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ABSTRJ\CT. A t\vo-dimensioual moclel for randoIll diffusion.limitcd aggregation of particles oC
two different types (colors A amI B) on a square lattice is stllclied by computer sitrlulation. Two
parameters are essential to the modcl-the distan ce d between two initial secd particles, ano the
probabilit.y p COI' a raJldomly lIloving partide t.o be A-colored. Int.ensive nmncrical experiments are
carried Ollt COI' different valucs of d and p. The competing growth of two-colored frartal st.rurtures
exhibit significant instability al p == 0.5 and small d which leads to a noticeahle n\llllber oCnon-
symllletric aggregates. Quant.itatin~ characteristics of clusters such as their fractal dimensioll,
coordiuation llllIllber, and é\n'ragpd ratio oC the llumlJl'r of A- amI n-colored particles in t.wo-
rolorcd agbregates are ealculat.ed.

nESU~1EN.En est.e artículo se estudia un modelo hidimensional de agregación al azar de dos tipos
diff'rentes de p.artículas (colores A y n) limitado por difusión, en \lIla rejilla cuadrada, lIsando para
ello simulación por computadora. Existen dos parámetros esenciales en el modelo: la distancia
el ent.re dos partículas iniciales llamada semillas y la probabilidad p de que una partícula que
SP muen~ al azar sea de color A. Se realizaron mhnerosos experiment.os computacionales para
diferentes valores de d y ¡J. La competencia en el crecimiento de la.,,;estructuras fractales birolores
exhibe inl'st.abilidad significativa cuando p == 0.5 Yti pequ('iía, lo cual conduce a un nlÍmero notable
de agregados no simétricos. Se ralculan algunas cantidades características de los cúmulos, tales
COtllO dilIH'llsión fract.al, mÍmero de coordinación y relación promedio del mimero de partículas
d(' los dos rolares.

P,\CS: 05.40.+j

l. INTHODUCTION

Oiffusiou-controlled cluster forrnation, or diffusion-Iilllited aggregation (OLA), is a 1l01l-
eqnilibrilllll irreversible growth process that gives rise to low-density randolll fractal 00-
jpcts. A wide varicty of phcllompnfl. in uaturc and human activitics lcad to formatioIl of
tl¡e DLA aggregates: lIlct.al-parliclc aggregatioll, coagulatioll of acrosols, crystal gruwth
govprned by lH'at. difrllSioll, solidification of alloys, clcdrodepositioIl, clectrical brcakdowIl
of 'diclect.rics, Huid finw in porolls medial lIloving interface bet.wecn liquids of differcnt.
viscosit.ics (ViSCOllSfill~erillg), secolldary oil n~covery, etc. [l-:~].
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Various models of the growth of such aggregates have been proposed and studied so
far. The simplest one is the lattice model of Eden [4] in which particles are added at
ralldOlIl, Dile by Ulle, to the ncarcst llcighbors of already occupicd sites. The Edcn !Iludel
l""ds to a rdatively compact cluster while a large number of experimental observations
of the OLA growth phenomena indicate structmes whose density correlation falls off as
a fractional power of distance. The OLA model that reproduces experimentally ohserved
structmes was proposed by Witten and Sander in 1981 [5). In this model, one seed particle
forms the initial aggregate. Other particles appear a long distance from the aggregate
and perform a I3rownian motion (simple random walk) on a lattice until they come in
cOlltact w¡th the structurc antl attach to it, al' "die" having walldercd [al' away frolIl the
cluster. It MI.' shown [5] that this model exhihits a fractional power-law hehavior of a
dcnsity-density correlation fUllction.

Since 1981, a great deal of investigations was carried out developing and expanding
the original OLA mode!. The subjects of studies were: on-Iattice and off-Iattice mod-
e1s, scaling propcrtics and large seale effects, fractal dirnensioll and syrnrnetry of OLA
structmes, cluster-duster aggregation, etc. [6-22]. Though eiL'y enough to fonnulate, the
OLA phenomenon was found very diffieult to study theoretieally. One possihle approaeh
is hased on hitting probahilities of moving partides [23,24] and involves computer simu-
lations. In faet, the main mean s of getting quantitative information on the OLA cluster
growth still involves computational experiments.

