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ABSTRACT. The ideas and techniques developed in [12, 3] are extended to a
basic stage structured model. Each strategy consists of two stages: a Juvenile
(L for larvae), and Adult (A). A general model of this basic stage structure is
formulated as a dynamical system on the state space of finite signed measures.
Nonnegativity, well-posedness and uniform eventual boundedness are estab-
lished under biologically natural conditions on the rates. Similar to [12] we
also have the unifying of discrete and continuous systems and the containment
of the classic nonlinearities.

1. Introduction. In this paper an Evolutionary Game (EG) is defined as a game
in which the strategy profiles evolve over time under evolutionary forces (EF) i.e.
birth, mortality, mutation, selection (replication), recombination, drift etc... More
specifically, in this paper each strategy class is divided into two stages and we
concentrate on the five evolutionary forces: Birth, Death, Transition, Selection and
Mutation.

It is well known that the solutions of many such EG models constructed on
the state space of continuous or integrable functions converge to a Dirac measure
concentrated at the fittest strategy or trait [1, 2, 8, 9, 13, 21, 22, 23, 26]. This
is particularly the case where competitive exclusion is the evolutionary outcome.
Consider the following EG model of generalized logistic growth with pure selection
(i.e. strategies replicate themselves exactly and no mutation occurs) which was
developed and analyzed in [2]:

%x(t, q) = x(t,q)(q1 — 2 X(t)), (1)

where X(t) = fQ z(t,q)dq is the total population, @ C int(R? ) is compact and the
state space is the set of continuous real valued functions C(Q). Each ¢ = (q1,¢2) € Q
is a two tuple where ¢; is an intrinsic replication rate and ¢, is an intrinsic mortality
rate. The solution to this model converges to a Dirac mass centered at the fittest g-
class. This is the class with the highest birth to death ratio q—;, and this convergence
is in a topology called weak* (point wise convergence of functions) [2].

In [21, ch.2], these measure-valued limits are illustrated in a biological and adap-
tive dynamics environment. This convergence is in the weak* topology [2]. Thus,
the asymptotic limit of the solution is not in such state spaces (function spaces); it is
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a measure. Among other things this precludes stability analysis which traditionally
requires the equilibrium point to be in the state space. Some models (e.g. [1], [26])
have addressed this problem. In [1], the authors formulated a pure selection model
on the space of finite signed measures with density dependent birth and mortality
functions and a 2-dimensional strategy space. They discussed existence-uniqueness
of solutions and studied the long term behavior of the model. Another very im-
portant drawback with the previous literature (function space approach) that this
abstraction allows us to resolve is that we can handle a nonlinear mutation term.
Here our mutation term is nonlinear because it comprises a product of a mutation
kernel and a density dependent replication rate. The nonlinearity of this term is
due to the density dependence of the replication rate. The previous methods have a
mutation term that is linear. This is done in order to use the Perron Frobenius the-
ory when one wishes to study asymptotic behavior of the model once wellposedness
has been established [9].

Another way to think of these types of models is as being derived from stochastic
individual based models. One then takes limits, in specific orders, on population
size, mutation rate, mutation step, while rescaling time accordingly to arrive at a
macroscopic model [10, 15, 17]. Here I use the methods developed in [1, 2, 12, 3].

Modeling tumor growth, cancer therapy and viral evolution are immediate appli-
cations. For example, tumor heterogeneity is one main cause of tumor robustness.
Tumors are robust in the sense that tumors are systems that tend to maintain sta-
ble functioning despite various perturbations. While tumor heterogeneity describes
the existence of distinct subpopulations of tumor cells with specific characteristics
within a single neoplasm. The mutation between the subpopulations is one ma-
jor factor that makes the tumor robust. To date there is no unifying framework
in mathematical modeling of carcinogenesis that would account for parametric
heterogeneity [16]. To introduce distributed parameters (heterogeneity) and mu-
tation is essential as we know that cancer recurrence, tumor dormancy and other
dynamics can appear in heterogeneous settings and not in homogeneous settings.
Increasing technological sophistication has led to a resurgence of using oncolytic
viruses in cancer therapy. So in formulating a cancer therapy it is useful to know
that in principle a heterogeneous oncolytic virus (a virus with more than one strain)
must be used to eradicate a tumor cell.

Starting from the papers [1, 2, 12, 3] there are many directions to go in extend-
ing the basic theory of measure valued evolutionary games. The stage-structured
direction is both natural and there is a need for more ideas in developing a general
framework for studying predictive evolution. According to [5] there is no general
theoretical framework existing for understanding or predicting evolution in stage-
structured populations. Evolution occurs when organisms exhibit differences in the
vital rates of birth, death, and dispersal that are at least partly heritable. The best-
developed body of evolutionary theory that accounts for interindividual variability
in vital rates is for age-structured populations [11, 18]. Many factors other than age,
such as sex, body size, location, developmental stage, the magnitude of nutritional
reserves, and measures of physiological condition, can be better predictors of birth
and death.

This paper is organized as follows: In section 2 we go over some background
material needed for our study of Evolutionary Games. In section 3, we develop the
basic stage structured model. It is a juvenile adult model. In section 4, we prove the
well-posedness of the model developed in section 3. In section 5, we show that the
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model covers both the discrete and continuous case, pure selection and mutation.
In section 6 we begin the next phase of this project, asymptotic analysis, proving a
very basic result. In section 7, we have a conclusion.

2. Background material. In this section, we state assumptions and define nota-
tion that we will use throughout the paper. Here M = M(Q) are the finite signed
Borel measures on [Q,d], a compact metric space. We will consider two norms on
M under which it becomes a NLS or normed linear space. They are || - |5, the
bounded lipschitz dual norm and || - ||y which denotes total variation.

Let C(Q) = C(Q;R), the Banach space of continuous real valued functions on @
under the supremum norm || - ||s0,

[ flloc = sup [f(q)]-
q€Q

If v € M, then [4, pg. 185] relays that
vllv = sup lv(f)
FEC(QR),|Ifllo<1
Let BL(Q;R) denote the R -valued bounded Lipschitz functions on @) under the

norm

1Bz = [1flloc + [1fllip

1 llzip = SHP{W L@,y €Q,x # y}
Now since BL(Q;R) € C(Q;R), then M(Q) = C*(Q;R) € BL*(Q;R) and we
can view M C [BL*(Q), || - ||5.], where

lalsr = sup{n /Q Fdull < 1 fllss < 1}.

