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Revision: a branching process consists of reproducing individuals.

e All individuals are independent.
e Start with a single individual at time 0: Zy = 1.
e Each individual lives a single unit of time, then has Y offspring and dies.

e Let Z, be the siZe of generation n: the number of individuals born at
time n.

e The branching process is {Zy = 1, 21, Zs, .. .}.

Branching Process Recursion Formula

This is the fundamental formula for branching processes. Let G, (s) = E(s%")
be the PGF of Z,,, the population size at time n. Let G(s) = G1(s), the PGF
of the family size distribution Y, or equivalently, of Z;. Then:

b !
Ga(s) = G (G(s)) = g(e(g( .G(s) . ) = 6(Gua()).
n t};nes
|
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9.1 Extinction Probability ~ TP(QVU Lits O) (L"H"J (’f" Qﬁgiu{:jw,

One of the most interesting applications of branching processes is calculating
the probability of eventual extinction. For example, what is the probability
that a colony of cancerous cells becomes extinct before it overgrows the sur-
rounding tissue? What is the probability that an infectious disease dies out
before reaching an epidemic? What is the probability that a family line (e.g.
for royal families) becomes extinct?

It is possible to find several results about the probability of eventual extinction.

Extinction by generation n

The population is extinct by generation n if Z A= O .
(no \ff\l{/‘l\/TAN\ﬁ-QJ h,% time N )

If Zy = 0, then the populahen s gxtinck fer vy
Zt = 0 a@ar f"vu f?, n .
Definition: Define event FE,, to be the event
Em = gzn: O 73 (zl/e/d’ Hoak e Fgfm Ny x)d‘bw%lij jM:]JSJ—'m

Extinckon is Toreser

Note: E, &£, ck, € E,=cE, < .
This is because event £ forces E; to be true for all j > 7, so Ej is a ‘part’ or

subset of E; for j > i. U{X"“x X3 E, [ b
o\ ne
Ultimate extinction A L lg\j Hi\){ _

At the start of the branching process, we are interested in the probability of
ultimate extinction: .o {g rol &by ]}\g-\) Hwk fla IOG()\A,LG\’{' o will Le
exfinck iﬂ\'l“ Somg WNSPECTFIED Vol 06; A .
We can express this probability in different ways:

S} Ve —O)(H’\()rb\jmmﬁon @)
P(ultimate extinction) = ]F U E,,, g__i_L_ v v .

nN= o0 % L “ t Q-

. o o2 .... =A<
Or: P(ultimate extinction) = HD( ;f/m/\ Eﬂ) | — |
N Bo (2. ﬁ)(_ﬁk‘f:nc.l_r l_.,J 5,0\1_;7\;1’1“0/\ D(])

~
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Note: By the Continuity Theorem (Chapter 2), and because Ey C Ey C Ey C

we have: Pfog aé, h“M\“(:/\‘j Sb{f\L "Ml'{' J.a, rm AWV\L()U
P(ultimate extinction) = P (hm En> = hﬁ

Thus the probability of eventual extinction is the limit as n — oo of the prob-
ability of extinction by generation n.

We will use the Greek letter Gamma («y) for the probability of extinction: think
of Gamma for ‘all Gone’!

Km y TP (’E‘mv = TP(-C,XH/\C){ % 3,(/\{_;7\,{-20 N Vl> ‘
¥ = Pluthirade oxdinchn)
By the Note above, we have established that we are looking for:

HF(AAWMG*& va(Jr?/\d’W\Of\)—:_b/_:—:f;;\_}; y ———

Nn—) o

Lxtinction is Forever

Theorem 9.1: Let v be the probability of ultimate extinction. Then

¥ s Hre EM Aeﬂa'\";u¢ Solubion aad He ﬂ‘LW’v{"Oﬂ
C(S):_Q) e G(o H&PC\F? aﬁwbsla \d
b \ Cro " Aot Fime. LEARN .

