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Chapter 4

The Ulam-Harris model and Galton-Watson
trees

The purpose of this chapter is to lay the foundations for a study of Galton-Watson
branching processes within an extended framework that beyond mere generation
sizes also incorporates the genealogical structure of the considered population and
therefore requires the introduction of labeled trees with a distinguished root as ran-
dom elements on a suitable probability space.

4.1 Basic setup

In the following we will define labeled trees with a distinguished root in a canonical
way as subsets of the infinite Ulam-Harris tree with vertex set

V= [JN,

n>0

where N0 := {2} consists of the root [I¥" also Section 1.2]. Each vertex v=vj...v, €
V\ {@} is connected to the root via the unique shortest path

g — VI — VIV — ... = V]...Vj.

The the length of v is denoted by |v|, thus |v;...v,| = n and particularly |&| = 0.
Further let uv = uy...u,,v;...v, denote the concatenation of two vectors u = uj...uy,
and v =vj...v,.

Definition 4.1. A subset 7 of V is called (labeled) tree if

(Tl) et
(T2) vj...v, € Timplies v;...vy € Tforeachk=1,....n— 1.
(T3)  vj...v, € Timplies v;...v,_1j € T foreach j € {1,...,v,}.
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If, furthermore,
(T4)  z,(7) := |TNN?| < o for any n € Ny,

then 7 is called locally finite. The elements of 7 are called nodes, vertices or
individuals, the individual & is called the root or ancestor. Finally, the height
of 7 is defined as

H(t) = sup{n>0:z,(7) >0} € No.

Fig. 4.1 A finite tree with Ulam-Harris labeling.

Since any tree considered hereafter has the described Ulam-Harris labeling and
the distinguished root & we may omit, unlike other texts, the attributes ’labeled’ and
‘rooted’. We are further interested only in locally finite trees and therefore define

T = {t C V:7isalocally finite tree}.
The subset of finite trees is denoted by T¢, i.e.
T¢ = {teT:|1|<e} = {t€T:H(t) < oo}.

In order to study random quantities taking values in T, or functionals thereof, we
must first endow this set with a suitable o-field .7 so as to render measurability.
This will be accomplished by defining a metric d on T and then choosing 7 as the
associated Borel o-field generated by the topology induced by d.

For 7 € T and n € Ny, we define
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1, = TNN" = {ve1:|v|=n},

n
Ty = Urk = {ver:|v| <n},
k=0

[t], = {T' €T 17, =1}

Lemma 4.2. Defining d : T x T — [0,1] by
d(t,7) = exp (— sup{n>0:1, = ‘L'|’n}>

with e=% := 0, the pair (T,d) forms a separable metric space with countable
dense subset T°.

Proof. To see that d is a metric, we must only verify the triangular inequality. But
for 7,7',7" € T, we have
sup{n > 0: 7, =71,} > sup{n>0:7,=1,} Asup{n>0:7, =1}

and so
d(t,7") < d(z,7")vd(7,7") < d(z,7)+d(7,7").

Any metric satisfying the first stronger form of the triangular inequality is called
ultrametric.
Setting T, = {t € T : H(t) = n} for n € Ny, we have

T = (JTa,

n>0

and since any T, is obviously countable, the same holds true for T¢. Furthermore,
for any 7 € T and n € Ny, it follows that

d(t,7,) < e
which together with 7}, € T for any n shows that T is a dense subset of T. a

Remark 4.3. Although not needed for our purposes, we mention that (T,d) is also
complete and leave the proof as an exercise [F=¥ Problem 4.7].