A new model of diffusion-limited aggregation ealled the Colored OLA model was
developed in Ref. 25 whieh adds a new featme to the original model of Witten and
Sander-the compcting growth of two fractal objeets. In Ref. 25, the struetme of the
interface hetween these objects WiL'the main snhjeet of investigation. In the present
paper, \\'C report 011 intcnsivc Il1lmerical studies of the two-dimcnsiollal Colo red DLA
mode!. \Ve pay particular attention to the inHuenee of the two parameters of the model
on fractal growtb--distanee d hetween two initial seed partides ami probahility l' for
a randomly moviJ:g part.ide t.o he A-eolored. We present a qnalit.ative deseription and
quantitative anaJysis ofthe two-dimensional fractal st.ruetmes in the Colored OLA mode!.

2. COLOREO DLA MOOEL

Following Ref. 25, Jet us introduce the Colored OLA model in two-dimensional spaee.
Two particles of two different types (eolors) A and 13 are pnt. on a square lattice at
dist.anee d from eaeh other, with the origin of the Cartesian eoordinat.e system at the
middle point bet.ween the particles. A long dist.anee from this initial aggregat.e, at a
random point. on a eireumferenee So of radins Ro » d a new partide is added, with the
prohahility l' of being A-colored amI prohahility (1 - 1')-I3-colored. This particle then
performs a I3rownian motion (i. e., simple randolll walk) on a lauice. If it reaches any
sit.e of the la!tice located at distance Rd » d from the origin, it. is "killed" and a new
partide starts olf at. a random point on the cireumferenee So, wit.h t.he probabilit.y l' of
bcing A-colored. Tite rules uf intcractioll betwcen particle:-; are defined a.t; follows. Ir
Ihe part.idc rcaches the poillt adjaeellt to the aggregate nf the same color, it "eco mes a
parto of tlw growing cluster. This rule is similar to tIJe OIlC 01' t.he original OLA lIloc1el
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of Witten aud Sander. I!owever, if the particle rmches the point uext to auy particle of
the cluster of a !lifferent color, it is "killed." The proeedure is repeated until clusters of
sllfficient sizes are formed.

Two parameters are essential to the model: the distanee el bet.ween two initial seed
particles amI the probability Ji for the part.icle to be A-colored. Clearly, for the reasons
of symmetry it suffiees to restrict the study to the case O < Ji :S 0.5. The 'Iuestiou of onr
main interest is thc inflllcnce of these paramctcrs Oll thc fractal growth phcnorIlclloll.

In OUTcOlllputational cxperimcllts \\'e lltilizcd the proccdllrc of thc partic1es' gener-
ation proposed iu Rel. (j. We ehose R,¡ aud Ro to be equal to kRmax aud Rmax + o.R,
respect.ivcly, wherc k = :J, 6.R = 10 lattiec units, alld Rmax is the maxilllulU distance of
part.icles iu bot.h clusters from t.he origiu. Thus, !listances at which particles are added
or "killed" ehauge dyuamieally iu t.he proeess of clusters' fonuatiou. To speed up the
calclllations \Ve Illultiplicd thc elementary st.cp of difl"usillg particle by fact.ors 2, 4, ~, etc.,
Whcllc\'cr the particle wa." at distances Rmax + 10, Rmax + 20, Rmax + 40, ctc., froIll thc
origiu [(j].

Our programs were written in Borlaud C++ and rtlU ou (j(j MHz Peutium system.
\\'e consi,lered the following values of the distauee d between the t.wo iuitial part.ides and
of the probabilit.y Ji for a particle to be A-eolored: d = 2, 10, 40 aud 100 lattiee units and
JI = 0.1, 0.2, 0.:1, 0.4 and 0.5. For eaeh pair of d aud l' we generat.ed tbe eusemble of 25 to
lOO two-eolored fractal strtletures containing 3000 partides iu the largest cluster of the
two. SOIllC calclllations \VeTe dllplicatcd OH a Silicon Graphics workstation to produce
a¡o;gregates of up to 30000 partides. The ,truetnres obtaiue<l were 'Iualit.at.ively the same
as those of 3000 particles (see below).

The results of our eOlnputer simulations of two-dimeusional Colored DLA model are
prcsented in tlle llext scctiOll.

