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An Exactly Solved Model
for Mutation, Recombination and Selection

Michael Baake and Fllen Baake

Abstract. It is well known that rather general mutation-recombination models can be solved algorith-
mically (though not in closed form) by means of Haldane linearization. The price to be paid is that
one has to work with a multiple tensor product of the state space one started from.

Here, we present a relevant subclass of such models, in continuous time, with independent mu-
tation events at the sites, and crossover events between them. It admits a closed solution of the cor-
responding differential equation on the basis of the original state space, and also closed expressions
for the linkage disequilibria, derived by means of Mébius inversion. As an extra benefit, the approach
can be extended to a model with selection of additive type across sites. We also derive a necessary
and sufficient criterion for the mean fitness to be a Lyapunov function and determine the asymptotic
behaviour of the solutions.

Introduction

The basic mechanisms which create genetic variation in biological evolution are mu-
tation and recombination. They are counteracted by selection, which removes varia-
tion. Genetic information may be quite generally described in terms of a collection
of linearly ordered sites (i.e., a sequence of sites), each of which is occupied by an
element of a given (finite or infinite) set which we denote as site space; if this set is
finite, it is often termed alphabet. A specific sequence is also called type.

Mutation is treated as a random state change of a site variable, which occurs in-
dependently at every site. Recombination occurs on the occasion of sexual reproduc-
tion, and refers to the creation of ‘offspring’ sequences from two (randomly chosen)
‘parental’ ones, where a subset of the ‘maternal’ sites is combined with the com-
plementary set of the ‘paternal’ sites, and the linear ordering along the sequence is
maintained. This process is realized through one, or a number of, crossover events,
where the two parental strands are interlaced between a pair of neighbouring sites.
An important feature of recombination is that it removes dependencies between sites,
known as linkage disequilibria in genetics. Finally, selection is caused by the flourish-
ing of fit individuals at the expense of less fit ones.

We consider an infinite population of sequences which evolves under the joint
action of mutation, selection or recombination, or of any combination thereof. This
is to be considered as the infinite population limit (IPL) of the stochastic process
alluded to, and defines a deterministic dynamical system for probability measures
(in discrete or in continuous time). It describes the time evolution of the measure
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with probabilistic certainty, see [21, Chapter 11], and Theorem 2.1 of it in particular.
Although there are many interesting and important questions connected with finite
populations, we focus on the differential equation of the deterministic limit here,
which we will call the IPL equation from now on. In particular, we will not employ
the traditional discrete dynamical systems, but follow the continuous route along the
lines of Kimura [32] and Akin [2], which happens to be much less developed than it
ought to be, see also [7] for a recent review.

Mutation is a linear process and straightforward to deal with. Selection involves
some nonlinearity, which is due to norm conservation under the dynamics, but this
nonlinearity may be removed through a simple transformation. Recombination con-
tains a very different source of nonlinearity, which is due to the fact that pairs of ob-
jects are involved in the process, and is much harder to treat. Nevertheless, if both
state space and time are discrete, a procedure (known as Haldane linearization, see
[38, 16, 17] and [36, Chapter 6]) is available which transforms the dynamical system
(exactly) into a linear one. It involves a multilinear transformation of the probabili-
ties to a new set of variables, namely certain linkage disequilibria, which describe the
deviation from statistical independence of sites. These variables decay independently
and geometrically, i.e., they decouple and diagonalize the dynamics. Unfortunately,
however, the procedure is cumbersome since it relies on recursions, and no closed
form is available for the transformation in the general case.

In a previous paper [6], the special case of single crossover events was considered,
where offspring sequences are composed from one maternal and one paternal seg-
ment. This scenario is particularly relevant in molecular evolution, where crossover
events are rare, and it is most consistently described in continuous time. For discrete
site spaces, and with the help of the corresponding vector space structure, the lin-
earizing transform could be given in closed form with the help of elementary meth-
ods from multilinear algebra.

The aim of this article is to further develop this approach in a systematic measure-
theoretic setting which also incorporates more general site spaces and does not re-
quire an explicit coordinatization. We will essentially start from the deterministic
IPL equation and construct its solution explicitly, first for recombination only. The
so-called Mobius inversion principle will then give a simple approach to the calcula-
tion of a suitable (and, in particular, complete) set of linkage disequilibria. It will then
turn out that mutation and even selection may be included in the framework, pro-
vided fitness is additive, meaning that the fitness of any type may be decomposed into
a sum of independent contributions of its individual sites, i.e., if there is no interac-
tion between sites. Such results may be helpful for the solution of the corresponding
inverse problem, i.e., the determination of recombination rates from experimental
data, e.g., observed patterns of linkage disequilibria along sequences [15, 43].

The exposition will be more explicit than needed for a purely mathematical audi-
ence, and we also try to give rather precise references to background material we use.
We hope that the article will become more self-contained this way and that it is also
accessible for readers with a more biological background.

The structure of the paper is as follows. After some preliminaries in Section 1,
we will briefly summarize the description of mutation through an IPL equation on
the space of positive measures in Section 2, followed by some general remarks on
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measure-valued IPL equations. The core of the article is Section 3, where we solve,
step by step, the IPL equation for recombination and construct an explicit solution
of the abstract Cauchy problem, together with a closed form of the corresponding
linkage disequilibria. The latter is based on an application of the inclusion-exclusion
principle via Mobius inversion (a supplement is given in the Appendix). Section 4
combines mutation and recombination. Section 5 deals with selection and recom-
bination, with some emphasis on the role of mean fitness as a Lyapunov function.
Finally, Section 6 ties together all three evolutionary forces—still giving an explicit
solution, expressions for the linkage disequilibria, and asymptotic properties. We
close with some afterthoughts mainly aimed at the relationship to models in discrete
time.

1 Preliminaries

If X is a locally compact space (by which we always mean to include the Hausdorff
property), we use M, (X) to denote the set of finite positive regular Borel measures
on X, with 0 € M, (X). Likewise, M(X) is the vector space of real (or signed) finite
regular Borel measures. It is a Banach space under the norm ||w|| = |w|(X) where |w|
denotes total variation measure. Due to the Riesz-Markov representation theorem,
M(X) can also be viewed as the dual of C (X, R), the Banach space of real-valued
continuous functions which vanish at infinity, equipped with the usual supremum
norm, see [39, Theorem IV.18], as well as [41, Chapter 6] and [39, Chapter IV.4]
for general background material. Note that M(X) with the variation norm || - ||
is actually a Banach lattice, and this gives access to the highly developed theory of
positive operators [42, 5]. We will mainly be interested in the closed convex subsets
MP(X) == {w € My(X) | w(X) = m}, and in P(X) = M!(X) in particular, the
set of probability measures on X. Note that, for positive measures w, we simply have
[wl] = wX).

If the Borel o-algebra of X is generated by a family of sets that is closed under
finite intersections, a regular Borel measure on X is already uniquely specified by its
values on the elements of this generating family [9, 35]. This is a property that we
will need several times, in particular if X = X; x X, is a product space, equipped
with the product topology.

Fact1 Let v,v' be two regular Borel measures on the locally compact product
space X = X; x X, which coincide on all “rectangles” E; x E, where E; and E, each
run through the Borel sets of X; and X,. Then v = v/, i.e., v(E) = v'(E) for all Borel
sets E of X.

Proof In view of the above remark, the only obstacle to cope with is the (non-
vacuous!) situation when the o-algebra generated by the rectangles E; x E, is not
the full Borel o-algebra of X. However, the o-algebra generated by the rectangles
contains all Baire sets F of X, because the Baire sets of X possess the required Carte-
sian product property [9, Lemma 56.2], and the Borel sets of X; contain the Baire
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sets of X;. The equality of v and v’ now follows from [9, Theorem 62.1] (this rests on
the fact that every Baire measure has a unique extension to a regular Borel measure).
|

Standard examples of locally compact spaces include the compact ones, such as
any finite set or the closed interval [0, 1], but also R¥ and Z¢ with k, £ > 0, and arbi-
trary combinations thereof. These certainly cover all meaningful parameter spaces to
be expected in biological applications.

If X is a finite set (which is an important case in population genetics), P(X) is
a simplex. If the cardinality of X is M, this simplex has dimension M — 1, i.e., any
probability measure is a unique convex linear combination of the M extremal mea-
sures that constitute the vertices of the simplex. If X = {1,..., M}, they are de-
noted by e, i = 1,..., M, and fixed by their values on singleton sets, e;({j}) = J; ;.
In other words, any w € P(X) is of the form w = Zﬁl a;e; with all a; > 0 and
ap + -+ -+ ay = 1. This provides the canonical coordinatization of this situation.

The set (or state space) X that we need will have a product structure, described on
the basis of sites. For later convenience, we use N = {0, 1, ..., n} for the set of sites,
i.e., we start counting with 0 here. To site 7, we attach the locally compact space X;,
and our state space is then

(1) X=XoxX; XXX,

which is still locally compact. One Banach space of measures to show up is the space
M(X) with the corresponding variation norm || - ||. Note that M(X) contains the
(algebraic) tensor product space M® := ®:’:0 M(X;), and also its completion (here,
the closure in the given || - ||-norm of M(X)). To simplify notation, the latter will
also be denoted by M®, because we shall only deal with Banach spaces here. Recall
that M® contains the product measures w = wy ® - - - ® w, with w; € M(X;), but
also all (finite) linear combinations of measures of this kind. Because we consider the
completion, also all measures are contained which can be approximated with such
linear combinations in the norm. All probability measures of product form are in
this space, but note that the single measures in the product need not be probability
measures themselves.

If X; = {1,...,M;} is finite for all i, X is still a finite set, with M = H?:o M;
elements. Then, M(X) = M®, and this is simply a real vector space of dimension M.
M(X) = M® is also true for X discrete. In this case, the action of operators in tensor
product form is well defined. In general, if M® C M (X), one can still go beyond M®
under certain circumstances, e.g., by including integrals (rather than finite sums) of
product measures. However, we do not want to enter this rather technical discussion,
and refer to [35, Chapter IX.6] and [42, Chapter IV.7] for some background material,
and to [18, Chapter 13] for some of the problems that are related to these difficulties.

