factor for Lipschitz functions I). Under Hy,

1 ulx—1)
sup  [10u8flloc < ——— sup {1+ —— ).
feLip(dy) o (1, *u) yen+ u(x)

If we assume that u(x) = g~ on N with q > 1, then it stands that:

o] 1 1 .
sup (1948 lloo < f e—““’*“”(l ——+2-supP(X} ., = i)) dr.
feLip(dy) ’ 0 q q ieN* o

An instance of Theorems 3.6 and 3.7 in the context of geometric approximation is given by Proposition 4.7. The
following theorem is the analogue of Theorem 3.7 under the alternative set of hypotheses.

Theorem 3.8 (Second Stein’s factor for Lipschitz functions II). Under Hj,

— u(x+1)
sup —0gr < sup( 1 4+ ——— ).
feLip(d,) I U o 0 u) seN u(x)

If the sequence is chosen to be u(x) = g* on N with q > 1, then the following result holds:

1 — © .
sup |—dgr| < / e_”(l’“)’(q -1+ 2supIP’(X’l wt= 1)) dt.
feLipd,) Il 4 o0 0 ieN o

As an illustration of this theorem, we derive Proposition 4.4 in the case of negative binomial approximation.
Approximation in Kolmogorov distance. The first theorem indicates that the inequality

sup  [[8fllc = sup [Igflloo
l[ova,mEN 0§f§1

is actually an equality. This comes from the fact that the function achieving the argmax of the pointwise factor for
bounded functions is actually of the form f = 1{0 . As a consequence, our upper bounds for the first Stein factor are
identical for the approximation in total variation and Kolmogorov distances.

Theorem 3.9 (First Stein’s factor for indicator functions). If V, is bounded from below and infy V,, = o (u), it
stands that:

o0
sup llgslloo= sup llgrlloo < / T supP(XY, | = i) dr.
0<f<1 0

1{0,m],meN ieN
The two following theorems deal with the second Stein factor under the two set of hypotheses.

Theorem 3.10 (Second Stein’s factor for indicator functions I). Under Hy,

o0
sup  [9gfllo = / e ol sup P(XY ., =1i)dt.
f=10,m;,meN 0 ieN o

If the sequence is chosen to be u = 1, we have:

o0
sup ||agf||oos/ e WM sup |P(XY ., = i) —P(X],,, =i—1)|dr.
F=110,m,meN 0 ieN* o o

Comparing this second bound with the second bound obtained in Theorem 3.3 for the total variation approximation,
one notices the fact that the second Stein factor for the total variation approximation involves the second derivative
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of the function f;(x) = P(X!
only its first derivative.
Finally, we state the analogous of Theorem 3.10 under the alternative set of hypotheses.

l.sus = X), whereas the second Stein factor for the Kolmogorov approximation involves

Theorem 3.11 (Second Stein’s factor for indicator functions II). Under Hj,

oo
sup 198 llo S/ e 7 sup P(XY ,  =1i)dt.
f=1{0,m).meN 0 ieN

If the sequence is chosen to be u = 1, we have:

o0
sup ||agf||oos/ e " sup [P(xY, , =i) —P(X{,, =i—1)|dt.
0<f<l1 0 ieN

3.4. Stein’s method and mixture of distributions

As another part of our work within the context of Stein’s method, we present in the current section theoretical error
bounds for the approximation of mixture of distributions. This section is independent from our study of Stein’s factors
contained in Section 3.3. Results from both sections are combined in Section 4 and applied to Poisson and geometric
mixture approximation.

Let ¢ be a non-negative function on N such that ¢(0) = 0. For A > 0, we denote by Z, (1) the probability distribu-
tion on N whose Stein’s operator is

$5g(x)=Arg(x+1) —p(x)g(x), xeN.

By letting ¢ vary, one finds back for Z, (1) every probability distribution supported on N. In particular, the choice
@ (x) = x gives the Poisson law and is studied in [6]. The choice ¢(x) =r + x and ¢(x) = 1 leads respectively to the
binomial negative and geometric laws. A less classical example is ¢(x) = x2, for which Z,(A) is a distribution with
pointwise probabilities C;A* /(x!)? for x € N (C;, is the renormalizing constant).

The first theorem of this section reads as follows.

Theorem 3.12 (Closeness of two Z, (1) distributions). Ser 1, 1" > 0. We have:

dr(Z, (M), Z,() < |2 = 2| sup llgx. £ lloo
feF

where g5 is the solution of the Stein’s equation S, g ¢ = f — [ f dZ,(1). More generally, for any positive sequence u,
if X ~Z,(A) and X' ~T,(1"), then:

dr(Zy(X), Z,(W) < |2 — | ;u5):||gf/u||ooE[u(X/ +1)].

Proof. By the usual Stein error bound (12),

dr(Z,(V), Z,(0) = ?ug_‘/fdl /de (k)‘ sup’IE [Sngr(X))]|.

where X' ~ Z,(1"). We know that E[Sy/g s (X")] = 0; this yields:
[E[Sig7(X)]| = [E[(r = 2)gs (X" + 1)][ = (2 = M)E[u(X"+ 1) g, (X" + 1) /u(X"+ 1)]]
<|r=¥|lgs/ullocE[u(X"+1)]. O

Note that the right hand side of both inequalities stated in Theorem 3.12 is not symmetric in (A, ") due to the
dependence of g on A and one can slightly improve it by taking the minimum over the symmetrized form. The first
inequality corresponds to the constant sequence u = 1.
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Let W be a mixture of law Z,(A); namely there exists a random variable A on R such that
LWIA) =Zy,(N).

(Recall that £(W) denotes the distribution of the random variable W.) A consequence of Theorem 3.12 is the following
corollary.

Corollary 3.13 (Biased approximation of mixed Z,(A) laws). With the preceding notation, we have:

dr(LW),Z,(0) <E[Ix — Al] sup g lloo-
fe

Proof. Indeed,

dr(LW), T,(0) <E[dr(LWIA), T,(0)] <E[|A — Al] sup |18 oc- .
fe

However, one actually has the following better bound using the mixture property of W:

Theorem 3.14 (Unbiased approximation of mixed Z,(A) distributions). For every positive sequence u, letting
A = E[A], we have:

dr(LW),Z,(1)) < sup [[0ugslloc  sup  lIg7llco Var(A).
feF feLip(d7)

More generally, the following upper bound holds for all positive sequences u, v:

dr(LW), Z,(V) < ;u2||augf||w sup g /vlleoE[I2 — APE[v(W + DIA]].

reLip(d-)

Proof. For every real-valued function g on N, E[Sx (g)(W)|A] = 0. Hence, by taking g = g the solution to Stein’s
equation associated with any fixed function f : N — R,

E[Sigr(W)] = E[E[(Sx — SA)gr(WIA]] =E[(h — A)gp(W + D]
=E[— M) (gr(W+1) —gr(Z+D)],

where Z ~ Z,()). For two random variables Z, Z' on N, by the Kantorovich-Rubinstein theorem recalled at the
beginning of this section,

E[g(Z' +1) = g(Z + D]| < 1ugllocWa, (L(Z' + 1), LZ + 1) = [3ugllow infE[dy (Z' + 1, Z + 1)]

where the infimum is taken on the set of couplings with first marginal £(Z) and second marginal £(Z’). Now, by
Theorem 3.12,

E[Sigr(W)] < 18ugllccElIA — A|E[Wd7 (LW), L(Z))IA]

< 18ugllc  sup lIgr/vllccE[(A — A)ZE[U(W + DIA]].
reLip(d-)

As in Theorem 3.12, the first inequality is an instance of the second one in the case v = 1. (]

Remark 3.15 (Alternative bound via coupling). In the previous proof, we used Theorem 3.12 in order to bound
Wa_, (Zy(A),Zy(A)). It is also possible to bound this distance via another method (for instance a coupling argument)

instead of using a bound on Stein’s solution.
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4. Examples

In this section we illustrate our results on some examples. The classical examples of the M/M/oo and M/M/1 process
come from the queueing theory. We also apply the results to the Galton—Watson process with immigration. Other
explicit examples of birth—death processes for which a “good choice” of sequence u is known are given in [14,
Table 9.1, p. 351] and in [13]. For the sake of conciseness we defer the proof of Lemma 7.1 about the pointwise
probabilities of the M/M/oo queue to Section 7.