3. TWO-DIMENSIONAL FRACTAL STRUCTURES

Firstly~ wc prcsput a qualitative descriptioll of fractal strllcturcs obtaincd in our COIllPU-

t.ational expcrilllClltS.
For e'lual probabilit.y of generation of the ('olor of a particle (i.e., in the CiL,ep =

0.5) clust.er strllctures are almost symmctric for distances betW('Cll illitial seed particles
d = lOO. Fi¡o;ure 1 di'plays a typical st.ructure. All of t.he lOO experiments performed
lor Ji = 0.5. d = 100 exhibit the a¡o;gregates looking very mueh like the one presented in
Fig. 1.

The pietnre is cOlnpletely different wheu l' = 0.5 allll d = 2. We have fonnd t.hat
among the 100 ('omputat.ional experiment, eonducted fm t.his pair of para meter" three
typical st.ruetnres occur: aggregates that may be calle<l "symmetric" (containing approx-
illlate1y an cqual Illllnbcr of partides (FiV;. 2a), strudllt'es in wllich one uf the fractals
<levelops iL, "a braneh" (Fi¡o;.2b) and, linally. t.wo-('olore<l aggregal.es in whieh one of the
clusters suppresses tite growth of tlle sccond olle (Fig. 2<:). The gt'o\',;th af olle c111St.P[\va."i
suppressed by thc otller ill tIJe 7% c<-l.••.•es. This rcmarka1>h~ fad is illtrillsical1y emhedded
in t}¡e two-culol'cd OLA mudel alld puillts out a significant illstahility of t.he competillg
cluster forlllatioll in the case ]J = 0.51 ti = 2.
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FIGURE 1. A typieal struetme for JI = 0.5, rl = 100.

(a)

(b) (e)
FIGURE 2. Three different represcntatiye cluster aggregates for p = 0.5, d = 2: (a) "symmetric"
structure: (1)) "hranched" strllcture; (e) Dne cluster is suppressed by the other.

Figure :l shows the supcrposition of (me Il\ludred two-colored cluster struetures for
JI = 0.5, d = lOO (Fig. 3a) aud JI = 0.5, d = 40 (Fig. :lb). The superposition shows a
triangular profile of a picture rather than a circular oue, iudicating tbat c1usters' fingers
pxt.cnd fast.f'r in t.hc directi01I along thc axis cOllnecting t\••..o initial particles. A silnilar
pheuomeuOlI has been discovered by BaH and Brady [9) in t.he superposit.iou of c1ust.ers
"f t.he origiual DLA mod,,1.

For comparison, t\\'Cllt)' fivc two-colorcd aggregates have bccn supcrilllposcd for ]J =
tu. d = lOO aud JI = D.:l. d = 4D (Fig. 4a aud 4b, respectively). Similarly, for the lo\\"
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(a)

(b)
FIGUHE 3. SuperpositiolI of 100 two-colored aggregates; (a) JI = 0.5, ti = 100; (b) JI = 0.5, ti = 40.

(a) (1))
FIGUHE 4. SuperpositiolI of 25 two-C"Olored aggregates; (a) JI = 0.3, ti = 100; (b) JI = 0.3, rl = 40.

vaIlle of the prohability rOl' a partielc t.o he A-colorcd, JJ = 0.1, UlW hUlldred aggn~gatcs
bave heen snperimposed for d = 100 (Fig. 5a) and seventy t!In'e ror d = 40 (Fig. 5b).
The pictllres, of ('ourse, are no longer symInctric with fPsprct to hoth fradals. Figures 4
and 5 sllow how I3-colored c1llsters "cmhrar.c" A-colol'pd (1)('S.
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•
(a) (b)

F¡GURE 5. (a) Superposition of lOO two-coloredaggregales for Ji = 0.1, d = lOO; (b) superposition
of 73 aggregates for Ji = 0.3, d = .10.

A '1nalitative analysis of the superposition of two-eolored fraetals (Figures 3-5) con-
firms, to sorne extcnt, t}¡e electrostatie analogy in the descriptioll of the two-dimcnsional
clnster formation presented in ReL 25.

A "one-branehed" fractal structure containing :30000 particles in the larger cluster
and 91:12 particles in the smaller one (in the ea'e of l' = 0.5, ti = 2) is shown in Fig. 6a.
Figure fib displays "symmetrie" aggregates for JI = 0.5 and ti = 40. One can see that
large struetures are similar to those obtained in experiments with :3000 particles in the
larger clllster of the two.

