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Abstract

Background: The selection of an evolutionary model to best fit given molecular data is usually a heuristic choice. In his
seminal book, J. Felsenstein suggested that certain linear equations satisfied by the expected probabilities of patterns
observed at the leaves of a phylogenetic tree could be used for model selection. It remained an open question,
however, whether these equations were sufficient to fully characterize the evolutionary model under consideration.

Results: Here we prove that, for most equivariant models of evolution, the space of distributions satisfying these
linear equations coincides with the space of distributions arising from mixtures of trees. In other words, we prove that
the evolution of an observed multiple sequence alignment can be modeled by a mixture of phylogenetic trees under
an equivariant evolutionary model if and only if the distribution of patterns at its columns satisfies the linear equations
mentioned above. Moreover, we provide a set of linearly independent equations defining this space of phylogenetic
mixtures for each equivariant model and for any number of taxa. Lastly, we use these results to perform a study of
identifiability of phylogenetic mixtures.

Conclusions: The space of phylogenetic mixtures under equivariant models is a linear space that fully characterizes
the evolutionary model. We provide an explicit algorithm to obtain the equations defining these spaces for a number

of models and taxa. Its implementation has proved to be a powerful tool for model selection.
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Background
The principal goal of phylogenetics is to reconstruct the
ancestral relationships among organisms. Most popular
phylogenetic reconstruction methods are based on math-
ematical models describing the molecular evolution of
DNA. In spite of this, there exists no unified framework
for model selection and the results are highly dependent
on the models and methods used in the analysis (cf. [1]).
In this paper we assume the Darwinian model of evolu-
tion proceeding along phylogenetic trees and address the
following question: how can the data evolving under a par-
ticular model be characterized? In other words, we look
for invariants of the DNA patterns which have evolved fol-
lowing a tree (or a mixture of trees, as we will see below)
under a particular model. The answer to this question pro-
vided in this paper leads to a complete characterization
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of the evolutionary model and to a novel model selection
tool, which is valid for any mixture of trees.

In what follows, we briefly explain the motivation for
this work. It has been shown that if the evolution along a
phylogenetic tree is described by a particular model, the
expected probabilities of nucleotide patterns at the leaves
of the tree satisfy certain equalities (see e.g. [2], p.375).
Several authors (e.g. [2-4]) pointed out that these equal-
ities could potentially be used to test the fitness of the
model of base change. The full set of equations required
for viable model selection, however, was unknown. The
objective of this work is to fill in this gap and to go a step
further into practical aplication by providing an algorithm
to compute the required invariants for model selection.

In this work we consider a group of equivariant mod-
els ([5,6]). These models are Markov processes on trees,
whose transition matrices satisfy certain symmetries: the
Jukes-Cantor model, the Kimura 2 and 3 parameter mod-
els, the strand symmetric model, and the general Markov
model. Our first important result, Theorem 17, states that
if evolution occurs according to trees (or even mixtures
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of trees) under these equivariant models, then the model
of evolution is completely determined by the linear space
defined by the aforementioned equalities. By exhaustively
studying the group of symmetries of these models, we also
give a straightforward combinatorial way of determining
the equations of this linear space (see Theorem 22). The
implementation of the algorithm producing the equations
is available as a package SPIn ([7], http://genome.crg.es/
cgi-bin/phylo_mod_sel/AlgModelSelection.pl.), which has
proved to be a successful tool in evolutionary model
selection.

Our main technique consists in proving that the linear
space above coincides with the space DM of phyloge-
netic mixtures evolving under the model M, i.e. the set
of points that are linear combinations of points lying in
the phylogenetic varieties CV:*! (see Preliminaries section
for specific definitions). In biological words and in the
stochastic context, this is the set of vectors of expected
pattern frequencies for mixtures of trees evolving under
the model M (not necessarily the same tree topology
in the mixture, and not necessarily the same transition
matrices when the tree topologies coincide). In phylo-
genetics, the so-called i.i.d. hypothesis (independent and
identically distributed) about the sites of an alignment is
prevalent in the most simple models. When the assump-
tion “identically distributed” is replaced it by “distributed
according to the same evolutionary model’; one obtains a
phylogenetic mixture.

Phylogenetic mixtures are useful in modeling heteroge-
neous evolutionary processes, e.g. data comprising mul-
tiple genes, selected codon positions, or rate variation
across sites (e.g. [8]). Among a plethora of applications,
they are used in orthology predictions, gene and genome
annotations, species tree reconstructions, and drug target
identifications.

In addition to the main result, we determine the dimen-
sion of these linear spaces and use it to give an upper
bound, /¢ (n), on the number of mixtures that should be
used in phylogenetic reconstruction on # taxa. This relates
to the so-called identifiability problem in phylogenetic
mixtures, which can be posed as determining the condi-
tions that guarantee that the model parameters (discrete
parameters in the form of tree topologies and the contin-
uous parameters of the root and model distributions) can
be recovered from the data. Identifiability is crucial for
consistency of the maximum likelihood approaches and,
though extensively studied in the phylogenetic context,
few results are known (see for instance [9-13]).

In brief, in Theorem 30 we prove that either the tree
topologies or the continuous parameters are not generi-
cally identifiable for mixtures on more than /o (n) trees
under equivariant models. Here ho(n) is the quotient
of the dimension of the linear space D™ (computed in
Proposition 20) by the number of free parameters of M
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on a trivalent tree plus one. For example, for four taxa and
the Jukes-Cantor model (resp. the Kimura 3-parameter
model) this result proves that mixtures on three (resp.
four) or more taxa are not identifiable (i.e. either the dis-
crete or the continuous parameters cannot be fully identi-
fied). A detailed discussion on this subject is provided in
the last section.

The main tools used in this work are algebraic geome-
try and group theory. The reader is referred to [14,15] for
general references on these topics.

Main text

Preliminaries

Phylogenetic trees and Markov models of evolution have
been widely used in the literature. In what follows we fix
the notation needed to deal with them in our setting.

Let n be a positive integer and denote by [#] the set
{1,2,...,n}. A phylogenetic tree T on the set of taxa [#]
is a tree (i.e. a connected graph with no loops), whose n
leaves are bijectively labeled by [ #]. Its vertices represent
species or other biological entities and its edges represent
evolutionary processes between the vertices.

We allow internal vertices of any degree and if all the
internal vertices are of degree 3 we say that the tree is
trivalent. We will denote the set of vertices of T by N(T),
the set of edges by E(T), and the set of interior nodes by
Int(T). A rooted tree is a tree together with a distinguished
node r called the root. The root induces an orientation on
the edges of T, whereby the root represents the common
ancestor to all the species represented in the tree. If e is
an edge of a rooted tree T, we write pa(e) and ch(e) for
its parent vertex (origin) and its child vertex (end), respec-
tively. Two unrooted phylogenetic trees on the set of taxa
[ n] are said to have the same tree topology if their labeled
graphs have the same topology.

