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A method is presented for the study of first-passage-time statistics in one-dimensional disordered
media. We introduce a projection-operator formalism that allows the calculation of an averaged
backwards master equation. A generalized Dynkin’s equation is also presented. We apply this ap-
proach to the random-trap model. The exact mean first-passage time to leave a finite domain is cal-
culated for weak disorder. To study strong disorder we introduce a mean-field-like approximation
that gives exact results at long times. Long-time tails in the survival probability and in the first-
passage-time distribution are found, predicting a divergent mean first-passage time for the case of
strong disorder. Our findings confirm numerical results found previously.

I. INTRODUCTION

In the context of studies of transport of classical parti-
cles and excitations in disordered media, the model of
the nearest-neighbor random walk (RW) in a one-
dimensional disordered chain describes a number of phys-
ically relevant situations.! The model assumes that the
position of the walker in a particular chain undergoes a
Markovian RW defined by a master equation of the form

3,P(n,tlng, o, {w;"})= w," | P(n —1L,tlng, 1o, {w;"})
+w, P +1,tlng, 10, {wi))
—(w," +w, )P (n,tlny,ty, {w'}),
(1.1)

where w,” (w, ) is the transition probability per unit time
from site n to n +1 (n —1). A particular configuration
of the disordered chain is described by the set {w].
P(n,t|ng,to, {wS}) is the probability of finding the walk-
er at site n at time ¢, for a particular configuration {w;"}
of the medium and with the condition of having been at
site n at time ¢.

Disorder is described as assigning a probability P {w,}
to each possible configuration of the chain. This assign-
ment of probabilities, together with (1.1), defines a RW
that, in contrast to that defined for a particular set {w;"},
is no longer Markovian. The statistical properties of the
new process can, in principle, be obtained by averaging
over configurations of the disorder the expressions for the
quantities of interest obtained for fixed {w;"}.

Non-Markovian behavior manifests itself in the ap-
pearance of a frequency dependence in the diffusion
coefficient associated with the RW. If this dependence is
such that the diffusion coefficient vanishes at zero fre-
quency, the motion is subdiffusive, that is, the second mo-
ment of the position, {n (1)?), grows slower than linearly
with time for t — . Models leading to this behavior are
usually called models of strong disorder, whereas models
for which (n%(t)) ~t are of weak disorder.

Although the behavior of the moments of the position
of the walker has been widely studied for different models
of disorder, there is another manifestation of non-
Markovian behavior that remains to be explored in de-
tail: A non-Markovian process it not completely de-
scribed by a two-time probability distribution like that
appearing in (1.1), but the whole hierarchy of m-time
probability distributions is needed. Then, the effect of
disorder in quantities depending not only on two-time
probability distributions is expected to be important.
One such quantity is the mean first-passage time (MFPT),
for which the memory effect must be taken into account
in order to write the correct backwards equation. Due to
this fact, extreme care must be taken if one attempts to
obtain exact results for the MFPT in disordered systems.

The first-passage time (FPT) is a random variable
defined as the time the walker takes to leave a certain in-
terval on the chain. If the interval is semi-infinite, it
coincides with the time needed to reach a particular site.
The first-passage-time distribution (FPTD) can be ob-
tained from the survival probability, which is defined
here as the probability of remaining in the interval of in-
terest (which will be called D) for a time interval ¢t —¢,,
having started from some site in D at t =¢,,.

A few attempts of describing diffusion in disordered
media by FPT statistics have been recently reported:2~’
Continuous models are studied in Refs. 2 and 3. Discrete
models of weak disorder are considered in Ref. 4. Refer-
ences 5 and 6 show that for the Sinai model the MFPT
scales with the size of the interval considered in a
different way than the typical FPT. An in-depth discus-
sion of some models in discrete time is found in Ref. 7. A
different but related problem that has received a lot of at-
tention is that of calculating a survival probability in an
infinite chain for normal diffusion in the presence of ran-
domly distributed traps.'®-1®

A common feature of the models studied in Refs. 2-7 is
that, in absence of trapping, the MFPT is finite if the in-
terval considered is finite. In contrast, a class of models
was recently found in which the MFPT to leave any finite
interval is infinite.® This was used in Ref. 8 to propose
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the association of the concept of strong disorder with a
divergent MFPT. In the case of strong disorder, it was
also proposed® to characterize the degree of disorder by
the long-time tail present in the FPTD or, equivalently,
by the divergence at small frequencies of the Laplace
transform of the survival probability. It is the aim of the
present paper to develop a technique to calculate such
quantities, as an alternative to the usual way of charac-
terizing disorder and diffusion by moments of the dis-
placement and diffusion coefficients.

The calculation of the MFPT or the FPTD for non-
Markovian processes is not an easy task. Formally exact
equations for these quantities can be obtained,’ but they
contain operators that must be adjusted in order to
prevent contributions from trajectories returning to the
interval of interest after having left it. This adjustment
can be done for Markov processes by imposing adequate
boundary conditions. Special non-Markovian processes,
such as the continuous-time random walk (CTRW), can
be studied, '° but no recipe for adjusting the operators is
known in the general non-Markovian case.

To overcome this difficulty, the method used in Refs.
2-7 begins by calculating the MFPT or an approxima-
tion to it for a fixed configuration {w;*} of the disorder.
This can be done by Markovian techniques because the
RW is Markovian for fixed {w;"]. The result obtained in
this way is then averaged with the probability distribu-
tion of the configurations {w;"}.

In this paper we introduce another method for calcu-
lating FPT properties in the presence of disorder. We
start with the Markovian equations satisfied by the sur-
vival probability for a fixed configuration {w;"}. Then,
the equations themselves (not their solutions) are aver-
aged over disorder by a projection-operator method. In
this way we obtain exact equations for the MFPT and re-
lated quantities. Systematic approximation procedures
are here developed to obtain relevant information from
these equations. In particular, the MFPT and the long-
time behavior of the FPTD can be calculated within our
framework even in the case of strong disorder.

We use this general framework to study several models
of disorder. For definiteness we restrict ourselves to
nearest-neighbor RW’s that are symmetric in the sense
that w," and w, in (1.1) are equal:

w, =w, =w,, VYn. (1.2)

The class of models satisfying (1.2) is generically called
the random-trap model.'! Results for another important
model of disordered chain, the random-barrier model,’
will be discussed elsewhere. The type of disorder con-
sidered is characterized by the statistical properties of
{wt}. They are taken to be independent but identically
distributed random variables. We have considered the
following models.

(a) Weak disorder [model A of Ref. 1(a)]: All the in-
verse moments {1/w*), k =1,2, ... are finite.

(b) Model B of Ref. 1(a): The probability distribution
for each variable w; is
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1 if we(0,1)

p(w)= 0 otherwise .

(c) Model C of Ref. 1(a):

(1—a)w ™ * ifwe(o,1)

0 otherwise . (1.4)

plw)=

(d) Chain with randomly distributed absorbing sites:

plw)=pdlw —wy)+(1—p)éw) . (1.5)

Models (b), (c), and (d) are cases of strong disorder. The
mean-square displacement {n(z)?) behaves for long
times as ¢ /In¢, t21797/2=a) and ¢°, respectively.

Exact results for the long- and short-time behavior of
the survival probability are directly obtained from our
general equations in the weak-disorder case. The study
of the long-time limit for strong disorder needs the intro-
duction of a mean-field-like approximation. Within this
approximation a survival probability is obtained which
exhibits long-time tails. The MFPT to leave any finite in-
terval is infinite for our random-trap models with strong
disorder. We show that the mean-field-like approxima-
tion introduced here reproduces the exact result for the
leading term in the long time limit for models (a) and (b)
defined before. For models (c) and (d), our mean-field ap-
proximation gives the exact exponent for the divergence
law.

The outline of the paper is as follows. In Sec. II we re-
view some useful results for the backwards master equa-
tion!! of Markovian RW’s and its solution for the sur-
vival probability in a nondisordered chain. They will be
used in the subsequent sections. In Sec. III we introduce
a projection-operator technique to average the backwards
master equation over the configurations of disorder. We
obtain an exact evolution equation for the averaged sur-
vival probability. A generalization of Dynkin’s equation
for disordered media is also presented. Its exact solution
is found in the case of weak disorder. In Sec. IV we study
the different cases of strong disorder by means of a
mean-field-like approximation. A short discussion of the
results found is presented in Sec. V. Appendix A consid-
ers the FPTD in a nondisordered chain, and Appendix B
is devoted to the calculation of the Green’s function for a
RW with absorbing boundaries. These quantities are
needed in Secs. II and III of this paper. Finally, the va-
lidity of the approximation used in Sec. IV is analyzed in
Appendix C.