This makes M into a NLS which we denote as M,, and on the cone, My .,
this norm generates the weak* topology [14]. The duality < C(Q), M > given
by < f,p >— fQ f(g)dp generates the weak* topology on M , i.e., the locally
convex TVS (topological vector space) (M, o(M,C(Q)). Here if (pin)nen, p € M
convergence is defined by

where

w*k

fin = i
provided
[bn (f) = pn(f)| — 0 for every f € C(Q;R).

Orif ps(p) = | < p, f > | = |p(f)| is the seminorm defined by the duality, then
pf(pn — p) = 0 for each f € C(Q;R) as n — oo.

Note that we can use sequences to detect limits on M ,,, because on M ,, the
weak* topology is completely metrizable e.g. with || - |5, [14].

Obviously if € M | then ||u|%, < ||u]lv. We will use this fact liberally in the
estimates to follow.

By [v] will denote the closed total variation ball of radius a around v € M.

If || - || represents one of the two norms defined above, then we can also put a
NLS structure on [M, || - [|]] x [M, || - []] = [M,] - [|]* under the norm

1 )]z = al] + (1[I

Note that if we are using total variation, || - ||y, then both M and M x M are
Banach spaces. If the total variation norm is denoted || - ||y, then My will denote
the Banach space of the finite signed measures with the total variation norm. If
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S C M, S, denotes the same set under the weak* topology and Sy the same set
under total variation. If no topology is indicated then S is simply a subset of the
Riesz space of ordered measures. Also S, = SN M.

If P, denotes the probability measures under the weak* topology, then C(Q,
Pw(Q)), the continuous P, valued functions on @ with the topology of uniform
convergence is a complete metric space. That is if v € C(Q, Py, ), then

IMloe = sup V(@D 5L-

Suppose f is continuous. If v € C’(Q P , g € C(Q), then

/ F@@n / £(d aq).

Also the measure E — fE (dq) denoted < [ f(q)p(dgq),- >, as a functional
has the action: g — ng flq ) (dq) for g € C(Q).

If X is any set, and || - || is one of the two previously defined norms on M and
f = (fr,fa) is a bounded map from X into M? then under the sup norm, i.e.,

[flls = sup [|fL(z)]| + sup [[fa(z)] (2)

rEX reX
we obtain another Banach space denoted BM(X) := (BM(X), ||||s). BM(X) is the
space in which we are always working and should be kept in mind when we begin the
fixed point argument as there are several topologies being used. For our dynamical
system purposes, if a,b > 0, mg = (mor, moa) and (0,mg) € Ry x M x M are given,
we are interested in the set X' = [—b, b] X (Bg[moL])+,w X (Ba[moal)+,w X C(Q, Pw)-

Let’s denote by C([~b,b]x (Balmor]) +.uw (Balmoal) . X C(Q, Pu); (Baalmor])w

(M)w) the closed subcollection of continuous maps into (Bag[mor])w X

(B2a|moal)w- Then it is an exercise to show that (M (a,b,myp), || - ||s) where
M(a,b,mo) = {a € BM(X)| a € C([=b,8] x (Balmor]) . % (Balmoal) .
C(Q,Pu)s (Baalmor])w % (Baalmoal)u ), = 0,0(0u,7) = u}.

(3)

is a nonempty closed metric subspace of the complete metric space BM ([fb, b] x

Ba[moz], X Balmoa), X C’(Q,Pw)).
Also, for any time dependent mapping, f(¢t), we let f'(t) = %(t)

3. Juvenile adult model. We have ([Q, d|, B, P) where [@, d] is a compact met-
ric space, Bg are the Borel sets on [@,d] and P is a probability measure on the
Measurable Space ([Q,d], Bg) representing an initial weighting on the strategies.
One can think of @) as a compact subset of R™ and P as a probability measure
(initial weighting) on this set.

As mentioned in the first paragraph, the evolutionary forces that act on our
population are: «(q,L,A), u(q, L, A) the per capita mortality rates of adult and
juvenile populations of strategy g respectively. Likewise (g, L, A) is a per capita
birth rate of the ¢ -strategy, while f(q, L, A) is the density dependent transition rate
from ¢ strategy juveniles to g-strategy adults. We assume the following regularity.

Assumption 11.1. f,«a, 3,1 : Q x [0,00)? — (0,00) are continuous functions with
the following additional properties:
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(1) f(q,-),B(q,-) are nonincreasing and Lipschitz continuous uniformly for q € Q.

(2) alq,-),u(g,-) are nondecreasing and Lipschitz continuous uniformly for g € Q.

(3) v € C(Q,Pu(Q)) and v(§)(E) is the proportion of § -strategqy offspring that
adopt strategies that are in the Borel set E. Since v(q) is a probability measure
for ¢ € @, it can also be viewed as a continuous linear functional and the
notation v(q)|g] will denote the value of this measure on g € C(Q), if C(Q)
represents the real valued functions on Q).

Similar to [12] we start with a density version of the juvenile adult model taken
from [25, pg. 154] and then integrate and use Fubini to obtain a measure the-
oretic model. In (4) below, let L(t,q) denote the g -strategy juvenile popula-
tion at time ¢. Likewise A(t,q) denotes the ¢ - strategy adult population. Also
m(t) = (mp(t),ma(t)) € M x M where sometimes we denote

m(t)(Q) = (mr()(Q), ma(t)(Q)).
Then
L'(t,q) = /Q7(@)({11})5(@,m(t)(Q))A(t,é)P(dé) = [ulg, m(#)(Q))

+ flg, m(t)(Q))]L(t, q) (4)
A'(t,q) = flg,m(t)(Q))L(t, q) — alg, m(t)(Q))A(t, q)

WMME=/v@@W@MM@M&M@—AM@MW@)

+ flgm(t)(Q)lm(t)(dg) (5)
/f% )(Q)m <m@—ﬁg@mm@mﬂm@

This (5) is the full measure theoretic model and y(q)(FE) is the proportion of the
q -strategy population offspring adopting strategies that are in E, a Borel subset of

Q.

