System-size expansion of the moments of a master equation
A. F. Peralta, and R. Toral

Citation: Chaos 28, 106303 (2018); doi: 10.1063/1.5039817
View online: https://doi.org/10.1063/1.5039817
View Table of Contents: http://aip.scitation.org/toc/cha/28/10
Published by the American Institute of Physics

Chaos

An Interdisciplinary Journal of Nonlinear Science

Fast Track Your Research



http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1908776651/x01/AIP-PT/Chaos_ArticleDL_0618/Chaos_1640x440Banner_2-18.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Peralta%2C+A+F
http://aip.scitation.org/author/Toral%2C+R
/loi/cha
https://doi.org/10.1063/1.5039817
http://aip.scitation.org/toc/cha/28/10
http://aip.scitation.org/publisher/

CHAOS 28, 106303 (2018)

@ CrossMark
<

System-size expansion of the moments of a master equation

A. F. Peralta® and R. Toral

IFISC (Instituto de Fisica Interdisciplinar y Sistemas Complejos), Universitat de les Illes Balears-CSIC, 07122

Palma de Mallorca, Spain

(Received 11 May 2018; accepted 2 July 2018; published online 4 October 2018)

We study an expansion method of the general multidimensional master equation, based on a system-
size expansion of the time evolution equations of the moments. The method turns out to be more
accurate than the traditional van Kampen expansion for the first and second moments, with an error
that scales with system-size similar to an alternative expansion, also applied to the equations of
the moments, called Gaussian approximation, with the advantage that it has less systematic errors.
Besides, we analyze a procedure to find the solution of the expansion method and we show different
cases where it greatly simplifies. This includes the analytical solution of the average value and fluc-
tuations in the number of infected nodes of the SIS epidemic model in complex networks, under the
degree-based approximation. Published by AIP Publishing. https://doi.org/10.1063/1.5039817

In all areas of science, there are situations in which the
description of the system under study requires the consid-
eration of probability theory. In these cases, a determinis-
tic analysis of the occurring processes may be inadequate
or lacking of the relevant information sought. Master
equations are an extensively used mathematical tool to
deal with such situations. We consider here and com-
pare different methods to find approximate solutions to
a general master equation. The presented techniques are
applied to different cases, including models of gene tran-
scription and epidemics, for which one is able to obtain
highly accurate results.

I. INTRODUCTION

Rarely the repetition of an experiment in Biology will
yield exactly the same result. That does not mean that a math-
ematical description of biological experiments is not possible,
but that an element of randomness has to be introduced in
the theory from the very beginning. Despite the general belief
that physical theories are always deterministic and predictive,
the truth is that Statistical and Nonlinear Physics is a well
established discipline that incorporates randomness in the
description of a physical system at a very fundamental level.
Since the pioneering works of Ludwig Boltzmann, Albert Ein-
stein, Paul Langevin, and many others, it has become clear
that macroscopic laws can emerge from a probabilistic frame-
work that takes into account the unavoidable elements of
randomness, arising from our lack of knowledge of the exact
microscopic description, including all forces between parti-
cles and their initial conditions. After more than a century and
a half of expertise, we have learnt that beyond the predictions
of the average values of the outcome of an experiment, the
fluctuations around the mean values and the probability distri-
bution of the possible outcomes bear much information about
the microscopic mechanisms that underlie the process under
scrutiny. For example, if the distribution of, say, the number
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of a given type of particles (NRNA molecules, enzymes, etc.)
produced inside a cell follows a Poisson distribution, or alter-
natively, if the mean value is equal to the variance, then it
is likely that the particles are produced and degraded both at
constant rates and independently of each other.!

The stochastic description in biology is used at many
different levels:> ranging from the production of complex
molecules inside the cell to the population dynamics of
competing species, as in the predator-prey environment,
through the enzymatic reactions,’ the excitation of neurons,*>
the neurochemical synaptic connection and neuronal signal
transduction,®’ the regulation of the sleep-wake cycle,®'* the
effect of drugs in the treatment of illnesses, random fluctu-
ations in genetic networks,'! intercellular calcium spiking,'”
gene transcription,'>!¢ the spread of epidemics,!” and so
on.'8 In all these cases, an adequate description begins with
a “model” that takes into account as much of the phenomenon
as one wants to describe, but trying not to include too many
details, so avoiding a level of mathematical complexity that
could make the model unsolvable. For example, when study-
ing the spread of an epidemic, we might assume that the
contagion between two individuals is a stochastic process that
occurs at some constant rate, but at the same time disregard
the dependence of the contagion rate with the age, sex, or
other features of the individuals; we might assume that all
individuals have the same number of possible contacts poten-
tially leading to a contagion or that some individuals have
more risks than others; we can assume a constant mobility
of people or that some move more and farther than others, etc.

The selection of the features one wants to include consti-
tutes the modeling part that, given the stochastic ingredients
already mentioned, requires a mathematical treatment in terms
of master equations, or equations for the probability of the
different outcomes of the process, for example, the number
of infected people at a given time. Once the master equation
has been derived, the more technical aspect of finding its solu-
tion begins. Although a complete analytical solution is usually
very difficult and one must resource to numerical methods, '
there are some analytical techniques to extract information
from the master equation concerning either the probability
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function itself or, at a not so detailed level, the moments and
correlations of the stochastic variables.

Amongst these analytical techniques, one of the most
powerful ones is the so-called system-size expansion initiated
by van Kampen in his seminal work.?" It is based on a sin-
gular expansion around a small parameter, usually the inverse
of the volume or the total number of particles. The expansion
is in most cases carried out only at first order, the so-called
linear noise approximation. Given its technical subtleties, the
van Kampen expansion might not be very intuitive to apply
in a particular problem. There have been recent approaches
in which the main results of the expansion are derived in
alternative ways, using, for example, a stochastic differen-
tial equation approach?'-?? or a direct Gaussian approximation
scheme.?>?* It is the intention of this paper to show how the
van Kampen expansion can be formulated at the level of the
exact, but not yet closed, equations for the moments and cor-
relations. Besides reproducing the main results of the van
Kampen expansion, the proposed method yields, at the same
order of the expansion, a better convergence for the moments.

