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ABSTRACT

We consider a binary mixture of chemically active particles that produce or consume solute molecules and that interact with each other
through the long-range concentration fields they generate. We analytically calculate the effective phoretic mobility of these particles when
the mixture is submitted to a constant, external concentration gradient, at leading order in the overall concentration. Relying on an analogy
with the modeling of strong electrolytes, we show that the effective phoretic mobility decays with the square root of the concentration: our
result is, therefore, a nonequilibrium counterpart to the celebrated Kohlrausch and Debye-Hiickel-Onsager conductivity laws for electrolytes,
which are extended here to particles with long-range nonreciprocal interactions. The effective mobility law we derive reveals the existence of
a regime of maximal mobility and could find applications in the description of nanoscale transport phenomena in living cells.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0203593

I. INTRODUCTION

“Chemically active” particles typically refer to micro- or nano-
objects that produce or consume smaller solute molecules and that
interact through the resulting concentration fields. They are found
at different length scales, from active colloids"” down to biologi-
cal molecules, and especially enzymes, which became paradigmatic
examples of nanomotors in the physical and chemical literature.”
From a theoretical perspective, chemically active particles have ini-
tially been studied under the angle of diffusiophoresis, i.e., through
their individual response to external or self-generated drive.” '’
More recently, the interactions between such particles, and the
resulting collective properties, have been investigated. Numerical
studies of mixtures of chemically active particles of different species
revealed their propensity to phase separate,’” ' their ability to form
complex supramolecular structures that affect their diffusivity,” '
and quickly became an example of a system with nonreciprocal
interactions. Subsequent experimental realizations confirmed the
richness and complexity of these collective behaviors.”*

From a theoretical perspective, explicit analytical results on col-
lective effects in such nonequilibrium mixtures are still scarce, due
to the technical difficulties raised in the modeling of chemically
active particles. Indeed, their pair interactions are generally long-
ranged and should typically be modeled as non-reciprocal.”"** In
particular, the transport coefficients of chemotactic particles, which
characterize their response to external drive, have only been stud-
ied elusively, despite their importance in understanding situations of
biological interest, in which spatial heterogeneities are predominant
and govern spatial organization.”’

Here, we rely on the analogy between the physics of chem-
ically active particles and that of strong electrolytes, as has been
elucidated in a number of different contexts,”**’ and we derive an
explicit expression for the effective mobility of chemotactic parti-
cles in a mixture made of two different species, with long-range,
unscreened interactions. In particular, we show that the hydrody-
namic and chemotactic interactions between the particles result in
a square root dependence of the effective mobility on the over-
all volume fraction of particles. Therefore, our result is an analog
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FIG. 1. A binary mixture of chemotactic particles placed in a gradient of solute
concentrations. As an example, we represent here the situation where parti-
cles of species 1 (resp. 2) represented in black (resp. gray) tend to produce
(resp. consume) solute molecules and migrate toward low (resp. high) solute
concentrations.

of the celebrated Kohlrausch® ** or Debye-Hiickel-Onsager’*
conductivity laws for electrolytes, which are extended here to an
intrinsic non-equilibrium system, with nonreciprocal interactions.
We show that the approach to phase separation is associated with
a divergence of effective mobility and that the parameters that
tune the activity of the particles can optimize the mobility of the
particles.

Il. MODEL

We consider a binary mixture of active, chemotactic par-
ticles (Fig. 1). There are N; particles of type i€ {A,B}, and
we denote by N = N4 + Np their total number. Their positions
are denoted by ., where ne {1,...,N;} and we denote by
= ,r&,rlf yee ,rﬁs} the overall configuration. The overall
density of particles of type i is denoted by n; = N;/V, where V is the
volume of the system. We assume that each of the particles can be
a source or a sink of smaller solute molecules, whose local concen-
tration is denoted by c(r, t). The activity a;, which is homogeneous
to an inverse time, characterizes the rate at which the particles of
type i produce (if a; > 0) or consume (if a; < 0) solute molecules.
Throughout the paper, we will assume that the overall concentra-
tion of solute molecules is constant, i.e., the condition naas + npas
= 0 holds. This implies that ayap < 0, i.e., one species is a producer
of solute molecules, while the other one is a consumer.