We fix a positive integer k and an ordered set B =
{b1,Dy, ..., br}. For example, for most applications we take
B = {a,C,G, T} to be the set of nucleotides in a DNA
sequence. We may think of B as the set of states of a
discrete random variable. We call W the complex vector
space W = (B)c spanned by B, so that B is a natural basis
of W. For algebraic convenience, we usually work over the
complex field and restrict to the stochastic setting when
necessary. Vectors in W are thought of as probability dis-
tributions on the set of states B if their coordinates are
non-negative and sum to one. In this setting the vector
> ¢;b; means that observation b; occurs with probability
¢;. From now on, we will identify vectors in W with their
coordinates in the basis B written as a column vector, e.g.
we identify ), by with the vector 1 = (1,1,...,1)" € W.

In order to model molecular evolution on a phylogenetic
tree T, we consider a Markov process specified by a root
distribution, 7 € W, and a collection of transition matri-
ces, A = (A®).cr(r), where each A® is a k x k-matrix in
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End(W). The matrices A° represent the conditional prob-
abilities of substitution between the states in B from the
parent node pa(e) to the child node ch(e) of e. We adopt
the convention that the matrices A° act on W from the
right, i.e. a vector @’ in pa(e) maps to w'A¢ in ch(e).

Distinct forms of the transition matrices give rise to dif-
ferent evolutionary models. Using the terminology intro-
duced above, we proceed to the definition of evolutionary
models used throughout this work.

Definition 1. An (algebraic) evolutionary model M is
specified by giving a vector subspace Wy C W such that
1'm # 0 for some 7 in W), together with a multiplicatively
closed vector subspace Mod (for model) of My (C) con-
taining the identity matrix. We will usually denote such
a model by M = (Wy, Mod). We define the stochastic
evolutionary model sM = (sWy, sMod) associated to M
by taking sWp = {m € Wy : 1’r = 1} and sMod =
{A € Mod : A1 = 1}. The term “stochastic” refers to
the fact that, by restricting to the points in the spaces
with non-negative real entries, we obtain distributions and
Markov matrices. A phylogenetic tree T together with the
parameters 7 and A = (A®).cg(r) is said to evolve under
the algebraic evolutionary model M if 1 € W, and all
matrices A° lie in Mod.

Remark 2. Note that sWy and sMod are not vector
spaces. The condition 1’7 # 0 in the above defini-
tion means that the sum of the coordinates of 7 is not
zero. Since vectors in sW( with non-negative coordinates
represent the probability distributions for the set of obser-
vations B, this condition implies no restriction from a
biological point of view. Moreover, it ensures that Wy N
{3 xcpmx = 1} has dimension equal to dim(Wp) — 1.
In particular, the simplex of stochastic vectors in Wy will
form a semialgebraic set of (B)gr of dimension equal to
dim(Wy) — 1 (as expected).

Remark 3. The subspace Mod of substitution matrices
is usually required to be multiplicatively closed (as in the
definition above) so that when two evolutionary processes
are concatenated, the final process is of the same kind.
The importance of this requirement is the starting point
of [16], where a different approach to the definition of
“evolutionary mode” is provided.

Our definition of evolutionary models includes most of
the well-known evolutionary models, namely those given
in [17] and the equivariant models (see [5,6]).

Example 4. Let G be a permutation group of B, that is, a
group whose elements are permutations of the set B, G <
Gy. Giveng € G, write P, for the k x k-permutation matrix
corresponding to g: (Py);; = 1 if g(j) = i and 0 otherwise.
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The G-equivariant evolutionary model Mg is defined by
taking Mod equal to

M(G) = {A € M{(C) | PAP, ' = A forallg € G},

and Wy = {m € W | Per = 7 forallg € G}. These sub-
sets are vector subspaces of My (C) and W, respectively.
Moreover, if A1, Ay € M(G), then

PgA1A2P, ! = (PeA1P, ) (PgAsP; ) = A1Ay,

and A1Ay € M(G). Therefore, equivariant models pro-
vide a wide family of examples of algebraic evolutionary
models in the sense of Definition 1. For example, if B =
{a,,G, T}, it can be seen that the algebraic versions of
the Jukes-Cantor model [18], the Kimura models with
2 or 3 parameters [19,20], the strand symmetric model
[21] or the general Markov model [22] are instances of
equivariant models:

o if G = G4, then Mg is the algebraic Jukes-Cantor
model JC69,

e if G = ((ACGT), (AG)), then Mg is the algebraic
Kimura 2-parameter model K80,

e if G = ((AC)(GT), (AG)(CT)), then Mg is the
algebraic Kimura 3-parameter model K81,

e if G = ((AT)(CQ)), then Mg is known as the strand
symmetric model SSM, and

e if G = (e), then M is the general Markov model
GMM.

Given an evolutionary model M and a phylogenetic tree
T, we define the space of parameters as

l_[ Mod

ecE(T)

Parp(T) = Wy x

Similarly, we define the space of stochastic parameters
associated to T by

Pars\((T) = sWp x

1_[ sMod

ecE(T)

Though artificial at first glance, the use of tensors in the
framework that includes the distributions on the set of
patterns in B at the leaves of a phylogenetic tree is a natu-
ral choice. Indeed, if px, x,.. x, denotes the joint probability
of observing x; at leaf 1, x; at leaf 2, and so on, up to x, at
leaf n, then the vector p = (Py,. by Pbiby..bys - - -+ Phy...by)
provides a distribution on the set of patterns in B at the
leaves of T, and this can be regarded as the tensor having
these coordinates in the natural basis,

p= Z Px1.x, X1 ® ... Q Xy.

X1...X,€B

This motivates the following definition.
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Definition 5. Given a phylogenetic tree T on the set of
taxa [ n], an [ n]-tensor is any element of the tensor power

L= Q] w.

Given an algebraic evolutionary model M and a phy-
logenetic tree T with root r, every Markov process on
T (specified by a collection of parameters 7 and A =
(Ae)ecE(T)) gives rise to a tensor in L in the following way:
we consider a parametrization

\IJJM : Parp((T) — L (1)
defined by
U (T, A) = Y PryyX1® - @ Ky
x;€B
where
Pxr.xn = Z Txr 1_[ Aipa(e)’xch(e) ’ (2)

xy€B,velnt(T) ecE(T)

x, denotes the state at the vertex v, pa(e) (resp. ch(e))
is the parent (resp. child) node of e, and 7y,x € B, are
the coordinates of w. When restricted to the stochas-
tic matrices and distributions in Wy, this parametrization
corresponds to the hidden Markov process on the tree T'
(the leaves correspond to the observed random variables
and the interior nodes to the hidden variables).

The parametrization (1) restricts to another polynomial
map qb/TV‘ : Pargpq(T) —> H, where H C L is the hyper-
plane defined by H = {pe LY, . pPxj.x, =1}
Because we work in the algebraic setting, the use of the
word “stochastic” in this paper is more general than usual,
as we only request entries summing to one.

From now on, we will refer to this restriction as the
stochastic parametrization q)é"l. It is important to note
that when we consider the distributions in sW; and the
Markov matrices in sMod, its image by ¢>{‘fl lies in the
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standard simplex in £ (and thus in A). This in turn implies
that the whole image Im ¢’T\’l is contained in H.

