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Electronic Companion

EC.1. Proofs and Additional Numerical Results
EC.1.1. Proofs of Theorem 1 and Propositions 1, 2, 3, 4
We will use the following Proposition to prove Theorem 1 (see Corollary 2.5.2 in Topkis (2011)).

ProprosiTioN EC.1. Suppose that Z is a non-empty complete lattice, E is a partially ordered set, and f is
an increasing function from Z X E into Z. Then, for each e € E, the greatest and least fixed points of f exist

and are increasing in e on E.

Proof of Theorem 1  Let 61,0, € P(S) and assume that 6, >p 6,. Let u;, up be two invariant distributions
of Q. Assume without loss of generality that sy := H(u) > H(u1) := hy and let f: S — R be a function
such that f € D. We have

/f(x)Mh202(dx)

S

_ / / FONO(, ha, dy)0(dx)
SJS

< /S /S FOYOx, I, dy)oa(d)

< /S /S FOIO(x, Iy, dy)0y (dx)

=/Sf(x)Mh191(dx).

Thus, My, 61 >p Mp,0,. The first inequality follows from the fact that Q is D-decreasing. The second
inequality follows from the facts that 6; >p 6, and Q is D-preserving. We conclude that M ZI 0 =p M ,’1‘2 6,
for all n e N.

Assume that condition (i) of the theorem holds. The fact that Q satisfies Property (C) implies that M Zi 0;
converges weakly to the unique fixed point of M}, which is given by uy, for i =1,2. Because u; and p»
are invariant distributions of Q we have uj, = y; for i = 1,2. Because >p is closed with respect to weak
convergence, we have u; >p po. Using the fact that H is increasing with respect to >p implies h; > h,.

We conclude that if | and u; are invariant distributions of Q then H(u) = H(u2). Thus, Q(x, H(uy), B) =
Q(x,H(u2),B) for all x € S and B € B(S). Because Q satisfies assumption (U) the operators My (,,) and
My (11,) have unique fixed points. Thus, ug (u) = HH (uy)» 1-€., g1 = p2. We conclude that if an invariant
distribution of Q exists, it is unique.

Now assume that condition (ii) of the theorem holds. Define the order >’ as the reverse of the usual

order >: for x,y, we write x >" y if and only if y > x. Under this assumption, the arguments above imply
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that the operator M is increasing from P (S) x H to P(S) on the complete lattice (P (S), =p) when H is
endowed with >’. Then by applying Proposition EC.1 to the increasing operator M we have upn, >p fn,,
i.e., 41 =p uo. Now we can use the same arguments as the arguments for the case that condition (i) holds to
show that if an invariant distribution of Q exists, it is unique. O

In order to establish the existence of an invariant distribution we will use Schauder-Tychonoft’s following

fixed-point theorem (see Corollary 17.56 in Aliprantis and Border (2006)).

ProprosiTioN EC.2. (Schauder-Tychonoff) Let K be a non-empty, compact, convex subset of a locally convex
Hausdorff space, and let f : K — K be a continuous function. Then the set of fixed points of f is compact

and non-empty.

Proof of Proposition I Because S is a compact Polish space £ (S) is a compact Polish space under
the weak topology (see Theorem 15.11 in Aliprantis and Border (2006)). Clearly #(S) is convex. P(S)
endowed with the weak topology is a locally convex Hausdorff space. Thus, if 7" is continuous, we can apply
Schauder-Tychonoft’s fixed point theorem to conclude that 7" has a fixed point.

To show that T is continuous, take a sequence of measures {u, } and assume that it converges weakly to
u.

Let f:S — R be a continuous and bounded function. Because Q and H are continuous we
have lim,_ fs FOO(xpn, H(uy),dy) = fs fOO(x,H(u),dy) whenever x, — x. Define m,(x) :=
/S f»)O(x,H(uy),dy). Then m,(x) is a uniformly bounded sequence of functions such that m, (x,) —
m(x) whenever x,, — x. Thus, by Lebesgue’s Convergence Theorem for varying measures (see Theorem 3.5
in Serfozo (1982) and Section 5 in Feinberg et al. (2020)) we have lim;, f My (X) un (dx) = f m(x)u(dx).

Hence,

lim /S £ ()T (dx)
ZJEEo[S‘/Sf(y)Q(x’H(,un)’dy)ﬂn(dx)
:/S/Sf(y)Q(X,H(M),dy)u(dx)

= /S F(x)Tu(dx).

Thus, Tu, converges weakly to Tu. We conclude that T is continuous. Thus, by the Schauder-Tychonoff’s
fixed point theorem, T has a fixed point. O

Proof of Proposition 2 Consider the function f(h) = h— H(uy,) from [A’, k"] to R which is well defined
because up € P(S) forall he [h',h"].
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We first claim that a root of f, say h*, corresponds to an invariant distribution uy+ of Q. To see this, let
h* be aroot of f, that is, H(up-) = h*.