4.1. The M/M/oo process and the Poisson approximation

Let (X;);>0 be a BDP with constant birth death A and linear death rate x — x. Its invariant measure is the Poisson
law P,. Let us set u = v = 1 on N. By application of Theorem 2.1 we find that V| =1 and that (P ;);>0 = (P/):>0-
Applying Theorem 2.5 (or re-applying Theorem 2.1) yields Vi1 =2 and (P1,1.1)r>0 = (Pt)r>0. By a straightforward
induction, for all positive or bounded functions f : N — R,

P f=e*Po*f, 1>0,keN. (14)

Combined with Theorem 2.8 and Remark 2.9, the equation (14) implies the following contraction in Zolotarev-type
distance: for all u € P,

sup  |w(Pf)=Pu(H)|<e™ sup |u(f)=Pi(f)|, keN*

8% flloo<1 9% flloo <1

Formula (14) is already known and often proved using Mehler’s formula which reads, for any bounded function f,
as:

P f(x)=E[f(X"+B)], xeN,t>0, (15)

where (X ?) >0 1s @ M/M/oo process starting from 0 and B; is an independent random variable distributed as a bino-
mial random variable with parameters (x, e"). It is also known that X ? is distributed as a Poisson distribution with
parameter A(1 — e~ ") at every time ¢ > 0. Conversely, the proof of the formula (15) can be deduced from Theorem 2.1
with similar (but simpler) arguments than those developed in Lemma 4.2 below.

We now turn to the subject of Poisson approximation and the associated Stein factors. Let g be the solution to
Stein’s equation (11) with Stein’s operator Sf (x) = Af (x + 1) — xf (x). The target measure is the Poisson distribution
P).. The following lemma allows to estimate from above the pointwise probabilities of the process (X;);>0.

Lemma 4.1 (Upper bounds of the instantaneous probabilites of the M/M/oco queue). Let (X})i>0 be a
BDP(A, x) eN. Forall x e Nand t > 0,

c 1
P(Xf=x)<1A , = ;
en (X; =) < Sid—en Ve
L . C 1 %
xsg£*|P(X, —x) ]P’(X, =x 1)|§1A—A(l—e")’ C—me 2 <.

The first upper bound is very classical, it derives from Mehler’s formula (15) and an upper bound on the pointwise
probabilitites of the Poisson distribution ([6, Proposition A.2.7]). The second one is new and is proved in Section 7,
since it is rather technical and can be omitted at first reading.

By applying Theorems 3.2, 3.6, 3.8 jointly with the first bound of Lemma 4.1, one finds back (and by the same
techniques) the following upper bounds ([4,7]):

2
sup llgrlloo < T A/ —, sup  [Igflloo =1, sup  [19gflloc < 1A :
0<f<I fllee Ae feLip(dy) 7o feLip(dy) flles 34/2ex
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Of course, one may want to derive other known Stein’s factors for Poisson approximation by our techniques, as for
instance the second Stein factor for approximation in the total variation distance with rate 1 A (1/1) ([6]). However,
when applying Theorem 3.4 with the second bound of Lemma 4.1, the non-integrability in 0 of the term 1/(1 — e™")
leads to sub-optimal results (namely, after some careful computations, we recover the known rate, up to a multiplica-
tive factor log A).

Let us now combine the Stein bounds with our results on the mixture of distributions. If ¢ (x) = x then Z, (1) = P;.
In particular, Theorem 3.12 and the preceding bounds give

drv(P(), P(V)) < Y

1
— (A
- 1/\\/)»V)J|

The first bound is (almost) the result of [6, Theorem 1.C, p. 12]. The second one is in fact an equality and can also
be proved via a coupling approach ([20]). Theorem 3.14 yields

. WP Py <AV

W(LW), Z,() < (1 A )Var(A), drv(LW), T,(\) < %Var(A).

8
34/ 2e

While the second bound is exactly the same as in [6, Theorem 1.C, p. 12], the bound in Wasserstein distance seems
to be new. Let us see an instance of it. We denote by NB(r, p) the negative binomial distribution of parameters (r, p),
i.e.,

L'(r+x)

NB(r, p)(x) = W

(I-p'p*, xeN,
where I' denotes the usual I" function. The negative binomial law is a mixed Poisson distribution with A distributed
as a Gamma law with parameters r and 1_7”. Consequently, we obtain

8 [r(l—p)y(d—p)
NB (11— < )
W( (r,p), Pra P)/P) = 3\/5 » »

which is the upper bound announced in the introduction. A similar approximation in total variation distance holds.
Although the convergence of the binomial negative distribution towards a Poisson law in the regime p — 1, r — o0
and r(1 — p)/p — c for a positive constant ¢ is a well-known fact, the preceding upper bound seems to be the first
attempt to quantify this convergence.

4.2. The GWI process and the negative binomial approximation

We consider the BDP with rates a(x) = p(r + x), B(x) = x on N with r > 0 and 0 < p < 1. The coefficient pr can
be interpreted as a rate of immigration, while the birth rate per capita is p and the death rate per capita is 1. Without
the immigration procedure, this is a Galton—Watson process whose individuals have only one descendant (or simply
a linear birth—death process). The invariant measure of this process is the negative binomial distribution NB(7, p) just
defined. Remark that for the particular choice r = 1 it is nothing else than the geometric law of parameter p. If X is a
NB(r, p) random variable then X + r follows the so-called Pascal distribution; it represents the number of successes
in a sequence of independent and identically distributed Bernoulli trials (with parameter p) before r failures when r
is a positive integer.
Let us take # = v =1 on N. Theorem 2.1 shows that:
P =P

p 120,

where (P1,1);>0 is a birth—death process with rates defined as

a1(x)=pr+1+x), Bi(x)=x, xeN.
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It is again a Galton—Watson process with immigration. The birth and death rates are unchanged and the immigration
rate is increased by p. The potential V] is constant and takes the value V; = 1 — p. By Theorem 2.5, we find that
(Py)r=0 and 2 are intertwined via the Feynman—Kac semigroup composed of a birth—death semigroup with rates
(1,1, B1,1) and of potential V1, with:

a1 (x) =pr+2+x), Br1(x) =x, Vinx)=2(1-p), xeN.

Let us call (Px;);>0 the semigroup associated to a BDP with rates (p(r 4+ k + x), x) on N. By a straightforward
induction, for all positive or bounded functions f : N — R, the following intertwining relation holds:

akpf=e"U=Pkip okf +>0keN. (16)

As indicated in Remark 2.9, the previous equality gives the following improvement of Theorem 2.8: for every
neP,

sup  |w(Pf)—m(f)| e TR sup  |u(f) —m(f)]-
19K flloo<1 0% flloo<1

Another consequence of the formula (16) is the invariance of polynomials under the action of (P:);>o: if Q is a
polynomial of degree k, then for all > 0, 8% P, Q is constant, hence P;Q is still a polynomial of degree k. This
property also holds for the M/M/oo process.