We proceed to define the algebraic varieties associ-
ated to the parametrization maps defined above. Roughly
speaking, algebraic varieties are sets of solutions to sys-
tems of polynomial equations (e.g. [14]).

Definition 6. The stochastic phylogenetic variety VIM
associated to a phylogenetic tree T is the smallest
algebraic variety containing Imgb?" = {¢$/‘(m, A):
(7, A) € Parga(T)} (in particular, V%Vl C H).

Similarly, the phylogenetic variety CV"' associated to
T is the smallest algebraic variety in £ that contains
Im WM = {WM(m,, A) : (7, A) € Parp (D)}

Below we explain the reason for the notation of C yvM
which was adopted from [23].

The reader may note that the position of the root r of
T played a role in the above parameterizations. It can
be shown, however, that under certain mild assumptions,
Im ‘-IIIM and Im gi)?/‘ are independent of the root position
in the following sense: if two phylogenetic trees have the
same topology as unrooted trees, then the smallest alge-
braic varieties containing the corresponding image sets
are the same. For example, any model M = (W, Mod)
satisfying (i) 7% := 7m'A belongs to Wy for all m € W
and all A € Mod, and (ii) D;lAtDn € Mod whenever
D;l exists (here D, denotes the diagonal matrix with
the entries of w on the diagonal and zeros elsewhere)
has this property (in this case, we say the model is root-
independent). 1t is not difficult to check that the equiv-
ariant models satisfy these two properties (e.g. adapting
the proof of [24] or [25]). For technical reasons, from now
on we consider only the evolutionary models satisfying (i)
and (ii). Indeed, in this case the notation CV%V‘ refers to
the fact that the phylogenetic variety is just the cone over
the stochastic phylogenetic variety (see Figure 1 and the
remark below).

is represented.

Figure 1 On the left, the varieties V%"l and CV;\" are shown; on the right, the phylogenetic tree described in the proof of Proposition 13
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Remark 7. Let M be an evolutionary model satisfying
(i) and (ii) above. Forp € L, p = Y px,. . %,X1 ® ... ® Xy,
define A(p) ==}, pPx,..x,- Then

cv' ={peLlp=rp)q.qec Vi'}

and Vf\" = CVIM N H. This is well known for the general
Markov model [23] and can be easily generalized to any
model satisfying (i) and (ii).

The space of phylogenetic mixtures

In phylogenetics, the hypothesis that the sites of an align-
ment are independent and identically distributed is often
used. When the assumption “identically distributed” is
replaced by “distributed according to the same evolution-
ary model’, one obtains a phylogenetic mixture. Below, we
introduce phylogenetic mixtures from the algebraic point
of view (see also [26]).

Definition 8. Fix a set of taxa [ #] and an algebraic evo-
lutionary model M. A phylogenetic mixture (on m-classes)
or m-mixture is any vector p € L = &,y W of the form

m .
p= Z ap',
i=1

where o; € Cand p' € Im(\IJ/T\l,A) for some tree topologies
T; on the set of taxa [ n]. As \I/{‘{l is a homogeneous map,
phylogenetic mixtures are represented by vectors of the
form Y7, pi, where p' € Im(\IﬂT\i”). We call Dy € L
the space of all phylogenetic mixtures (on any number of
classes) under the algebraic evolutionary model M.

As mentioned in the introduction, the tree topologies
contained in the mixture can be the same or different. An
example of a phylogenetic mixture is the data modeled by
the discrete Gamma-rates models (see e.g. [8]).

Restricting matrix rows to sum to one requires restrict-
ing the phylogenetic mixtures to the points of the form

m
q= Z(xiqi where qi € Im(¢JT\l_’1), and Zai =1.

i=1 i
We call Ds p¢ the space of stochastic phylogenetic mixtures.

Remark 9. The phylogenetic variety of a trivalent tree
topology contains all phylogenetic varieties of the non-
trivalent tree topologies obtained by contracting any of
its interior edges. Indeed, the latter are a particular case
of the former when the matrices associated to the con-
tracted edges are equal to the identity matrix. It follows
that the space of phylogenetic mixtures on the trivalent
tree topologies coincides with the space of phylogenetic
mixtures on all possible topologies.
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The following result was proven by Matsen, Mossel
and Steel in [26] for the two state random cluster model
but, as proved below, it can be easily generalized to any
evolutionary model.

Lemma 10. Given a set of taxa [ #] and an algebraic evo-
lutionary model M, the set of all phylogenetic mixtures
D is a vector subspace of L. Similarly, D is a linear
variety and it equals Dpyq N H.

Proof. D, is a C-vector space and D is a linear vari-
ety by their definition. It follows that D, is an algebraic
variety that contains Im \IJ%\’1 for any phylogenetic tree T'
on the set of taxa [ #n]. Therefore, it also contains CV%M,
and D, equals the set of points of the form p = ) p;,
where p; € CV#. Similarly, D4 is an algebraic variety
that contains Im qb“TM, so it also contains VYM for any phy-
logenetic tree T. It follows that Dsp, is formed by points
of type g = Y w;q;, where g; € V%‘i/‘ and ) ;o; = 1.

Now we check that Dpg = Dyg N H. Let g € Dspy, s0
thatg = Y 7, a;q' for some m, q' € Vﬁ", and ) o; = 1.
Clearly, ¢ € Daq. Moreover, the sum of coordinates of
q, Mq), satisfies A(q) = Y, air(q) = > ;i = 1. Thus,
q € H. Conversely, let p = Y, p' with p' € CV%\I,A
for certain tree topologies Tj, and assume that A(p) = 1.
Apply Remark 7 to each p to get p' = A(p’)q; for some
qi € V4. Then

p=>_p'=> r¢)a

and 1 = A(p) = Y ; A(PHA(g) = Y, A(p’) since each g;
lies on H. This proves that p € D, . O

Remark 11. In the proof of the above lemma, we have
seen that D and Dspq can be alternatively described as
the spaces of mixtures obtained from the respective vari-
eties CV{Yl and VIM (i-e., not only from the images of the
parametrization maps).

The space of phylogenetic mixtures for equivariant
evolutionary models

This section provides a precise description of the space
D for the equivariant models M listed in Example 4
(JC69, K80, K81, SSM, and GMM). First, we recall some
definitions and facts of group theory and linear represen-
tation theory. From now on, B = {A,C,G, T}, k = 4,
W = (B)c, nis fixedand £ = @,y W.

Background on representation theory

We introduce some tools in group representation theory
needed in the sequel. We refer the reader to [15] as a clas-
sical reference for these concepts. Although some of the
following results are valid for any permutation group, for
simplicity in the exposition we restrict to permutations of
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four elements (as our applications deal only with the case
B={Aa,C,G,T)).

Let G < G4 be a permutation group. The trivial element
in &4 will be denoted as e. We write pg for the restric-
tion to G of the defining representation p : G4 — GL(W)
given by the permutations of the basis B of W. This repre-
sentation induces a G-module structure on W by setting
g-x := p(@(x) € W.In fact, p induces a G-module
structure on any tensor power ®° W by setting

g X®..0%x)=¢g-x10...0¢ X, (3)

and extending by linearity. From now on, the space £ =
®"W will be implicitly considered as a G-module with
this action. We call x the character associated to the rep-
resentation pg : G — GL(W), i.e. x(g) is the trace of
the corresponding permutation matrix or, in other words,
x () equals the number of fixed elements in B by the per-
mutation ¢ € G. Then the character associated to the
induced representation G — GL(®"W) is x”, the n-th
power of .