From Property (U), - is the unique probability measure that satisfies

- (B) = f O (x. 1", By ().

so H(up+) = h* implies that
- (B) = / 0Cr. Hpup), By (d),

i.e., up+ is an invariant distribution of Q.

If h"" = H(up») or h’ = H(uy ) then f has aroot, and hence, Q has an invariant distribution. If 2”" > H (uyp»)
and h’ < H(uy ), we have f(h'") > 0> f(h’) so if f is continuous we can apply the intermediate value
theorem to prove that f has a root, that is, Q has an invariant distribution.

We will now show that f is continuous to conclude the proof.

Consider a sequence {h,}, h, € [h’,h”’] such that h, converges to h and let {uy, } be a subsequence
of {un, } that converges to A. From Lebesgue’s Convergence Theorem for varying measures (see Theorem
3.5 in Serfozo (1982)) and using the same logic as in the proof of Proposition 1, for every continuous and

bounded function m : § — R, we have

lim /S m () ()
- lim /S /S m(y)Q (e, e dy) g (d)

_ / / m(y)Q (x, h, dy)A(dx)
SJS

_ / m (x) M A(dx).
S

Because {up, } converges to A we also have

kli_)rrgo‘/sm(x)yhk(dx)=/Sm(x)/l(dx).

Thus, A = My A. From assumption (U), uy, is the unique fixed point of My, and thus, A = uy,.

We conclude that any subsequence of {uy,} that converges weakly at all converges weakly to uy.
Furthermore, from assumption, the sequence {up,, } is a tight sequence of probability measures. Thus, {us, }
converges weakly to pj, (see the Corollary after Theorem 25.10 in Billingsley (1995)).

Because H is continuous, we conclude that f(#) = h— H(uy,) is continuous on [A4’, h’’] which completes

the proof. O
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Proof of Proposition 3 From Proposition 2 the function f is continuous and has opposite signs at &,
and h,. Hence, the sequence 4,, defined in the statement of the proposition converges linearly to the root of
f (see for example, Theorem 2.1 in Burden and Faires (1985)).

From Proposition 2 if 4* is a root of f, then py+ is an invariant distribution of Q which completes the
proof. O

Proof of Proposition 4 'The proof is similar to the proof of Theorem 1. We provide it here for complete-
ness. Let 81,6, € ‘W such that 8, >p 6>. Let uy, up € ‘W be two invariant distributions of Q.

Assume without loss of generality that hy := H(up) = H(u1) :=hy 8o hi,hp e Hqy andlet f: S —>Rbea
function such that f € D. We have

/f(x)Mhzez(dx)

S

- / / FONO(x, . dy)0(d)
SJS

< /S /S FO)Ox, I, dy)oa(d)

< /S /S FOIO(, Iy, dy)0y (dx)

_ /S (o) M, 61 (d).

Thus, My, 61 >p Mp,0,. The first inequality follows from the fact that Q is D-decreasing on “W. The
second inequality follows from the facts that 6; >p 6, and Q is D-preserving on “‘W. Now because 61, 8, € ‘W
and hy, hy € Hyy, we have My, 01, Mp,6, € ‘W. Applying the same argument as above again, we conclude
that M,’l‘lél >D MZZQZ for all n e N.

Now the proof continues exactly as in the proof of Theorem 1. O

EC.1.2. Proof of Corollaries 1, 3, 4

Proof of Corollary 1 Let H(u) = fR xu(dx), Law(S;) = Law(S) and Law(T;(h)) = Law(T (h)). Let
D be the set of increasing functions, so >p is equivalent to the first order stochastic dominance order >gsp
and H is increasing with respect to >p. From Theorem 19.3.5 in Meyn and Tweedie (2012), Property (C) is
satisfied because E(T'(h)) > E(T(0)) > E(S) for all &> 0.

Let f: R — R be increasing. Because 7 is stochastically increasing in / the function

/ FO)O(x. by dy) =Ef (max{x+S —T(h),0})

is increasing in x and decreasing in & where the expectation is taken with respect to the random variables
S and T'(h). Thus, Q is D-preserving and D-decreasing. Hence, from Theorem 1 we conclude that the

nonlinear Markov chain given in Equation (7) has at most one invariant distribution.
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For existence, first note that the function H(uy,) is bounded from below by 0 so A’ < H(uy) for ' =0.
In addition, from the proof of Theorem 1 the function H(uy,) is decreasing in i so H(up) < H(ug) < oo as
E(T(0)) > E(S). Hence, we can find h"" > H(uy~) for some A" > 0.

We already established that property (C) holds, and hence, property (U) holds too. Further, it is immediate
to verify that H and Q are continuous.

