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Abstract. Asymptotic scaling behavior, characteristic of the inertial range, is
obtained for a fractal stochastic system proposed as a model for turbulent transport.

1. Introduction

The determination of the statistical behavior of a fluid from the statistical properties
of a random velocity field is important in the study of tracer flow in heterogeneous
porous media, ground water ecology, and fully developed turbulence. In earlier
work [4, 9], the asymptotic scaling exponents were obtained for the motion of a
fluid determined by a convection-diffusion equation

T+ V(X,0) VT =pAT, T(0,X) = Ty(X), (1.1)

with u = 0. Here T is a physical quantity, ¥ is a random velocity field, and u is the
molecular diffusion coefficient. The purpose of this paper is to relate these exponents
to the similar but in some cases distinct exponents of [ 1], obtained for the equation

T, +v(x, )T, = pAT, T(0,x,y) = To(x, ). (1.2)

Our results are either independent of cutoffs, (i.e. infrared finite) and thus are
properties of the self similar, or inertial, regime, or else the cutoff cannot be removed,
because the inertial range scaling behavior is infrared divergent. In the infrared
divergent case, the cutoff dependence of the scaling exponents is exhibited explicitly.
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The scaling exponents depend on an arbitrary parameter which characterizes the
rate of cutoff removal as the scaling limit is taken. As this parameter is taken to
infinity, one obtains rapid removal of the long distance cutoff, i.e. inertial range
scaling. In the infrared divergent case, the scaling exponent tends to infinity as well.
We conclude that in the infrared divergent case, the inertial range scaling behavior
is infinite, and any scaling relation with finite exponents has an intrinsic dependence
on the cutoffs which introduce a new parameter into the asymptotic behavior. For
a unique value of this parameter, we recover the results of [1]. The purpose of [1]
is to study the coupling between the energy containing region and the inertial region.
In [1] scaling limits occur on the same length scale as the (long distance, or small
momentum) cutoff. In keeping with our inertial range scaling point of view, we do
not scale the initial data while taking the asymptotic limit. Thus our scaling laws
apply to all solutions of (1.2), and not just to asymptotically low wave number ones.
Additional references for the study of (1.1) can be traced from [2, 3, 5, 6]. The relation
of our work to the fractal analysis of ground water data [8] will be presented
separately. For tracer flow in porous media, T is the saturation value and v is
determined by the random permeability field. We assume u # 0 and that the velocity
field v(x,t) in (1.2) is a translation invariant Gaussian random field with a mean
value of zero.

In the infrared divergent case, we find it convenient to include a time dependence
in the infrared cutoff. This convention is not required for the existence of the scaling
limits and does not affect the exponents themselves, but is utilized to achieve
consistency between the asymptotic scaling exponents and the scaling behavior of
the asymptotic equations. The time scale in the infrared cutoff appears in a dimen-
sionless form t/t.. Here t, is a characteristic time scale, for simplicity set to one.

II. Asymptotic Scaling Exponents

We define the asymptotic scaling exponents of a function F(x, y,t). Let f and g be
functions which are monotonically increasing in the asymptotic regime, and let
¢ = x/f(t) and ¥ = y/g(t). Suppose that in the limit, x, y, t — 0o, with ¢ and  fixed,
F(x, y, t) approaches an asymptotic form F*(¢, ) #0. We then call f(t) and g(t) the
scaling of x and y in this asymptotic regime. We introduce scaled variables
x' =ox,y =0y and t' = p*t. Then the limit x, y,t— oo is equivalent to the limit
6,9, p—0 (with x', y’ and ¢’ fixed). We consider ¢ and  to be functions of p. The
asymptotic scaling behavior of x and y is determined from
1.. dlna(p) 1 dln d(p)
lim

. d 7 =-lim : 2.1
e R T A Y= R TP @1)

