DYNAMIC BEHAVIOR OF STOCHASTIC GENE EXPRESSION
MODELS IN THE PRESENCE OF BURSTING

M. C. MACKEY', M. TYRAN-KAMINSKAf, AND R. YVINECS

Abstract. This paper considers the behavior of discrete and continuous mathematical models
for gene expression in the presence of transcriptional/translational bursting. We treat this problem
in generality with respect to the distribution of the burst size as well as the frequency of bursting,
and our results are applicable to both inducible and repressible expression patterns in prokaryotes
and eukaryotes. We have given numerous examples of the applicability of our results, especially in
the experimentally observed situation that burst size is geometrically or exponentially distributed.
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1. Introduction. Recent spectacular advances in the ability of experimentalists
to monitor the temporal behavior of single molecules [4] [8 18] 22| 23], 28] [33] inside cells
has led to a quantum leap in our knowledge of their behavior as well as a plethora
of data that challenge mathematicians. These techniques are so refined that they
allow the single molecule quantification of the transcription of mRNA as well as the
translation of the mRNA into protein. This visualization has shown that in many
cases these transcription and translation processes occur in quantal bursts in which
a few molecules are produced during a discrete period of time. An analysis of the
data obtained from such experiments has given us many details of the nature of
the bursting kinetics that are being used to guide mathematical modeling of these
fascinating processes.

This paper utilizes the two main approaches that have been employed to model
these bursting processes, i.e. a discrete formulation for the numbers of molecules [27]
or a continuous one [0 [I5] and illustrates the common features of both as well as the
differences. Modeling (as opposed to simulation [7}, [16] which we do not consider) of
the details of gene expression as a discrete Markov process has an extensive literature
(c.f 9 10 20 22 25, 24, 27, [30]) that has recently seen a flurry of activity. The
other approach that has received extensive attention is modeling of the process as a
continuous one and [6, 13| 15, [I7] 26] are representative of these efforts. The reader
can consult [I1] for an excellent expository account of the connection between these
two approaches.

In the discrete Markov models, steady-state analytical solutions of the master
equation can often be obtained using the moment generating function. For the contin-
uous model formulations, one needs to solve the Fokker-Planck-like equations, some-
times using Laplace transforms. When solutions are not available, moment equations
can be derived and usually solved [19, 29]. Though continuous models have many

TDepartments of Physiology, Physics & Mathematics, McGill University, 3655 Promenade Sir
William Osler, Montreal, QC, Canada, H3G 1Y6 (michael.mackey@mcgill.ca). This research was
supported by Natural Sciences and Engineering Research Council of Canada.

fInstitute of Mathematics, University of Silesia, Bankowa 14, 40-007 Katowice, Poland
(mtyran@us.edu.pl). This research was supported by the Polish National Science Center grant
no N N201 608240.

8Tnstitut Camille Jordan, Université Claude Bernard Lyon 1, 43 boulevard du 11 novembre 1918,
69622 Villeurbanne cedex, France (yvinec@math.univ-1lyonl.fr). This research was supported by
the Ecole Normale Superieure Lyon (ENS Lyon, France, RV).

1



2 M. C. MACKEY, M. TYRAN-KAMINSKA, AND R. YVINEC

analytic advantages over discrete ones, it is also the case that information of poten-
tial importance may be lost in the continuous model formulation compared with the
discrete formulation.

This paper presents a general one dimensional model for bursting gene expression
in both a discrete Markov process formulation as well as a continuous situation. Sec-
tion [2] presents some general background material while Section [3| presents the discrete
version of the bursting model. Section [3.I]develops the general formulation of the dis-
crete model while Section [3.2deals with the special case in which the burst amplitudes
are geometrically distributed. Section [4|develops the corresponding continuous model
of the bursting expression, with a general development in Section and Section
devoted to the situation where the burst amplitudes are exponentially distributed—a
situation often found experimentally. Section [I.3] concludes with an examination of
a generalization of the exponential distribution of burst amplitudes. The paper ends
with some general observations in Section [5} Throughout the paper, our results are
illustrated with numerous examples.

2. Notation and background. Let the triple (E, &, m) be a o-finite measure
space and let L' = L'(FE, €, m) with norm denoted by || - ||;. A linear operator P on
L' is called substochastic (stochastic) if Pu > 0 and ||Pull; < |Jully (|Pullr = |lull1)
for all u > 0, u € L'. We denote by D the set of all probability densities on E, i.e.

D={uel': u>0, |jul; =1},

so that a stochastic operator transforms a density into a density. In the particular case
of a countable set F with £ being the family of all subsets of £ and m the counting
measure, the space L' will be denoted by £!.

Let P: Ex & — [0, 1] be a stochastic transition kernel, i.e. P(z,-) is a probability
measure for each z € F and the function z — P(z, B) is measurable for each B € £,
and let P be a stochastic operator on L'. If

/ Pu(z)m(dz) = / Py, B)u(y)m(dy) forall B e & ue D,
B E

then P is called the transition operator corresponding to P. A stochastic operator
P on L' is called partially integral or partially kernel if there exists a measurable
function p: E x E — [0, 00) such that

/ / p(a,y) m(dy) m(dz) >0 and Pu(z) > / P, y)uly) m(dy)
EJE

E

for every density u. If, additionally,

t/MLMmM@=L y ek,
E

then P corresponds to the stochastic kernel
P.B) = [ pley)mide), yeBBee,
B

and we simply say that P has kernel p. Note that each stochastic operator on ¢! has
a kernel.