Now we pass to a quantitativc descriptioll of OUTCOIllpntational cxperimcuts. For thc
vallles of l' = 0.1, 0.2. 0.3, 0.4 amI 0.5 and the values of ti = 2, 10, 40, 100, and for
each experimcnt conducted ror a givcll pair of pararnctcrs p a.nu d, wc have calculatcd
a ratio of the number N2 of particles of l3-eolored cluster to the number NI of particles
of A-colored cluster. In all our experiments except for those with JI = 0.5, the num!.>er
N2 Wi'" larger than NI so that N2/ N¡ > 1 (reeall that Ji is the probability for a particle
to be A-eolored). This is not the ei••,e for JI = 0.5. As an example, Fig. 7 shows the
ratio Nl/N¡ (on the logarithmie seale) vs. the ullmber of experiment for l' = 0.5 and
d = 100. The ratio N2/ N¡ (a!Hoon the logaritlllnie sea le) vs. the munber of experiment
for JI = 0.5 and d = 2 is displayed in Fig. 8. One can "'" almost synuuetrie oseillations
of the ratio N2/N¡ near the value 1.0. Note also a striking difference between the two
pietures: in the former (:;"'e (Fig. 7) there are no signifieant deviations of N2/ N¡ from
LO, wherea, in the lalter ca", (Fig. 8) the oseillations are very strong, almost ehaotie
even ou the logarithmie seale. The points iu Fig. 8 with very large deviations from the
value 1.0 eorrespoud to the aboye mentioued typical Ci"'" of the suppressed clusters. It
follows from Figs. 7 and 8 that iu order 1.0 get the appropriate mean values corresponding
to the JlllIllbcrs of partides in I>oth fractals, it is more cOllvcnicnt. to use the logarithm of
the ratio of numbers of particles thau the ratio itself .

Let Nno,,, = miu(NI,N2) and Nonax = max(N¡,N2). In the ei••'e JI i 0.5 the non-
IIcgativc vallle log(Nmax/Nmin) is exactly •.he sétmc ¿Lo.; log(.V'1./1VI). For J} = 0.5. t.he
val11e log( Nmax/ Nrnin) is a rOl1gh mCaSllfe of the symmet.ry (01' 1l011-syulIlletry) of a two-
colored aggregat.e since t.he IlPcessary conciitioll for the strlldure '0 l)(~ sYlIlllIetric j:-;
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(a)

(b)
FIGURE 6. (a) Colored DLA structme containing 30000 A-colored particles (hlack cluster) ami
9132 B-colored particles (gray cluster) rOl'P = 0.5, d = 2; (h) The aggregate with 20000 A-colored
particles (black cluster) and 19051 B-colored partieles (gray e1ust,'r) rOl'P = 0.5, d = 40.

10g(Nmax/Nmin) = O. At the san", tilIle, the lIIean valne of 10g(Nmax/Nmin) (defined
be!ow) is not equa! to zero iL' it would he for log(N2/NI).

The individual configllrations of two-colored fractal structurcs prodllced in sinmlation
mns for a given pair of p ami d are statist.ically indepen<!ent of eaeh ot.her. Therefore, the
standard error analysis applies [26J. Let. li dellote the value of !og(Nmax/ Nmin) obt.ained
in the trial i (i = 1, ... , n). The average wc take is the simple arithmetic average

I "
(log(Nmax/Nmin)) == (l) = - Lli,

n i=l

and its eITor is est.imated a.."i

[
1" ] 1/'2

11(11 _ 1) ~ (l, - (1))2

'rhe vallws (log(Nmax/1Vmin)) avcra~ed over tile totalnumbcr of eXpCriIllPllts \....ithill cach
giv(~1lpair of]J and d, togdller with its estiméttpd error an~ prcscnted in 'rahle I. The llppcr
II111Ilbcrin cach cntry (JfTahl(~1 giv(:s tite value of (log(Nmax/1Vmill))' Tlle lower 1l11lJlbcr
is thc (:st.imatcd (~ITOr. As (lile can scc, for a givcn vaIlIe of UH~prohahility ]J tiJe error
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FIGURE 7. Relatiyc number of particles in both clusters VS. the number of experiment, [oc fJ = 0.5,
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FIGUHE 8. Relati\"c flurnbcr of particles in lJOth cluster.s us. the number of expcrimcnt, foc p = 0.5,
" = 2.