If m = (my,ma) € M x M is as above then let
F:MxMxC(Q,Py) = MxM
be given by F(m,y) = F(mg,ma,7) = (Fi(mg,ma, ), Fa(my.ma,)) where
Fy(m,v)(E)
= /Q () (E)B(g, m(Q))ma(dg) — /E[u(% m(Q)) + f(g,m(Q))lm(dg)

=F11(m,’V) - Flz(mﬁ)
Fy(m.)(E)
=/f@m@WmM®—/a@m@WmM®
E E
=F1(m,7y) — Faa(m, 7).

Then we are interested in the solution to the following IVP (initial value prob-
lem).

{ m'(t;u,v) = F(m,7) (7)
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4. Wellposedness of measure theoretic dynamics. The main result of this
paper is as follows:

Theorem 4.1. Assume Assumption 11.1. There exists a continuous dynamical
system (M X My 4, C(Q, Py), @) where ¢ : Ry x My oy x My oy X C(Q, Poy) —
My X My, satisfies the following:
1. The mapping (t;u,y) — @(t;u,y) is continuous.
2. For fized u,~y, the mapping t — p(t;u,7y) is continuously differentiable in total
variation, i.e., o(;u,v) : Ry — My 1 X My 1 is continuously differentiable.
3. For fized u,~y, the mapping t — @(t;u,y) is the unique solution to

(rig=is

4.1. Local existence. First let 0 denote the zero measure and let F' : My x My x
C(Q; Py) = My x My be as in (6) and (7).

For each N € N, define Fy as follows. If j is one of the functions «, 8, it or f then
we extend j to @ X R x R by setting jn(q, z,y) = j(q,0,0) for x,y < 0 and make the
modification jn(q,z,y) = j(q, N,N) for ,y > N. Then jn(q,,") : RXxR — (0, 00)
is bounded and Lipschitz continuous uniformly for ¢ € Q. Let Fiy(m,~)(E) be the
redefined vector field obtained by replacing j with jy.

Below ||6N||BL = ||6N(Q7'a')||BLa for any g S Qa ||/8N||OO = ||ﬂN(7OaO>||OO7
likewise for f. Also |lan|lsr = |lan(g, -, ")|lBL, for any ¢ € Q, and |lay|e =
lan (-, Ny, N)||so- Likewise for py. However,

lun + flloo = len (N, N) + fn (-, 0,0) o
We will resolve the following IVP first.

{ i) = Pwm) o

Lemma 4.2. (Lipschitz Fy ) Let
Fy : My x My x C(Q,Py) = My x My

be as above and let W C My, be bounded in total variation. Then on Wy x Wy x
C(Q; Pw), Fn(,-,7) is bounded and uniformly Lipschitz for v € C(Q,Py) .

Proof. We must show that Fy is bounded and Lipschitz uniformly for v € C(Q, Py,)-
So if (p,7) = (pr, 4.7, (p1,7) = (b}, ply,7), we will find By, B4 such that
1Ew (p,7) = En (o', )llv2 < Brllor = phllv + Ballpa = pllv-

Below if j is «, B, or f then

in = in (e, p2(Q), p4(Q)), Gk = in(a,0L(Q), P}y (Q)). (10)

Now
1Ex(p,7) = Fn (o', M)llve =[|[[FEn1(p:7:), Fna(p,3] = [Fxa(p'.7), Fna (o', 1)1 »
=|Fn1(p,7) = Fni(p, %), Fna2(p,7) — Fn2(p", )|
=|| Fxi(pr, pay) = Fna(ol, ol ) ||y
D1
+ || Fna(p,7) — Fna(pt,) Hv
D2
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Consider the following assignments:

Ly (12)
fy).  (13)

D11 = Fnu1(p,7) = Fnai(p',y)  Diz = Fna2(p,7) — Fna2(p

Doy = Fno21(p,7) — Fn21(p',7) Doy = Fn22(p,7) — Fin22(p
Then

D1 =Dy, + Dia, D2 = Doy + Dao. (14)

We show that Fiy; (or D1) and Fg (or D2) are bounded and Lipschitz and the
result for Fy follows immediately.
D1: It g € C(Q), llgle < 1, then [D1(g)| < [D11(g)| +|D12(g)| where

D11[] = / (@) 1B (pa — p1y)(dg) + / (@) (Bx — Bly)ol (da)
Q Q
D126 =< [ low + Il(pn — o)) ) > (15)
b [ lu + 13 = G + FI6}) ), >
ID11(g)| < | [, Y(@)[g)Bn(pa — p)(da)] + | Jo 7 (@)lg)(By — BR)Pl(dg)]

= [I7()BN (0,0) o0 | [y Tl (pa — ply)(da)] + | [ (v(@)lg) (Bx — BY))
Pl(da)] < V()N (-0,0)|cllpa — plillv + fo 18y — Billoll (dg) 2

< I ()8n (5 0,0)lolloa—ply v + (18w e llor = ph N+ 18w e loa—oh 15,

AL
< IollvliBnliszlon = phls + (OB 0,0) e + lohlIvIIBxllsr ) loa -

phllv-

D12 =< / i + Il (or — p1)(dg), - >
(16)
< [l + f) = Gl + F D). >
1D12(g)] < | flun+Inla(@) (o —p})(da)] + | [l (un+Fx) — (il + £ lg(a)ol (da)]
< v + flloo] Jo mg(@(m — ph)(dg)| + ([”HNHBL + If~llsL]ller —

Pl + iwllsr + v lselloa — 5 Sy lo(@)lo} (da)
< (s + vl + o v Uil + 1wl loz — oy, + Nobllv (o +

I fnlle)llpa — ol
Hence || D1||y < (HPL||v||5N||BL+||MN+fNHoo+||PTL||v(||uN||BL+||fN||BL))||PL

—pllv + (17088 (0, 0) oo + o I 85 e + oL v (el + w112 ) oa —
P:r4||v~
! Here [7()BN(-,0,0)lo = supgeq 18N (9,0,0)7(a)[lv =

SUPgeC(Q), lglloe <1,ae@ [V(D)19]Bn (4,0, 0)].
2 Here |p!, | means the absolute value of the measure pTA.
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D2: |D2(g)| <|D21(g)|+ |D22(g)| where

D21 = /Q fya(@)pr(dg) — /Q fha(a)pl (dg)
D22 = /Q ang(q)paldq) — /Q alvg(@)ply(dg).