We denote by D(A) the domain of a linear operator A. We say that A C B,
or that B is an extension of A, if D(A) C D(B) and Bu = Au for u € D(A). The
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operator A is said to be closable if it has a closed extension. If A is closable, then the
closure A of A is the minimal closed extension of A; more specifically, it is the closed
operator whose graph is the closure in L' x L! of the graph of A. For an exposition
of semigroup theory we refer to [5].

A semigroup {P(t)}+>0 of linear operators on L' is called substochastic (stochas-
tic) if it is strongly continuous and for each ¢ > 0 the operator P(t) is substochastic
(stochastic). A density u* is called invariant or stationary for {P(t)}i>o if u* is a
fixed point of each operator P(t), P(t)u* = u* for every t > 0.

THEOREM 1 ([2I, Theorem 2]). Let {P(t)}i>0 be a stochastic semigroup such that
for some ty > 0 the operator P(ty) is partially integral. If the semigroup {P(t)}i>0
has only one invariant density u* and u* > 0 a.e. then

lim ||P(¢t)u —u*|]y =0 for all uw € D.
t—o0

3. A discrete bursting model formulated as a Markov process. This
section considers bursting gene expression as a Markov process.

3.1. The general case. In this section we model the number of gene products as
a pure-jump Markov process X = {X(¢)};>0 in the state space E = {0,1,2,...}. Thus
a master equation governs the dynamics evolution of probabilities. A general one-
dimensional bursting gene expression model [I1] may be constructed as follows. Let
n be the number of gene products and P, (t) = Pr(X(t) = n) denote the probability
of finding n gene products inside the cell at a given time ¢. We shall include a loss
(n — n—1) and gain (n — n+ k) of functional processes in terms of the general rates
Yn and A, respectively. The step size assumes the values k = 1,2, ... and is a random
variable (independent of the actual number of gene products) with probability density
function h, so that Zﬁ:i hr = 1. Therefore, our general master equation describing
the time evolution of the probabilities P, to have n gene products in a cell is an
infinite set of differential equations

dP, .
(31) W :Vn-i-lpn-l-l _’YnPn"i'th)\n—kPn—k_)\nan n=0,1,...,

k=1

where we use the convention that 22:1 = 0. We supplement with the initial

condition P, (0) = vy, n = 0,1,..., where v = (v,)n>0 € ¢! is a probability density

function of the initial amount X (0) of the gene product. In the following paragraphs,

we consider the existence and uniqueness of solutions of together with conver-

gence to a stationary distribution and then summarize our results in Theorem
Assume that

“+o0
(3.2) >0, 9%0=0, >0, Aphy>0, n=12..., Y h,=1
n=1
The process X is the minimal pure jump Markov process with the jump rate function
o(n) = Ay + Yn,n > 0, and the jump transition kernel K given by
dn, lf]:—l,TLZl,

(3.3) Kn,{n+j}) =4 (1—gn)hj, ifj>1,n2>0, n
0, otherwise,

__In
An +
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First, we recall the construction of X. Let {{;}r>0, be a discrete time Markov chain
in the state space E = Z4 = {0,1,...} with transition kernel K and let {ej}r>1 be
a sequence of independent random variables, exponentially distributed with mean 1.
Set Tp = 0 and define recursively the times of jumps of X as

Ty =Tk1+

_ R k=1,2,....
k—1

P(Er-1)’
Starting from X (0) = &, we have

X(t)=¢&, Tp<t<Tp4, k=0,1,2,...,
so that the process is uniquely determined for all ¢t < T, where
Too = lim T}
k—o0

is called the explosion time. If the explosion time is finite, we can add the point —1
to the state space and we can set X (¢t) = —1 for t > T.,. The process X is called
nonexplosive if P;(To, = 00) = 1 for all i € E, where P; is the law of the process
starting from X (0) = 4. In particular, if the chain {&;}r>0 is recurrent, then X is
nonexplosive.

We now rewrite equation as an abstract Cauchy problem in the space ¢!. We
make use of the results from [32]. Let K be the transition operator on ¢! corresponding
to K defined as in (3.3)). For v = (v,)n>0 € £* we have (Kv)y = qiv; and

(K'U)n = gn+1Un41 +th(1 _ank)vnfka n=12....
k=1

Define the operator

Gu = —pu+ K(pu) for uefi={u€£1:2¢n|un|<oo}.

n=0

There is a substochastic semigroup {P(t)}+>0 on ¢! such that for each initial proba-
bility density function v € E}D the equation

(3.4) ‘%‘ =Gu), t>0, u(0)=nu,

has a nonnegative solution w(¢) which is given by u(t) = P(t)v for ¢ > 0 and

(P(t)v)n, = f:]P’j(X(t) =n,t<Tyx)vj, n=0,1,....
j=0

The process X is nonexplosive if and only if the semigroup {P(t)}:>0 is stochastic.
Equivalently, the generator of the semigroup {P(t)}¢>o is the closure of (G,£}). In
that case the solution wu(t) of is unique and it is a probability density function
for each t, if v is has these properties.