Intertwining relations can be seen in certain cases as consequences of Mehler-type formulas. Here, conversely, we
are able to derive a Mehler-type formula from the first order intertwining relation. To our knowldedge, this formula is
new, though another Mehler-type formula is proved in [5].

Lemma 4.2 (A Mehler’s formula for the Galton—Watson process with immigration). Set 0 < p <1, s > 0 and
q=1—p. Forall x € N let (Y;");>0 be a birth—death process starting at x and with rates (p(s + k), k)ken. Let W;
be a random variable following the Poisson distribution P(p(1 — e™")) and define the sequence (w(k))ieN as

w0 =1-e""P(W,=0) and VkeN*, w(k)=e 1 (BW,=k—1)—P(W, =k)).

For all t > 0, let the random variables (Z; ;);cN be independent, identically distributed and independent of Yto, with
distribution given by the pointwise probabilities (w(k))reN. Then we have the equality in law

X
Y =Y)+Y Zi.
i=1

Proof. This proof is a corollary of the intertwining formula (16) for £k = 1. Indeed, for every bounded real-valued
function on N, Theorem 2.1 implies that

E[f (v )] =E[f(¥)] +e TE[f (¥} +1) - £(¥")], xeN.r>0,

where (?tx)tzo is a BDP (p(s + 1 + k), k)ken. We notice that (?tx)tzo = (Y} + Wy)=0, where (W;);>0 is a birth—
death process independent of (¥;*);>¢ with rates (p, k)xen such that Wy = 0. The process (W;);>¢ is a M/M/oo queue
starting from O at time 0. It is distributed as a Poisson law P;,, A; = p(1 — e~ ") at all times ¢ > 0. We use below the
observation that as A; < 1 for all # > 0, the sequence (P(W; = k))en is non-increasing on N. We have:

BLA()] = B[/ ()] 4o S RO, = OBLF (Y 4K+ 1) — £(1 +4)]
= (1= e I"P(W, = 0)E[ £ (¥})] + e i (P(W, =k — 1) —=P(W, =k))E[ f (¥," + )]

= 3 wELF (1 + )],
k=0
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where the sequence (w(k))ien is defined in the statement of the lemma. It is easy to check that Z/?io wk) =1,
and that the sequence (w(k))xeN is non-negative thanks to the observation above. For all ¢ > 0, we define a random
variable S; such that S; is independent of (Y;);>0 and that for all non-negative integer P(S; = k) = w(k). This yields

the equality in law le+1 =Y} + S;. The lemma follows by induction. (]

Let us turn to the study of Stein’s factors associated to the negative binomial approximation. We recall a lemma
from [5] on the instantaneous probabilities of a Galton—Watson process with immigration, and give an outline of the
proof for the sake of completeness. One could also use Lemma 4.2 jointly with Lemma 7.1 to upper-bound these
instantaneous probabilities, but the majoration obtained by doing so does not reveal practical to use.

Lemma 4.3 (Upper bound of the instantaneous probabilities of a GWI process). Set (X;);=0 be a
BDP(p(r + k), k)ren. Then:

1 1—p >1/2K(r) 1
supP(X¥ =x) <1A , t20,pe©0,D,r> =,
ot (X; =) @(p(l—f“"’”) NG P 2

with K(r) = /rT(r —1/2)/T(r).
Proof. By Lemma 4.2,

supP(X; =x) < supIP’(X? =x), t>0.
xeN xeN

By a result of [18], cited as Lemma 2.2 in [5], it is known that for all t > 0, X ? is distributed as a negative binomial
distribution of parameters (r, 6;(p)), with

l—p

Oy =1 = T ==

Now [24] shows that when X is distributed as a negative binomial distribution with parameters (r, 8), and if r > %
then

P(X = k) < 1 1—-6 K(r)

Sup = > )

keN V2eV 0 Jr

which achieves the proof. O

For the Stein factor associated with Lipschitz function, Theorem 3.6 and equation (16) yield

1
sup [lgflloc=—F5 =7,
feLip(d) =~ 1= p

recovering [5, Theorem 1.1, equation (1.3)].
The following proposition on the second Stein factor associated to Lipschitz function improves on the known upper
bounds.

Proposition 4.4 (Estimation of the second Stein’s factor for Lipschitz function and NB-approximation). Let
r>0and 0 < p < 1. For a real-valued function f on N, let gy be the (centered) solution to Stein’s equation

pr+x)dgr(x) +x9"gr(x) = f(x) — / fdNB(r,p), xeN.

Then,

D

! N
1—p Jr+2pd—p)

~0.72.
3J/e

sup ||agf||005min{ } D=2

feLip(d)



360 B. Cloez and C. Delplancke

Proof. By application of Theorem 6.8 and formula (16), we find that

o0
sup [19gslloc =2 / 20D upB(X] | =i dt,
f€Lip(d) 0 ieN o

where (Xli 1.)1=018a BDP (p(r +2 + x), x)xen. Applying Lemma 4.3,

> 1- K 2 © —2(1—-p)t
sup 198l <2 / 2 gy p o [LmP KO +D) c B
fe€Lip(d) 0 p \/(26)(1‘ 2 ) \/1 =)

The function K is decreasing on (%, 00), hence K (r 4+ 2) < K(2). (The function K is bounded from below by a

positive constant on (%, 00), hence by writing this majoration we do not lose the rate in r.) Furthermore,

[e'e) e—2(1—p)t 4
/ dt = .
0 JI—e = 3(1-p)

Finally,
10g £]loo < mi { 1 D }
sup [log < min ’ ’
ety l—p Jr+2)pd—p)
with D = 8K@ _ 4r3/2) _ 2J7 )

3V2e ~ 3Je T 3e’

The Proposition 4.4 might be compared to [5, Theorem 1.1, equation (1.4)], which states the inequality

2 1+4p 1.5 } an

sup (|98 lloo < Inin{ , ;
feLip(d) Jhiee l—p (1-p)? JVrp(l — p)3
We observe that:
e The numerical constant in front of 1/(1 — p) is improved.

D 0.8 1.5 ]
o As T2 pa=p) = Jrpt=p) and 0.8 < T—p W have:

D - 1.5
Ve+2pd=p) ~ Jrp(—p)

Note that the proofs are similar up to the formula

o0
sup |agf(i)|=—/ 99* P 1; dt.
feLip(d) 0

We then apply the second order intertwining formula, whereas [5] use another technique. In both cases, a bound of
the type sup; P(Y/ =1i) is needed, but not for the same process (¥;);>0.
For the Stein factor associated to bounded functions, at the order 1 we find the following result.

Proposition 4.5 (Estimation of the first Stein factor for bounded functions and NB-approximation). With the
same assumptions as in Theorem 4.4, we have:

1 T
sup llgslloo < —— A vT
0<f<lI I-p Jo+Dpd-p)




Intertwinings and Stein’s magic factors for birth—death processes 361

We do not detail the proof which is very similar to the one of Proposition 4.4.
This result improves on a result of [9, Lemma 3] which states

1
sup llgflloo £ ————.
oeper T pV (= p)lezy

We do not develop the case of the second Stein factor of bounded functions, where the upper bound given by
Theorem 3.3 recovers the simple inequality

sup [|9gllco < sup (108 llco-
0=<f=<l feLip(dr)

Results about this factor can be found in [10, Theorem 2.10], in [17, Example 2.12] for the case r = 1, and in [9,
Lemma 5].

