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A note on migration perturbation and convergence
rates to a steady state

ABsTrRACT. Using tools developed in the Markov chains literature, we study
convergence times in the Leslie population model in the short and middle run.
Assuming that the population is in a steady state and reproduces itself period
after period, we address the following question: how long will it take to get back
to the steady state if the population distribution vector was affected by some
shock as, for instance, the “brain drain”? We provide lower and upper bounds for
the time required to reach a given distance from the steady state.
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Introduction

Consider the Leslie population model, where y; is the vector of
population size by age, that is, y;; is the size of the population who are of
age ¢ at time ¢. The canonical Leslie matrix L is given by

b1 b

S1 0 0
L =

0 0
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Here b; > 0, 1 < ¢ < n, are age-specific fertility rates and 0 < s; < 1,
1 <4 < n—1, are survival rates. Age-specific population growth from some
initial distribution yg is described by the equation

Yt41 = Ly;.

If L is irreducible, the Perron-Frobenius theorem implies that a maximum-
modulus eigenvalue is real and positive. If in addition L is primitive, then
there is a unique (real, positive) eigenvalue of maximum modulus, the
Perron eigenvalue, whose eigenspace has dimension 1. The total population
will grow or shrink according to whether the Perron eigenvalue is greater
than or less than 1. These results may be found in any textbook on linear
algebra or Markov Chains (see, for example, [1],[2]). Their applications to
the Leslie population model may be found in [3], section 4.5, or in [4],
section 5.

Our goal is to study the evolution of the age structure of the population;
that is the evolution of the ratios y;;/y;:. If L is irreducible and primitive
with Perron eigenvalue A\ > 0, then taking zo = o, ¢ = A" 'Lz,_
converges to a limit x*, a strictly positive member of the Perron eigenspace.
Clearly i/t = yit/y;¢, and so the age structure converges to a limit
which is described by the vector z*. (The limit frequency distribution of
ages is given by ||z*||7 z*, that is, * divided by its /; norm.). In what
follows we shall work with a normalized Leslie matrix. We will divide
all the entries by the Perron eigenvalue in order to have a Leslie matrix
with Perron eigenvalue equal to 1. This normalization leaves the Perron
eigenspace unchanged, and forces the modulus of all eigenvalues other
than the Perron eigenvalue to be less than 1. (This is what guarantees
convergence of the z; to a nontrivial equilibrium.)

We assume that s; > 0 for all i < n. If some s; = 0, no one lives past
age k, and the model can be truncated there. We also assume that b, > 0.
The Leslie model is a model of a population in its reproductive years.
Individuals may survive past age n, but they no longer contribute to
population growth, and so the model does not track their behavior. These
two assumptions guarantee that L is irreducible.

The Leslie matrix need not be primitive. For instance, if there are births
only in even periods, there will be two real eigenvalues of maximal modulus.
A positive age one birth rate is a sufficient condition for primitivity;
however, this is not a good model for human populations. Fortunately,
there is a sufficient condition for primitivity which is applicable to human
populations, that the birth rate at two successive ages is positive, see [4].
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We consider the following thought experiment. The stationary age
structure of a population is perturbed by an event: in- or out-migration,
or a significant disease, that effects different ages differently. The age
structure will be perturbed away from the stationary age structure. How
long will it take for the system to come back to the steady state? We
give answers to these questions, using tools developed to understand the
behavior of random walks on graphs (see, for example, [5]). Precisely, we
provide lower and upper bounds for the time required to reach a given
distance from the steady state.

This experiment has an important limitation. It assumes that the
age-specific birth and death rates remain in the post-event population the
same as they were in the pre-event population. We assume that emigrants
have fertility and mortality patterns no different than those who remain;
that with respect to fertility and mortality, immigrants behave just as does
the home population; that the incidence of the disease is not correlated
with fertility or with other co-morbidity factors. If the disease were to
become endemic, as is expected to be the case with COVID-19, this will no
longer be true.