The equation for the steady state p* = (p})n>0 of is of the form

n
(35)  Yna1Phir — P+ Y kAo kbl — Aapl =0, n=0,1,....
k=1
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Observe that y1p; = Aop{ and that we can rewrite (3.5)) as

n—1
Vo4 1Phe1 = Vb = MaPp = Y B kMeph, n=1,2....
k=0
Hence
n n j—1
Vo 1P = AP = DD by kb
j=0 j=1k=0
and changing the order of summation, we obtain
1 n
(3.6) Phi1=—— Bnkdiph, n=0,1,...,
Tt 420
where

=Y hj, 1>0.
j=l+1

Thus given pj, equation (3.6)) uniquely determines p*. Consequently, there is one, and
up to a multiplicative constant only one, solution of equation (3.5). If p§ > 0 and
either hy > 0 for all I > 0 or A\; > 0 for all [ > 1, then p} > 0 for all n > 1. Now, if

(3.7 Zp;'ib =1 and Z()\n + )y, < 00,

n=0 n=0

then p* € f}a, G(p*) = 0, and K(pp*) = ¢p*, which implies that the semigroup
{P(t)}+>0 is stochastic. We have thus proved the following result, which is an analog
of Theorem (1] for the discrete bursting model.
THEOREM 2. Assume condition and suppose that a strictly positive p* =
(P2 )n>0 given by satisfies . Then for each initial probability density function
v = (Un)n>0 € E}D equation has a unique solution which is a probability density
function for each t > 0 and satisfies
o0
lim » [(P(t)v)n —py,|=0.

t—o0
n=0

Remark 1. From ({3.6) it follows that

oo

oo o0 n oo o0 oo
PIRIRT D I) D) B DELI ETIED D) DY ID R BE0S
n=0 n=0k=0 \j=n—k+1 k=0n=k \j=n—k+1

The mean value E(h) of the distribution h can be represented as

E(h) =Y jhi=>_ > h;
j=0

n=0 j=n+1
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We thus obtain

oo

Eh) =Y > h

n==k j=n—k+1

for each k£ > 0. Combining these leads to

D b = E(h) Y Aepj
n=0 k=0

3.2. Bursting with a geometric distribution. Next, we give sufficient con-
ditions for (3.7) in the case when h is geometric

(3.8) hp=(1-b0b1 k=1,2,...,
with b € (0,1). Since

oo

> hy=bF

j=n—k+1
we obtain the following equation for p* = (p}),>0

Sl At by
(3.9) Py 2ot 00 g1,

Dy, Yn+1

Explicit stationary solutions in this case were recently obtained in [I]. However, for h
geometric, we can go further and prove convergence to this stationary state with the
following result which follows from Theorem [2] and Remark [I]

COROLLARY 3. Assume that condition holds. Suppose that h is geometric

as in (3.8). Then p* = (p})n>0 is given by

n n—1
T M=t F0ve—1  poro 7T Ak 0w
(3.10) pn:pOH =20 H , n=1,2....
k=1 ’yk Fyn k=1 ’yk‘
In particular, if
. An .
(3.11) limsup— <1—b and liminf~y, >0,
n—oo Tn n—co

then the conclusions of Theorem[d hold.
Ezxample 1. Consider A\, to be a Hill function of the form

1+oenV
3.12 A, = A
(3.12) A+ AnN
where A, A, N >0 and © > 0. If h is geometric and
lim inf ~,, > &
n—»00 Tn Al - b)’

then condition (3.11)) holds.
Remark 2 (Bifurcation in the discrete case). Equation [3.9)can be used to examine

the bifurcations in the stationary density, defined as changes in the number of maxima,
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as a function of the model parameters. The number of maxima are linked to the
number of sign changes of

(3.13) n— Ay + 0y — Ynt1-

In particular, p* has a maximum at 0 if Ay < 77, and each successive sign change of
(3.13) gives a maximum/minimum of p*.

We now provide examples for which the stationary distribution can be identified
explicitly. In the following examples we assume that h is geometric with parameter b
as in and that v, = yn, n > 1, with v > 0.

Ezample 2 (Negative binomial). Suppose that A, = A9 + An with Ag > 0, > 0.
We have A, > 0 for each n. Substituting v, and Ay into gives

n—1 n
M A A+b
pr="0 ( 0 +k>< i W) Cn=01,....
nl 2 by + A ¥

Thus p* € ¢! if and only if

A+ by <.
In that case we obtain the negative binomial distribution

% a
pn: (n)|npn(1_p)aa nzoala"'a

where

b= ) =

5y by + A

b

and (a), is the Pochhammer symbol defined by

I'(a +
(a)n = Lla+n) =ala+1)(a+2)...(a+n—-1), (a)o=1.
I'(a)
This was previously obtained in [27].
Ezample 3 (Mixture of logarithmic distribution). Suppose that Ag > 0 and \,, =0
for n > 1. Then