To find the probability of ultimate extinction, we therefore:

o Prd e PAF o fanily size, : Q(Q-’-J:E_(S\‘/)
o Prh valius % S H,\/J' SA{‘»J@ Gl =5

/(fﬁni (NS wa»uu{' 7 Huse valmes Hat is > 0. Tl
s e f‘ﬂ.q/mrd valne Y.

G(7) = v, and 7 is the smallest value > 0 for which this holds.
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Note: Recall that, for any (non-defective) random variable Y with PGF G(s),

GO -E(1) = TP - ZP(ry) - 1.

So G(1) = 1 always, and therefore tore D\L-ua\,‘js oxists o Solubion aﬁor
GO=s n Lo, 1.

The required value v is the smallest such solution > 0.

lesy prpaty
Lemma: Let v, =P(Z, =0). Then W= G (}f ) "a’ (AR ("orv\
Proof: P(ﬁ)(‘“/\d\' L:\j j,!/\lf‘d—lof\ V\) - / L\kf
T¢ Q,\(Q s He POF o 2., Hhen | P(z2,=0)= 4, (o).

So = Qo () Swilwdy = G, (0.
Now cl,\ o - 6(G(a( mp;\b)ﬁ%@
NI

v/ n G’s
So ,,, Q(C.n, o)) Q(Tfn_l)- )

Proof of Theorem 9.1: We need to prove:

D) G =y ve- ¥ M a Solubon = G(s) =5

(ii) v is the smallest non-negative value for which G(v) = .
That is, if s > 0 and G(s) = s, then v < s.

Before proving Theorem 9.1 we prove the following Lemma.

Proof of (i): ﬂa n>00, 1.5, hﬁ“"ﬁ?j
from %ovu’(&&) ( :6&'” K,,,

‘[cw\ Sw Q and /OL\M = \
LQCMQ:LPQ (GO VDS L %-:Aoo b’"_'>
W
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Proof of (ii):

Se (o)1)
First note that G(s) is an increasing function on [0, 1]:

(0]

G(s)=E(s") = ) s'P(Y =y)

y=0
= G'(s) = Zysy_lP(Y =) f’OS;HUt toms oml:j*
=0

= G'(s) > 0 for0<s<1, so(G isincreasing on [0, 1].
—_—

L

((s) is increasing on [0, 1] means that:

s1<sy = G(s1) <G(sy) foranysy,soel0,1]. &
" A ~ a C preseves Hoe order od— Hee 575 .
The branching process begins with Zy = 1, so
AT Y a Ve

P(extinct by generation 0) = 7 = 0.

= i
At any later generation, 7, = G(7,-1) by Lemma. S s en mpe st
_' So b on.
Now suppose thatand G(s) = s. Then we have: A+ slow
0<s = Y < s (because vy = 0) ol s s LJM
[ We I,JM{' (S‘
P\be G to Lot sSdes =5 = G(y) < G(s) (by &) or £ L
A . (Lomma )S s o solwbon 799,
(C. Prf.S—U\/c.S or 1.e. M <s +o Gl&)=S So b, ‘

Af’f"b C, Ajaan —> = Gy <G() (by &)

@

Thus Vo < S for all n.
|

So if s > 0 and G(s) = s, then v = lim v, <. O
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Example 1: let {Zy = 1,7Z,,Z5,...} be a branching process with family size
distribution Y ~ Binomial(2, i) Find the probability that the process will

eventually die out. EY = 245+L = 1
& z

Solution:

Lek G =F(s"). T rmgagnb & wlbmake oxfircho
X9 b/) Whas e X s e smallest Solubon = O , He .U?/wbﬁ%

Li(s\ =S.
For ¥V ~Bin (n e POF e QL) = (f-“rzw (Um‘o 'ﬂ
So T&’ INfSV\ (2 l) Hen L3

6; (€) = ( J(;S + %)
We meed To solue Q(ﬂ < s

G- (5 2)
f[t(s-pzﬁ = S | s
(s +2) = lbs
_qq‘-k (s + 9 = IS

D@01 -

Teide ! We haow Wt G(D =1, seo S=] lLes Jo?L b Le a
bhon.  Use M3 Jbr N 7/1,\3&& @LadvﬁSavHo;\:
(S—\)( s -9) =0
Solwkhons: s= ) Ak S=T.
T& Smallest solbon = 0 s S=.
So ﬂj(mlhmk)re oxBinchRon ) = ¥ = i

FxBaction & DEFINITE when Hae {—e./»\\\j Size st s
YN&?A(Z; I/(‘,_),
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Example 2: let {Zy = 1,7Z,,7,....} be a branching process with family size
distribution Y ~ Geometri@ Find the probability that the process will
eventually die out.

