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Abstract

We devise a maximum entropy technique to construct (approximate) time-dependent solutions to evolution equations
endowed with source terms and, consequently, not preserving normalization. In some special cases the method yields exact
solutions. It is shown that the present implementation of the maximum entropy prescription always (even in the case of
approximate solutions) preserves the exact functional relationship between the time derivative of the entropy and the time-
dependent solutions of the evolution equation. Other properties of the maximum entropy solutions and some illustrative
examples are also discussed.
© 2006 Published by Elsevier B.V.

Keywords: Maximum entropy; Jaynes relations; Diffusion-like equations with sources

1. Introduction

The application of information-entropic variational principles to the study of diverse systems and processes
in physics, astronomy, biology, and other fields, has been the focus of considerable research activity in recent
years. A (by no means exhaustive) list of important examples is given in Refs. [1-12]. The roots of this
approach can be traced back (at least) to Gibbs [13] who pointed out that the canonical probability
distribution is the one maximizing the entropy under the constraints imposed by normalization and the mean
energy value. However, it was Jaynes who elevated the principle of maximum entropy to the status of a
foundational starting point for the development of statistical mechanics, and the first to recognize its relevance
as a general statistical inference principle [14-16].

A large amount of research has been devoted to the study of time-dependent maximum entropy solutions
(either exact or approximate) of diverse evolution equations, such as the Liouville equation, the Vlasov
equation, diffusion equations, and Fokker—Planck equations [17-27]. Most of these applications of the
maximum entropy method to time-dependent scenarios involved evolution equations (linear or non-linear)
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exhibiting the form of a continuity equation and, consequently, preserving normalization in time. Our purpose
here is to explore some aspects of the application of the maximum entropy approach to a special type of
evolution equations: those endowed with source terms and, consequently, not preserving normalization.

It is a common assumption that entropic concepts, including the maximum entropy principle, can be applied
only to probability distributions. A given function p, if it is to be interpreted as a probability distribution, has to
be non-negative and normalized to unity. However, entropic concepts can be profitably applied also to the
study of (positive) densities, which are non-negative quantities not necessarily normalized to 1. Indeed, a
(positive) density can be normalized to any positive number ./". The application of the maximum entropy
principle to the study of densities allows for the analysis of a variegated family of interesting problems. For
example, densities may evolve according to non-linear evolution equations [25-27] (as contrasted to ensemble
probabilities which, strictly speaking, must evolve linearly [28]). In this regard, it is worthwhile to remember
that Boltzmann himself introduced his celebrated entropic functional in order to study the evolution of the
density of particles in the (x, v) space which, by the way, obeys a non-linear transport equation. When applying
the maximum entropy principle to the evolution of a density the normalization ./” may even change with time
(i.e., A = A(¢)). This is precisely the case with the (linear) evolution equations with source terms that we are
going to consider in the present work. There are several possible scenarios where these equations with sources
may arise. For instance, when considering the diffusion of a certain type of particles we may need to include
explicitly, in the description of the diffusion process, the sources of those particles. This situation may arise in
several problems in physics, astronomy, or biology. For example, when dealing with the transport equation of
cosmic rays [17], if we want to include the sources of cosmic rays into our model, we have to incorporate the
corresponding source-terms into the evolution equation. In spite of its possible practical applications, our
principal interest in the present contribution will be to explore the structure of the dynamical equations
connecting the (time-dependent) main characters of our maximum entropy scheme: the relevant mean values
(constituting, at an initial time #,, the available prior information), the associated Lagrange multipliers, the
partition function, and the entropy. In particular, we are going to investigate the relationships between H-
theorems verified by the exact solutions and the H-theorems verified by the maximum entropy approximate
ones.

The paper is organized as follows. In Section 2 we explain, and provide some examples, of the type of
evolution equations that we are going to consider in this work. Some properties of the exact time-dependent
solutions to this equations are derived in Section 3. A maximum entropy formalism to treat these equations is
implemented in Section 4, where some of its main features are investigated. In Section 5 some examples are
considered, in order to illustrate the results obtained in the previous sections. Finally, some conclusions are
drawn in Section 6.

