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Abstract. Chemical kinetics of a system of reacting polymers is modelled by an
equation which shares certain properties with Boltzmann’s equation. Being
more tractable, however, this evolution may be of an illustrative value for the
latter. The existence and uniqueness of solutions are analysed. We derive an
entropy production inequality which is used to prove global exponential decay
of the free energy. With its aid a uniform rate for strong convergence to equi-
librium is proven. The generators of the linearized flow at the vicinity of the
equilibria are diagonalized.

I. Introduction

Many substances form long-chain polymers of varying length. The distribution of
the length of the polymers is determined by the dynamical equilibrium between
competing reactions; that of degradation, caused by the breaking of bonds, and
recombination in which two linear polymers join at their ends.

In a simple model of such a system the density function (whose argument is the
length of a polymer) obeys a dynamical equation which shares certain properties
with Boltzmann’s equation. However, as it turns out, this equation is more
amenable to analysis and as such it may be of illustrative value. In particular, it
offers an example in which an analog of the H-theorem can be used directly, with
the aid of a new inequality, to prove a global convergence to equilibrium.

The following notation is being used:

¢é(t, n) is the number of polymers of n units; 4 is a quantity of the order of
magnitude of the total number of polymers (e.g. Avogadro number): § is the
length of a building unit of the polymers; x=n-9J is the length of a polymer;
c(x)=2(x/8)d 1A~ ', ie. c(x)dx is the number, in the units of A4, of polymers whose
length 1s in [x, x + dx).

Assuming that all the bonds (of which there are n— 1 in a polymer of length n)
break independently and with the same rate and that the probability for two
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molecules to combine is independent of their lengths we have:

~

St m=K,2 Z )= R ,(n— 1)é(t. n)
ot n+1
+ R, Y é(t, n—m)é(t, m)—K,26(t,n) Y. é(t.m). (1.1)
0 0

, and K are the reaction rates for degradation and recombination, respectively.
In order for the reaction time of a long molecule to be finite, both K and
, should be small. We define the rescaled reaction constants K, and K, by

Kl =K,0, K2=K2/A . (1.2)
In the Riemann approximation, 6 ) ~ | dx, Eq. (1.1) leads to:

n

’7 >
é ct,x)=K,2 j dyc(t, y)— K xc(t, x)

+ K, [dyc(t, x —y)e(t, y) — K, 2¢(t, x) | dyc(t, y) . (1.3)
0 0
Since the quantity ¢(x)=ac(bx) obeys a similar equation with K, and K,
replaced by
K,=K,b, K,=K,b/a (1.4)

it is enough to study the case K, =K, =1:

9 eft.9=2 { dyelt, ) = xe1.x)+ e20) ()

—2¢(t, x) ? dyc(t,y) . (L.5)
0

In the above convolution ¢ is to be treated as a function which vanishes on
(—0,0).

Equation (1.1) was formulated by Blatz and Tobolsky [ 1], whose rate constant
K, differs from ours by a geometric factor of 2. Their discussion was restricted to a
particular solution which corresponds to a solution of Eq. (1.5) of the form

c(t,x)=oft)* exp [ —a(t)x] . (1.6)

This is a solution provided

%a(t)z 1 —a(t)? (L.7)
that is [for «(0)>0]
tanh(t+1t,) O<o0)<1
oaft)= | a(0)=1 (1.8)
coth(t+1,) a(0)>1

with some ¢,>0.
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The above is a particular solution, albeit a very interesting one since it shows
that the simple form of (1.6) is preserved by the time evolution and it exhibits
convergence to a stationary distribution:

ct,x)——e . (1.9)

(t—o00)

In fact, all the exponential distributions, e~ ** with 2 >0, are stationary for Eq. (1.5)

and form a class of what Flory [2] named the most probable distributions. Neither
his paper nor the later work of Blatz and Tobolsky clarify this concept.

Apart from the fundamental questions of the existence, uniqueness and
positivity of solutions for general initial data, (1.9) suggests the question of global

0

convergence to equilibrium. Formally, the quantity [dx xc(t, x) is a constant of the
0

motion, as the total number of units, to which it corresponds, should be. One could
therefore ask whether any solution converges to the corresponding exponential
distribution selected by this conservation law.

Equation (1.1) has been studied before by one of us [3] in connection with the
experimental determination of the rate of degradation of very large molecules.
Reference to earlier work on that problem can be found in that paper. The
linearized equation, and in particular its discrete version, which is also being
studied by Kjer [4], is of interest in connection with the experimental study of the
approach to equilibrium in systems containing hydrogen-bounded oligomers [5].

In the present paper we discuss the dynamics generated by Egs. (1.1) and (1.5).
The existence and uniqueness of solutions are discussed in Sect. II, where some
spurious solutions are also exhibited. In Sect. I1I it is shown rigorously that, in
analogy with Boltzmann’s H-theorem, the free energy of the system is non-
increasing. This result is strengthened in Sect. IV where, with the aid of a new
inequality, the free energy is proven to decrease, exponentially fast, all the way to
its equilibrium value. This provides a necessary step in Boltzmann’s method of
proof of convergence to equilibrium, which in general is not easily accomplished.
In Sect. V the decay of the free energy is being used to prove uniform convergence to
equilibrium for a general class of initial data. In Sect. VI the spectra of the
linearized generator, at the equilibrium points, are given exactly. Finally, the exact
solution for the time-dependent Laplace transform of ¢ is given in the Appendix.
The explicit solution is not easily invertible and does not seem to offer a direct way
of proving the above results.

In order to shorten expressions which involve functions of several variables,
like c(t, x), we shall occasionally omit the explicit reference to some of the variables
which are fixed in a given expression.

II. A Reformulation Which Ensures Unique Solutions

Equation (1.5) offers an incomplete specification of the dynamics. For a given
initial data it has various solutions but only one of them describes systems which
are essentially finite and this is the one we shall choose. As it turns out, the
singularity lies entirely in the linear part of the generator which, therefore, shall be
discussed first.



206 M. Aizenman and T. A. Bak

a) The Linear Part

A natural norm, which corresponds to the total number of particles, and the space
of functions in which Eq. (1.5) will be discussed are

el = ZdXXIc(x)I

and
B ={c:[0,0)->R]||c|, <0} .