Convergence times in the population models, when addressed at all, are
described with asymptotic convergence rates. More precisely, the eventual
rate of convergence to the stable age distribution is governed by the
eigenvalue(s) with the second largest absolute magnitude. See, for example,
[3], equation (4.91) on p. 96, which implies that convergence to the steady
state is asymptotically geometric, “at a rate at least as fast as log p”, where
p is the damping ratio (the ratio of the largest eigenvalue to the second
largest absolute eigenvalue). The damping ratio as the measure of “how
quickly transient dynamics dissipate over time” is also mentioned in [6]. To
the best of our knowledge, the tools we use in this paper have never been
applied to studies of the short run dynamics of the Leslie population model.

1. Convergence to a Steady State

Let L be the Leslie matrix (n X n) that is irreducible and primitive,
and assume that the maximal Perron eigenvalue of L is 1 (otherwise,
normalize). Denote a left Perron eigenvector of L by v '. A right Perron
eigenvector of L consistently with what is above is denoted by z*.

INote that a left Perron eigenvector has some meaningful interpretation as well. In
population models literature v is called age-specific reproductive value (see [3]).
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First, the simplices SY = {z : v -2 = a, & > 0} are invariant under L
for all a > 0.

PROPOSITION 1. For any o > 0 the simplex SY, is invariant under L.
PrOOF. If v-z =« and y = Lz, thenv-y=v-Lrx=v-z. O

The implication of this is that all the dynamics live on S? where
o = v-xo. Instead of tracking population shares, it is easier to track motion
on an invariant hyperplane, and rescale to get a probability distribution
whenever we want.

We will assume for this section that v - z* = v - 9. The basic linear
algebra fact tells us

PROPOSITION 2.
(1) llzy — 2*|| = 0 for any norm || - || on RE.

The rest of the paper is devoted to estimating rates of this convergence
in some specifically chosen norm.

2. Measuring System Fragility

One approach to fragility is to ask how long it takes to approach the
steady state.

Define the I}-norm such that ||z||} = >, v;|z;|. Treating v as a positive
measure, this could be thought of as a standard [; norm on the measure
space ({1,...,n},v). This compares easily enough to the I3 norm (with
respect to counting measure): min; v; ||z||, < ||z||} < max;v; ||z||,. Note
that SY is the intersection of the non-negative orthant with the I!-unit
sphere. An important fact about these norms is the following:

LEMMA 1. If 2,y >0 and ||z||} = ||y||%, then
llz —yll, =2 Z vi (@i — ¥i)-
LV T >V Y

PROOF. Let I = {i: v;x; > viy;}. Then [lz—y||h = Do, viwi—ys) +
Diere Vilyi — xi). Also, Do Vit + D e pe Vilti = D i0p Villi + D ie e Vilis
80 Y icreVi(ys — x5) = D ;e vi(xi — yi). Substituting completes the
proof. O

Another fact we will need is that L does not increase v-distances.
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LEMMA 2. ||Lz — Ly||} < ||z — y||2.

PROOF.
1Lz = Lyll, = ||IL(z = y)ll,
<NIL-(Jz1 —y1ly -y |20 — yn|)||i since L is non-negative
=oL-(lz1 —yil,- -, (20 — ynl)
=v-(le1 —y1l,-.,|Tn — yn|) since v is a Perron eigenvector
=llz = yll,.
]

From here through the end of this section we will work on S7, and take
z* to be the Perron eigenvector in SY; that is, ||z*||} = 1. For an arbitrary
initial condition o, ||zol|, 2o is in S}, so it is easy to rescale the results.

Here are the key definitions. Let e}, = (1/vy)e, where ey, is the kth
standard basis vector, i.e. e} are the vertices of the simplex S7. Two
measures of a distance from the limit distribution are

(2) d(t) = sup [[L'y — ™|,
yesy
and
U 1 t t 1
(3) d'(t) =5 sup [|[L'y— Lz||,.
2 y,2€87

All of the foregoing suprema are realized at the vertices of SY.