X finite is the case most frequently studied in the theory of sequence evolution,
and it was the motivation for this work, see [6] and references given there. However,
many results hold in greater generality, which we want to cover in view of potential
applications in quantitative genetics. There, the space X; often is a state space such as
IR, or a compact subset thereof. In this case, M® is a true subspace of M(X), which
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has to be taken care of later on (occasional restrictions of X to a finite set will be
mentioned explicitly).

The main reason for using the above set N of sites is that we will need ordered
partitions of N, which are uniquely specified by a set of cuts or crossovers. The possible
cut positions are at the links between sites, which we denote by half-integers, i.e., by
elements of the set L = {%, %, cee 2”2_ L1, We will use Latin indices for sites and
Greek indices for links, and the implicit rule will always be that a = % is the link
between site i and 7 + 1.

With this notation, the ordered partitions of N are in one-to-one correspondence
with the subsets of L as follows. If A = {a,...,a,} C L, let Ny denote the ordered

partition
{0,...,laa |}, {Taul, ..oy laa) by oo {Tap], .. n}

where |« ([a]) denotes the largest integer below « (the smallest above ). In par-
ticular, we have Ny = N and N; = {{0},...,{n}}. With this definition, it is clear
that Nj is a refinement of N, if and only if A C B. Consequently, the lattice of or-
dered partitions of N corresponds to the Boolean algebra of the finite set L, denoted
by B(L), ¢f. [1, Chapter 1.2]. We prefer this notation to that with partitions, as it is
easier to deal with. If A C B, we will write B — A for B\ A, and A for the set L — A.

This setup allows us to use the powerful tool of Mébius inversion from combina-
torial theory [1, Chapter IV.2], which is a systematic way to employ the inclusion-
exclusion principle. If f and g are mappings from B(L) to R which are, forall A C L,
related by

) gA) = f(B),

BCA

then this can be solved for f via the inversion formula [1, Theorem 4.18]

(3) f(A) =" g(B)u(B, A)

BCA

with the Mobius function (B, A) = (—1)4~5l, where |A — B| stands for the car-
dinality of the set A — B. For B not a subset of A, we set u(B,A) = 0 which makes
the Mobius function into an element of the so-called incidence algebra, see [1, Chap-
ter IV. 1] for details. It is important to note that Mobius inversion is not restricted to
functions, it also applies to bounded operators.

2 Mutation and Markov Generator

The description of mutation is rather straight-forward. Let us start from a finite
population. Since we are working in continuous time, we assume an independent
Poisson clock for each individual member of a (finite) population, and a mutation
occurs for an individual whenever its clock rings, according to prescribed mutation
rates between (finitely many) types or states. Since the individuals are independent,
this is a simple Markov process for each of them. If we now go to the infinite pop-
ulation limit, the time evolution of the probability measure for the types is, almost



Michael Baake and Ellen Baake

surely, described by a (deterministic) ordinary differential equation (ODE). This is
the so-called IPL equation, compare [21, Theorem 11.2.1] for a general justification,
which we will also rely on below. For the simple mutation case, this ODE is lin-
ear. It clearly coincides with the ODE for the probability measure of the individual
Markov process, usually obtained from multiple realizations through the law of large
numbers.

Let us consider the case that X is a finite state space of cardinality |X| = M in
more detail, where dimR(M(X)) = M. The mutation rate from state ¢ to state k
is given by Qr¢ = Qi«, where we already consider Q as a mapping acting on the
corresponding probabilities, resp. measures. The rate matrix Q is a Markov genera-
tor, i.e., it has non-negative entries everywhere except on its diagonal, and vanishing
column! sums. The time evolution is then fully described by the Markov semigroup
{exp(tQ) | t > 0}, see [21, Chapter 1.1 and Chapter 4.2]. We shall usually as-
sume that Q is irreducible, i.e., it is possible to reach every state from any other one.
In this case, the equilibrium state is unique and given by the properly normalized
0-eigenvector of the generator Q. It can actually be given in closed form, see [24,
Lemma 6.3.1].

If X has the product structure introduced above, our mutation process is supposed
to be of a more special form, for biological reasons. We assume that mutation hap-
pens at all sites in parallel and independently from one another, so that our generator
has the form

(4) Q=) &
i=0

where each Q; is, in a properly coordinatized way, the tensor product of a rate matrix
at site 7 and unit matrices of matching dimension everywhere else, i.e.,

(5) Q=1y®@ - Qly_, g1y, ® - Qly

n

where g; is a local rate matrix (of dimension M;) for the state space X;, acting on
M(X;). The rate matrices Q; clearly commute with one another. Note also that Q
of (4) is irreducible if and only if all the g; are. The Markov semigroup inherits the
tensor product structure, i.e., we have

(6) exp(tQ) = H exp(tQ;) = ® exp(tq;).
i=0 i=0

In view of our following description of recombination, we prefer to avoid an ex-
plicit coordinatization here, so we will not use matrix notation. This simply means
that we have to reinterpret the generator Q as a linear operator on M(X). Nothing
of the above actually changes, we only have to read Q (or ¢;) as a linear mapping on
M(X) (or on M(X;)). The two conditions for Q to be a Markov generator now read
as follows (the analogous conditions apply to g; in relation to M(Xj;)).

In contrast to the standard probability literature, we adopt the transposed version here since we are
considering the situation from the (linear) operator point of view.
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1. If v is a positive measure and E any Borel set such that v(E) = 0, then
(Quv)(E) > 0.

2. If v is a positive measure, then (Qv)(X) = 0.

The first condition ensures that the semigroup generated by Q maps M, (X) into
itself. Under the present circumstances, where Q is bounded and M(X) is a reflexive
Banach space, this condition is necessary and sufficient for the positivity of exp(Q),
see [5, Theorem 1.11]. It is sometimes also called the positive minimum principle.
The second condition means that the semigroup is Markov, i.e., it preserves the norm
of positive measures, and, in particular, maps P(X) into itself. In this setting, irre-
ducibility implies that the kernel of the Markov generator Q is one-dimensional.

The IPL equation for our simple mutation process? now reads

?) o= Bput) = (300
i=0

which we will take, in generalization of the discrete situation, as the starting point
for the analysis of mutation, without tracing it back to an explicit stochastic process.
We then obtain, by employing standard results [4] from the theory of ordinary lin-
ear differential equations in (finite-dimensional) Banach spaces (see also Theorem 1
below):

Proposition 1  The abstract Cauchy problem of the IPL equation (7) with initial con-
dition wy € P(X) has the unique solution

Wy = exp(tzn: Q,») wo
i=0

which is, for t > 0, a one-parameter family of probability measures. [ ]

To formulate a generalization of Prop. 1, let us forget about the product structure
for a moment and consider the linear ODE

w=Quw

with Q the generator of a uniformly (or norm) continuous Markov semigroup on
M(X), compare [19, Chapter 1.3]. This is the case if and only if the linear operator
Q, in addition to satisfying assumptions 1. and 2. from above, is bounded, and hence
defined on all of M(X), see [19, Corollary II.1.5]. In particular, we can then write the
semigroup in exponential form [19, Theorem 1.3.7], i.e., as exp(¢Q), and the solution
as wy = exp(tQ)wy. In what follows, we will (non-constructively) assume that a
process is given that leads to a bounded generator Q which is a linear operator on
M(X), i.e., maps regular Borel measures to regular Borel measures. As long as this
is the case, it is sufficient to work with assumptions 1. and 2., even if the space of

%In this linear case, the IPL equation is closely related to the master equation commonly used in the
physics literature, see [29, Chapter 5] for details.
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measures considered is no longer reflexive. The analogue of Proposition 1 then holds
on the Banach subspace M®, to which we shall restrict our attention whenever Q is
of the form specified in Equations (4) and (5). This makes no difference at all as long
as X is discrete.

Many results can still be generalized to densely defined generators of strongly
continuous semigroups, see [19, Chapter 1.5], but already the well-posedness of the
Cauchy problem needs some thought, compare [19, Chapter II. 6] for a discussion.
Also, the characterization of generators for positive semigroups becomes more in-
volved, see [5, Chapter 3]. Usually, one would then rather describe the entire process
by means of semigroups on function spaces, compare [21, Chapter 1.4]. Since all ex-
plicit mutation schemes we have in mind lead to uniformly continuous semigroups,
we will not expand on the more general situation.

Let us instead add a few remarks on the general type of IPL equation that arises
when recombination and selection are also included. This will also better explain
our formulation of mutation, from the point of view of measure-valued differential
equations. In what follows, it is sufficient to investigate the first order ODE

(8) W= ®(w)

on the Banach space M(X), where ® is a mapping from M(X) into itself (alterna-
tively, we can study (8) on any closed subspace of M(X) that is invariant under ®).
Unlike @, from (7), ® need not be linear, and it is the nonlinear cases below that
we are most interested in. The three properties we will meet below are:

(A1) The mapping @ is (globally) Lipschitz.

(A2) Ifv € M, (X), i.e., v is a positive measure, and E any Borel set such that
v(E) = 0, then we have (<I>(1/)) (E) > 0.

(A3) Forany v € M,(X), we have (‘13(1/)) (X)=0.

It is clear that our formulation of mutation constitutes a linear example of such a
mapping.

Theorem 1 If ®: M(X) — M(X) satisfies (A1), the abstract Cauchy problem of the
ODE (8), with initial condition wy € M(X), has a unique solution. If ® also satisfies
(A2), the cone M, (X) of positive measures is invariant under the semiflow for t > 0
(in other words, M..(X) is positive invariant). Finally, if ® also satisfies (A3), the norm
of positive measures is preserved in forward time. In particular, the convex set P(X) of
probability measures is then positive invariant.

Proof If ® is Lipschitz, we can invoke the Picard-Lindel6f Theorem for ODEs on
Banach spaces, see [4, Theorem 7.6], so existence and uniqueness of the solution of
the abstract Cauchy problem are clear.