/\ bn—l
p:], = pgi b n = 17 27 AR}
)
which can be rewritten as
b" by
o 1 —pt = ]_ 2 e o= .
P nln(l . b)( p())? n )<y y Do b’}/ o )\0 111(1 . b)
The distribution
D 0, p b 1,2
- n — T 1 /1 1\ n=14...,
Po=% P nln(1 — b)

is called a logarithmic distribution.
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If we assume that A, = 0 for n > m, then we obtain the following distribution

n—1
b" A
p::p*i (k+k>> n:O,...,m,

Ynl Pty by
and
B m
pn= 1—;}@ , m>m,

where ¢ and p{ are such that
= v - mc
= — d B — =1
D DA R
j=m+1 7=0
In particular, this type of distribution will be obtained if we take Ag > 0, A < 0, and
\ { Ao+ An, ifn< =X/
n —

0, otherwise.

Ezample 4 (Hypergeometric distributions). We now take

_)\1—1—@71
" TA+ An
where A > 0,A > 1,0 > A. We find that, for each n,

Ap +byn b(n+ai)(n+az)

(3.14)

Y n+b '
where
A 1 1
b1:Z7 alzi(a_ﬁ)a a2:§(a+ﬂ),
and
A O 2 9 4\
Extea T A

Since A > 1 and © > A, we can find a nonnegative 3, thus as > a; > 0. Consequently,
the stationary distribution is of the form

% 1 (al)n(a2)n bn
3.15 - Ly
(3.15) P oF1(a1,a2;0130)  (bi)n n!

n=20,1,...,

where o F; is Gauss’ hypergeometric function

e - o (al)n(aQ)n "
2F1(a17a2,b1733)—;wﬁ-

Ezample 5 (Generalized hypergeometric distributions). The generalized hyper-
geometric function ,F; is defined to be the real analytic function on R given by the
series expansion

(a1 - (ap)n x
qu(CL17...7ap;b1,...7bq;x) = ZW*

"0 ( g)n !
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The negative binomial distribution in Example[2|for the case of A\ = 0 has the probabil-
ity generating function s — 1Fy(az;bs)/1Fo(a1;b) with a3 = Ag/by. The distribution
obtained in Example [4| has the probability generating function

2F1 (a1, az2;b1;bs)
oF1 (a1, az;b13b)

Extending both of these examples we suppose that A, > 0 is a rational function of n
satisfying

An 40y (n+a1)...(n+ag1)b
5 (n+b1)...(n+by)

, n=01,2,....

Then p* = (p};)n>0 has the probability generating function

g+1Fq(a1, ... ag+1301,. .., bg; bs)
q+1Fq(a1, . .,aq+1;b17 e ,bq;b)

4. Continuous bursting model.

4.1. The general case. In this section we consider a continuous state space
version of the model presented in Section 3] which is a piecewise deterministic Markov
process (PDMP) Y = {Y (¢)}+>0 with values in E = (0,00) where Y (¢) denotes the
amount of the gene product in a cell at time ¢, ¢ > 0. We assume that protein molecules
undergo degradation at a rate -y that is interrupted by production at random times

t1 <ty <...

occurring with intensity ¢, and that both ¢ and v depend on the current number of
molecules. At each t; a random amount of protein molecules is produced, so that the
process changes from Y (t,—) to Y (tx) = Y (ts—) + ex, K =1,2,..., where {ej}x>1 is
a sequence of random variables such that

Pr(ex € BlY (tr—) =y) = /B hz,y)dz,

where h is a nonnegative measurable function satisfying

(4.1) / h(z,y)de =1, y>0.
0

The time-dependent probability density function u(t, x) is described by the continuous
analog of the master equation [14] [I5]

ou(t,z)  IO(y(x)u(t,x))

az 20D SOOI o + [ et - v

with the initial probability density «(0,z) = v(z), 2 > 0.
We assume that « is a continuous function such that

dzr

Y@

4
(4.3) v(x) >0 forz >0, /
0
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for some § > 0 and that ¢ is a nonnegative measurable function with ¢/v being
locally integrable on (0, c0) and satisfying

Pola),
(4.4) /0 @) dx = +oo.

From (4.3) it follows that the differential equation
(4.5) a'(t) = —v(z(t), «(0)=2>0,

has a unique solution which we denote by mx, t > 0, x > 0. For each x > 0 we have
mex > 0 for all t > 0 and gz — 0 as t — oo. This and condition (4.4)) give

t x
/ p(msx)ds = / Mcly — 00, ast— oo,
0 T X ’Y(y)

which implies that the function
ts 1 — e Joelmen)ds

is a distribution function of a positive and finite random variable for every x > 0.
We now recall the construction of the minimal piecewise deterministic Markov
process Y (see e.g. [2,[3] or [32] for details). Let {e;}r>1 be a sequence of independent
random variables exponentially distributed with mean 1, which is also independent of
{ex}r>1. Set tg = 0. For each k =1,2,... and given Y (t,_1) the process evolves as

