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A Brownian dynamics(BD) simulation for a pseudo-first-order diffusion-influenced reversible
association—dissociation reaction of a target system in three dimensions with spherical symmetry is
presented. The exact Green function for a reversible geminate dissociation that we obtained recently
is utilized in the simulation. We compare the results of simulation with two successful theoretical
predictions, the enhanced version of the superposition approximation apg&acand the more
rigorous kinetic theoretical approadKT). The KT predicts the correct power law behavior of
~t~%2with a slightly higher amplitude in the long-time region, but it is in good agreement with the
BD result in the transient region. On the other hand, a faster relaxation is observed in the transient
region for the SA, but the correct power law behavior with numerically exact amplitude is predicted
for the exact target system. An interesting interplay between the mobility of the system and the
dynamic correlation effect incorporated with many-body problems is also revealedl99®
American Institute of Physic§S0021-960609)51227-(

I. INTRODUCTION ment and reaction of particles. Therefore, the error arising
from the correlation between coordinates forces their method

Recently, diffusion-influenced reversible reactions hav&g nave a smaller time step. ZHSuroposed his own BD
attracted  growing  interest. Typically, the reversible g jation method to study the enzyme-catalyzed reactions.
gssomaﬂon—dssoma‘g?on reactiph+ B« C] has been stud- o ,5e4 the spherically symmetric irreversible 3D probabil-
ied by many authorS:*° In order to check the validity of ity functions. Since his method neglects the correlation be-

various theoretlc_:al predlct|ons,_one h_as to compare any th‘?\'Neen association and dissociation reactions, the time step
oretical result with that of a reliable simulation study.

X - . again should be small. Note that the crudest BD simulation
Edelstein and Agmchdeveloped an efficient Brownian gal . ! mutatl

) ) . : : . can give the exact result only if the time step is sufficiently
dynamics(BD) simulation method in one dimensiddD) (i e centy Kim and ShAobtained the exact field-free

based on the exact Green function for the reversible gemi: . . ) .
nate dissociation. The main advantage of this method ove reen fun_ctlon fo_r the gro_und-state reverS|b_Ie geminate dis-
other conventional BD simulations and random walk Simu_somaﬂon in 3D with spherical symmetry. This opens a door

lations on the lattice is that the time step can be larger due P re"?]t,"e BB §trl:d|es in 3D. Shorﬂy after tEe work of l|<|m
the incorporation of the exact solution. For a reversible trapand Shin, Gopich and Agmon worked out the exact solution

the probability located near the trap is higher than that for afl°" the excited state with two different lifetimes and with the
irreversible one. Therefore the time step should be venfOntactguenchingin SE)LS.They also discovered an interest-
small with the conventional BD method. Their simulation N9 transition in the long-time behavior of the solution. As a
study has been a standard reference ever since for compafitSt attempt to apply the exact solution to the BD simulation
sons with theoretical works in 1D. Recently, Naumatl® N 3D, we investigate, in the present work, the ground-state
compared their theory of the enhanced superposition ageversible association—dissociation reaction without the con-
proximation for the reversible association—dissociation reactact quenching for which various theoretical predictions are
tion with the BD result of Edelstein and Agmbnin 1D.  available.
Essentially the same BD algorithm was adopted by Kim  On the theoretical side, Naumaehal® and Sunget al*
et al. to investigate the asymptotic behavior of the pseudoinvestigated the same system with the enhanced version of
first-order reversible association—dissociation with photoly-the well-known approach of the superposition approximation
sis in 1D° (SA). In obtaining some analytical results, they adopted the
Edelstein and Agmon tried to extend their method tolinearized versioLSA). The SA is based on the hierarchi-
three dimension$3D) by using three(x,y,zdirectiong ran-  cal Smoluchowski equations. Suegal’ also analyzed the
dom numbers at each coordinafélhis algorithm is superior present system depending on the mobility of the system, the
to other conventional simulation methods in 3D. However target, and the trap problems. For the target problans
they utilized the 1D Green function to simulate the move-fixed while Bs can move around, and vice versa for the trap
case. A more rigorous kinetic theoretical approd®i)
dAuthor to whom correspondence should be addressed. Electronic maipased on the renormalized kinetic theory has been recently
statchem@plaza.snu.ac.kr applied to the same system by Yagigal.” One of the salient
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features of the KT is to reveal the contribution of the dy-d[A]