grows when the distanee " uetween initial seeds ehanges from lOOto lO lattiee units. This
illcrca ..."'icrefleds an important fact observcd in Qur computatioIlai experimcnts: significant
instability (for small d) of the initial stages 01'eompeting duster fonnatian eaused by the
mutual sereening of two-colored fractals. In lhe case 01' l' = 0.5 lhis inslauilily leads
to lhree lypieal cluster slruelmes deseribed auoye, wilh subslantially dif!'erenl number
of partides. The ef!'eel attenuates wilh increasing d. The vahles 01' (lag(Nmax/Nm;,,)}
1IS. probability l' for distauees hetweeu lhe twa initial partid"s " = 2, lO, 40, aud lOO,
(ln:ordiIlg lo lhe data prC'scntcd in 1'a1>le1

1
are plott.ed in Fig. !J.

In urdcr t.o evalllatc thc inf!llcnce nf tJw competing cluster fOl"lIlation in t.hc Colorpd
DLA IlIode! IHl tlle fractal propt'rti(~s (lf c!usters, t.Iw fraclal dimellsiom; D of hot.h two-
colon~d strllct,llreS of th{~ large aggregatc showII ¡II Fig. Ha were est.illlated in tite 1l1Ost
illten~st.ing C;:Lo.;ep = 0.5, ti = 2. 1'0 t.his elld. the radills of gyration Ug \\':L'" ca!cuiat.pd
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TABLE 1. Averagcd logarithtn (hase 10) oC the ratio oC IltIlIlOCrS of particles in both structures.
(log(Nmax/Nm;n»), (11pperval11e),ami its estimated error (Iower value).

p 0.1 0.2 0.3 OA 0.5
d

2 3.055 2.713 2.179 1.049 3A49 x 10-1

3.701 X 10-2 1.02.¡ X 10-1 1.319 X 10-1 1.375 X 10-1 5.115 X 10-2

10 2.559 1.884 1.128 6.262 x 10-1 1.096 X 10-1

5.078 X 10-2 3.194 X 10-2 5.266 X 10-2 3.150 X 10-2 1.089 X 10-2

40 1.672 1.154 7.419 x 10-1 3.916 X 10-1 4.709 X 10-2

9.063 X 10-3 1.149 X 10-2 1.146 X 10-2 9.388 X 10-3 3.909 X 10-3

100 1.366 9.225 x 10 1 5.983 x 10 1 2.921 x lO 1 2.799 X 10-2

7.268 X 10-3 7.775 x 10-3 6.122 x 10-3 6.601 x 10-:1 1.926 X 10-3

,'O 020 030 0.0
Probabillty p

'50

FIGUHE 9. The \'alues of (log(Nlllax/Nmin»)VS, probabilitY]J rOl' distances hetwccn the t\\'o initial
particles d = 2, 10, 40, and 100, according lo data prescnt.ed in Table I.

which has a power-Iaw dependence on the nnmher of particles in a dnster for snflkiently
large N: R

9
~ N~ [27]. The fractal dimension D is given by D = 1/(3. The radi11s of

gyration R9 of an N-partide aggregate is defined as

1 IV [ ]2
/I~ = N L /1, - Rc(N) ,

1=1

wlwrc R1 is t}¡e radills-ve<:to[ oC tite i-th particle and U(.(N) is tlw radius-vector oC the
ecnt.c~r of ma..<;¡sof (he aggregat.(~ (wc consider each particle to llave a lIla~o.;scqllal t.o 1). By
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FIGUHE lO, DcpendcIIcc oC radius oC gyration llg 011cluster sizc N dllring thc formation of the
A-colore,1 dusler of 30000 partides shown in Fig. Gil.