Ifo:x—r+x,reNand A€ (0,1) then Z,(A) = NB(r, A). The variable W + r then represents the number of
trials that are necessary to obtain r successes in a Bernoulli experiment with a random probability of gain.

To conclude this section, we observe that the Stein operator associated to a probability measure is not unique,
and that resulting Stein’s factors depend on the choice of the operator. When r = 1, we recover the geometric law
as the invariant distribution, similarly to the forthcoming example. This is the choice of [17] to study the geometric
distribution. In the next section we choose another Stein’s operator.

4.3. The M/M/1 process and the geometric approximation

Let (X{):>0 be a BDP(«, ) with rates a(x) = «, B(x) = fl,en+ on N. We suppose that p := % < 1. We denote
by (P;):>0 the associated semigroup. Its invariant distribution is the geometric law G(p) with pointwise probabilities
pk) =(1—p) ,ok for k € N. Notice that this is the definition of the geometric law with support N and not N*. Let
us choose u(x) =r*, v(x) = ¢~ for x € N with » > 0, g > 1. Theorem 2.1 gives rise to a Feynman—Kac semigroup
composed of a birth—death semigroup (P, ;);>0 with rates (c,,, 8,) and a potential V,,, which are defined as

a,(x)=ra,  Pu(x)= lﬂ, Vi) =1 —ra+ (1 - %1xeN*>,37 xeN.

r

The semigroup (P,X‘; )r>o0 is still a semigroup associated to a M/M/1 queue, only with modified rates. The potential V,,,

. . . . . Vik
while non-constant, is non-increasing on N. By Theorem 2.2, we find a Feynman—-Kac semigroup (P, %,',):>0 Where
(Py,+v.1)r>0 1 again a semigroup corresponding to a M/M/1 queue. The rates and potential are defined on N as

1
au,*v(x) =qra, lgu,*v(x) = q_r,leeN*v xeN,

Vu,*v(x):(l_qr)a""(l_ql_r)ﬂa x € N¥, Vu,*v(o):a_(1+Q)ra+ﬂ~

Remark that, in contrast with the general case of Theorem 2.2, the semigroup (P, «y.)r>0 1S again a birth—death
semigroup. This is due to the fact that V,, is constant on N*. The potential V,, is not constant on N, which prevents us
to apply Theorem 2.5, but it is almost constant which explains heuristically why we find again a birth—death process
when applying Theorem 2.2.

Set o (u, *v) = infren Vi 0 (x) = min(Vy, 4, (0), V,, v (1)). A few calculations show that

max{o(u, ) |u@x) =r",v(x)=q",r>0,9 > 1} = (\/E — \/&)2,

and the arg max is realized for all » < \/B/a = p~—! and ¢ = p~'/r. This means that there is a range of choice for the
parameters (r, ¢) allowing to recover the spectral gap (/B8 — ﬁ)z of the process in the convergence of Theorem 2.8.
However, contrary to the two preceding examples, notice that the second order intertwining does not allow to improve
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on the spectral gap and that the rate of convergence in the distance ¢, «, is the same as the rate of convergence in the
Wasserstein distance W, for the best choices of u, v.

This example is maybe the most important because, in contrast with the two previous processes, the M/M/1 queue
is not known to satisfy a Mehler formula of the type (15), which would make it rather difficult to differentiate directly.
A Mehler-like formula can nevertheless be deduced from Theorem 2.1: choosing # = 1 in this theorem, we derive

E[£(X5*1) = £(XF)] =E[e™ b VD (£(xF +1) - £(x5))].

where (X7);>0 is M/M/1 process starting from x and V (x) = B1,—¢. As a consequence, if B; is a Bernoulli random
variable verifying

P(B, = 1/(X}),,) =e o VXDds >0,
then,

E[f (X)) =E[(f(X] + B)]. =0,

and by induction there exists a random variable Y;* such that

Bl = B[ (X0 + 1)), 120,

This formula seems to be new (even if the instantaneous distribution of the M/M/1 process is known, see [2]).
Unfortunately, the random variable Y;* is not independent from X? and this makes this formula less powerful than
(15). This approach is generalizable for every BDP with constant birth rate (so that the processes (X1./);>0 and (X;)s>0
have the same law).

As in the preceding examples, we state a lemma related to the instantaneous probabilities of the modified process
before turning to the Stein factors for geometric approximation.

Lemma 4.6 (Upper bound of the instantaneous probabilities of a M/M/1 queue). Let (Y;);>0 be a M/M/1 queue
with rates (A, Mnx). Then for all t > 0,

. 1
sup P(Y! =i) < —.
ieI\IIz‘ (t l)_\/)»l

Proof. Let us consider the BDP (Y,),>0 w1th rates (1, IXEN*) Then for all ¢ > 0, the equality in law Y, = % 3¢ holds,
hence it is enough to prove that sup; - IP’(Y =1i) < 7 By [1, Corollary 1 (d)], the sequence (IP(Y’ =1i))i>0 1S

non-increasing for every ¢t > 0. Hence sup; .y IP’(Y =i) =P, Y0 = =0). By [1, formula (9) and Corollary 2 (a)],

Z tP ZO _j E[Z?129>0]’
j=1

where (Z?) ¢>0 1s a birth—death process with constant birth rate 1 and constant death rate 1 on the whole integer line
Z; namely this is the continuous-time simple random-walk. This process can be represented as

Vi>0, Z)=N-N/,

where (Nt+ )i=0 and (N, );>0 are two independent Poisson processes with intensity 1. So, using that N and N? have
the same law and Cauchy—Schwarz’s inequality

E[Z?129>0] =E[(N" = N7 )Ly -] =E[(N7 = N)1y- ]

_ 1 _ t
E[|Nt+ - Nt |] = EVar(Nt"' - Nt )1/2 = \/;



Intertwinings and Stein’s magic factors for birth—death processes 363

This yields
sup P(?ll = l) < P()A;IO = O) < L,
ieN* \/2_1‘
which achieves the proof. O

Up to the knowledge of the authors, Stein’s factors associated to the Wasserstein distance have not been studied
yet. The following proposition provides upper bounds on these factors.

Proposition 4.7 (Estimation of the Stein’s factors for Lipschitz function and geometric approximation). For all

0<a<B,setu(x)=q* on Nwithqg = g = p~ /2. Then,

&f
u

1 1
sup ,
FeLip(dy) o o)  (VB-<a)?

1 o
W€ flloo < —( 1+ —1
renp Nl <(ﬂ—ﬁ)2( VB mm{ (ﬂ)‘/“([ V) })

Proof. By application of Theorem 3.6, one has immediately the first equation. By Theorem 3.7 with u(x) = g¢*,q =

p_l/zz\/g,wehave:
o0 2
sup gl < [ e—W—ﬁ“( [+z\fsuppxl*ut_l)>dt
feLip(dy) 0 ieN*

where (X ’1 . )1=0 is a M/M/1 queue with rates (/of, o/aB1n+). On the one hand, this yields directly

1 o
0y o <—m—-—(1+ /=)
s 10l <<ﬁ—ﬁ>2< Vﬂ)

On the other hand, as a consequence of Lemma 4.6, one has

© 2 o
sup  [[3ugyll sf e—Wf—ﬁ“(l— /= +2 = )
feLip(dy) vofilee 0 (01,3)1/4 Bt

=ﬁ(“f) (VP - f)\f(aml/“ e_t%

- ()
- (VB a)? B)  (VB—J\ B @p)/* O

Remark 4.8 (On the best upper bound). The expression % (/B — +/a) — 1 is smaller than 1 as soon as

VB-va _ 1
(CT AN

so there is a range of values of the parameters « and S, for example if they are close to each other, for which the factor
inside the min is actually a better upper bound than 1.