In the asymptotic regime x and y scale as ¢’ and ¢* respectively. When the scaling
exponent equals 1/2, the diffusion is normal. Any other value corresponds to

anomalous diffusion.
Since (1.2) is linear and v is independent of y, the solution of (1.2) can be expressed

as

T(t,x,y) = %jﬁ e, x, 1, &) Toln, Odnde, 22)
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where T, is the Fourier transform of T, and p is determined by

po+i&v(x,00p = — p&’p + upss PO, X, 1,8) = ™. 23)
The solution of (2.3) is given by the Feynmann-Kac formula [7]

pit, x, 1, &) = exp (ixn — uézt)E{ exp [in/2up(t) + i j)v(x +/2up(s),t — s)ds] }
(2.4)

where E{-} denotes the integral over Weiner measure, and f(¢) is a Brownian path
at time t, normalized so that f(0)=0. Here T(t,X) is the solution of (1.1) for a
particular realization of the random velocity v. Let { T(¢, X)) denote the ensemble
average of T(t, X) over all possible realization of v. An exact expression for ( T') can
be constructed from (2.2) and (2.4) [ 1], which we express in terms of scaled variables,

t,x,y,n =n/o and & = &/,
(T(t,x,y)>dxdy = < T(t—z, i,£>>o‘ 157 Ydx'dy = T(t—, i,z>dx'dy’,
p*a é p* o o

where

[t xy t xy e, 1 ) . 52 ~
T(F’;’S>=<T<;’;’5)>a 15 1=£”exp<1xn+zyé—y?§2t Ty(on, 6¢)

2 52,211
-E{exp [ﬂnﬁnﬁ(l) - 5—5 ij(ﬁm) —B(s)), iz(sl — s:))
p 2 p* oo p p

1 -
’dsldsz]}dndf = E” exp [ixn + iyé — p&>N(8, p, 1)1 To(on, 6¢)

o
E{ exp [l;n\/ 2utp(1) — E2 A5, p, t, ﬁ)] }dndf, 2.5)
R = <v(x,t)v(0,0)) is the velocity correlation function, and
8%t 82211 2ut t
N(é’ P> t) = T2 A(é’ P L B) = —4IjR<\/—u(ﬁ(Sl) - B(SZ))9 _z(sl - SZ)>dsld52‘
p 2p* 00 p p

(2.6)

Here we have suppressed all primes on the variables t, x, y,n and £ in (2.5) and (2.6).

We will apply (2.1) to determine the scaling behavior of T.
We do not scale the initial data T, when expressed in the original variables and
when regarded as the L, density of a measure. Thus our initial data is

’ /

To(x, y)dxdy =016 ! To<£, %)dx’dy’
p

or, dropping primes, 6~ 1671 T, <f, §>dxdy. In Fourier space, the initial data is
c

To(n, &) = Tolon', 8¢)
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or, dropping primes To(on, 6¢). This unscaled data, in the scaling limit, converges
to a J-function in X-space and to a constant in Fourier space. Alternately, data
scaled in the original variables can be used as in [1], to produce unscaled data in
the new variables. Except for the scaling of T,, and the allowance of the distinct
scaling behavior for x and y variables, (2.5) and (2.6) coincide with the formula (3.13)
of [1]. N(4, p, t) gives the scaling behavior due to molecular diffusion and A4(d, p, t, B)
gives the scaling behavior due to the velocity correlation. Equations (2.5) and (2.6)
show that ¢ = p, (i.e. x ~ t!/?) while there are two possible scalings for J (i.e. for y)
in the asymptotic regime depending on whether or not A4(, p, t,) dominates in the
limit p — 0. If A(J, p, t, ) dominates, then the scaling behavior of y is determined by
A(d,p,t,) and the diffusion in the y direction is anomalous. Otherwise 6 = p
(y~t'/?) and the diffusion is normal in the y direction. The diffusion in the x
direction is always normal.

Lemma 2.1. Ifunder the scaling 6(p) = p°, the limit lim A(d, p, t, B) exists and is finite
-0

and independent of B, then hmA(6 p,t, B)= At where A is a constant independent of

0,0, and t.