If ® also satisfies (A2), positive invariance of M, (X) follows from a continuity
argument, see p. 235 and Theorem 16.5 together with Remark 16.6 of [4] for a proof.
If @ is linear, (A2) is the so-called positive minimum principle, and our assertion also
follows from [5, Theorem 1.11], which uses a functional analytic proof.
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Finally, assume @ satisfies (A1)—(A3). Let wy € M (X) be the initial condition
and denote the corresponding unique solution of (8) by w;. Then, w; € M4 (X)
for all t > 0 by the previous argument, so ||w;| = w¢(X). This implies %Hth =
(®(w)) (X) = 0 by assumption (A3), so ||w;|| = |lwp|| = m. This proves the asser-
tion. |

3 Recombination

This section deals with the nonlinear IPL equation for recombination, and is the
core of our article. We develop the results step by step here. The combination with
mutation will then be rather painless, and an addition of selection will be discussed
after that.

3.1 Recombination On Measures

Let X,Y be two locally compact spaces with attached measure spaces M(X) and
M(Y). If f: X — Y is a continuous function and w € M(X), then f.w :=wo f~!
is an element of M(Y ), where f~!(y) := {x € X | f(x) = y} means the preimage of
y € Y in X, with obvious extension to f~!(B), the preimage of a subset B C Y in X.
Due to the continuity of f, f ~!(B) is a Borel set in X if Bis a Borel setin Y.

Let X = Xy X --- x X, be as in Section 1, and let, from now on, N and L always
denote the set of sites and links as introduced there. In this section, we can entirely
work with the Banach space M(X), equipped with the variation norm || - ||. Let
m;: X — X; be the canonical projection which is continuous. It induces a mapping
from M(X) to M(X;) by w — m; . w, where (m; . w)(E) = w(7r1-_1(E)) , for any Borel
set E C X;. By (slight) abuse of notation, we will use the symbol 7; also for this
induced mapping. It is clear that ; is linear and maps positive measures to positive
measures of the same norm. As such, it is bounded and hence also continuous. In
particular, it maps P(X) to P(X;) and may then be understood as marginalization.
Likewise, we can start from any (ordered) index set I C N and define a projector
7w M(X) — M(X;) with X; := X;¢;X;. With this notation, Xy = X. We will
frequently also use the abbreviation 7, for the projector 7(;  |a)}, and 7, for
T{[a],...n}- Lhese objects may be understood as ‘cut and forget’ operators, since they
give the distribution of what is left after a cut is made at o, and the trailing resp.
leading segment is discarded.

This now enables us to introduce the elementary recombination operator, or re-
combinator as we will call it from now on, R, : M(X) — M(X), fora € L. If w = 0,
R, (w) := 0, and otherwise

©) Ro(@) = (o) ® (72 )

]

which is a (partial) product measure. Here and in what follows, we tacitly identify
(if necessary) a product measure with its unique extension to a regular Borel mea-
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sure on X, which is justified by Fact 1. The following property is now an immediate
consequence of the definition.

Fact2 The recombinator R, maps M, (X) into itself and preserves the norm of
positive measures. In particular, it maps P(X) into itself. ]

Let us comment on the choice of (9). Being composed of the cut-and-forget op-
erators for the leading and the trailing ends, R, (w) has the interpretation of a ‘cut-
and-relink operator’, which describes a cut at ., followed by (random) reunion of the
resulting segments.

At first sight, it might appear more natural to drop the prefactor 1/||w||. However,
the norm of a positive measure w would then not be preserved unless |w| = 1.
In view of later extensions, it is more desirable not to be restricted to probability
measures, and that is why we prefer (9) which makes R, positive homogeneous of
degree 1,

(10) Ra(aw) = |a|Ra(w)7

for arbitrary a € R. Note, however, that R, is not a linear operator, not even when
restricted to M (X).

Fact3 Leta € L. The recombinator R, satisfies | R, (w)|| < ||lw]||, for all measures
w € M(X), and is (globally) Lipschitz on M(X).

Proof Let us first observe that, for arbitrary w,w’ € M(X) and a € L, we obtain the
inequality

[(Tea - w) ® (M0 . W) < @l '],

which is a simple consequence of Hahn’s decomposition for real measures, compare
[41, Theorem 6.14], applied separately to the factors of the product measure. For
0 # w € M(X), we then have

[(Tea . w) @ (Tsq . w)|

”Ra(w)H = ”w”

< llwll;

with equality for positive measures, as stated in Fact 2. We also have R, (0) = 0, so
that the first assertion follows.

Let w,w’ € M(X). If one of them is the 0-measure, say w’ = 0, we have the
relation | Ry (w) — Ro (W) || = ||Ra(W) ]| < ||w]| = |Jw —w’]|. So we may assume both
w and w’ to be different from 0 and hence to have positive norm. With the above
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inequalities, we can now employ the following 3e-type argument

[Ra(w) = Ra(w)]]

_ H (7r<a.w) ® (7r>a.(w—w’)) (7r<a.(w—w’)) ® (7r>a.w’)
[[wl] [Jwl

+( 1 ! )[(7‘(’<a.w)®(ﬂ'>a-wl)]H

lwll "]l

e ) © (oo =) | (o 0= 1) & (mo0- )|

- [lw] [l
1 1 )
e — | (T w) @ (Mg )|
lwll [l
< 2flw = W'l + [llwll = flw ] < 3]lw—w'].
Together, this gives the second assertion, with Lipschitz constant < 3. ]

In view of Fact 2, it makes sense to investigate the properties of the recombinators
restricted to the positive cone M, (X). The crucial property which underlies our later
analysis is the following.

Proposition 2 The elementary recombinators, when restricted to M (X), are idem-
potents and commute with one another. In other words, we then have R*> = R, and
R.Rg = RgR, for arbitrary o, 3 € L.

Proof The statement is trivial for the action on v = 0. So, let v > 0 be a (strictly)
positive measure. We then have v(X) = ||v|| and obtain

T<a - ((7T<a . V) ® (7T>oz . V)) = ||V||(7T<a . V)

Toa - ((Tea . V) ® (Mo . v)) = |[V[|[(T50 . V)
in My (X<q) resp. My (Xsq), where we adopt the same index convention for sets as
we did for projectors. Using ||R,(v)|| = ||v|| from Fact 2 and the linearity of the map-

pings v — (7 . v), one can now apply the definition of the elementary recombinators
to check explicitly that

Ra(Ra(V)) = Ra(¥).

For commutativity, we may again assume v > 0 and also @ < 3. Then

T<a - ((7T<ﬂ V) ® (7T>ﬁ . V)) = ‘|VH(7T<a V)

= ((T{[al, 18} - V) ® (W55 1)) .
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The first equation can be verified directly, as in the previous case. The second can
easily be checked on Borel sets of the product form E = E([,..., |/} X E>p, followed
by an application of Fact 1. Combining these intermediate results, one obtains

Ra(Rs()) = W ((Mea-2) ® (yag.ply - 1) ® (M55 2)) = Ro(Ra(w)),

which proves our assertion. u

Remark In view of positive homogeneity of the recombinators, see Equation (10),
it would have been sufficient to prove our assertions on P(X). The above version,
however, shows quite clearly where, and how many, normalization factors ||v/|| appear
in the tensor products. If we restrict ourselves to probability measures below, one
should keep this in mind for extending arguments to the full cone, M, (X).

A close inspection of the proof of Proposition 2 shows that we have simultaneously
proved the following useful property.

Lemmal Letv € P(X)and o € L. Forall 3 € L with 8 > «, we now have
Tea- (Rg(l/)) = T<q . V. Similarly, m=, . (Rg(l/)) =Tsq .V forall f < a. [ |

3.2 The IPL Equation and its Solution

Let us start with a brief description of the recombination process for finite X, and a
population of m individuals, each of the form x = (xo, X1, . . ., x,) with x; € X;. Every
individual carries a Poisson clock at each link o € L, with parameters g, > 0, which
do not depend on the individual. If the clock at link o of the individual x rings, a
random partner y is picked from the population for recombination at that link. The
recombined pair is then (xo, - - -, X|a |, Y[a] - - ¥n) @0d (Yo, -« ¥ [a]» X[a]s - - - s Xn)-

To describe the entire population, let Z,(t) be the random variable that gives the
number of x-individuals at time ¢, and Z(¢) the combined random vector with com-
ponents Z,(t). Hence, if Z(t) = z, and x # y, we can have transitions from z to
Z— Uy — Uy + U, y..) T Uy, x..)» Where we use our short hand notation for indices,
and u, to denote the unit vector corresponding to x. Such a transition occurs at rate
0a2x2y [ (M — zy).

Note that this process implies instant mixing of all (geno-)types in the population.
This is an idealization which neglects that maternal and paternal genes stay together
for the lifetime of an individual. Nevertheless, this is a good and realistic model
if recombination events are rare on the time scale of the individual life span. This
is certainly true if our sites belong to the DNA sequence of a single gene, or a few
adjacent genes. It is then well justified to describe recombination in terms of these
first order effects only.

Let us look at the influence of increasing m, whence we write ZM (1) to indicate
dependence on system size. As m — oo, the sequence of random processes Z\"(t) /m
converges almost surely to the solution of a differential equation with initial condi-
tion Z"™(0)/m (resp. its limit as m — 00), see [21, Theorem 11.2.1]. The cor-
responding IPL equation [6, Equation 2.5], reformulated in our measure-theoretic
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setting, reads

(11) W= Bpec(W) = Y 0a(Ra — D(w).

a€l

In line with our strategy for the mutation processes, we take this nonlinear ODE as
the general starting point for the recombination analysis on product spaces X built
from arbitrary locally compact spaces X;. We will assume that g, > 0, forall € L,
without loss of generality (if 9, = 0, remove the link at «, absorb the pair (| «], [a])
into a single site, and identify X|,) X Xp,7 with the state space at that site, thus
reducing the number of sites (and links) by one).

Proposition 3  The abstract Cauchy problem of the IPL equation (11) has a unique
solution. Furthermore, M, (X) is positive invariant under the flow, with the norm of
positive measures preserved. In particular, P(X) is positive invariant.

Proof Consider w = ®P..(w), which is a special case of (8), so we want to apply
Theorem 1. By Fact 3, @, is Lipschitz, so assumption (A1) is satisfied.

Let v € M (X), i.e., v(E) > 0 for all Borel sets E C X. Let E be any Borel subset
of X such that ¥(E) = 0. Then

Do W)(E) = Y 0aRa(¥)(E) > 0

a€l

because each R, (v) is a positive measure and all g, > 0 by assumption, so (A2) is
satisfied.