We write Ni, ..., N; for the irreducible representations
of G and wj,...,w; for the corresponding irreducible
characters, where N; and w; will denote the trivial rep-
resentation and trivial character, respectively. Maschke’s
Theorem applied to the action of G described in (3) states
that there is a decomposition of @*W into its isotypic
components:

W =& _1 (W) [wi], (4)

where each (®°*W)[w;] is isomorphic to a number of
copies of the irreducible representation N; associated to
wi, (W) [ w;] = N; @ C"®, for some non-negative inte-
ger m;(s) called the multiplicity of @°W relative to w;. The
isotypic component of £ associated to the trivial repre-
sentation will be denoted by £¢ and it is composed of the
[ n]-tensors invariant under the action of G defined in (3).
If M is the equivariant evolutionary model associated to
G, LC will also be denoted as £LM. It is easy to prove that
CVIM C LC (see Lemma 4.3 of [5]).

We recall that the set Qg = {w;}i=1,.+ of irreducible
characters of G forms an orthonormal basis of the space
of characters relative to the inner product defined by

(1) i= 1 S @FD. )

geG

We introduce the following notion.

Definition 12. An n-word over Bis an ordered sequence
X = X1X3...Xy where every letter is taken from the
alphabet B. The set of n-words is equivalent to the carte-
sian power B” and will be denoted by 5.

Words will be denoted in typewritter uppercase font
(like X) and their letters in lowercase (like x). Sometimes it
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will be convenient to identify the [ n]-tensors of the form
X] ® ... ® x, with the n-words X = x;...x,. Conse-
quently, we will identify B with the natural basis of L.
Given X € B, we will denote by {X}g = {gX | g € G}
the G-orbit of X. We associate a G-invariant tensor, 7{X}g,
to each orbit {X}g: T{X}g = deGgX. It is straightfor-
ward to see that every G-invariant tensor can be written
as a linear combination of the tensors t{X}g, X € B.
On the other hand, the set of different 7{X}¢’s is linearly
independent, since the corresponding G-orbits {X}g have
non-overlapping composition of the elements of B.

Mixtures for equivariant models
For each x € B, we write Sg(x) for the stabiliser of x
under the action of G, thatis, Sg(x) = {g€ G: g -x = x}.

Proposition 13. Let G be a subgroup of G4 such that
Sc(x0) = {e} for some x¢ € B. Then every tensor of type
7{X}g, X € B, lies in the image of \IJ?AG for some tree
topology 7. In particular, L& C D ..

Proof. For any G-orbit {Y}g, Y € B, write 7{Y}g = y1 ®
OVt D& V1 ® ... ® gy We will explicitly
associate a tree topology and parameters (77, A) to it so
that the tensor t{T}g is equal to \IJJTV1 G, To this aim, we
denote by B(Y) the set of letters appearing in Y. Then for
every z € B(Y), consider the set LY = {i €[n]: y; = z}, so
that UzeB(Y)LZ =[n].

We construct a tree T on the set of taxa [ #] in the fol-
lowing way. We join each taxa in LY to a common node v,
by an edge. Then each vertex v; is joined to the root of the
tree (we call it r) by an edge that we denote as e(z) (see
Figure 1). Now, in the edges joining any v, with some leaf
in LY, we consider the identity matrix, while the matrix in
e(z) is defined by taking

ez _ |1 if(i)) = (h-x0,h-z)forsomeh € G,
i 7 ] 0 otherwise.

Finally, if ¢ is the cardinality of {xo}g, define the distribu-
tion at the root w = (7a, 7c, 7g, wr) by

1 g
2, =1c ifz€ {.XO}G,
0 otherwise.

It is straightforward to check that these matrices and the

vector 7 are G-equivariant, so (,A) € Parp;(T). Now,
from (2) and the definition of 7, we can write

Px1.x, = Z

geG
{xz}zeB(v)CB

le...xn (g, {Xz}zeB(Y))

where

Ae(z)

8-X0,Xz

[T bes

jeLiZ

le...xn(g’ {XZ}ZEB(Y)) = Tlg.x 1_[

zeB(Y)
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(here 8,5 stands for the Kronecker delta, i.e. §,, = 1,
8.5 = 0if a # b). Moreover, from the definition of the
matrix A¢?), we have

4 _ 1 if (g-x%0,%z) = (h-%0,h- z) forsome h € G,
g&X0Xz — | 0 otherwise.

The hypothesis Sg(x9) = {e} ensures that (g - x¢, %) =
(h - x0,h - z) if and only if g = h. From this, it becomes
clear that Py, . x, (g, {Xz}zeB(y)) = 0 unless

1. x, =g-2,forz e B, and
2. foreachie LY, x;isequaltox, =g - z,

in which case Py, x,(g {Xz}zeB(y)) = Tguy = 3. It
follows that

1 ifxy...x, € {Y}g

Pxyxn = { 0 otherwise,

and \Ilf" (m,A) = t{Y}g. Moreover, as the set of 7{Y}g,
for Y € B, generates the vector space L, the second claim
follows. O

Remark 14. The above result is not true if the hypoth-
esis Sg(xg9) = (e) is removed. For example, if G =
((ACGT), (AG)) (so that M = K80), then Sg(d) =
S6(G) = {e,(CT)} and Sg(C) = Sg(T) = {e, (AG)}. In that
case, it can be shown that the G-orbit {ACGT}¢ is not in
ImW72° for any tree topology T with 4 leaves.

Since the above condition on the group holds for G =
G4, G = ((AT)(CG)), and G = ((AG), (ACGT)), we deduce
the following claim.

Corollary 15. If G corresponds to any of the equivariant
models K81, SSM or GMM, we have £LE C Dpmg-

In phylogenetics, an invariant of a phylogenetic tree T is
an equation satisfied by the expected distributions of pat-
terns at the leaves of 7, irrespectively of the continuous
parameters of the model M. In the algebraic geometry
setting, these are the equations satisfied by all p € CV%V‘.
Invariants were introduced by Lake (see [27]) and Caven-
der and Felsenstein (see [28]). A phylogenetic invariant
of T is an invariant of 7, which is not an invariant of
all other phylogenetic trees (under the same model M).
Equivalently, f is a phylogenetic invariant of CV{}’1 if it
is an invariant of CV{Yl and there exists a tree topology
T’ such that f is not an invariant of CVZ{‘//‘. In princi-
ple, phylogenetic invariants can be used for tree topology
reconstruction purposes.

Remark 16. (a) It can be seen that the condition of
trivial stabiliser for some element of B given in
Proposition 13 guarantees that all the irreducible
representations of G will be present in the
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decomposition of W into its isotypic components.
Then, by using the results of [6], it follows that the
corresponding equivariant model will have no linear
phylogenetic invariants. This fact was already known
for the models in the above corollary: see [29] for the
GMM, [21] for the SSM and [30] for the K81. Here we
provided an alternative proof based on elementary
tools of group theory.