Finally, for any sequence of non-negative numbers /4, that converges to some /%, the assumptions that
E(T(0)) > E(S) and that T(h) and S have bounded variances, guarantee that the sequence of invariant
distributions of the G/G/1 queue up, has bounded first two moments, and hence, it is tight. Thus, we can
apply Proposition 2 to conclude that an invariant distribution exists which completes the proof. O

Proof of Corollary 3 Existence follows immediately from Proposition 1. For uniqueness, we need to
show that the conditions of Theorem 1 holds. We let S = {1,...,n} with the standard order, H(u) =
G (u({1}),...,u({n})), and D to be the set of increasing functions, so >p is equivalent to >sp and
(P(S), =p) is a complete lattice. Note that H is increasing with respect to >gsp because y >sp u’ holds if
and only if (u({1}),...,u({n})) =m (W' ({1}),...,u’({n})) and from the assumption that G is increasing
with respect to >,,.

Condition (1) implies that Q is D-preserving, Condition (2) implies that Q is D-decreasing, and Condition
(3) implies that Property (U) holds. Thus, we can apply Theorem 1 to prove that Q has at most one invariant
distribution.

We can identify Q with the stochastic matrix P by P;;(-) =Q(i,-,{j}), and hence, using the definition of
the invariant distribution, the Corollary follows from Theorem 1. O

Proof of Corollary 4  For existence, continuity of H and Q follows immediately from the assumptions.
Now note that the state space is bounded because the random variables R;, Y, and the policy functions g;
are bounded. In particular, we let the state space be the compact set S = [0,nM7 +y]. Hence, we can use
Proposition 1 to conclude that Q has an invariant distribution.

For uniqueness, we need to show that the conditions of Theorem 1 hold. We let D to be the set of increasing
functions, so >p is equivalent to >gp.

It is immediate that Condition (2) implies that Q is D-preserving and Conditions (2) and (3) imply that Q

is D-decreasing. Thus, we can apply Theorem 1 to prove that Q has at most one invariant distribution. O

EC.1.3. Proof of Claims 1,2,3,4,5

Proof of Claim I  'We let D to be the set of all increasing functions. Clearly H is increasing with respect
to >p because m is increasing. Property (C) holds for AR(1) process with a € (0, 1), (see, for example, Light
(2024)). Let f : R — R be increasing. Then

/ FO)O(x. b dy) = / flax—h+e)d(d(e)
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is increasing in x and decreasing in / so Q is D-preserving and D-decreasing. Hence, we can apply Theorem
1 to conclude that Q has at most one invariant distribution.

For existence, note that the quadratic growth condition and the fact that the variance of ¢; is finite imply
that H(uy,) is finite for every h. Furthermore, if /,, converges to A, then it follows that the sequence u, (dx)
of invariant distributions of the AR(1) process given the parameter /4, has bounded first two moments, and
hence, {uy, } is a tight sequence of probability measures. In addition it is immediate that Q is continuous
and H is continuous on {uy, : h € [h’', h”]} as uj, has bounded first two moments and m is continuous with
a quadratic bound.

From the proof of Theorem 1 we have that H(uy) is decreasing in 4. This implies that we can find
h',h"” eR, h"" > h’, such that "’ > H(uy~) and h’ < H(uy) (e.g., by letting A’ =—|c| =1 and A" = |c| + 1
where H(ug) = c¢).

Thus, from Proposition 2 existence follows. O

Proof of Claim 2 'We let D to be the set of all the functions that are increasing in the first argument.
Clearly H is increasing with respect to >p. We need to show that Q is D-preserving and D-decreasing in

order to use Theorem 1. Let f € R™ be increasing in the first argument. Then

/ FOr1y)0((x1,x2), b dy) = / Flaxi—h+ e k(xs) +e)d(d(er, )

is increasing in the first argument and decreasing in 4 so Q is D-preserving and D-decreasing. Hence, we
can apply Theorem 1 to conclude that QO has at most one invariant distribution. Existence of an invariant
distribution follows by the same argument as in Claim 1. O

Proof of Claim 3 Consider the set of functions D such that f: R” — Risin D if f(x)= X7, yix;+c¢
for some y € O and ¢ € R. Property (C) holds (see Example 1 in Light (2024)). It is immediate that H is
increasing with respect to >p.

We now show that Q is D-preserving and D-decreasing. Let f € D so f(x) = X", y;x;+b for some y € O.

We have

v(x) :=/f(x')Q(x,h,dx’)

=/f(a1xl—ﬁ1h+61,...,
AnXy — Brh+ en)¢(d6)

= / Z vi(aixi = Bih+e€;)p(de) +b
o1

n
= Z yixi+b’
i=1
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with y/=a;y; and b’ = fZ;’:l vi(=Bih + €;)¢(de) + b. Note that y” is in O as y € O and a; > 0 for all ;.
Hence, v is in D which means that Q is D-preserving.