The outline of the paper is as follows: in Sec. II, we
explain the main lines of the van Kampen original method as
expanded for multidimensional systems in Ref. 25. In Sec. 111,
we perform the system-size expansion directly as a method to
close the equations for the moments, compared to the previous
van Kampen method and also the Gaussian approximation.
In Sec. IV, we show how to find the general solution of the
equations for the correlations and corrections to the moments,
together with relevant simplifications and analytical solutions
for specific cases. In Sec. V, we apply and compare the differ-
ent proposed methods to two low dimensional examples, the
autocatalytic reaction and a model of gene transcription, while
in Sec. V C, we explain how the proposed method applies to
the SIS epidemic model in complex networks. We end with a
summary and conclusions in Sec. VI.

Il. THE EXPANSION OF THE MASTER EQUATION

Our starting point is a general stochastic process in which
a set of M integer random variables x = (x,...,xy) can
undergo a set of K random processes defined by the vec-
tors £ = (", ..., €\), with v = 1,..., K being the index
of the process. In process v, the variables change according
to x; — x; + El@) with a rate W® (x). In Sec. V, we will be
considering specific examples of stochastic processes, but for
now we keep a very general notation. The probability P(x; t)
that the state of the system is x at time ¢ obeys the master
equation:'%-?

IP(X; 1) e ;
T =Z<]_[E,. —1)[W<>(x)P(x;t)]. (1)

v=1 \i=1

Here, E; is the step operator acting on any function f[x] of the
variables x; as

ESTF (s Xy oo a) = f 1, Xi X)), (2)

The step operator can also be written formally as E; = %,
where 0y, f = ==, as it can be readily seen from the Taylor
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expansion

2ok ek ,
f(x+z)=2£k‘ Zk—[—] =[e™]f. (3)

k=0 k=

The celebrated van Kampen’s Q-expansion®’ is one of the

most powerful methods to find an approximate solution to the
complicated partial differential master equation (1). Although
the method can handle more complicated cases, in its sim-
plest form, it can be used when the rates can be written as
WO (x) = Qw™ (%) interms of a large parameter  and w")
functions of the intensive variables & (see Appendix A for the
necessary modification for a more complex functional form of
the rates). In most cases, 2 is proportional to the total volume
V or the number of particles N, hence the name system-size
expansion with which this technique is also known. It rests
upon the expectation that the dynamical variables x(¢) will
follow a deterministic trajectory whose contribution scales as
2 plus some random deviations from this trajectory that scale
as /2. This ansatz is based on the law of large numbers, but
its validity has to be checked consistently at the end of the
calculation. For example, the ansatz does not work near a crit-
ical point where anomalous fluctuations exist and a modified
hypothesis is then needed.

Using this ansatz, one makes the following change of
variables x = Q¢ + Q72 or x; = Q¢; + Q'/%& in coordi-
nates. Here, ¢ = (@1, ..., ¢y ) is a set of time-dependent func-
tions to be determined self-consistently, and & = (§y,...,&y)
are the new set of random variables. All the statistical prop-
erties of x as determined by the probability function P(x;¢)
are to be obtained from the statistical properties of & deter-
mined by the probability function I1(§;7) related to P(x; f) by
T(&;1) = QY/2P(x; 1), as QM/? is the Jacobian of the change
of variables x — £.

To find the partial differential master equation satisfied by
I1(&; 1), one makes a systematic expansion of the step operator
and the rates in powers of Q~!/2. For the step operator, one
uses that 9,, = Q7/29,, which leads to

—N)

W) —1/2-

i=1

—1/2 Y,
_ e,Q /4(1))AvE

- 1 -
=1-Q 2™ .V, + 59—1@(”) Ve + 0(Q ),
“4)

where £ . %,; = Zfi . 6@8&.. The rates are expanded as

1

W (x) = Qw” (x/ Q) = Qw™ (¢ + Q%)

M
= Qv () + Q') W (9)E + 0(Q°)

J=1

= Quw"(¢) + Q"% - Vew (¢) + 0(Q°), (5)
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dw»
M. For the
0,

J

where 8¢jw(”) (@) is the partial derivative

time derivative of P(X;?), we obtain

oP a _
E = a‘ [Q M/zn(g)’gzgfl/zx—ﬂl/z(b]

_ dIl d(ﬁi([) oIl
M/2 1/2
=Q |: E —8& <—Q —t ) + _at j| . 6)

Replacing Egs. (4)—(6) in Eq. (1) and equating powers of €2,
we have
doi
dt
and the Fokker-Planck equation

= o, ™)

OMED 5~ 0 [p oy g 0
T _ZJ:a—Si[B,,g,nJrzG,, as,}’ (8)
with
() =) 4w (9), ©)

v

Bj(¢) = — > £ 9yw" () = —0y®;,  (10)

Gi() =Y _ "¢ (¢). (11)

Here, ®; is the drift term that determines the time evolution
of the deterministic part ¢;, B = {Bj;};j—1....» is the Jacobian
matrix of ® = (¥,..., Py ) (defined with a minus sign),
and G = {Gjj};j=1,...» is an additional matrix that can be cal-
culated using £ and w(¢). Note that Eq. (8) is linear
in T1(&;1), which allows us to obtain closed time evolution

equations for the moments (£;) and correlations
Cy = (&&) — (ENE) = Q" () — () (x) ]
= Q oy, (12)

where o0 = (x;x;) — (x;)(x;) is the correlation matrix of the
original x; variables. Multiplying both sides of Eq. (8) by
the desired quantity, i.e., & or &&;, and integrating over all

variables [ d§ = [ [HJAL déj], we obtain

d (&)
P B; , 13
0 Ek 1 (5k) (13)
dc;;
i Zk [CiBix + CuBjx] + Gy 14)
In matrix notation C = {Cj};j=1,..m, we have
d(§)
220 — _B(g), 15
” (&) (15)
dC
= = —CBT™ —BC +G. (16)

If we assume the existence of a steady-state of Eq. (7),
obtained by setting ® = 0, and (&), = 0, then the correlation
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matrix Cy in the steady-state satisfies
CyB + B,Cy = Gy, (17)

in terms of the steady-state matrices By, Gy. As shown in
Ref. 20, the steady-state probability distribution has a Gaus-
sian shape

Cal —tercile (18)

HSK(E) = (27T)M

In the time-dependent case, the probability distribution obeys
also a Gaussian expression

IC| e 2EENTCT ), (19)

0 =\/5 0,

provided the initial condition is also a Gaussian distribution
(this includes as a limiting case the Dirac-delta or dispersion-
free initial conditions).