2. Evolution equations with source terms

In Refs. [17-24] the maximum entropy principle has been used with reference to the study of equations of
evolution exhibiting the form of continuity equations. We may mention, for instance, the Liouville equation, the
Fokker—Planck equation, diffusion equations, the Von Neumann’s equation in quantum mechanics, etc. The
evolution equations that we are going to investigate here comprise a continuity-like equation plus an extra
term K describing a source or a sink. Let us consider a classical system described by a time-dependent density
distribution F(z, t) evolving according to the partial differential equation

oF

5 TV-I=K (D

where z denotes a point in the relevant N-dimensional phase space, J is the flux vector, and K represents a
source-term (J and K may depend on the distribution F). As examples we have:

e The one-dimensional diffusion equation with a source term,

OF O°F

E—Qﬁzlﬁ (2)
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where Q denotes the diffusion coefficient, and the flux is given by

oF

e The general Liouville equation with a source term K
OF

— 4+V-(Fw) =K 4

T (Fw) . )
with flux

J = Fw. W)

If K = 0 we recover the standard (general) Liouville equation [28,30,31]. The Liouville equation describes
the evolution of an ensemble of classical, deterministic dynamical systems evolving according to the
equations of motion

- = W), (6)

where z denotes a point in the concomitant N-dimensional phase space.
e Hamiltonian ensemble dynamics with sources, a particular instance of the Liouville equations (6). For
Hamiltonian systems with n degrees of freedom we have
1. N =2n
2.z= (ql" <5 P1s - >pn)7
3. w;=0H/0p,,(i=1,...,n); and
4. wiyy = —0H/0q,,(i=1,...,n);

where the ¢; and the p; stand for generalized coordinates and momenta, respectively.

With reference to the last item note that Hamiltonian dynamics exhibits the important feature of being
divergenceless

V-w=0. (7)
For it the Liouville equation simplifies to

aa—I;va-VF:K, (8)

which is equivalent to a relationship obeyed by the total time derivative

dr
Ik ©)

that is computed along an individual phase-space’s orbit.

As mentioned in the Introduction, there are several problems in physics, astronomy, and biology where the
evolution equations with sources arise naturally. When studying diffusion problems we can include explicitly,
in the description of the diffusion process, the sources of the diffusing particles. In that case, the most natural
kind of source term K(z,¢) is given by a positive function of z and ¢ (if the source is time dependent) not
depending on F'itself. Another type of situation leading naturally to a source term is given by the diffusion of
particles that undergo a certain decay process. In such a case, the changes in the evolving density F(z, r) have
two different origins. On the one hand, the diffusion process itself. On the other one, the decay process. This
last factor gives rise to a negative source-like term (that is, a sink-like term) proportional to F(z, ) itself,

where the (negative) constant ¢ is related to the mean life © of the decaying particles.
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3. Evolution of the entropy and the relevant mean values
In order to implement the maximum entropy method, we need to re-formulate our problem in terms of a

density f(z, t) that is normalized to unity and therefore can be regarded as a probability density. Consequently,
it will prove convenient to re-cast the density distribution F(z,¢) under the guise,

F(z,1) = V()f(z,1), (11
with
/ F(z,1)d"Vz = (1), (12)
and
/f(z, ndVz =1. (13)
The evolution equations for /" and f are, respectively,
d!/‘/- N
—= [ K 14
o= [ Kav: (14)
and
of N
L av.ii=k-1 1
A Vei=k— o, (15)
where we have introduced the abbreviations
. Jd
= (16)
and
K
k=—. 17
= th)

3.1. Evolution of the entropy

Since the density f'is properly normalized, we can consider its (time-dependent) Shannon entropy

S =- [ finfa'. (18)
whose time derivative is given by (cf. Eq. (15))

ds N ) N
X /{jfjtv-]—k]lnfd -

i
_ _75+/[v.j_k]1nfdfvz. (19)

The following alternative (but equivalent) expression for the time derivative of the entropy is also useful:

as N i
If the source k(z) has a definite sign we can introduce the function

N
g(z’ [) = 7 k(Z)s (21)
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which verifies,
9(z, 1) =0,

/ gz, nd"z =1, (22)

and can thus be interpreted as a probability density function associated with the source term. Now, adding
and subtracting from (20) the integral,

/ k1n (’V—Vk> dVz, (23)
./

one can re-cast (20) in the form

s . i

O (ST~ S~ Mg /) + <v‘ (7)> (24)
where

Ig.f1= / gIn(f /g)d"z 25)

denotes the Kullback distance [29] between the probability densities g and f.
An interesting particular instance of Eq. (24) obtains when we have a source term proportional to F itself,
K =gF, (26)

with ¢ constant. If ¢ <0 we can interpret this source term as describing the flow of particles that undergo a
decay process. With a term like (26) we have g = f and

(v ()

In the particular case of Liouville equation with a source like (26) we get

ds
F T (V-w), (28)

which coincides with the expression for the time derivative of the entropy for the standard, norm preserving
Liouville equation [31,32].