To show that Q is D-decreasing let 4, > h; and note that

/ FONO (o, d)

= [ Y yitassi= i+ e (de) +
i=1
S/Zl)h'(aixi_ﬁihl"'fi)¢(de)+b

- / FONO(x by, dx')

where the inequality follows from the fact that y and 8 are in O so y;8; > O for all i. Thus, Q is D-decreasing.

To prove existence, note that we can find H(uy) directly. A simple calculation shows that H(up) =
2, vi(=h+e;)/(1 —a;) where e; is the expected value of ¢;. Thus, we can find 4, h” € R, h’* > h’, such
that " > H(up~) and h’ < H(uy ). In addition, it is easy to see that the tightness condition of Proposition 2
holds as the sequence {uy, } has bounded first two moments whenever /; converges to some 4. O

Proof of Claim 4  Fix the finite lattice S = {0, 1}" and let D be the set of all super-modular functions on
S.

Note that the nonlinear Markov kernel Q is defined for each y € {0, 1}" by

Q(x,h; {y}) =p(x, W) L(y=(z,....0) P*(1 = p)' %

+(1=pGrh) [ [ p(1=p)'n.
i=1

Let f € D and let Cy :E[f(Zl,...,Zn)] and C; :E[f(Z,...,Z)]. It can be shown that (Z,...,Z)
dominates (Zi, ..., Z,) in super-modular order (e.g., Hu et al. (2005)). Hence, C; = Cy.

For each x € S and 4 € [0, 1], we have
DL FMQG hy{y}) = Co+ (Cr = Co)p(x, h).
yeS

which is supermodular in x and decreasing in & because the coefficient C; — Cy is non-negative and p(-, h)

is super-modular in x and decreasing in £ by assumption. Hence Q is D-preserving and D-decreasing.
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To show that H is increasing let up >p p1 and define f*(y) =1(,-(1
{0, 1}". Then

1)} » Which is super-modular on

.....

H<u2>=u2({<1,...,1>})=/f*(y)m(dy)

=H(u1),

and H is increasing with respect to >p.

In addition, for each & the linear Markov chain Q(-, &, -) assigns strictly positive probability to every state
of § because 0 < p < 1 and 1 — p(x,h) > 0 Hence the chain is irreducible and aperiodic on a finite state
space and Property (C) holds.

Thus, from Theorem 1 the nonlinear Markov chain Q has at most one invariant distribution. Existence
readily follows from using the continuity of p and applying Proposition 1. This proves Claim 4.

Now assume that D+ is the set of all increasing functions on S = {0, 1}"* and assume for simplicity n = 2.

Let k(y) = y1+y2 — y1y2, which is increasing in each coordinate. We have

k(O by {y})
y
=0(x, A, {1,01) +Q(x, 1, {1,1}) + Q(x, h, {0, 1})

=2p - p*=(p-p?)p(x,h),

which is not necessarily increasing. Hence, Q fails to be D1-preserving. O

Proof of Claim 5  Let
E(S?)

~ JE(S)Z+2E(5?) - E(S)
and consider the linear Markov chain W;,; = max(0, W; + S; — T;(h)). Then it has a unique invariant

distribution if ET; (h) = h > E(S) (see Theorem 19.3.5 in Meyn and Tweedie (2012)) which holds because

h

(EC.1)

E(S)VE(S)2 + 2E(S2) = VE(S)* + 2E(S2)E(S)? < \/ (B(S)2 +E(52))> = E(S)> +E(S?)

which implies that & > E(S). Let W, be the random variable with the law p* where y* is unique invariant
distribution of the linear Markov chain (W;);en.

From the Pollaczek-Khinchin formula (see Equation (8.1) in Chapter 8 in Cooper (1972)) the stationary
expected waiting time is given by E(W.,) = A(h)E(S?)/(2(1 — A(h)E(S))). Using the fact that A(h) = 1/h,
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and algebraic manipulations, we see that h = E(W,,). Hence, u* is an invariant distribution of the nonlinear
Markov chain given in Equation (7). Uniqueness follows from Corollary 1.
For M/M/1 queue S is an exponential random variable with a parameter y, so E(S) = 1/u and E(S?) =

2/u?* and we get
2 _ 2E(S)

E(Wy) = =
(We) (V5-Du  V5-1

which completes the proof. O

EC.1.4. Uniqueness via the Convex Stochastic Order

In this section, we expand Section 3.3 by presenting an example where the convex stochastic order is used to
establish the uniqueness of an invariant distribution and the standard first order stochastic dominance would

not satisfy the required conditions for uniqueness.