We now turn to the subject of the mixture of geometric laws. Set ¢ =1 and p < 1, then Z,,(p) = G(p). We choose
u(k) = g* on N, hence d, (x, y) = |¢* — q”|/|q — 1|. The preceding theorem put together with Theorem 3.12 gives
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forg =p~!

/2 and in the case where p’ < NI
1—p

I
W, G()<|p—0 '
(@@ 9P =lp=rx G55 x5

The case p’ > ,/p is similar.
By the same reasoning as the one used in the proof of Theorem 3.14, for a random variable R such that E[R] = p,
and a random variable such that L(W|R) = G(R), we have the inequality:

dr(L(W),G(p)) < SU?__Haugf“ooE[(p — R)dy(W +1,G + 1],
fe

where G ~ G(p). Let G’ ~ G(p’). With the interpretation of the geometric laws as the number of repetitions of a
binary experiment before the first success, it is easy to find a coupling such that a.s. G < G’ when p < p’. This yields
_ lo—pl

|(1 = gp)(1 —gp")l

1 1—p 1—p

Hl(@ = giT=g ~ T=w

Hence, if a.s. R < ‘17, by Remark 3.15:

lp—Rlz]

q
dr(L(W), < 0y 0o E
LW G0)) = sup Wus sl — [(1—qR)

Finally, by taking ¢ = p~ /<, one finds that for two random variables R, S such that E[R] = p and a.s. R < ﬁ,

and L(W|R) = G(R), the following upper bound holds:

172

1+ L R
NG lo RI}
dr(L(W), < E .

4.4. Another example

Let us consider the BDP(a, 8) with a(x) = x + 2, B(x) = x2 on N. Its invariant measure is a Poisson size-biased type
distribution, defined as

LG+
T[(x)_i x!

, xeN.

Here size-biased means that if X ~ 7 and Y ~ P(1) then:

CE[(Y + DIy ] (+ DPY =x)

P(X = x) = _ _
X=9="Frrnl TG +vRr=p N

Choosing the weight u such that u(x + 1) /u(x) = (x + 1)/(x 4+ 3) for all x € N, i.e. for example

1

Y= T DG

x €N,

we find that V), is constant. By Theorem 2.5 with v = 1, we have an intertwining with potential V, ,(x) = 2x + 1
on N. Moreover, by Theorem 2.8, we have convergence of the semigroup towards 7 in the distance ¢, 1 at rate 1.
The three next sections are devoted to the omitted proofs of the previous results.
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5. Proofs of Section 2
5.1. First order intertwining for the backward gradient 0,

First of all, let us state the analogous of Theorem 2.1 for the backward gradient 9*. Let (Pyy,;);>0 be the birth—death
semigroup associated to the generator L., , where for all non-negative or bounded function f : N — R and x € N,

L*Ltf=a*uaf+ﬂ*ua*fv V*uzg_a*u‘i‘ﬂ_ﬂ*u,

1 -1
Qi (X) = %a(x), Biu(x) = %ﬂ(x — D1yenx.

-
The potential V,, can be rewritten under the compacted form V,,, = 9;f (70[ — uf). We can also notice that V,, = VZ
on N*,

Theorem 5.1 (First-order intertwining relation for the backward gradient). If V., is bounded from below, then
for every real-valued function on N such that ||9)f f |leo < 400, and for all t > 0,

V*u
Oy P f = Pyoy f. (18)
Let us call (X} s, )i=0 the birth—death process of generator L, such that Xjfu o = x. The process (Xjfu’t),zo is not
irreducible, although it is indecomposable, i.e. it possesses only one recurrent class. Indeed if x € N* then (Xu.1)e=0
never visits the state 0 as S, (1) =0 and if x = 0 the process (X Su,,),zo leaves 0 almost surely.

Proof of Theorem 5.1. The core of the proof relies on the intertwining relation at the level of generators:
OFLf = Luud f — Vaud f. (19)

which derives by easy computations. The intertwining at the level of the semigroups follows by the same argu-
ments as in the proof of Theorem 2.1 of [11]. We briefly recall these arguments. For all s € [0,¢] let us set

J(s) = *V;;g(a;P,,S f). If the function 3, P, f is bounded on N, then the Kolmogorov equations (6) for the

Feynman—Kac semigroup (P*‘,/jf‘,) >0 hold and

J'(s) = Pl (Lo — Vaa) O} Prs f — 35 LP,—s f).

*Uu,s

Thanks to the formula (19) this gives J'(s) = 0. Hence J(0) = J (r) which is exactly the identity (18).

Let us show that 9 P,_sf is bounded on N. Indeed, recall that V,,(x + 1) = V» (x) on N. Furthermore
fx+1)= 8»f(x) on N. Hence V» and B»f are bounded on N, which implies that 8» P;_s f is bounded ([13]).
For all positive 1nteger 8» P f(x)= B*Pt Sf(x +1),50 0, P, f is bounded. O

5.2. Alternative proof of first order intertwining theorems

This section aims to give a sample path interpretation of the first order intertwining relations (7) and (18), at least in a
particular case. It is independent of the other sections.

We focus on the case where the weight is # = 1 with non-increasing birth rates (¢ (x))yen and non-decreasing
death rates (B(x)) eN. When intertwining the birth—death semigroup with the forward gradient 9, one obtains a new
birth—death semigroup with shifted birth rate and unchanged death rate

a=c, B1 =8,
whereas when intertwining the birth—death semigroup with the backward gradient *, one obtains a new birth—death
semigroup with shifted death rate and unchanged birth rate:

<«
Uyl =, Bx1= 8.
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In order to explain this fact, we will give a probabilistic proof of the formulae (7) and (18). Recall that for all real-
valued bounded functions on N and x € N,

IP f(x) =E[f (X7 = £(X))],
O* P f(x + 1) =E[£(XF) — £(Xx)].

Attime ¢t =0, X"'H = X7 + 1. We construct a process (S;);>¢ such that forall r > 0, X’H'1 = Xx + S§; and S; € {0, 1}.

If for a time ¢, S; = 0, then we choose the sticking coupling between (X7, )s>0 and (Xt 2 )SZO (i.e. the process

(S¢)¢>0 is absorbed in 0). If S; = 1, it is natural to construct the following coupling:

1. withrate a(X; +1) = a(XfH), X7 and X;H'l jump upwards together and S; remains equal to 1,

2. withrate B(X}) = /3(XjC+1 — 1), X} and X} + jump downwards together and S; remains equal to 1,

3. with rate a(X}) — a(X¥ + 1) = (X7 — 1) — (X7 ), X¥ jumps upwards, X! does not jump and S, jumps
from 1 to O,

4. withrate B(XF 1) — B(X¥) = B(XT 1) — B(XFH — 1), X! jumps downwards, X does not jump and S; jumps
from 1 to O.

This implies in particular that for all #+ > 0 the process S; jumps from 1 to 0 with rate

o (X5) — e (X5 4 1) + B = B(X) = Vi(X7) = Var ().

-
Moreover, conditionally to {S; = 1}, (X;);>0 evolves as a BDP(E), B) and (Xf“),zo evolves as a BDP(«, 8)).
Indeed, as long as S; = 1, the steps (3) and (4) do not occur.