Proof. From (2.6) we have

52 1 2-111
A(é’ P> L ﬂ) = Ftt[—<i2> g(_‘;R(\/_ ﬁ(sl) B 52))’ 2 - 82)>d81d‘92 ]

2\p
2.7)

The expression in [ -] is independent of 6. According to our assumption, it is finite
and independent of § in the limit p — 0. Since ¢ and p appear as the form of t/p? in
A,[-]is also independent of ¢ in the limit p — 0. Let

1 2-t11 /
A= lim_(%) §£R<%E(B(Sl) - ﬁ(sz)),l%(% - 32)>ds1d32a (2.8)

then the asymptotic limit of (2.7) is lim A(J, p, t, f) = At* when § = p°~.
p—0

Theorem 2.2. If under the scaling d(p) = p* with t > 1, | A(S, p, t, B)| is bounded by a
B-independent constant for all B, and the limit lim A(d, p, t, B) exists and is finite and
p—0

independent of B, then the asymptotic form of (2.5) is given by
_ .=t xy B x2 y? ]~
T(t,x,y)=lmT| === | =[4uit' 2] V2exp| ——— ———=— |Tx0,0), (2.9
(t,x.y) = lim (,,z M) 4t * 2] p[ 3 | 100 29)
and the asymptotic effective equation for T is given by
T,=uT,, + 2y, A" 'T,,, (2.10)

where J is defined by (2.8) and vy, = t/2 is the asymptotic exponent of T for the vari-
able y.

Proof. Since 1 <7, we have lim N(6 = p*, p,t) = 0. | A(S, p, t, B)| is bounded from the
p—0

assumption. From Lemma 2.1, A(4, p, t, f) converges pointwise to At® in the limit
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0—0 with the scaling ¢ = p°. Therefore, applying the dominated convergence
theorem, with the scaling 6 = p and é = p*, (2.5) converges to

T(t, xy)ﬁllmT<t X y)

-0 65

= El;z‘fei""+iy§E{e"p [in\/fﬁ[;(l) — Attﬁz]}To(O, 0)dndé

.. .. ~
= ﬂjemnﬂyé exp [-—,utn2 _ Attéz]To(O, 0)dl1d£

2 2

y
du 4/1t'] T,(0,0). (2.11)

By applying the derivative with respect to ¢ to (2.11), we obtain
T, = uT,, + A" 1T, (2.12)

From (2.1), we have y, = 1/2 and y, = t/2. A substitution of T =2y, in (2.11) and
(2.12) leads to (2.9) and (2.10).

We comment that the scalings satisfied by the asymptotic effective equation
(2.12) agree with the scalings (2.1) which defines the asymptotic limits.

— [4/1/1[1+t]_1/2 exp l:_

A) The Stationary Fractal Random Velocity Field

Theorem 2.3. Let

kn
Rx,0)=c | e*|k|'"*dk =2c | cos(kx)k' “°dk for —oo<e<oo, (213)
ki

ki S k| £kn

be the covariance for the fractal stationary random velocity field (cf. [1]), where ¢ and
¢ are constants, and k, and k,, are cut-offs for small and large values of | k| respectively.
Then the scaling exponents are given by

1 11

== and y,=max —,—+§,1 +g(s—2) for —0<e< 0,1l Za.
2 22 4 4
(2.14)

Here o characterizes the rate of infrared removal, k, = kot ~*/*p*.
Remark. When Theorem 2.2 applies, we evaluate 4 in closed form.

Proof. For ¢ <0, we set ¢ = 6 = p. Then the mean field analysis given in [1] for the
normal diffusion regime applies here also, Consider the regime 0 < & < 2, in which

the diffusion in the y direction is anomalous. In (2.5), the factor exp l:i gn, / 2yt/}(1):l
p

is bounded in magnitude and it converges to exp [in./2utf(1)] with the scaling g = p
for fixed . Therefore, exp [i g17\/_2—,&/)’( 1) — £24(8, p,t, B) | will converge under the
p
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scaling ¢ = p and 6 = d(p) if A(J, p,t, ) converges for fixed f under the scaling
0 =06(p). The proof for the convergence and the scaling behavior of the later
expression is given in [1], for & = p®* 2’2, Thus (2.5) converges under the scaling
o =p and 6 = p®*?'2 and from (2.1) we have proved Theorem 2.3 for & < 2. For
¢ < 2, the infrared cut-off k, can be removed while for 0 < ¢, the ultraviolet cut-off
k, can be removed.