(b) The models JC69 and K80 are known to have linear
phylogenetic invariants, but these are the only linear
invariants which do not define hyperplanes
containing L, as can be deduced from [3,30]. In
fact, for these two models, the claim of the corollary
is still true as stated in the following theorem.
Nevertheless, we have not been able to provide a
unified proof of this fact because of the different
properties of the corresponding groups. There is no
description of the space of linear invariants for other
equivariant models not listed in Example 4, so we
cannot claim that the result below still holds.

Theorem 17. If M is one of the equivariant evolution-
ary models JC6 9, K80, K81, SSM, or GMV, then the space of
phylogenetic mixtures D, coincides with LS, and D,
equals LC N H.

This theorem allows to identify the set of all phyloge-
netic mixtures D, with £, which is a vector subspace
of £ whose linear equations are easy to describe. In other
words, £ is the smallest linear space containing the data
coming from any mixture of trees evolving under the
model M. One can therefore use £ to select the most
suitable model for the given data. This has been studied
in [7].

Proof of Theorem 17. For equivariant models we have
that C V?A ¢ C LC for any tree T. Hence, by Lemma 10 and
the definition of D, Dy is a vector subspace of £6.

From Corollary 15, we infer the equality L& = D, for
the models K81, SSM and GMM. For the other two mod-
els, JC69 and K80, it remains to prove that there does not
exist any hyperplane IT containing D and not contain-
ing £C. If such a hyperplane existed, then it would contain
all the points of C V?A ¢ for any tree topology T. It suffices
to prove that for these models there are no homogeneous
linear polynomials vanishing on all tree topologies, except
for the linear equations vanishing on £C. This has been
seen in Remark 16(b).

The equality Dspq, = L% N H follows immediately from
Lemma 10 and the first assertion in the statement of this
theorem. [J

Remark 18. We are indebted to one of the referees of
this paper for pointing out that the preceeding result, as
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well as the second part of Proposition 13, can also be
inferred from Proposition 4.9 of [5]: under the assumption
that the stabiliser of some state is trivial, Draisma and Kut-
tler show that the star tree is the smallest algebraic variety
containing the tensors t{X}g, for pure tensors X (that is,
tensors of rank 1). It follows that the set of mixtures on the
star tree equals the space £C.

Remark 19. It is not difficult to check that for M =
K81, SSM or GMM, D, coincides with the space of mix-
tures on the star tree (see also [26], where the same result
is proven for a 2-state model). On the contrary, this is
not true for JC69 and K80 models because in this case
the star tree lies in a smaller linear space as a conse-
quence of the existence of phylogenetic linear equations
(see Remark 16(b)).

Equations for the space L

Our goal here is to compute the dimension of £ for the
groups associated to the equivariant models listed in Def-
inition 4, and to list a set of independent linear equations
defining this space.

Proposition 20. Using the notations above,

(i) dim £SSM =221,

(i) dim £X8t =471,
(iii) dim £¥80 = 22n=3 4 9n=2 gnd
(iv) dim £7€6% = 2241 4 on=2,

Proof. Let M be any equivariant model. By definition,
we know that L is the isotypic component of ®” W asso-
ciated to the trivial representation ()" W)[ w;]. Since the
dimension of the trivial representation is one, it follows
that the dimension of £M is precisely the multiplicity
mji(n), i.e. the number of times the trivial representa-
tion appears in the decomposition of ®” W into isotypic
components. This multiplicity m; (1) equals (see (5))

1
(X", w1) = @Zx”(g)wl(gl

geG

The proof ends by grouping the elements of G in the con-
jugacy classes of G for SSM, K81, K80, or JC69. Recall
that the conjugacy classes of a group G are the disjoint sets
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of the form C(g) = {hilgh :heGLIfCy,...,C;are the
conjugacy classes for G, write C(G) = (|Cy],...,|Cs|) for

the s-tuple of their cardinalities, so that > ;_; |C;| = |G|.
Recall that x"(g1) = x”(g2) whenever g and g3 lie in the
same conjugacy class, so we can represent x” by an s-tuple
Xé’(G) = (t1,...,t), wheret; = x"(g) forany g € C;. Thus,
we have m(n) = |—é‘ Y01 x™(€)ICil, where g; is any ele-
ment in the conjugacy class C;. The result for M = SSM,
K81, K80, or JC69 follows by applying the Table 1. O

Our next goal is to provide a set of independent linear
equations for £C. Before stating the main result, let us
introduce some useful notation.

Notation 21. We consider the following subsets of B =

B
By = {A...AC...C,G...G,T...T},
Bacier = {A,CY'U{G, T},
Bagier = {AGY"U{c, T},
Barice = {AT})"U{C,G}", and
By = Bacjer U Bagjer U Batjca-

The set By is composed of all n-words with only one letter
and it is contained in Bac|eT, Bag|cr, and Barjcs. Similarly,
B, is composed of all n-words with two letters at most.
It is straightforward to check that |Bacjer| = |Bagjcr| =
|Batjcel = 2" and |B| = 3- 2" — 8.
We adopt multiplicative notation for #n-words,
for instance, we write C’ for the word C...C, and
l
(Al)(Gm)x1+m+1 co.xy for ALLAG...GXipmtl---Xn
f m
where x4, 11, .., X, represent any letters.
The main result of this section is the following:

Theorem 22. A set of linearly independent equations
EM defining LM for M = JC69, K80, K81, or SSM is
given by

ESSM : equations px = p(ar)(ca)x for all X € B with

x1 € {7, Cl;
EX81 : the equations in ES5Y, and the equations
{px = p(AC)(GT)X} for all X € B with X1 =A;

Table 1 Details of the conjugacy classes of some permutation groups needed in the proof of Proposition 20

G=<Gy M Representatives of conj. classes C(G) Xg’(G)
((AT)(CG)) SSM {e, (AT)(CG)} (O] (4",0)
((AC)(GT), (AG)(CT)) K81 {e, (AT)(CG), (AC)(GT), (AG)(CT)} (AR (4",0,0,0)
((ACGT), (AG)) K80 {e, (AC)(GT), (AG)(CT), (ACGT), (AG)} (1,2,1,2,2) (4",0,0,0,2™)
G4 JC69 {e, (AC)(GT), (ACGT), (AG), (ACG)} (1,3,6,6,8) (47,0,0,2",1)

For each permutation group in the column on the left, the corresponding equivariant model and conjugacy classes are described. For each conjugacy class, we give a

list of representatives, its cardinality and the value taken by the character x" on it.
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EX80 ; the equations in E¥®L, plus the equations
{px = p(AG)X} forallX € B \ BAC|GT having X1 =A
and satistying the following condition: if T appears in
X, then there is a C in a preceding position;

[EIC®9 : the equations in EX8°, together with the equations
{px = p@am)x} for all X € Bacier \ Bo of the form
(Al)(C”‘)x;erH ... Xy; plus the equations
{px = pacyx} and {px = pamx} for all X € B\ By of
the form (Al)(C’”)meH ... %y and satisfying the
condition: if T appears in X, then thereisa G in a
preceding position.