This ends our brief summary of the van Kampen expan-
sion method. In Sec. IV, we derive following Ref. 25 a
general solution of Eq. (17) for the steady-state correlations
C, obtained by diagonalizing matrix Bg. In the same section,
we consider some simplifications and the explicit solution in
some cases of interest. In those cases in which By cannot
be diagonalized, we propose in Appendix B a very efficient
recursive numerical algorithm to obtain C. Before that, we
explain in Sec. II alternative approaches to the van Kampen
expansion, whose starting point is the derivation of equations
for the first and second moments obtained directly from the
master equation, without the need to use the Fokker-Planck
approximation.

lll. THE EXPANSION OF THE EQUATIONS FOR THE
MOMENTS

Let us focus now on the time evolution of the first (x;)
and second (x;x;) moments, defined as

() = / dxxiP(x: 1), (20)

(xi(Dx;(1) = /dXxiij(X; 1, (2D

with [ dx = [ | [T}, dx | Multiplying both sides of the mas-

ter equation (1) by x; or x;x; and integrating over f dx, the
quantities (x;) and (x;x;) are shown to satisfy the following
evolution equations:

di) &
LA § £V WMy, 22
7 2 i ) (22)
dixix) [0 ,0 O 1 g w1 g™ ()
S = [V W)+ 4 W)+ 6w ).

v=l1
(23)
Except for a very few functional dependence forms of the
rates W) (x), these equations are not closed as the right-
hand-side contains higher order moments (x;,x;,X;, ...) for
which one must write down evolution equations leading to a,
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usually infinite, hierarchy of equations which, with very few
exceptions, cannot be solved.

In order to close this infinite hierarchy of equations,
we will describe two alternative methods: (i) the Gaus-
sian approximation and (ii) a system-size type of expansion,
inspired by the van Kampen method, but performed directly at
the level of the equations for the moments Eqs. (22) and (23),
instead of the master equation (1).

A. The Gaussian approximation

As the method has been recently exposed by one of the
authors, we just highlight here its main ingredients and refer to
Ref. 23 for further details. The Gaussian approximation con-
sists in writing any higher order moment (x; x;,x;, ...) that
might appear in Egs. (22) and (23) as a function of the two first
moments (x;) and (x;x;), assuming that x distributes as a Gaus-
sian random variable, a fact that is based on the van Kampen
expansion as explained in Sec. II. For a single variable x;, the
Gaussian distribution comes fully specified if we know its first
and second moments. Higher order moments are derived from
these two lower order moments. For example, as needed in the
examples of Sec. V, we have (x}) = 3(x?)(x;) — 2(x;)>. For
multi-dimensional distributions, any average (x; X%, ...)
can be written in terms of the two first moments (x;) and (x;x;)
(or the correlations 0;; = (x;x;) — (x;)(x;)) using the Isserlis®®
theorem, also known as Wick’s theorem.?” For example,
(x;) = () () + 20x) (xixg) — 2(x;)% ().

As shown in the detailed study of Ref. 23, this method can
be more precise than the traditional van Kampen expansion.
For example, while the error of the van Kampen expansion
in the variables ((xi), (xixj),a,-j) is of order (Q°, Q' Q!/?),
respectively, the Gaussian approximation provides errors that
scale at most as (712, Q!/2,Q!/2). This is a substantial
improvement for ((x;), (x;x;)) and the same scaling for oy,
although the numerical results of Ref. 23 indicate that the
system-size expansion of the master equation gives smaller
errors for oy than the Gaussian approximation. One problem
of the Gaussian approximation is that for very low €2, the
method may not converge. This occurs because the variables
x are considered to be Gaussian, and thus unbounded, when
actually they are restricted to be positive x > 0.

B. System-size expansion

Our intention here is to close the hierarchy of Egs. (22)
and (23) using a system-size expansion similar to the one
used in Sec. II to reduce the master equation to a Fokker-
Planck equation. To this end, we propose an expansion of the
stochastic term as £ = a + Q7?6 + O(Q~!), where @ and b
are stochastic variables. We can determine the order of this
approximation for the average value and correlations using
x = Q¢ + Q%a+ Q% + 0(Q~?):

() = Qg + Q3 (a;) + QVb) + 02713, (24)

(xy) = Ly + Q7 (dilay) + pjlar))
+ Q' ((@iaj) + (b)) + ¢;(bi)) + OR?),  (25)

0 = QC;j + 0(Q'?), (26)
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where we define C'ij = (a;a;) — (a;){a;). If we introduce
Egs. (24) and (25) in Egs. (22) and (23) and equate powers
of Q, we obtain

% — 0, 27)
d ;‘?‘) . ;B,j(ap, (28)
W _ > Bulhy + ; 3G+ (@) a0)] 9, 01
! M 29)
dd_ét’” -y [QkB,-k + 6ikBjk] + Gy, (30)

k

Note that Eq. (30) for the correlations é‘ij coincides
with Eq. (14) satisfied by Cj, and hence, both correla-
tions are identical. However, and this is the key point,
had we not included the term 0°b; in the expansion,
then Eq. (30) would have contained an additional incor-
rect term § Y, (axay) | 4103, 4, Py + 9103, 4, @] Addition-
ally, the equations for ¢; and (a;) coincide with Egs. (7)
and (13), but, and this is the improvement of this method,
we obtain an additional equation (29) for the average value
of the higher order correction. According to Egs. (24)—(26),
the accuracy of this method is (Q7!/2,Q"2,Q!2) for
((x,»), (xixj),o,j), respectively, the same scaling of the errors
one finds in the Gaussian approximation discussed before,
being therefore more accurate for ((x,-), (x[xj)) than the
system-size expansion of the master equation. Beyond the
scaling with system size of the errors, we will compute numer-
ically in the examples of the next sections the prefactors of
these scaling laws, and we will show that the actual values
of the errors are substantially reduced using the expansion
method based on the equations for the moments developed
in this section.