I1I. FIRST-PASSAGE-TIME STATISTICS
FOR MARKOVIAN PROCESSES

A. Backwards master equation

Let us consider a general time-homogeneous Markovi-
an RW in an infinite chain. The forward master equation
has the general form'!

0,P(n,tlng,to)=3 (H), . P(n',tlng,ty) ,

n'

2.1

where P (n,t|ng,t,) is the probability of being at site n at
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time ¢ with the condition to start at n at time 15 <t. H is
an infinite square matrix whose indices run over the sites
in the chain.

P(n,tlng,ty) also fulfills the backwards master equa-
tion, which, invoking the time homogeneity of the pro-
cess, can be written as'!

)= (H™), wPlntln',tg)

n'

3,P(n,t|ngy,tg (2.2)

where H ™ is the transpose matrix of H. We are interest-
ed in the time at which the walker leaves for the first time
the interval D=[—L,L], that is, the FPT through the
limits of such an interval. The problem of finding the
FPTD can be reduced to the study of Pp(n,t|ng,t,), the
probability of being at n at time ¢ with the condition of
never having left the interval D since the initial time ¢, in
which the walker was at n.

In order to obtain Pp(n,t|ny,t,), we note that this is
the two-time conditional probability for a new Markovi-
an walk, defined as follows:'!® jumps of the walker inside
D and from D to the outside are governed by the same
probability rates appearing in the matrix H as the origi-
nal process, but jumps from outside D into D are forbid-
den. In other words, PD(n,tInO,to) satisfies equations of
the form (2.1) or (2.2) with the matrix H replaced by H,
such that

(H), , ifn€D
(Hp), (2.3)
0 ifn'&D .
This structure and the fact that we only need

PD(n,t|n0,t0) for n,ny€D allow us to consider only a

finite number of elements of H;. For example, the back-

wards equation for Pp(n,t|ng,t,) can be written
+ '

2 (HD )no,n'PD(n,t|n ,to)

n'€D

a,PD(n,tlno,to)——_ (2.4)
where now Hj (and also H))) is a finite matrix having as
many rows and columns as sites as are contained in the
interval D. All the indices in (2.4) take values only in D.
If Fno(t/to) denotes the survival probability, that is,

the probability for the walker starting at t, at n, to be
still at time ¢ in the domain D without ever having left
this interval,

—2w_, w_; 0 0
Wop+r “2W_py; W_op4 0
0 W-r+2 2wy 4y W_p4y
Hy=
0
0

The survival probability in the domain D =[—L,L] is
the solution of the backwards master equation (2.7) with
(2.12). If the domain D has a small number of sites N
(=2L +1) the problem of solving this equation reduces

Wy —2
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F, (tlt))= 3 Pp(n,ting,to) (2.5)
n€D
the probability density f ,,o(t) for the FPT is given by!!
fa(D=—8,F, (1) . (2.6)

Here and in the following we take ¢, =0.
The evolution equation for the survival probability
F, (¢) follows from Eqs. (2.4) and (2.5):
9,F(t)=HyF(1) . 2.7

F, (1).
t=0)=1 for all

Here F(1) is a vector with components (F (1)), =
The initial condition for Eq. (2.7) is F,,O(
ny€D.

Even when it is difficult to carry out the calculation for

F(2) in detail, it may still be possible to calculate the mo-
ments T,fo of the FPT:

k ®_k
T,,O:f0 tf,,o(t)dt

It is easy to obtain a simple equation for all these mo-
ments when they are finite: multiplying Eq. (2.7) by
T,f‘ ~! integrating by parts, and using that

(2.8)

=k [ Ttk (2.9)
the following equation is obtained:
HFTk=—kT* !, (2.10)

which is a recurrence relation for all the moments of the
FPT starting from that of zeroth order T,?0=1 for all n,.
For k=1, (2.10) is the Dynkin equation. !

As an example of the ideas just explained, we consider
the symmetric Markovian walk defined by

atP(n,t‘no,to):wn_IP(n _'l,tlno,to)

+w, 1P(n+1,tlng,t,)
—2w, P(n,t|ng,t,) . 2.11)

From the prescription given in Eq. (2.3), for the finite ma-
trix Hj , we can write the following expression:

0
(2.12)
—2wp ., Wy, 0
Wp—1  T2Wwp o wp,
0 wy —2wy,

[

to the inversion of an N X N matrix.

We stress that there is no need to impose any boundary
condition to solve the above problem. Nevertheless, if we
are interested in a domain with an arbitrary number N of
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sites, we can solve Eq. (2.7) by another method: Instead
of solving the finite-dimensional problem characterized
by the matrix equation (2.7), we can formulate the follow-
ing problem: (a) Use the infinite matrix H ™" of the origi-
nal walk appearing in Eq. (2.2) so that the backflow of
probability into the interval D is, in principle, allowed.
(b) Solve the equation

9,F(t)=H'F(1), (2.13)

with the initial condition Fno(t=0)=1 for all ny €D, and

prevent backflow by using the artificial boundary condi-
tions F,,O(t)=0 for all ¢ if ny&D. The solution of this

problem (into the domain D) is also the solution of Eq.
2.7).

B. First-passage-time distribution in an homogeneous chain

Basic results about the FPTD in nondisordered chains
can be easily obtained from Eq. (2.7) and prescriptions (a)
and (b). The ordinary RW in an homogeneous chain is
obtained by putting w, =pu for all n in Eq. (2.11). In this
case F, (t) satisfies the following equation (here and in the

following the initial condition n, is denoted simply by n):
9,F,(t)=pw(ET+E~=2)F (1), (2.14)

where E* are shifting operators E¥F, =F, . ,. Equation
(2.14) must be solved with the initial condition

F,(t=0)=1 ifne€D, (2.15)
and the artificial boundary conditions

F_;, _(()y=F; ,(t)=0 Vt. (2.16)
The additional boundary conditions F.; ,)(¢t)

=F, +3(t)= -+ =0 are not needed because Eq. (2.14)
only involves transitions to nearest neighbors. From Eq.
(2.14) we obtain for the Laplace transform F,(z) of the
survival probability (see Appendix A for a detailed calcu-
lation)

P (z)=1 o xitxd (2.17a)
(z)=— |1— , .17a
z xEFlgxb+
where
1/2
V4 V4 V4
=l+—=x |- |1+— 2.17b
xl’z(z) 2'[1, L 4# ( )

From (2.17) and the Laplace representation of Eq. (2.9) it
is easy to calculate the MFPT, T, =T,

2_ 2
T,= lim ﬁn(z)=(_11ﬂ*” )

2.18
z—0 2# ( )

Comparing this with (A13) we see that only the presence
of L +1, instead of L in (2.18), reminds us of the discrete
nature of the lattice.

To gain insight in the description of the problem, we
comment that the continuous limit of the survival proba-
bility is easily obtained from Eq. (2.17). Introducing a
lattice spacing /, an interval D=[—X,X], X=IL, and a
variable x,=nl/, we obtain in the continuous limit
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(l—-0,L—o0,u—o0 with the diffusion coefficient
A=pl? and X finite) the following survival probability in
D:

| cosh[x,(z/A)'?]
cosh[X (z/M)'?] |~

The FPTD for leaving the domain 2 is obtained from
(2.19) as f(xo,z)=1—zﬁ(x0,z). The result confirms the
expected scaling behavior Ty~X? for X — . We will
prove in Sec. III that this type of scaling is also obtained
in weak disordered media.

Due to the importance of the tails of the survival prob-
ability, strong disorder breaks down the scaling that one
could expect from the second moment of the displace-
ment of the walker in anomalous diffusion [that is, if
(n%(1))~t% &<1, for t— o, one would expect
Ty~L?"® for L—]. We will show in Sec. IV that the
MFPT in the presence of strong disorder is a divergent
quantity, independent of the size L of the interval con-
sidered. We would like to stress that this divergence has
no relation with other divergences which appear when
considering semi-infinite intervals. For example, for a
symmetric Markovian RW, the MFPT to reach a given
site L +1, say, on the right of the initial one, is infinite
because of the contributions from trajectories going arbi-
trarily far away on the left of the initial site. If a drift in
the adequate direction is introduced, for instance, using a
master equation (2.1) with H=(E*—1)b+(E —1)a
and a > b (drift to the right), the divergence disappears.
This can be seen by solving Dynkin’s equation (2.10) for
the MFPT to reach the site L +1 (which is the same as
the mean time needed to leave the interval (—,L])
starting from n < L. We find

ﬁ(xo,z)-——% (2.19)

r —L+i-n

=T (a>b).