Remark 4.4. For T € T and € > 0, let
B(t,e) = {t'€T:d(7,7') < e}

be the open &-ball about T with respect to d. Since d takes values only in the count-
able set {¢ " : n € Ny}, we infer that B(7,e) = T if € > 1, and

{B(tr,e):7€eT,0<e<1} = {B(r,e"):7€T,n>0} = {[t]p,:7€T,n>1},
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where the second equality follows from
TeB(re) & suplkitp=7T}>n
< U1 = T\/nﬂ
& 1€t
for any n € Ny. Next observe that, for any 7,7/ € Tand n > k > 1,

[T]n, if T = Tl’k,

T, N[k = ET: Xn = Tns =1} =
[T = {2 Hin = Tns X = T} {@7 otherwise

holds true. Consequently,
& = {0, TYU{[t],:t€T,n>1} 4.1)
forms a N-stable system of open neighborhoods of T.
We now define 7 as the o-field generated by &, i.e.
T =0(&) =oc{[t]n:t€T,n>1}). 4.2)

Based on the previous considerations, the following lemma is easily proved.

Lemma 4.5. The o-field T defined in (4.2) equals the Borel o-field %(T)
induced by d, that is, the o-field generated by the open subsets of T with
respect to d.

Proof. Clearly, 7 C %(T). In view of Remark 4.4 it therefore suffices to note that
any nonempty open subset of a separable metric space can be obtained as a count-
able union of &-balls. a

We close this section with the definition of an ordering on V that reflects the
kinship of its vertices when interpreted as individuals of a genealogical tree.

Definition 4.6. Let v =v;...v,, and w = w;...w,, be elements of V.

(@) Ifw =vuforsome u eV, then v is called an ancestor or progenitor of
w and, conversely, w a descendant of v. In this case we write v < w or
W = W.

(b) If u € Nin (a), then v is also called mother of w and, conversely, w
child or offspring of v.
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(¢)  Setting ¢(v,w) :=inf{k > 1 : vy # wy}, the most recent common an-
cestor (MRCA ) of v and w is defined as

VAW 1= V..V (yw)—1-

(d) Inthe case v # w, we further define

det ) Iv| <wl, if [v] # |wl,
v<WwW <— .
Vo(vw) < We(vw)) if |V‘ = |W|

and then generally v < w iff v=worv < w.

With these definitions & < v as well as @ < v for any v € V holds true.

The relation ”<” introduced in (d) defines a total ordering on V which, when
restricted to N, coincides with the usual one. Thus, for any two elements v,w of V,
either v < w or w < v holds true, and each finite subset of V possesses a minimum
and a maximum. If this subset consists of two elements v,w, then the minimum
equals their MRCA v A w defined in (c) which explains the chosen notation ”A”.
Finally, we note that ”v < w” may be interpreted as v is older than w” when in-
troducing a suitable ordering of ages of the individuals of V. Details are left to the
reader [ Problem 4.9].

Problems

Problem 4.7. Prove that the metric space (T,d) is complete.

Problem 4.8. Prove that

1
I+sup{n>0:7,="1}

|n

dy(1,7) =

defines another metric on T which generates the same topology and thus the same
Borel o-field on T as the metric d.

Problem 4.9. Let v,w € V and 7 € T be a finite tree.

(a)  Let vV w be the maximum of v,w with respect to the ordering given in Def.
4.6(d). Give an intuitive characterization of this element.
(b)  Give an intuitive characterization of the minimal and maximal element of 7.

Problem 4.10. Show that V is a multiplicative semigroup with neutral element &
when multiplication is defined as concatenation. [This provides a justification for
the notation vj...v, for (vi,...,v,).]
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4.2 The Galton-Watson tree: formal definition and properties

Given an offspring distribution (p,),>0, we are now able to provide the formal
definition of an associated Galton-Watson tree (GWT) GW as a random element
in (T, %(T)), which is most conveniently accomplished in the following standard
model similar to the one described in Section 1.1 for the GWP.

Let {X, : v € V} be a family of iid random variables with common distribution
(pn)n>0 and defined on a probability space (2,2,P). Define GWy = {&},

GW, = {vi.vp,eN':vi.vu_1 €GW,yand 1 <v, <X, v, ,}

for n > 1 (with the usual convention vy...v,_; := @& if n = 1) and finally
GW = | JGW,.
n>0

Obviously, GW then is a T-valued map when stipulating that edges are put between
v,w € GW whenever w is a child of v. We further define (with z,, : T — Ny as in
(T4) of Definition 4.1)

Zyn = |GW,| = z,0GW

for n € Ny.