1. Higher order expansions

It is of course possible to include higher order terms in the
expansionx = Q¢ + Q'%2a + Q% + Q'/2¢ + 0(Q7"). One
finds then the following expressions for (x;), (x;x;), 0y

(1) = Qi + Q7 (a;) + Q(by)
+ Q7 V2e)y +0Q7h, (31)

() = QL3 + QL (dila)) + ila) + Q' (aiay) + i (b))
+ (b)) + Q2 (i) + ¢ylci) + (aiby)
+{a;bi)) + 0(Q"), (32)

o = Q) — (@) (a) + QY ((aiby) + (abi) — (a;) (b))
—(a;) (b)) + O(Q°). (33)

If we introduce the new ansatz in the equations for
the moments Egs. (22) and (23), we obtain the same
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Egs. (27)-(30) and additional time evolution equations for (c;)
and (a;b;):

dm = ZBZ, G) + Z abi) 05, g, P

te Z<(1.fakaq>a¢%j,¢kv¢qq)i’ (34
Jksq
d{a;b;)
t =—ZB,k(bak (aibi))

- Zsz (bjay) +

2
+5 Z<aiakaq>a¢k,¢q o
k.q

ajbk))

+—= Z ajaidy 8¢ b b, +Z g, Gijlar),
k.q

(35)

with the particularity that they depend also on the third
moment {(a;a;ax). In order to find the time evolution equation
for (a;ajay), we need to relate it with the third moment (x;x;x;)

Pk [ bidi + QP picpr(ay)
Q% (pigy (bi) + dilajar))
+Q°72 (¢igj(ci) + dilajbi) +

(xixjixp) =

(@ajar))] + 0Q"),
(36)

where the permutation operator P adds to the expression
inside the brackets any permutation of the indices i, j, k, which
leads to a different result (e.g., Pji [d),d)k (aj)] = @i (a;) +
didjlar) + ¢idi(a;)). Using now the exact evolution equation
that follows from the master equation

d (xixixi) a M ) ) (v ) v
dtj :;Pijk [Ei 670" W) + 6" (W)
40 (kaw))] , (37
we obtain
d{a;a;ay)
dzj — = Pjik _;qu(aiajad"‘ij(“U - (¥

According to Egs. (31)-(33), the method is of order
(Q71, Q% Q0 for the variables ({x;), (x:x;), o). In the steady
state, it is (¢;)sc = (@;bj)st = (a;ajar)s = 0, which means that
these higher order corrections are zero and the accuracy of the
method of Sec. III B is higher than expected.

Higher order expansions applied directly to the master
equation (not in the equations for the moments) are dis-
cussed in Ref. 20. In that case, the van Kampen ansatz
X = Q¢ + Q!/2¢ is kept as a change of variables, but we take
into account the further orders of Egs. (4) and (5) such that the
probability is split as TT(&;¢) = IMo(&;1) + Q7211 (&;1) +
O(2~") and Eq. (8) is only valid for ITy(&;7). This higher
order van Kampen expansion has the advantage of giving an
equation for the probability distribution IT1(&; ¢), but it is again
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less accurate (2772, Q1/2, Q) for ((xi), (xix;), aij) compared
to the expansion of the moments, for (x;), (x;x;). In general,
one can conclude that any higher order system-size expan-
sion will be one order superior for (x;), {x;x;) when performed
in the equations for the moments and the same order for oy,
compared to the equivalent expansion of the master equation.

IV. SOLUTION OF THE EQUATION FOR
CORRELATIONS

We now describe a general procedure as developed in
Ref. 25 to solve Eq. (17) and find Cy, that, however, requires
the diagonalization of matrix Bg. In those cases in which
the diagonalization is not possible or it shows difficulties,
we present in Appendix B an alternative recursive numeri-
cal scheme that can provide C, very efficiently and with high
precision.

Let us assume, then, that it is possible to write By =
PDP~!, with D being a diagonal matrix and P being the
matrix of change of basis, whose columns are the correspond-
ing eigenvectors. Replacing Q =P~ 'Cy (PT)"! and F =
PG, (PT)"! (note that QT = Q and FT = F) in Eq. (17),
we arrive at

QD +DQ =F. (39
In index notation, Q;;D; + D;Q;; = Fj;, leading to
0= = (40)
Y Di+D;

Once we have Q, we obtain Cy, = PQPT. It is also possible to
write the solution in index notation as
—1 _
PP} P;,, P,

st st mq
Cl = %:qu ). b5y (41)

The corrections to the mean value (b)y can also be deter-
mined. Applying the linear transformation that diagonalizes
the Jacobian matrix, we define g = P 'b, u= P’lqﬁ, and
U = P~'®. Multiplying both sides of Eq. (29) by P~!(---),
taking into account that 95, = ", P,;l 0y, » and setting the time
derivative equal to zero in the steady-state, we obtain

&) Z Oty U 42)

One can now undo the transformation (b)y, = P(g).
Alternatively, a more useful equation for the average

value (b;)s can also be obtained if we determine first ['; =

;Zk p c;;a;k b ®;, and then Eq. (42) can be rewritten as

(gi)st = Z P, 'T,, which leads to
PmPnniF
(bi)y = ij - 43)

The above expressions, besides an explicit solution of
Egs. (17) and (29) that can be used both analytically or numer-
ically, provide a close relation between the solution of the
linearization of the deterministic dynamics equation (7) and
the correlations between variables. Basically, if one solves the
linear dynamics, finding the steady-state correlations requires
much less effort than approaching the problem Eq. (17)



106303-6 A. F. Peralta and R. Toral

directly as a system of equations. In some cases of interest, the
solution can be simplified or directly found with this method.
Next, we show an interesting collection of these cases.

A. Degenerate eigenvalues

The star node dynamics correspond to a situation
where all the eigenvalues are equal D; = D, Vi, such that
any arbitrary vector v is an eigenvector of By with the
same eigenvalue, i.e., Bqv = Dv. In this case, Q = ﬁF =
%P_let (PT)~!, and the expression Cg; = PQPT becomes

1 _
C,=P [EPIGSt (PT)

1] PT = %Gst. (44)
This is, the correlation matrix is equal to the G-matrix rescaled
with 1/2D.

A more complex case is when there is a non-degenerate
eigenvalue D; with associated eigenvector VI = (Up,...,Uy)
and, additionally, the rest of the eigenvectors v, form a star
node Bv, = Dyv, with an eigenvalue D, of degeneracy

— 1, in the plane n7 - v, = 0, where nT = (ny,ny,...) is a
normal vector to the plane. The matrix P fulfills then P;; = u;,
Vi, Zi niPj = 6ynT - vy, and we can determine the first row of
the inverse matrix as Pl_jl = 3 v . This information is enough
to simplify Eq. (41). If we consider separately the termsn = 1,
m =1, we find

u;u;P, P
Cst ZG ( 77 1k

+ujP1_q B — u,Plk )+ u; Plk (6jg — )

Dy + D,
LB Py (85 — Py
2D,

F“ ol + o — 2F11uiuj
= u[uj—
2D, Dy +D,
4 Gls][ — Uy — QU + F”uiuj’ (45)
2D,

with Fj; = Zk’q Pl_klPl_q1 Gth ando; =), Pl_k1 G35, In general,
if By has degenerate eigenvalues, it is natural to split the sum
of Eq. (41) for the indices n, m that have common eigenvalues
D, = D, D,, = D’ and the analysis is greatly simplified.