(2.20)
This is a finite quantity. For large L, it gives a linear re-
lation between T, and L, typical of biased diffusion.

If the drift points to the left, a divergence is found
again:
1—(b/a)" L1

lim A—————=

T =
— o a—b

n

(a <b) . (2.21)
This is so because the drift moves the walker arbitrarily
away from site L.

The reason for these divergences is always the infinite
size of the segment (— oo,L] where the walker evolves
before reaching the point L +1. The aim in this paper is
the study of the exit from a finite interval D =[ —L,L] in
a disordered chain. By considering a finite interval D we
make sure that any divergence that we find is due ex-
clusively to the disorder in the chain.

III. FIRST-PASSAGE-TIME STATISTICS
IN DISORDERED MEDIA

A. Projection operator average

Our starting point is the master equation (2.11)
describing symmetric one-step RW’s. When comple-
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mented with a statistical model for the w,’s , such as
(1.3)—(1.5), it becomes the random-trap model. Equation
(2.11) can be written, splitting the transition probabilities
w, in an average u and a random part §, (w,=p+§,,
(£,)=0),as

3,P,(t)=pHP,(1)+OP,(1) . (3.1)

We write P(n,t|ng,t,) as P,(t). H is the operator
describing the random walk in the absence of disorder
H=(EtT+E~—2), and O is the contribution to the tran-
sition probabilities due to random parts &,. For
the random-trap model considered here we have
OP,=(E*+E~—2)§,P,. Other models can be studied
simply by changing the expression for ©. The evolution
equation for the survival probability is given by Eq. (2.7).
The operator Hjj can be constructed from (3.1):

3,F(1)=(uH ,+O,) F(1).

The matrix Hy =(u#,+6,)"
sion (2.12) identifying w, =pu+§,.

The average of Eq. (3.2) over the realizations of £,
leads to an averaged backwards equation with effective
transition probabilities which incorporate in an exact way
the effects of disorder. This average can be formally car-
ried out introducing a projection operator 7 that aver-
ages over disorder'>!?

(3.2)

is given by the expres-

(F)=PF, F=(F)+(1—P)F . (3.3
Applying the operator 7 to Eq. (3.2), we obtain
3 (F)=uH(F)+POL{F)+POL(1—P)F . (3.4)

Also, applying the operator 1 —? to Eq. (3.2) we arrive at
3,(1—P)F=uF}(1—P)F +(1—P)O}(F)

+(1—P)O,(1—P)F . (3.5)

A formal solution of (3.5) can be written as

(1—7>)F=f0‘dt'c;<zlz')[(1—?)93<F(z'>>
+(1-P)85(1—P)F(t")],
(3.6)

where we have used the fact that the initial condition
does not depend on §,: (1—P)F(t=0)=0. The func-
tion G (t|t’) is the Green’s function for the nondisordered
system, that is, the solution of the initial-value problem

3,G (|t =uH}Gt]t') ,

(3.7)
G(t)=1.

1 is the (2L +1)X(2L +1) identity matrix. Equation
(3.6) can be iteratively solved for (1—%)F. Putting this
solution into Eq. (3.4) we find a closed equation for the
averaged survival probability (F(¢)), which gives the
complete description of the problem of FPT statistics in
disordered media:
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8,(F)=;L7{3<F)+< > [63A7!(1—73)]k93>(F) .
k=0

(3.8)
M is a convolution operator, defined by

(MA(1),=3 fo’dz'Gnm(zlt')Amu') . (3.9)
Equation (3.8) requires that the statistics of the random
variables £, for each particular model are specified.

Equation (3.8) contains the Green’s function G (¢{t').
It is the solution of the finite-dimensional matrix equation
(3.7). As before [see prescriptions (a) and (b) after Eq.
(2.12)] we can substitute the problem addressed in Eq.
(3.7) by the problem in an infinite chain with adequate
boundary conditions:

3,Gtlt=pH*G '), (3.10)

where #T=#=E*+E~ —2, the initial condition is
G (t|t)=1, and the boundary conditions are

G tlt)Y=G_p | ,(t]t")=0. 3.11)

Using the method of the images'* we can write the solu-
tion of (3.10) as
G —_—

nm

o
0 — 0
2 Gn+4k(L+]),m G~n—(4k+2)(L+1),m ’

k=—o
(3.12)

where G?,.(t]t") is the free Green’s function,'' i.e., the
solution of (3.10) with boundary conditions at infinity,

GL.(tlt")y=exp[ —2u(t — )}, _, Qu(z —1t")) . (3.13)

Here I,(7) is a modified Bessel function. In the Laplace
(t —z) representation, the sum (3.12) can be easily evalu-
ated. We obtain for the Laplace transformed Green’s
function G(z) in the interval [ —L,L] the expression (see
Appendix B)

Gom(2)=B(2)(1—€*4%)7"
X[Ai"""\—ezAz(A""+’")+A"+"')
+etatqaInmm, (3.14)

where e=[ 4 (z)]-. A and B are functions of the Laplace
variable z and they are given in Appendix B.

FPT statistics can be studied from our general equation
(3.8). For instance, the MFPT in disordered media
(T,)=(F,(z—0)) is the solution of

nm(

uH T, + lim< E [egﬂ(l—?)]keg><T,,>=—1 i
=0\ k=0

—

(3.15)

This equation is the generalization of Dynkin’s equation,
which takes into account the non-Markovian effects in-
troduced by the averaging over configurations of the
disordered medium.

It is well known that generalized master equations
(GME’s) for the probability distribution of the position of
the walker P,(¢) can be used to study transport in disor-
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dered media. The kernel associated with the GME can
be constructed in the context of the effective-medium
approximation'®"!® (EMA), CTRW theories,* or by
exact methods.'>!> We want to note that in order to
solve the problem of FPT statistics we cannot use the ad-
joint or backwards equation of this GME because of the
non-Markovian nature of the problem.® It is necessary to
adjust the adjoint equation in order to eliminate contribu-
tions from trajectories returning to the interval of interest
after having left it. The non-Markovian kernel in (3.8)
takes into account contributions from the adequate tra-
jectories in the correct way so as to prevent backflow of
probability into the domain D. This fact is reflected by
the appearance of the Green’s function G(t|t') [Eq.
(3.14)] in the convolution operator M [Eq. (3.9)]. This is

|

2B ) —1=pH )+ S s

p=0n,..., nPE[—L,L]

(E.En.

where

<§n§nl T gnp>TE7)§n( 1 *?)é—nl e (1_?)§np
are Terwiel’s'> cumulants of the random variables [g‘n,]

(see Appendix C) and J,,,(z) is the Laplace transform of
S (H p)um Gmn(tt"). Noting that the indices n; in the
sum of Eq. (3.16) run from —L to L, and that the bound-
ary conditions for G ensure that G; ., ,=G_,; _; ,=0,
we see that we can use J,,(t|t')=H#G,,,(t|t'), where F is
the nondisordered part of the master operator in the
infinite chain [#=(E " +E~ —2)] and acts on the first
index of G,,. Explicit expressions for J,,. are given in
Appendix B.

The solution of (3.16) has to satisfy the boundary con-
dition

(F (2))=0, Yn&D . (3.17)

We will call Eq. (3.16) the effective backwards master
equation. We will study the behavior of the survival
probability and the FPTD in the short- and long-time
limits from Eq. (3.16) for several statistical models for the
£,’s. We show in Sec. III B that (3.16) predicts results
which cannot be obtained if we try to obtain the FPTD
simply by taking the adjoint of the kernel in the GME for
P,(¢).