We show next that for 2 < ¢, the y-scaling exponent y, depends on the approach
of k; to zero and thus is infrared divergent. Let k, approach zero at a rate p* with
a > 1. We set k, = kot ~%2p® Here we have included the factor t~%2. In the infrared
divergent cases, this factor is necessary to achieve the consistency between the
scalings determined from p,d and ¢ and the scalings determined from ¢, x, and y
variables of the asymptotic effective equation given by (2.12). This factor does not
effect the existence of the scaling limits. By changing to the variable k' = kt*/2p 2,
we have

2t[4+a(e— 2)]/211 0

0 g
A0, p,t, B) = CW” [ cos [\/2utt=*2p*~ 1| B(sy) — B(s)|k'Tk'! ~*dk'ds ds,.
00ko
2.15)

Here we have removed the ultraviolet cutoff.
We consider 2 < ¢ first, With the scaling 6 = p

|A@, p,t, B)| < ctl 2= DV2E 72/ (g — 2),

and A(d, p, t, f) converges pointwise to
11

lim A(3,p, 1, f) = ct* 22 [ ] | cos [/2ul Bls:) — Bls2) KTk [ ~*d'dsyds,

00ko

(4 +ale=2)/2 we have

when oo =1 or to

lim A(6, p, t, f) = ctl4 2= 2V2ke=2 /(s — 2)

p—0

when 1 < « (for fixed f) in the limit p —0. Applying the dominated convergence
theorem, the asymptotic scaling limits of (2.5) exist and the scaling exponents are
given by (2.14). Notice that lim y, = co for 2 < ¢ and when o = 1 the scalings have

the same functional form as for the regime 0 < ¢ < 2.

For o =1 the asymptotic diffusion is non-local. 1 < o the asymptotic diffusion
is local. The asymptotic solution and the asymptotic effective equation are given by
Theorem 2.2, (2.9) and (2.10), with y, =[4 + a(¢ — 2)]/4 and A= cki™*/(e —2) for
2<e¢and 1 <a.

In [1], k, approaches to zero as k; = k6 for 2 < &. This gives the relation o = 2y,
Using (2.14), we have y, = a/2 = 2/(4 — ¢) for 2 < &. Therefore, we have recovered the
result of [1] with this specific choice of a. Such scaling is possible only for ¢ < 4,
since this choice of a is negative when 4 < &.

Now we consider the case ¢ = 2. In this case, (2.15) can be written as

24211
A, p,t,B)= — cap—ig g cil/2utt=*2p* 1| B(sy) — P(s2)|kods ds,.
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2o}

Here ci(x) = — [t~ cos (f)dt is the cosine integral and

|ci(x)] = [C +In(x) — forl sin?(£)dt| < C + 1 + 3(In(x)|,
where C is the Euler constant. When a = 1, we choose the scaling § = p?, then
146,00, P15 A, ) = o] €+ 14 i a3 i B — s s |
and
E{A(t,B)} < th{C +1+ %Iln(2uk§)| + 3E{ iilln (B(s,) — ﬂ(sz))ldsldsz}}.
Since
E{ii [In(B(s{) — B(sz))ldsldsz} < (2.16)

we have E[A(t, f)] < co. For a = 1, with the scaling § = p?, A(S, p,t, f) converges
pointwise to

11
im A(3,p.1,f) = —et?[ il o/ 2uB(s:) = Bs2) ko ds.ds>

Applying the dominated convergence theorem, the scaling limit exists and scaling
exponents satisfy (2.14).
Similarly, for 1 < a, we choose § = p?|Inp|~ /2 for p < p, < 1. Then

|AG. p.t, B)| S At, B) = cﬂ{a— I+ |1npo|"{c +1+ %ln(2uk§t““)

; 3:{illn(ﬁ(sl)—B(Sz))ldsdez}}-

From (2.16), we have E[A(t, f)] < co. With the scaling 6 = p?|In p|~ /2, A(3, p, t, )
converges to ct’(a — 1) pointwise in the limit p—0. Applying the dominated
convergence theorem the scaling limit exists and the scaling exponents are the same
as the o = 1 case. Following the same procedure as in the proof of Theorem 2.2, one
can show that the asymptotic solution and the asymptotic effective equation are
given by (2.9) and (2.10) with y,=1and A=c(x — 1) for e=2 and 1 <a. We have
completed the proof of Theorem 2.3.