LEMMA 3.
d(t) = max||L'e}, — 2|1,
and
/ 1 t v t vl
d/(t) = 5 max||L'ef, — L'ef]|}-

PROOF. The [} norm is linear on SY. If z is not a vertex, it can be
written as a convex combination of vertices, z = >, aye}. Then, using
convexity of ||z — ||} in x, we get

1Lz =2l < Y anllLlef — o™,
k
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and so ||L'z — 2*||} < max ||[L'e} — 2*||..
{k:ap>0}
Similarly, using convexity of ||x — y||} in both arguments, one can

prove the second statement of the lemma. O

The object of interest, as we have phrased the fragility question, is the
following time:

DEFINITION 1. The recovery time for the norm 1} is
7(e) = min{¢t : d(t) < e},
It is the first time the distance from x; to x* is guaranteed to be less
than € no matter the initial condition. The goal is to estimate 7(g). One

can imagine a similar recovery time for the distance d’, but the next lemma
makes obvious the connection.

LEMMA 4. %d(t) <d'(t) <d(t).

PROOF. For the first inequality, note that z* = L'x*, so

d(t) = sup ||L'y — L'a®||} < sup ||[Ly — L'a*||} = 2d(t).
yeSY y,2€87

The second inequality follows from the triangle inequality.

1 ! 1 .
@'(t) = 5 max |[L'ef — L'efll} < 5 max(|[Lfef ]I}

ot = Lte|[}) = d(t).
O

The distance d'(t) is an operator norm on the subspace of R™ which is
orthogonal to v, with the [}-norm:
LEMMA 5.

Ltac||1
d/ t — su H v
)= 59 il

PROOF. For any k and [, v- (e} —e?) = 0 and ||e} — €?||} = 2. So

1 ||Lt1'||1
d’ t) = — max Lte” — Lte” ! < su v
() 9 Tl || k lHU*.’I)ZU‘(LPO H ||11}
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In the other direction, there is no loss of generality in restricting the
right hand side optimization to vectors € R™ of [1-length 2. For any such
vector z such that v -z =0, let ;7 = max{0,2;} and z; = max{0, —z;},
so that z = 27 — 2~. Then z¥,2~ > 0 and v -z = 0 implies that
llzF||L = ||z~ ||} = 1; that is, 2,2~ € SY. Thus,

Liz||} 1
aup W < 1 ity — 211t = o).
o Tl = 2,58

A key property of d'(¢) is that it is submultiplicative:
LEMMA 6. d'(s+t) < d'(s)d'(t).

PRrROOF.
1
d(s+1t) = 5 max ||L5Ttel — Lottey||}

1 S v v

- 5nﬁXHL (Ltey — Lie!)||}

1 v v
< d'(3)§ max |Ltey — L'ef];
— d(s)d (1),

The inequality follows from lemma 5 and from the fact that v-(Lfe} —L'e?) =
0. O

Here is an upper bound on 7(¢).

THEOREM 1. For § <1 and e < ¢,

7(e) < T(é)l(;zég(é?).

PRrROOF. Fix § and e such that 0 < e < § < 1. Denote t* = 7(d) so
that d(t*) = d(7(d)) < d. According to lemmas 4 and 6 for any natural
number k£ we get the following chain of inequalities:

d(kt*) < 2d'(kt*) < 2(d'(t))* < 2(d(t*))*.

Choose k = |7()/7(0)] = |7()/t*]. For such k we have kt* < 7(¢), and
therefore, d(kt*) > e. Then

e < d(kt*) < 2(d(t*))F < 26% < 207/ = 257()/7(9),
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FIcURE 1. d(t) for different Leslie matrices specified below.

Taking logarithms, we get log(e/2) < @ logé, ie. 7(e) < 7—(5)M
7(6) log 0

(recall that § < 1). O

For example, if € < 1/2, 7,+ () < (1 —logy €)74+(1/2). The content of
the theorem is that, for ¢ < 1 the recovery time grows like loge, i.e. once
we are within the unit distance from z* the convergence is geometric. The
I} diameter of S?, however, is 2, so there is plenty of room for other types
of behavior.