B. Solution of the effective backwards master equation

The short-time behavior of { F) can be obtained from
(3.16) considering the z— o limit of expression (B9) for
the propagator

1 o
Jn,,:(z)~—%8,,n,+;(,u/z)i” "l(1—5,,).  (3.18)
We then see that Eq. (3.16) is a good perturbative series
for short times in the sense that the p contribution in the

sum is of order z 2. The dominant contributions to the
survival probability and to the FPTD at short times turn

e gnp)Terl(z)Jn
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a remarkable difference with the case of studying the
probability distribution for the position of the walker
P,(t) in a disordered medium. In that case'® the average
probability distribution satisfies an equation similar to
(3.8), but the convolution operator contains the free
Green’s function G%t|t') [Eq. (3.13)] instead of G (¢|t’)
[Eq. (3.14)]. Another important difference between Eq.
(3.8) and the similar one for P,(¢) is that Eq. (3.8) is a
finite-dimensional matrix equation, as was pointed out by
the explicit notation %, and ©,. As before, instead of
solving this finite system, we will solve the associated
infinite system with the artificial boundary conditions
(F,(t))=0if n € D. Using the explicit form of © we can
write for each component of the vector { F(¢)) in the La-
place representation the following equation:

(2) -, , (2FHF (2)), (3.16)
p—1'p 14

1M2

r

out to be independent of disorder. So we can use for the
FPTD the result obtained for a nondisordered chain
(A10) for z— : {(f(z))~z ‘E*V*"  Using the Tau-
berian theorem, !¢ we see that, for all kinds of disorder,
the short-time behavior is

(f () ~tE™ " if t—0 . (3.19)

This result can also be understood by using heuristic ar-
guments.

More interesting is the study of the survival probability
in the limit of long times. Taking in (3.16) the limit z—0
and using that J,,(z) behaves [see Appendix B, Eq.
(B10)] as

Jo(z—0)~—Lts, +LZq ... (3.20)
u uop

where T is a z- and u-independent matrix, we see that the
leading contribution arises from

o0

1 p
F(z -= 1—-P)P
pH(F, (z O)>+,,2=1 <l P } [€.( )] §,,>

XH(F, (z—0)=—1.  (3.21)

We can sum up the contributions from the second term
on the right-hand side of (3.21) maintaining the arbitrari-
ness in the statistics of £,,. To this end we define

p
[£,(1—P)PE, (3.22)

had 1
D, = — =
3 |-

and use that (D)+(1—P)D,=D,. Note that the
equivalence between all the random variables {§,] en-
sures that (D) is independent of n. Using that
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-1
1+§—"(1~‘P>] -1,
- @

p=

1 P
- —P) =
21[ #][énu )]

(3.23)

and that P&, =0, we can formally write Eq. (3.22) in the
form

Dy=—[p+E,(01=P)]1E,)?,

which can be put as
[u+&E,(1=P)D, =uD, +&,(D, —{(D))=—(§,)* .
(3.25)

(3.24)

Solving for D, and applying the projector 7 we obtain

fii';n >+<u4§:§n

from which we can obtain (2 ). Due to the structure of
Eq. (3.21) we are interested in the quantity u,g=u-+<{D),
which, using (3.26), can be written as

ol ()

This result for the sum in (3.21) is a general one valid for
any statistics of the independent random variables &,. Of
course, they must satisfy the positivity condition
p+E&,>0 to ensure that the probability transitions are
well defined. Weak disorder is characterized by the
finiteness of inverse moments like (3.27). In this case the
leading contribution in (3.21) becomes

<:o>=<— ><z>> : (3.26)

(3.27)

—1=<—1~>_'7{<f7,,(z =0)) . (3.28)

Wy

This equation must be solved with the boundary condi-
tion (F,(z))=0 if n € D. The solution can be read off

2 F,(2)—1=pH(E,N+ 3 3 S (g,
p=0 n,#n, LR =1
nzinl,

#*
nyER,

X(Jpn)

The Terwiel’s cumulant { ) ; contains the random variables §n,§nl, ..
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immediately from the analysis of the survival probability
in a nondisordered chain (see Appendix A) by changing u
to u.y Remembering that the MFPT can be obtained
from the survival probability as (T, )= (F',,(z =0)), we
use (3.28) to obtain the exact expression for the MFPT in
weakly disordered media:

2_ 2

3.29
2llLetT ( )

The effect of weak disorder is to introduce an effective
time scale through the occurrence of an effective diffusion
coefficient pug=(1/w,) '<p.

Strong disorder is defined by probability distributions
for the &, such that {1/w, ) is infinity. In this case, our
first-order contribution (3.27) vanishes. The next z-
dependent contribution from J,,.(z) is needed to obtain
information about the small-z behavior of { F'). Concern-
ing the MFPT we can see physically that it cannot be a
finite quantity, in order to respect the equality in Eq.
(3.28). We will show in Sec. IV how to relate the diver-
gence of the MFPT with the statistics of the random vari-
ables £,, characterizing the disorder.

IV. STRONG DISORDER

A. Finite-effective-medium approximation

In the strong disorder case the quantity
peg={1/w,) ! vanishes. Then, our first approximation,
Eq. (3.28) is not enough. We need to take into account
the z-dependent element of J,,.(z) in the exact equation
(3.16). By direct substitution of the expression (3.20) for
J,.(z) into (3.16) a problem appears: there is an infinity
of terms contributing to a given order in z. Some method
must be devised to sum up these contributions. Follow-

ing past experience,'® we find it convenient to write Eq.
(3.16) as

“é‘ngnl'“gnl “'é‘np“.gnp)'f

O ) (4.1)
1 1M 172 )

CHCE, (2)

., and §np10,11, ..., and i, times, respectively.

The indices {n,} take values in D. Now we define the random operator ¥, (z) by

b= S Uu@e1-21% ', .

i =1

It must be understood as acting on any disorder-dependent quantity at its right. The geometric sum in (4.2) can be eval-

uated, resulting in

. Mk(Z)Jkk(Z)
1+<Mk(z)>‘]kk(z)

Y (z2)=M,(z) PM,(z),

where

(4.3a)



4510 E. HERNANDEZ-GARCIA AND MANUEL O. CACERES 42
Sk
M(zZ)=—FT"FT—. 4.
k 1—&,J,,(2) @.36)
By using the definition of Terwiel’s cumulants and (4.2), Eq. (4.1) can be written in the form
2B —1=pH(F,@)+ T 3 bty drdun T, a0 HAE, (2) (4.4)
p=0 n,;#n, ?
"27&’1],
n,En,

Equation (4.4) offers us an alternative starting point to
study the long-time limit of {(F,(¢)). Formally, it is the
same as (4.1), but, through the introduction of the ran-
dom operator ¥, (z), we have summed up all the terms
containing the diagonal parts of J,,.(z). Our previous re-
sult for weak disorder is reobtained by taking into ac-
count the first term in the sum of Eq. (4.4) [that is, the
p=0 contribution giving p.gs=p+(¢¥,(z=0))]. In this
case (4.4) is strictly a perturbative expansion in the sense
that (F,(z)) can be constructed order by order in
z by successively calculating terms with increasing val-
ue of p in (4.4). This comes from the fact that
<¢,,0;ll,,] s 1//,,P)T~0(z°) for weak disorder. Neverthe-

less, Eq. (4.4) cannot be used for strong disorder because
of the appearance of the quantities (w, *), which are
infinite in this case. It was shown in another context'3
that strong disorder introduces nonperturbative effects
which ask for further rearrangement of Eq. (4.4).

We propose to do a sort of perturbative analysis
around an effective homogeneous medium to study the z

|

2 F(2)—1=TH(E,zN+ 3 3 R

p=0n..., n

A new propagator

Jnm ( I“’Z)Ej“/énm(F’Z):Gn +1,m + Gn —1,m _—2Gn,m
4.7)
has been introduced. @,,,,,,(I‘z, ) is the solution of

2G,,,([,2)—8,, =T(2)#G,, (T,z) , 4.8)

satisfying @L +1,n F,z)=G_L —1,2(I,2)=0. The next
step is to write the analog of Eq. (4.1) with u replaced by
I(z), &, by 9,(z),and J, . (z) by &, ,, (2).