namic correlation effect of a third particle incorporated with —5;~ = ~Krpas(o.)[AlCs—k4[ C], (219
the inherent nature of many-body problems. In Ref. 7, sev-

eral conventional theories including the SA were critically

discussed in this context.

In this paper, we perform the BD simulations in 3D wit
spherical symmetry for the target problem, and the results are
compared with those of the KT and the target version of the  — Laspas(r.t) = S()[kipas(r.) —k[ Cl/[A]ce]

SA. Since the KT is originally formulated for the mobile _

system, it may not be justifiable to compare it directly with *hilpes(r.) = pas(nOILCILAL (219
the target BD results. But, in doing so, we find some inter-
esting interplay between the mobility of the system and theﬁ
dynamic correlation effect which is not properly incorpo- dt
rated in the SA.

This paper is organized as follows. In Sec. I, we review =Lcepce(rt) +kipag(a.)[pas(r,t) = pce(r )]
theoretical approaches mentioned above and make some X[Alcg/[C], (2.10
critical comparisons between the Sand the LSA and the
KT. The BD simulation method is described in Sec. lll.
Simulation results and discussions are presented in Sec. |
followed by some concluding remarks in Sec. V.

h EPAB(H)

pce(r,t)

\\;vherep(r,t) is the nonequilibrium pair correlation function,
o the reaction distancd, the Smoluchowski operator, and
S(r) denotes the sink function which is assumed to be a
contact reactivity here. The initial condition that we consider
here is that there are onks ((A(0)]=1 normalized such
The SA, based on the formulation of Lee and Karplus, that [A(t)]+[C(t)]=1) is surrounded by an equilibrium
has been applied rather successfully to manwistribution of B pag(r,0)=pcg(r.0)=1]. The superposi-
phenomend®~? They derived a rate equation which is tion approximation, compromising both the exact mobility of
coupled to the hierarchical evolution equations of the paithe system as shown below and the full information on the
correlation function, starting from the many-body Smolu- many-body dynamic correlation effect on the doublet distri-
chowski equation, and truncated the hierarchy by the simpleution function, was already employed to obtain E@s]).
superposition approximation. They also introduced two addifurther progress can be made by introducing another ap-
tional approximations. One is the low concentrationBf proximation regardind -z which could also change the mo-
particle, and the other is the separability of time scales of théility of the system. Since the mobility of the system, altered
bulk concentration and the pair distribution function. Theby these approximations, is closely coupled to the many-
latter can be removed by the linearization technique obody dynamic correlation effect, it may be appropriate to
Szabd? who showed that the SA could also give the powerlook into both aspects more carefully.
law behavior of~t~%2 in d dimensions in the long-time
limit. The enhanced linearized version of $BSA) was re-
cently developed by Sunegt al* They removed the former In a pure binary problem, only the relative motion of two
approximation and thus obtained improved amplitude of theparticles determines the reaction dynamics, and consequently
power law behavior. At the same time, Naumasiral® also ~ we do not have to distinguish the target from trap or/and
reported the same result independently, focusing on the longnobile systems. The exact mobility of the system starts to be
time behavior. They reported that the LSA predicts the exactompromised as one considers the ternary dynamics in con-
long-time behavior by comparing with the BD simulation nection with the dynamic correlation effect that will be dis-
results of Edelstein and Agmbhin 1D for the target prob- cussed in the next section. For a three-particle system in
lem. Despite the successful prediction of the LSA at longwhich two B particles 8, andB,) randomly move around a
times, it still shows unsatisfactory behavior at short and infixed A particle (the target problem A—B; and A—B,, pair
termediate times, which seems to arise from both the supedynamics can be independent of each other only if there is no
position and linearization approximations. In particular, theinteraction betweeB particles. In this case, it is well-known
weakness of the LSA due to the superposition approximatiothat the simple superposition approximation becomes exact
was discussed by Yargf al.”?2??as the improper treatment even for the pseudo-first-order irreversible systér@n the
of the dynamic correlation effect inherent with the many-other hand, for the system in which ti&particles are fixed
body problem. and anA particle moves aroun(the trap problem two pair
Consider a pseudo-first-order reversible reaction systerdynamics A—B; and A—B,) could not be independent be-
A+B«~C with the equilibrium constant, Ko, cause there is only one degree of freedom due to the moving
=[Cleq/Cel Aleq=kK; /kg, Wherecg is the constant bulk con- A particle. In this case, the superposition approximation can-
centration ofB, andk, andky are the intrinsic recombination not be exact with respect to the mobility, even in the irre-
and dissociation rate constants, respectively. The main resersible system.
sults of the SA for this system, before the linearization step  Up to the stage of Eqs2.1), the SA formulation is
is taken, are the following coupled evolution equations ofcarried out defining neither the target nor the trap problem.
concentrations and pair correlation functidns: Strictly speaking, the SA starts from a certain system in