We assume that each particle interacts with the small solute
molecules (for instance, because of short-range repulsion interac-
tions) and, therefore, that diffusiophoretic effects occur: any gradi-
ent of solute concentration results in a net drift of the particles. We
will assume that particles of species A and B do not respond in the
same way to these gradients. Consequently, when coarse-graining
the dynamics by integrating out the degrees of freedom corre-
sponding to the solute molecules, the effective interactions between
A and B particles should be assumed to be generally non-reciprocal.
Namely, in this class of nonequilibrium systems, Vj_;(r) repre-
sents the contribution to the drift velocity experienced by a particle
of species i originating from a particle of species j, when they are
separated by a distance r.

The starting point of our analysis is the N-body Smoluchowski
equation obeyed by P(+";t), namely, the probability of observing
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the system in a given configuration " at time ¢, which reads, in the
absence of external force,

N
O P(FN; t) = Z {Do(k) ka P - A\ [PV(rk)]
k=1

K #k

- Vi [PZ Voot (I = ’k")]}’ (0

where (k) denotes the species of particle k (for instance, o(k) = A
ifl1<k<Nsando(k) =Bif Na+1<k<Nu+Np), D (connected
to the mobility M; via Einstein relation) denotes the bare diffusion
coefficient of particles of species i. The second term in the sum rep-
resents advection by the solvent, whose velocity field is denoted by
V. Finally, the last term in the sum accounts for the net drift velocity
experienced by particle k.

We first analyze a mean-field approximation of the Smolu-
chowski [Eq. (1)]. To this end, we define the one-body densities
of particles of species i as p;(r},t) = fn'k*’i dr, P(rV,t). At the
mean-field level, the density of particles of type i obeys the following
equation (see Appendix A):

84),‘(1‘, t) = Divzpi -V [V(r)pl] -V- [’Ufhpi]» (2)

where the drift velocity vfh contains the effect of all pair inter-
actions between the particles. For arbitrary interaction potentials
between the particles, it is, in practice, impossible to compute this
term. However, if we assume that the particles only interact through
the inhomogeneities of the solute field c(r,t) (i.e., if we neglect any
direct interactions such as short-range repulsion, which is acceptable
in the low-density limit), the quantity vfh can be interpreted as a
diffusiophoretic velocity and computed using the classical theory by
Derjaguin and Anderson et al.””'”"**® Under these approximations,
one gets vfh =~ —u;Vc, where y, is phoretic mobility and character-
izes the response of the particle to inhomogeneities in the solute con-
centration (this typically holds for short-range interactions between
the chemotactic particles and the solute molecules). If y, > 0 (resp.
; < 0), then particles of species i are directed toward (resp. away)
regions of lower concentrations. Within this framework, the drift
velocity then reads Vj_.; = —u,V¢j, where ¢;(r) is the solute concen-
tration at position r due to the sole presence of a particle of species
j at the origin.

1. “DEBYE-HUCKEL” APPROXIMATION

To get insight from the analogy with electrostatics, we first
study the equilibrium distribution of chemotactic particles and
ignore the effect of solvent advection (V =0). The densities
p;, obey the equation Op,(r,t) =D;V’p,+V - [(4,Vc)p,]. The
solute density is the solution of the reaction-diffusion equation,
Orc(r,t) = stzc(r, t) + Xaip;(r,t), where D; is the diffusion coef-
ficient of solute molecules. If these molecules diffuse very fast (for
instance, if they are very small compared to the particles, i.e., Ds
> D, Dp), one can assume that its concentration obeys the
following stationary equation:

—Vie(nt) = Diz wpi(n 1), 3)

S i
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which is analogous to Poisson’s equation for electrolytes. The map-
ping between the two classes of problems (chemotactic particles and
strong electrolytes) is detailed in Appendix B.

It is not possible to solve explicitly for the solute concentra-
tion ¢ and the density of particles of type p; since the equations
they obey are coupled nonlinearly. Linear stability analysis of this
set of equations was the object of past work,”"”” which revealed the
conditions under which such a mixture phase separates. In the sta-
tionary state, the densities p,(r,t) can be expressed in terms of ¢ as
pi(r,t) ~ n; exp (f 1’\‘7’15(1*, t)), with 8 = (kgT)™'. This amounts to
assuming that each particle only interacts with the others through
the concentration field of solute molecules, which is acceptable in
the low-density limit. Using this expression of p; in the stationary
equation for c yields the following Helmholtz equation:

2 1 —BLLc(rt)
- ) = — in; M; . 4
Vie(r,t) ) Ei ainie (4)

To solve for ¢, a possible strategy is to proceed by analogy with elec-
trostatic interactions and to apply a “Debye-Hiickel approximation”
by linearizing the exponentials in the rhs of this equation and
neglecting terms of order ¢, which is valid in the low-density limit
or when the strength of chemical interactions is typically smaller
than the thermal energy. Using the fact that the overall quantity
of solute is assumed to be constant (3;a:n; = 0), one gets V2c(r, t)

B \ 12 . .
= ch(r, t), where K= (Zi “Dﬁ#) is a screening length, i.e., the
typical length over which the effect of the activity of a particle can
be felt. Note that depending on the choice of parameters, x> may
be negative: this corresponds to the situation where the mixture of

chemotactic particles is unstable.”"”