Finally, with Fact 2, it is easy to check that ® .. ()(X) = 0 for any positive measure
v, which shows that assumption (A3) is satisfied, too. Theorem 1 then establishes our
claims. [ |

The difficulty in solving (11) stems from the nonlinearity of the right-hand side,
so P, cannot be considered as the generator of an exponential semigroup. It is,
however, rather natural to expect that the solution should still have a rather similar
structure, as the R, are at least positive homogeneous of degree one and commute
with one another. Let us therefore, for any G C L, introduce the composite recombi-
nators

(12) Rg:= HRQ.

aeG

They are well-defined on M (X) due to Proposition 2, while an order of the product
has to be specified otherwise. In any case, |[Rg(w)|| < |jw]| for allw € M(X). Note
that Ry = 1 and Rg,} = R, in this notation. The composite recombinators are
again positive homogeneous of degree one. A simple induction argument based on
Proposition 2 gives the following result.
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Corollary 1 ~ On M, (X), the composite recombinators satisfy
RGRy = Reum,

for arbitrary G, H C L. Furthermore, each Rg maps M..(X) into itself and preserves the
norm of positive measures. ]

Let us pretend for a moment that the idempotents R, were actually linear opera-
tors. In such a case, we would get

eXp(Qat(Ra - 1)) = eXp(_Qat)l + (1 - eXP(—Qat)) Ra-

Taking the product over such terms for all & € L and expanding it would formally

lead to the sum
Z ag(t)Rg
GCL

with the coefficient functions

(13) ag(t) = ([T exp(—eat)) - (TT (1= exp(—est)) )

a€G BEG

It will have a touch of magic below when we prove that this little “derivation” actually
gives the correct answer! After we have established our main result in Theorem 2, we
will come back to these coefficients and give them a probabilistic interpretation. This
will also motivate why they are a very reasonable guess to start with.

As mentioned before, the elementary recombinators are not linear. Nevertheless,
they have a related property on convex combinations. If w = Z:;l a;v; is a convex
linear combination of positive measures v; of equal norm, we get

k
(14) Ro(w) =Y aiRa(vi) +R

i=1

where one can show, by a rather straight-forward calculation which we omit here,
that the remainder R is given by

V; —V;
R = —Zaiajin ! ]”Ra(l/,'—Vj).

2]

This shows that the recombinators are indeed inherently nonlinear, but also that
they might act like linear operators on special convex combinations, namely those
for which the remainder vanishes. This is precisely what we need to solve our prob-
lem.

Proposition4  Let v be a positive measure, a« € L and ac(t) the coefficient functions
of (13). Then, for any fixed t > 0, we have

R (Y a60Re() = 3" ag(t)Raugay ).

GCL GCL
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Before we prove this result, we formulate a special property of the coefficient func-
tions first. Observe that, for fixed t > 0, g, := exp(—p,t) is a number between 0
and 1. It can be interpreted as a probability (namely that link o has not been hit until
time t). With this, the coefficients read

(15) ab= ] 4 [J0—a9) >0

a€EL—-G peG

where we have suppressed the (fixed) time, but added the set of links, L, as an upper
index. We can now formulate a crucial factorization property.

Lemma2 Let L = L, UL, be a partition of L, and set G; = G N L; for an arbitrary
G C L. Then, the coefficients of (15) satisfy ak = aLG‘I -aézz. Furthermore, forany L' C L,

we have
L/
E ag = 1.

HCL’

Proof Since L; N L, = @, the first statement is a direct consequence of the product
form of a% in Equation (15). The normalization property can be verified from the
probabilistic interpretation mentioned above. If 1 — g, (resp. g, ) is the probability
that link « has (resp. has not) been hit, al; is the probability that, of the links in L’,
precisely H is spared. Consequently, >, ak; is the sum over the probabilities of
all possible events, hence equal to 1. Alternatively, this identity can be derived from a
simple Mobius inversion argument, as we show below in Fact 5. |

Proof of Proposition4 Since the recombinators are positive homogeneous of degree

one, it suffices to prove the statement for v a probability measure. Let o € L be fixed.
Setw = EGCL aéRg(l/). Since v € P(X) implies w € P(X), we obtain

Ra(@) = Ro (D atRo(v))

GCL
= <7T<a. (szaéRG(u))> ® <7r>a . <Hcha%IRH(V))>
= Z aLGaZ ( (7T<a .Rg(y)) ® (7r>a .RH(Z/)))
G,HCL

where we have used the linearity of the mappings 7, and 7.

Let us define L, = %, %, ,aand Ly = L —Lj,sothat L = LiULy isa
partition of L. Also,let G; = GNL;and H; = HN L;, for G,H C L. Lemma 1 then
tells us that

(7r<a . RG(V)) & (7T>a . RH(V)) <o+ RGl (V)) ® (7r>a . RHZ(V))

(
(7r<a . RGlqu(V)) & (7T>oz . RGIUHZ(V))
R.(Rg,um,(v)) .
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Inserting this into the previous equation and invoking Lemma 2 repeatedly gives

Ro(w) = Y agapRa(Reum(v))
GHCL

Z Z Z Z alalalgzaglaifzzRa(RGlqu(V))

G CL, G,CL, HiCL H,CL,

> > agagRa(Reum, ()

G CL, H,CL,

> agRa (Re(v)),

KCL

which proves our assertion. u

Remark Proposition 4 admits the following interpretation. Let v be a positive mea-
sure, with ||[v| = m > 0. Then, the 2/*/ measures Rg(v) with G C L form the
vertices of a || - ||-closed simplex in M(X). On some of their convex combinations
(in particular along solutions, as we will see shortly), the elementary recombinators
R, act linearly. It is this simplex, foliated into solution curves, to which the entire
time evolution is constrained, with v as the initial condition.

The positive measure in Proposition 4 was arbitrary. This means that, when re-
stricting the action of the R,’s to M. (X), we can formulate the rule on the level of
operators. Observe that Ra(RK(l/)) = Rxufa} (V) = Rg(v') where v’ = R,(v). By
a simple induction argument, we thus arrive at

Corollary 2 Let a(t) be the coefficient function of (13), and let t > 0 be fixed. On
M (X), the recombinators satisfy the equation

Ry ( Z ﬂc(t)RG) = Z ac(t)Reun

GCL GCL
for arbitrary H C L. ]

We now assume that the initial condition, wy, is a positive measure and make the
following ansatz for the solution of (11):

(16) we =Y _ ac(t)Rg(wo)

GCL

with the coefficient functions ag(t) of (13). Note that they do not depend on wy. The
initial values are a5 (0) = 1 and ag(0) = 0 for all @ # G C L. By Corollary 1, each
Ri(wp) is a positive measure with the same norm as wy. This implies that, as long as
ag(t) > 0fort > 0, the ansatz for w; must form a convex linear combination of pos-
itive measures of equal norm if it is a solution of (7). This follows from Equation (15)
together with Lemma 2, or from Fact 5 below.
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The time derivative of w; of (16) is W; = ZGCL ac(t)Rg(wp). On the other hand,

Proposition 4 means that the R,, act linearly on the convex combination (16), and we
obtain

Dpec(wr) = Y 0a(Ra — D(w1)

a€cl
= 00 Y ac(t)(Reuia} (@) — Ra(wo))
a€L GCL
=Y 0| D aa@®ORew) = - ac(tRa(wo)]
a€l a€GCL agGCL
=3[ a0 = Y 0560 Rolw),
GCL a€G BEG

where we use the notation G in the third step to indicate the summation variable. It is
now a straight-forward calculation to check that the coefficients ag(t) of (13) indeed
satisfy the equations

ac(t) = 0ale\a} (1) — Y 0pac(t)

acG BeG

and that they constitute a convex combination in (16). Consequently, our ansatz
solves the IPL equation (11), and, by Proposition 3, this is the unique solution we are
after. We have thus established the following main result.

Theorem 2  The ansatz (16) solves the IPL equation (11) with an initial condition
woy € Mo (X) if and only if the coefficient functions are given by (13), i.e., by

a(t) = exp( =3 eat) - [T (1 - expl—es1)

acG BeG

forall G C L ]

Remark To interpret the coefficient ag(t), let us consider a single individual. Since
exp(—pqt) is the probability that link o has experienced no crossover event until
time ¢ (recall that we have assumed a Poisson process of rate g, at link «), ag(t)
may be interpreted as the probability that the set of all links that have, up to time t,
experienced at least one crossover event, is precisely G.

Note that the above result relies on the assumption of single, independent cross-
over events, which is described by recombinators that commute. In more general
models, with multiple, dependent events, the algebraic structure is rather involved.
This makes solutions much more cumbersome, or considerably less explicit in nature
(for review, see [36, Chapter 6]).
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Let us come back to the meaning of Equation (16) in combination with Theo-
rem 2. If ¢, denotes the flow of the IPL equation (11), we obtain, for all ¢ > 0, the
identity

(17) ¢ =Y ac(t)Re

GCL

which is valid on the cone M, (X). As usual, ¢y = 1 and @; 0 p; = @, for all
t,s > 0. This implies the identity

ag(t+s)= > an(t)ax(s),

H,KCL
HUK=G

which can be verified by direct computation. More interestingly, we also have

Fact4 On M, (X), the forward flow of (11) commutes with the recombinators, i.e.,
Rgop, = ¢, 0Rg, forallt > 0and G C L.

Proof Letv € M, (X) and fix G C L. Then

Ro(9) = Ro( D an(®Ru()) = > an(®Reun(®)

HCL HCL
=Y au(t)Ru(Ra(v)) = @1 (Re(v))
HCL
by an application of Corollary 2. ]

Once the solution is known, the remaining task is to identify linear combinations
of the Ry (w) that decouple from each other and decay exponentially. To this end, we
employ combinatorial techniques to regroup the terms of the solution according to
their exponential damping factors. Let us first expand the expression for ag(t),

a6 = 3 (=0 exp( =3 out).
KCG a€K
This suggests to define new functions b (t) via
(18) () = exp( = Y oat)
a€K

with the usual convention that the empty sum is 0. In particular, we have by (t) =
ag(t) = exp(— D,y 0at) and bx(0) = 1 for all K C L. Now, the Mébius inversion
of (2) and (3), used backwards, gives us the relation

bi(t) = ag(t).