Il. THEORETICAL BACKGROUND

A. Mobility of the system
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which the mobility of particles is described by the self- solve Egs.(2.1b and (2.19. From Egs.(2.28—(2.209, one
diffusion constants of each particle at various levels of thecan obtain the long-time asymptotic expression of the con-
hierarchy. In principle, the mobility of the system can becentration deviation as

described exactly by this infinite hierarchy. However, by tak-

ing the superposition approximation to make a closed set of .

equations up to the doublet level, the exact description of the ~ lim &°&Xtt)~ WMWDU*W. 2.3
mobility of the system is also compromised. = sKeg

In fact, the usual practice is that the target problém o the ysual trap case, the concentration deviation is ob-
actually is a pseudo-target problgns defined by setting

g tained as
LCB: LAB (and, thUS,DCB: DAB) n Eqs (21) In the
pseudo-first-order caggA] or [ C]<cg), this relation could Ktk 1
. . . . ~ C
approximately describe a system in whigh(and thusC) gtLrgpA(Z): 74 r*BT "d ’ 2.4

particles are fixed whil® particles are mobile with the dif-
fusion constanDg=D; thus, the target problem. However,
it is interesting to note that, even if Eq®.1) were exact for and the long-time asymptotic expression is given by
the target problem, the relatidh-g=D 55 holds not only for

the target problem but also for the system in which bath

1+kp(z+k. cpz/(z+Kkyg))

K
andC particles are mobile with the same diffusion constant,  lim &3 (t) ~ ———=— (47Dt) 32 (2.5
D,=Dc, andB particles can have a different mobility with e V1+cgKeq

Dg. This makes the uniqueness of E8.1) questionable Note that the above equation was first obtained by Gopich

regarding the .mOb'“ty of the system, .Wh'(.:h is inevitable 453nd Doktoro$ using the scale transformation of exact series
long as one introduces any approximation to many-bod)(/vithout their average-matrix approximation.