3.2. Evolution of the relevant mean values

Another important ingredient of the maximum entropy approach is given by the set of mean values
(4;) = / AFdVz (29)

of M relevant quantities A4;, (i=1,..., M). These M quantities are going to play the role of the prior
information used to construct the maximum entropy ansatz. We are going to assume that these M mean values
are known at an initial time #y (more on this later).

The time derivatives of the relevant mean values (29) are

d

dr
Integrating by parts and making the usual assumption that J — 0 rapidly enough as |z] — oo, surface terms
vanish (they do in 99.9% of physics problems!) and we finally obtain

(A,-):/[—ANJ—{—A,»K]sz (i=1,...M). (30)

%(A,):/[J-VA,+AiK]dNZ (i=1,...,M). (31)
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We are also going to need, and thus introduce now, the “re-scaled” mean values,

1

G (4;). (32)

a; =

4. MaxEnt ansatz for the evolution equation
4.1. Preliminaries

A central point for our present discussion is that of considering a specially important ansatz for solving the
evolution equation (1), namely, the MaxEnt one,

Fz,0) = V] yp(a r)——exp[ Zz, ] (33)

where the A4,(z) are M appropriate quantities that are functions of the phase space location z. The partition
function Z is given by

. N
Z= / exp [—2 ;L,-A,-] dVz. (34)

The probability distribution f,,; appearing in (33) is the one that maximizes the entropy S[f] under the
constraints imposed by normalization and the relevant mean values (4;) (or the @; = (4;)/./"). The re-scaled
relevant mean values @; and the associated Lagrange multipliers A; are related by the celebrated Jaynes’
relations [15]

oS
= (35)
(4 0
a="r= =5 (InZ), (36)
S=InZ+Y  kai (37)
and
ok 'S ) 38)

a—aj - ﬁaiaaj - aai '

It is not possible to exagerate the importance of Jaynes’ relations (35)—(38). Within Jaynes’ information-
theoretical approach to statistical mechanics, the aforementioned relations constitute the basis of the connection
between statistical mechanics and thermodynamics. All the basic equations of equilibrium thermodynamics are
particular instances of (35)—<(38), or can be derived from special instances of (35)—(38). This fact alone provides
already a strong motivation for studying in detail the interplay between the various quantities appearing in Jaynes’
relations, when applying the maximum entropy principle to diverse physical scenarios. Indeed, a special instance
of this line of enquiry constitutes one of our main focuses of attention here.

All the time dependence of the maximum entropy distribution f, appearing in the ansatz (33) is contained
in the Lagrange multipliers A;(¢), which are assumed to be time dependent. The Lagrange multipliers (and the
normalization factor .4/7) change in time in order to accommodate to the evolving mean values (4;) (and the
evolving norm of F(z, t)). We assume that the mean values of the M relevant quantities 4; at an initial time ¢,

A1) (An) ) (39)

as well as the initial value ./, are known. They constitute our prior information. On the basis of these initial
data we determine the initial values of the Lagrange multipliers 4; and the partition function Z. Then, on the
basis of an appropriate set of equations of motion for the relevant mean values (constructed using the evolving
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maximum entropy ansatz) we determine the (approximate) time evolution of the (A4;). Now, in general, the
time derivatives of the aforementioned mean values are given by Eq. (31), that is re-written here for
convenience,

d

&(A =/[J-VA,-+A,»K]sz (i=1,...,M). (40)

The integrals appearing in the right-hand sides of these equations generally involve, unfortunately, new mean
values not included in the original set (4;)(i = 1,..., M) (remember that the flux J depends on the distribution
). One way to implement the maximum entropy approach to solve the evolution equation (1) is to evaluate, at
each instant of time, the right-hand sides of (40) using the maximum entropy ansatz (33). In this way, the
system of equations (40) can be translated into a closed system of motion for the Lagrange multipliers 4;. This
(time-dependent self-consistent) approach will yield either exact solutions, or only approximate solutions,
depending on the specific form of the evolution equation (1) (such is also the case, of course, in the case of
continuity equations. See [19-23] and references therein).