GCK



Recombination 21

One immediate consequence is

(19) > ac(t) = bi(t) = 1.

GCL

So, together with the observation that the functions as(¢) of Theorem 2 are always
non-negative, we have independently confirmed

Fact5 Ifw, € M,(X), the coefficient functions ag(t) of Theorem 2 constitute a
convex linear combination of positive measures in Equation (16). ]

The significance of the new functions becomes clear by realizing that there is an
analogue on the level of operators. To this end, we rewrite the composite recombina-
tors in terms of new operators via Ry = » .- ;; T¢ and obtain, by an obvious variant
of Mébius inversion,

(20) Tg = Z(—l)‘H—G‘RH.

HDOG

A straight-forward calculation then reveals that

(21) w =Y _ act)Re(wo) = Y _ b (t) T (wp).

GCL KCL

Note that, as a consequence of Equations (10), (12) and (20), the operators T are
positive homogeneous of degree one, i.e.,

(22) Tolawv) = |of - Te(v).

Let us now introduce new measures vg(t) := bg(t) Tg(wy), which are elements of
M(X), but no longer positive in general.

Proposition 5  The signed measures v(t) solve the Cauchy problem

v6() = — (3 0a) vo(0)
a€eG

with initial condition v5(0) = Tg(wo), for all G C L.

Proof The result is a direct consequence of the fact that the coefficient functions
bg(t) solve the ordinary initial value problems

bo(t) = —( D ea) be®)

a€G

with initial conditions bg(0) = 1, see above. [ |
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So, the transformation (20) resulted in regrouping the terms of the solution to the
IPL Equation (11) according to their exponential decay factors in time. In particular,

n

vi(t) = Tr(wo) = Rp(wp) = ®(7Ti - wp)

i=0

is the unique limit measure of the process starting from wy. Due to the action of
Ry, it is a complete product measure and reflects total independence, and we obtain
wr = Rp(wy) ast — oo in the || - ||-topology. This is so because

o = @ = || D b Tewo)|| < 3 eI Tewo)

KCGL KCL

where all remaining coefficient functions bk (¢), i.e., those with K C L, decay expo-
nentially (recall that g, > O forall & € L).

3.3 Linkage Disequilibria

Starting from the measures v(t), we will now identify a minimal, complete set of
variables by evaluating certain k-point cylinder functions (called k-point functions
from now on) or correlation functions known as linkage disequilibria in genetics.
They are important for data analysis because they allow to evaluate associations be-
tween sites up to a given order from measured type frequencies, and average over
all others by marginalization. This way, a certain amount of stochasticity, which is
present in all real (finite) populations, is smoothed out.

Various different definitions of linkage disequilibria are available in the literature
(see [11, p. 183—186] for an overview). But only special choices decouple (see [16,
17]), and these are the linkage disequilibria we are after. In view of the applications,
we will now restrict ourselves to the case that X is a finite set, although the results hold,
with only minor modifications, also more generally. Equation (21) and Proposition
5 suggest to employ the signed measures T¢(wy). The corresponding functions bg(t)
will then describe their evolution in time.

Let (j1, ..., jk)» with j; < -+ < ji, symbolically denote a cylinder set in X = Xy
which is specified at sites j;, for 1 < i < k. More specifically, these are sets of the
product form

(Grsees i) = Xqo,ji—1y X {x < [T < {xj, X Xgjrn,om}

where [ - - ] contains factors {x; } or X; depending on whether i appearsin (ji, ..., jx)
or not. For v € P(X) and arbitrary a € L, we then have

RaW)((j1s- -5 ji) = ((Tea - 1) @ (o0 - 0)) ({1s -5 1))

_ v({jiy-- -5 Ji) ifa < jjora> j
V(oo DV (s oo i) i e < @< o

For later convenience, we also define (&) = X so that R, (v)((&)) = 1.
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Lemma3 Ifv € P(X), wehave Tg(v)({j1,- .., jk)) = 0 whenever the set G contains
an element that is less than j, or larger than ji.

Proof LetI = {3 | j1 < 8 < ji}. Assume thereisan o € GUI. Then

Te@)({(ji,- -, ji)) = Y _ (=D Ry@)((j1, ..., jix)

HDG

=Y DRy W) (s - i)
HDG

= D (=G (=)l EAD=) Ry () (s - k)
agHDG

where the previous calculation was used in the second step, and summation is over
H. Clearly, the last expression vanishes. ]

Let us now define the time-dependent k-point functions as

(23) FOG1, -y i) = To(w)({(r, - -, i)

for arbitrary G C L, where the notation is again symbolic in that we only specify the
positions j;, but not the corresponding values. To relate this to Equation (21), we
show

Proposition 6 If wy € M. (X), we have Tg(w;) = bs(t)Te(wy), for all G C L and
t>0.

Proof Since bg(0) = 1, equality holds for t = 0, and the claim follows if we show that
To(wy) and bg (1) To(wy) satisfy the same differential equation. With w; = ¢, (wy),
compare (17), we obtain

d d
2 Tow) = = 3 (=R (u(w0)

HDG

d
=D (=0 (Ru(wy)  (by Fact4)

HDG
= 3 (DD (i (Rur(wr)) ) (by Equation (11))
HDG
=Y (=D " 0 (Ruuay — Ru)(w)  (by Fact 4)
HDG a€G

= (3 o) Tetw).

acG
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The last step is correct because
3 o0 3 - DF0IR, 0 = 0
acG HDOG
by an argument analogous to the one used in the last step of the proof of Lemma 3.

Now, a comparison with Proposition 5 establishes the claim. ]

Even after Lemma 3, there are still too many functions around. It is thus reason-
able to select an independent set from them. To see how to do this, assume that we
have an index o« € GNIL with I = {B | j1 < B < ji} for a cylinder set of type
(j1,- -, jx) as above. Let H be a subset of L that contains G, so a € H in particular,
and v € P(X). Then Ry(v) = R, (vy) with vy = Ry (o} (v). The little calculation
before Lemma 3 now tells us that

Ru()((j1,- s k) = Ra(we)((j1,- -, ji)
= [VH(<j17 L) ]S>)] : [VH(<js+1; RS ]k>)]
= [Ra(r)((j1, -+ s Js)D] - [Ra W) ({(Jssrs - - -5 Ji))]

= [Ru@)({j1, -, iN] - [Ru@)({fss1, - - -, ji))]

where j; < a < jgu1. Consequently, defining the sets I; = {8 | j1 < 8 < js} and
L ={B] jsr1 < B < ji}> and referring back to (20), we also get

TG(”)((jh sy ]k>)
= > DR (Giry - BDT R (st -5 )]

HDG
=Y DN T ) (s -5 JD] [T ) st - - )]
HDG K\DH
K;DH
=) DN [T (s -5 JDT [T ) (st - -5 k)]
HoG K\ D(HUIL)
K>,D(HUL)

where Lemma 3 was used in the last step to remove terms that vanish. This equation
means that To(v)({j1, ..., jk)), whenever an & € G N I exists, either vanishes (if
Lemma 3 applies) or is a polynomial expression in ¢-point functions with ¢ < k.

In the above calculation, v is an arbitrary probability measure, wherefore the
equations apply to wy, for an arbitrary t > 0. Whenever G NI # &, the time-
dependent k-point functions are polynomially dependent of ¢-point functions with
¢ < k. Consequently, they do not contain new information. So far, we have:

Proposition7  The k-point function F(Cf)(jl, ces gk = Telw)({(J1y-- -y jk)) can
only be non-vanishing and (polynomially) independent from £-point functions with
C<kifG=T={B<ji}U{B > ji}. u
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We choose this collection of k-point functions as our linkage equilibria.

Let us finally observe that the summation of a k-point function over all possible
values x; of one of the specified X; (i.e., marginalization) reduces it to a (k — 1)-
point function, so we have one extra (linear) relation. This means that only M; — 1
possible values can be prescribed independently at site i. On the other hand, given
(j1,-- -, jk), there is only one way to choose G due to Proposition 7, and then there
are (Mj, —1)-...- (M, — 1) different and independent choices to specify the actual
values at the sites. Summing up all these possibilities results in

n

oI —n=[[(+o6-1) =] M= x].
i=0

DCNieD i=0

This means that we have singled out the right number of functions. In view of Propo-
sition 7, for t arbitrary but fixed, they completely determine the value of the signed
measures Tg(w;) on all cylinder sets. These, in turn, are closed under finite intersec-
tions and generate the full o-algebra of the (finite) space X, so all measures Tg(wr),
and hence also wy, are uniquely specified, and we have achieved our goal. An ex-
plicit example has been worked out in Section 4 of [6], where the k-point functions
Fg) (j1, .-, jx) appear as the components of the vector z of linkage disequilibria, up
to a change of basis in the local site spaces.

If X is not a finite set, one has to use a generating family of Borel cylinder sets
instead of just singleton sets, and invoke Fact 1. Although there is no simple counting
argument, the general structure is still similar.

At this point, one could still argue that k-point functions w.r.t. the selection of
sites, as our Fg)(jl, .-+, jx), should be replaced by proper k-point correlation func-
tions because these separate off all contributions of functions of lower order, i.e., of
¢-point functions with ¢ < k. This is just another application of the M¢bius in-
version principle, but one where all partitions (rather than only ordered ones) are
needed. We provide the corresponding formulas in the Appendix. If one performs
the necessary calculations, one quickly realizes that our previous inclusion-exclusion
process w.r.t. ordered partitions of the links has far reaching consequences: most of
the potential correction terms simply vanish, as a result of Lemma 3. In particular,

we obtain

Theorem3 Let S = {ji,..., jk} be a set of site indices, in increasing order and
without gaps, and let G = {a < j1} U {a > ji}. Then, the k-point function
F(Gt)(jl, coos i) = To(w)({Gu,s- -, jk)) coincides with the corresponding k-point cor-

relation function as given in Equation (43) of the Appendix.
These functions, for all possible choices of the set S, form a polynomially independent
set of linkage disequilibria.