Using this same trick in Eq. (43), the corrections to the
average value (b;) are

Fi

1
(b = 5=+ DIDZ ”’ZFPU (46)

B. Time scale separation

If the linearization of the dynamics reveals an eigenvalue
Dy which is very small compared to the rest D; > D, an
approximate solution is directly found. This corresponds to
a situation where the trajectories bend following the slow
eigendirection v;. In this case, we have that Q| = ZDI > Oy
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and then

G = ZP,ka,,P ~ PiQuiPji. (47)

We only have to compute the first column P;; and the first
row Pfil, and we avoid tedious matrix multiplications. Note
that the correlations are the product of the coordinates of the
eigenvector v; times the global value Qy;. In this same limit,
Eq. (42) reduces to

On

2D, 32 U, (48)

(gi)st

and the leading correction to the average value is (b;)g =
Pil<g1>sl'

C. Conservation laws

It may happen that not all the variables are independent,
i.e., the variables are related by what we will assume a set
i=1,...,M, of linear relations Z]Ail Hjix; = C;, where C; are
a given set of constants. For example, this could be the sto-
ichiometric relations of the different species involved in a
chemical reaction.

If the master equation respects these relations, we
expect the constants not to chan e during any process
X — X —i—E(V) and then Z 1 Hit; Y =0, or equivalently
multlplymg by w”(¢) and summing over all v we have
Z]Ai  H;j®; = 0. Consequently, the matrix By fulfills the
relations Z]Ail
equations for the eigenvalues P~'By = DP~!, in index nota-
tion ij 1 P_IB]S,E =D Pl;], we can associate nil eigenvalues

D; =0, and also Hj; —Pul,forl_l M..

For two values i=1,...,M, and j=1,...,M,., the

denominator of Eq. (40) vanishes but also does the numerator:

Fl] = ZPJCIGIZPJII
k.l
=2 (Z Pl-kl@,i“’) <Z P,-H&‘”) W =0, (49)
v k i

and then we can set Q;; = 0. Thus, the matrix Q has a block
of zeros that corresponds to the set of conserved quantities by
the master equation.

HUB;IE = 0, for any k. Comparing this to the

V. EXAMPLES

In order to test the accuracy and differences of the meth-
ods, we will apply them to some examples: the autocatalytic
reaction, already considered in Ref. 20, a model of gene
transcription,'? and the susceptible-infected-susceptible (SIS)
model of epidemic spreading. For each example, we will
consider the van Kampen system-size expansion of the mas-
ter equation (VKE) as given by Egs. (7), (15), and (16), the
Gaussian approximation as explained in Ref. 23, and the
system-size expansion carried out at the level of the equations
for the moments (SSM) given by Egs. (27)—(30).
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A. Autocatalytic reaction
Consider the following chemical reaction:

A5 x, xSy (50)

With rate @ molecules of substance X are created out of a
reservoir of size 2; with rate y, when two molecules meet,
they react to give a molecule of substance Y. We only consider
one variable, the number n of molecules of X. This variable
can change by any of the two processes outlined in (50). In the
notation of Sec. II, we have two processes v = 1, 2, creation
and reaction. The changes in the variable n and the rate of
the processes are £ = 1 (one particle is created from the
reservoir), W) = Qa and £® = —2 (two particles disappear
when they react), W®? = én(n — 1), where we assume that

the production rate is proportional to €2, and the probability of
two X -particles to meet is inversely proportional to €2. Using
Egs. (22) and (23), we find equations for the first and second
moments (n), (n?):

% — Qu— %((nz) — (n)), D
2
d(dnt L = Qa1 +20m) + % (=) +20n%) = (m) . (52)

which are not closed due to the presence of (n®) on the right-
hand-side of Eq. (52). In the Gaussian approximation, we
use the replacement (n?) = 3(n?)(n) — 2(n)> and Eqgs. (51)
and (52) become closed. When using the system-size expan-
sion, either at the level of the master equation or the equations
for the moments, we need to determine ® and G given by
Egs. (9) and (11) in the one-variable case:

O =a—2yp% (53)

G =a +4y¢>. (54)

The equations for the correlations [Eq. (30)] involve the
first derivative d,® = —4y ¢ and the corrections to the aver-
age value Eq. (29) the second derivative Bécb = —4y. The

rate W does not strictly follow the scaling form W® =
. 2

Qw?(n/Q) as we have instead WP = Qy - [(%) - #],

one needs to redo the expansions taking into account the cor-

rect presence of the different €2 terms. In Appendix A, we
show that the only effect is to add an extra term A = 2y ¢ to
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the right-hand side of Eq. (29), and the original van Kampen
expansion is not modified.

In Fig. 1, we plot the results of the time evolution of (n),
(n?), o for the three different proposed expansion methods,
compared to the numerical results of the Gillespie algorithm
applied to Eq. (50). For the average value (n) [Fig. 1(a)], we
have SSM > Gaussian > vKE in order of accuracy; for the
second moment (n?) [Fig. 1(b)], Gaussian >SSM > vKE; and
for the variance o2 [Fig. 1(c)], SSM = vKE > Gaussian. This
confirms our expectations that the expansion of the moments
and the Gaussian approximation work better than the standard
van Kampen expansion for the first two moments. In Fig. 2,
we plot the errors of (n), (n?), o2 as a function of the volume
2, which are compatible with the scaling relations derived
in Sec. III. For the second moment (n?) [Fig. 2(b)], there is
the particularity that the error of the Gaussian approximation
scales as 27!, better than expected, which is a particular fea-
ture of the autocatalytic reaction due to some cancellations.
Although the error of the Gaussian approximation and SSM
scale equivalently, one can appreciate in Figs. 2(a) and 2(c)
that SSM presents smaller systematic errors. We also observe
the predicted problems of the Gaussian approximation for
extremely low system sizes, where the errors soar or the
method does not even converge.