The linear part of Eq. (1.2) is given by an operator A which acts as
(Ac)(x)=2 [ dyc(y)—xc(x) . (2.1)

VL>0, 4 leaves
B,={feBf=0 on [L,on}
invariant and its restriction to 4, is bounded:
IAfI=2L0fN. V/es,. (2.2)

We shall use this fact to define the semigroup on | | %,. A will then be defined as
L0
the generator of the extension of the semigroup to 4. In this way the invariance of

4%, is manifestly ensured, reflecting the fact that molecules longer than L cannot be
produced by disintegration, if initially such molecules were absent.

Lemma 2.1.1) For any L>0 and fe %, the equations
d
—c(t)=Ac(t
g CD=4c(®) 23)
clo)y=r1

have a unique solution in 5.
ii) The corresponding semigroups o\ = exp (tA ! B,) are consistent : if L,>L,
then Ve, ,

ang)f: agl«t)f .

ili) «, are positivity preserving contractions.
iv) For any L>0 and fe %,

fdxx(@Pf)(x)= [dxxf(x).
0 0
Proof. i) and ii) follow from the existence and uniqueness of semigroups for

bounded generators. o is positivity preserving since A%, is a sum of two
bounded operators both of which generate positivity preserving semigroups. The
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last property implies also that for f =0, fe4%,,

d d %

= N

g 1= g | dxxf e,

= ojo dx x(A f)(t,x)=0 (2.4)

[for the second equality the || - || -differentiability of f(t) was used]. Thus for positive
fed, |leP| . =|Ifll, and in general, using the decomposition into positive and
negative parts, [« f |, | /I, Ve B, O

We may now extend the definition of the semigroup to %4. Let P, be the
projections on %, defined by

0=
e

Proposition 2.1.

i) o,=s-lim PP,

exist and form a positivity preserving contraction semigroup on 4.
il) o, satisfies

Ojodxxoc,f(x)——— Ofclxxf(x) .

iii) The generator of o, is the closure of A restricted to

Do(A)= {fe &

[ dxx?| f(x)| <oo} .
0
iv) o,is the unique strongly continuous semigroup whose generator satisfies Eq.
(2.1) and such that YL >0, «, %, C%,.
Proof. i) Let fe4. Since for L>L
|4 P f —aPPLf I S| (Pr=PS I, »

ap, f are Cauchy uniformly in ¢. Thus the limit exists uniformly in ¢ and o, in-
herits the above mentioned properties of ™.
i) The equality follows by continuity.

iii) On %, 0, =o". Thus «, leaves |2, invariant. The generator of «, is
L

therefore the closure of Al ()%, [10]. Since 2,4)>| /%, and
L L

VfeP,(A) AP, f—Af, D,(A) too is a core for the generator.
iv) The uniqueness follows from the above argument which applies to any
semigroup which satisfies the assumption in iv). [

As to the uniqueness of individual solutions; the following criterion follows
from 1) and iii).



208 M. Aizenman and T. A. Bak
Corollary 2.1. Let f€Zy(A). There is at most one continuously | - || ~differentiable
solution to

d

dt
c0)=71
such that c(t)e Z,(A) Yt =0.

o(t) = Ac(t)

Our preoccupation with the uniqueness is not unfounded since Eq. (2.3) has
additional solutions in 4, e.g.

c(t,x)=e")(x+a)?
with @>0. Thus, by adding linear combinations (in a) of
o,c,(0, x) —c,(t, x)
=[e " +itx+a)e "+ i3 (x+a)e " —e)/(x +a)? (2.5)

[see Eq. (2.8)], it is seen that solutions of Eq. (2.3) are non-unique for any initial
data. This however is consistent with Corollary 2.1, in particular c,(t, - )¢Z(A).

The same analysis, after the obvious modifications, applies in the discrete case
(1.1), where the linear evolution is described by

%C’(t, n=2K, Z ét,my—(n— DK, &t n). (2.6)

n+1

The semigroup is explicitly given by the following expression which was found
in [3],

é(r,n)ze*"-“’?”i{(1-e*2’2ﬂ)+(1—2e—’?ﬂ+e*2K1')(m—n)}e(o,m). (2.7)

In the continous case, with K, =1, this reduces to

[es]

() (x) = e el)+ 2t [ dye(s) + 2 [ dy(y —)e() 28)

X

b) The Full Equation

Equation (1.5) inherits the non-uniqueness which is present in its linear part.
Having seen how to resolve this we reformulate the equation of the dynamics,
using the chosen solution for the linear term, as

eft, )= 2,60, )+ ] ds_ K(cls, ) 29)
0
with
K(c)(x)=(cxc)(x)—2c(x) Of c(y)dy .
0

Equation (1.2) is recovered from (2.9) by differentiation.
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We shall discuss the solutions of Eq. (2.9) in the space & defined as follows.
lell, = Jdxle@)l, lello= | dxxle(x)l

0 0

lelll=lielly +lell.
F={f:10,0)-Rlifll <0}, F,={feF|f(:)20}.

Lemma 2.2. Let fe% then 3Te(0, o0], such that for te[0,T) Eq. (29) hus a
unique solution with ¢(0, x)=f(x) and c(t, x)e # Vte [0, T). The maximal T with
that property, T, is finite only if lim sup [flc(z, - )| = oo.

t->T

Proof. Let c,,c,e 7, then

lIK(c,)—Ke)ll

(¢4 _02)*(61 +¢,)=2cy —c, gdyq(y)_ 2¢, g dy[cl(Y)_ cz(y)]“l
= (e li-+llle D e = el - (2.10)

Therefore the map c¢—K(c) is locally Lipschitz in .
Further, Vfe #

o fles0fles oSl SN+
and
flloe, ST = (X + DA (2.11)

[due to the linearity it is enough to verify it for non-negative f for which it follows
by integrating Eq. (2.8)].

Let fe #. It follows from (2.10) and (2.11) that for b> ||| f|ll, and T >0 such that
(T+ T?%/2)10b* =(b—|||f1I) + 2/b the mapping

c(O)—2(t)

ct)y=a,f+ j dsa, _ K(c(s)) (2.12)
0

is a contraction in the space of continuous functions
{c:[0, D)= {ge 79l =b}} ,

equipped with the sup |||c(t)]] norm. A standard argument implies now the local
t

existence and uniqueness of solutions of Eq. (2.9) [given by the fixed point of the
mapping (2.12) with f=¢(0)]. O

Some of the solutions of Eq. (2.9) blow up in a finite time [e.g. if N(0)<O0, see
(2.13)], this however does not happen if initially ¢ is non-negative, which is the case
of interest:
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Proposition 2.2. Let fe F,. Then

1) Equation (2.9) has a unique continuous solution, c(t, x), such that ¢(0, x)= f(x)
and c(t,x)e FVt=0.

i) Ve=0  c(t,x)=0.