4.2. Time evolution

We discuss now specific details of the temporal evolution, beginning with that of the Lagrange multipliers.
Regarding the set of quantities a;, (i = 1, ..., M) as the set of independent parameters characterizing f 5, we get

o= 2 () ()
~a (3 (E) Lo (@) )

Now, since (4;) = A "a;, we have

daj _ 1 d¢dy)  din.A
dr /1/ dr "ode
=~ / [J-VA,+ A,K — f4;,]1d"z, (42)

and, as a consequence,

M. (da 1 , . N

;A,(dt) =W/<J-VZAiAi+KZ iiA[—JVfZ: i,A,)d z. (43)
Substituting now the MaxEnt ansatz (33) for f'(remember that we have defined j = J/.A") one gets

M da; 1 .

S () = [rv-anaver . iy - Kmozna

[ v e+ [ - kmgznas

1

V-G + /[=/Vf— K]lnfd"z), (44

where the fact has been used that (14) implies || [Af — K][In(Z)]d" z = 0. Finally,

(11}: 6a, [fv </)+(j;f—k)lnf} dVz

9 N
— )L»/{j-VA‘—i—Ak—fA} dVz. (45)
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4.3. Evolution of the entropy

Now we are going to consider the time derivative of the entropy evaluated on the maximum entropy
solution: S[f ;,z]. From Egs. (36) and (37) we have

%S[fME] T2+ <Z i a,)
dj; o da,
:Zgall )+Z az'f‘z/1
da,»
= Z hig (46)

and, using now (43), the important relation
d 1 . . N
oWV = 7/ J. VZ Jid; —i—KZ: Jid; — JVfMEZ Aid;| dVz

- / —(V-j) (Z ;L,-A,-> + kZ Jid; — %‘:fm Z 2iA; | dVz

= / [(V DAnZ +Inf ) + (j: e — k) (InZ +1n fME)} dVz

LN
/(V.wam_k) Inf,;d"z

S+ (7 iR @)

Summing up, we have,

d i
G SV = =S+ (7= Ing V= @)

Comparing now the expression for the entropy’s time derivative corresponding to the exact solutions (cf.
Eq. (19)) with the expression just derived (48) for the maximum entropy ansatz, we can reach an important
conclusion: our present maximum entropy scheme always (even in the case of approximate solutions)
preserves the exact functional relationship between the time derivative of the entropy and the time-dependent
solutions of the evolution equation. Consequently, any H-theorem verified when evaluating the entropy
functional upon the exact solutions is also verified when evaluating the entropy upon the MaxEnt
approximate treatments. This is of considerable relevance in connection with the consistency of the method as
a maximum entropy approach.

5. Examples
5.1. Liouville equation with constant sources

According to Eq. (31), and remembering that, for the Liouville equation, the flux is given by J = Fw, the
temporal evolution of the mean values of the dynamical quantities A4; is

dids) _ / [Fw-VA; + 4;K]d"z

=(w-VA)+B;, (i=1,...,M), (49)
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where
Bi:/A,-Ksz (i=1,...,M). (50)

Here we are going to assume that fis given by the ansatz (33)—(34). We can then regard the quantities Z, f, and
Ai’s as functions of the set ay,...,ay. Alternatively, it is also possible to regard all relevant quantities as
functions of the /;’s instead.

Let us consider the important particular case where the following closure relationship holds:

M
woVA; =Y Cyd; (i=1,....M), (51)
J

where the Cj; constitute a set of (structure) constants. This entails that

d(4;)
dt

M
=> Cid)+B; (i=1,....M). (52)
J
It is useful also to introduce the quantity,
Boz/Ksz (i=1,....,M). (53)

The general solution of the equations of motion for the mean values is then seen to be of the form

(Al)(l) = (Ai)inhom. + (Ai)hom.v (54)

where (A4;)innom. complies with

Cii{4;)inhom. + B: = 0, (55)

N
=1

J

and is a particular solution of the (inhomogeneous) set of linear differential equations, while (4;)p, 1S the
general solution of the homogeneous set of equations

d{4,)
dr

M
= Cyldy) (i=1,....M). (56)
J

Now, if V- w = 0 (that is, if the flux w is divergenceless) the temporal evolution of the Lagrange multiplier is
given by

di; o i N N
o= |7 () + (G- s
9 :

a . /V N
—;ﬂja—m/[J-VAj+Ajk—7fAj}d z

_ 0 {fV-w+%(JV'f—K)lnf} d"z

da;