problem such as the truncation of the hierarchical equations. Recently, Yanget al. applied the fully renormalized ki-
Therefore, we believe tha’g the mobiIiFy ofgsystem shoulq b":he'[ic theory ,to the present reaction schenihey started
har_ldled rather carefully in connection with the truncation " o e action-Liouville equation satisfying in the phase
which alters the nature O_f th? dynamic corre_zlatlon effect'space for all particles of the system. They derived a memory
{\lekvertpeleiﬁs, tthe ?ppr(gl(lmatlor:j Dlcs= EAB Ifh usluallyt_ equation for the singlet field of reactants by use of the Mori's
ba r?n for f?h arﬁgAp_rokem ant ,bsome ow, ”e long- 'rg rojection operator technique. A many-body effect is incor-
enhavior ot the ) IS known to be numerically in goo tporated into the memory kernel with a renormalized hierar-
agrg:amen_tr,hm 1D, V‘I”tth the Blf)lsmu_la'go? fo:jtr;)e exatht targe chical structure, which was truncated by the disconnected
Flrg err’?. h € usua tratﬁ)] pro ?m IS ek'}F‘Beh )(/jstﬁ lLQCQ; approximation. This formulation was quite successfully ap-
— U, which represents the system in whi .(an usC) plied to the steady-state fluorescence quenching kingtics,
particles are fixed Rg=Dc=0) while A particles are mo- -0 reversible reaction kineticsAf B C +B. % In the
bile W'tgl the .d'ﬁ:ﬁs'on _constanDA_f=é) : QT?)ere appearsttc; be application to the current system, the KT predicted a satis-
no problem in the uniqueness, if Eqe.1) were exact, for factory behavior in the transient region. The predictions of

the trap problem. :
In the LSA formulation, the linearization technique is the KT are given by

employed to Eqs(2.1) and, also, the usual target or the trap

problem has to be chosen in order to get approximate ana- &kr(2)=[z+(Ca+Kgi) ikir(2)] 71, (2.6a
lytical expressions. For the usual target problem, the concen-
tration deviationé(t)=[ A]—[A]eqis obtained in the Laplace

q 1 1 CeKeq 1

transformed domain?,(z)Efg"f(t)exp(—zt)dt, as follows?

ker(z2) K 1+CKeg
kr(2) r Bfeq Kp(s) s:z+(cB+K;q1)7<KT(Z)

(2 =[2+(cg+Keg ) Risa(2)] Y, (2.2a 1 1
+— . (2.6b
1+cgKeq kp(2)
1 1 cgKeg 1
- I The same initial condition as in the SA was employed here.
Kisa(2) ke 1+ CeKeq kp(s) s=2+ (0K Dk, In deriving Egs.(2.6), the off-diagonal elements of the dif-
fusion tensor were neglected, and it was also assumed that
N 1 1 (2.2b Dag=Dcg. The latter assumption is in the same spirit as

that employed in the LSA for the usual target problem. As
mentioned earlier, however, this may also correspond to a
mobile system approximately, namel§y, and C particles
kp(z)=kp[1+ o?z/D], (2.290  with the same mobility an® particles with a different mo-
bility. Previously, we attempted to interpret our system as
whereD is the diffusion constant oB particles relative to mobile rather than as the usual target probféhether a
fixed A (and thusC) particles andkp=47oD. The super- system can be treated as the target problem or as mobile can
scripttargetdenotes that the relatidny,g=L g is utilized to  only be determined posteriori from the comparison with

1+ceKeq kp(2)
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the simulation study which is designed exactly, from the be- T " T . T " T . T
ginning, as one of those unless the exact description of the 2k -
dynamic correlation effect is provided. I

B. The dynamic correlation effect ol

sense that Eq$2.29 and(2.63 can be rewritten as memory
(rate kernel equations for the concentration deviation in the
time domain. However, two theories are different in the sec-

om
The LSA and the KT are similar to each other in the §
>
o

ond terms of Eqs(2.2b) and(2.6b), which contain the many- sl J
body effect influencing the dynamics of a specific pair of I

particles via the rate kernels in the argument of the diffusive -4 + L
rate kerneIRD(z). Both theories require certain truncation log, t

steps for the hierarchical set of equations in the formulation.