In order to obtain a meaningful perturbative analysis
around the mean-field term we define a new random
operator W, (T',z) as follows:

—1

m(z) . (4.9

W (T,2)= S [Fu(T,2)n(2)(1—P)]*
i, =1

It is clear that equations similar to (4.3) and (4.4) follow
in the same way as before:

r

dependence of Eq. (4.4). First of all, we rewrite Eq. (3.2)
in Laplace representation adding and subtracting a
mean-field term: T(z(ET+E~—2), ['(z) being an arbi-
trary effective rate to be determined below:

N

zF (z)—F,(t =0)=T((ET+E~—2)F,(2)

+(EY+E —2)[u+&,—T(2)]

XF,(z) . 4.5)
By defining the quantities 7,(z)=w, —I'(z), we see that
the role played by p and &, in Eq. (3.2) is played by I'(z)
and 7n,(z), respectively, in Eq. (4.5). As before we can in-
troduce a projection operator 7 averaging over the
random variables 7,(z). Using that F(:)={(F(1))
+(1—2P)F (1), we can follow from Eq. (3.2) to (3.8) in the
same way as before. We only need to replace u by I'(z)
and £, by 7,(z) in Eq. (3.8) to obtain an equation describ-
ing perturbatively the effects of the random variables
7,(z) on the mean effective rate I'(z):

V1w (T,2)4, (r,z)--~o<np~]”p<r,zm<ﬁnp(z)>. (4.6)

1M2

W, (T, 2)= M, (T,z)
./l/lk(l‘,z)(fkk(r,z)

- PM, (T,z),
1+ (M (T,2)) F1 (T,2) ((12)
(4.10a)
where now
Mk (2)
M (T,z)= 4.10b
k z l—nk(z)ﬁkk(l",z) ( )
and
Z2{F,(2))—1=T(2)#(F (2))
+ z z <\l’n\ynl”'\l/n )T
p=0 n,#n, ’
nz?ﬁnl,
np%n;ﬂ
XJ"H &n n e n n
1 172 p—17p

x?{(ﬁ,,p(z)) : 4.11)
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The steps made so far are formally the same realized in
Ref. 13 for the problem of averaging Eq. (2.11) to obtain
the moments of the position of the walker. In that con-
text, a diagrammatic analysis of the perturbation series
analogous to the second term on the right-hand side of
(4.11) showed that the best election for I'(z) (the mean-
field rate, still undefined) was that given by the solution of
(W,(T',z))=0. This was the best choice in the sense that
it allowed to vanish an infinity of terms in the evolution
equation for (P,(t)), pertaining to a particular diagram-
matic class. In the present problem it is impossible to
have (W¥,(T,z))=0 for all the values of n because the
boundary conditions implicit in the construction of
G(T,z) destroyed average translational invariance. Nev-
ertheless, we can tentatively define I'(z) by (¥,(T,z))
=0 at some particular site n, and explore the conse-
quences of such an election. In the following, I'(z) will
be taken as the solution of

(¥, _o(T,2))=0. (4.12)

It will turn out that this election is a very convenient one
because, although it does not produce a drastic
simplification of the right-hand side of (4.11), it makes
useful an approach related to the EMA. It was demon-
strated in Ref. 13 that the EMA consists, within this for-
malism, in neglecting all the terms containing Terwiel’s
cumulants in the evolution equation for {P,(¢)) analo-
gous to (4.11). The analogous approximation in the

present problem would consist in reducing (4.11) to
2(F,(2))—1=TGNET+E~—2)F,(2)), (4.13)

with I'(z) defined by (4.12) or, more explicitly, using
(4.10) and ny=w,— T,

wy—I(z) 0 il4
< 1—[w0—r(z)]4ootr,z>> R
Equations (4.13) and (4.14) define an approximation to
the averaged survival probability (F,(z)) for all the
values of z. The solution of (4.13) is obtained from (2.17)
by replacing p with the I'(z) obtained from (4.14).

We note that, although Eq. (4.14) has a structure very
similar to the equation for the kernel of GME for
(P,(t)) in the EMA approach, there is an important
difference: the propagator &,,(I',z) has a completely
different z dependence. Then the I'(z) obtained here is
not the same as the diffusion coefficient obtained in the
EMA, and Eq. (4.13) does not coincide with the adjoint
or backwards equation of the GME given by the EMA,
as would be the case if the RW considered would be Mar-
kovian. Physically speaking, we have taken into account
the correct realizations of the walker paths in the con-
struction of the non-Markovian contribution appearing
in the exact effective backwards master equation (3.8).
To stress these differences, coming from the finiteness of
the interval [ —L,L] used to define the FPT, we call the
approximation defined by (4.13) and (4.14) the finite EMA
(FEMA). It will be demonstrated in Appendix C that the
FEMA gives the exact exponent for the small-z behavior
of {F,(z)) for models (a), (b), (c), and (d). It can be also
seen that the large-z behavior given by the FEMA is the
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same as the exact one obtained previously [Eq. (3.19)].
Then the FEMA can be taken as a good approximation
for all the values of z.

B. Survival probability
in the finite-effective-medium approximation

The solution of Eq. (4.13) follows immediately from
our considerations in Sec. II, by using (2.17), where now
© must be substituted by the I'(z) obtained from (4.14):

(x,)"+(x,)"

z(F,(z))=1— e E T4 (e ET (4.15a)
with
172
x1,2(2)51+%t s+ (4.15b)

and s=z/I'(z). The long-time limit can be obtained
from (4.15a) with z—0. For models (a), (b), and (c) of
disorder, z /T'(z)—0, as can be seen in what follows, so
that we obtain

(L +1)2—n?

(F,(z—0))~ M (z—0)

(4.16)
The z dependence arises from the behavior of I'(z) for
each particular model of disorder.

In order to solve (4.14) for small z we need to find the z
dependence of the propagator &y,(I'(z),z). This can be
obtained for models (a), (b), and (c) from our general ex-
pression (B10) as

FoolT(2),2)~ = F(lz) * F(lz) 2 ;1 l"'(zz) A
(4.17)
If we define the quantity
R(z)=—T(2)—{dp[T(2),2]} !, (4.18)
we can write Eq. (4.14) in a simpler form:
<w+m>=r<z><m> . 4.19)

R (z) behaves as R(z)~(L +1)z/2 for models (a), (b),
and (c) and for small z.

As the first application of the FEMA we will reobtain
our result for the MFPT in the case of weak disorder. In
this case the inverse moments 3, ={w, *) are finite
quantities and we can expand (4.19) as

1—RB,+R*B,— - =T(2)(B,—RB,+RBy— -+ ).
(4.20)

Solving for I'(z) and using the small-z behavior of R (z),
we obtain

1 B,— (B L +1
B By 2

z+ - | 4.21)

At this point an important difference between the EMA
and our FEMA appears: the analog of I'(z) in the EMA
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for the probability (P,(z)) has the meaning of a z-
dependent diffusion coefficient and, for weak disorder,
behaves for small z as a power series in z!/2. Equation
(4.21) contains no z!/? term, showing that the problem of
FPT in random media cannot be simply reduced to that
of the study of (P,(z)) or the frequency-dependent
diffusion coefficient. The substitution of (4.21) for z=0
into (4.16) gives the MFPT in weakly disordered chains, a
result previously obtained by a different method in Sec.
II:

N (L +1)2—n?
= F = _-_— G -
(T,)=(F,(z=0) 3T =0)
2.2
_(L+1)}—n <1> 4.22)
2 w

The second case that we want to study is model (b) of
strong disorder. We need to solve Eq. (4.19) where the
average has to be performed with the probability distri-
bution for the w,’s given by (1.3). From (4.9) we arrive at

1—R(2)In[1+R (2)]+ R (2)InR (2)

=I(z){In[1+R(z)]—InR (2)} , (4.23)
and, solving for I'(z),
I(z—0)~|Inz| ™! 1+|1nzi*11nL"2Jrl + L (4.29)

Then the small-z behavior of the survival probability is
given, from (4.16) and (4.24), by

~ >~(L+1)2—n2|

(F,(z) 5 Inz| . (4.25)

This result shows that the MFPT is a divergent quantity
for all the values of L and n. This divergence is charac-
terized by the singularity law of the survival probability
in the limit z—0, (F,(z)) ~|Inz|. The result (4.25), al-
though obtained in the FEMA, is an exact result. This is
demonstrated in Appendix C by an analysis of the correc-
tions to the FEMA.

Case (c) of strong disorder is characterized by the prob-
ability distribution for the w,’s given by (1.4). Evaluating
the averages in (4.19) for small z:

1 _ U—a)m e 1l—a | 1—«a
<w+R(z)> sin(7a) [R(z)] a + 1+aR(Z)
_1—a 2 3

2+aR(Z) +O(R (z2)) (4.26)
and
w —1_pr{——1
<w+R(z)>_1 R<w+R(z)>’ .27
the solution of (4.19) gives
sin(7a) w_ | L+1 | sin(za)
I'(z) ﬂ(l_a)[R(z)] > (—a) . (4.28)
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The survival probability behaves for small z in the follow-
ing way:

A (L+1)*—n?