ExampLE EC.1 (CoNnvEXx StocHAsTIC ORDER). Suppose that the state space is S =R and a € (-1, 1). Let
(€ );>1 bei.i.d. with mean zero, finite moments and law ¢. Let o (%) be a positive, continuous and decreasing

function and consider the nonlinear Markov chain
X1 =aX + U'(H(,Ut)) €r+1,

where H(u) = f m(x)u(dx) for some continuous and convex function m on R such that |m(x)| < Cy+ C1x*
for some k > 1 and constants Cy, C;. Let D be the set of all convex functions on S so >p is the convex
stochastic order.

Clearly H is increasing with respect to >p. Property (C) follows from standard arguments as in Claim 1.

Let f: R — R be convex. Then the function

b(x.h) = / FO)O (. h.dy) =Ef (ax+ o (h)e)

where the expectation is with respect to €, is convex in x as a composition of a convex and a linear function.
Hence, Q is D-preserving.
Now let iy > hy and Y = o (hy)e, c =0 (hy)/o(h,). Note that ¢ > 1 because o is decreasing.

In addition, from Jensen’s inequality we have

Ef(ax+Y) < %Ef(ax+cY) + (1 - %) fax).
Hence, using Jensen’s inequality again we have
Ef(ax+Y)=cEf(ax+Y) - (c— 1)Ef(ax+Y) < cEf(ax+Y) - (c - 1) f(ax) <Ef (ax+cY).
That is,
v(x, hy) =Ef (ax+0 (h)€) < Ef (ax+o(hy)e) =v(x, h1)

so D-decreasing. Hence, we can apply Theorem 1 to conclude that Q has at most one invariant distribution.
The proof of existence follows from similar arguments to the proof in Claim 1 so it is omitted. We conclude

that Q has a unique invariant distribution.
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EC.2. On non-contraction and numerical examples

In this section we show that the nonlinear operator 7 is generally not a contraction in our examples and
applications. We focus on three tractable cases: Example 1 (a one—dimensional nonlinear autoregression),
the strategic M/M/1 queue (Section 4.1), and the nonlinear fixed-point equations studied in Section 4.3. In
each instance, we show that the associated dynamics are generally not contractive even in simple parameter
configurations. We note that the other two applications (inventory dynamics and wealth distributions) have
transitions that depend on policy functions that typically come from a dynamic programming problem and
do not have closed-form expressions so establishing contraction there would be much more involved. In
Section EC.2.0.3 we derive such a policy function numerically in the wealth distribution application and
compute the corresponding invariant wealth distribution using Algorithm 1.

We first recall the definitions of the Wasserstein and total variation metrics between two probability
measures u and v on a metric space (S, d) that is a Polish space.

For p > 1, the Wasserstein distance of order p is defined as

1/p
Wpun) = inf ([ deraney)
mell(u,v) \JSxS

where IT(u, v) denotes the set of all couplings of u and v. If y and v are probability measures on R with

cumulative distribution functions (CDFs) F and F», then the Wasserstein distance of order p > 1 is given
by:
1 » 1/p
W (u,v) = ( /O |Fi (@) - F; ' ()| dq) , (EC.2)

where F° Iand Fy I are the quantile functions (inverse CDFs).
The total variation distance between u and v is defined as
lu=vllrv := sup |u(A)—v(A)l.
AeB(S)
If 4 and v admit densities f and g with respect to a common reference measure, then the total variation
distance simplifies to

lu=lry =3 [ £ =gColds. (BC3)

EC.2.0.1. Contraction in Example 1 Consider the nonlinear Markov chain in Example 1 given in
Equation 3 with m(x) = Bx for some 3 > 0. As a special case of Claim 1, this nonlinear Markov chain has
a unique invariant distribution using the monotonicity arguments developed in this paper. We now show
it is generally not a contraction in the Wasserstein distance and the total variation distance. We then show
that augmenting the nonlinear Markov chain with an additional variable to construct a linear Markov chain
would not generally be a useful approach to prove uniqueness of an invariant distribution.

Wasserstein Distance. Let’s assume p > 1 and the pth moment of € exists.
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Consider two simple Dirac measures p1 = 6 and 1y = 6445 forsome h € Rand 6 > 0. Then W, (u1, u2) = 6.

For p; =6y, we have x = h and H(u;) = Bh so Tu; =Law(e+ (a — B)h). Similarly, for p, = 5545, we have
x=h+6and H(uz) =B(h+38) so Tuy=Law(e+ (a—B)h+ (a—B)5). Thus, Tu, is a simple translation of
T, by a constant shift of (a — 5)6. The Wasserstein distance between such laws W, (T, Tuz) is |a — §[6.