B. Gene transcription

We study now the model of gene transcription proposed
in Ref. 13. In that model, the system is described by two
variables n, and n,, respectively, the number of molecules of
mRNA and proteins (p). The model is constructed as follows:
(1) with rate k,, a fraction of DNA (D) is copied into a mRNA
molecule; (2) with rate k,, a molecule of mRNA is translated
into a protein; (3) mRNA degrades with rate y,; and (4) protein
degrades with rate y,. Schematically in the reaction notation
this can be written as

k)
D 5 mRNA, mRNA s p,
mRNA 5 ¢, p 2> 0. (55)

We have then four processes v = 1,2,3,4, transcription,
translation, degradation of mRNA, and degradation of pro-
tein, with changes in the variables and rates: Egl) = +1,
W = Qk,: 652) =—1, 6;2) =41, WP = neky; Z@ =—1,

(@) 4945 (b) (c)
110 | e
10.10 [ 4 ]
Numerical Q=10 e 109
Expansion Master ‘I u 1
C 10.05 | Gaussian N Nc Nb B
Expansion Moments ~ ....oooocoooooooo-oc
10.00 [ 108 | i
995 K Il Il 107 K Il Il Il Il
2.0 4.0 6.0 8.0 10.0 2.0 4.0 6.0 8.0 10.0 5.0 7.0
time time time
FIG. 1. Time evolution of (), (n?), and o> shown in panels (a), (b), and (c), respectively, for the autocatalytic reaction (50) with parameters & = 1, y = 1/2,

Q = 10. The black dots are the numerical results of the Gillespie algorithm, averaged over 10° trajectories, compared to the results of the standard van Kampen
expansion (red lines), the Gaussian approximation (purple), and the system-size expansion of the moments (green, coincident with the red lines in the case of

the variance).
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(a) (b) (c)
0 E X =
g N\c/ Nb ¥
£ 102 4 c £
5 5 w'f 1 8
6 3 Exp. Master qt_) !qh_) 107" | .
107 Gaussian 10_2 F B
Exp. Moments
I 10—3 I I
10° 10 10? 10° 10 10? 10° 10 10?
Q Q Q

FIG. 2. Error of the methods in the steady-state state of variables (1), (n?), and 0521 shown in panels (a), (b), and (c) respectively, for the autocatalytic reaction
(50) with parameters @ = 1, y = 1/2, as a function of the volume . The standard van Kampen expansion (red lines) displays errors that scale as (Q°, Q!, Q°);
the Gaussian approximation (purple) as (', 27!, Q°); and the system-size expansion of the moments (green) as (2!, Q°, Q°). The exact solution with which

the error has been computed can be found in Ref. 20.

we = n,Vr; K[(,“) =—1, W® = n,Yp,. The model considers
the auto-regulation of proteins by assuming that the transcrip-
tion rate is a nonlinear decreasing functiorrln aof the concen-
ke
1+ [n,/(S2ka)1™"
k"™, kg, and m are parameters to be determined by fitting to
experimental results. Using Egs. (22) and (23), we find the
time evolution equations of the first and second moments and
cross-correlations of n,, n,:

tration of proteins, such as k,(n,) = , where

dn) _ o
dr {kr(np)) — (Vr + kp) (n,), (56)

d{n,)

d[p = kp(nr) - Vp(np>’

2

d(df) = Q(Qn, + Dk (1)) + (e + &) () — 20n2).
d(n?)

L = k() 4+ 2(n,mp)) + 7, () = 20170

% = Q(”pkr(np)) -+ Vp T+ kp)(”r”p)

+kp (1) = (ny) - (57)

Applying the Gaussian approximation in this case would
be cumbersome because of the appearance of non-trivial
moments such as (n.k.(n,)), given the functional form of
ky(np). For the system-size expansion, however, we only have
to construct ® and G using Egs. (9) and (11)

®, = kr(¢l7) - (yf + kl’) ¢r’ Q)p = kp¢r - Vp(pp’ (58)

Grr = kr(d’p) + (Vr + kp) ¢r» Gpp = kp¢r + Vpd’ps (59)

Grp = Gpr = _kp¢r- (60)
The deterministic steady-state is determined by the equation
k(@) =y, (1+ 1) 5t with ¢ = 22}, which has to be
solved numerically in general. The solution of the procedure
Egs. (27) and (30) for this model is plotted in Fig. 3. We appre-
ciate good agreement in comparison to numerical simulations,
with an increasing accuracy as 2 increases. The corrections
to the average values (b,), (b,), coming from the system-size
expansion of the moments Figs. 3(a) and 3(b), reduce the dis-
crepancies of the bare deterministic solution of the standard
van Kampen expansion.

C. The SIS epidemic model

A relevant example, where one can directly apply
the methods presented in Sec. IV A to obtain analytical
results, is the susceptible-infected-susceptible (SIS) epidemic
model.?®3! In this model of epidemic spreading, we have a
population of size N = 2 such that each member of the popu-
lation can be susceptible to the disease, S, or infected, /. With
arate ¢, an outbreak is created in the system and some individ-
uals get infected. Infected individuals can spread the disease
to the neighbors with which they have contact, with rate A.
Eventually, infected individuals recover and become suscep-
tible again with rate 8 = 1, which is taken as unit of time for
simplicity. Each individual has contact with an integer number
k € (kmin» kmax) Oof people to whom the disease can be trans-
mitted. This number k, called degree, is heterogeneous within
the population N and one can define the number N, of peo-
ple with k contacts, and the associated fraction py = Ny/N.
For what comes next, it is useful to also define the averages
Pom = D ket kma) PiK™> With short notation 41 = 1. Using
the reaction description, one can portray the model as

Si = Ly Si4lv = L+ Iv, L —> S (61)

We define the description variables X = (x . , ..., Xgy,,) as
the number of infected individuals with k = kyn, - - -, Kmax
contacts. By lumping together the first two reactions of (61),
there are two main processes: either a susceptible person (with
k contacts) becomes infected or it recovers, depending on its
present state. In our general notation, a process is identified
by the double index v = (s, k) with s = 1 (infection) or s = 2
(recovery) and k = ki, - - - » kmax, With associated changes in
the variables Z,({l’k/) = i and E,(Cz’k/) = —dy. The total rate at
which these processes happen can be calculated as

'k
Wb = (N, — Fa Y ED) D weh — g
Ne —xi) | € N Xk

(62)

Here, Zk/ %\Ijl is the global fraction of contacts connected

to the infected nodes such that the total infection rate of a

k-individual is A times its number of contacts, k, /times the
“probability” that a contact is infected, i.e., ) ;s %

If the network of contacts is quenched, i.e., the peo-

ple with whom one interacts is fixed, Eq. (62) is only an

approximation” of the real process Eq. (61), known as
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degree-based approach or heterogeneous mean field.***! The
reason why this is an approximation lies already in the selec-
tion of the description variables x;. The correlations of the
(infected or recovered) state of any two people are expected
to depend only on their degrees k, k" and not on the detailed
structure of the network of contacts (whether these two peo-
ple are in actual contact or not). If we consider instead an
annealed network, i.e., at each elementary time step, the
neighbors of each person are shuffled in the population, the
neighborhood-dependence effect vanishes and the correla-
tions depend only on the degree, thus making Eq. (62) exact,
see Refs. 32 and 33.