(F,(2))~ 2ml—a)

2 (L +1)%in(7a)

z %, (4.29)

showing the announced divergence of the MFPT for case
(c) of strong disorder. It will be shown in Appendix C
that the law (F,(z))~z "% is an exact result. The
coefficient in (4.29) is not the exact one, but the numerical
results of Appendix C and Ref. 8 show that it is an accu-
rate approximation, especially for small a.

We remark that the law z ~ % is a consequence of having
used the I'(z) solution of (4.17)—(4.19). As was previously
pointed out, this result cannot be obtained from the ad-
joint equation of the GME for the probability (P, ())
given by the EMA, which predicts the incorrect result
(F(z)) ~z /27,

The last example we want to work out is that of
diffusion in presence of randomly distributed absorbing
sites. The probability distribution for the rates w, is
given in (1.5), so that sites can be normal with probability
p or perfect traps with probability 1—p. Substituting
(1.5) into (4.19) we obtain

w R (z)+wy(1—p)
PPo___r P (4.30)

wy+R(2) [wo+R(2)]R (2)

so that
p P

rz)~—~R(z)~———5—7— 431
=) l=p (=) FoolT'(2),2] ( )
for small zz We have used (4.18) and (B9). Equations

(4.31) and (B9) give for z—0 and p7#1
I'z)~Cz . (4.32)

The coefficient C is a function of p and L satisfying a
complicated implicit equation. It can be solved in some
limits; for example, for L — o,
lim c=22=2)
L—o 41—p)?
The survival probability is obtained from the replace-
ment u—I(z) in (2.17). The result predicts a behavior
(F(z))~z~", which could also be obtained simply by
noting that there is a finite probability for the walker to
become trapped in any finite interval. The coefficient of
the law z ~ ! is the probability ¢ of no escape from the in-
terval D. The FEMA predicts

(4.33)

= lim z{F,(z)) =1— b ST, )" (4.34a)
im z z R 34a
q 240 n (xl)L+] (XZ)L+1
with
{ . ) 172
=1+—*|— —— 4.34
x,,=1 Ye °C 2 (4.34b)

In Appendix C we show that the behavior z ™! is correct,

but the coefficient is not the exact one. Exact results for
q were obtained in Ref. 8 for L=1, 2, and 3 by directly
solving the (2L +1)X (2L +1) matrix problem (2.7) and
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then averaging by exact enumeration of all the

configurations.

V. CONCLUSIONS

The question addressed here has been the study of the
random walk in a disordered chain by first-passage time
techniques, characterizing anomalous diffusion and the
degree of disorder by the long-time behavior of a survival
probability. Disorder was represented by random vari-
ables appearing in the master-equation matrix H. This
matrix was split into a disordered and an ordered part. A
fairly general method, based in a projection-operator for-
malism, has been presented. It has been applied in detail
to the random-trap model, but our approach is rather
general and similar steps can be followed to study other
models of disorder.

We have been able to derive a general evolution equa-
tion for the survival probability for arbitrary statistics of
the random rates characterizing the disordered medium.
A generalized Dynkin’s equation has also been obtained.
We remark that these are exact results and that the
correct backflow exclusion has been automatically taken
into account by averaging the backwards equation for
each realization of the disorder.

For the case of weak disorder the expression for the
MFPT has been exactly obtained [Eq. (3.29)]. It is
surprisingly simple when compared to the behavior of the
moments of the position of the walker, which are infinite
series in decreasing powers of t!”2. A new approxima-
tion, the FEMA, has been introduced to take into ac-
count nonperturbative effects, of crucial importance in
cases of strong disorder. The long-time behavior of the
survival probability for cases (b) and (c) of strong disorder
has been obtained [Egs. (4.25) and (4.29)]. The following
asymptotlc behavior for the FPTD follows as ¢t — « from
f =1—zF and Tauberian theorems:

2.2
“—Jr%tiz [model (b)]
fult)~ 1 (L+1)2—n? 22" '(1—a)’T(1—a) 5.1)
(L +1) 12 )
[model (¢)]. (5.2)

The long-time tails predict a divergence in the MFPT for
both models of disorder. We can associate the concept of
strong disorder to a divergent MFPT and characterize
the degree of disorder by the long-time behavior in (5.1)
and (5.2). The exponents of ¢ in (5.1) and (5.2) are exact
results. They are independent of the size of the interval
and of the initial condition, so that FPTD and survival
probabilities show universal behavior for different values
of L, n, and small z, if they are adequately normalized, as
was numerically shown in a previous work.® The
coefficient of the power law in (5.1) is also an exact result.
The one in (5.2) is a good approximation. For the case of
diffusion in presence of traps, the correct exponent z -l
giving the small-z divergence in (F(z)) has been ob-
tained, and the FEMA gives approximate expressions for
its coefficient, which is a residence probability.
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APPENDIX A: FIRST-PASSAGE-TIME
DISTRIBUTION IN A NONDISORDERED CHAIN

We want to obtain the survival probability and the
FPTD to leave the domain D =[—L,L] for a RW in an
homogeneous chain. Equation (2.14) can be written in
Laplace representation as
(EY+E~—2)F,(2). (A1)

n

2F (z2)—1=p

We must solve this equation with the artificial boundary
conditions

F_, (2)=F, . (2)=0. (A2)
Equation (A1) can be written as

[(ET)?—Q2+rE " +1]4,=—1, (A3)
where r =z /u and the vector 4 is defined by

A, =uF,(2) . (A4)

Equation (A3) is a second-order linear inhomogeneous
difference equation which can be solved by adding a par-
ticular solution to the general solution of the correspond-
ing homogeneous equation. The general solution of the

homogeneous part is
Al=c (x)"+c,(x,)" (AS5)

¢, and c, are arbltrary constants and x, , are the roots of
the equation x>—(2+r)x +1=0, given by

172
¥ r
xl’z(z)_1+2_ r 1+4 (A6)
A particular solution is the constant
=1/r. (A7)

Then, using (A4) and the solutions 4" and 4?, we obtain

1

ﬁ,,(z)=;+cl(x1)"+1+c2(x2)"“. (A8)

¢, and ¢, are obtained by imposing the boundary condi-

tions (A2):
(xl)L+1 1_(x2)2(L+l)

’
z (xl)Z(L+I)_(x2)2(L+1)

C1 X =

(A9)
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)L+1 1_(x1)2(L+])

z (xl)Z(L+1)_(x2)2(L+l)

(X2

CrXy =

Equation (2.17) follows from (A8) and (A9). The FPTD

~

fn(2z) is related to 13,,(2) by fn(z)= 1 —zﬁ,,(z), so that
() +(x,)"

fn(Z):(x,)‘LJr”Jr(xz)(L“’ . (A10)
We see from (A 10) that the normalization condition
fowf,,(t)dt=f,,(z =0)=1, Vn (A11)

is satisfied. From (A10) we can obtain the known results
for the Wiener process: defining a lattice spacing /, a
variable x,=nl, and a domain D=[—X,X] with X=LI,
we can take the continuous limit as L — o, g— o, [ —0,
with A=pl? and X finite. The FPTD to leave the domain
D having started at point x,, is

Florg, )= X0z /8) 7] (A12)
Xg,8)= )
0 cosh[X(z/A)'/?]
where we have used that x,,=1%l/(z/A)"?+ -+ in
(A10) for I —0. It is easy to see that the MFPT is
N X?—x3
T(XO):—azf(xo,Z—»O)Z— (A13)

2A

APPENDIX B: GREEN’S FUNCTION
IN A FINITE DOMAIN

The problem of solving the finite-dimensional matrix
equation (3.7) is reduced to that of solving Eq. (3.10) with
the boundary conditions Eq. (3.11). This is equivalent to
finding the Green’s function for a RW in the finite
domain D =[ —L, L] with absorbing boundary conditions
at the domain ends. It is known'# that the method of the
images is a good technique to solve this problem. It con-
sists in summing to the Green’s function in the absence of
boundaries (G, ), with indices in D, terms of the form
+G?,,, with k being the specular image of n with respect
to the boundary considered. In the case of absorbing
boundaries the image must have a negative sign. Due to
the fact that we are in a closed domain, each boundary
reflects the other boundary. This introduces an infinite
set of images leading to the result in (3.12). From this re-
sult it is easy to see that the initial condition is satisifed:
for any n,m € D we have