llsiJlg the rCCllrrerlt rclationships

N-1 N-I[ ]2R~(N) = ----¡::¡R~(N - 1) + ---¡:j2 Rc(N - 1) - RN

N - 1 I
Jlc(N) = ----¡::¡rc(N - 1) + N R",

it is possible to plot Rg versus N in the process of the cluster growth. Figures 10 aue!
11 show how t.hc radius of gyratioIl ¡nercases with incrcasing cluster size during thc
simulatiou of the slructure presellted iu Fig. 6a. Figure la e!epicts the logarithm of the
rae!ius of gyratiou of a A-colored cluster eoutaiuing 30000 particles vs. the logarithm
of the Ilumber of particles. The figure illustrates that JI" ~ Nf3 for large N with f3 =
0.575. Similarly, Fig. 11 shows the logaritlull of the radius of gyratiou of the B-coloree!
"branch" dllst.cr containing !H32 particlcs vs. tite logaritlllll of the Ilumber of particles.
The correspoue!iug value of f3 is 0.581. The fractal e!imeusiolls of A- aud B-coloree!
structlll"es preseutee! iu Fig. 6a are 1.7:19 aue! 1.721, respectively. The obtaiuee! vallles
of (J aue! D are very close to those reportee! by Meakiu [6] for eOllveutiollal OLA moe!el
whieh meaus that the competiug cluster growth e!oes UOI affeet Iloticeably tI", fractal
dilllCIlSioll of t.he t.wo-colorcd aggrcgates.

FinallYl rOl'cach pair of paramcters ]J alld ti tlle mean t:{)(}r<iinatioIl lltuubcr (i. C., the
mean Il1lt1lhcr of Ilcighbors of a particlc in a cluster) wa.~ealclllated by avcraging ovcr
B-colored fract.ab containing 3000 partides. Tlw reslllts are presented in Table JI. Olle
can s<'e that tiJe averagcd coordinatioll Il1ll1lber is Ilot sCllsitive to thc variations of ]J alld
ti and is very dose to thc valuc fOlllld by t\leakill (6J.
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TABLE JI. Avcraged coordination number ror the clllslcrs of color B (upper value), ami its csti-
mat.cd error (lowcr value).

p 0.1 0.2 03 0.4 0.5
d

2 2.182 2.189 2.184 2.186 2.180

1.128 x 10-3 2.350 x 10-3 2.998 X 10-3 2.098 X 10-3 1.246 X 10-:1

10 2.186 2.181 2.189 2.184 2.189
2.274 x 10-3 2.188 X 10-3 1.739 X 10-:1 2.298 X 10-3 1.512 X 10-:1

40 2.185 2.186 2.185 2.183 2.185

1.479 x 10-3 1.836 X 10-3 2.050 X 10-3 2.460 X 10-3 1.196 X 10-3

100 2.183 2.184 2.185 2.185 2.185

1.784 x 10-3 2.349 X 10-3 2.589 X 10-3 2.948 X 10-3 1.1.18 X 10-3

5

, ,/
C;es \:'
'" \'"

(,
3 "

o
r

n
2

, 6 , '0
log (N)

FIGURE 11. Dcpcndencc of radius of gyration Rg on cluster size N during the formation of lhe
ll-colored cluster of 9132 particles shown in Fig. 6a.

4. CONCLUSIONS

The results prescutcd in this paper pertain to the two-dimensional Colorcd OLA
model [25]. \Ve llave performed inlcnsivc comp"tcr sillllliatiolls of two-dimcnsional two-
colored fractal strllcturcs dcvoting maill atlentioll lo thc qllalitativc and qURntitativc
depcndcnce of random fractal aggrcgatcs on t.hc t.wo parameters of the modcl: lhe dis-
taJl(:c d bct:weclI illitial sccd particlcs, and thc prohability ]J of a diffllsinp; particle to hcillg
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A-colored. A significant inst.abilit.y of the init.ial stap;es of t.he competing clnster growth
WiL' found for smal1 d and l' = 0.5 which results in a formation of subst.antial1y different.
ap;grep;ates (Fig. 2). Pictures obtained by the superposition of struct.ures produced for
various d ancl p provide an addit.ional insight on the cluster growt.h phenomenon and
confirm, to sorne ext.ent, the c1ectrostatic analogy developed in [25]. The calculation of
the averaged coonlinat.ion number of a particle indicat.e that this important. <¡uantit.y is
not. affect.ed by the competinp; cluster growt.h of the Colored OLA mode!. Our experi-
ments with two-colored aggregates of large size have indicated that. the fract.al dimension
of clusters is also insensit.ive t.o t.he competing cluster fonnation ancl is very close to the
value of t.he original OLA mode!.

The Colored OLA model can be generalized by introdncing a sticking probability of a
particle t.o a cluster of the same color, by perfonning cOJnputational experiments in higher
dimensions, and by varying a method of particle p;eneration. In the fort.hcoming paper
we intcnd to rcport 011 thc IIlcntioncd gcncralizatioll and prcscnt a thcorctical study of
t.he Colored OLA phenomenon. Note that our OLA model wit.h t.wo species is different
from the one recently presented in Ref. 28.
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