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Abstract. - We study the crossover from self-similar scaling behavior to asymptotically
self-affine (anisotropic) structures. As an example, we consider bond percolation with one
preferred direction. Our theory is based on a field-theoretical representation, and takes
advantage of a renormalization group approach designed for crossover phenomena. We calculate
effective exponents for the connectivity describing the entire crossover region from isotropic to
directed percolation, and predict at which scale of the anisotropy the crossover should occur. We
emphasize the broad range of applicability of our method.

Scale-invariance appears in a great variety of physical problems and processes [1]. The
simplest scaling laws are isotropic, and thus describe self-similar structures; on the other
hand, in growth models frequently self-affire clusters emerge, which we consider as defined
by anisotropic scaling. The important point now is that whether a structure appears
self-similar or self-affine is always a matter of scale, i.e.: a structure, which on a large length
scale is characterized by anisotropic-scaling laws, may be indistinguishable from a
self-similar entity on sufficiently small scales.

Perhaps the most simple growth models incorporating these features are provided by
percolation [2]. In ordinary, isotropic percolation sites or bonds are filled at random with
equal probability p, and the emerging clusters are self-similar. However, in directed
percolation [3], there is one distinet preferred direction (which we shall call the ¢-direction)
with a bias along the positive ¢-direction, and anisotropic-scaling laws apply. If the effective
anisotropy parameter g is low, one expects almost isotropic-scaling behavior in a large region
of parameter space, and only if the percolation threshold p, is approached the asymptotic
self-affine wil become apparent, if one views the system at very large length scales.

Our aim is to provide a quantitative description of the crossover from isotropic to directed
percolation, and to calculate the characteristic anisotropy scale, at which the scaling behavior
turns over from self-similarity to self-affinity. For these issues, the central quantity of
interest is the pair correlation function G(r,, r;), which measures the probability that sites
r, = (X, t) and r; = (xy, t;) belong to the same cluster. Lines of constant G describe the
average shape of the percolating structure. Following the work of Cardy et al. [4,5], we
apply their mapping of the statistical percolation problem onto a field-theoretical
representation. The final result for G° (the superseript «0» denotes unrenormalized
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quantities) is a sum G%(ry; ry) = E_ 1[(—i)"””“z/m! nlGY, (ry; 1), where
Gln(ra; r) = P [ Do, Folgo(ra)Eo(ry)* expl = 7 [0, Zoll. (D

P is an operator projecting out those contributions which violate «causality», and the
probability measure explicitly reads [4,5]

Co 2

with 79 « p — p.. The anisotropy of the underlying percolation problem is reflected in the
parameter ¢,. For g, = 0, the problem is symmetric with respect to inversion of the lattice
r— —r, which corresponds to isotropic bond percolation [5]. For any non-zero g, the
inversion symmetry is broken in the ¢-direction. A scaling analysis shows that g, grows under
rescaling. For g, — «, with ¢y — % such that g, /¢, remains finite, one arrives at reggeon
field theory describing directed bond percolation[4]. On the basis of egs. (1), (2) the
perturbation expansion [6,7] with respect to the nonlinearity u, may be constructed.

In order to derive the anomalous dimensions leading to non-Gaussian behavior we proceed
to study the ultraviolet divergences at the upper critical dimension d.. In the dimensional
regularization scheme [8] these UV singularities appear as poles x 1/(d — d.). The technical
difficulty here is now that these poles will be different in the two limiting cases g, = 0 and
go— . In addition, via a simple rescaling of the model one finds that the upper crltlcal
dlmensmns for isotropic (I) and directed (D) percolation differ, namely df = 6 and d2 =
respectively. Thus, the «traditional» procedure of investigating the scaling behavior near one
of the fixed points in the framework of a (d, — d) expansion, and then describing the
crossover by calculating the accompanying scaling function, is bound to fail.