Tty Y (th—1), tr—1 <t <1y,
4. = bt
(4.6) Y(t) { Y (th—) + ek, t=tg,

where t;, = t,_1 + Aty and Aty is a random variable such that
Pr(Aty <tY(tpy) =) =1— e Jowmnds 4 050,

The random variable At can be defined with the help of the exponentially distributed
random variable € through the equality in distribution

Atp
€ = / o(msY (tr—1))ds,
0
which can be rewritten as

er = Q(manY (th-1)) = QY (tr-1)),

where the non-increasing function @ is given by

(4.7) Qe - [ W g,

and Z = 400, when the integral is finite or any > 0 otherwise. Since Y (ty—) =
7at, Y (tk—1), we obtain the following stochastic recurrence equation for {Y (¢x)}x>o0

(48) Y(tk) :Q_l(Q(Y(tkfl))-FEk)—f—ek, k=1,2,...,
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where Q™! is the generalized inverse of Q, Q~*(r) = sup{x : Q(x) > r}. Consequently,
Y (t) is defined by for all ¢t < s, Where too = limg_, o t; is the explosion time.
As in the discrete state space we can extend the state space E by adding the point
—1 and define Y (t) = —1 for ¢ > to. Let P, be the law of the process Y starting at
Y (0) = x and denote by E, the expectation with respect to P,.

Remark 3. Note that if condition holds (equivalently Q(0) = oo) then the
amount of the gene product {Y (tx)}x>o0 at the jump times is a discrete time Markov
process with transition probability function given by

IC(y,B):/Bk(x,y)dx, B € B((0,0)),
where

y
(4.9) k(x,y) = eQ(y)/ Lio,2)(2)h(z — 2, z)Me_Q(z)dz, x,y > 0.
0 v(2)
If Q(0) < oo then the random variable At; is infinite with positive probability, since
we have for any = > 0

Pr(Aty = 0olY'(0) = z) = lim Pr(Aty > Y (0) = z) = eQ@)=Q0O) ¢

which then forces the process Y (t,w) starting form Y (0,w) = x to be m:(z) for all ¢,
if w is such that Aty (w) = oo.

In what follows we assume that and hold. We rewrite equation
as an abstract Cauchy problem in L'

(4.10) % =Cu, u(0)=u,
where the operator
@) cuw) = O paute) + [ ot inte - vy

is defined on the domain

(412) D) ={ueL':yuecAC, (yu)' €L, liTm (y(z)u(z)) =0, pu € L'},
and yu € AC means that the function & — ~(z)u(z) is absolutely continuous.
From [14, 32] it follows that there is a substochastic semigroup {P(t)}:>o on L'
such that for each initial density v € D(C) equation (4.10)) has a nonnegative solution
u(t) which is given by u(t) = P(t)v for ¢ > 0 and

(4.13) /OOO P,(Y(t) € B,t < too)v(x)dx = /BP(t)v(x)dx

for all Borel subsets B of (0,00). The semigroup {P(t)}:>0 is stochastic if and only
if its generator (C, D(C)) is the closure of the operator (C,D(C)).

We first study the fixed points of the semigroup, showing that {P(t)};>¢ has no
more that one invariant density through

PROPOSITION 4. The substochastic semigroup {P(t)}+>0 can have at most one
invariant density.
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Proof. Recall that u* is an invariant density for the semigroup {P(¢)}:>0 if and
only if it is an invariant density for the resolvent operator

Rv:=R(1,C)v = / e 'P(t)vdt.
0

The operator R is substochastic and it satisfies Rv > Ryv for any nonnegative v € L!
(see [14]), where

1 e _ v _1 g

Ryv(z) = / o(y)eQW RO stmdz gy, 1 s 0.
v =S ), W

Note that R; is the resolvent operator R(1, A) of a substochastic semigroup {S(t)}+>o0

with generator

Au(z) = do(@ul@) _ e@)u(z), ue D).

Since for any two nonnegative and nonzero vy, v € L* we can find ¢(v;) > 0 such that
oo
/ viy)dy >0, i=1,2,
e(vi)

we obtain Rv;(x) > 0 for all x < min{e(vy),c(v2)}, ¢ = 1,2. Now suppose that uq, uo
are densities such that u = u; — uy is nonzero. Then both vt = max{0,u} and u™ =
max{0, —u} are nonnegative and nonzero. Thus, R(u™")(z) > 0 and R(u~)(z) > 0 for
x < ¢ and some ¢ > 0. We have

|Ru(z)| = |R(u")(x) — R(u”™)(2)| < R(u™)(z) + R(u”)(z) = R(|ul)(x),

thus the inequality is strict on a set of positive measure, which implies that if u; —us #
0 then

[Rur — Rus|l1 < [[Rlur — uslll1 < [lur — uz|lx.

Consequently, the operator R can have at most one invariant density. O
Let K be the transition operator on L' given by

(4.14) Ko@) = [ kewpdy. ve Ll
0
where the kernel k is as in (4.9)). Observe that

x [ee]
(4.15) Kuv(x) :/ h(z —z,z)@e_Q(z)/ v(y)e®Wdydz.
0 ’7(2) z

A mild condition on the transition operator K, in conjunction with Theorems 3.6 and
5.2 of [32], has interesting consequences for {P(t)}:>0 as contained in the following
result.