Proof We apply Lemma 3 with v = w,. Due to the assumption on S versus G, the
right-hand side of Equation (43) boils down to the one term we already have, because
all other terms vanish. Propositions 7 and 6 ensure the polynomial independence of
these objects, which are our linkage disequilibria. ]
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This result does not extend to all k-point functions. If, for a given k-point func-
tion, a non-vanishing correction term occurs in the corresponding correlation func-
tion, this will, in general, not decay with the same exponential rate as the original
k-point function. So, grouping according to decay rates and according to correlation
structures simultaneously is not possible in general. It is a rather remarkable fact that
the set of linkage disequilibria is a set of exceptions, and one (as we demonstrated
above for the case of discrete state spaces) that completely determines the probability
measure.

4 Mutation and Recombination

In this section, we will just combine the results of the previous two sections. This is
possible because, as we will see, mutation and recombination are independent in our
approach, i.e., the corresponding operators in the IPL equation commute. This is to
be expected given the fact that mutation acts on the sites while recombination works
via the links. However, to be able to formulate this in a more general situation than X
finite or discrete, we now restrict ourselves to the Banach space M® = ), en M(X3)
which, as explained earlier, is meant as the completion of the algebraic tensor prod-
uct. In general, it is a (true) Banach subspace of M(X). Our IPL equation now reads

(24) o= (Yo mQ+Y R = 1) )

iEN a€l

where we have taken the liberty to introduce mutation rates ;, all of which are as-
sumed to be strictly positive. The idea behind this is to use some standardized version
for the mutation operators Q; of (5) so that the y; serve as relative coefficients, in line
with the usual practice in the biological literature. The linear operators Q; are sup-
posed to be bounded, hence continuous, and thus possess a unique extension to M®,
compare [45, Theorems I1.1.2 and II.1.5]. To show consistency, we observe

Lemma4  The Banach space M® is invariant under R,, for all o« € L, and hence
positive invariant under the flow of (24).

Proof It is clear that R, maps a finite linear combination of product measures onto
another linear combination of this kind, compare the proof of Proposition 4. Since
such linear combinations are dense in M® and R,, is Lipschitz on M(X), it maps the
closed subspace M® of M(X) into itself. The statement on positive invariance is a
direct consequence of [4, Theorem 16.5 and Remark 16.6]. [ |

Let P® be the subspace of probability measures in M®. Referring back to Propo-
sitions 1 and 3 and to Theorem 1, the following result is immediate.

Proposition 8  The abstract Cauchy problem of the IPL equation (24), with initial
condition wy € M®, has a unique solution. The cone MY is positive invariant, and the
norm of a positive measure is preserved in forward time. In particular, the convex set P®
is positive invariant. ]
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To continue, let us now call a positive linear operator W on M® strictly positive if
w € MP with w > 0 implies Ww > 0. The key observation is now

Lemma5 Let W be a strictly positive bounded linear operator on M® which has a
complete tensor product structure, e, W = wy @ - -+ @ w,. On M2, the elementary
recombinator R, then commutes with W, i.e., WR, = R,W. In particular, this is true
if W = exp(tQ;) is an element of a Markov semigroup, as in Section 2, for any t > 0,
i€ Nanda € L.

Proof Let us first consider the case that W preserves the norm of a positive measure
v,ie., |Wv| = ||v||. Thisis also true of R,, « € L. Since W is linear and R,, positive
homogeneous of degree 1, it is sufficient to prove the claim on P®.So,letv € PR. W
has a complete tensor product structure, so W = W_, ® W, in particular. Observe
firstthat W_omey = megoW and W, 0oy = m-q 0 W. These relations certainly
hold when applied to a product measure v = v, ® V4, but, due to linearity of all
mappings involved here, also on arbitrary (finite) linear combinations of measures of
this kind. The latter are dense in M®, so that continuity of the mappings establishes
the relations, compare [45, Theorem I1.1.5].
As a consequence, we obtain

W(('/T<a . V) & (7T>oz . V)) = (7r<a . (WV)) ® (7T>oz . (WV)) )

which proves the assertion for the case that W preserves the norm of v.
Let us now consider the general case. The proof so far only required that W pre-
served the norm of the single v under consideration. We employ again positive ho-

mogeneity of R,. If v > 0, we have Wv > 0 by assumption, so that a := Hl‘w” >0

is well defined. So we obtain ||v|| = [|aWv|| and
1
WRa(v) = —(aW)Ra(v)
a
1
= —R,(aWv) (by above argument)
a
= R,(Wv) (by Equation (10))
which proves the first assertion.
The second claim is obvious because elements of a Markov semigroup are strictly

positive and because the generators Q;, compare Equation (5), have the required
product structure. ]

We can now put together our previous efforts. The obvious form of the solution
of (24) is now

(25) w, = exp(tQ) > ac(t)Rg(wo)

GCL
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with Q = Z:’:o 1 Q; and the coefficient functions ag(t) of Theorem 2. The verifi-
cation that this indeed solves the IPL equation is a simple application of the product
rule. Let v, := ZGCL ag(t)Rg(wy), so that wy = exp(tQ)v;. Then we have

Wy = Quy + exp(tQ) i

= Qu; +exp(tQ) > a(Ra — 1)(14)  (by Theorem 2)

a€l
= Qu; + (Z 00 Ry — 1)) (exp(tQ)u,) (by Lemma 5)
a€l
= (X mQ+ Y ealRa = 1) (@0,
iEN a€Ll

So, together with Proposition 8, we have established:

Theorem 4  The unique solution of the IPL equation (24), with an initial condition
wy € M2, is given by w, of (25), with the coefficient functions a(t) of Theorem 2. R

Let us take a closer look at the asymptotic behaviour. Since ag(t) decreases, as
t — 00, exponentially to 0 unless G = L, we obtain

wy ~ exp(tQ)(ar(t)Re(wo)) ~ exp(tQ) (R)(; . wo)

i=0

= Q) (exp(tq:)(m; . wo))

i=0

where all neglected terms are of lower order in that they vanish exponentially (recall
that exp(tQ) and exp(tq;) are Markov). This shows that the stationary measure, for
any initial measure wy, is again a complete product measure®. Whether or not there
is a unique global equilibrium measure then depends on the properties of the local
mutation operators g;. In the case that X is finite, uniqueness follows if all these
generators are irreducible.

What remains to be done is to extend the M6bius trick and to evaluate the linkage
disequilibria also for this case. Due to Lemma 5, we can equivalently write w, of (25)
as

(26) we =Y ac(t)Rc(exp(tQ)uwp) .

GCL

At any fixed instant of time, exp(tQ)wy is a positive measure, and we can employ
Equation (21) to obtain

(27) we =Y bi(t)Tie(exp(tQ)uwo)

KCL

3Convergence to product measures is also known from various interacting particle systems [8].
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with the functions bg (t) introduced in (18).

If we now assume again that X is finite, we can use the k-point cylinder functions
as before to select a finite set of linkage disequilibria that completely determine the
solution w;. They are the functions

(28) FtG(]la 7]k):TG(wt)(<]l77]k>)

for G C L and selected cylinder sets (j1, . . ., jx) exactly as before.

Since mutation and recombination are independent of each other and the time
evolutions commute, we can separate the time decay due to the two processes. The
effect is as follows. Recombination is sensitive to sites selected in the cylinder sets,
but not to the actual values prescribed there. Mutation, in turn, has a tensor product
structure with respect to the sites (which expresses the independence of individual
events).

If exp(rQ) is Markov (so that Lemma 5 applies), it is easy to derive (in analogy
with the proof of Proposition 6) that

(29) 9o = (@Y 0u) Totwn),

a€G

This shows how the recombination rates and the eigenvalues of Q together determine
the fine structure of exponential decay. Note that diagonalizing Q (if at all possible)
now corresponds to taking appropriate linear combinations of Tg(w;)({(j1,- - ., jk))
for fixed G and ji, ..., ji but different values prescribed at the sites. For finite X,
this has been worked out in [6], along with explicit examples.

5 Selection

Let us first look at selection in a slightly more general way, i.e., via an IPL equation
on M(X) without explicit reference to its tensor product structure. Let P: M(X) —
M(X) be a bounded linear operator which generates a positive semigroup. According
to [5, Theorem 1.11], the latter is true if and only if P satisfies our assumption (A2),
the positive minimum principle. Consider now the ODE

_ Pw(X)

w
[l

where @ (0) = 0 is the proper extension of ®(w) to w = 0. This is motivated
by the standard selection model (¢f. [27]), where, in properly coordinatized form
as indicated in Section 1, P is a diagonal matrix which keeps track of the ‘fitness’
of the various states, and Pﬂﬁ? is the ‘mean fitness’ of the population. This model
also arises in the infinite population limit of the well-known Moran model, see [33]
or [22, Chapter 3]. Here, in a population of m individuals with finite state space X
as described in Section 3, every individual of type x reproduces at rate r,, and the
offspring replaces a randomly chosen individual in the population (possibly its own
parent). Therefore, a transition from population state z to z + u, — 1, occurs at rate

(30) W= Py (w) := Pw
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rv2xz, /m. Along the lines of Section 3, the limit m — oo yields a special case of the
differential equation (30), where P is the diagonal matrix with elements r,.

The more general form used here does not only cover more general X, but also
interaction between mutation and reproduction (as opposed to the independent pro-
cesses considered so far), e.g., the production of mutated offspring on the occasion
of reproduction. In any case, the subtraction of the second term on the right hand
side of (30) comes from the preservation of total mass, or, in more technical terms, is
designed so that ® satisfies assumptions (A2) and (A3) from Section 2.

So far, our selection equation seems to imply that selection acts on haploids (i.e.,
individuals with only one copy of the genetic information per cell). If, however,
individuals have two copies that are equivalent and do not interact (the diploid case
without dominance), Equation (30) is replaced by

. Mw®Pw+Pwew) (Mw®Pw+Pwew))(X)
o] lw][? ’

(31)

where M(u ® v) := v(X) - pu denotes marginalization with respect to the second
factor. In this formulation, the mean fitness is

1 X)Pw(X
L (M(w® Pu+ Po @ w) () = 22X
[l [l
For positive w, the right-hand side of (31) becomes
Lﬂ(x)w + Pw — ZL‘)(X)L‘) = Pw — Piw(x)w,
[[wl] f[w]] f[w]]

that is, the diploid equation reduces to the haploid one in this case, in the sense that
the flow is the same on M, (X).
Let us now take a closer look at the differential equation (30).