Solution: Lo G(S) = E(SY> P(V\lﬁf“ﬂ‘\ffﬂ MH"CHO’\yzb’) Whet
Y U ke snalhesT solubion > 0 fo fle ega. G (9 =5s.
v . —
For Y~ Quomekrc (), He PGF & (5 - {’7} ()
So ger Y~ GleomekAc (J[;\} e PGF ¥
|

a(- e — o _|

—_— -

|- 2 f—335
We need 1o sluve G(5) =S LrHv_t
.
C;(\g le—3S g S
l = hs =35 o
' @sl—l(fs 41 )= O o

/I?I\GPQI I. Q=) is a4 Solw\Hﬂn) <o (S'”D YA 0.0 0.4 . O.Bi 1.2

fochor.
(3-—])(35*'3 = 0O

So[/u\h\ofd | s=1, S-‘lé

TL_Q smallest solubion >0 i S::—:Ll’ :

So F(wlﬁm&+& ?/?(.JI‘%ACHQ/\\:Y = .’\]7; . ﬁ .

E—X’H/‘U\ ToA LS ‘aoSS"wLLE_, W /\0‘\' M-‘;\n%ﬂd Wlen aﬁ,:,\,\"b D IS
YNC\MMHC ( ‘/c(_,\,
W(Y:O):f@a 5—(.’;:0'7_1; (LM"’W\' ﬁ”@—v\ﬂf‘\}:q:\ i}
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< 9.2 Conditions for ultimate extinction

It turns out that the probability of extinction depends crucially on the value of

M, e pmeen 96— Hie (fltm'\ size dashnbubon; V.

Some values of i guarantee that the branching process will die out with prob-
(= ability 1. Other values guarantee that the probability of extinction will be
strictly less than 1. We will see below that the threshold value is /Vl: 1.

=
ol
\_.J-

If the mean number of offspring per individual p is more than 1 (so on average,
individuals replace themselves plus a bit extra), then the branching process is
not guaranteed to die out — although it might do. However, if the mean number
of offspring per individual p is 1 or less, the process is guaranteed to become
extinct (unless Y = 1 with probability 1). The result is not too surprising
for pu > 1 or i < 1, but it is a little surprising that extinction is generally /

guaranteed 1@

Theorem 9.2: Let {Zy = 1,7, Z5,...} be a branching process with family size
distribution Y. Let p = E(Y) be the mean family size distribution, and let t
be the probability of ultimate extinction. Then

e—86—0o

D Ig m> 1, Hen Yy <l o odinckionic NOT guarndbeed ¢ p> .
(ii) Tg m<l, Haay=1: xbnckBor IS GUARANTEED P m<l.
(iii)IE /V\::‘) flan Kﬁl M'm_g H-«wav\\j $Hize LJD\IA«J“(j_?

Lemma: Let G(s) be the PGF of family size Y. Then G(s) and G'(s) are strictly
increasing for 0 < s < 1, as long as Y can take values > 2.

Proof: G(s)=E(s") = ZsyP(Y =v). S ﬁ)()/: 0)+ S ? o s HJM}
o0 y=0 &
So G'(s) = ys' TP(Y =y) > 0for 0 < s <1, Hun G(s) skr C%b INU ea$ns -
__
because all Terms are > (0 and at least 1 term is > 0 (if P(Y > 2) > 0).
Similarly, G”(s Zy — D' PP(Y =y) >0for 0<s<1. FH . Cl //Q
So G(s) and G'(s ) are strictly increasing for 0 < s < 1. O S+f'%

A LS f:j,
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Note: When G”(s) > 0 for 0 < s < 1, the function G is said to be convex on that
interval.