The simple superposition approximation is employed at théG. 1. Comparison between the SA and the LSA through the time depen-
level of the doublet reduced distribution functi¢®A), and Qence of the concentration deviation for several values0fThe KT result

the disconnected approximation is employed to the propagds 2 Plotted for a referenck, =125.0.k;=5.0, andD=o=1.

tor at the level of the doublet density fiel)kT); it was

pointed out earlier that the latter approximation is more f|ne~It may be required to compare the LSA with the SA for a

g_ramed than the form_érl. As a resul, the qun_amw correla- wide range of parameter sets to confirm their coincident pre-
tion effect of the third bath molecule is included self- dictions

consistently in the KT while the Markovian description In Fig. 1, we plot the results of the LSA and the SA for
resulted in the LSA. Based on this difference n both aP-several concentrations 8ffor a comparison. The parameters
proaches, Yan@gt al. suggested that the shortcoming of the

LSA should It t h | f the d . | used ardD=o0=1, k,=125.0, andky=5.0. We add the re-
->A shou result rom t € neg ect of the YNamic Correla-g 1 of the KT as a reference. We use the FLINV routine in
tion effect of the third particle on the evolution of the reac-

the IMsL?* in order to invert the results of the LSA and the

tive pair of pgrticlgs. Namely, the ITSA describ.es the SYSIMT in the Laplace transformed domain and the numerical
that a specific pair propagates while otligparticles are at method of Kim et al252% to obtain those of the SA. The
equilibrium, which makes the relaxation faster and causeg§ayiation among all three theories is small fog=0.01

the error of the faster decay of the deviation function in theWhere the dynamic correlation effect is expected to be small,

transient region. The KT also shows the same power IavB ;
o . - . L ut becomes larger as; increases. It should be noted that
behavior in the long-time limit as in the SA but with differ- g

. ; : ) the results of the LSA and the SA are already indistinguish-
ent amplitude. The long-time asymptotic expression of theable prior to thet~¥2 power-law phase(The slope is about
deviation function is given by

—1.0 at the value of logt=—0.5 in the curve otg=1.0)
. eq ap As previously mentioned, the neglect of the dynamic corre-
im &er()~ 7K )2(1-P) (47D)""% (27 |ation effect in the LSA is shown to make the relaxation
i ¢ faster. From this comparison, one can see that the dynamic
where the facto incorporates the dynamical correlation correlation effect is partially included in the SA in contrast
effect still remaining in the power law region, which the with the LSA. Based on this observation, we can conclude
LSA neglectysee Eq(2.3)]. The expression for that can be that the lack of the dynamical correlation effect in the LSA
found in Ref. 7. By comparing Eq$2.3) and (2.7), even  may be due not only to the superposition approximation but
though the numerical value of the LSA is indiscernible fromalso, at least partially, to the linearization approximation. We
the simulation data, Yanet al. questioned Naumangt al's  can also find, from the coincidence of the amplitude of the
claim that Eq.(2.3) should be exact. power law behavior predicted by both the SA and the LSA,
However, the LSA which is a limiting case of the SA, as that the dynamic correlation effect incorporated into the SA
given by Egs.(2.1), could represent the latter only near the does not seem to affect the long-time dynamics. A possible
equilibrium, and thus the above limitation of the LSA may explanation of this fact is that the long-time dynamic corre-
not be relevant to the prediction of the SA in the transientiation effect in the SA may have a higher order contribution
time region. This motivates us to examine the dynamic in{e.g.,~t~°?) than the long-time power law behaviar ¢
formation contained in the SA before the linearization tech-of the evolution of the pair.
nigue is introduced. In fact, Sunet al. reported that the On the other hand, the long-time behavior predicted by
results of the LSA were hardly distinguishable from those ofthe KT shows a slightly higher amplitude compared with the
the SA, even in the transient regidBased on their report SA (and the LSA due to the correction factd? in Eq. (2.7).
and assuming that the linearization technique is valid neafFhe difference between the SA and the KT in the prediction
the equilibrium, Yanget al. pointed out earlier that the lack of the amplitude of the power law behavior was ascribed to
of the dynamic correlatiofwhich should exist in a real sys- the different ways of treating the dynamic correlation effect
tem even near the equilibriunin the LSA should be as- as discussed previous!§.Recalling the discussion of the
cribed to the superposition approximation its€lHowever,  mobility in Sec. Il A, the difference may well have arisen
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from introducing the usual target relation at different stagesy(r,t|r,)4xrr oD
of the formulation in two theories. Moreover, it is probable