Fact6 The mapping O : M(X) — M(X) is (globally) Lipschitz.

Proof Consider w,w’ € M(X). If one of them is the zero measure, w’ say, we get

Puw(X)
() ~ 20 = [ 2] < [2w] + 52 ol
< 2[|Pw]| < 2|[P||||w]]
where [|P|| := sup <, [[Pw]| < oo because P is a bounded operator by assumption,

and clearly |Pw(X)| < |Pw|(X) = ||Pw]|.
Now let w, w’ both be non-zero. Then

Pu'(X) , Pw(X)

1@t (@) = et (@] < [|Pll]|w — ]| + W' —
- - [l ]

w
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Observe that 22X — p(.«. ol )(X). The second term on the right hand side of the

el
above equation is then clearly majorized by ||P||||w’ — w|| + ¢||w|| where

e=[p() co-r(52p) 0] = (55 - ) )

1P| '
<[P < lwllw” = flw’|lw
H (IIw’I IIwII>H ]| flw ’IIH I

Next, observe that

[ wllw” = llo'll || < llo’ll Hlwll = llo’ll] + o]l llo" = w]l < 2]w’[} lw - w]
so that we finally get
1@t (@) = Dot ()| < 4|P[| [l = w]].

Together with the previous calculation, we see that @ is globally Lipschitz, with
Lipschitz constant < 4| P||. [ |

So, we know that the IPL equation (30) defines a unique flow. As before, we
have to check what happens with M., (X) under the semiflow in forward time. Since
wo = 0 trivially implies w; = 0 for all t > 0, we exclude this case from now on.
Note that wy # 0 results in [jw|| > 0 for all t > 0, due to uniqueness. Now let
w € M, (X) be a positive measure and E a Borel set such that w(E) = 0. This implies
D (W)(E) = (Pw)(E) > 0 because P itself satisfies the positive minimum principle
(A2) by assumption. Also, for any w € M, (X), we have

Pw(X)
o1 (w)(X) = Pw(X) — WW(X) =0
because w(X) = ||w|| for positive measures. Together with Fact 6, we see that as-

sumptions (A1)—(A3) are satisfied, and we can invoke Theorem 1.

Proposition 9 Assume that the linear operator P is bounded and satisfies (A2). Then
the abstract Cauchy problem of the IPL equation (30) with initial condition wo has a
unique solution. The cone of positive measures is positive invariant under the flow, and
the norm of positive measures is preserved. In particular, P(X) is positive invariant. R

Remark We would like to mention that the assumption of bounded P is somewhat

restricted. For non-compact X, many interesting selection models lead to unbounded

P. For mutation and selection alone, the more general situation has been investigated

in [20] and, more recently, in [12], in the framework of analytic semigroups, compare

[19, Chapter I1.4.a]. Our emphasis here is on the basic structure that emerges from

the interaction with recombination; this will also carry over to more general cases.
Before we proceed, let us make the following observation.
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Fact7 Ifthe linear operator P is bounded and satisfies the positive minimum prin-
ciple, the same is true of P’ = P + c1 for arbitrary ¢ € R. Furthermore, the flow of
the IPL equation (30) on M, (X) remains unchanged if P is replaced by P’.

Proof If v is a positive measure and E a Borel set with v(E) = 0, then P'v(E) =
Pu(E) + cv(E) = Pv(E) > 0 because P satisfies (A2) by assumption. Since P’ is still
bounded, the IPL Equation (30) with P’ in place of P conforms to Proposition 9. If
w € M, (X), we obtain

!
po P w(X)w P+ cw — Pw(X)w _ cw(X)w _ Pu— Pw(X)w
[l [[wl] [[wl] [[wl]
from which the claim follows. |

Once again, although the ODE (30) is nonlinear, it can be solved in closed terms.
This time, we employ Thompson’s trick [44] through the substitution

(32) ne = V(t)wy
where w; is a solution of (30). One then obtains

Pwt(X)
[l |

iy = (19(t) —9(¢) ) w; + P,

and a significant simplification is reached if the term in brackets vanishes because the
remaining ODE is then linear. This is achieved by the choice

B " Pw;(X) B 1
(33) 19(t)—€xp</0 TWTH dT) —exp<”w0” /0 PwT(X)dT>

where the second step follows from Proposition 9. Clearly, ¥(t) is well defined (when-
ever wy # 0, which is all we need), and we have reduced the Cauchy problem of (30)
to that of the simple linear evolution equation

(34) n) = Pn.

This ODE defines a uniformly continuous positive semigroup (since P was assumed
to be bounded and to satisfy (A2), the positive minimum principle). The solution of
(34) will no longer have fixed norm, but one can always get back to w; via

_ lmoll
Wy = M-
72l

Note that 79 = wp and ||w;|| = ||70]|-
Let us next consider the function

Puw(X)

(35) L(t) = -
ot
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which is defined on any orbit of the flow of (30). L(t) is of particular interest on
orbits of positive measures, where it admits the interpretation as mean (or averaged)
fitness. Here, we know ||w;|| = ||wo|| by Proposition 9, so that we obtain

d .
L) = 4 (Pw(X)) _PoX) 1 P(P o Pwt(X)Wt> *x)
(= [lwrll e [loor |

2
_pz(i) (X) — p<i> (X)
e | [

which has the form of a variance. So we can state

Proposition 10 If, under the assumptions of Proposition 9, P satisfies the condition
(Pw(X))2 < P2w(X) on P(X), the function L(t) of (35) is a Lyapunov function for the
flow of (30) on the positive cone M. (X).

Proof From the above calculation, it is clear that L(t) > 0 on all orbits in M, (X) if

P satisfies the inequality (Pw(X))2 < P’w(X) on P(X), so L cannot decrease along
such an orbit. [ |

Remark Our definition of a Lyapunov function on M, (X) is global and (up to a
sign) that of [4, Chapter 18]. Note that the stricter version of [26], where L(t) = 0
would correspond to a unique equilibrium on M (X), is not so useful here because
the asymptotic state (as t — o0) of the selection equation depends on the initial
condition, i.e., there is no unique equilibrium in general. However, one might profit
from the use of local Lyapunov functions, compare [26, Theorem 1.0.2(iii)], but we
do not expand on this here.
The condition on P can be reformulated by noting that

Pw(X) — (Pw(X))* = (P — c1)’w(X)

with ¢ = Pw(X). A sufficient condition for Proposition 10 to hold is then that
(P—c1)?* is a positive operator for all (or sufficiently many) ¢ € R. A particularly well
studied case of this is when X is finite and P is a diagonal matrix in the canonical basis
consisting of the extremal measures of P(X). In this case, Proposition 10 is known
as Fisher’s fundamental theorem, see [27] for details. In the more general case, Lya-
punov functions may be considered even more important since they determine the
‘direction’ of the evolution process in a situation where little information is available
otherwise, since the solution given by Equation (36) is not very explicit then.

The results of this section can also be formulated for the (sub-)space M® of M(X),
if it is invariant under the action of P. In view of the product structure of X, let us now
assume that we have P = " | P;, with bounded P; that are locally represented by
pi (as with g; versus Q; before). Clearly, P maps M® into itself. We call this situation
additivity across sites, in complete analogy to our previous discussion of mutation.
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We can then rewrite our solution as
(36) n: = exp(tP)m = (@ eXP(tPi)> -
i=0

With some further restrictions on the linear operator P, an analogue of Proposi-
tion 10 remains true even in the presence of recombination. This rests on the appli-
cability of Lemma 5. We thus consider the IPL equation

Pw(X)

(37) w = Pw (
[[wl]

W+ 0a(Ry — D(w) = By (w) + Drec (w)

a€l

whose Cauchy problem has all the nice properties we need, see Proposition 11 below
in the special case Q = 0. We now assume:

1. P has complete product structure as a generator, i.e., P = Z:’:O P; with P; =
1®---Q1Qpi®1I®---® L

2. Each P; is itself a bounded, strictly positive operator.

If w is a solution of (37), we again define L(¢) as in (35) and obtain, by Lemma 5,

Puw;(X)
||°-’tH

L(t) = 1P<Pw, —

[l

wr t Z 0a(Ry — 1)(wt)> (X)

a€l
2
— | p2 “ xX)— | P W (X)
el [l

The last term vanishes due to our general assumptions because P;w; > 0 and then
Do (Piwr)(X) = 0 due to (A3). So, we are back to the condition already encountered
above. To summarize:

Z?:() @ (Piw;)(X)

+
[Jooe |

Theorem5 LetP = .  P; satisfy the assumptions of Proposition 9, and let each P;
be a bounded, strictly positive operator with complete product structure. If P also satisfies

the condition (Pw(X))2 < P2w(X) on P2, the function L(t) of (35) is a Lyapunov
function for the flow of (37) on the positive cone M. ]

In the absence of recombination, there are other Lyapunov functions known for
certain combinations of selection with mutation. They rely on the spectral theorem
applied to P + Q, see [28]. In selection-recombination equations where P violates
the product structure, the mean fitness L(¢) need no longer be a Lyapunov function.
Moreover, the possibility of periodic solutions [3] demonstrates that, in more general
(diploid) models (e.g., with dominance), no meaningful Lyapunov function is to be
expected.
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6 All Three

In this last step, we combine all three processes, with the general assumptions as
before. In view of the inherent product structure, we only consider the dynamics on
the Banach space M®. The IPL equation now reads

(38) w= (I)mut(w) + q)rec(w) + (ﬁsel(w)

Pw(X
= (Q+P)w - Tui)w + Z Qa(Ra - 1)(w)
a€l

and we immediately get the following result, again from Theorem 1, and Lemma 4.

Proposition 11 Let Q be a bounded Markov generator and P a bounded generator of
a positive semigroup, both of product form. Let R, be the recombinators of Equation (9).
Then, the abstract Cauchy problem of the IPL equation (38) has a unique solution. The
cone M& is positive invariant and the norm of positive measures is preserved under the
forward flow. ]

Remark Since Q is a Markov generator, we know from Section 2 that Qw(X) = 0
for all w € M, and we could also start from an IPL equation where Q is absorbed
into P—it would give the same flow on M. We retain the separation into mutation
and selection because, in more general situations, it is often adequate from both the
biological and the mathematical point of view (for example, the mutation operator is
usually bounded, but the selection operator may be unbounded); for review, see [11,
Chapter IV]. We will also combine Q and P, but only after Thompson’s linearization
transformation.