However, a certain extension of Amit and Goldschmidt’s «generalized minimal
subtraction» procedure [9] has proven to be most successful in a variety of interesting
crossover scenarios [10-12]. Indeed, by refraining from any (d. — d) expansion, we have
demonstrated that the crossover between fixed points of different upper critical dimension
can be consistently incorporated into the formalism [13]. The essential point is that one has to
assure that the renormalization constants take account of the UV poles for any value of the
anisotropy parameter g,, including the limit g, — . Thus the Z-factors become functions of
both the anharmonic coupling and the additional mass g,. By keeping the full dimension
dependence of the corresponding residua, a smooth interpolation between the different
scaling regimes is achieved (for details we refer to our forthcoming paper [13]). The prize that
we have to pay is that i) there is no a priori small expansion parameter, and ii) the flow
equations require a numerical solution.

Thus we define renormalized fields ¢ = Z}/2¢, and = Z} /2¢0, and dimensionless renor-
malized parameters r=Z.1Z,(r, - TOC)M 2 2= Z¢Z ot, g=2;Z° V2Z gou ™1,
and u = Z; %2 Z, ug By u'" 62 where u is an arbitrary momentum scale, By = I(4 — d/2)/
/(4m)%? is 'a geometric factor and o denotes the fluctuation-induced shift of the percolation
threshold,

. 1 2 -
= Jdejdt{¢o[To_V2_ ?32_4_ ﬂat $ot —[95%950‘%%] ) (2)
0

2/(6—d)

ué co By d
=) —2"% 7 . 3
Toe [( 1= 4%6 — d) 5090/ V7o0) (3)

1
Here we defined 12, (g) = me/z‘l(l + 2g?) @ """/ g, with the limits I2,(0) = 2/m, and

0
hm [g™IL, (9] =T(m/2)T((n —d)/2)/T((m +n —d)/2).
The renormalization group (RG) equation explicitly takes advantage of the scale
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invariance of the system near the percolation threshold. More precisely, we observe that the
bare pair correlation functions do not depend on the arbitrary renormalization scale u. By
introducing Wilson’s flow functions (we list the explicit one-loop results here; the symbol |,
indicates that the all the derivatives are to be taken at fixed bare parameters)

Id
:ﬁ#i 1nZ¢=3[1— :’;5(9)],
O 10 8 I (g) "
Id
PR:IN (WO SRV RN ()
Qu lo 7o = Toe 8 8 Ifi(g)
2d-8)[ I& g
Cc=(~"§_ nt=- g~ ( )[2 3d7(9) _ Zs(g)], 5)
G lo 16 (g 1%
Id
Cg=[u'i 1n£=—1-:¢+:c+2 1 - 35(9) , (6)
u 1o 4o 4 It (9)
— Id
Cu=yi 1nﬁ=d 6 13_7)_'_?_71 35(9), -
ulo w2 16 16 Ifi(g)

one arrives at the following RG equation for the renormalized two-point vertex function

[}U-_ + z Caa’i +Z¢}F11(M,T, c, g’ U,q,w)=0- (8)
a[U. a={rc g, u} da
The RG equation (8) is solved by introducing the characteristics a(l), which define the
running parameters and couplings. They are given by the solutions of !da(l)/dl = £ ,(I) a(l),
with a(1l) =a. Defining the dimensionless vertex function I';; according to
Ty, ryey 9, %, q, w) = w2 (1, v, /1, go/cu, w?/c?u?), the solution of eq. (8) reads

- g 9w w?
) y . 9
Fll (T(Z)y v(l)a [U,l C(Z)‘U,l c(l)2#2l2 ( )

Here we have introduced an effective anharmonic coupling v = u?clI (g), which is finite in
both limits, g — 0 and g — «. The flow of the running coupling ! dv(l)/dl = 3,(1) is given by
the corresponding g-function 8, = w9v/3u|,. The flow parameter I may be considered as
describing the effect of a scaling transformation upon the system. The theory becomes
scale-invariant near a fixed point v*, defined as a zero of the g-function, and will yield the
correct asymptotic behavior, if it is infrared-stable.