M
0 1 ” N
—/Z;V_,aai/[fw-VA,JrW(AjK—JVfAj)} d¥z
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J/aa,» /‘/al
M 5 M |
. N
—;@@J%<EQMQ+]%KHW@dz
1
= - AI_W%/KlndeZ

~.
Il

|
I SIS
T i
Lo

i
N A 0a; ‘
M 1 d N
_ ; /1/ C/, + Y% a—al A/Kd z| = 5(/ 5 (57)
which ends up in
dz f: C;il L /Klnde (58)
- = ili | ——= = z.
dt = I N 6a,~
5.2. A collisional Viasov equation with sources
We are going to consider the following collisional Vlasov with sources:
OF OF [0¢ oF O°F s
v — | | o — ytagy — 9F = F
TR {axﬂv] 50 e T [Bo + B X7]F, (59)

where 7, a, ffy, and f; are constants (y and « are positive) and the potential ¢ is of a quadratic form,

$(x) = 3. (60)

Here we are also going to assume that ¢, >0. Eq. (59) is a generalization of the source-free equation studied in
Ref. [24]. Let us now consider a maximum entropy ansatz of the form

F(x,v,1) = exp[—Ao — A1x — Av — J3x% — Agxv — Asv°],

N
= 7exp[—21x — Do — A3xX> — daxv — /151)2]

=N, (61)
where the 4;,i =0,...,5 are appropriate Lagrange multipliers and
Z= / exp[—A1x — Aov — A3x? — Juxv — Asv*]dx dv. (62)

The (normalized) distribution f appearing in (61) maximizes the Boltzmann—Gibbs entropic functional,

Sif1=— /f(x, v, ) Inf(x,v,t)dxdo, (63)

under the constraints imposed by normalization and the instantaneous mean values of the quantities B} = x,
B, = v, By = X%, B4 = xv, and Bs = v?. All the time dependence of the ansatz (61) is expressed through the
Lagrange multipliers A;, which are time dependent. Inserting the ansatz (61) into the partial differential
equation (59), and equating to zero, separately, terms proportional to x'v/ with different exponents 7,7, it is
possible to prove that the ansatz (61) constitutes an exact solution to (59), provided that the Lagrange
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multipliers comply with the set of coupled ordinary differential equations,

d , )

_dlo = —yoc/é + 2yods —y — By, (64)

dA

O L= yhr — 2pa4/, (65)
t

dA

-2 = -1+ "/}Q — 4))0622/15, (66)

ds

dA

d—; = ¢2/14 — '})O()Li — ﬁl’ (67)

di ,

d—t4 = —2/13 =+ 2(]522,5 + 'y/14 — 4VOC/L4JVS, (68)

and
dA
d—: = —Jy — dpo3 + 29)s. (69)

Alternatively, we can focus our attention on the set of ordinary differential equations governing the
evolution of the selected set of relevant mean values,

d

3 0 = O+ Bolx) + Brx?), (70)
d 2

&(w = =@y (x) — () + Bo(v) + f1{x"v), (71)
d

a (x%) = 2(xv) + ﬁo(X2> + ﬂl<x4>a (72)
d

3 (0 = =) = 7(x0) + (07) + Bolxo) + By (xv), (73)

and
d
a (v*) = —2¢,(xv) — 2V<Uz> + 209 + ,80(172> + B (x*v?). (74)

This example exhibits the peculiarity that, in spite of the fact that the maximum entropy ansatz (61) provides
exact time-dependent solutions to Eq. (59), the equations of motion (70)—(74) for the five relevant mean values
do not constitute a closed set of differential equations of motion for these quantities.

6. Conclusions

A maximum entropy approach to construct approximate, time-dependent solutions to evolution equations
endowed with source terms was considered. We have shown that in some particular cases the method leads to
exact time-dependent solutions. By construction our present implementation of the maximum entropy
prescription complies with the exact equations of motion of the relevant mean values. Moreover, it always
(even in the case of approximate solutions) preserves the exact functional relationship between the time
derivative of the entropy and the time-dependent solutions of the evolution equation. This means that any H-
theorem verified when evaluating the entropy functional upon the exact solutions is also verified when
evaluating the entropy upon the MaxEnt approximate treatments. This is of considerable relevance in
connection with the consistency of the method as a maximum entropy approach. Other features exhibited by
the maximum entropy solutions and some illustrative examples were also discussed.
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