G(s) . G(s)
ALY ConcAve
et @ 3 / / (Gle o UWL)
N /
Lo / ¢
LM\ : :
\/‘] ¢ \,\;\:\SO Convex: G”(s)>0 Concave: G”(s) <0

G"(s) > 0 means that .o M GE{/ ¢ ([2 q’(@)
X @OA_S*'WJ(\LJ ind'msqﬁ C{Er O< S < .

Proof of Theorem 9.2: This is usually done graphically.

The graph of G(s) satisfies the following conditions:

1. G(ﬂ [y ?/\cf)w»&%\/j ~And 5%’{0\"5 LAV X (M {03 ) YCM)L;
v

o 2. Cl(a) :TP("'/:O) >/ 0.
e L q(D) = 1

(™ ETa G111 = pa, 50 e slpe o 66y ab S=1 gives e v
5. oo sibincion probabily 3 s Hee smallest velwe ¥ 0
éor Wada G(s) = S-
! t_G() ;' @
£ - E(Y) . é@()gdtl
@ (Y=0) M@”M.

AN > | :
(extinction S/\lzxp\ilu)( ,?;\,{‘Ujauc)ho/\ Odf {/I/\JLJ’
probability) {:; Cl‘(g) M L=5
nartes Haa smallesy Soln dé’

G(s) =S , e, %
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Wlen /v\>|) e cwve Go) s '

éorcu( Leneskh the Une & =3 d
A s Me awve (G (s) has
To wrocs He hine E=s O\\jm\m)
In ordu to met He EFooxis

P(Y=0)
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p>1

/=5 (gradient=1

ok P (Y=0) . So Here sk be o0

o SOLM.)T:\OA pd \ {"o H,q_ n =5.
Case (ii): p <?1( ﬂ)]/ “©

When p < 1, the curve G(s) is t
forced above the line t = s for s < 1.
There is no possibility for the curve
G(s) to cross the line t = s again P(Y=0)
before meeting the t-axis.

Thus there can be no solution < 1

to the equation G(s) = s, so v = 1.

The exception is where Y can take only 0

values 0 and 1, so G(s) is not strictly

convex (see Lemma). However, in that case
G(s) = po + p1s is a straight line, giving
the same result v = 1.

Case (iii): p=1

o— #— § —eo—0

When p = 1, the situation is the same t
as for p < 1. N
The exception is where Y takes only the
value 1. Then G(s) = s forall 0 < s <1,
so the smallest solution > 0 is v = 0.

P(Y=0)

Thus extinction is guaranteed for p = 1,
unless Y = 1 with probability 1.

G ()
e

s e (ae
is ﬂ,q_ i ae
£-=1

t=s (gradient=1)

S

| oﬂb ey odv

'6 on (ouU“
intutedBon

NOT « Laann

Sl/w\fx_l_

dant

(
T2
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Example 1: lLet {Zy = 1,7y, Z5,...} be a branching process with family size
distribution Y ~ Binomial(2, i), as in Section 9.1. Find the probability of
eventual extinction.

Solution: Conrsidus Yr\/&:n (Q_J-lq-_/w) e /«4-_- EY‘-’- 2#—’{: = J’Z: < |
Qo owxpachon s ke

Y = Pulfimede mHnoHoﬂ =1
(TL\L (oﬁﬂ, calcwlabion in €91 Las Nof necessasy 5

Example 2: Let {Zy = 1,71, Z5,...} be a branching process with family size
distribution Y ~ Geometric(1), as in Section 9.1. Find the probability of
eventual extinction.

olution: VY = Y L ~
Solut : IMQQDM(%;\JM/V\'E[:F:—V—%— -3 >i
¢

So fo Tﬁ/\A Yo we Do shll need e Lo talenlehion §"{-l.
(0. solve (D=5 & ¥ & Smallest Soln > 0. )

Beo comse //\>[ e Ianow X<] bt we don't hrow Sty
volrme vkl we Solve C(S =5

Note: The mean p of the offspring distribution Y is known as the (r Ji‘ ]Cﬁ(”‘j
PoJ‘aN\W U .

e If u < 1, extinction is definite (v = 1). The process is called subcritical.
Note that E(Z,) = ¢ — 0 as n — oo.

proCesses E If 1 = 1, extinction is definite unless Y = 1. The process is called critical.