Let w;, t > 0, be the solution for initial condition wy. Define 7, as above in (32),
with 9(¢) of (33). Then, w; is a solution of (38) if and only if 7, solves the reduced
IPL equation

(39) n= 577 + (I)rec(n)

where S = Q + P is the bounded generator of a uniformly continuous semigroup
of positive operators. Note that the right hand side of (39) still satisfies assumptions
(Al) and (A2), but no longer (A3). So, the corresponding Cauchy problem still has a
unique solution, with MY being positive invariant, but the norm of positive measures
need no longer be preserved under the flow in forward time—and this is precisely the
point of this exercise!

From now on, we generally assume that both mutation and selection are adapted
to the special product form of our state space X, s0 S = Y -, S; (with corresponding
local operator s;). Hence, exp(tS) is again a tensor product of local operators.

Lemma6 IfS = Y." S, is the bounded generator of a uniformly continuous semi-
group of positive operators, then we have exp(tS)R, = R, exp(tS) on MY, for allt > 0
and o € L.
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Proof Fixt > 0 and set W = exp(tS). This is a positive operator by assumption.
Also, since S is bounded, v > 0 implies exp(tS)v > 0 and W is strictly positive. The
result then follows from Lemma 5. ]

This result means that we can use all our above methods again and construct im-
mediately the solution of (39). At this point, we particularly profit from our approach
in that we can still solve the case with (additive) selection. In the context of Haldane
linearization, any form of selection has, so far, appeared as a major obstacle, due to
the fact that the flow induced by P fails to preserve the norm of positive measures
[40].

Theorem 6 IfS = Y." | S; satisfies the assumptions of Lemma 6, the solution of the
reduced IPL equation (39), with initial condition ny € MY, is given by

ne = exp(tS) Y _ ag(t)Rq(10)
GCL

with the coefficients ag(t) of (13). The solution of the abstract Cauchy problem for the
original IPL equation (38) emerges from here via

_ lwll,
]

t

where wy = 1. If wy € P(X), the set {w; | t > 0} is a one-parameter family of
probability measures. [ ]

In line with our previous reasoning, we can determine the asymptotic behaviour,

e~ Q) (exp(tsi)(mi . m0)) ,

i=0

where we have used the product structure of exp(#S) and the fact that all neglected
terms, as t — 00, are exponentially small in comparison. The meaning for w; is, once
again, that stationary measures are complete product measures, and the properties of
the linear operators s; determine whether there is a unique global equilibrium mea-
sure. This is connected to the general Perron-Frobenius theory of positive operators
which is rather involved in general, see [42, Chapter V.5] and [25]. If, however, X is
finite (so that M® is finite-dimensional, and M® = M(X)) and all s; are irreducible,
there are unique v; € P(X;) so that exp(ts;)v; = exp(tA;)v; with A; € R being the
largest eigenvalue of s;. In this case, as a simple calculation shows, we obtain

W > )R- Ry

in the || - ||-topology, as t — oo, for any initial condition wy € P(X).
Also, the following observation results immediately from Theorem 6.
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Corollary 3  If an initial condition wy € P® is a product measure at link o € L, this
is also true of the corresponding solution wy of (38), for allt > 0. In particular, if wy is
a complete product measure, this remains the case under the forward flow, i.e., for all w,
witht > 0. u

Let us return to the general discussion. The remainder is then a copy of what we
did in Section 4, with Q replaced by S. In particular, we get

n = Z bic (1) T (exp(S)mo)

KCL

from which one can, once again, determine the linkage disequilibria. Note, how-
ever, that the meaning has changed now, because the norm of 7, varies with time.
In particular, one has to consider the quotient 7, /||7||, rather than 7, alone, to
extract the correct behaviour for the linkage disequilibria FL(ji,...,jk) =
To(w)({ji1,-- -, jk)). To be concrete, observe first that

Dot = (5= 3 e0) Totm)

aEG

in perfect analogy with (29). Since T is positive homogeneous of degree one (Equa-

tion (22)), and ||n;|| = n:(X) for positive measures, one obtains
d Swy(X)
STolw) = [ S— 21— 0n ) Tow).
7 clwr) ( T EEQ clwr)

Clearly, knowledge of the mean fitness, Sw;(X)/||w:||, is now required to determine
the dynamics of the linkage disequilibria.

7 Afterthoughts

In this article, we have constructed an explicit solution of the single-crossover re-
combination model in continuous time, with mutation and additive selection. It is
quite astonishing that such a solution should be possible at all—after all, it is an ex-
plicit representation of a nonlinear semigroup. However, it is no coincidence that
this works in continuous time, rather than in discrete time. Let us discuss this for
recombination alone. The discrete-time analogue of our single-crossover model is
the so-called model with complete interference [13]:

(40) Wit = Y OaRalwy) + (1 -> Qa) Wy

a€l acL

Similar as this may look to its continuous-time relative, the probabilistic structure
is quite different. Single crossovers in continuous time imply independence of links,
as expressed in the coefficient functions (13) and the resulting factorization property
(Lemma 2). In contrast, a second crossover is inhibited for the duration of an entire
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generation in discrete time, due to interference of crossovers with each other (hence
the name); see also [37]. As a result, independence is lost, which makes the discrete
model inherently more difficult.

Of course, this also applies to the situation with selection. Models of recombina-
tion and selection based on independent sites and finite site spaces have been thor-
oughly investigated in the population genetics literature, see [22, 23, 30, 31, 34, 36]
for some key references and [11, 14] for recent comprehensive reviews. Indepen-
dence of sites with respect to selection is reflected by a tensor product structure of P,
may be interpreted as lack of interaction between genes, and is known as absence of
epistasis in genetics. More precisely, since the dynamical systems mostly considered
so far were in discrete time, a comparison with our setting is more adequate at the
level of the semigroup, rather than that of the generator.

Two notions of independence have been used, compare [30, 34, 11], which would
translate into our setting as either exp(P) = [, exp(P;) = &), exp(p;) (‘multiplica-
tive fitness’) or as exp(P) replaced by > . exp(P;) (‘additive fitness’). Previously, much
emphasis has been on the effects of dominance (i.e., the interaction between the two
alleles joined in a diploid genotype). This may lead to multiple equilibria, which need
not all be of product type, and astonishing differences in the qualitative behaviour of
the multiplicative and additive scenario are observed, as reviewed in [30, 11]. How-
ever, these effects are absent if there is no dominance (as in our model); in particu-
lar, all equilibria are then of product type. Thus, our simple continuous-time model
might well serve as an exactly solved reference case which also captures the qualitative
features of the corresponding models in discrete time, although no explicit solution
is available there.

Now, the logical next step would be to extend the analysis to the inclusion of in-
teractions between sites, which occur as soon as selection is no longer additive across
sites. Alas, this is much more involved, and even the simplest cases go far beyond
what we have outlined above. The reason is that selection now forces the introduc-
tion of further terms in the right hand side of the IPL equation so that the corre-
sponding semigroups no longer commute with recombination. Nevertheless, several
situations can be envisioned that admit at least a perturbative approach. In line with
the single-crossover assumption, an expansion for small recombination rates would
be appropriate, in contrast to the well-known quasi-linkage-equilibrium approach
for large recombination rates (for review, see [11]). We hope to report on some
progress in this direction soon.

Appendix: Moments Versus Correlations

As mentioned above, it is often desirable to separate effects that stem from mutual
interactions of differently many “particles” or, as in the above discussion, from spec-
ification at a different number of sites. For two sites, correlation C and moments F
are related by C({i, j}) = F({i, j}) — F({i})F({j}), where the arguments are meant
as symbolic labels. Since this is a rather general structure, we briefly describe its sys-
tematic treatment by means of M&bius inversion, also known as inclusion-exclusion
principle.

Let S = {1,2,...,k} beafinite set which will serve as the index set of the particles
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or the specified sites, the latter through (ji,..., js). Let A = {A;,...,A,} bea
partition of S, i.e., S is the disjoint union of the members of A. Unlike before, the
partition need not be ordered. Let the partition B = {Bj, ..., B;} be a refinement of
A, so that

A =Bj, U---UB

Jia Jing o "

.,A, =B, U---UB;

Jpd Jpnp

where {{jl)l, N T R ST jp’np}} is a partition of {1,...,q}, hence
ny +---+n, = q. Wewrite B < A in this case, where < defines a partial or-
der which makes S into a poset. The corresponding Mbius function, compare [10,
p. 86], is given by

p
(41) (B, A) = [J=0" " — 1)
i=1

= (=DMt (g — e (np - 1)!

If C is any refinement of A, p satisfies the formula

5 u(ﬁ,A)={1 ifA=¢

C<BA 0 otherwise.

Let us now, for a partition A = {A,,...,A,}, introduce the function F(A) =

F(Ay) - ...-F(Ap), and similarly for the correlations, C. These quantities are related
by
(42) FA) =Y Cc®=> [[c®

B<A B<ABEB

because this precisely reflects the idea to separate off contributions from subsets of
different cardinality. The M6bius inversion formula then gives the following formula
for the special case that A = {A}:

|B|
43)  CA) =) FB)uB,A) =Y (-)P=(B -1 []F®B)
BA BA i=1
where |B| denotes the number of sets in the partition B = {Bi,...,B|g|}. The

following example might illustrate this formula:
C({1,2,3}) = F({1,2,3}) + 2F (1D F(2DF{3D)
— F({1})F({2,3}) — F{2})F({1,3}) — F{3})F({1,2})
which is to be compared with

F({1,2,3}) = C({1,2,3}) + c{1)c{2hC({3})
+C({1HC({2,3}) + C({2HC({1,3}) + C({3HC({1,2})
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according to (42). Let us finally remark that formula (43) can be applied factorwise
if A ={A,...,Ap} because then C(A) = C(A;) - ... - C(A,) by definition.
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