that the dynamic correlation effect and the mobility assump- 1 (r—rg)? (r+ro—20)?
tion are closely coupled to each other. The possibility of  — m[exp{— W} F{_ 4Dt ]
interpreting the usual target relation as describing a mobile
system makes the situation more difficult. This confusion can a(y+a)(a+B) r+ro—20
be cleared when we compare these theoretical predictions + (y—a)(a—B) Jabt Jant
with a computer simulation. At present, the KT is developed
only for the case of 3D, and the computer simulation in 3D is Bla+B)(B+7) r+ro—20 )
required to compare with the KT and the $&nd the LSA. + ,,Bﬁ
This motivates us to develop a BD simulation method in 3D. (a=pB)(B=7) V4Dt
(B+7y)(y+a) r+ro—20
lll. BD SIMULATION + 7(5_ ;(Yy_ ) W( \/% mﬁ), 3.
The overall method of the present BD simulation is very
similar to that of Edelstein and Agmdin 1D. We assumed
that the direct correlations between the noninteracting likgy( ¢|y )= ke « W ro_o,a\/f)
particles Bs) may be ignored and the partiche (or C) is 4qryo\D | (y—a@)(@=p) | JaDt
immobile, which represents an exact target problem. From
these assumptions, we can realize the pseudo-first-order sys- B fo—o )
tem taking advantage of the exact Green functions for an * (a—IB)(B—'}/)W \/4_Dt'B t
isolate pair without loss of accuracy. One assumption to re-
alize in the many-particle system is that the remaining par- y T )]
ticles are fixed when one particle moves or reacts, which +t oo — W ENRE (3.2
may cause error at short times less than one time step. (B=7)(y=a) \/H

From the practical viewpoint, the main difficulty for the

3D simulation is that one cannot increase the boundByy - Ky { a r—o )
easily as in the 1D case because the number of partidles, p(r,t|*)= W ;ant
~R® to maintain the same concentration, namely, a thousand 4mro\D | (y=a)(a=p) V4Dt
timesN, are needed to increageten times. Therefore, one

should be very careful of the finite system size error. B W r-o /3\/{>

In our simulation, am (or C) particle is regarded as a (a=B)(B—v) '\ JaDt’
fixed target, representing theal target problem. OnlyB
particles can move around in our simulation. We put one 0% r—o
target (A or C) at the origin of the spherically symmetric + (B—7y)(y— a)W \/ﬁ”‘ﬁ ' 3.3
radial coordinatey, and N particles ofB into the interval
[o,R] randomly. Note that a uniform distril;utiosn in3the 3D

istributiofr ) = — i a( B+
fﬁ:igﬁg{ﬁfg&?ﬁ;g the distributjpr) =3r%/(R3— o) in p(*,t|*)=( _(ﬁ 32 Qe
: y—a)(a—p)

Then, the particld8 may move or react wittA one by
one. Each particle has only one chance to change its position B(y+a) Q(,B\/f)
during one time step by generating a random list. After the (a—B)(B—)
trials of all particles, one can continue the next step.

One particle is randomly selected and moved to a new y(atpB) Q(y4h) (3.4
location, which is calculated as follows. When the selected (B—y)(y—a) YN '
particle is in the bound stat&), it will remain there with the
probability of p(*,At|*) or move tor with the probability of  \yhere W(a,b)=exp(2b+b?erfc(a+b), Q(a)

r =exp(@®erfc(@) and erfck) denotes the complementary er-

J dr’ 4mr'?p(r’,At[*) ror function. «, B, and y satisfy the following relations:
after At. When an unbound particle a§ is selected, it will at+B+y=(1+ k,/kD)\/B/cr, (3.5
end up at the target with the probability p{*,At|ry) or
move tor with the probability of af+pBy+ya=Kky, (3.6)

r
Ldr’47rr’2p(r’,At|r0). aBy=kg\Dlo. 3.7)