Hence, we conclude that a necessary condition for 7' to be a contraction is |a — 8| < 1 which is not generally
the case (e.g., if 8 > 2). On the other hand, a sufficient condition for contraction in W is the relatively strong
requirement |a| +|3| < 1.! Intuitively, the nonlinear mapping T amplifies differences in the mean when g is
large: a small change in the current distribution’s mean leads to an even larger shift in the next period’s mean.
This is in addition to the standard auto regressive feedback captured by a. In more complex applications
we consider next where the entire distribution determines the dynamics, contraction is typically far more
difficult to satisfy.

Total Variation Distance. Let u; = N(m,0?) and p> = N(m»,0?) where N (u;,0?) is the normal

. . . 2 . . . 1 ( x—mi)z
random variable with mean y; and variance o~ and probability density function s OXP (— 57 )

A simple calculation using Equation (EC.3) shows that the total variation distance is given by

|m2—m1|)_1,

drv (1, 42) =2<D( 5
g

(EC4)

where @ is the standard normal CDF.

Consider two normal random variables u = N'(0,1) and v = N(1,1) as an example and assume that
€ =N(0, 1). Then using Equation (EC.4) we have drvy (u,v) = 2®(%) -1

Now note that Ty =Law (aX +¢&) = N(O, a’+ 1) where we used the fact that the sum of two independent
normally distributed random variables is normal and its mean is the sum of the two means, and its variance
is the sum of the two variances. Similarly, Tv = N (a - 3, a’+ 1).

Using again Equation (EC.4) we have drvy (Tu,Tv) = 2<I)( lapl ) - 1.

2Va?+1
Hence, dry (Tu,Tv) = dry (i, v) if |a — B| > Ya? + 1 and T is generally not a contraction.

Augmented Markov Chain. Another possible approach is to augment the original nonlinear Markov
chain to obtain a linear Markov process, thereby enabling the application of standard tools to establish
existence and uniqueness of a stationary distribution (Meyn and Tweedie 2012). In the special case where
the aggregator is given by m(x) = Bx, this augmentation can be achieved by introducing a single additional
variable representing the mean, rather than augmenting with the entire distribution.

To do that we introduce the mean coordinate as an additional variable: m, := E[X;], and consider the
augmented Markov chain Z; := (X;,m;) € RZ. We start from any distribution of Xy with finite first two
moments and my =E[Xy].

Taking expectations in the original nonlinear Markov chain given in Equation (3) yields

miy=am;—Bm+e=(a—L)m; +e.
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where e = E(¢;). Hence with

(e B — |+
A'_(Oa—ﬂ)’ §t+l-_(lel),

the augmented Markov chain is an AR(1) process
Zis1 = AZ; +€t+la t>0. (ECS)

on R2.
Assume that |a — 8] > 1. Now it is easy to see that an invariant distribution for the augmented AR(1)

process has to be of the form of the product measure u* ® 6, where m* = . In addition, u* ® §,,,*

e
1-(a-p)
is an invariant distribution for the augmented AR(1) process if and only if u* is an invariant distribution of
the original nonlinear Markov chain with E(X) =m".

However, when |a — 3| > 1, the mean component m, diverges for almost every initial condition m.
Consequently, classical techniques from the theory of linear Markov chains, such as drift conditions Meyn

and Tweedie (2012), that imply global stability do not apply.

RemARK EC.1. We showed that the operator T for the nonlinear Markov chain in Example 1, given in
Equation 3 with m(x) = Bx and studied above, is Lipschitz with respect to Wj. One may therefore wonder
whether there is any necessary connection between Lipschitz continuity of 7' with respect to the Wasserstein
distance W), and the existence and uniqueness results established via our monotonicity approach. We now
demonstrate that the answer is generally no. We present a cubic aggregator for which the associated nonlinear
Markov operator T is not globally Lipschitz with respect to W), for any p > 1, yet it still possesses a unique
invariant distribution, a result that can be established directly using our uniqueness theorem.

Let S = R be endowed with the usual order. Fix a € (0, 1) and 8 > 0, and let (&;);>1 bei.i.d. withE[g;] =0,
E[s%] =02 € (0,00), E[|31|3] < oo, Forr>1set P-(R):= {,u cePR): fR |x|" u(dx) < oo}, and define the
cubic aggregator Hy : P3(R) — R by H3(u) := fo3 u(dx). Consider the nonlinear Markov chain

Xes1 =aX; — BH3(us) + €141, My =Law(X;),

and the associated one-step operator T given by Ty := Law(aX — BH3(p) +¢).

Fix p > 1 suchthatE|g(|P < coand write r := max{3, p}. ThenT (P, (R)) € P-(R),butT : (P, (R),W,) —
(Pr(R),W,) is not globally Lipschitz. Indeed, for x # y set u =6, and v =¢,. Then W, (u,v) = |x — y| and
H3(6,)=2.