Hence,
|D21(g \+|D22( )|
_||fNHoo|/ = —oh) dq|+|/ v — £hlo(a)ol (do)|

+ llanllsol /Q gl — o) @) + /Q o — afilg(a)ol(dg)|

<(Iwlloo + oL IVl lme + ol lawlime ) low = ol

+ (oo + oL v I nllsz + ohlIvllawlize ) loa = phllv.
So if

Bu(ph) = (Iolv 183z + lle + flloo + b v Ulan sz + 11 fvlz2) )

+ (Iwlloe + b I Il + 1oy v a2,

Ba(p') = (1085 C,0,0)llv + ol I8N s + lobllv Ul sz + v 152))

+ (lenlloo + oL v Anllse + ok Ivian s ).
then

|Fw(e.7) = En (0" lve < Br(oDliow = pl v + BapNllpa = phllv. (18)
So if Cyy is such that ||ully < Cw for p € Wy our result is immediate. O

If a,b>0, a € M(a,b,mg), g € C(Q), then we define

AN st (@)]g) = /Q e~ eIt @D g g)y (q) (dg).

Lemma 4.3. (Estimates) If (,& € M(5,b,0), t1,ts,t,s € [=b,b], let Cy = 2. If
g €C(Q), |lglleoc <1 then we have the following estimates:

1.(8) [ fi, e BN (@ () @)D, ¢ (@91 () (di)ds| < 2C|B (-0,
0)][oo

(6) |[}2 [y e e ov @C@@NAT (g ¢ (5)(Q))g(a)Ce(5) (dg)ds

0,0)]|oc

2. (a) |e” ft[HN"!‘fN](QvC(T)(Q))dT_e_ SHun+fn1(@E(T)(Q))dr

f I¢(m )||BL2dT
(b) ‘ —[fan q<(r><@)>d7, o= L an (@£ (@)dr

< 2bC4 || fn (-,

< (lpxllBL+fNlBL)

< (lanllze) [ 1C(T) = &) 2dr
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(c) |e= JH v +in](aC(miu ) (@)dr e [{lun+Inl(a-C(rum (@) < (|| uy || pr+

IfnlBz) [LIC(rsur, ) — (5w, ) pedr + (lun s + 1 x| B2) It — ¢

3. (a) ZN,s,t,gp;u,w)(c})[g]*ZN,S,t,gc;u,y)(é)[g]) < (lenllBz+fxllBL)blIC=Ells
3

(0) |AN sty (@)]9] *ZN,s,t,q.;u,fy)(é)[g}‘ < (lpnllsz + /5 lBL)
SIS un,m) = SN pedr + (lew s + | fnllBL)lt — ] +
| Jo e Jo v mllactran @47y (g) 1 (g) — 7(9)) (dg)|

b (a) | 5501 (@) B ) (@] — B (551 1)(@) B ) (Dl
< |IBnllBLlS(s;u,y) =&(s;w Mg + AN loc(lunllBL + 1 nllBL)IIC—

élls
() | (. ¢(s) (@ (o trnd@ir gy g g(s) (@)e e (atrmn@ar| <

1Nl BLlIC(s; us ) = E(s; w2 + Ol SN loo (lan [ B)IIC = €]l s
Proof. 1. Since

B (3 () QB ) )|
— (@ 66)(@Q) | gla)e et lncirn@ien
Q
Y@ )] < 15 (0,0

‘/ 5N(é7C(S)(Q))ZN,S,tg(‘;uﬁ)(q)[g]CA(s)(d(j)dS’ g/
[t1,t2]xQ

[t1,t2]xQ
|83 (@, () Q) Bt (@191 € () (d)ds < 21 B (- 0,0) e

A similar argument holds for the second inequality.
2. (a) Using the mean value theorem on the C*°(R) function, e”, there exists
0 =0(s,t) > 0, such that

o= SN +INI @S @)dr _ o= [Hun+In](a:£(7)(Q))dr

| ! [l + £l 0, C(T)(Q)) =l + il 0, €)@Y) |
(lalzz + 1wll) [J} 1607) = €D + [} 16a(r) = () 5,dr
(v llse + 1 l52) 7 16(7) = §(7)

(b) This argument is similar to (a) above.
(¢) Using the mean value theorem on the C*°(R) function, e®, there exists
0 = 0(s,t1,t) > 0, such that

‘e, JE N+ IN)(@C(Tu ) (@)dr _ o= [Hun+Ix1(a.¢(riu7)(@)dr

—0

IN

et

IN

S [l + 1@ Cra, 1)(@Q) = o + f) (0, (3w 7)(Q)) | dr

e 0| [P lun + (@ ¢ un,m)(Q))dr

< f;(”ﬂJtVHBL +1fnllBo)ICe (75 u1, 71)(Q) — Cr(T5u,7)(Q)ldT
+ [ Ulenllsr + 1 fxllBL)|Ca (s ur, m)(Q) = CalT; u, y)(Q)]dT
+(lenllBr + [ fnllar)lt — .

3 Here || - ||s is taken with respect to total variation norm, see (2),(20).
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3. (a)

|ZN,s7t,<(.;M)(q)[ ] — AN&t&( (@ | — |/ — [N+ IN1(a,4(T)(Q))dr _

e I: HN+fN](qa£(T)(Q))dT]g(q)ry(q)(dq)‘

Since ||g|loc < 1 and y(§) is a probability measure our results are imme-
diate from 2(a).