We now turn to study eq. (9) in the vicinity of such a fixed point v*; introducing ¢} =
= (v =v%*) we find that I'j; is a generalized homogeneous function

l
Fll(tu" ¢ g,u,q, (.U) =,U~2Z23Xp|: J’C¢(l’)dl’/l’
1

2 2 .2
q  g/ewe  offctu ) (10)

272+ 7 g%
Fu(#,T,C,g,%q,w)“/i { "Fll("'lr’v ,[J.l, Z1+r:_:;; l2(1+::)

Using an appropriate matching condition, we can now map the asymptotic theory with manifest
infrared divergences, onto a region in parameter space where the anharmonic coupling is finite.
E.g., with the choice I = g/u, we arrive at the following self-affine scaling form: '

w1 9lcpo ey’
T (g/uy (q/wBaY

FH(M,T, ¢ g,u,q, w)uqz_nlfll( )7 (11)

o
(g/w/*+’
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TABLE I. - Fixzed-point values for the couplings v(l) and G(I) at the isotropic (1), Gaussian isotropic
(GD), directed (D), and Gaussian directed (GD) fixed points, respectively, and the corresponding values
of the four independent critical exponents.

Fixed point  ov* g* N, vi! z 4
GI 0 0 0 2 2 1/2
- - - 1-(6-d)/2
I Y6-a o _8-d , 56-d , 6-d (6 — d)/21
7 21 21 21 2-(6-d)/21
GD 0 1 0 2 2 1/2
- - - 1-(5-d)/6
D 265-a) p -Bzd 5, 5-d g 54 (b= d)/
3 12 4 12 2-(6—-d)/12
where we have defined four independent critical exponents according to n, = =¥, v, =
=—1/¢f,2=1+¢F—¢f,andzd= —}. Here, n, and v, correspond to the two indepen-

dent indices familiar from the theory of static critical phenomena. The «dynamic» exponent z
is related to the anisotropic scaling behavior. Finally, 4 is a positive crossover exponent
describing the transition from isotropic to directed percolation. In the asymptotic limit of
directed percolation, g — «, the second scaling variable disappears, and the scaling behavior
is described by the three exponents »,, v, and 2.

Similarly, with the choice I = (gw/cu)/! * % %) equation (10) reads

o o o2 et
r ( e g, U, q w)OCwZ “nr —_90*, y 4, ) (12)
w69 G M@ (gofed T (gufen Y
where 2 ~ v, = (2 — 5 .)/z and v, = zv, . Moreover, [ =~/ leads to
= « 9.-v, 9@ - 2 e (-5
Fll(p*’r’ C»g,u,q, w)“TYFII 1,'0 ’ =T l!_’r VH’T‘ET - ’ (13)
u cu c*p

where the exponent y is related to v, and vyvia y =v , (2 — v ) = v;(2 ~ %). In the special
case of isotropic percolation, the scaling relations simplify considerably, describing
self-similar scaling with only fwo independent critical exponents »n= —Z¥ and v=
= -1/

In the two limiting cases of isotropic and directed percolation, we can explicitly determine
the critical indices to one-loop order. For g, = 0 and d < d} = 6, one finds a stable, non-trivial
fixed point v{* =4(6 — d)/7, while for d =6 the Gaussian fixed point v = 0 is approached.
In the opposite case, g, — ©, the nontrivial directed fixed point is stable only if d <dP =5,
while for d = D + 1 2 5 the mean-field exponents of the Gaussian fixed point vdp apply. The
fixed-point values and the corresponding independent critical indices are collected in table I
(there the coupling § = g/(1 + g) was defined). The other critical exponents may be inferred
from the scaling relations.