Moreover, 76, = Law(az — B+ &), which is a translate of Law (&) by the constant az — Bz3. Hence,

Wy (T6x,TSy) =a(x—y) - B(x* = %)

3_,3
=[a- =21yl
xX=y




e-companion to Light: Invariant Distributions in Nonlinear Markov Chains ecl3

Therefore,
% = |a—/3(x2+xy+y2)|.
Since x? +xy + y* is unbounded on R?, no finite global W,,-Lipschitz constant can exist.
On the other hand, on the domain W := $P5(R) and with D the set of increasing functions, the monotonicity
conditions for uniqueness follow from the same arguments as in Claim 1. Hence Proposition 4 yields

uniqueness, and Proposition 2 yields existence of an invariant distribution in W. That is, T admits a unique

invariant distribution in P3(R).

EC.2.0.2. Contraction in Strategic Queueing Now consider the strategic queueing system we studied
in Section 4.1. Suppose for simplicity that the system behaves as a strategic M/M/1 queue where S ~ Exp(u)
and T'(h) ~ Exp(A(h)) with u=1.

We first define the CDF Fj,..(¢) := P{Y)(x) <t} of the random variable Y}, (x) = max{0,x+ S - T(h)}
which is given by O for ¢ < 0 and

T+ 00 exp(4(h) (1 -x)),
0<t<x,
Fiox (1) = A ) (EC.6)
T+ (k) P :
t=x.

Indeed, this follows from the well known fact that the difference between the two exponential distributions
S and T (h) with parameters 1 and A(h), respectively is a Laplace distribution.

Wasserstein Distance. To test contraction we let u =9, for a > 1 and perturb itto v, =(1 - &) 6, + €6,
for some ¢ > a and small e. We will focus on W, for this example but similar computations to show
non-contraction of 7 can be done to other p > 1. The 1-Wasserstein distance between the measures is
Wi(p,ve) = glc—al.

We now compute the law of Ty and Tv .. For u = §, the mean is a so the cumulative distribution function

is given by Fr,(t) = F4.4(t) (see Equation EC.6). For v, = (1 —¢&) 6, +& d. the mean is h=(l-—g)a+ecso
Fry, (1) =(1-¢) Fj,(t) + & Fj..(1)
h=(1-¢&)a+ec.

The 1-Wasserstein distance between these probability measures is

Wi(Tu,Tv,) = /0 mlFr,l(r) — Fry, (1)|dt,

which can be evaluated analytically and numerically. In Figure EC.1a we evaluate for small values of & and

plot the ratio
_ Wl (Tﬂ7 TVS)

Ko = v
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and show that it is above 1, i.e., T is not a global contraction in the W metric.
Total Variation. As in the Wasserstein metric example, to test contraction we let u =6, for a > 1 and
perturb it to v, = (1 — &) 6, + £ 6, for some ¢ > a and small €. The TV distance is ||y — v|lrv =&. We will

consider the measurable set A = {0}. From Equation (EC.6) and the analysis of the Wasserstein metric we

have

Tu({0}) = Fa:a(0)

TVS({O}) = (1 - S)Fﬁ(s);a(o) +8Fﬁ(s);c(0)~

where h(g) := (1 —¢g)a+ec.

We define the difference D (&) :=Tu({0}) —Tv.({0}) and note that

ITu-Tvellrv S |D(&)]
l=vellry e

from the definition of the TV metric.

In Figure EC.1b we evaluate for small values of € and compute numerically |D(€)|/e and show that it is

above 1, i.e., T is not a global contraction in the TV metric.

Figure EC.1 The Figures show the non-contraction in the Wasserstein and TV metric for the M/M/1 strategic queueing systems
with parameters A(h) =1/(h+1),a=1.1, c =200.

Non-Contraction Ratio for Wasserstein-1 Distance (a=1.1, c=200) Non-Contraction Ratio for TV Distance (a=1.1, c=200)

—— Ratio K(e) = "aTeTv)

—— Ratio K(e) = [D(¢)|/e
-== Contraction Threshold (K=1)

-==- Contraction Threshold (K=1) 30

1151

Ratio K(g)

1074 1073 1072 1074

1073 1072
Perturbation &

Perturbation &

(a) Non-contraction in the Wasserstein metric (b) Non-contraction in the TV metric

Despite this non-contraction, Algorithm 1 computes the equilibrium very fast and with only 15 iterations

for the bisection method as we see in Figure EC.2a.
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Figure EC.2 Figure EC.2a shows the sequence of midpoints {%,} generated by (Algorithm 1) when applied to the strategic
M/M/1 queue with S ~ Exp(1) and arrival rate A(%) = 1/(1+ h). At each node the stationary mean H(uy) =E[X},]
is estimated by a Monte Carlo simulation of the linear M /M /1 queue. Algorithm 1 finds the unique fixed point
h* ~ 1.00 (which can be calculated explicitly in this simple setting as in Claim 5) in fewer than 15 iterations with
tolerance level 1074 Figure EC.2b shows the estimated invariant density of waiting times, obtained by applying a

Gaussian kernel density estimator.