1A Note that E(Z,) = u" = 1 Vn, even though extinction is definite.
T -
AF\V\:\J— e If 1 > 1, extinction is not definite (7 < 1). The process is called supercritical.
o~

I Note that E(Z,) = u"* — oo as n — oo.

( al N CW\)
VoML -

—_—
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- h ~ -
‘BAD Luck 1 YOUT populationiS ¢chEpULEDt0 ¢ Extinct! -

But how long have you got...?

9.3 Time to Extinction

Suppose the population is doomed to extinction — or maybe it isn’t. Either way,
it is useful to know how long it will take for the population to become extinct.
This is the distribution of 7', the number of generations before extinction. For
example, how long do we expect a disease epidemic like SARS to continue?
How long have we got to organize ourselves to save the kakapo or the t1
before they become extinct before our very eyes?

1. Extinction time n

The branching process is extinct by time n if Z = O .

N

Thus the probability that the process has become extinct by time n is:

F(Z.=0) = G,(0) =y

Note: Recall that G,,(s) = E(s%") = G(G(G( .G(s).. >>> :

A 7

N
n times

There is no guarantee that the PGF G,,(s) or the value G,,(0) can be calculated
easily. However, we can build up G,,(0) in steps:

eq. 6, () =G(6 (o))
aon G5 () = § (G, (o))
o G () < 660 o G 0:6(6, ()
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2. Extinction time n DA AT Fime 2 (w Lmt 0{-%‘( [‘_’f\{ 4,)

Let T be the exact time of extinction. That is, 7' = n if generation n is the
first generation with no individuals:

T- w & Z,=0 AN Z_ >0

Now by the Partition Rule, — @
P(z,-0 n 2,.%0) + P(z,-0n 2, =0) = P(2-0)

But the event {Z, =0 N Z,_; = 0} is the event that the process is extinct by
generation n — 1 AND it is extinct by generation n. However, we know it will

always be extinct by generation n if it is extinct by generation n — 1, so the
Z, = 0 part is redundant. So

(,P(Z,\:o N 2,\#,:03 = HD(Z,,*I :O) = C,;_} (0)

Similarly, ”’3 (Zn - 0) = Clﬁn (O) _

So (x) gives:

P(T=n)= P(Z,20 n2,_>0)=4,(0)-6,, (o)
= zrn ’Un—r

—

This gives the distribution of 7', the exact time at which extinction occurs.

FExample: Binary splitting. Suppose that the family size distribution is

v — 0 with probability ¢ = 1 — p,
| 1 with probability p.

Find the distribution of the time to extinction.

S'f‘or
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Solution:
Consider

G(s) =E(s") = ¢s" +ps' = q+ps.
Ga(s) = G(G(S)) =q+plg+ps) = q(1+p)+p’s.

G3(s) = G(G2(8)> =q+plg+pg+p’s) = ql+p+p’)+p’s.

Gn(s) = ql+p+p*+...+p" ) +p"s.

Thus time to extinction, T, satisfies
P(T=n) = G,(0)—G,-1(0)

= ql+p+p*+... +p" ) —ql+p+p*+...+p"?)

n—1

= qp forn=1,2,...

Thus
T — 1 ~ Geometric(q).

It follows that E(T"— 1) = £, so

q?

1— 1
E(T)=1+ ﬂ:

q q

p
q

Note: The expected time to extinction, E(7T), is:

o finite if u < 1;

e infinite if . = 1 (despite extinction being definite),df is finitez— ( [ J)ﬂ ngs
/o )
e infinite if 1 > 1 (because with positive probability, extinction neveruD

happens). k e (6 Jo W e

IO ACIY
(Results not proved here.) - q) _
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9.4 Case Study: Geometric Branching Processes

Recall that G, (s) = E(s%) = G(G(G( LG(s).. ))) .