PROPOSITION 5. If the transition operator K is mean ergodic, i.e. for anyv € L',
v > 0 the sequence

1nfl

hl J

LS ko
7=0
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is convergent in L', then the semigroup {P(t)}+>¢ is stochastic.

In particular, if K has a strictly positive fixed point, i.e. there is v* such that
Kv* = v* and v* > 0 a.e., then K is mean ergodic [I2]. Note that a mean ergodic
stochastic operator has a nonzero fixed point.

We now describe invariant densities for the semigroup {P(t)};>0 with the help of
fixed points of the operator K.

THEOREM 6. Let

H(z,y) :/ hz,y)dz, x>0.

Suppose that there is a nonnegative solution u* of the equation
(416) oy e) = [ H = e )y

0
such that pu* € L*. Then the function

x
(417) v@) = [ b= g e )y

0

is a fized point of the operator K in L', where K is as in . Moreover, if u* € L
then u* € D(C) and C(u*) = 0, where C is as in ({£.11).

Conversely, if the operator K has a nonnegative fized point v* € L' then the
function

o) e L [T e,
(118) @)= [ (v)dy

is a solution of ([4.16) and pu* € L.
Proof. Let u* be a solution of (4.16]) such that pu* € L. Since

lim l[y)oo)(a:)ﬁ(x —y,y)=0

T—r 00

for each y and 0 < l[y,w)(x)ﬁ(z —y,y) <1 for all z,y, we obtain

oo
Jim ()’ (@) = Jim [ Ly oo @)H @ =y y)e)e (y)dy =0,
by the Lebesgue’s dominated convergence theorem. Similarly, we conclude that
lim y(z)u*(x) = 0.

x—0

We have
z T T pr—y
/ H(x — . y)ply)u* (y)dy = / o) (y)dy — / / Wz, y)dzp(y)u* (4)dy.
0 0 0 0
Thus, yu* € AC and

(@19 L) =@ @) - [ b - p)ew G
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The functions pu* and v* are integrable. Consequently, if u* € L' then u* € D(C)
and C(u*) = 0. Since

0* (@) = (e (@) — (3 (2)) = —e~ %) L (@D (@t (2),
we obtain
[ v @ =~ [T L@@ ) = 2Ot (2)

which shows that Kv*(y) = v*(y), by (4.15).
We now turn to the converse part. Suppose that u* is as in (4.18)), where v* is a

fixed point of K. Since @) is non-increasing and v* is integrable, we see that

lim y(z)u*(x) =0

T—>00

and that pu* € L'. It is easily seen that u* satisfies equation ([4.19)). Integrating
equation (4.19) with respect to z from z to oo leads to

[ et = [ ctontayia = [ [t visti wavis

z

and changing the order of integration in the last integral gives
|7 [ vt ivte = [ 7w - vopet wasay
+ /:o /;O h(z —y, ZUW(?/)U*(y)dxdy..
We have
/Oz /:O h(z =y, y)p(y)u” (y)dedy = /OZH(Z — ) e(y)u* (y)dy
and

/:o /yoo h(z —y,y)e(y)u” (y)dzdy = /:O o(y)u*(y)dy.

Combining these we conclude that u* satisfies . O

The following theorem guarantees that {P(t)}:>o is stochastic and its strong
convergence to a unique stationary density u* that is given explicitly.

THEOREM 7. Suppose that the operator K as in has an invariant density
v* >0 a.e. and let

oo 1 o0
:/ —/ Q=R (y)dyda < oc.
0 ’Y(ZL') T

Then the semigroup {P(t)}>0 is stochastic and for each initial density v we have
li P —u*|1 =
Jin [P(t)o —u[y = 0,

where

1 o0
(@) = 7/ QW) =Q()y* (4)dy
xr
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is the unique stationary density of {P(t)}i>o.

Proof. By Proposition the semigroup {P(t)}:>0 is stochastic. From Theorem@
it follows that v* € D(C) and C(u*) = 0. Thus, u* is an invariant density for the
stochastic semigroup {P(¢)};>0 and it is unique, by Proposition [4| Since v*(x) > 0
for a.e. x > 0, we conclude that u*(x) > 0 for all z > 0. From assumptions (4.3))
and it follows that there is a dy such that ¢(y) > 0 for y € (0,dp). This and

(4.17) imply that
o0 o0
/ / p(z,y)e(y)dyde >0, where p(z,y) = 1) (y)h(z —y,y).
0 0

Consequently, we can find ¢ > 0 such that the operator P(¢) is partially integral [14]
and the result follows from Theorem [Il O

We conclude this section with sufficient conditions for mean ergodicity of the
transition operator K.

PROPOSITION 8. Let K be a transition operator K with a bounded kernel k.
Suppose that there exist a nonnegative measurable function V: (0,00) — [0, 00) which
is bounded on bonded subsets of (0,00) and constants a,d > 0 such that

(4.20) /OOO V(z)k(z,y)dr <V(y) —1+alwq(y), y>0.

Then the operator K is mean ergodic on L'.
Proof. Let Z,,n > 0, be a Markov chain with stochastic kernel K given by

K(y,B) = /B k(z,y)dz, y>0,B¢€ B((0,00)).