To exploit rigorously the preceding facts, let us introduce the BDP(&), B) starting from x denoted by (X7 ,):>o0,
whose standard filtration is (F;);>0. The processes (X7 );>0 and (Xf,)zzo, as well as (Xf“),zo and (Xf’t + 1)s>o0,
can be coupled as follows:

1. Let E be an exponential with parameter 1 and T such that 7 = inf{r > 0, fot V(X)f’s)ds > E}.

2. SetS; =1 ift < T and S; = 0 otherwise.

3. Set X; = X7, fort <T.

4. Attime T, sarnple a random variable Z satisfying to

oz(Xi‘ﬁT) — oz(X)f’T +1)
VX

BXT 4+ 1) — BXT )
Vi (X)lC,T)

P(Z=X{+1|Fr) =

k]

P(Z = X7 ;| Fr) =

5. Let evolve the process (X¥);=7 as a BDP(, f) starting from Z.
The coupling (X, X7 . §,);=0 satisfy to
X =X Aot X o= (X], 4+ Dso (S = 1(XT,)go, o) = e 0 XLod,
This allows to find back the formula (7):
0P f () =E[f(X; ) = (XD =E[(f (7)) = f(x))1521]
=E[(/ (X, +1) = £(x5,)e B 1L = Pl 0.

P
St)i=0 such that (Xerl )i>0 is a BDP(«, B) starting

Similarly it is possible to construct a coupling (X)CJrl Xt s

from x + 1 and satisfying to

*1t’

*1,s

ot x+1 .
X g = X5 g0, X o= (X5 = Digor, P(S = 1(X5)) ) = o,

*1,1
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leading to the formula (18):

0P+ D) =B[f(X7) = FG]=B[(£(X7) = (X)) Ts=1]

x+1

:E[(f(Xer] . 1) . f(Xx“))e_fé V*I(X*Ls)ds] _ pa (a*f)(x ).

*1,1 *1,t 1,1

It is interesting to remark that conversely, the intertwining formula (7) can in certain cases yield a coupling between
(X7)r>0 and (Xfﬂ)zzo- The proof of Lemma 4.2 above is based on this idea.

5.3. Proof of Theorems 2.2 and 2.5

Proof of Theorem 2.2. Let us begin by showing the following intertwining relation at the level of the generators:
35 uLf = Luswd0u f — Vi 900 f-

By application of Theorem 2.1 and Theorem 5.1 we find that

0¥ OuLf) = 3 (Lu(Bu f) — Vidu f)
= (Lu)*va;kauf - (Vu)*va:auf + 8:(_Vuauf),

where (L), and (V},)4, stand for the generator, respectively the potential, obtained by intertwining the BDP(«,,, 8,,)
and the d,, gradient. The generator (L, ), is the generator of a BDP((&;, )y, (Bu)«v) such that for all x € N,

@) = 2T D Mt Dty
v(x) v(x) u(x)
_v(x—l) _v(x—l)u(x—Z) _
(B0 = o e = 1) = S R B e

The potential (V,,),, writes on N

(Vi)sw () = 0 (x — D1enx — (00 (X) + By (x) — (Bu) v (X).

The next step is to rewrite the expression 9, (—V,d, f) in terms of 379, f. Let us denote g = 9, f in the following
lines. For every x € N*, 9%(fg)(x) = f(x)9fg(x) + 3} f(x)g(x — 1) and f(x) =—> ;_ou(k)d} f (k) so that

3y (=Vug)(x) = =V (x)d5g(x) — 3 Vu (x)g(x — 1)
x—1

= =V, ()7 g(x) + 0} Vi (x) Y v(k)dyg (k)
k=0

x—1 x—1
=05V (0) Y vk (35 g (k) — g (x)) — (vum — (Z v(k))as‘vu <x>)8;"g<x>.
k=0 k=0

Besides, 97 (—V,8)(0) = LV, (0)g(0) = — V,,(0)3; g (0). We do indeed find 89, L = (Ly»y — Vu,0) 3, With

Ly o f () = (Li)so f (¥) + 8y V(D)o (x = D(f (x = 1) = f(x))

x—2 x—2 U(k)
+ 97 Vi (x) (Z v(j)) Y ———— (- rw),

= )5S0
x—1

Vu,*v(x) =V (x) + V,(x) — (Z U(k)) a:Vu(x)

k=0



368 B. Cloez and C. Delplancke

The generator L, ., has a birth—-death component and a component making the process at point x jumping on the set
{0, ..., x —2}. The birth rates are o, «», = (&t )« The death rates come from (L, ), and from the term 9. V,, (x)v(x —

D(f(x—1)— f(x)), so that
ﬂu,*v(x) = (Bu)sv + 8: Vi@)v(x — D1 en=.

Remembering that V,,(x) = a(x) — o, (x) + B(x + 1) — B, (x) we get that for all positive integer x

Vi) (X)) + Vi () = a(x) + ay(x — 1) — (Olu(x) + (au)*v(x)) + B+ 1) — (Bu)ww(x)
_ u(x) vix+DYu(x+1)
= <1 + 7u(x — 1))oz(x) — <1 + 000 ) (o) a(x+1)
vix—Dulx—2)

R e b G2

and

(Vi)s (0) + Vi (0) = —(@)0/(0) + Vi (0) = @(0) — (et (0) + (@) 0(0)) + B(1)

— (0 ! v(1)\ u(l) ! |
=a( )—( +Fo)>wa( )+ B().

The same reasoning as in the proof of Theorem 5.1 allows to deduce the relation at the level of the semigroups from
the relation at the level of the generators, provided that we can show that for all ¢ > 0 the function 9;/d, P; f is bounded

on N. It is the case; indeed, by Theorem 2.1, 9, Py f = PLXL; 9, f is bounded and 9; |9, P; f| < #lP,X? o, fl. O

infy ey v(X)

Proof of Theorem 2.5. Surprisingly, Theorem 2.5 cannot be deduced from Theorem 2.2 when u # 1. However, its
proof goes along the same lines as the proof of Theorem 2.2, only easier because 9,9, (V,,d, ) = V,,0,0, f, so that
the intertwining relation at the level of the generators follows directly. |

6. Proofs of Section 3

The semigroup representation (13) of the solution of Stein’s equation g s can be rewritten as:

o0
gf=—u/ P fdt, (20)
0
o
agfzuf 3,0%P, f dt, 1)
0
N 00
dgr=—u f 3P, f dt. (22)
0

The left-hand side of an intertwining relation between a weighted gradient and a birth—death semigroup appears
under the integral. This fact suggests to apply the intertwining relations shown previously. However, it leads to sharper
results to first identify the function f € F that realizes the maximum in the pointwise Stein’s factors

rfnea])f_ |gf M|, Ifnea;_g |3gf (l)|

for every i € N. This first step is based on Lemma 6.1 and Lemma 6.2 below. Indeed, Lemma 6.1 gives an alternative
formulation of the solution of Stein’s equation.
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Lemma 6.1 ([10, Lemma 2.3]). For alli € N, let us define g; := 81, and

(I (R
=+ . — . 3k
p— k), eN; L = — k), e N*.
‘i a@n@g”” l “ T Bon ;”() ’
Then, for alli e N*, j € N,
gi() =n(j)(~e Lizj +€; Lizj+1) (23)
8 = w6 — ¢ i+ (e im0y — ) yzi). a4
Lemma 6.2 ([10, Lemma 2.4]). If V| > 0 then (el.+ ) is non-decreasing and (e;”) is non-increasing.
6.1. Approximation in total variation distance
We begin by describing the argmax of the pointwise quantities. To the knowledge of the authors, equation (25) is not
explicitly stated in preceding works. Equation (26) is proved in [10]. We briefly recall the arguments used for the sake
of completeness.