Proof. The quantities
N(t)= 10 dx xc(t, x)
and
M(t)= o(j:dx c(t, x),

obey the autonomous differential equations which are formally obtained by
integrating Eq. (1.2):
d
i N()=0
(2.13)

d
a;M(t)zN(t)——M(t)z.

These equations can be derived by differentiating the autonomous integral
equations for N and M which are obtained by integrating Eq. (2.9). It follows that
if N(0), M(0)=0 then both stay bounded uniformly in ¢ =0. Since for positive c,
llehl=N+M, in order to deduce the global existence of solutions which stay
uniformly bounded it suffices to prove that the positivity of ¢ is preserved under
the time evolution. The necessity, for physical reasons, of such a condition is
obvious. Heuristically it seems to follow from Eq. (1.5), nevertheless it is not
satisfied by some of the spurious solutions.

One obtains an expansion for the solutions of Eq. (2.9) by iteratively
substituting

ct, - )y=0,c(0, - )+ ofdsoct_s(c(s, xcl(s, ) — Tdsoc[_s(ZM(s)c(s, ) (2.14)
0 0

in its last term. This is just the norm convergent (in our case) expansion, in powers
of [ dsM(s), of the following expression

cft, - )=a,c(0, -)) exp [— 2 jf dsM(s)

+ } dsar, _ [(c(s, - )xc(s, -))exp| —2 i duM(u)| . (2.15)
0 s

By the same contraction mapping argument as in the proof of Lemma 2.2, the
unique solution of (2.15) with ¢(0, -)=f(-) may be obtained by iterating the
mapping which takes ¢( -, -) to the expression at the right hand side of (2.15). In
this method, starting with ¢(¢, -)= f(-), the solution of (2.9) is constructed by
manifestly positivity preserving iterations. [
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Proving the existence of the time evolution we obtained the autonomous Eq.
(2.13) for N(t) and M(t). Solving them we learn an interesting property of the
dynamics.

Corollary 2.2. Let ¢(0, -)=0, c(0, -)e #. N and M of the solution of Eq. (2.9) are
given by :

N(1)= N(0)
N(0)"/2 tanh [N(0)"/*(t +1,)]  M(0)<N(0)"/
M(t)= N(0)'/2 M(0)= N(0)*/? (2.16)
N(0)!"? coth [N(0)!/%(¢+1t,)] M(0)>N(0)/*,
for some t,>0 which may be determined from N(0) and M(0).

Thus while N (which corresponds to the density of units) is constant, M (the
density of polymers) tends to an equilibrium value which depends only on N. The
convergence to equilibrium is studied in more detail in the next sections.

III. An F-Theorem
A class of stationary solutions of Eq. (1.2) is given by
cx)y=e"%* . (3.1)

A solution in this class is uniquely characterized by N(c,)=a~2 In view of
Corollary 2.2 one may suspect that these are the equilibrium states for the system
and that the time evolution leads any state to the corresponding equilibrium, as
determined by the conservation law for N(c).

For Boltzmann’s equation convergence to equilibrium is indicated by the
celebrated H-theorem. A natural question is whether the time evolution conside-
red here has an analogous property.

a) A Formal Argument

In order to clarify some of the concepts we shall first discuss a more general class
of equations of which (1.5) is a particular case.

An H-theorem is to be expected, formally at least, for all systems whose
particles interact by a balanced scattering, e.g. a two particle reaction by which a
pair of particles in the states (x, y) produces a pair in the states (x', y’) at the rate

c(x)c(V)K(x, y|x', ydxdydx'dy" , (3.2)
which is balanced in the sense that

K(x, yIx', y) =KX, y'|x,y) . (3.3)
Under the generated dynamics | dxc(x) is invariant and the entropy

S(c)=— [dxc(x) Inc(x) (= — H(c)) (34)

is monotone non-decreasing.



212 M. Aizenman and T. A. Bak

An equally tractable situation occurs if the system undergoes the reactions
x—(x',y") at the rate ¢(x)aK(x|x', y')dxdx'dy’ and the opposite reactions (x', y")—>x
at the rate c(x")c(y")K(x|x',y")dxdx'dy’. The contribution of such reactions to the
dynamical equation is

0
Ec(t, x)=—c(t,x)o | dx'dy’ K(x|x, )

+2 | dx'dyc(t, x"YuK(x'|x, )

—2c(t,x) [ dx'dy'c(t, x)K(y'|x,x')

+ [ dx'dy'c(t, x')e(t, y)K(x]X', ') . (3.9)
The number of particles is not conserved and for general « and K, H is not
monotone decreasing. However, another quantity is.

In order to see the relation of the above dynamics to those described by (3.2), it
is convenient to add a fictitious state, x,, and look at the reactions x «(x’, ") as
(x,xo)<>(x"y"). From this point of view the only difference is that the reaction rates
do not depend on the concentration of reactants in the state x,, and c(x,) is
replaced in (3.2) by a constant a. Such dynamics may be viewed as a weak coupling
limit of the reaction described by (3.2). In this limit the reaction rate of particles in
the state x, is scaled by ¢ and the degeneracy of that state [i.e. the discrete measure

with respect to which the density c(x,) is defined] is ¢~ *. Equation (3.5) is obtained
if, while £é—0, the total number of particles is

cxole+ | dxc(x)=o/e. (3.6)

(x*x0)

Since the number of particles is invariant,
elt,xg)=a—c¢ | dxc(t, x) (3.7)
and the total entropy may be computed from c(x), x#+x,:

S=—e " e(t, xo) Inc(t, xo)— [ dxc(t, x) Inc(t, x)
=—¢ lalno+[Ino+1] [ dxe(t, x)+0(e) — [ dxc(t, x) Inc(t, x) . (3.8)

Thus the monotonicity in time should be expected for the following quantity

Fo)= [dxc(x)Ine(x)—[Ino+1] { dxc(x)

=—S(c)—[Ina+1] { dxc(x) . (3.9)
Indeed, by a formal calculation, if c(t, x) obeys (3.5), then
d
E Fa(c(t. . )

= — | dxdx'dy' K(x|x', y") [oc(x) — c(x")e(¥)]
~{In [oe(x)] —In [e(x)e(y) ]} =0 . (3.10)

The last inequality follows from the monotonicity of In x.
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Equation (1.3) is a particular case of (3.5) corresponding to
K(x|x',y)=K,0(x'+y' —x)
o=K,/K, . (3.11)