Thus we have demonstrated that both the self-similar and the self-affine scaling behavior
are within the scope of the present theory, at least for dimensions d < 5; for 5 < d < 6 the
model is not renormalizable in the directed limit, and simply characterized by the exponents
corresponding to the Gaussian fixed point v&,, with logarithmie corrections for d = 5. This
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Fig. 1. - Effective exponents o (!) (solid), » , (!) (dashed), and y.x(I) (dotted) for the connectivity
as functions of the running anisotropy parameter g(!) for a fixed initial value of the coupling constant
(1) = v,

again emphasizes the fact that no expansion with respect to a fixed upper critical dimension
can be applied consistently.

The interchange from self-similar to self-affine scaling is most conveniently described by
effective exponents for the pair-correlation function. Using the zero-loop result for the
two-point vertex function

! 5 9
. wy(l)
Ty, q, ) = w22 L) dr U rl+(—q—)+ © 4 2i) ) (14
ulr, q, w)=u EXPI:IJ'CY( ydl'/ ][() ol lezc(l)z e(l) (14)
we specialize to » =0 and ¢ = 0 and define (compare eq. (12))
dIn V| (0, 0, w)|?
2 = pege(w) = T 2l . (15)

dln w
Using |w? /u?12e(1)? + 2iwg(l)/ule())|? = 1 yields 2 — nye (1) = [2 + £ (D] dIn }/dIn w. Sim-
ilarly, in the case » = w = 0 (see eq. (11)), let

dln FII(O’ q, 0)

21, ()= , 16
N1 et (q) dln g (16)

which reduces to 2 =, ¢ = 2 + {4(D), if (¢/ul)® =1 is inserted. Finally, considering ¢ = 0
and » =0, we introduce (compare eq. (13))
dln 'y (r, 0, 0)

Yer (1) = TTdmr (17)

and choosing the matching condition »(I) =1, we find y.(l) = —[2 + c‘,’¢(l)]/?:,(l).

The flow of the effective exponents »ny.s(l), 7. (), and yx(l) n d=D+1=3
dimensions (with u = 1) is depicted in fig. 1, with the initial value for the coupling v(1) = v{*
of the isotropic scaling fixed point. The dependence on the anisotropy scale g was eliminated
by plotting vs. the scaling variable In g(l); the graphs corresponding to different initial values
g(1) then all collapse onto one master curve. The most important conclusion to be drawn from
fig. 1 is that the anisotropy scale, at which the crossover occurs, considerably differs for the
effective exponent defined above! 7.4 starts to cross over from the isotropic to the directed
fixed-point value already at In g(l..) = — 0.8, whereas vy, shows this crossover at
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In g(leross) = — 0.2, and 7 | o only at In g(less) = + 0.8. Note that the sizeable change of v
is already apparent at mean-field level, where it acquires the values 0 and 1 in the isotropic
and directed limit, respectively. However, a crossover of the exponents 7, . and y.
requires the {-functions at least on the one-loop level.

We remark that a calculation of the above crossover features has not been possible up to
this present work. Of course, the exponents for the limits of both isotropic and directed
percolation have been determined to a much higher accuracy than is provided in our one-loop
approximation [2-5]. However, our aim was rather to describe the crossover features, and we
believe that the crossover loci should not be affected too severely by, say, higher orders of
perturbation theory. The expectation that our renormalized mean-field theory, accompanied
with the one-loop results for the flowing parameters, in a reasonably good approximation, is
based on the experience that amplitude functions are usually smooth and enter the results
less sensitively than the exponent functions. In fact, our method was designed to incorporate
the entire crossover behavior into the Wilson flow functions. The proposed approach to
crossover phenomena, which is an extension of Amit and Goldschmidt’s «generalized minimal
subtraction» scheme [9], should thus be applicable to a large variety of crossover phenomena.
It would, therefore, be of considerable interest to compare our predictions concerning the
crossover scales of the different effective exponents with the outcome of precise computer
simulations and/or experiments in order to estimate the quality of our approximations also in
different situations, where numerical simulations are either very cumbersome or not feasible
at all.
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