IV. RESPONSE TO AN EXTERNAL
CONCENTRATION GRADIENT

We now assume that the chemotactic particles are placed in a
constant external gradient of solute concentration, which we denote
by G = f%éz, where Ac is the difference of concentrations imposed
at the two ends of the system and L is the typical size of the sys-
tem in the z direction. A particle of species i is then submitted to
the external drift velocity Vi = y; G. We denote by v;(G) the sta-
tionary velocity of a particle of type i along the z direction when
one applies a concentration gradient of magnitude G. The effec-
tive mobility of the particle is defined as ,ufff =limgovi(G)/G and
is affected by the presence of other particles because of two main
effects:’® a “hydrodynamic” effect that originates from the viscous
drag in the suspension, and a “chemotactic” effect that originates
from the interactions mediated by the inhomogeneities in the spatial
distribution of solute molecules. Therefore, the velocity of a particle
of i is decomposed as v; = v} + v?yd + ™ A similar decomposi-
tion has been used in the exact solution of non-reciprocal phoretic
interactions between two finite-sized colloids.” In what follows, we
present the derivation of the two velocity increments v, 74 and vhem

i .

A. Hydrodynamic contribution

From the “Debye-Hiickel” approximation, we know that each
particle will be surrounded by a spherical cloud of “counter
particles,” of typical radius x~'. Therefore, when a particle moves in
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a concentration gradient, it also drags a large number of “counter
particles” with itself. The resulting hydrodynamic drag tends to
slow down the particle, which undergoes a drag force that will
typically be directed against V™ and is proportional to 'v?yd. To esti-
mate the prefactor in front of v?yd, we approximate the cloud as a
sphere of radius ™', and by analogy with the drag experienced by
a solid sphere in the Stokes limit, we estimate the drag force acting
on the colloidal particle and its counter particles as —67‘[111(_11]?“1
At the steady state, this force will be balanced against the drive
(ui/Mi)G. We then estimate the hydrodynamic drift velocity as
hyd #i

vo= I

B. Chemotactic contribution

When the considered particle moves (either because of the
applied external gradient or because of thermal fluctuations), it is
displaced from the center of its “cloud” of counter particles. Indeed,
the latter need some time to respond to the displacement of the cen-
tral particle and to re-arrange. The electrostatic analog to this effect
is the relaxation of a cloud of counterions to its spherical equilibrium
shape after it is perturbed by an external electric field. The particle
will tend to be brought back toward the center of the cloud and will
undergo a force directed against V. For a particle located at

r=0, the resulting velocity increment ™™ reads wv{"™

= —pi Vc,(|r:0, where we denote by cl :c,-fc? the perturbation
induced on the equilibrium solute distribution by the external
field.

The perturbation to the solute distribution ¢;(r,t) is computed
by treating the problem at the two-particle level, i.e., beyond the
mean-field approximation presented above. To this end, we define
the two-particle distribution f;i(r1,r2; t), namely, the probability
to find a particle of type j at r; and a particle of type i at r; at
time t. It is related to the N-body distribution through fji(r],73;¢)
= [TI relrrl} dr, P(+V,t). Performing the corresponding integra-
tion on Eq. (1), and neglecting the three-body distributions as a
first approximation, yields the following equation for the two-body
distributions:

O fii(ri,r5t) = Dijlfji + Dinzfij
=V - fij (G - Vnc;(o) = Vnei(r,r2))
-V, - fii ui(G - Vr,ci(0) - Vnc(ri,r2)), (5)

where we neglected the effect of solvent flow (V(r) ~0) as we
assume that the effect of hydrodynamic entrainment is correctly
captured by the study of the hydrodynamic contribution detailed
above.