The calculation is straightforward as long as one remembers that the range of x, x’
and y' is [0, c0).
Hence we expect the following to be true, with

c)-—jdxc YIne(x)—17. (3.12)
Proposition 3.1. Let c(t,x) be a solution of Eq. (1.5) with c(0, )eZ,, then
Vi, =1, 20

Fle(ty, - )= Flelty, -) - (3.13)

Proposition 3.1 is proven in Part b) of this section. The previous discussion is,
of course, not necessary in order to verify that if ¢ obeys Eq. (1.5) then formally

a o0 [s 0]
a F(c)=— f dx j dy[e(x+y)—c(x)e(y)]
A{Inc(x+y)—In[c(x)c(y)]} =0 . (3.14)

It may be worth pointing out that in the application F is the free energy density
of the system. If e(<0) is the energy of a bond, then for a chemical system,
modelled by the equations, the ratio of the two rate constants is

K,/K,=exp(e/kT), (3.15)

where T is the temperature at which the system is maintained. Substituting this in
(3.9), using (3.11) and (1.2), we obtain

F(c)= — S(c)+ M(c) [In (6 4) — 17— eM(c)/(kT)
~A Y=Y ¢ [Ine,—1]—eY e /kT)} . (3.16)

This is the free energy, at the temperature T, since the chemical energy is

E(c)= e( Zc) —eAM(c) , (3.17)

relative to the state in which all the units form a single linear polymer molecule.

b) Proof of the F-Theorem

In order to use the formal derivation of Eq. (3.14) we introduce approximating
dynamics for which (3.14) is easily justified. The F-theorem follows by a
semicontinuity argument.
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The approximating dynamics, obtained by suppressing the reactions which
involve molecules longer than z, are described by the following equation.

—a%c(t,x): 2idyc(y)—xc(x)+(c*c)(x)—2c(x)z(_j)xdyc(y) 0<x=Zz (.18)
0

z<Xx.
Let of be the semigroup on % whose generator is the bounded operator
described by the first two terms in (3.18), and let K*(c) be defined by the last two
terms in that equation.
Since
of(c)=(1=P)c+a(P,c)

=o(c)+(1 =P )c—a((1—P)c)

(3.19)
we have [using (2.11)]:

Lemma 3.1. o is a positivity preserving semigroup on & and Vce Z, t 20:

lofelit= (1 +D)llicll
llor,c —eelll =2+ I(1 =P )ell -

In analogy with our interpretation of Eq. (1.5), we shall study Eq. (3.18) using
its integrated form:

c,(t, - )=aic(0, )+ }dsaf_us(cz(s, ).
0

(3.20)
Lemma 3.2. For a given c,(0, - )e #, Eq. (3.20) has a unique solution in % . It
satisfies

le.(2, =A@+ D)le©, Il -

Proof. Let b>||c,(0, )l and let T be the positive solution of (T+ T?/2)10b

(b—1llc.(0, )l +2/b. We define the mapping R, .o, in the Banach space of
continuous functions f:[0, T]—>% by:

(Rz,c(O)f)(ta X) = atzcz(0> ! )+ jds O(f_us(f(S,‘)) .

(3.21)

By estimates analogous to those used to prove Lemma 2.2 it follows that
sup IR, .0, /) (&, - )= (R, . 0)9) (&, )]
[0,7)

=4 sup [If(s, <) —g(s, -l
5e[0, T

(3.22)
with some A<1 which is independent of z. Thus for any f in the above Banach
space R} [ converge to the unique fixed point of R, ,,, which is the local
solution of (3.20).
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The positivity of the solution and the global existence follow by the argument
given in the proof of Proposition 2.2. Equation (2.18) are, however, replaced by:

jdxxc t,x=0
0

ee]

j xc,(t, x) x xc,(t, X) [ dxdyc(x)c(y)

z
=[d
0 O0<x+y<z
o0
{
0

< [dxxe,(t,x)= jdxxc (0,x) .

These follow by integrating Eq. (3.18), since the generator of of is bounded and
thus solutions of Eq. (3.20) are ||| - ||-differentiable in t. [

Lemma 3.3. Let c(t, x) be a solution of Eq. (2.9) and let c(t,x) be solutions of Eq.
(3.20) with ¢(0, -),c,(0. - )e Z, and ||c,(0, -)—c(0, - )Hl——>0 Then for any t=0
llle.(¢, -)—c(t, - )l|—0 as z—co.

Proof. Dividing the time in intervals, it is enough to prove that for any b>03T

= T(b)>0 such that if c is a solution of Eq. (2.9) and 4, is a solution of Eq. (3.20),
with [[le(0, -)ll, lld.(0, -)l =b/2, then

Sup lle(t, -)—d (¢, I =allle(O, -)—d(0, )l +e(z;c, T) (3.23)
with some a < oo and a d -independent function ¢ for which

li_{n ez;¢, T)=0. (3.24)

ZLe(j[ now T and R, be as in the proof of Lemma 3.2 (d(0)=4d,(0, -)). Then

d,(t, )= lim (R? 0,0)(t, *) (3.25)

and, using (3.21),
sup [fid(t, -)—c(t, -
te[0,T]

= Sup Z (R27, d(O)C R’ 40,0 (2, )‘H
110,77 ln=0
=( —i)-lrs[ng]I|I(Rz,a<o)C) (& ) =clt, I - (3.26)

To get a bound for the right hand side we subtract (2.9) from (3.21). Thus
(R, 40)0) (€, <) —c(t, )
Sl d(0, +) = o0, I+ [ dsfllo_ (K (e(s, ) — o, — (Kics, )
0

= [l (d (0, ) —c(0, - DI+ e, — o)e(0, il
+ (f) dslof_ | K*(c(s, +)) — K(c(s, - DI

+ g sl —ot, - JK(e(s, NIl - (3.27)
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With the bounds of Lemma 3.1 we thus get
sup |ld (¢, -)—c(t, Il
te[0,T]

<=7+ DO, -) =0, I +e(z, ¢, T)
with

T
ez, e, T)=(1-4)"" g ds(1 +1=9)IK*(c(s, - ))— Kels, )

T
+(1 =27 [ds2+t=s)lI(1 = P)K(c(s, I - (3.28)

0
MleGs, Il is bounded uniformly in s, and by (2.10) so are ||K=(c(s, -))|| and
1K (c(s, - )Nl Therefore, (3.24) follows by the bounded convergence theorem. [

To prove Proposition 3.1 we shall also need:

Lemma 3.4. Let f, f,eZ., l]fn—flll——(—)»(). Then

lim inf F(f) 2 F(f) . (3.29)
(F is lower-semi-continuous on F..)
Proof. Applying Jensen’s inequality to