All the necessary probability functions were obtained bylt is worthwhile to note the detailed balance condition,
Kim and Shif* from their exact Green function in 3D as K p(r,t|*)=kgp(*,t|r).
follows: The endpoint of the stochastic trajectory,( can be



J. Chem. Phys., Vol. 111, No. 3, 15 July 1999 Reversible diffusion-influenced reactions 1073

found by comparing a uniform distribution random number,every step is the most time-consuming part. We introduce

0<¢<1, such that the precalculated look-up tables constructed from the above
e probability functions. The look-up table method reduces the
&— p(*,At)zj p(r,At)dr. (3.9 computing time greatly, but requires much more memory

space. The following relations are useful to construct the
The calculation of the trajectory for every particle at look-up tables:

r
Q(r,t|ro)EJ dr’ 4" ?p(r’ tlro) +p(*,tlro)

Dt % (r—ro)2> F( (r+r0—2cr)2)) 1 r—ro
—ro\/; e ToY i B s DY Yol N Y erf Tabt
+erfrJrro—Z(r i _E (yt+a)(atpB) r+ro—20 J
V4Dt Mo a | (y—a)(a—p) Japt ¢
1( D\ (atp) Bty [r+ro—20 1( D\ (BtY(yta) [1+ro-20 )
ro( 5 [ a=pa—n " Japt ’Bﬁ)ﬂo v T Ere—oM @ A @9
Q)= [ dr” amr Zp(r 4+ pe )
r—o ﬁ( _E) 1 (r—cr ) ﬁ( _E) 1 r—o )
—ert V4Dt it (7—a)(a—B)W \/4Dt’a\/f e\ (a—B)(B—y)W \/4Dt"B\ﬁ
E _E) 1 r—o )
T\ (ﬁ—v)(y—a)w( \/4Dt'y\/f' (310

One can confirmQ(«,t)=1 easily. The look-up tables can sen values of parameters amg=0.001, k,=125.0, ky
be constructed monotonic in order to perform the easy=5.0, andD =o=1. For these parameters, both the SA and
look-up procedure. the KT predict almost the same results. The result of simu-
The reflecting boundary condition is used in the presentation is also shown to be indistinguishable from the theoret-
simulations at the outer boundary<R). And when a par- ical predictions. The different descriptions of the mobility of
ticle is already bound to the fixed target, namely, transthe system as well as the dynamic correlation effect by the
formed to theC state, the inner boundary £ o) is also  SA and the KT do not appear at this low concentratioBof
regarded as the reflecting one because other particles canngaterestingly, we found that the finite system size error
react with the target anymore. The probability functionsmakes the relaxation slower in 3D, while it is faster in 1D.
should be changed to the following well-known Green func-we increased the size of the simulation system until the con-

tion with the reflecting boundary, instead of E§.1): verged results were obtained.
In Fig. 3, the relaxation curves of the concentration de-
p(r tiro)4arr oD viation are plotted but the values of parameters are changed,
1 (F—1)? (f 41— 20)2 such thatg=1.0,k, = 125.0, andk4=50.0. For these values,
S —— { ex;{ - }Jr exr{ - 7 } two theories predict the different behaviors in both the tran-
4t 4Dt 4Dt sient and the long-time regions. Furthermore, the simulation

result supports neither the KT nor the SA for the entire time

- @ m, @ (3.1)  domain. Prior to the asymptotic power law region, the simu-
o V4Dt o lation results follow the prediction of the KT but support the