Estimated Invariant Waiting Time Density

Bisection path for f(h) = h — H(up) 0.8 9
--- h®=0.9981

0.6 q

Density

0.2

0.01

8 10 12 12 0 2 a 6 8 10
Iteration Waiting time
(a) Algorithm 1 convergence (b) Equilibrium waiting time distribution

EC.2.0.3. Contraction in the Wealth-Distribution Model In this section we consider the wealth
distribution application presented in Section 4.4. In particular, we consider a single asset case with a fixed
interest rate that is determined by the aggregate agents’ behavior in the economy.? In this model the optimal
savings policy does not have closed-form solution. We compute it by using the value function iteration
algorithm. In Figure EC.3 we first test numerically if 7 is a global contraction in the W; metric.> We
then show that Algorithm 1 converges fast to the unique invariant distribution of this model and plot the
corresponding wealth distribution.

While the monotonicity conditions of Theorem 1 guarantee uniqueness of the invariant distribution, the
numerical simulations suggest that standard contraction arguments are inapplicable, as contraction is again

not satisfied in this application.

Notes for the Electronic Companion

Indeed, let 7 be an optimal coupling of x and v, so (X,Y) ~ x satisfies W (u,v) = E, [|X - Yl]. Let

€ ~ ¢ be an independent noise term. Define the valid coupling of Ty and Tv, (X',Y’) = (aX - BE[X] +
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Figure EC.3 In Figure EC.3a we compare two initial laws: u; ~ U[0,b] with b € {6,7,...,11}, and up ~ U[0,5]. With

N =4 x 10° draws from these distributions we compute Wy (uy,pup) and Wi (Tuy,Tuy), then plot the ratio

_ W@ Tw)
p(b) = Wi (p1,12)
Algorithm 1 to compute the invariant distribution. The left panel displays the midpoint sequence {4} generated

against b. We see that p(b) > 1; so T is not a global contraction. In Figure EC.3b we apply

by the bisection and convergence to the fixed point 4* is achieved in only 11 iterations. The right panel plots the
density of the invariant wealth distribution uj+ where we apply a Gaussian kernel density estimator to plot it.

Empirical Contraction Ratio p(b) vs Support Size b

=== Threshold = 1

1.04

1.03

Convergence of bisection Invariant wealth distribution i,

1.02

Wa(Tu, Tz} Wi (Hy, p2)

>
?

1.01 £60

1.00 45

2 a 6 8 10 00 25 50 75 100 125 150 175
Bisection teration Wealth x

8 9
Support upper bound b of i, ~ U[0, b]

(a) Non-contraction in the wealth distribution model (b) Computation of the unique invariant wealth distribution

€,aY — BE[Y] + €). Therefore by using the triangle inequality and Jensen’s inequality we have

Wi (T, Tv) <Eq[la(X -Y) - BE-[X - Y]|]
<la|Ex[IX-Y|| +|B| [Ex[X - Y]|

< (lal +1B1) Ex [1X = Y1].

That is,
Wi(Tp,Tv) < (lal+1B]) Wi(u,v).

2Specifically, we consider the Aiyagari model (Aiyagari 1994) as presented in Light (2020) (see the full
details there). The production function is given by f(k) = k% with @ =0.5 and the interest rate is therefore
given by R(H(u)) = aH(u)* ' =6+ 1 with § =0.1 (as in Light (2020)) where H(u) = fx,u(dx). The
nonlinear Markov chain is then given by X,1 = R(H(u,)) g (X, R(H (1)) + Y41, where {Y; } are i.i.d. labor
income shocks and g ( - ; R) is the optimal saving policy that is determined by an income—fluctuation problem
with logarithmic utility. In this setting it can be shown that the savings policy function is increasing in the
interest rate and current wealth and Property (C) holds (Light 2020) so we can use Corollary 4 to show that

the nonlinear Markov chain has indeed a unique invariant distribution.

3In particular, given a fixed rate R, we solve the Bellman equation for the income fluctuation problem

V(x) = max]{log(x —a) +BE[V(Ra +Y')]},

ael0,x
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on the cash—on—hand grid x € [1073, 15] using value—function iteration with 800 iterations and a 25-point
grid for the savings between 0 and x and interpolate the optimal savings to derive the optimal policy function
g(x, R). Then, to implement T, for any empirical wealth distribution represented by a sample {x;} l’\zf | we set
H(u) = % > xi, compute R = R(H(u)) and the corresponding policy g(+, R), draw i.i.d. income ¥; € {1, 3}

with equal probabilities for each agent, and return x; = R gr(x;) +Y;.