§ dxg(x) [f(x)/g()]1In [f(x)/g(x)]

one can prove that (with h=1ng)

F(f)=|[ dxf(x)| |In | dyf(y)—l}
0 0
+ sup { fdxf(x)h(x)|h =0,suph< oo, | dye"® = 1} ) (3.30)
0 0
Since F in #, is a supremum over | - ||,-continuous functions, it itself is lower-

semi-continuous. [

Proof of Proposition 3.1. Let z<oo. If ¢ (t, -) is a solution of Eq. (3.18) with

c,(0,-)eZ#, and sup ¢0,x)<co, (3.31)
xe[0,z]
then VT < oo
sup c,(t,x)<oo . (3.32)
<o, 7]

In such a case the formal derivation gives the correct answer, and similarly to Eq.
(3.14),

SRt )= [ dxdyTete+y)—e9et)]

O0<x+y<z

{Ilnc(x+y)—In[e(x)e(y)]} 0. (3.33)
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Let now c(t, -) be a solution of Eq. (2.9). We may assume that F(c(0, -))< oo,
otherwise (3.10) is trivially true. One may always choose a sequence of func-
tions ¢,(0, - ), with z=1,2,..., which obey (3.30) and

lle.(0, -) = (0, )il ——0
Fe.(0, )~ F(e(0, ).
By Lemma 3.3, Vt=0:
c(t, )= }grg ot ).
Therefore, by Lemma 3.4 and (3.32),
Felt, -) S lim inf F(e,(r, )
< lim inf F(c,(0, )= F(c(0, -)),

which proves the proposition. [

All the results of this section extend, after the obvious modifications, to the
discrete case described by Eq. (1.1).

IV. Exponential Decay of the Excess Free Energy

The free energy, F, is bounded below. Let us define:

F(N,M)=inf {F(c)lce #,,N(c)=N, M(c)=M} . (4.1)
Proposition 4.1. F is well defined on &, and

i) F(N,M)=M In(M?/N)—2M . (4.2)

il) The unique F-minimalizing state, for specified N and M is-given by

Cy (x)=M?/N exp(— M/Nx) . (4.3)

i) For any N >0,

inf {F(N, M)|]M >0} =F(N,N'?) . (4.4)
Proof. For ¢(-)e#, and N=N(c), M =M(c):

fdxey () Incy y(x)= | dxe(x)Incy 4 (x) .
Thus

F(c)—Flcy p) = — | dxe(x)In [c(x)/cy ()]
= [ dxcy () P(c(x)/cy, (%))
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with ¥(z)= —zlnz Since ¥ is bounded below F(c) is well defined, possibly + co.
By the convexity of ¥, and Jensen’s inequality,

Fle)— F(CN,M)

= Y’(f dch,M(x) [C(X)/CN,M(X)]/ 5 d)_CCN,M(X))j dyCN,M(Y)
=¥Y(1)M =0.

The inequality is strict unless c=cy .
This proves ii) which directly 1mpl1es 1) and ). [

Since F(c(t)) is a decreasing function of ¢t which is bounded below it has a limit.
Had it been known that this limit is the equilibrium value of F, under the
constraint of N, it could have been deduced that c(t) converges strongly to the
equilibrium. This method is due to Boltzmann, however so far it has not been easy
to apply it to Boltzmann’s equation.

We shall now prove, with the aid of a new inequality, that F(c(t)) does decrease
all the way to its equilibrium value, in fact exponentially fast, provided initially it is
finite.

Let c(t) be a solution of Eq. (2.9) with c(0)e#, and let N(t)=N(c(1),
M(t)= M(c(t)), F(t)=F(c(t)) and F(t)= F(cngy. ). By Proposition 4.1, F(t) = F(t).
With this notation we have:

Proposition 4.2.

0S F(t)— F() S [F(0)— F(0)]exp

- ; dsM(s)} . 4.5)

This will be proved by the following inequality which appears to us to be new.

Proposition 4.3. Let ¢(-)=0 and ¢, clnce LX([0, o0)) then

Q= 8
Oty 8

dxdye(x)e(y) In c(x + v)

0 2

< ? dxc(x) j dyc(y)Inc(y)— lf dxc(x) (4.6)

(The equality is attained only by the exponential functions e™**.)

Proof. Let f(x)= Qfodyc(ﬂ

O 8

O(jfdxdy c(x)e(y)Inclx +y)— Ofdx c(x) Tdy c(y)Ine(y)

- de ) f(x) Edyc(x )/ G6) Fey)/elx + 3] In Telx + y)fe(y].



System of Reacting Polymers 219

Applying Jensen’s inequality for the semibounded concave function a+>alna™*

we get for the above expression

g}f f () f dycy) 11 x)} In

f(x) I/:jjdyc }

=— gdxc(x ) In f(x)

1n§dy6(y fdyC(yo(deX[ f(x)

= —f40)In f(0)= f(0) [f(x)In f(x)]§ +f(0)(f)d><f(x}g;1nf(x}

2

- oj?dx o(x) O
0

Remark 4.1. The above inequality does not hold on R, e.g. for e™*| however a
slightly weaker inequality does hold in R". For /=0, and f, fIn fe L'(R)

K

| § g sty

— 0

= _OJ? dxf(x) [ d'y f)In f(y) = 3nIn2

2

4.7)

_Ojo dx f(x)

In fact, differentiating Young’s inequality with its best constants (which were
found by Beckner [6] and by Brascamp and Lieb [7]) one may get, for f,¢9,h=0
etc.,

fd'x {dy f(x)g(y) Inh(x —y)
<3fdnx f()Inf(x) fd"y g(y) + 5 fd"x f(x) [d"y g(v) In g(y)
+ [d"xf(x) {d"yg(y) [In { d"zh(z) — $In [ d"zf(z) — % In | d"zg(z)]
—n3In2fd" f(x) [d"yg(y) . (4.8)

The equality is attained by (amon others) f=g=e " 2*’, h=¢ ¥,
We need the stronger inequality, (4.6), to control the decay of F.