Applying the regular procedure Eqs. (9) and (11),
we find

o -y ik et O

— = 66
i 1+ e+ rkO (66)

k

One can solve (numerically) the self-consistent equation (66)
and then determine ¢;' by Eq. (65). In Fig. 4(a), we plot
¢ =", ¢;', which corresponds to the deterministic solution
of the global fraction of infected individuals. For ¢ > 0, there
is a stable solution ¢* > 0 that monotonically increases with
the infection rate A. For ¢ = 0, one can identify a critical A,
(epidemic threshold) that we will determine later, that sep-
arates the healthy phase ¢ =0, A < A., from the endemic
phase ¢ > 0, A > A.. The Jacobian B-matrix, the G-matrix,
and the second partial derivatives of ®; evaluated at this
stable solution read as

Apik k'
Oy = =P + (px — Pr) (¢ + AkO), (63) Bt — 8 (146t ak@) — P K 67
kk kk( te+ ) 1+8+Ak®5tu’ (67)
G = S [ + (pr — &) (e + AkO)], (64) t
&+ A kOS
with @ = Y, &k Gl = S 2, (68)
[ . . 1+e+ 20O
The steady-state solution fulfills ®; = 0, which leads to
st £+ Ak@% 2 _ Ak / "
L — 65 0 O = —— (Surk” + Sik’™) . 69
kT P ke (65) bt O = = (oK o+ Bk’ (69)
(a) o4 (b) () o — \ :
0.5 B | ———
03 sk Ll T /
_— 5 ool F N ]
=3 x Q
02fF e=10" —— | ] ~ 6} - i
3 / e
01k =0 E 8l | Teno g
0.0 i I | | E 0.0 I | | | | | = _10 ! ! ! !
0.00 0.02 0.04 0.06 0.08 0.10 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.00 0.02 0.04 0.06 0.08 0.10
A A A

FIG. 4. For the SIS model (61), we plot ¢* = Y, @', x™ = Y Cii» and (b)s = D~ (bx)s shown in panels (a), (b), and (c), respectively, as a function of the
infection rate A, obtained by solving Eqs. (27)—(30) taking a power-law distribution of contacts p; ~ k=25 with kmin = 5 and kmax = 100. Colors correspond to
different values of ¢ = 107!, 1072, 0 as indicated in the legend.
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FIG. 5. For the SIS model (61), we
plot the rescaled average value [panels
(a) and (c)] and variance [panels (b) and
(d)] of the number of infected individuals
x =), x as a function of the infection
rate A. The system size is fixed Q2 = 100

0.10 0.15 020 0.25 0.30 and ¢ = 1072, while two different dis-

A tribution of contacts are used: [panels
(a) and (b)] a heterogeneous distribution
e~ k723 with kpin = 5 and knpax = 10

and [panels (c) and (d)] a homogeneous
] distribution py = 8x20. Dots correspond
. ] to numerical simulations using the Gille-

spie algorithm for the SIS model on
a single quenched network of contacts,
while lines are the theoretical predictions
obtained using Egs. (27)—(30).
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In Figs. 4(b) and 4(c), we show the results of solving Egs. (29)
and (30) with the proposed algorithm of Appendix B. The
global fluctuations of the number of infected nodes is mea-
sured by x* = >,  C};,. For & > 0, it increases with A until
it reaches a maximum and then decreases, whereas for ¢ = 0,
we have x® =0 for A < A, and x* > 0 for A > A, with a
finite jump discontinuity at A.. Similar results are displayed
for the correction to the average value (b)s = Y _, (bx)st, which
is always negative (b)s; < 0 and, in this case, it has an infinite
jump discontinuity at & = 0, A = A..

In Fig. 5, we plot the results of simulations of the SIS
model Eq. (61) in two given quenched networks of contacts,
constructed by taking a finite sample 2 = 100 of the distri-
bution py ~ k=23 or p; = ;0 and connecting individuals at
random afterwards, as described in Ref. 34. The matching of
the simulations with the theoretical results of the expansion
methods is acceptable with some discrepancies. There are two
sources of error that can explain this discrepancy, one is the
approximation introduced when defining the rates Eq. (62),
the degree-based approach, and the second one is the effect
of finite 2. The first source contributes the most for the low
dense heterogeneous case @ = 6.78, as one can appreciate
how the correction (b)/ €2 in Fig. 5(a) slightly improves the
result of the average value. For highly dense © = 20 homo-
geneous networks, however, one can see in Fig. 5(c) how
the finite-size correction greatly improves the deterministic
result ¢

1. The degenerate limit

There is an interesting limit for which one can find an
analytical solution, namely, ®* ~ 0 which requires ¢ < 1. If
we expand Eq. (66) to third order in powers of ® and explore
the solution, we find

A< Ag, (70)

0.04 0.06 0.08 0.10

A

] )
o & +_:“2<__1), A>A, (71
-2

x_(._l s \ Ae

where A, = Mﬁz This corresponds to the lowest order in
O(g) and it will be accurate only when ®% ~ 0, that is to
say & < ‘1 - H In this limit, Eqs. (65), (67), and (68)
simplify to

o) = pi (¢ + AkOY), (72)
St k/
By = i — Apik—, (73)
"
Gl = S 2px (e + 2kOY) . (74)