Lemma 6.3 (Argmax of the pointwise Stein’s factor). Foralli € N,

. — .
81,y () = sup gy (). (25)
0<f<l

Moreover if Vi > 0, then for all i € N*

9g1, (i) = max [dg ()] (26)

Proof. By replacing f by 1 — f if necessary

sup |gf(i)|= sup gr(@i), sup |3gf(i)|= sup dgr(i).
0=f=<1 0=f=<1 0=f=<I1 0=f=<1

By Lemma 6.1,
i 0 i
grli+)=e Y m(NFU) =€ D m(DfU) <ey Y FU),
=0 j=i+1 j=0
with equality for f = 1jp ;; which proves (25). On the other hand,
0g; () =7 ({6 ) = ¢ Vlizjmr + (e + €7 )iz + (e — € )izj),
so by Lemma 6.2 the quantity dg; (i) is non-negative if and only if i = j. Hence, if f is a function on N with values
in [0, 1],
o
dgri) ="y [(j)dg;(i) < dgi(0),
Jj=0

and there is equality if f =1;. This shows (26). (]

As a consequence, we have the following lemma of which Theorem 3.2 is a direct application.
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Lemma 6.4 (Pointwise first Stein’s factor for bounded functions). If' V, is bounded from below by o (u) then for
alli e N,

oo
sup Igf(i+1)|§/ e O WIP(X!  =i)dt.
0=f=1 0

Moreover if V,, is constant then the preceding inequality is in fact an equality.

Proof. By the equation (20), Theorem 2.1 and Lemma 6.3, and because 9, 1j0,i] = —ﬁli, we have for all function
fsuchthat0 < f <1

oo o0 oo
|87+ D = g1,y + 1) = —u(i) f Pt Buljo.) = / PJi(1) < / e 7 WIB(X,, , =i)dr. O
0 0 0
We now state results for the second pointwise Stein factor.

Lemma 6.5 (Pointwise second Stein’s factor for bounded functions).

e Under Hy, for all integer i € N*, the quantity SUPo< r<1 108 £ (i)] is bounded by

0 s ui) ; ) ; . u(i) i .
e —mP(XL*uytzl—1)+2]P’(X1,*u,t=l)_mp(xl,*u,tzl_l'l) dt.

o Under Hy, for all integer i € N, the quantity supy< ;1 |08 (i + 1)| is bounded by

o . .
ol u(i) j . ; : u(i) ; :
/O e "”(—7”(1,_I)P(x’l’”,tzl—1)+21P>(x’1,u,,:1)—u(iH)P(leu,l:erl) dt.

Moreover, if the potential Vi s, (respectively V1) is constant, then the first (respectively the second) upper bound is
in fact an equality.

Proof. For every positive integer i, let f; =1;. By the equation (21), Theorem 2.2 and Lemma 6.3, under Hj,

()O .
sup |3gf(i)|=8gﬁ(i)=u(i)8ugﬁ(i)fu(i)/ e~ IHIEG* £ (XE)] dt.
0<f<l 0

As 9¥df; = —ﬁli_l + 2% 1, — ﬁli.{.l, we get the announced inequality.
Similarly the result under H, derives from the equation (22), Theorem 2.5, Lemma 6.3 and the computation
—0y0fi+1 = —ﬁli—l +2-11; - ﬁlzﬁ. O

u(i)
Theorem 3.3 and 3.4 are direct consequences of Lemma 6.5.

6.2. Approximation in Wasserstein distance

In contrast with the first order in total variation distance, the bound of Theorem 3.6 does not require a preliminary
bound on pointwise Stein’s factor.

Proof of Theorem 3.6. By Theorem 2.1,

l o0
‘;gf(""l)‘:wuhﬂ:'/ 0y Py f dt
0

1
=< m”auf”oo

0
| Bl B e, px, )
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Now to prove the sharpness if Vj, is constant, it is enough to consider the map f :x + —» ;_, u(x — 1) for which
the previous inequalities are in fact equalities. ]

Remark 6.6 (Variant of Theorem 3.6). We can also derive an upper bound for

sup  |lgs/ulloos
feLip(dy)

under the condition that Vi, is bounded by below, by using alternatively to equation (20) the equation
o0
gr =—u/ or P f dt,
0
and Theorem 5.1 instead of Theorem 2.1.

For the second Stein factor, we begin by focusing on the pointwise quantity sup s 7 du g (i). For all i € N, let us
introduce two functions ¥; and W; defined for all j € N as

i — 1 i — 1 —1
Yi(j) = (1 _ My )>1j§i] + (1 + M)L‘:i + (M - 1>1jzi+1,

u(j) u(j) u(j)
(1ot Dy, uG+D\, | (uG+D N,
w,(n—(l ) )1J<"‘+(1+ u(i) )1"’+< u(l) 1>1’>’+"

The following lemma allows to determine the functions that realize the supremum in the second pointwise Stein
factor. This lemma is a generalization of a lemma of [7], which addressed the case where # = 1 and (a(x), B(x)) eN =
(X, x)xeN- Its proof depends on the already cited results of [10].

Lemma 6.7 (Argmax of the pointwise Stein’s factor). If V| > 0, then for all i € N*

08y = max |dgr()|, @i =—du(,"). @7

feLip(dy)

Proof. If f and f are two real-valued functions on N, then g, 7= gy + g7 and that if f is constant, then g s = 0.
As a consequence, by replacing f by — f and f — f(i) if necessary, '

sup |8gf(i)|= sup dgr().
feLip(dy) feLip(dy),
f()=0

Recall that g; := g1, for j € N. For all real-valued function f on N,
gr=y_f(g,  dgr@ =) f(jig;@), ieN.
jeN jeN

By Lemmas 6.1 and 6.2, if f € Lip(d,) and f (i) =0 then

dgr(i) ="y f())dg;()

j=0

= (e —¢") Y WD+ (=€) Y 7O

Jj<i—1 Jj=i+1

<|og )| =(ef —¢i) Y midui )+ (e —eiyy) D, miduis j).

j<i—1 jzitl O
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Lemma 6.8 (Pointwise second Stein’s factor for Lipschitz functions).

e Under Hy, for all integer i € N*,

S .
sup  [3ug ()] < /0 e R (X L )] . (28)

f€Lip(dy)

Moreover if V1 4, is constant then the preceding inequality is in fact an equality.
e Under Hy, for all integer i € N

sup
feLip(dy)

dgr(i +

© —o(L,u)t
M(l) /é E[ ( 1,u, t)]dt 29)

Moreover if V1 , is constant then the preceding inequality is in fact an equality.

Proof of Lemma 6.8. Let us assume that Hy holds true. By the equation (21), Theorem 2.2 and Lemma 6.7, for every
positive integer i,

o e
sup [dugr )] = —— sup !agfo)}- 920, () = ugw,.a):fo 853 Pogi di

feLip(dy) u(@) feLip(dy) ()

o0 % o
= [Pl iae)ar< [ e s sian (x L, ) ar
0 0

It is easy to check that v; = 9;fd¢;, which proves (28).
Now, if Hy holds true, by the equation (22), Theorem 2.5 and Lemma 6.7, for all integer i,

1
sup g(—i—)' sup |0gr(i+1)|=—=08¢ G +1)
feLip(dy) u(i) 8 u(i) feL1p(d)| / | u@@y o

o0

= —/ 0,0 Prgiy1(i)dt
0
o0

Viu
—— [ Pl
—0d, 0941 = ¥;, the equation (29) holds true. U

We deduce from Lemma 6.8 both Theorem 3.7 and Theorem 3.8. We only give the proof of Theorem 3.7 because
Theorem 3.8 is similar.