Gt = 3 On —m,—akiL+1)
k=—o
Ot m 2L+ 12k +1) =0 m (B1)

because n —m <2L +1. The boundary conditions are
also satisfied, as can be seen from

el
’ J— 0
G_; 1 ,tlth="3 Gl inak—1m

k=—o

= 3 Glinw-nm=0 (B2

k=—c
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and

o
’ — 0
GLim(tlt= 3 G(L+1)4k—1),m

k=—oo

(B3)

We are interested in the expression of the Laplace trans-
form of G,,(t|t'). Laplace transforming Eq. (3.13) we
can write (3.12) as

(A In+4(L +1)k —m|

Gon(2)=B(z) 3

k=—o
_A\n +2(L+1)(2k+1)+m|) , (B4a)
where
i , ,2 1/2
AzZ)=1+—— ~+——7 s
2u o 4u
1
Biz)i==— |2+
2u |u 4u

We will sum each term separately. If n —m >0 and us-
ing that n —m <2(L +1), we can write the first sum as

—1
Am S A-4(L+1)k+An—m§ UL+ DE
k=—o k=0
A4(L+l) 1

+Aﬂ‘m_1:7i_+_l>‘ . (BS)

= m=—n

1__A4(L+1)

The case n —m <0 can be considered in a similar way.
The general expression for the first sum is

0
2 A [n +4(L + 1)k —m]|
k=—c

AMTn 4 —4(L+1)A41L+1)H(n—-m)

A~4(L+1)_1

An~mA4(L+1)H(mfn)

1_A4(L+1) ’ (B6)

where H(n —m) is the Heaviside step function. In the
same way, using n +m <2(L +1), we can write for the
second sum the following general expression:

© A"n—m—Z(L'f-l)
2 A [n +2(L+ 12k + 1)+ m| —

A *4(L+1)_1

k=—o

A" +m+2L+1)

1— 44L+D (B7)

Putting (B6) and (B7) into (B4) we obtain the exact result

(3.14). From this equation we can see that G,,m(z) is a

function that is symmetric in the indices » and m. How-

ever, it does not depend only on the absolute value

|[n —m]|. This can be seen, for example, from a large-L

expansion of (3.14). The first correction to the free
Green’s function G 0 n(2)is

—2(AL* N 2cosh[(n +m)InA] . (B8)
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We now analyze the propagator J, (z)=(E"+E~
—Z)Gnm(z) in the limit z—0. We remark that we will
not perform an expansion in the parameter L, which
gives the size of the system. We will keep the exact

J
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dependence in L given in (3.14) and study the small-z lim-
it. In this way we conserve the correct L dependence in
the limit of long times. Applying (ET+E~—2) to
(3.14), the following expression is found (e= A L):

Jom(2)=B(2)(1—€*4*) 7' (4 H17mly gln=1mml g gln=ml)
—€ A (A n+1+m)+An+1*m+Av(n—l+m)_+_An—1+m_2A n+m)__2An+m)
+etadqIntiomly goinmtmml_g g =inmmlyy (B9)
[
After a straightforward but tedious algebra we obtain (x)p=(x,),
. (xyx3) p={(xx, ) —(x 2{x,) , (C3)
J""'(Z)~_;6"m Cpxox ) p= (xpxgxy ) — (e ) (xpxg )

n [L +1+min(n,m)][L +1—max(n,m)]
2u(L +1)

X=+ - (B10)

T N

for all n, m, L, and small z. From this expression we can
see that the first z-dependent contribution is different
from that which would be obtained by using the usual
free Green’s function. Namely, the first z-dependent term
in JO, (z)=(E"+E~ —2)GY,(2) is of order z'/2. This
difference is an example of the effects coming from the
new ingredients needed in the study of FPT statistics in
random media, absent in the study of the position of the
walker in disordered media.

APPENDIX C: ANALYSIS OF THE CORRECTIONS
TO THE FINITE-EFFECTIVE-MEDIUM
APPROXIMATION

In this appendix we study the exact equation (4.11) in
order to establish whenever the FEMA gives the exact re-
sult for the small-z behavior of (ﬁ )). To this end we
need some properties'>®"!% of Terwiel’s cumulants ap-
pearing in (4.11). The first one, easily obtained from its
definition

(x1x5 " %, )7 =Px (1 =P)x,(1=P) - - - (1-P)x,, ,
(C1)
is the expansion of Terwiel’s cumulants in moments:
'X,,)T
n—1 X
:2(_1)1 2 <x1"'x,1>
i=0

12, <...<l <n

(x,x, -

X(x,l+1'--x,2>---
X(xp 1 x) . ()

Explicit examples of this formula are

—(xxy 2 {x ) H{x 2 (x 2 {x5) .

Note that the order of the x’s on the right-hand side of
(C2) must be the same as in Terwiel’s cumulant. The
same result (C2) is obtained when the x’s are random
variables as when they are random operators.

Another important property of Terwiel’s cumulant
{x1x, - x, ) is that, if it is possible to split it into two
sets {x, - -x;} and {x, ., - x,] without altering the
order of the x’s in such a way that the variables in one of
the sets are statistically independent of those in the other
set, the cumulant vanishes.

Equation (C2) can be applied to the cumulants
(\I’n\l’,,l . \I/,,p )7 appearing in (4.11). Then an expres-
sion in terms of the moments (\l’,l . \P,A) is obtained.
These moments can be further manipulated to obtain an
expression in terms of averages of random variables, in-

volving no random operators. This can be done by using
that [Eq. (4.10)]

vV, =M, (1-N,PMN,) , (C4)
where
M, = 2] . mZ=w,—T(z),  (C5)
1—n(2)d,,[T(z),z]
and
No= & an[T(2),2] c6)

"o+, ) £, [T(2),2]

The algebraical steps needed to evaluate
(W, W, )= P (1 =N PM )M (1 —N,PM)
X.J'tl,,(l—./\/,,(./l/l,,)) (C7)

are very similar to those needed to obtain (C2) from (C1).
The final result is



(./’/lln/’/l,z .

X./V,l<./l/l,l./1/l,1+1 v

As an example of Eq. (C8) we can see that
(W, W,) = Mty ) — (N (i )
- <-/M»1-/n2 >.N2<./M,2>

F{MDN (MM N (M) (C9
A convenient expression for M, in (C5) is
M =[Nz +R, |12 (C10)
w,+R,

where we have used 7,,(z)=

R,=—T(z2)—1/d,, .

w, —I'(z) and the definition
(C11)

The small-z behavior of R, for cases (a), (b), and (c) of

disorder [for which z /T'(z)—0] is
J
A,m . (p,Z)E <\Pn\p"] \lj >T§nn1 nyn, T 4}1
b (v,), p=0.

Because the sums in (C13) are all finite, taking the indices
values in D, the small-z results for (F )) obtained in
the FEMA will be the exact ones whenever I'(z) is more
important than 4, ... np(p,z) for all p and small z. Other-

wise, the FEMA would need corrections from
A4, ..,,,p(p,z) in order to give the exact small-z behavior
of (F,(2)).

Let us begin analyzing the order in z of (C14) for weak
disorder and p70. In this case, by (4.21), I'(z) is of order

0, so that, using (C10) and (C12) and the fact that all the
moments of the form ((1/w;)V) are finite, (.1 ;(2)") is
of order z° for all N. From (C6) it can also be seen that
N;(z2)~0(z°). Combining this result with (C2) and (C8)

j
we see that (‘I/,,\Il,,1 W, ) is of order z°. We note
P

that only the nondiagonal parts of the &'s enter 1n (C13),
so that according to (B10), &,,,(z2)~0[z/T'(z)*]~0(z)
and from (C14), 4 np(p,z)~0 z"). The smaller value
of p7-0 entering in (C13) is p=2 because the cumulant in
(C13) for p=1 consists of two independent random
operators, so it vanishes. Then the most important con-
tribution from 4, ..., (p,z) for p70 is of the order z2

For the case p=0, we can see that
B,— (B, ) n?