B) The Time Dependent Fractal Random Velocity Field
Theorem 2.4. Let
kp
R(x,t) = 2c | cos (kx)e ™ **Mk* ~*dk for —o0 <&< 0,0<z, (2.17)
ki

be the covariance for the time dependent fractal random velocity field (cf. [1]), where
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a,c, ¢ and z are constants. Then the scaling exponents are y, = % and

Ty =1

max{%,%+-§,l+%(e—2)}, for—o<g<0,2<z1<0, (218q)

max{%,l+g—2}, for —o0 <£<2,0<z<2, (2.18b)

— 1
1+oc842+min{5,o;z}, for2<e<o0,0<z<2,1<a (2.18¢)

The parameters k;, k, and a are defined in Theorem 2.3.

Remark. There are five regimes in which y, assumes distinct functional forms, as
shown in Fig. 1 and Table 1. The infrared cut-off can be removed in the regimes
R;, R;;and R;; while the ultraviolet cut-off can be removed in the regimes R;;, R;;;, R;,,
and R,. The scaling of y in the regimes R;, and R, is infrared divergent. Thus y, is
infinite, or it depends on the rate « at which k, approaches zero. The scaling (2.18a)
for 2 < z coincides with the scaling of the stationary random velocity field given by

(2.14).

Proof. Using (2.17), (2.6) becomes

11kp /
A, p,t,p) = cjg COS(%WW(SO - 5(52)“()

ki

0
eXp [_ak —ISI "Sz[]kl edkdsldsZ (2.19)

In the regime R;, we set ¢ = 6 = p. Then the scaling exponents in R; follow the

Fig. 1. Regimes for the asymptotic scaling exponent y, of T in the y direction, with the time
dependent fractal velocity correlation function given by (2.17). There are five regimes in which y,
assumes distinct functional forms as indicated in the_figure. The regime R;, with y,=1/2,
corresponds to normal diffusion, while the diffusion in the other four regimes in anomalous. The
asymptotic scaling exponent of T in the x direction is normal, i.e. y, = 1/2
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mean field analysis of [ 1] in this regime. The result of scaling in the regime R;; follow
from a proof similar to the one given for the stationary random velocity field in the
regime 0 < ¢ < 2. Namely, the proof for the convergence and the scaling behavior
in regime II of [1] can be applied to (2.5) in R;;, under the scalings ¢ = p and
8 = p®* D2 which gives y, = 1/2 and y, = (2 + ¢)/4.

For regime R;;, we set k; = kot~ 1/?p2/% and change to the variable k' = kt'/2p =2/,
Then (2.19) can be expressed as

2t(2z+a—2)/z 11kph

A, p,t,p) = Cm“ I cos [\/2utt ™ 7p =D | B(s,) — P(s,) k']
00ko

-exp(— ak'’?|s; — s,|)k'* ~¢dk'ds,ds,,
where k}, = k,t'/*p~ . Since

52t(2z+e— 2)/z11 k4, L
. - !
|A(5, pt, B) é lim ijj‘ j exp(—ak'zlsl - Szl)k’ tdk dsldSZ
ko—0-kj,— P 00ko
62t(2z+s-2)/zk;, -
= Ilim c¢c————\a 'kt %%
ko= 0skfy—= 00 p(4z+25—4)/z’;‘;
52t2(at)(a—2)/z
. s § R 7 T _ 'z N M
[1—a™*k'"*1 —exp(— ak'?))]dk —kl;TOC——p(4z+2£_4)/z