Proof of Theorem 3.7. First of all let us notice that for all function f : N — R,

1
||auf||oossup<1+ nx )>||f/ looo 05 F oo ne < sup<1+ ux )nf/uuoo (30)

xeN ( )

Under Hy, as [|0,¢illco < 1, it implies that

—1
sup|8 0 go,(x)|< sup(l—i— uix )>.
xeN* xeN* u(x)

Plugging this in the equation (28) yields the first upper bound of the theorem.
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On the other hand, if u(x) = ¢* on N with ¢ > 1, then by using that 1j9;j =1 — 1; — 1[;41,00), We Write

0509 (j) = (1 — u(j — D) +2u(j _ 1)1j=i +2(M - 1>1jzi+l

u(j) u(j) u(j)
1 1
<1—-—+2-1;
q q
which proves the second upper bound. O

6.3. Approximation in Kolmogorov distance

Proof of Theorem 3.9. As one can see in Lemma 6.3, the function that realizes the maximum in the first Stein
factor associated to bounded functions, f = 1jo,;}, is also an element of the class of the half-line indicator functions.
Hence without further analysis the analogous of Lemma 6.4 and Theorem 3.2 hold by replacing 7 = {0 < f <1} by
F ={1j0,m), m € N}. [l

For the second Stein factor, we begin by determining the argmax of the pointwise factor, as we did previously.
Lemma 6.9 (Argmax of the pointwise Stein factor). Foralli e N

max{—dg1,_, (1), 381, (D} = sup  [dgr (D).

f:l[(),m],méN

Proof. Let f =1yg ) for an integer m. By Lemma 6.1, if m <i — 1,

98,() =Y (e — e )

Jj=0

Hence by Lemma 6.2,
m
|0g ()| = —0gg () = (e —e3y) D7),
=0

so the maximum when m browses the interval [0, — 1] is attained inm =i — 1.
Now, if m > i, letuscall F =1 — f =1[;y41,00). By the same lemmas,

o o0
lgr@)] =|er@®|=ef —ei | D mi=(ef —¢fy) D 7()=2gs0),
Jj=m+1 Jj=m+1
so the maximum when m browses the interval [i, +00) is attained in m = i. U

Lemma 6.10 (Second pointwise Stein’s factor for indicator functions).

e Under Hy, for all integer i € N*, the quantity SUP £ 10,1, meN 0g 7 (i) is bounded by the maximum of

> —o (1,*u)t i . u(l) i .
0 ¢ ' ]P(Xl,*u,t :l) - ui — I)P(Xl,*u,t =1- 1) di

and

* —o (1,%u)t i . u(i) i .
A e ’ IP(XL*,“ = l) — I 1)]P’(XL*MJ =i+ 1) dt.
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e Under Hy, for all integer i € N, the quantity SUP 1,0 . meN 0gy(i + 1) is bounded by the maximum of

© twifovi ) P
0 e ’ ]P)(Xl,u,t = l) - mp(xl,u,t =1l— 1) dt
and
~ .
/0 oo (Lt (P(Xll,u,t — i) _ u(Lit(——:-)I)P(XII’“’t =i+ 1)> dt.

Moreover, if the potential Vi 4, (respectively V1) is constant, then the first (respectively the second) upper bound is
in fact an equality.

Proof. If f =1y, then 9,0, = mlm — 1,,+1. Under Hy, by equation (21) and Theorem 2.2,

1
u(m+1)

d ()= (')/OOPV"*“ Lot 1)
81j0,i—1y 1) = ull o 1,%u,t u@i—1) il u(i) '

® ey i . u(i) ; )
= € ' IP>(X1,>|<u,t = l) - ]P(Xl,*u,t =i - 1) dt.
0 u(@i —1)

Similarly,

. .
. —a(l, ; . u(i) ; .
981y, (1) = /0 o (Lxt (P(Xll,*u,t = l) - ui + I)P(Xll,*u,t =i+ 1)) dr.

We get the conclusion by Lemma 6.9. The proof is analogous under Hj, using this time equation (22) and Theo-
rem 2.5. ]

Finally, Theorem 3.10 and 3.11 are simple consequences of the previous lemma.

7. Proof of Section 4

The second upper bound of Lemma 4.1 derives by classical arguments from Mehler’s formula (15) and the following
lemma.

Lemma 7.1 (Upper bound on differences of the pointwise probabilities of the Poisson distribution).

1

S

C
sup|Pro(x) —Pro(x — | <1A—, C:= ev2 <1. (31
xeNi | A 27
Proof of Lemma 7.1. Set
g, x)=APr(x) = Pr(x — D], xeN,A>0.

Let us show that

sup gq(A,x) < 4o0.
xeN,A>0

Firstly,

X ,—A

Ae
q,x) = —
X!

A —x|, xeN,A>0.
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We first deal with the case where x € N*. By a formula of Robbins ([26]), we know that for all x € N*,
1 1
x> /anxxe—x+m > /27167 logx+x logx—x_

Hence, g(A, x) < ﬁeﬂ“‘) with

1 A
fA,x)=x—A+log|x —A| — Elogx + x log —,
X

1
hfh,x)= —1+ +)\T

In the sequel we derive upper bounds of f(A, x) on relevant subsets of (0, 0c0) x [1, 00). One finds that
RfA=0 & A—x)x—r+vVNEx—1—+2)=0

Let us call A1(x) the solution of the equation x = A + VA and As(x) the solution of the equation x = A — VA We
have 0 < A1(x) < x < A2 (x).
If A < x, then at x fixed the function f(A, x) is increasing on (0, A1 (x)] and decreasing on [X(x), x]. Hence,

sup  f(h,x) =sup f (A1 (x),x) =sup f(h, A+ V2).
x>1 >0

x>1,0<A<x

Moreover, using that Vu > 0, log(1 + u) > u — u2/2, we find that

f()\,)»+«/x)=\/x+llog +(A+«/_)log

2 +kf :«/X
- <A+f+ >log<l+ %)
(et
:_5(1_%). (32)

Hence, if A > 5 | then FOLA+VA)<0.Ifa< ] by going back up to the equation (32),

FOLA+VN) <V <

A
A
1

72
At the end,

1
sup  f(A,x) < —.
xeN* 0<i<x \/5

il
Letus call C; := \/%_neﬁ ~0,8.
Now let us deal with the case where A > x. We apply a different strategy for small integers x as for large integers x.
First of all, for all x € N* and for all A > x,
1 e hax 1 e hpxtl
qg(A,x)= MA—x)<—e A
! x!

and it is easy to see that at x fixed the maximum of the right-hand expression is attained at A = x 4 1. Hence

1
g x) = —e "D+ )T
X



376 B. Cloez and C. Delplancke

Hence

1
sup g(r,x) <Cr:= max —e D+ 1) ~07.
xe{1,2,3LA>x x€{l1,2,3} x!

On the other hand, by the same reasoning as below, we find that

sup  fO.x)= sup f(ra(x),x) =sup f(, A = V).
x€[4,+00),A>x x€[4,4+00) r>4

Now, forall A > 1,

FO A=) =—VA— (%—i—k—ﬁ)log(l—%).

1 2 . p 1 1
We use that Vu € [0, 715 —log(l —u) <u+u“. As A > 4 implies 7 <

T
)

At the end,

1
su A, x)<C3:=——~04.
)szgélf V2

It remains the case where x = 0, for which it is trivial to see that
g, 0)=rer<Cy=e"!, 1>0.

The final result follows with C = max{Cy, Cp, C3, C4} = C;. O
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