Recall that a probability measure p is invariant for the chain if and only if the measure
1 satisfies the equation

u(B) = [ K Bty
0
for all Borel measurable sets B. We have

ue) = [ [k utinds.

Thus each invariant probability measure is absolutely continuous with respect to the
Lebesgue measure on (0,00). Since K is the transition operator corresponding to K,
we have

/Kjv(a:)d:r:/ K (y, B)v(y)dy, B € B((0,00)),
B 0
where K!(y, B) = K(y, B) and
i B) = [ KN B d), > 0522,
0

From Theorem 1 and Lemma 1 of [31] it follows that there exist a finite number of in-
variant probability measures p1, ..., uyx and a finite number of nonnegative functions
Ly,...Ly such that vazl L;(y) =1 and

N

(4.21) %Zl@(y,B) =Y Li(y)ui(B)
j=1

i=1
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for all y and all Borel sets B. Let vy, ..., vy be the densities of the invariant measures
Uiy -5 pn. Now let v € L. From (4.21)) and the Lebesgue dominated convergence
theorem it follows that

Jm [ igm(:ﬂ)dz— /| i / " Liy)o(y)dyoi(2)dz,

for all Borel B. Moreover, the sequence %E;;l KJy is bounded in L'. Thus, it is
weakly convergent in L' and, by the mean ergodic theorem, it converges in L'. O
We now apply the last result to our transition operator K.
COROLLARY 9. Let K be the transition operator as in with bounded h.
Suppose that the function

ma(y) = /O (e y)dr, y>0,

is bounded on bounded subsets of (0,00). If

y
(4.22) lim sup e?®) / (ml (2) pz) 1) e ¥ dz <0,
y—o0 0 7(2)

then the operator K is mean ergodic.

Proof. Since K has kernel k given by (4.9), we obtain

Y
k(z,y) < ce9W / £ ~ac) g, - ¢, x,y>0,
o 7(2)

where ¢; is the upper bound for h. By Proposition [§] it is sufficient to check that
the function V(x) = z, up to a multiplicative constant, satisfies condition (4.20). We
have

/00 V(z)h(z — z,2)de = my(2) + 2z, z>0.

Thus

for all y > 0. Since

y = QW) /y L) 0 g, 4 oW /y Q) g,
o () 0

we obtain

/Ooo V(2)k(z, y)dz — V(y) = QW) /y (ml(z)w(Z)) B 1) Qg

0

which is a bounded function on sets of the form (0, d). O
Remark 4. Observe that if Q(c0) = 0 and

oy ML)

<1
Z—$00 'Y(Z)
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then condition (4.22)) holds, since we can find zp > 0 and § > 0 such that

p(2)
STe

—1< - for =z 2> z,

which implies that

v p(2) -Q ¥)=Qwo)
eQ(y)/ m1(2) —1) e QB gy < —qeRW—Qo (y — o)
Yo (2)

for all y > yo > 2o with the right-hand side going to —oo.
If Q(o0) = —o0 and

b (- 55 <¢

then condition (4.22)) holds as well by d’Hospital’s rule.

4.2. Exponentially distributed bursts. Experimental findings in populations
of cells indicate that the burst size is often exponentially distributed [33] so we now
consider

1
(4.23) h(z,y) = Eeﬂ”/b, x,y >0,

where b > 0. The operator K as defined in (4.15) then takes the form

Kv(x):/w 1 @29 —ae) /OO o (1)@ dyds.
0 b ’Y(Z) z

Note that the integrable function
v (z) = e/ 07Q@)

is a fixed point of the operator K, since

Kv*(z) = e /b /z 7(,0(2) e QR gy = ¢~ 2/b=Q@)
o (z)

Again, an explicit stationary solution was recently obtained in [I], and we establish
convergence to this stationary state with the following result.

COROLLARY 10. Assume that conditions and hold and that h is
exponential as in with b > 0. Suppose that

(o) 1 (e e)
(4.24) c:= / ——e /P R@) gy < o0, / e/ iy < 0.
o () 0

Then the semigroup {P(t)}i>0 is stochastic and for each initial density v we have
Jim [P0 = ol =0,
where

(4.25) Uy (1) = ——e @070
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is the unique stationary density of {P(t)}i>o.
Remark 5. Note that if Q(0) = oo and

() 1
1 _
ILII;O 'y(x) < b’

then the function z — e~*/=Q®) is integrable on (0, c0). If, additionally,

-Q() 4
liminf~y(z) >0, lim £ < oo, and / y(z) " tdr < oo
T—00 z—0 ’y((E)T 0
for some ¢, r > 0, then condition (4.24)) holds. Furthermore, if it should happen that
b,v(x) and u*(x) are known or can be approximated from data, then it is possible to
estimate ¢(z) from

(4.26) plz) = %v(w) + W

Finally, note that if ¢ is assumed to be bounded, then u* has an exponential tail,
from which we can deduce the parameter b.