Instead of directly diagonalizing the Jacobian, we will per-
form an equivalent calculation by solving the linearization of
the dynamics ¢y = gb,i‘ + 8¢, © = O + 4, that fulfill ‘%" =
— > Blsc}(,sz/, this is

d oy
— = —0 + Apik6. 75
7 k + Ak (75)
Summing Zkﬁ
do
7 (=1+24/20)0, (76)

and then D; = )1 - A/\_L
(1) = pe~P1". Introducing this in Eq. (75), we have

is an eigenvalue of the system™® and

8k = Cre™" + Bpheprke P, (77)

and then the other eigenvalue is D, = 1. The scenario in this
case is equivalent to what we explained in Sec. IV A, where
now from Eq. (77) we have VlT = (Pkypinkmins - - - » Phinax Kmax)
and the normal vector to the star node plane is nT =
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(kmins - - - » kmax), With nT - V1 = u,. Introducing Py = pik,
> i kP = uadw, and Plk = k/u in Eq. (45), we have

F ko ko — 2F 1 prkpy
Ck/—PkPk/kk/ 11 +Pk k + Prko nprkpk

2D D, + D,
Gy — pek'ax — prkay + Fripikpuk/
kk
, 78
+ D, (78)
with
k K 2 .
Fp=) —— ;;/=—<3+A@®“>, (79)
& M2 (2 2%} 12%)
k st k st
=3 Gl = 225 (e 4 ak@). (80)
% M2 12%]

From Eq. (78), it is straightforward to obtain a closed expres-
sion for the global x™ =3, C};, that we will not write
down for reasons of brevity. For A = 0, it leads to x™ =

the known variance of the Bernoulli process § % Ifore < 1.

Fore = 0and 2 — X, there is time-scale separation and only
survives the first term of Eq. (78) leading to the value at the
jump discontinuity x % = %

The corrections to the average value (b;) can be calcu-
lated as described in Sec. IV. The inhomogeneous term I’y

reads
——AkZ e (81)

1 t a2

Fk - 5 Z C/i’k” 8¢k, ¢k”
k/’k//

which can be obtained from Eq. (78). Using Eq. (46), we have

_ T Pkk D, —D,

b KTy 82
(b= -+~ 5 Z ! (82)

k'

For A = 0, we have (b;)y = 0, while for e =0 and A — A,

the term 1/D; dominates and (b)y = Y, (bi)st = —% .Ll_],
2 e

which diverges at . in accordance with the results shown in
Fig. 4(c).

VI. SUMMARY AND CONCLUSIONS

In this paper, we have studied two different expansion
methods of a general multidimensional master equation: (i)
the traditional van Kampen’s 2 expansion and (ii) the system-
size expansion of the moments, and we have compared them
altogether to an alternative expansion called Gaussian approx-
imation. The traditional van Kampen expansion is based
on the splitting of the description variables of the master
equation as x = Q¢ + Q!/?£ and focusing on the probabil-
ity distribution of &. The Gaussian approximation, described
in detail in Ref. 23, assumes, based on the results of the van
Kampen expansion, that the variables x follow a Gaussian dis-
tribution and gives an explicit recipe for the closure of the
equations of the moments. Finally, the system-size expansion
that we propose here assumes that the variables can be split
as x = Q¢ + 2'%a + Q% + - - - in terms of new stochastic
variables a, b, . . . and replace this expansion on the exact evo-
lution equations for the moments and correlations (x;), {x;x;),
etc. We find that the system-size expansion of the moments
that recovers the results of the van Kampen expansion for
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the correlations o;; is always one order more accurate in Q2
for the first and second moments (x;), {x;x;). At the lowest
order, the errors of the van Kampen expansion scale at most
as (20, Q1 Q"2 for ((x;), (xix;), o), while for the expan-
sion of the moments scale as (27172, Q1/2, Q!/2), in a similar
way to the Gaussian approximation. Although the errors of the
Gaussian approximation and the expansion of the moments
scale equivalently, we show that the latter displays less sys-
tematic errors and can be applied without any singularities for
small system sizes. This has been shown with numerical and
theoretical results throughout the paper, with the application
to some examples of relevance: the autocatalytic reaction, a
model of gene transcription, and the SIS epidemic model on
networks.

Additionally, we have explored different algorithms to
solve the general set of equations for the correlations and
first corrections to the average values, coming out of the
expansion method. In some cases of interest, it is possible to
obtain analytical results of the correlation matrix and finite-
size corrections, that is when the dynamics show degenerate
eigenvalues. The SIS model is one of these cases under some
limits of the parameters, for which we have been able to
obtain closed expressions of the average number of infected
individuals and fluctuations.
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APPENDIX A: THE EXPANSION FOR MORE GENERAL
RATES

Let us consider a more general rate formulation

M () — Oy i) 0, (i)
WO (x) = Qw (Q o’ (5). @D
with the addition of an extra term as in the example of
Sec. V A. The van Kampen expansion of the master equation
is not modified, as this extra term appears as O(2°) in the
expansion Eq. (5), which is neglected. In the expansion of the
moments Eqgs. (22) and (23), however, we have the new term
A=Y, W (@), 0(Q°) of Eq. (22) and, ¢;A; + ¢iA;,
O(R") of Eq. (23). This modification leads to the same set
of Egs. (28) and (30) but different Eq. (29)

d(b;)
< ZBU

Z(akaq)aéwqcb,- + A (A2)

k.q



106303-12 A. F. Peralta and R. Toral

APPENDIX B: NUMERICAL SOLUTION OF EQ. (17)

We describe an implicit Euler iterative method that con-
verges very fast to the exact steady-state solution of Eq. (17).
Starting from some initial value Cy (we do not use the
subindex “st” for brevity in the notation), we propose the
implicit recursion

Cip1 =C, — A1 (G BT +BC,s —G). (B

Adding BC,., ;BT (At)? on the right-hand side of Eq. (B1) and
BC,BT(A7)? on the left-hand side, one can isolate C,,:

Cur1=(1+AB)' (C,
+AfG + (A’BC,BT) (1 + ArBT)™'.  (B2)

This method has the advantage of being very stable compared
to other integration methods; in this way, we can set At large
enough so that the method converges in few iterations. This
is very useful for systems with a very large number of vari-
ables. Computationally, one may prefer the iterative method
Eq. (B2) than Eq. (41) to prevent divisions by zero when the
matrix B is singular and other complications. For example,
when there are conserved quantities (Sec. IV C), if the initial
value C, respects the given set of constraints between vari-
ables, we expect, by the own structure of the algorithm, that
C,, will also respect them, avoiding in this way the problem
discussed in Eq. (49).
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