Figure 1 plots d(t) for four Leslie matrices that differ from each
other only in the first row. n = 20 and s; = 1 — 0.05; for 1 <4 < 19,
b6 = b7 = bg = bg = 005, blO = bll = b12 = 01, blg = b14 = 005,
b15 = b16 = 0037 b17 = 002, blg = blg = b20 = 0.01 in all 4 cases. The first
matrix (corresponds to the black line in figure 1 is described by b; = 0.02,
by = b3 = 0.03, by = b5 = 0.05; the second one (corresponds to the blue
line) — by = by = b3 = 0, by = b5 = 0.05; the third one (corresponds to
the green line) — by = by = b3 = by = 0, b5 = 0.05; the fourth matrix
(corresponds to the red line) — by = by =b3 =by =b5 =0 2. The plots
demonstrate the intuitive idea that adding more zeros to the first row
(meaning that the youngest groups are not reproductive) makes convergence
to a steady state slower. Moreover, the distance from a steady state
measured as d(t) does not decrease for first several periods. The larger n is,
the more space for such kind of behavior we have.

2These matrices require normalization to get the maximal eigenvalue equals 1.
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Let us provide more intuition standing behind the figure 1 demonstration.
From the Markov chains literature (see, for example, [7], proposition 10.5),
it is known that if a matrix is positive, then convergence to the steady
state is geometric from the first period. A similar result might be proven
for any primitive positive matrix that is not necessarily stochastic.® It is
also known that convergence might be, on the contrary, very slow if a
matrix under consideration contains a lot of zeros. As we show in figure 1,
the more zeros we have in the first row, the slower the system converges.
That seems to be relevant for real demographic models because the more
ages we consider, the more zeros we have in the first row (once we divide
the population into more age-specific groups, more of them turn out to be
non-reproductive).

Now let us lower-bound 7(¢).
DEFINITION 2. The edge measure Q is defined on pairs of subsets of
{1,...,n} is defined to be

QAB)= Y v},

jeEA,ieB

LEMMA 7. Let G be any set of indices, x* and v right and left Perron
etgenvectors, respectively, of L corresponding to an eigenvalue \. Then

Q(G,G) =Y icqe 2jec Vilij®] = Y ieq D jeqe vilijz] = Q(G, G).

PROOF.

DD wiliai+ Y Y wilial =Y Y jwiliay =AY via

i€G jeCG i€G jeGe i€G j i€G

)IPTICTE 3) SITFEES 35 LAFEESY protes

1€G jeG i€Ge jeG i jEG JjeG
Subtract to reach the conclusion. O

There are several measures of flows across states in a non-negative
linear system. One such is this:

DEFINITION 3. For G C {1,...,N},
Q(G,G°)
EieG 0T

3We do not discuss these results in further details because the Leslie matrix is not
positive.

B(G) =
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Also define
o = min o(G).
G icavii<s
THEOREM 2.
(e) > 1—e¢
(€)= Sgv

PROOF. For a given set GG, define

_ ¥ ified T
76 ={" X and 28 = T—ary» Where
0  otherwise, [|ZC]|}

12911 =D via
ieG

LeEmMA 8. ||Lz¢ — 29|} = 2Q(G, G°).

PRrROOF. From lemma 1,

1Lz — 2|, =2 ZZ - zf).

el jea
where I ={i:}> ., ¢ Li;jz§ —z¢ > 0}

Fori € G, 3 ;oL IS Z s =xf,s00 ¢ 1. Ifi ¢ G,
EjeGLij >0 =2z¢. Thus I:G nd

HLx _zGHu—QZZ”z ”x zG)

i€l jeG

= 2Q(G, G°).

From this fact follows

Lz — 29|} = 20(@).
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Per lemma 2, convoluting with L does not increase distance, so
(4)
t
12529 — €y < Y ||1LFa — L0y < | L — 29|} = 2tB(Q).
k=1

Choose a set G such that >, . v;z} < 1/2. Then |[z¢ — z*[|} > 1.
Therefore, using (4), we get

1< |29 = 2™y < [Ja = L' + |ILf2% — 2*|]; <
< 2D(G) + ||LtxY — ||} < 2tD(G) + d(t).

The last inequality in this chain holds since ||z%||} = 1.
Taking t = 7(¢) for which d(t) < ¢, we get

1<27(e)®(G) +e.