Proof of Proposition 4.2. 1t was shown in the previous section that c(t, - ) may be
approximated by solutions of the modified Eq. (3.18) which are bounded and
. . dF . . . . .
supported in [0, z]. For these functions T is given by (3.32) which coincides with
(3.14). It follows by the semi-continuity of F that it is enough to prove the
proposition for these functions, i.e. assuming that Eq. (3.14) is valid and that the
four terms in the integrand in (3.14) are integrable. In such case [with ¢(-)=c(t, - )]

%F(t)— | jdxdyc(x)c(y) Inc(x+y) 2}) }dedyc (x)c(y) In c(y)
0 0

[«]

+

O 8

Of:dxdy c(x)e(y) [ex + y)/e(x)e()] In [e(x)c(y)/c(x + y)] . (4.9)
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Applying the inequality (4.6) to the first term and Jensen’s inequality for the

1

concave function ar-alna™! to the last term in (49) we get [since

ojo oj? dxdyc(x+y)=N(c)
d o0
7 FO=—-M@ (5) dyc(y)Inc(y)—M(t)* + N(t) In [M(1)*/N(1)]
= — M(t)F(t)—2M(t)* + N(t) In [M(£)*/N(t)] . (4.10)
But
F(t)=M(t)In [M(t)*/N(t)] — 2M(t) (4.11)

and, by (2.13)

()= LN~ M(?]In MO /N(0)] (4.12)
(4.10)—(4.12) add exactly to:

LR~ F)] S~ MOLF0 - F0)] 413
Thus

4 [F(t)— F(t)]exp [f[ dsM(s)} <0
dt o
which proves (4.5). O

Remark 4.2. 1t is illuminating to follow the time evolution by observing the three
thermodynamic quantities : N(c), M(c), and F(c). For a given value of N(c), which is
a constant of motion, the joint range of (M(c), F(c)) is the convex set defined by
M(c)>0, F(c)= F(N(c), M(c)). The extremal points of this set (and only those)
correspond to unique functions —cy ), (which describe states of “quasi-equili-
brium”). While M undergoes an autonomous time evolution, F decreases always
faster than it does at the corresponding boundary point with the same M (by
Proposition 4.2). Thus a function with an extremal value of (M, F) retains this
property.
Indeed it may be verified directly that for any N and M(0),

e, X) = Cy p (%) (4.14)

is a solution provided M(t) obeys Eq. (2.13), i.e. M(t) is of the form (2.16). Families
of simple solutions which preserve a “canonical form” (in the terminology of [8])
and which exhibit convergence to equilibrium were found also for other related
equations, e.g. one which describes a harmonic oscillator interacting with a heat
bath [9].

Any solution c¢(t) may, therefore, be compared to a solution with the same N
and M(t) for which F is minimized at all times. Furthermore, the difference in F
decays exponentially fast (see also Remark 6.3).



System of Reacting Polymers 221

Fig. 1. The range and the time evolution of (M(c), F(c))

V. Convergence to Equilibrium
a) Boltzmann’s Argument Made Precise
The decay of the free energy implies directly strong convergence to equilibrium.

Proposition 5.1. Let c(t,-) be a solution of Eq. (2.1) with ¢(0,-)e ¥, and
F(c(0)) < o0. Then

fle(t, ')—CNSN”Z(‘)HIT:OO_)O (5.1)

with N = N(c).

To prove it we use the following estimate (see also remark [12]).
Lemma 5.1. Ve>03a(e) < oo such that Yce F,

e —Ccaglly SM +a(e) [F(O)— Fley )] (5.2)
with M = M(c) and N =N(c).

Proof. Let g(u)=ulnu+1—u. Since g is strictly convex and g(1)=¢'(1)=0, Ve >0
Ja(e) < oo such that

Vuz0:lu—1|Ze+ale)g(u) . (5.3)
(5.2) follows by substituting u=c(x)/cy \(x) and integrating (5.3) with
[dxey y(x). O
0

Proof of Proposition 5.1. Let N=N(c) and M(t)=M(c(t)). By Lemma 5.1 and
Proposition 4.2, for any £>0

le(t, <) —cy wia( ) S lelts ) = (Il
+len ) —cnnn( )l
< M) +ale) exp| — [ ds M) [F0) = Fley o]
e me () —wniz( Ol (5.4)
which proves (5.1). O
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b) A Stronger Result

The only restrictive assumption in Proposition 5.1 is that F(c(0)) < co. This may be
removed by an additional argument, leading to:

Proposition 5.2. There exists a function Q(t, N), with
tlim Q(it,N)=0 VN>0, (5.5)

such that for any solution of Eq. (2.9) in F, :

lelt, )= cx o), SO N) (5.6)
for N = N(c(0)).

The proof is based on the following three lemmas.

Lemma 5.2. There exists a function T (e, N,F)< oo such that for any solution in
F, of Eq.(2.9) with N(c)=N and F(c(0))SF:

fle(, - )'—CN(C),N(C)1/2(')”1 e VtzTe N,F). (5.7
Proof. This lemma is directly implied by the inequality (5.4) and by:
IM(c(t))— NY2(c)| £ NY?[coth (N'/?t)— tanh (N*/1)] (5.8)

which follows from (2.16). O

Lemma 5.3. For any e, T,N,M>035=0d(e, T, M, N) such that if c,(t,x), c,(t,x) are
two solutions, in %, of Eq. (2.9) which satisfy:

[cOI. =N, [cO)f, =M i=1,2
llle (0)—c, (O}l <6

then
flle, (&) —c (il <& Vie[0,T].

Proof. ¢, can be obtained from c, by repeatedly applying the Picard mapping
(2.12). To prove the lemma it suffices to show that for any N, M >0 there is T>0
for which the claim holds, and it is convenient to choose T so that the Picard
mapping is a contraction on the space of functions

c:[0, T]={feZ,IN(/)=N,M(/)=M} ,

as in the proof of Lemma 2.2. For such T the claim follows from the invariance of
¢, under the Picard mapping which corresponds to ¢,(0, - ), by an argument which
was used in the proof of Lemma 3.3. []

Lemma 5.4. YN >0 3G(N)< oo and B(t, N), with
lim B(t,N)=0,

such that any solution of Eq. (2.9) admits a decomposition

cft, x)=b(t, x) +g(t, x) (5.9)
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for which
1) b(t, x), g(t,x) 20 Vi,x20,
ii) [Ib(z, NI<B(t,N) V>0,

iii) [lg(t, Il =sup {g(t, x)|xe [0, 0)} <G(N(c) V=0

Proof. Let c(t, x) be a solution of (2.9) in £ and let
N=N(c(0)), M()=M(c(t)) .
By (5.8), VN 3It,(N) < co such that Ve=1,(N)
(3/4N2<M(t)<(5/4)NY/2 . (5.10)

It is therefore enough to find B and G for which the claim is satisfied on the
restricted class of functions ¢ for which (5.10) holds V¢=0.