1/z 2-¢g—2z 1/z 2-¢-z 1 o
‘Ii(a ko) _(ako) L1 (2 3 22’ aké)]
Z

2—e—12z 2—e—z z
52t(22+s—2)/z
= m Ciiile, 2), (2.20)

when ¢<2,z<2, and 2<e¢+z the cut-offs can be removed. Here c;(¢,z) =
(e—2)/z —e—2 )
ca F(Z i Z), I'(-)is the gamma function and I'(p, x) = ft”“e"dt is the
Z z x
incomplete gamma function. The last equality of (2.20) is obtained from the
expansion

xP*n

nl(p +n)

0
I'(px)=T(p)— Y (—1r forp#0,—1,—-2,.... (2.21)
n=0

We emphasize that we have removed the cut-offs before taking the limit p — 0. Since
the infrared cut-off has been removed in the regime R;;, the time dependent lower
cutoff k; = kot ~1/?p?/# is chosen for convenience rather than necessity. With the
scaling & = p@z*e~ 27 | A(S, p,t, B)| is bounded by c;;(e, 2)t*2**~2/= and with the
cutoffs removed, A(d, p, t, B) converges pointwise to c;; (e, z)t?**¢~ 27 in the limit
p — 0. Therefore, from the dominated convergence theorem and Theorem 2.2, under
the scaling o = p and 6 = p?**¢~ 27 the asymptotic expression for (2.5) and the
asymptotic effective equation are given by (2.9) and (2.10) with

-2 =2z (2 g2
=1+ i and A=c;le2)= P r( i Z),
2z z z

when £<2,z<2, and 2<e+z.
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For the regimes, R;, and R,, the proofs are similar to the proof for the stationary
case in the regime 2 <& Namely we set k; = kot ~%2p* for 1 <o, and change to
the variable k' = kt*?p~* Then (2.19) becomes

zt[4+a(s—2)]/2 1100

A, p,t,p) = C—ng fCOS (v 2utt =2~ B(sy) — Bs,y) k']
ko

,exp[_ak/zpaz—2t(2—az)/2|s _ sll]kll —sdk'dsldsz.

We have

624 tae=2)l/211 o

|A(S, p,t,B)| S c [ exp[—ak'?p*=~2tC 2|5 — §'| 1k’ ~¢dK'ds, ds,

p4+a(e—2) °

Oko
52t[4+a(e—2)]/2 © .
=C—4m“q—l sk/l—e—-z[l _q—lk/—z(l __e—-qk )]dkl
ptr Ko
=6’521,[4+az(e—2)]/2 s—2)jz _(ql/zko)z—s—z (ql/sz)Z—a—Zz
ptra=2) 2—g—z 2—¢g—2z
1 _(2—¢e—-2
+; <’8;-—~z,qké>] for2<e and0<z, (2.22)

where g = at?*?2p**~2 In the limit p -0, there are three possible limits for
q:9—0,9g—a or g— oo depending on the value of a. We examine the scaling
behavior of (2.22) for each of these possibilities.
When 2/z < a, lim g = 0. Then from (2.21), (2.22) becomes
p—0
Zt[4+a(5- 2)})/2 k2 -t

[A(6,p,t,B)| < ¢ : > 2[1 + 0(g)]. (223)

p4 +a(e—2)

Therefore, under the scaling § = p“~22+/2 | 4(§, p, t, B)| is bounded and A(S, p, t, B)
converges pointwise to
2-¢

. k
lim A(S, p, t, f) = c —2—— 4+~ 212 when max { 1, z} <a, (2.24)
p=0 2¢—4 z

or to

1100
lim A(3, p, 1, f) = et 22 [ | cos [/2ul f(s1) — Bls) K Tk ~*dk'ds, ds;,
pt

00ko
wheno=1,z> 2.