Minimizing over G gives the result. (]

3. Recovery Times for the Leslie Matrix

The preceding results apply to any n X n nonnegative, irreducible and
primitive matrix. We have not yet taken advantage of the specific structure
of the Leslie matrix in the previous section (all the results are true for any
non-negative primitive matrix).

One can show that if the Perron eigenvalue of L is 1, then*

b1 + bosy + b3si182 + ... + bp8182...80-1 = 1,

Z=(1,81,8182,...,81 -+ Sp—1) is a right Perron eigenvector, and
1—b1 1—b1—b281 1—51—b281—"'—bn,181-'-8n,2
v= 11, , N
S1 5152 S1° " Sp—1

is a left Perron eigenvector. The last coefficient of v is equal to b,.

The right eigenvector must be normalized to S7. This requires dividing
the coeflicients of Z by v - Z. Denote the latter by m which is given by
m=n—(n—1)b; — (n—2)bas; — (n — 3)b3s182 — ... —bp_151 - Sp—2.

Define z* = 7~ 1z.

4See [3], sections 4.5 and 4.6.
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Theorem 1 (that does not involve the Leslie structure explicitly) is
useful in the following sense: it allows to give a prior judgment whether
perturbation of the population distribution is significant or not. Suppose a
perturbed population distribution vector stays inside the simplex S7. In
that case, we know that convergence back to the steady state will be
geometric, so crucial changes in the population structure are impossible
even in the middle run.

However, as we saw in the figure 1, it might be the case that convergence
is not any close to geometric in the short run (more precisely, d(t) may not
decrease for several periods), and geometric convergence kicks off later. In
such cases, it might be necessary to lower-bound a recovery time. Knowing
entries of the Leslie matrix and shuffling different subsets G of {1,...,n}
such that ), v;z; <1/2 one may use theorem 2 to give a lower bound
for a recovery time for any given value of €.
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JI. 9. Baym, A. A. Jlykuna. O MugpayuoHHoM 803MYWEHUU 803PACTVHOT CMPYKMYPbL
HACEAEHUA U CKOPOCTNU CLOOUMOCTU K DPABHOBECUIO.

AnHOoTALUS. C MCIOIB30BAHIEM METOIOB, MIPEJIOXKEHHBIX B Teopru MapKoBCKux
1eneif, B CTaTbe UCCIIEyeTCs CKOPOCTh CXOJUMOCTH K PABHOBECHUIO B JIUCKPETHON
MO/JIEJIM BO3PACTHON CTPYKTyPBI mommyssanuu (Mogesnu Jlecan) B KpaTKOCPOIHON
U CpeJHECPOYHON mepcrekTuBax. [IpearnosoxKum, 94To HaceJ eHrne HaXOIUTCs
B pPaBHOBECHUH, T.€. BO3pACTHAsl CTPYKTypa HACEJEHUsl BOCIIPOU3BOIUTCS B
KazkJIoM nepuoge. Jlannasi paboTa Npu3BaHa OTBETUTH HA CJIEIYIONINAA BOIIPOC:
CKOJIBKO BPEMEHH MOXKET ITOTPEeGOBATHCS MOIYJISIIIHI, ITOObI IPUOIU3UTHCS
06paTHO K PABHOBECHOMY DPACIPEIEJIEHHIO [I0CJIe TOrO, KAK BEKTOP BO3PACTHOIO
pacupeesenus ObLJI BO3MYIIEH BCJIEACTBUE HEKOTOPOIO IIOKA, TAKOTO KAk,
HaIpUMep, Tak Ha3blBaeMasd “yredka mMo3ros”’? B pabore npuBoasaTCs HUXKHAA U
BEPXHsisl OLIEHKU BPEMEHU IT0J0OHOTO BOCCTAHOBJIEHUS.

K/L’Io/ltes’bl/e cnosea u &pa;?’bb.’ Monenb ﬂeCﬂVI, BO3MYLLEHNE BO3PACTHOro pacnpefesieHnsa HaceneHus,
CKOPOCTb CXO4NMOCTN K paBHOBECUIO.
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