\ 7

n tEnes
In general, it is not possible to find a closed-form expression for G,,(s). We
achieved a closed-form G, (s) in the Binary Splitting example (page 190), but

binary splitting only allows family size Y to be 0 or 1, which is a very restrictive
model.

The only non-trivial family size distribution that allows us to find a closed-form
expression for G,,(s) is the Q@OMd“ri ¢ ASEALWRoN.

When family size Y ~ Geometric(p), we can do the following:

e Derive a closed-form expression for G, (s), the PGF of Z,,.

e Find the probability distribution of the exact time of extinction, 7'
not just the probability that extinction will occur at some unspecified time

(7)-

e Find the full probability distribution of Z,: probabilities P(Z, = 0),
P(Z,=1),P(Z,=2),....

With Y ~ Geometric(p), we can therefore calculate just about every quantity
we might be interested in for the branching process.

1. Closed form expression for G, (s)

Theorem 9.4: Let {Zy = 1,71, Z5,...} be a branching process with family size
distribution Y ~ Geometric(p). The PGF of Z, is given by:

.

n—(n—1)s

if =qg=20.5
n+1—ns R ’

(0" = 1) —p(p" ' = 1)s
(Wt =1) = p(p = 1)s

if p#q, Whereu:%.



THE UNIVERSITY
OF AUCKLAND

NEW ZEALAND
Te Whare Wananga o Tamaki Makaurau ]_ 9 3

Proof (sketch):

The proof for both p = ¢ and p # ¢ proceed by mathematical induction. We
will give a sketch of the proof when p = ¢ = 0.5. The proof for p # ¢ works in
the same way but is trickier.

Consider p = q = % Then

1

p 3 1
G(s) = = = :
() l—gqs 1—-35 2-s

Using the Branching Process Recursion Formula (Chapter 8),
1 1 2—5 2—s5s

G2(3):G<G(S)>:z—G(s):2—2%5:2(2—3)—1:3—23'

n—(n—1)s
n+1—mns

The inductive hypothesis is that G, (s) =
and n = 2. Suppose it holds for n. Then

n—(n—1)G(s) n—(n-1)(55)
Gry1(s) = Gn(G(S)> N —nG(s) T a1 —n(L

2—s

, and it holds for n =1

~—|®

(2—s)n—(n—1)
2—=s)(n+1)—n

n+1—ns
n+2—(n+1)s

Therefore, if the hypothesis holds for n, it also holds for n + 1. Thus the
hypothesis is proved for all n. ]

2. Exact time of extinction, T

Let Y ~ Geometric(p), and let T be the exact generation of extinction.
From Section 9.3,
P(T=n)=P(Z,=0)—-P(Z,-1 =0) =G,(0) — G,_1(0)..

By using the closed-form expressions overleaf for GG,,(0) and G,,_1(0), we can find
P(T = n) for any n.
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3. Whole distribution of Z,,

1
From Chapter 7, P(Z, =71) = —'Gg")(O).
r!

Now our closed-form expression for G, (s) has the same format regardless of
whether p=1 (p=0.5),or p# 1 (p # 0.5):

A — Bs
G,(s) = .
(5) C — Ds
(For example, when pp =1, we have A=D =n, B=n—1,C =n+1.) Thus:
A
P(Z,=0)=G,0) =—
(Z,=0)=G,(0) = 5

G (s) (C— Ds)? ~ (C— Ds)?
5 P(Z=1) =160 = 22250
o (~2)(~D)(AD — BC)  2D(AD — BC)

n(8) = (C'— Ds)? ~ T (C = Ds)?
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(Exercise)

This is very simple and powerful: we can substitute the values of A, B, C, and
D to find P(Z, =r) or P(Z, <r) for any r and n.

Note: A Java applet that simulates branching processes can be found at:
http://www.dartmouth.edu/ " chance/teaching_aids/books_articles/
probability_book/bookapplets/chapter10/Branch/Branch.html