Assuming that the perturbation induced by the external drive
is small, we write the distribution functions as fji(ri,721) = f (},-(r)
+f;,-(r1,r21), where we denote r = |r, — r;| and where f;, < f(])-,-.
The equilibrium solute distribution is determined within our
“Debye-Hiickel” approximation, i.e., in the limit or small concen-
tration or of sufficiently weak interactions, and the equilibrium pair
distribution is given by

Kr

f(])-,-(r) ~ ninj(l - ki % e ) (6)

kg TM; 4nD;s r
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Importantly, note that non-reciprocal interactions translate into the
pair distribution functions, with fsp being generally different from
fBa. Next, under the assumption that the applied concentration field
is weak, we perform a perturbative expansion and only retain terms
in linear order in c; and f ']Z Taking the stationary limit of Eq. (5),
one gets

wiG Vo, i+ WG Vi, fi = winin;V7,¢j — inin Vs,
~ Miks TV, f ' = Miks TV, f1; = 0. )

Finally, f/; is eliminated by using the analogous to Poisson’s equa-
. . : : ion: — V2 = Ly &g/
tion written at linear order in the perturbation: -V°¢; = 5%, y fij

One gets a set of coupled differential equations for the perturbations
¢f and ¢, which are solved to yield (see Appendix C)

K paos/Ma — ppoa/Ms  Q

Vei)r-o = . ®
(Vei)r=o 121Dk T Ua — UB 1+\/§g ®

for i € {A, B}, with the dimensionless number
. MaMg pa — pB )

" My + Mg paMp — upMy”

The resulting velocity increment of a particle of type i along direc-
tion &, is simply given by v™™ = —;(Vc!),—o. We emphasize that
Q may become negative, which would result in the chemotactic con-
tribution to mobility having a nonzero imaginary part. Interestingly,
and although we will not investigate the corresponding range of
parameters here, this could be the signature of emerging oscillatory
(underdamped) dynamics, in a similar vein to oscillatory instabilities
that have been reported elsewhere.”’

V. EFFECTIVE MOBILITY

We now put together the hydrodynamic and chemotactic con-
tributions and give the expression of the effective mobility. We focus
on the situation where the A and B particles have the same size and,
therefore, the same mobilities M, and diffusion coefficients Dy (this
implies Q = 1/2). The effective mobility can be rewritten in terms of
the variables 7} = il:’D‘” D’fa’ , where X;j = nj/(n1 + ny) is the fraction of
particles of species j and a is the radius of a particle. It reads

ff 2 2

U V2-1 naXa + n3Xs
Y- el i —s +

Ui V| Va1 92 XaXp\/Na — 1B

where we assumed, with no loss of generality, that a4 >0,
ap < 0, and where ¢ = %ﬂaS(nA + ng) is the overall volume fraction
of chemotactic particles. Several comments follow: (i) The expres-
sion of the effective mobility given by Eq. (10) constitutes the central
result of this article. The result is valid at low densities, namely, at
order O(,/9) when ¢ <« 1, and in the limit where the interactions
between the particles are sufficiently small as compared with the
thermal energy. With the choice of asap <0, and in the absence
of external field, in the domain #, > #,, the suspension remains
homogeneous and the particles form small “molecules,” which self-
propel or rotate depending on their symmetry properties.””*’ On the
contrary, in the domain 7, < #;, the suspension is unstable and sep-
arates into dilute regions and dense, large clusters.” (ii) Note that, in

» (10
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the limit we consider here, the effective mobility rescaled by its value
at infinite dilution g™ /; is identical for both species. This identity is
not expected to be generally true and would not hold for higher con-
centrations, or stronger chemical gradients, beyond linear response.
(iii) As expected naively, the effective mobility decreases when the
volume fraction increases: collective effects generally hinder the
transport of chemotactic particles under the effect of an external
gradient. However, the mobility decays as the square root of vol-
ume fraction. This effect, which is a consequence of the square root
dependence of the screening length x™', is reminiscent of the cele-
brated conductivity laws in electrolytes, first intuited and observed
experimentally by Kohlrausch,”’ ** and later derived theoretically
from microscopic considerations by Debye and Hiickel—a theory
subsequently refined by Onsager.”””* We believe that the present
result should be seen as an extension of this central result to a
more general setting, in which interactions are nonreciprocal and
intrinsically non-equilibrium.