The number of equations added in each case is 2>~ for
ssM, 22772 for K81, 2273 — 2772 for K80, and 2" — 1+
2n—3
235+ —2"72) for 3C69.

Before proving this theorem, we explain how these sets
of equations were obtained. Notice that a system of linear
equations of £ is given by

{pex =px 1 g €G, X e B}.

The role played by the G-orbits on B becomes apparent.
Indeed, the idea is to relate the equations to the orbits of a
subgroup of G. To this aim, let H be a subgroup of G and
write H \ G = {Hg : g € G} for the set of right cosets of H
in G. We consider a transversal of H \ G, i.e. a collection
{g1,...,8iG:H)} such that G = Ul[ng] Hg;. Then the orbit
of any X € B can be decomposed as

o=

i=1,...,[G:H]

{gX}H. (6)

This decomposition establishes the connection between
the G-orbits and the H-orbits. In order to obtain a sys-
tem of equations for £, once E has been computed, it
is enough to add the equations involving the permutations

in a transversal {g1 = e, %, ...,g(G:H)} of H \ G:
Px = Pgx
Px = Pesx forall X € B.
Px = Pgex

Notice that the union in (6) is not necessarily disjoint as it
may happen that {gX}y = {giX}y for i # j. In this case,
the equality pgx = pgx already holds in the space £ and
does not provide any new restriction. In order to avoid
this situation and obtain a minimal set of equations for
L, we request the special conditions on the X € B in the
statement of the theorem.

Proof. For each model M, we prove that the corre-
sponding equations are linearly independent and there are
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as many equations as the codimension of £, By Propo-
sition 20, the codimension of £M is 22"~ for ssM, 3471
for k81,7 -22"73 — 2"~2 for K80, and 4" — L;“ — =2
for JC69. In the sequel, we refer to the groups by the name
of the equivariant model associated to them.

SSM: As SSM is the group {e, (AT)(CG)}, a set of equations
for SSMis {px = p@T)(ce)x}. Fixing x1 in {A, C} we
obtain 22"~ ! linearly independent equations
(equations involving different coordinates). The
codimension of £5%" is equal to 22#~1, which
coincides with the number of equations given, and
thus this set of equations defines £55M,

K81: Since a transversal of SSM \ K81 is {e, (AC)(GT)}, the
hyperplanes px = pac)@r)x contain L8 but not
L55M, Moreover, using (6) we see that the orbit
{X}xs1 decomposes into the disjoint union of {X}ssu
and {(AC)(GT)X}ssu for any X € B. Therefore, the
equations given for K81 involve different coordinates
than those in ESM, Requiring x; = A, we obtain 4”1
linearly independent new equations. Thus EX8*
defines the space LX81 because the number of
linearly independent equations provided,

2211 4 gn=1 = 3. 4771 coincides with the
codimension of £X81,

K80: The set {e, (AG)} is a transversal of K81 \ K80. In
order to show that the equations provided are linearly
independent to those of EX®1, we apply (6) to this
transversal to obtain {X}xso = {X}xs1 U {(AG)X}xs1.
If X ¢ BAG|CT» then {(AG)X}Kgl and {X}Kgl are
disjoint, so each equation px = p(ac)x is linearly
independent from E*®*. The set B \ Bagjcr has
cardinal 4” — 2"*1 and, if X € B\ Bag|cr, each orbit
{X}xso has cardinality 8. Therefore, the number of
different orbits for X € B\ Bagjcr is
(4" — 27ty /8 = 2273 _ 272 Moreover, the choice
of X’s in B\ BagjcT with 1 = A and satisfying “if T
appears in X, there is a C in a preceding position”
guarantees that we take only one element in each
{X}xs0, and thus we are adding exactly one equation
for each of these X’s. Overall, there are
34771 4 (22173 2172y = 7. 22173 _ 272 Jinearly
independent equations in EX8°. This number
coincides with the codimension of £X8% and these
equations define £X8°,

JC69: A transversal of K80 \ JC69 is {e, (AC), (AT)},
therefore (6) applies to give
{X}aceo = {X}kso U {(AC)X}kso U {(AT)X}kso0.

o if X € Bacjer \ Bos, then {(AC)X}xso = {X}kso
and {X}sces is the disjoint union of {X}xso
and {(AT)X}kso. As such, each equation
Px = pamx is linearly independent from
EK8O
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Moreover, if X € Bacjer \ Bo is of the form
(ah (C"™)X a1 - - - Xn, we have 2771 — 1 such
equations and they are linearly independent.

o if X € B\ By then the three orbits
{(AC)X}ks0, {(AT)X}ks0, and {X}kso have 8
elements each and are disjoint. Therefore, for
these X’s, each equation of type {px = pac)x}
or {px = p(am)x} is linearly independent from
EX80, Moreover, as B \ By has cardinal
4" —3.2"+1 4 8 and is covered by these orbits,
we have % = %(22"’3 +1)—2"2
different orbits. The restriction to the
elements of the form (Al)(Cm)x1+m+1 C Xy
and satisfying that “if T appears in X, there is
some G in a preceding position” guarantees
that the equations are written only only once
for each orbit.

Summing up, there are
1
7.22n73_2n72+<2n71 —142 <§(22n73 +1)— 2n72>>

linearly independent equations in EY“®? that contain

L£9€69, As this number is equal to the codimension
2n—3

4n — 22 9n=2 of £IC69, the proof is complete.

All the equalities among orbits used in this proof are
summarized in Table 2.

Remark 23. The sets of equations of Theorem 22
has been successfully used in [7] for model selection.
Although the dimensions of these linear spaces are expo-
nential in #, in practice it is not necessary to consider
the full set of equations, but only those containing the
patterns observed in the data. This is crucial for the
applicability of the method, since the number of different
columns in an alignment is really small compared to the
dimension of these spaces.

Example 24. As an example, we compute a minimal
system of equations for SSM, K81, K80, and JC69 in the
case of 3 leaves.
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Equations for £L5M: ESSM

equations:

is composed of the following

Pran = pPrTT)
PraT = PTTA,
Pace = Prces
Pace = pPrces
Pata = PTAT,
PatT = PTAn,
Pcag = Perey
Pcce = Pccar
Pcea = pPacTs
PceT = Pacas

Pcre = Peacs

Equations for LX8:

Pran = pcces
PraT = Pcces
Pace = Pcats
Pacec = pcta,
Pata = pcces

ParT = PccaG.

Equations for LX8°:

Prac = pcans

Paca = Pcacs

Panc = prTC,
Paca = PTcT,
Pact = Preas
Pace = Prccy
Patc = Ptac,
Pcan = part,
Pcar = patas
Pccc = Peces
Pcce = paces
Pcta = PGaT,

PcTT = Pcan.