Remark 6 (Bifurcation in the continuous case). As in the discrete formulation of
the model we can use relation to derive bifurcation properties of the stationary
density as a function of the relevant parameters. Namely, the number of extrema are
linked to the number of solutions of

In all examples below, we consider a linear degradation function, v(z) = vz with
v > 0.
Example 6. Consider the function ¢ of the form

1+0zV A 1
(4.27) Pl0) = A Aw =2 tA (1 - A) A+ AN

where X\, A, A, N are positive constants and © > 0. Then

) A (A N

where ¢y is a constant. The stationary density is given by

(4.28) u(x) = (cw)_le_“/bx”\("’A)il_l(A + Az,
where
A A

This solution has been extensively studied in terms of numbers of maxima (P-bifurcation)|
in [I5] when © = 1. When © = A = A =1 the density u* is that of a gamma distri-
bution, as obtained in [6].

Example 7. Consider the case of linear regulation with the function ¢ of the form

o(x) = A + Az,
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where \g, A are nonnegative constants. If

1 A
(430) g > ; and Mg >0,

then u* is integrable and is given by the gamma distribution

Ao/
1 1 A\ Mo _q 1A
(4.31) () = = ( - ) g lem (552
L(Ao/7) \b
which is a continuous approximation of the negative binomial distribution previously
obtained, as in [27].

4.3. Other examples. In this subsection we consider some more exactly solv-
able examples. The class of examples we provide generalizes the exponentially dis-
tributed case of h. Let v(y) be a positive, decreasing, and absolutely continuous
function on (0, 00) such that v(y) — 0 as y — oo. Consider the function

(4.32) h(z,y) = ————=

The operator K can be thus rewritten as
V(@) e(z) - -
Kv(z) = —/ ————e Q(Z)/ v(y)e? W dydz.
o () 1(z) 2

It is easily seen that if the function

is integrable then Kv*(x) = v*(x), thus we obtain the following.
COROLLARY 11. Let h be as in (4.32)). Suppose that

c:= / MeiQ(gE)dac <oo and —/ V(2)e 9@ dr < 0.
o (@) 0
Then the semigroup {P(t)}i>0 is stochastic and for each initial density v we have
lim [P0 —u' [ =0,
where

V() g

0= 20

is the unique stationary density of {P(t)}i>0-
Remark 7 (Bifurcation in the continuous case-again). As before (see Remark @,
the number of extrema are linked to the number of solutions of
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Note that if it should happen that v(x),v(x) and u*(x) are known or can be approx-
imated from data, then it is possible to estimate ¢(z) from

(@ @)

w*(x)
If my(z) = [, zh(z,2)dz < oo, then only the knowledge of mj(z) is sufficient as

V@) 1+l

v(z) — m(@)

In the examples below, we take a linear degradation function v(z) = v, with v > 0.

Ezxample 8. Suppose that the function v is of the form
v(z) = (a+2)7"
where a, f > 0 and that the function ¢ is of the form (4.27). If

pYC)
6>7—A+1

then the assumptions of Corollary are satisfied and the stationary density u* is
given by

u*(z) = %(a + x)_ﬂac)‘(VA)fl_l(A + Az™M)?,

where 6 is as in (4.29)).

Ezxample 9. Suppose that the function v is of the form
v(z) = 67(0“'”+Bz2),
where «, 8 > 0. Consider the case of linear regulation with the function ¢ of the form
o(xz) = Ao + A1z,
where \g, A\; are nonnegative constants. If

Ao > 0,

then u* is integrable and is given by

Consider the case of quadratic regulation with the function ¢ of the form
©o(x) = Xo + Mz + Aoz?,

where \g, A1, A2 are nonnegative constants. If

A
B>22 and Ao >0,
2y
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then u* is integrable and is given by

w(z) = ix%‘)—le—(a—%)w—(ﬂ—%)wz.

cy

Example 10. Suppose that the function v is of the form
v(z) = (a —2)°,

where a, 8 > 0, for all x < «, and v(z) = 0 for > «. Suppose the function ¢ is given
by (4.27) where A\, A, A, N are positive constants and © > 0. Then the stationary
density u* is integrable and is given by, for all z < «,

W) = S(a—a) PO T (a AaY

where 6 is as in (4.29)). Convergence is obtained in the state space (0, «).

5. Conclusions and summary. In this paper we have presented both a discrete
Markov process formulation as well as a continuous model formulation for bursting
gene expression. Our development of the discrete model formulation in Section [3.]]
allowed us to prove a very general convergence result in Theorem [2] and then to use
that result to explore a variety of examples in Section when the burst amplitude
is geometrically distributed. In Section [4] we developed the analogous continuous
model for bursting expression. Section contains the general development with
Proposition 4] limiting the number of invariant densities of the semigroup {P(¢)}+>o0,
while Proposition [5] uses mean ergodicity of the transition operator K to show that
{P(t)}¢>0 is stochastic. Theorems [6] and [7] give criteria for a unique stationary den-
sity u* of {P(t)}+>0 and for convergence to that stationary density. In Section
we have used these results in a number of specific examples when the burst ampli-
tudes are exponentially distributed—a situation often noted experimentally. Section
[4:3] concludes with an examination of a generalization of the exponential distribution
of burst amplitudes.
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