According to the explicit solution (2.8)
wf =off +o2f

with
(") (x)=e""f(x)

. . (5.11)
(@ f) (x)=2te™ (f) dy f(y)+1t2e™ " (f) dy(y=x)f(y) .

The only use which will be made of the explicit formula for «* is to derive:

o f oo S WS leo s N f o S2US 4220 - (5.12)

The main idea of the proof is to decompose ¢ into solutions of the following
equations

b, -)= exp {- 2 5) duM(w)| 2 Vc(0, -)
 [dsexp| =2 b o, b6, s, ) (513
and
g(t, - )=exp|—2 5; duM (u) a§2)c(0’ -)
+ 5)“ ds exp { 2 j)“ duM(u)J o2 [els, - Jxels, -)] (5.14)
[ dsexp| ~2 [ i) o {0 e )+ b 1)

which add up to the Eq. (2.15) for (¢, x).
The local existence and uniqueness of a solution of (5.13) in &, can be easily
seen by a contraction mapping argument similar to the one used to prove Lemma
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2.2 and Proposition 2.3. In order to prove the decay of b(t, -) it is convenient to
look at

b(t, x)=e"b(t, x) (5.15)
which satisfies
t
b(t, -)=exp|—2 [ duM(u)|c(0, -)
0
t t
+ j dsexp|—2 j duM(u)| b(s, - )#b(s, -) . (5.16)
By the above mentioned argument, Eq. (5.16) has a unique | - ||,-continuous

solution. While it is not obvious from (5.15) that ||b(t, -)||, < oo, b has to be that
solution by the uniqueness of the solution of (5.13). It follows that 1|b( Iy 1s
differentiable and satisfies

d - " ]’
7 160 Il = = 2M©O]1b(, )l + (16, Sk

. (5.17)
150, )|, = M(0) .
This implies
I6(, I, M), (5.18)
since % b, ), < %M(t) whenever |[b(t, - )|, = M(t).
By (5.10) and (5.17)
16, ), S(5/4)NY2 (5.19)
and
&bt 0, = 23N b, ),
+ (SN2 b(, )]l = —4 N2 b, ) (5.20)
for t=0 and hence for all t=0. Therefore
IB(t, )|, SMO)exp [ -4~ 'N'2r] (5.21)
yielding
lib(e, M <1BGE, )]y sup {(1+x)e ™"}
<(5/4NY2(1 4+t Yexp[ -4~ IN?t] (5.22)

which proves ii) [for the class restricted by (5.10)] with B(t, N) defined by the last
expression.
For any solution of Eq. (5.14)

sup [lg(t, - ) = A+Dsup flg(t, - ). (= ) (5.23)
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with
A=sup {[2N"2 + (54N exp [ - 2(3/4)N "]}
t20

+ Ofdu[2uN”2 +2u(5/4)N22 exp [ - 2(3/4HN*u] < o0 (5.24)
0

}

—2§duM(t—u)
0

and

D=sup {g ds[M(s)+||b(s, )|l ] exp[—2 | duM(u)

t>0

= sup{ids[M(t—s)-l— bt —s, - )|, Jexp

t>0

} (5.25)

(by 5.12). The last identity was written to facilitate the limit r—o0. Since
[1b(s, -, SM(s) and

[ dsM(t—s)exp =3 (5.26)
0

—-2§duM(t—u)
0

D is the supremum of a continuous function which is bounded by 1 and equals 0 at
0 and 3 at oo. Thus

D<1. (5.27)

Using (5.27) in the standard constructive argument which was refered to
before, one can easily prove the existence, uniqueness and positivity of a solution
of Eq. (5.14). It satisfies

sup {llg(, o +llg(e, I} < oo, (5.28)

since one gets a similar inequality to (5.23) for the ||| - [||-norm, with the same D and
a modified but finite A.

Therefore b(t,x)+g(t,x) is a solution of Eq. (2.15) in %, which, by the
uniqueness, implies (5.9).

Finally, (5.23), (5.27), and (5.28) imply

sup flg(t, Me=A4/(1-D), (5.29)

proving iii) with G(N)=A/(1-D). O

Proof of Proposition 5.2. 1t is enough to show that for any ¢, N>03T=T(g, N)
such that for any solution in %, of Eq. (2.9) with N(¢)=N

le(t, ) —cynin( )l Se Vi=TeN) . (5.30)

Let ¢, N be given and let T, =T, (e, N, (5/4)N'/?In G(N)), with the notation of
Lemmas 5.2-5.4. By Lemma 5.4 3T, e[t,(N), ) [¢, is defined by (5.10)], such that
V=T,

2B(t, N)< (e, T,, N, 10/4N1/2) | (5.31)
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We define T by:
Te,N)=T,+T, . (5.32)

For any c(t,x) as above and t = T(¢, N) one may find, by Lemma 5.4, a function
g, r,(x) =0 such that

fle(t =Ty, ) =G, 7, (NI S2B(t— T, )
1y -7, ), =G(N),
and

N(g,-1)=N(c), Mg, ,,)<(10/4)N'"?

(5.33)

[for the last inequality use is made of: t — T, 2 T, 2 t,(N)]. We approximate c(t, - )
by g,_1,(T,, -) which is obtained evolving from g,_ (-) for the time T}, by Eq.
(2.9). By Lemma 5.2

(G -7.(T1s - )=cn (-l <e (5.34)
and by Lemma 5.3

e, ) =go—7,(Ty, )l <e s (5.35)
since

lle(t—=Ti, ) =g, 7, )l <(e, T, N, (10/4)N /) .
(5.30) follows now by adding (5.34) and (5.35). (]

VI. The Linearized Equation

In order to study the time evolution flow in the vicinity of any of the equilibria
cy na(x)=exp(—N~'2x) it is convenient to change variable to ¢( -) defined by:

c(x)=exp(—N""2x)+ p(x)exp (— N~ 12x/2) . (6.1)

The equation for ¢ which corresponds to Eq. (1.5) is
0 ¢ —2?(1 —-N-1/2]x—y|/2
7 PlX)= Jdye o)
=2 [dye™ N2 0(y) — 2NV 4 x)gp(x)
0

+(*p) (0)—20(x) [ dye "2y | 62)
0

In the vicinity of the equilibrium cy yi/., described by

0 1/2
loll,= (g dx|<p(x)|2) <N'2 63)
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the non-linear terms are of second order, leaving us with the linearized generator
Ly defined by:

(Lyep)(x)=2 b( dye NP2 (3

o)

=2 [dye™ N HEEIR0(y) — QN2+ x)op(x) . (6.4)
0

The local behaviour of a flow near a stationary point depends on the spectrum
of the linearized generator. The spectra of Ly can be computed exactly and are
described in the following result.