O [t @] ~ B @1]| -
UQ e [ en+ I (g C (T ) (@)d7 g 4V, (§) (dg)
— Joe S+ N1 (rum(@)dT g ()~ () (dg )| <
Jo ‘ S N+ N, (@)dr = [ v+ n1(a,¢(m3u,7)(Q))dr

[19(a) 1(@) (da)

.y fQ eIt [,U.N+fN](%C(T?uﬂ’)(Q))dTg(q)(fyl (q) —v(4))(dq)|
Since ||g]leo < 1 and v1(§) is a probability measure using 2(c) our results

are immediate.
4. (a)
|/BN (Q7 C(37 u, ’Y) (Q))ZN,S,t,C(-;u,'y)( )[ ] BN(qv 5(8? U, 7)(@))ZN,s,t,£(»;u7"/) ((j)[g”
< |/3N<q:<<s;u,v)<62)> — BN (G, (53w, N @D AN,s,8,¢ (0 (D 9]

+5N(C§7§(S'U Q)| AN s t.¢Coum) (@)]9] _ZNstf( ) (@)9]]
< |BnlBLlCL(s) = &L(s)I5L + 18BN lBLICA(S) = Ea()) B + I8N oo (1w || BL+
1fnllse) / 1C(r) — €() | padr,

using 2(a) and 3( ) in the last estimate.
‘fN G,C(s)(Q))e” [ an(g,¢(Tu,y)(Q)dr _ In (G, €()(Q))e [t an(g,E(T5u,9)(Q))dr

< 1w (@ C(8)(Q)) — fn(d. E(s)(Q)) e I enlac(rum@)dr
e I an(a.6(rum)(@)dr _ = [} aN(Q:f(T;U7'Y)(Q))dT|fN(q’5(8)(62))

< fnllBLlés) = €@Npe + Iinllo(lanise) [ IG(T) = &)1 2dr.
Using 2(b) for the last estimate.
O

For the convenience of the reader we mention again a few important notions from
section 2.
If { € M(a,b, mg), then for g € C(Q),

Bty (@lg] = /Q S A1 @) g 41§ (dg),

and

_ R _rt r r o
AN stc(um (@)]9] = /Q e~ JolnHINI(@C@)AT o (0)(4) (dg).
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(M(a,b,mg), || - |ls) is defined as
M(a,b,mo) = {a € BM(X)| a € c([—b, b x (Bafmor))+.0 X (Balmoa])+.v

%C(Q. Pu)s (Baalmor])w * (Baalmoallu), @ = 0,a(05u,7) = u}
(19)

and
[Clls = sup [[¢(t;u, )]y (20)

(tuy

Lemma 4.4. (Fized Point) Let Cy be as in Lemma 4.3, 0 X 0 = 0. Pick b such
that :
e 2b||Bn(+,0,0[0Cr < &, 20| f(-,0,0)]|0cC1 < &
o K =b((lunllBe+1fNnBL)C1+1BN oo +CillBn I BL+C1bl BN lloo (I || B2+
Ifnller)) < 5 and Ka = b(llanllsrCi + Ifnlle + CilllfnlBr +

2
[fxllsollanlzrd)) < 3.

Then
S: M(gﬁ,ﬁ) —>M(§7b,7)>)

given by
(SOt u,y) = [(SQ) Lt u,7), (SC) alt; u, )]
where if g € C(Q),

(S¢)L(t;u,7)lg]
t
—/Qefo[uN+fN](q,C(r)(Q))drg(Q)UL(dQ)+/ [ QAstvt&(ﬁu,w)(‘f)[g]
0

B (d,¢(s)(Q))Cals)(dg)]ds  (21)

t
e~ & an (@@ gV, (dg) + / /Q o [t an (@ @)dr
0

I (g, ¢(s)(Q))g(q)CL(s)(dg)ds  (22)

(56)altiu sl = |

Q
has a unique fived point.
Proof. Since (t,u,v) — [up,ua] € M(%,b, 8), M(%,b,ﬁ) £0.1f C € M(%,b7

ﬁ), then from the form of (21), (22) [S¢](0;u,v) = w and [S¢] is nonnegative.
Using Lemma 4.3 la,b we get our first two estimates in demonstrating that S¢ €

M(%, b, ﬁ) Indeed, we have

(SO L) (tu,y) = <fe_fot[HN"FfN](q7<(7)(Q))dT(uL)(dq)’.>
" (fé oy B (. ) (Q) B o (@G () () % ds)

and
1S (t;u,y)|lv - < urllv 4 2b]8n(+,0,0)||scCr
< & 4+2b)Bn(+0,0) ]| Ch < ZY.
Likewise,
(SOalt;u,y) = < [e Iy an (@:C(M@)AT (4 4)(dgq), - >

+ Jo < Jem Joen(@tO@I fy(q,¢(5)(Q))¢L(s)(dg), - > ds
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and
15O atu, Vv < Juallv +2b||fN( 10,0)[[0cC1
< X2y (40,0)]ocCh < 2

We now show that [SC] is continuous. Since [S¢] = [(SQ) L, (S¢) 4], this is equiv-
alent to showing that (S¢)r and (S¢)a are both continuous. We will show that
(S¢)r is continuous, the case for (S(¢)4 is easier and similar. This means that if
o™ = (t" U, "), v = (tu,y) € [—b,b] X (B%)Jr[(O)L]w X (B%7+[(O)A]w x C(Q,Py)
and v™ — v then

(SOLv") = (SOL(v)

n (BZN +[(O)L])w- Below

¢"() = [Celsu™ ™), Calsu™ ™) C0) = [Co(5u,7), Calsu, 7)) (23)
Let .
Ta =< [ e Jolen+Inl@C@)dr ((yn), — up)(dg),- >
Ib=< [[e=Jo Iv+inla¢"(D@NAT _ o= [§lun+31aS(D@)AT] (1) (dg), - >

0= (1" Jo (.67 (N QN Bmunaey (DHoa s i) .

1101 = (5 o (35(8- ) @)~ B (0:C06)@D) B ]
Calsts ) dids ).