Prnc = prTC,
Pacc = pPrces
Paca = pPrcTy
Pacr = Prcas
Patc = PTAC,
Pcac = Pares
Pcea = PeGTy
Pcct = Pceas
Pcee = Paccs

Pcrc = Peacs

EX81 is formed by ESSM and

Panc = pPcca,
Paca = pPcacy
PacT = Pcacs
Pace = pPctTs

Parc = pceas

Panc = pcers
Pacc = Pcan,
Paca = pcre,
PreT = Pcres

Parc = PcaTs

EX80 is formed by EX8! and

Pace = pPacas

Prce = pPceacs

Pact = Pacts

Pace = Pcra-

Equations for £L7°¢2: EIC®? is formed by E¥° and

Panc = pPrTc,

Pace = Pcacs

Paca = prcts

Pacc = pPrcG.

Pacc = pPrcos

Identifiability of phylogenetic mixtures

In this section we study the identifiability of phylogenetic
mixtures. To this end, we use projective algebraic vari-
eties and techniques from algebraic geometry. It is not our
intention to give the reader a background on these tools,

Table 2 Equalities among orbits used in the proof of Theorem 22

{X}omm {X}ssu {X}ks1 {X}xs0 {X}sceo
By {(x} -~ U{(AT)(CO)X} -+« U{(AC)(GT)X}ssu ‘e ver
Bigjcr ! ! ! -+ U {(AC)X}ks0
Bhcjer ! ! ! -+~ U {(AG)X]ks1 -+~ U{(AT)X}xso
Barice ! -+ U {(AG)X}ks1 -+ U {(AC)X}kso
B\B; - U {(AG)X}ks1 - U{(AC)X}kso U {(AT)X}ks0

For each word X in B, the orbit in the model that indexes the column is described. The dots . .. mean the set on the left and " means the set on the top.
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so we refer to the algebraic geometry book [14] and, more
specifically, to [10] for the usage of these techniques in the
study of phylogenetic mixtures.

There is a natural isomorphism between the points
lying in the hyperplane H considered above, H = {p =
®a.n--pr.r) € L0 px.x, = 1}, and the open
affine subset {p =[pa.a: - : pr.1]: prl...xn # 0} of
P¥'~1 = P(L). We use the notation lpa.n: - pr.1]
for projective coordinates (in contrast to (pa..a,- - .,pr..T)
used for affine coordinates). The projective phylogenetic
variety PV associated to a phylogenetic tree T is the
projective closure in P(£) of the image of the stochas-
tic parameterization q)/T\’l defined above. That is, it is the
smallest projective variety in P(£) containing Im ¢{‘~A via
the above isomorphism.

In what follows, we explain the relationship between
this new variety and CV;* and V', By Remark 7, it
becomes clear that CVIM equals the affine cone over
the projective phylogenetic variety IP’VZ/Yl (for the gen-
eral Markov model, see also [23], Proposition 1). This
implies that dim CV%V‘ = dimIP’V%V‘ + 1 and if p =
(a...ar--.,pr...7) belongs to cvM, theng:=[pa.. a:

-:pr. ..t belongs to ]P)VIM. Moreover, if A := Y px,. x,
is not zero, then (#2:=2, ., PZ-=T) js a point in the affine
stochastic phylogenetic variety V{}".

Before defining identifiability of mixtures, we consider
the following construction of projective algebraic vari-
eties.

Definition 25. Given two projective varieties X,Y C
P™, the join of X and Y, X Vv Y, is the smallest variety
in P”* containing all lines xy with x € X, y € Y, and
x # y (see [14], 8.1 for details). Similarly, one defines the
join of projective varieties X1, . . ., Xy C P, \/?ZlXi, as the
smallest subvariety in P containing all the linear varieties
spanned by x1, ..., x;, withx; € X; and x; # x;. It is known
that

h
dim (V_, X;) < min {Z dim (X;) + h — 1, m).
i=1
The right hand side of this inequality is usually known as
the expected dimension of Vf?le,'.

For instance, if we consider the join Vf’ZI]P’VIJ}i/l for cer-
tain tree topologies 7; on the leaf set [#] and a given
evolutionary model M, then there is a (dominant rational)
map

PV PV . x PV P! o5 VI PV C P(L),
7)

which is the projective closure of the parameterization
o1, V...V ¢r, defined by
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Pargp(T1) X ... X Parsp((Ty) x @ —> L

G- bma) = X @by ().

Here, @ = {a = (a1,...,ay) | Y ;a; = 1} is isomor-
phic to an affine open subset of P”~1 . In this setting, an
h-mixture on {T1,..., Ty} corresponds to a point in the
variety \/f’ZIP\/JJ}i’t. We will use this algebraic variety to
study the identifiability of phylogenetic mixtures.

When considering unmixed models M on trivalent
trees on u taxa, generic identifiability of the tree topology
is equivalent to the projective varieties ]P’VYM and ]P’VIJ},’t
being different when T # T’ (see [31]). The identifiabil-
ity of the continuous parameters must take into account
the possibility of permuting the labels of the states at the
interior nodes, as such permutations give rise to the same
joint distribution at the leaves. In the language of algebraic
geometry, generic identifiability of the continuous param-
eters of the model implies that the map qz%" is generically
finite (i.e. the preimage of a generic point is a finite num-
ber of points; see [31]). In this case, the fiber dimension
Theorem ([14], Theorem 11.12) applies and we have that
dim ]P’VIM is equal to the number of stochastic parameters
of the model, dim Pars((T). Therefore, if the continuous
parameters are generically identifiable for the unmixed
trees under M, then the dimension of the variety PVt
is the same for all trivalent tree topologies on # taxa. This
dimension is denoted by s (7).

Example 26. The tree topologies and the continuous
parameters are generically identifiable for the unmixed
equivariant models JC69, K80, K81, SSM, and GMM on
trees with any number of leaves (see [9] and [6], Corollary
3.9).

From now on we only consider trees without nodes of
degree 2, so that the number of free stochastic parameters
on a phylogenetic tree on # taxa under M is < spq(n).

We recall the definition of generic identifiability of the
tree topologies on /-mixtures (see [10]).

Definition 27. The tree topologies on h-mixtures under
M are generically identifiable if for any set of triva-
lent tree topologies {171, ..., Ty} and a generic choice of
&1,...&p,2) € Pargp(T1) X ... x Parspq(Ty) x €2, the
equality

¢T1V. . .V¢Th(§1,...fh,a) = ¢Tiv' . 'V¢T1;(%_{" . .S;l,a’),

for tree topologies {T7,...,T;} and (&,..
Pargp(Ty) X ... X Parsp(T)) x Q implies

&,a) €

{Tl,--wTh} = {Tlr/---,T];}'
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In terms of algebraic varieties this is equivalent to saying
that the variety V?ZIPVIJ};‘ is not contained in V?ZIPV#

and vice versa.

The tree topologies are the discrete parameters of /-
mixtures. When considering the continuous parameters
of h-mixtures, the above mentioned label-swapping can
be disregarded. We give the following definition according
to [12].