+0(z%) .
(8,)? 2AL+D° 0z9

(P, )~ (C15)

Remember that By =(1/w*). Then the contributions

'./l’l,})
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'd%[z )./V,2<./l/l,2 ttt > ° '.N[‘<./M,[l i ./l/ln) . (CS)
(L+1)*—n?
~= 7 R — + - 12
R, (z) 2L+ D) z+ =8,z (C12)

Up to this order, R, (z) is " independent.

After these preliminaries we are in the disposition of
analyzing the corrections to the FEMA from Eq. (4.11),
which can be written as

z(F,(2)) —1=T(2)H(F (2))
+ 3 3 A, p2H(E, (),
p=0 nl'«fn, r p
ny#n,,
np¢np7]
(C13)
where we have defined
, p=0
, 0 P (C14)

from the sum in (C13) are negligibly small when com-
pared with I'(z) for small z. This demonstrates that the
FEMA gives the exact result for the small-z behavior of
(F,(2)) in the weak disorder case.

The first correction to the FEMA term I'(z)#(F,(z))

n (C13) is of order z and can be obtained from (C15).
The next correction, of order z2, comes from the next
term in the expansion of (¥, ) and from the p=2 term:

rm nz(p 2 z) 7J<F )
ny#n
ny7#n,

2 <\Pn\ynl\ynz>Tdinnl&nlnzj{(ﬁn(z)>
n7n
nz#nl

= Z <wn\pnl\l’n>TO’(nnl&nln‘7{(ﬁ‘n(Z)> .

nl?n

(C16)

In writing the last equality we have used the fact that, un-
less n, =n, the cumulant vanishes because it can be split
into independent pieces. The equation for (F )) be-
comes more complicated when successive higher-order
terms are added. Equations (C15) and (C16) introduce
explicit #» dependence in the coefficients of this equation,
and higher-order terms break down its nearest-neighbor
structure. Nevertheless, standard approximation
schemes'! can be used in these cases, so that Eq. (C13)
provides a systematic method to calculate (F,(z)) order
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by order in z.

We analyze now (C14) for model (b) of disorder, for
which T'(z)~ |lnz| 7. The integrals defining the moments
of M, behave for small z as

_ N
(M, (2/) ~T(2) fo‘dww—-[[“’ﬂf‘(”)]w
w+R,(z

(—DND(2)2Y
(N —1)R, (z)¥ !
N

(z)?
z

z
(N—1)gN!

if N>2. g, was defined in (C12). If N=1, the average
reads

(C17)

(M, (2)) ~T(z)2In 2

(C18)
8o
In any case, we have
N
2
(M, (z2)V)~0]|z % ] N=123,.... (Cl19)
Then, for averages of the form (./l/lno./l/l,n] ceeu, ) in
P
which I of the indices {ng,n,,...,n,} are different,
{iy,i3,...,1;}, being the i; repeated m, times

(Ejlemj=p+l), we find

(M, M, e M, Y=Yy - ()
0 1 3 1 2 I
) +1
~olz! fiziL ] (C20)

Here we have used the fact that the {J, | are indepen-

J
dent random variables for different n,. In the expansion
of (\I/,,O\l/,,1 st \l’np) in moments of M ; [Eq. (CB)], we see

that the dominant term for z—0 is precisely (C20). This
is so because (a) all other terms are split at least once
more [this introduces a factor O(z)], (b) at least one re-
petition of some /! is added somewhere [this introduces a
factor O(I'’z72)], and (c) a factor N [~O(T' " 1)] ap-
pears with each split in (C8). These three circumstances
introduce at least a factor O(zI[z ' H)~0(I')
~0(|Inz| 7!) with respect to (C20), showing that (C20) is
the most important term in (\IJ”O\I’n1 e \P,,p> for z—0.

Using these results, we see that in the expansion of
(\I/,,O\Il,,1 e ‘I’np)T in moments of ¥, [Eq. (C2)], the
term with / +1 moments is of order (I'’’z ~')? "1z, where
X=3i_oI;. {I;} are the numbers of different su-
bindexes of JM present in the moments. Since
> —ol > I, the dominant term for small z is that con-
taining only one  moment, (\Pno\ll,,l e ‘l’,,p)

~0((IMz 1Y *1z7), Combining this result with the fact
that the contribution in (C14) coming from the &’s is of
order (zI"72)2, it follows that the dominant contribution
to the sum in (C13) comes from the A, ..., containing
the minimum number 7 of different random operators ¥,
that is, I=1:
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max] A,,“.,,p(p,z)]~0((zl“‘2)”(l“zz“‘)"Hzl),:l

~0(TH)~0(|Inz| 72 . (C21)

This contribution, which is simply (¥, )1, is less impor-
tant for small z than I'(z), so that the FEMA also gives
for this case the exact result for (F,(z—0)).

In general, the order of 4, ... ,,P(p,z) is T2/ in-

dependent of p, so that in order to obtain systematic
corrections to the FEMA, an infinity of terms with
different values of p >0 must be summed up. A calcula-
tion of this kind was done in Ref. 13 to calculate the
frequency-dependent diffusion coefficient beyond the
EMA.

Next, we analyze (C14) for model (c) of disorder
[T(z)~z“]. In this case care must be taken in evaluating
the small-z singularity in the moments of M,. We find,
for N =2,

l1—a [w—T=)]"
w® [w+R,(2)]¥

Ny N[!
(M, (2)¥)=[T(2)+R,(2)] fodw

~ __.I“_(_z)‘z VR )1 —a)
R,(2) §
XB(1—a,N +a—1) (C22)
and, for N=1,
(M, (2))~T)[1=(1—a)T(2)R,(z2) “B(l—a,a)] .
(C23)

B(x,y) is the beta function. Using (C12) we find, for all
the values of N,

(M, (2)¥)~0(z' ()2 "1V, (C24)
so that
(M, M, M, Y~ M2y - )
0 1 p 1 2 1
2 +1
~0 |10 F—(zz’- l (C25)

It turns out that all the terms in the expansion of
(W, ¥, --- ¥, ) in moments of M; are of the same or-
P
der in z as (C25). In the expansion of (¥, ¥, - - v, ) r
in moments of W, the dominant term is again
(‘I/,,O\I’,ll -+ W, ), so that the cumulant is also of the or-
der of (C25). Using this result in (C14), the leading
A, ..., (p,z) is again that one containing the cumulant
14
with I=1, (¥, ) :

max[ 4, .. ,,p(p,z)]~0(<zr“2)f’(r2z*‘)P“z’“““),:l

~O0(T) . (C26)

We have used the fact that I'(z)~O(z“). Then the
FEMA needs a correction which, although does not
change the predicted divergence law (F,(z)) ~z %, does
change its coefficient.

To estimate the importance of this correction we write
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the equation which contains the whole dominant z depen-
dence:

2(F,(2)) —1=T(2)H(F,(2)) +(¥,(2)) ;FH(F,(2))

(L +1)2—n?

17 HF,(2)) . (C27)

~T'(z)

This last expression has been obtained by calculating
(¥,)r=(¥,) from (C4)-(C6), (C12), and (C23). We see
that the correction to the FEMA becomes negligible for
small a. We can test the accuracy of the FEMA by con-
sidering small values of L, so that (C27) could be exactly
solved as a (2L +1)X (2L +1) matrix equation. For ex-
ample, for the case L=1, the exact solution of (C27)
shows that the FEMA result (4.29) underestimates the ex-
act coefficient of z~ % in an amount which, for the worst
case a~1, is less than the 19%.
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Finally, we analyze the case of diffusion in the presence
of randomly placed traps. The average (./,(z)") can be
readily evaluated by using the binary distribution (1.5).
The result is of order zV. All the terms in the expansion
of (¥, ¥, -+ ¥, )r in moments of ¥, and in the ex-

P
pansion of (\I/,,O\P,ll +++W¥,_ ) in moments of M, are of
P
the same order in 2z so that (¥, ¥, -~ ¥, ),
0 1
~O0(zP™"). Finally, using the fact that I'(z)~ 0 (z),

An_.,,,p(p,z)~0(zp+l[zr(z)‘2]ﬂ)~0(z). (C28)
Then there are corrections to the FEMA term I'(z)
which need to be taken into account. The exponent in
the FEMA result (F,(z))~0(z ") is the exact one, as
can be seen from the fact that there is a finite probability
for the walker to remain trapped in any finite interval,
but the coefficient will not be the exact one.
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