SA in the long-time power law region. This trend is again
IV. RESULTS AND DISCUSSION found in Fig. 4 where the values of parameFers are the same
as those of Fig. 3, except;=5.0. Note that, in general, the
In order to verify the methodology of the present simu-largercgKeq, the more severe test for the theories. For these
lation, we compare the simulation result with those of the SAparameters, the deviation of the SA from the BD simulation
and the KT in Fig. 2. The time dependence of the concentrais larger than that in Fig. 3 in the transient region, but the SA
tion deviation,&(t), is plotted in the log—log scale. The cho- is still good in the power law region at long times. The good
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FIG. 2. Comparison of the BD result with those of the SA and the KT FIG. 4. The same as Fig. 2, excepi=1.0.

through the time dependence of the concentration deviatign.0.001,k,
=125.0,kq=5.0, andD=0c=1.

order term to have any effect on the power law behavior. A
agreement of the KT with the simulation in the transientsimilar explanation may also be given for the long-time dy-
region shows that the dynamical correlation effect plays amamic correlation effect of the BD simulation for the exact
important role during the transient relaxation period to makedarget system. On the other hand, the long-time dynamic cor-
a slower relaxation compared with the SA, which accountgelation effect in the KT makes a contribution to the lowest-
for it only partially. On the other hand, the coincidence of theorder ¢~ %?) relaxation behavior, and this alters the ampli-
SA and the BD results in the power law region tells us thattude of the power law from that of the S@r the BD.
since the BD simulation is designed for the exact target prob- In the KT formulation, the long-time dynamic correla-
lem, the SA for the usual target problem is also numericallytion effect is included through the factd? in Eq. (2.7),
exact for the exact target problem in the long-time power lawwhich is absent in the LSA result of E¢42.3). From the
region in 3D. This is in line with the previous result of Nau- observation of a slightly higher amplitude of the KT result
mannet al. that the usual target version of the LSA for the compared with that of the BD in the power law region, we
present reversible system becomes numerically exact in thean conclude that the dynamic correlation effect self-
long-time limit in 1D. Of course, it is well-known that the consistently considered by the KT does not represent that of
SA for the irreversible reaction system describes the targehe exact target system. This fact was discussed previétisly,
system exactly. For the reversible system, it is now conin which the irreversible survival probability predicted by the
firmed that the LSA is also exact in 3D, at least numerically KT is a little bit different from that of the exact target system
in the long-time limit for the exact target problem. (presented in Fig. (b) in Ref. 22. In our previous works, we

The dynamic correlation effect does not seem to appeasuggested that the KT is an approximate model for a mobile
in the SA in the power law behavior of the target system.system, although we employed the approximationDofg
This may not mean the absence of the dynamic correlatiorr Dg, Since this relation can represent not only the usual
effect in the SA formulation in the power law region. Rather,target problem but also a mobile system, as we pointed out in
we suspect that it has a higher order contribution thai?  Sec. Il A.
to the relaxation kinetics and is not exposed in the lowest- From the above discussions, we believe that a system
with a certain mobility(say, the exact target problerhas a
different dynamic correlation effect from that of another sys-

ook ' ' ' ' i tem with different mobility(say, a mobile systemThe dif-
sl ] ferent dynamic correlation effect associated with the differ-
! ] ent mobility appears as a fastéor a slowey relaxation

06 - behavior in the transient region, or in the different amplitude

of the power law behavior in the long-time limit. The origin
of the difference in the amplitude of the power law behavior

09 |

12

log,, [E(t)E(0)]

I ----KT between the SA and the KT can actually be investigated
asp T SA from the comparison with a reliable simulation study for the
i BD mobile system. As of now, neither the reliable simulation
’ study nor the exact theory is available for the mobile system.
21F
e 25 20 as a0 s V. CONCLUDING REMARKS

log,, t . . . . .
* We have investigated the pseudo-first-order diffusion-

FIG. 3. The same as Fig. 2, excap=1.0, andky4=50.0. influenced association—dissociation reaction with the BD
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simulation study in 3D for a spherically symmetric system, reliable simulation study for the mobile system is re-
with the aid of the exact field-free ground-state Green func- quired in order to clarify this point.
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