1152 = (I 85(0. )@ Bt 6) ~ B cu @]

)

1163 = f(f fQ /BN (qA? C(S)<Q))ZN,s,t,C(-;u,“/) ((j) [] (CA (87 unv ’7n) -

Cas )i ).
Then,
(SO (™) — (SO r(v) =Ia+Ib+ Ila+ ITb1 + IIb2 + I1b3.
We remind the reader that the weak* topology is generated by the family of semi-
norms pg(p) = |fQ gdp|, where g € C(Q). So if p, is a seminorm, we need to show
that pg ((S¢)r(v™) = (S¢)L(v)) — 0, as n — oco. To this end, we provide an estimate
for each of the terms above.
1. pg(Ia) = |Ia[g]| — O since e~ Jolun+In1@.¢(m)dT i5 continuous in ¢ and by
hypothesis (u™) — ur, in My,.
2. py(Ib) = |Iblg]| — O since by Lemma 4.3 2 (c)
[1og]| < Cr(lunll B+ fnllBL) f; [C(r;u™, ™) = (T3 u,Y) | p2dr + (|an | 5L
+ IfnllBL)[E" — t]. By hypothesis 1" (r) = [|¢(;u",7") = {(T3u, )|z = 0
and |t"™ — t| — 0, hence by dominated convergence our result is immediate.
3. pg(IIa) = |IIa[g]] — O since by hypothesis t* — ¢, and

/ B (€ () B s (s gy (@) 91 53 0™, A7) ()

is uniformly bounded.
4. pg(I1b1) = [I1b1[g]| — O since [11b1[g]| < [|Bn[lBLC1OIC™ (5) = C()I L2
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5. py(IIb2) = [ITb2[g]| — 0 Indeed, let
h(s) = /Q BN (G () (AN s.im ¢ (sum ) (@) = AN st (rum) (@) ]9]Ca(s5u™, 7)) (dG).
Now I1b2[g] = [} h"(s)ds and
" (s)| S/Q/B(QaC(S)”|(AN,s,t",C(~;u",7")((j)_AN,sJ,C(»;um)(qA))[g]CA(SEUna'Yn)(dQ)

< Cul|Bx oo (linllse + I fnllse) f3 1C(rs um,v™) = C(rsu, )| 2 dr
+CillBnllsrlanllsr + (v llsr)lt" —1|

+ C1l|Bn |l [y e el Inladua)dr g (g)[yn(§) — 7(§))(dg)| using Lemma
4.3 3(b).

Using the fact that ¢ is continuous along with Dominated Convergence,
and the fact that e~ /° [”N+fN](q’C(T‘“”))dTg(q) is a continuous function of ¢ we
see that h™ — 0.

6. pg(11b3) = [11b3[g]| — 0. Indeed,

[11b3[g]| =

I/O /QBN(Q,C(S)(Q))Ams,t,g(.;u,w(é)[QHCA(S;unﬁ”)—CA(S;u,v)](dé)dSI

For fixed s, Bn(q, C(s)(Q))ZN,s,t,C(';u,’y) (9)[g] is continuous in ¢. Hence if

h"(S)=/QBN(@,C(S)(Q))Aw,s,t,g(-;u,w(d)[g}(CA(S;u",’V")—CA(S;u,V))(dd),

then by hypothesis h” — 0 pointwise. Hence our result follows by Dominated
Convergence.

Now for the contraction we have t_)he following. We need to find a constant
0 < K < 1 such that if ,£ € M(%,b7 0), then ||S¢C — S¢||s < K||¢ —&]|s. Now

15¢ = S¢lls = [II(SC) 2 = (S&) L, (5¢)a = (5) allls
= sup [[(SO)L(t;u,y) — (&)Lt u,7)llv+

(t;u,y)

sup [[(SC)a(t;u,v) — (S§)a(t; u,v)llv

(t5u,y)

=150 = (S&)Llls + [[(SC)a — (58 alls

If

I = < [le fonrinl@d@)dr _ o= [ilun+In1@€n@)dr) gy, . >

I = f3 fo By (@) (@) BNt (@ (Ca — Ea)()(dd)ds,

1T = fy {83 (@ ¢ @) BN rcum (@) — Bu(@,E()(Q)

B s (@) f11Ca(s) (dd)ds,
then
(SO — (8§ =T+ 1T +1I1,

and

(SO = (S€)r) 9]l < gl + |1T[g]| + |TTI[g]].
Now
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1. [I[g]] < fQ le™ Jolen+Fn1(a,6(ru)(@Q)dr _ o~ f(f[MN+fN](qf(T;un/)(Q))dT|duL <

(lunllsr + | fnllBL)bC1|¢ = €]|s using Lemma 4.3 2(a).

2. |11[g]] < [IBnlocdlIC — €lls .

3. \UI[?H)S bC1 (BN B +blIBN oo (len | 5L + | ]l BL))IIC = €]l using Lemma
4.3 4(a).

Hence if K1, = b(([|unllzo+[/511BL)C1+1185 loo +Cill Bn [ BL+C1bl| B oo (lun || BL
+ If~llBL)), then
(SO — (SE)Llls < Kil|¢ —¢]ls-

Likewise, for (S¢)a — (S€)4 if

I = < [l on@ium@)ir _ o= [§ an(@€run)@)ar)gy , . >

T = [ < [ fn(d,E(s)(Q))e o an@erwn@dr(¢, — ¢ )(s)(dg), - > ds,

11 = [y < [{fn(@ ) Qe Fantacua@iir_

In (@ E(s)(Q))e™ i anasrinmi@ar |
Cr(s)(dg), - > ds,

then
(SQ)a—(S&a=IT+IT+1I1,

and
1. [I[g]] < IQ le™ Js an(@6(rsum(@)dr _ o~ [§ an (@E(muy)(@NAT |y (dg)

< |lan|lBrbC1]|¢ — £||s using Lemma 4.3 2(b).
2. [II[g]] < [IfnllscbllC = €lls-
3. |III[g]| < bCl<||fN||BL + HfN||oo||OéN||BLb)HC —¢||s using Lemma 4.3 4(b).
Hence if K4 = b(HOéN”BLCl +[fnlloo + Cr(llfNllBL + ||fNH<><>||aN||BLb)) then
1(5C)a = (5 alls < Kall¢ = &lls-

Hence, S is a contraction mapping. Therefore, S has a unique fixed point in
M(%,b, 0) O
We will denote this fixed point by ¢n.