Lemma 4.11. The following assertions hold true for the previously defined

mappings:

(a) GW:Q — TisA-B(T)-measurable and thus a T-valued random ele-
ment defined on (22,2, P).

(b)  Forany n € Ny, the mapping z,, : T — Ny is B(T)-measurable and thus
Zy = 7,0 GW an integer-valued random variable defined on (2,2, P).

Proof. (a) We must only show that GW~!(&) C 2l. But for A = [1],, T € T and
n € N, we obtain

GW'(A) = {0€Q:GW,(0)=1,}

= N{6Wi(o) =7}

k=1
oc({Xv:lv|<n—-1}) C A

m

(b) Here it suffices to note that for each n € N

! (k) = {reT:a@)=k = |J [t

teT, 1=k

which is an element of %(T) because the last union is countable. O
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After these preparations we are ready to give the following definition of the
Galton-Watson measure:

Definition 4.12. We put GW :=P(GW € -) and call this distribution of GW
the Galton-Watson measure (GWM) on (T, 2(T)) associated with (p;)n>0-

It now follows for each n € Ny that
P(Z,e-) = P(zyoGWe ) = GW(z, € )
as well as, more generally,
P((Za)nz0 € ) = P((za0GW)nz0 € -) = GW((z)nz0 € -)-

Since (Z,,),>0 is clearly a GWP with one ancestor and offspring distribution (p,),>0,
the last relation shows that such a process may also be realized as a stochastic se-
quence defined on the probability space (T, %(T),GW) which in fact means nothing
but realizing the generation sizes of a given population as functionals of the associ-
ated GWT, namely as its numbers of nodes at each level.

We proceed with a result that, in view of the stochastically independent and iden-
tical reproductive behavior of individuals in a GWT, should not take by surprise,
namely that the subtrees of descendants generated by individuals of the same gener-
ation independent with common distribution GW. To make this precise, some further
definition are needed.

Given 7 € T and u € 7, we call

= {ver:vru}

the subtree of T rooted in u. It consists of all individuals which are descendants
of u including u itself. In order to identify 7" in a unique way with an isomorphic
element of T, let ©, be the u-shift, defined on uV := {uv : v € V} by

Ou(uv) = v,

in particular ©,(u) = &. Evidently, ®,(7") then just equals the unique element of T
that coincides with 7" apart from a relabeling of its nodes such that the root becomes
. By a similar argument as in the proof of Lemma 4.11(a) one can easily verify the
2A-Z(T)-measurability of @, o GW" for any u € GW [¥= Problem 4.14 for a precise
formulation of this statement].

Proposition 4.13. Let GW be a GWT with GWM GW and associated GWP
(Zn)n>0- Then the following assertion holds true for any n € N: If k € N is
such that P(Z, = k) > 0, then, given GW,, = 7 for some T € T with z,(7) =k,
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the k shifted subtrees ©,GW", u € 1,, generated by the individuals of the n'h
generation are conditionally iid with common distribution GW.

Proof. Suppose that GW|, = 7 for some 7 € T with z,(7) = k and pick any w.l.o.g.

nonempty A, € & for u € 7,. With a suitable family {Bf,“) :veV,ue1,} of subsets
of Ny, we then obtain

[Tewi) = I] HP(XVEB§“>)

UET, uet, veVv
_ P(Z, = k) P(Xyy € BY
IP(GW‘,, =1,Z,= k ule_ln vlgf " ’ )
1
_ Z =kn {X v EB }
]P’(GW‘n =1,Z,=k) <{ ! ) Ugn v(gV ) >

P(GW), =1,Z, =k, O,GW" € A, foru € 7,)
P(GW), =17, Z,=k)

P (@uGW” €A, foruen,

GW), = 7,7, =)

having utilized that the X, are iid. This proves the assertion because & is a N-stable
generator of Z(T) containing T [*¥ e.g. [5, Thm. 22.2]]. O

Problems

Problem 4.14. Let GW be any GWT and u € V. Prove that the map

® 0,0GW'(w), ifueGW(o),
{o}, otherwise.

from Q to T is A-%(T)-measurable.