Therefore, applying the dominated convergence theorem, (2.5) converges under the
scaling ¢ = p and § = p!* "2~ V2 which gives y, = 1/2 and y, = [4 + a(e — 2)]/4 for
2/z < . Similarly, when « = 2/z,q = a. Under the scaling § = p**¢~2/= 4(6, p, t, )
is bounded and converges pointwise to

_(al/sz)Z—e—z (aI/zko)Z—s—Zz

2—¢e—1z 2—e—2z

lim A(S, p, t, B) = ct*(at)~ 2)/2[
p—0

1 [2—e—2
+ _,-(#, akf)>:| when z <2 (2.25)
z z
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or to

1100
lim A(3, p, t, ) = ct®* 22 [[ [ cos [\/2ul Bls,) — B(s;) |k Je™ k' ~*dk'ds, ds,
p—0 00k

’ when z =2.

Therefore, (2.5) converges under the scaling o = p and 6 = p?2*¢~2/% and y, = 12
and y, =[2z + ¢ — 2]/2z for a = 2/z.
Now let o < 2/z, (this is possible only in R, since 1 < a), lim g = co. From the

. p—0
€xpansion

P Irl—p+m) _ _ :'
r — yP—1,-x = T M0 M
(p,x)=x""1e [mgo( TR
forx>oo,M=1,2,...,
(2.22) becomes

2 [2+a(e+z—2))/2 a—lkZ—a—z
0
GBS o

Therefore, under the scaling &= p'2*2¢*2-2V2| (5, p,t, )| is bounded and
A(9, p, t, B) converges pointwise to

[1+0(@g Y] (2.26)

2-¢—z
lim A(S, p, t, B) = ca“lﬁ*t["’“’“z‘z’””2 when 1 <a<2/z. (227)
p=0 e+z—-2

Applying the dominated convergence theorem, the limit p — 0 of (2.5) exists for the
scaling ¢ = p and & = p!2**¢+2~ 22 The scaling exponents are given by y, = 1/2
andy,=[2+ae+z—2)]/4for 1 <a<2/z

In the regime R,,, the diffusion is non-local when « =1 while the diffusion is
local for 1 < a. The diffusion in R, is local. From Theorem 2.2 with (2.8), (2.24), (2.25)
and (2.27), we have (2.9) and (2.10) for the asymptotic solution and the asymptotic
effective equation for R, and R, with 1 = ck?~¢/(2¢ — 4), when max {1,2/z} < «; and
A=cakl *7*/(e + z— 2), when 1 <« < 2/z; and

z —&—2)/z 1/z 2-¢g—2z2)/z
PRp— (al/ ko)(l )/ —(a /ko)( 2z)/ +1F<2—6_22,01/zk0>]
z+e—2 2z4+e—2 z z

2
when 1 <o =-.
z

We have completed the proof of Theorem 2.4. If we set o = 1 (x = 2/z) in R;,(R,),
then y, takes the same functional form as in R;; (R;;).

The scalings of the local asymptotic effective equation derived here agree with
scaling given by (2.18a)—(2.18c). In the limit & — 00,7, — co also, which defines the
inertial range (cut-off independent limit) scaling for regimes R;, and R,.

By setting k, =-k,9, in regimes R;, and R,, we recover the scaling behavior in
regime III and the portion of II with 2 <¢ of [1]. Setting « =2y, in (2.18a) and
(2.18c), we have y,=0a/2 =2/(4 —¢). This scaling is only valid in the regime
4 —2z < e <4 due to the condition 0 <« and 2/z < o. Similarly, setting « = 2y, in
(2.18c), we have y, = a/2 = 1/(4 — & — z), which is only valid in the regime ¢ <4 — 2z
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due to the condition a < 2/z. The boundary between regimes II and III of [1] for
2 <¢ is determined by o =2/z, ie. e =4 —2z. Our scaling in the portion with
& <4 — 2z of the regime R;; does not agree with the scaling of the portion with ¢ < 2
of the regime II of [1]. This discrepancy is due to the fact that in order to obtain
inertial range scaling, we have removed the infrared cut-off in that regime. For the
infrared divergent case, we obtain the inertial range scaling y, =1/2 and y, = oo,
and a one parameter family of finite noninertial range scalings, one of which agrees
with [1].
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