Proposition 1. (Local Solution) For every N € N, there is b =b(N) > 0 and

oN t[=b,b] X (B%[O})an X (B%[O])Jr,w x C(Q; Puw) — (B%[O})an x (B TN[ 0))+,w

such that

1. on is nonnegative and continuous.
2. The function ¢ satisfies

(pNL(t’u7~)/) :</ fo[#NJFfN](QQON(T)( ))d UL(dq) > +

t
/O /Q Ao oun (@118 (6 o5 (5)(Q)) o als)(dd)ds
onaltiu, ) =< / e~ I3 on @en ()@Y (dg). - > +

t
/ < / o= [l anlaen (@) £ (4 o (5)(Q))
0

enr(s)(dg),- > ds
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3. It is a local solution to (9).

Proof. 1. This follows directly from Lemma 4.4.

2. This follows directly from Lemma 4.4.

3. We differentiate the integral representation (24) and show that it satisfies (9).
By Lemma 4.2, Fy, is bounded and Lipschitz, hence the solution to (9) is
unique. So fix u, 7.

If onp(t) = pin(t) + por(t), then ¢y (t) = p'y(t) + 15 (), where

MlLQ)M]::jgejgmN+fNK%@N(HMVXQ»dQKQMMXdQ) (25)

par(t)[g] :/0 [/QAN,s,t,LpN(-,u,w)(é)[g]BN(daQDN(S)(Q))@NA(S)(dd)]dS (26)
Clearly

oo (B)lg) = / e + £ )@ o ((Q@))g(@) a2 (8)(da)
= () [~[un + V]G on (0(Q))g()]

Since

o (8)lg] = / [ /Q B (G o ()(Q)) /Q g(q)e= Il +inl(asen (M@)dr
v(é)(dQ)wsz(S)(dé)]d&

then using the Liebnitz rule for differentiation of the integral

iy (6)lg] = / [ /Q By (@ on(5)(Q) /Q 9(@) (~lin + (@ on (@)

e‘ﬁm””““”“”@”“v@ﬂdﬁwmdﬁﬁmﬂdS+
/ B (@ on (1)(Q)) / 0(@)(@) (da) o A (1)(dd)
Q Q

o () [~ + In] (o on (D(@)g ()] + /Q B (@ on (@) (@)]d]

pna(t)(dg)

Hence,

s (®)lg] = /Q B (@ on (@)@ gl o a(t) ()~

/ i + I )@ onn (@) on(D)(dg) = P (on 1)
Using similar arguments we can show that
Palt)lg] = / fn (@ on (0(Q)g(@) o (dg) — / an (g, on (1)(Q)g(a) o a(da)
Q Q

= Fna(vn,7)g]
O
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The next theorem is concerned with

¥ = f(t,x), x(ty) = zo, (28)
where f € C[Ry x E, E], E being a Banach space.

Theorem 4.5. [19, pg. 454] Let J be an open interval (a,b) and let U be open
im E. Let f:JxU — E be a continuous map which is Lipschitz on U uniformly
for every compact subinterval of J. Let « be an integral curve of f, defined on a
mazimal open subinterval (ag,bo) of J. Assume:

(i) There exists € > 0 such that the closure

a((bo — €, bo))
1s contained in U.
(11) There exists a number C > 0 such that | f(t,a(t))| < C for all t in (by — €, bg).
Then by = b.

4.2. Proof of Theorem 4.1. Let N € N, be given and let ¢ be as in Proposition
1.

Claim. oy can be extended to a continuous function

on :[0,00) X (Bx [0]) 1w X (By[0])4,0 X C(Q; Puw) = My w X My .

Indeed, let by, be maximal such that

PN - [OvbO) X (B%[O])Jr,w X (B%[O])Jr,w X C(Q§Pw) - MJr,w X MJr,w
satisfies the 3 items in Proposition 1.
Now if N(t) = |l¢n(t;u,7)|ve, then N(t) is bounded on any finite interval.
Indeed,
N(t) = llen(tu,V)llve = enc(tu, 7)(Q) + enaltiu, v)(Q),
and
N'(t) = ¢t u, 7)(Q) + Py altiu, 7)(Q).

N'(t) = /Q B(a, on (8)(Q))pnalt)(dg) — /Q (g, o (8)(@))]onL(t)(dg)—

/a(Qa‘PN(t)(Q))QDNA(t)(dQ)S/B(Q7¢N(t)(Q))<PNA(t)(dQ)
Q Q

< 1B llsctonvalt;u, )(Q) < [BnllooN(2). (29)

Hence N(t) < N(0)ellA~ll<t and N(t) is bounded and hence so are ¢, and @y
on any finite interval.
Let ¢y = sup,cjo,p,) NV (t) and let M > ¢%. Then by Lemma 4.2

Fy: R+ X BQM[O] X BQM[O] X C(Q,Pw) - M

is bounded and Lipschitz and there is an € > 0 such that @y (by — €,bg) € Bapr[0] X
Bon[0] and ||Fn(eon(t))||lvy < C for some constant C. Hence by Theorem 4.5,
bo = Q.

Likewise any nonnegative solution to (7) is bounded on any finite interval. In-
deed, if ¢(t;u, ) is a solution to (7) and M (¢) = ||¢(t;u,¥)|lve = oLt u,v)(Q) +
¢A (t7 U, ’Y) (Q)7 then

M'(t) = ¢, (t;u, 7)(Q) + ¢4 (t;u,7)(Q).
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(1) = / B(a. 6(£)(Q))da (1) (dg) — / [1(g, (@) br. (1) (dg)—
Q Q

30
| eta.sx@)eatin < | s o@)eatia (30)
< 11B(-,0,0)[[oc@a(t; u, 7)(Q) < [IB(+,0,0)[loc M (2).
Now for any N € N, if b(N) is as in Proposition 1 then on [—b(N),b(N)], ¢n is
nonnegative and
En(en(tu,v),7) = Flen(tu,7),7)
and hence ¢y is a solution for (7) for initial measures in (B N [0])+
So fix such an N and let ¢(¢;u,y) be this local solution to (7), and let by, be
maximal such that
6 [0,00) % (B [0]) 0 % (Bx[0]) 5.0 X C(Qi Pur) > Mo X Mg
is continuous and satisfies the 3 items in Proposition 1.
So once again ¢(t;u,v) is bounded on [0,b) and if ¢° = sup,c(o,) M(t) and
M > 2max{N, ¢°}, then on [0,bo) x (Bx[0]) 1w x (Bx[0])4,w x C(Q;Pu)