Our analytical result [Eq. (10)] takes a simpler form in the case
of a “symmetric mixture” where na = ng = n, i.e,, Xa = 0.5 (which
imposes a4 = —ap = «, with a > 0). In this situation, one can define
thelength £ = 8731’]3‘:]‘;0 , which is the typical distance at which the inter-
actions between chemotactic particles becomes comparable to the
thermal energy kg T In this respect, it can be seen as analogous to the
“Bjerrum length” in electrostatics. With this definition, the effective
mobility has a more explicit expression and reads

eff 2
s ‘ V2-101+ M
=1 “|v1- - 11
,» ﬁ\/;[v M+ NN (11)

where we define the ratio between the two mobilities M = pp/pa. In
the limit M — 1 (i.e., when both species have comparable mobil-
ities, but opposite activities), we observe that the hydrodynamic
contribution to the mobility vanishes—this is expected, since all the
particles respond similarly to the imposed external gradient, and the
particles do not have to “drag” a cloud of counter particles anymore.
On the contrary, the chemotactic contribution increases in magni-
tude and significantly decreases the effective mobility: the formation
of large and cohesive clusters at the approach of the phase separa-
tion threshold tends to arrest the particles and hinder their response
to external perturbations. In the opposite limit M — —oco (i.e., for
a fixed value of u,, when the B particles have a very strong nega-
tive response), both hydrodynamic and chemotactic contributions
penalize the effective mobility: this is interpreted by the formation
of very cohesive “molecules” made of A and B “atoms,” which are
less sensitive to external gradients. The divergence of the mobility
ratio in this limit, which is singular and unphysical, could be regu-
larized by considering higher-order terms in our small-¢ expansion.
Finally, since the effective mobility appears to be a decreasing func-
tion of M in both limits of M — —oco and M — 1, one expects the
existence of a regime of optimal mobility.

We plot in Fig. 2 the effective mobility rescaled by its bare value
and by square root of concentration (S — 1;)/ (\/9ui), as given in
Eq. (10), as a function of the dimensionless variables 7, and #,. For
X4 = 0.5, the qualitative behavior that we read from Eq. (11) is con-
firmed by the plot in Fig. 2(a) and also holds for a more general
asymmetric mixture [Fig. 2(b)]: between the regimes two regimes of
7, = ng and 11, < 1, in which the effective mobility is significantly
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FIG. 2. Effective mobility y?ﬁ of the chemotactic particles rescaled by its bare value »; and by the square root of concentration, as a function of the dimensionless variables
1, and 7, for different values of the relative fraction of A and B particles. (a) X4 = 0.5. (b) X4 = 0.1. The dashed gray lines represent the regime of maximum mobility. (c)
The same quantity represented as a function of #,, for a fixed value of #7; (17, = —0.8) and for X = 0.5.

reduced, there exists a regime of optimal mobility. The relative con-
tributions of the hydrodynamic and chemotactic effects are shown
in Fig. 2(c), for a fixed value of #;.

VI. CONCLUSION

We highlight the fact that the mobility law we derived through
an analogy with strong electrolytes is general and applies to chemo-
tactic particles at different length scales: from molecular machines,
such as enzymes (a few nanometers), to active colloids (a few
micrometers), the main hypothesis being that solute molecules dif-
fuse fast enough and equilibrate quickly. Our main result could
be of particular interest in biological situations, where phoretic
mechanisms and chemical interactions are known to govern spatial
organization and metabolic pathways.”*’"** From a technical point
of view, we underline the formal analogy between the present sys-
tem and a simple electrolyte. Relying on classical electrochemistry
works opens the way to many analytical developments. For instance,
it would be particularly interesting to go beyond the dilute limit
and incorporate the effect of short-range repulsion between parti-
cles, which will predominate in concentrated suspensions. We could
rely on the large body of literature that has been devoted to this topic
in the context of electrolytic solutions.” !
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APPENDIX A: MEAN-FIELD TREATMENT
OF THE N-BODY SMOLUCHOWSKI EQUATION

We start from the N-body Smoluchowski equation satisfied by
the distribution P(+";t) [Eq. (1) in the main text],

N
aP(rit) = {Da(k)vfﬂj— V- [PV(ri)]
=1

-V, -

Py Vory—oto (e = fk’|)]}~ (A1)
K #k

With no loss of generality, we compute the one-body density asso-
ciated to the A particles: pa(ri,t) = f]_[,k#{\ dr P(rV,t), which
reads

Orpa(r,t) = DaVipa - V- [V(r)pa]
—(NA-1)V- fdr’ Fan(r ' OVaoa(lr— 7))

NV [& fan(nr OViaealr =7 (A2)

where the two-body distributions are defined in the main text as

fj,'(r{,r;;t):/ H dry P(rN,t). (A3)