Definition 28. The continuous parameters of h-
mixtures on T1,...,T; under an evolutionary model
M are generically identifiable if, for a generic choice of
stochastic parameters (&1, . . ., &, a), the equality

¢T1V- . 'V¢Th 61,---pa) = ¢T1V- . -V¢Th('§1/7 e S};r a/)
for stochastic parameters (£, ...,&;,a’) implies that there
is a permutation 0 € &y such that o - (T1,...,Ty) =
(T1,..., Tw), & = &y, and a; = aq fori = 1,...7.
In other words, we only allow swapping of the continuous
parameters when at least two tree topologies coincide.

Definition 29. An /-mixture under a model M is said
to be identifiable if both its tree topologies and its contin-
uous parameters are generically identifiable.

In terms of algebraic varieties, generic identifiability of
continuous parameters on /-mixtures implies that the
generic fibers (i.e. preimages of generic points) of the map
¢é1, V...V ¢7, are finite. In this case, the fiber dimension
theorem applied to (7) (cf. [14], Theorem 11.12) gives

h
dim (V_,PV7) = Y dim (PVy) + h — L.
i=1

The following result demonstrates the need for care-
ful inspection of identifiability of mixtures with many
components (i.e. large values of /).

Theorem 30. Let [n] be a set of taxa and M be an
evolutionary model for which the continuous parameters
are generically identifiable on trivalent (unmixed) trees. In
addition, let s \((n) be the dimension oﬂPVfV‘ for any triva-

lent tree T, and set ho(n) := ;lj:l(gfl. Then the h-mixtures
of trees on [ n] evolving under M are not identifiable for

h > ho(n).

Remark 31. Note that, in the above definition of /g (n),
dim D also depends on 7.

Corollary 32. Let [#n] be a set of taxa and M be one
of the equivariant models JC69, K80, K81, SSM, or GMM.
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Then the phylogenetic #-mixtures under these models are
not identifiable for # > ho(n), where

4" : _
m, lfM = GMM,

22n—1

4)1—1 .
ho(l’l) = m, lfM = K81,
22}173_,’_2”72 . _
m, lfM = K80,

2n—3 n—2 .
i if M = Jceo.

Proof Theorem 17 shows that LM = D and Proposi-
tion 20 gives the dimension of £ in each case. Next, we
calculate: sgqum(7) = 12(2n—3)+3, sggu(n) = 6(2n—3)+1,
sgg1(n) = 3(2n — 3), sxgo(n) = 2(2n — 3), and sgce9 (1) =
2n — 3. Applying Theorem 30, we conclude the proof. [

Example 33. Consider the Kimura 3-parameter model
K81 on n = 4 taxa. For any & > 4, phylogenetic A-
mixtures are not identifiable by Corollary 32. We are not
aware of any result proving that mixtures of 2 or 3 different
tree topologies under this model are identifiable (either for
the tree parameters or for the continuous parameters).

Example 34. Consider the Jukes-Cantor model JC69
on n = 4 taxa. Then Corollary 32 tells us that for & > 3, h-
mixtures are not identifiable. Therefore, for this particular
model on four taxa the cases in which the identifiability
holds are known: the tree and the continuous parame-
ters are generically identifiable for the unmixed model; the
tree parameters are generically identifiable for 2-mixtures
([10], Theorem 10); the continuous parameters are gener-
ically identifiable for 2-mixtures on different tree topolo-
gies and not identifiable for the same tree topology ([10],
Theorem 23); neither the continuous parameters nor the
tree topologies are generically identifiable for mixtures
with more than two components (Corollary 32).

Proof of Theorem 30. Let edim(h) := hspy(n) + h — 1.
Then the variety \/f?ZIIF’VTi has dimension < edim(h).
Indeed, as V;¢7, is a parameterization of an open sub-
set of Vf‘zlP’VTi, then the dimension of \/f’zlPVT,. is less
than or equal to ) dimPVy, + k& — 1. Moreover, the
dimension of PV7, is equal to saq(n) if T; is trivalent
(since the continuous parameters for the unmixed mod-
els under consideration are generically identifiable) and
is less than spq(n) for non-trivalent trees. Therefore,
dim(V"_,PV7,) < edim(h).

If all T; are trivalent trees, then ) dimPVy, +h —1 =
edim(h) and, therefore, dim(\/f-’II]P’VTi) < edim(h) if and



Casanellas et al. Algorithms for Molecular Biology 2012, 7:33
http://www.almob.org/content/7/1/33

only if dim(v?ZIIF’VTi) < Y dimPVr, + h — 1. Moreover,
by the fiber dimension theorem applied to V¢r;, the equal-
ity of dimensions holds if and only if the generic fiber of
V¢, has dimension 0. In particular, if dim(\/f’ZIIP’VTl,) <
edim(h), then the continuous parameters of this phyloge-
netic mixture are not identifiable.

As ho(n) = %, we have that edim(ho(n)) =
ho(n)(sp(m)+1)—1 = dim Dy —1. Now, we fixank € N
with & > ho(n), so that edim(h) > dim(Dpy) — 1.

There are two possible scenarios:

(a) For any set of tree topologies {T1, ..., Ty}, the
dimension of \/f.’zl]P’VTt is less than dim(D4) — 1.

(b) There exists a set of tree topologies {T1, . .., Ty} for
which dim(V"_ PV7,) = dim(Dq) — 1.

Case (a) implies that the dimension of Vf?zl]P’VTi is
less than edim(h) for any set of trivalent tree topologies
{Ti, ..., Ty}. Based on the conclusions drawn above, this
implies that the continuous parameters are not generically
identifiable.

In case (b), Vlh:ﬂPVTi coincides with P(D,). Indeed,
Vf‘ZIIF’VTL. is contained in P(Dj,), both varieties are
irreducible, and dim(vf‘ZIIF’VTL.) = dmDnp) — 1 =
dim(P(Dq)), which implies that both varieties coin-
cide. In particular, any A-mixture (which is a point in
P(Daq)) would be contained in vf’zl]P’VTi, and therefore
the topologies are not generically identifiable. [J

Remark 35. The negative result of Theorem 30 should
be complemented with the following positive result of
Rhodes and Sullivant in [12]: if M = GMM and one
restricts to #-mixtures on the same trivalent tree topology
T, then the tree topology and the continuous parameters
are generically identifiable if # < 4la1-1,

Conclusions

In this paper, we have dealt with the space of phylogenetic
mixtures for evolutionary equivariant models. We have
shown that for the case of the Jukes-Cantor model, the
Kimura models with two or three parameters, the strand
symmetric model and the general Markov model, this lin-
ear space is defined by the set of linear equations satisfied
by the distributions of the patterns at the leaves of a tree
that evolves under that model. It follows that this space
completely characterizes the model. The use of tools from
group theory and group representation theory played a
major role, and allowed us to design a procedure to pro-
duce minimal systems of equations for these spaces and
for any number of taxa. This procedure has been imple-
mented successfully in a new method for model selection
in phylogenetics based on linear invariants (see [7]), which
is available online at http://genome.crg.es/cgi-bin/phylo_
mod_sel/AlgModelSelection.pl,.
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In the last part of the paper, we proved new results
concerning the identifiability of phylogenetic mixtures.
Namely, we provided an upper bound for the number of
components (classes) of a mixture so that the identifiabil-
ity of both the continuous and the discrete parameters is
still possible.
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