¢ = F(¢,7) = Fyz(¢,7)
¢ = Far(ogn )
From uniqueness of solution, we have ¢ = ¢;. However, @77 is defined on all
of [0,00) and Fyz(¢57(bo; u,7),7) = F(ez7(bo;u,7),7) since IIsoM(bo,u,’y)llvz =
limp s, [|@(b;u,7)|lv2 < &L, If we replace 0 with by in Lemma 1, then we see that
we can extend ¢ unless by = oo.
Since (0,0 x 0) € Ry x My x My, and Ry x My, x My, x C(Q,Py) =

UN€Z+ Ry x (B%[O])wﬁF X (B% [0])w,+ X C(Q,Pw), we let ¢ = UN€Z+ on and
Theorem 4.1 is immediate.

(31)

5. Discrete and continuous models. Similar to the models in [1, 12, 3] this
model encompasses both discrete and continuous models. By choosing the right
combination of initial condition and mutation kernel we can reduce the abstract
model to a pure selection model, an absolutely continuous model or a system of
ode’s. For example, the pure selection model below :

/ B(a, m(£)(@))ma(t)(dq) — /E (g m(£)(@Q)) + Fla.m(t)(Q)
(t)(dq) (32)
/ F(gm(#)(Q))my (#)(dq) — /E a(g, m(1)(Q))
(t)(dq)

results from the selection of v(q) = §, € C(Q, Py).
For the absolutely continuous and the discrete model formulations we direct the
reader to [12].

6. Uniform eventual boundedness. A system x’ = F(x) is called dissipative
and its solution uniformly eventually bounded, if all solutions exist for all forward
times and if there exists some ¢ > 0 such that

limsup ||z(t)|] < ¢
t—o0
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for all solutions . We have the following which is essentially the argument in [25,
Chpt. 11, pg.155 | for densities.

Theorem 6.1. Suppose inf,cq 1(gq,0,0) > 0 and for any q € Q,

lim sup £(q,0,A)

< 1. 33
A— o0 a(Q7 Oa A) ( )

Then the solutions to (7) are uniformly eventually bounded.

Proof. Below if ¢ is a solution to (7), then L = ¢, (Q) and A = ¢4(Q). (33) implies
that there exists € € (0,1) and some N* > 0 such that

Blg, L, A)
P\ )
alg, LA) = °

whenever A > N* ¢ € Q. This implies that (B(q,L,A) - (1- e)a(q,L,A))A <0

for A> N*¥ ¢ € Q. So for some ¢ > 0, (ﬂ(q,L,A) —(1- e)a(q,L,A))A < ¢ for all
A>0,qg€Q. Let

M(t) = [|o(t; u,V)[lve = oo (t;u, v)(Q) + dalt;u,7)(Q) = L(t) + A(t),
then
M'(t) = ¢ (tu, M)(Q) + P (t;u,1)(Q) = L'(t) + A'(¢)

M(t) =/Q[ﬁ(q,¢(t)(62))—a(q,ci)(t)(Q))]m(t)(dtJ)—/Q[u(q,¢(t)(Q))]¢L(t)(dq)

< [ 19000 0(a.0.000.4()(da) ~ inf 1(0,0,0)2(1)

< [I8(,0,0) —a(:, 0,0)lloc] A(t) — inf 1(q,0,0)L(t)

¢ —e€lla(-,0,0)||cA(t) — quelg 1(q,0,0)L(t) < c— 0M(t) for some § > 0.
(34)

. 0

IN

Hence M (t) < max{M(0), §} and limsup,_,., M(t) <

S2le}

7. Conclusion. In this paper we have shown that one can form a basic two stage
juvenile adult model on the space of measures with parametric heterogeneity. It
is an extension of the model developed in [25, Chpt. 11, pg.152 |. The [25, Chpt.
11, pg.152 ] model has been extended in that this measure theoretic model allows
for parameter heterogeneity and this model is phrased as an abstract game and
hence can be applied to any game where these dynamics serve as a model and not
just larvae and adult. It also encompasses both discrete and absolutely continuous
models, pure selection and mutation. This model also has a nonlinear mutation term
and it is continuous in this nonlinear term. The essential piece of the mutation
kernel, v, is modeled as a continuous mapping from the strategy space into the
probability measures. It signifies the distribution of the offspring of a single strategy
amongst the totality of strategies. This extension of state space (to measures) and
the meaning and generalization of strategy (to any game strategy) and the mutation
term (to possibly nonlinear) are also an extension of the models found in [8, 9]. In
these references, the evolutionary strategy is maturation age and the populations
are modeled as densities. Asymptotically, under biologically natural hypotheses on
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the vital rates, this paper shows that there is a bounded attractor to which all
trajectories tend i.e. uniform eventual boundedness or point dissipativeness.

The main novelty of this work over the previous works [1, 12, 3] is the two stage
structuring. This model now takes values in a product of measure spaces. This
paper goes through the details of the differences that this causes. Mainly these
differences are shown in the topologies formed to deal with the extra structure and
the resulting estimates. Also this model is quite different from the abovementioned
from the standpoint of asymptotic analysis. For example, this model is not simply
evolving under Selection and Mutation, there is also the evolutionary force of Tran-
sition that must be taken into account. This will play a more vital role when I take
up the asymptotic behavior in future works. For example, the density dependent
net reproductive number is now:

Blq,L,A)  flq,L,A)
alq, L, A) [u+ fl(q, L, A)

The net reproductive number is essential in determining which strategy the model
is selecting upon. The next direction is to determine the asymptotic behavior of the
model for specific kernels, in particular, for pure selection. Pure selection results
from the choice of v(g) = 64 € C(Q, Puw)-

R(q,L,A) =
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