Proposition 6.1. For N>0:
i) Ly are self adjoint operators on L*([0, o0)).

i) N™Y2Ly are unitarily equivalent.

iti) The spectrum of Ly is (— o0, —2NY2]U{0}. On (— 0o, —2N*/?) the spectral
measure is absolutely continuous with respect to the Lebesgue measure, with
multiplicity 1, and at —2N'? and O it has two, non-degenerate, eigenvalues.

iv) If @e*([0, 0)) corresponds to ¢ with N(c)= N, then ¢ is orthogonal to the
0-eigenvector of Ly.

Proof. The sum of the first two terms in the r.h.s. of (6.4) can be written as an
integral over R of the antisymmetric function sgn(x)¢@(|x|) with the translation
invariant kernel 2e =N~ "?I*=»I12 Tt follows that

N1

N= m —-(2N1/2 +X) 5 (65)

where — p? is the Laplacian with the Dirichlet boundary condition and 2N'/? 4 x)
is a multiplication operator.

Since the first term in (6.5) is a bounded operator and the second a selfadjoint
one, Ly is selfadjoint on the domain of x. N™'/?L is unitarily equivalent to L, by
the dilation: @(x)—>NY*p(xN'?).

Thus i) and ii) are proven. By ii), to prove iii) and iv) it is enough to describe the
spectrum of L=L,. This is done by the following two lemmas.

Lemma 6.1. L has exactly two eigenvectors in I*([0,00)). The corresponding
eigenvalues are 0 and —2.

Proof.
Polx)=xe 2 (6.6)

is a 0-eigenvector, as may be guessed from the time invariance of
fdxxc(x)=1+ [dxxe™*?¢(x) . (6.7)
0 0

(Notice that iv) is satisfied.)
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Let now ¢, be a A-eigenvector. Then ¢, is in the domain of x, which coincides
with that of L, and

8/(1+4p*)p,—2+X)p,=1¢p, . (6.8)
Therefore 3f,e L*([0, 00)) such that
£,=8/(1+4p%p,=(x+1+2)ep, , (6.9)
which implies
(1+4p*)f, =8¢, =8/(x+1+2)f, . (6.10)
Thus the function
g(x)=f,(x—(A+2)) (6.11)

has an absolutely continuous derivative and solves the eigenvalue problem, in
L[4 +2, 0)),

(—44—=8/x)g(x)= —g(x) (6.12)
with the boundary condition:
g(A+2)=0. (6.13)

By a standard argument, which uses the constancy of the Wronskian of the two
solutions [107], the Schrodinger equation (6.12) has at most one solution which is
not divergent at co. This solution may be found from the known eigenvector ¢,. It
is:

g(x)=(x—2)xe" 722 (6.14)

The lemma follows now, using (6.13), from the number and location of the zeroes
of g. The (—2)-eigenvector of L is

P_,(X)=(x=2)e . [ (6.15)

Lemma 6.2. On the orthogonal complement of {@y @_,} the spectrum of L is
(— 00,2] and the spectral measure is absolutely continuous with multiplicity 1.

Proof. We may use the former approach to find also generalized eigenvalues. For
distributions, however, (6.9) does not imply the last equality in (6.10). Consequent-
ly, (6.12) is replaced by

(—44—-8/x)g(x)= —g(x)+ ad(x) , (6.16)
with an undetermined o. In addition to (6.14), (6.16) admits the solution

(x=2)xe *=22 x>0

0 x=0. (6.17)

g(x)= {

To the zeroes of g correspond the following generalized eigenvectors
¢, (x)=8"11—44)j(x+/1+2)
=0(x+A+2)—(x+ e *FT2(x + 4 +2) (6.18)
with Je(— o0, —2). Here 0(x)=(1+sgn x)/2.
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Although ¢, were found by an uncomplete argument, the following orthonor-
mality and completeness relations can be verified directly, proving Lemma 6.2.

g dx@;,(xX)@,,(x)=0(A, —4,) (6.19)

for 2,e(— w0, =2), 1,e(— 00, —=2)u{—2,0}, and

-2
'f d2p ()@, () + @ _5(¥)p () +@o(X)p(y)=0(x—y). T (6.20)

Remark 6.1. That the essential spectrum of L is (— oo, —2] may be seen without
diagonalizing L using, instead, Weyl’s theorem [10], since (1+4p*) ! is a
relatively compact perturbation of —(2+ x).

Remark 6.2. The kernel of the linearized semigroup can be obtained explicitly
using (6.19) and (6.20). For the discrete case this was done, independently, by Kjaer
[4] who used it to study the approach to equilibrium.

Remark 6.3. In the formal expansion of F(c) in ¢, defined by 6.1 with N = N(c). the
linear term vanishes and
F(e)x Flcy i)+ 3 | dxlo(x)|* . (6.21)
0
The spectral analysis suggests that whenever (6.21) is a valid approximation and
M(c(0, - ))=% N(c)''* then
[F(e(t, )= F(Cy yial I/ IM(c(t, - ) = N1?]? —s N712, (6.22)

1=

Appendix: An Exact Solution for the Laplace Transform

The Laplace transform, y(, y)= [ e~ *"¢(t, x)dx, may be expressed in a closed form.
0

Equation (1.5) transforms to

W _ L0 —yty) oy, .

e y ot = 2y(t, y)(t,0) . (A1)
y(t,0) equals M(c(t)) given by Eq. (2.16). Setting y(t, y)=7(t, y) —(t,0) we obtain

oy Oy 2 5

LT YL

ot dy yX x (A2)

The left hand side is the derivative of y along y+t=const, and along this line the
equation therefore is a Riccati equation. Using a standard substitution for Riccati

. y
equations we set y=-—— +
y+1  g(ty)

az—-a—g=<3_~2l~>g—1_ (A3)

, obtaining
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The solution is

2_1 1 2
att)=2 —e (P f 4, (A4)

where f is an arbitrary function of one variable. To determine f we consider
yng y(t, y). We have
y 2y?

t,y)=(t,0)— - '
W) =10 = S e e 10+

(A5)
Hence for t—0 we get
2
e
y+1 1 1—y o2
y 2 14y

0,y)—7(0,0)+ ——
(0, y) —( )+erl

f0) = lim f(y+1)=

and substituting in Eq. (AS) we obtain an expression for (¢, y) in terms of p(0, ¢+ y)
and p(0,0). This expression, however, does not readily lend itself to transformation
back to c(t, x).
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