P i
reg{rpr;

The non-reciprocal drift velocities are here assumed to orig-
inate from phoretic interactions.”” We assume that the particles
primarily interact through the production and consumption of
solute molecules, which yield an inhomogeneous distribution and
the resulting phoretic transport. The drift velocity can be deter-
mined following the classical approach by Derjaguin and Anderson
et al.*”">*° Denoting by ¢(r,t) the solute concentration at position
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r and at time ¢, the phoretic velocity can be written as 'vgh ~ —paVe.
Within this approach, the mobility 4, reads™
ksT [ —ualz
Ya = L dz Z(l—e Was( )/kBT), (A4)
n

=\2

where v, is the interaction potential between solute molecules and
the surface of the particles of species A and A4 is usually called the
“Derjaguin length.” We emphasize that the “mobilities” y, (which
have dimension L>T™") should not be mistaken with the mobilities
M; [with dimension 1/(MT™1)] that are usually defined as the ratio
between velocity and force within the linear response.

APPENDIX B: ANALOGY WITH ELECTROSTATICS

In this appendix, we highlight the analogy between the system
under study and a binary electrolyte. Consider a binary electrolyte
made of N, cations of charge e, = z,e and N_ anions of charge
e_ = z_e. The concentration of the cations and anions are denoted
by ny =N4/V and n_ = N_/V, respectively, where V is the vol-
ume of the system. The electroneutrality condition then reads
nyes +n_e— = 0. The electrostatic potential in the solution obeys
Poisson’s equation —v2¢(r) = p(r)/e, where p(r) is the charge den-
sity at position r in the solution. Denoting by r; (resp. r; ), with
n=1,..,N = N, + N_ being the position of the ions, the density of
ions of species i = + is defined as p;(r) = Zf’zl 8(r - r,). With these
notations, Poisson’s equation is rewritten as

-Vo(r) = %Z eipi(r). (B1)

1
This is analogous to the equation satisfied by the concentration field

¢ in the main text [Eq. (3)].
We write the force experienced by an ion of species i located

ARTICLE pubs.aip.org/aipl/jcp

pseudo-force introduced in the main text. However, for chemo-
tactic particles, the activity and response to field gradients are not
controlled by a unique parameter (which is the charge e; in the
electrostatic analogy). A consequence is that chemotactic particles
interact in a non-reciprocal way: the interaction exerted by a particle
of species i on a particle of species j is generally not the opposite of
that exerted by j on i. This is obviously not the case for ions. We sum-
marize the analogy between electrostatics and chemotactic particles
in Table I.

APPENDIX C: PERTURBATIVE RESOLUTION
OF THE TWO-BODY DYNAMICS

The starting point of our analysis is Eq. (5) in the main text,
which we consider in the stationary limit,

0=D;V;, fii + Divy, fi
- Vr - fij i (G- VrlC;'(O) - Vnei(r,r2))
— Vr, - fji ui(G - Vr,c (0) - Vrci(r1,12)). (C1)

We expand this equation at linear order in the perturbations ¢; and

f'ii-Ttis clear from the expression of the equilibrium distribution f gj

0 i “j eﬂcr
L(r) 2~ mini| 1 - C2
f] (1’) " I’l]( kBTMi 47'[D3 r ) ( )

that fi —mn; is of order waj/M; so, in the expression
(4i/Mi) fiiVr,cj» fi is replaced by minj. We use Eq. (C2) to
eliminate the terms of order 0, and we get, in linear order in the
perturbation,’

WG - Vi f i + 4G - Vr fij = pinin V', ¢ = pnin; Vs, ¢

at position r: Fi(r) = ¢;E(r) = —e;V¢(r). This is analogous to the - M,-kBTszf;‘i - ]VIjkBTV%lfz{j =0, (C3)
TABLE 1. Analogy between the description of chemotactic particles and strong electrolytes.
Chemotactic particles Electrolytes

D;: diffusion coefficient of solute molecules

e: dielectric permittivity

a;: chemical activity

ei: charge (source in Poisson’s equation)

#;: response to a chemical gradient

ei: charge (response to an electric field)

¢i o< a;: solute concentration due
a particle of speciesi

@; o< e;: electrostatic potential
due to the presence of an ion i

G = —Vc: applied “chemical” field

E = -V ¢: applied electric field

Vini = —u; Ve o< pa: velocity
of a particle of species idue to the presence
of a particle of species j

Fi.i= —e,-V(pj o< ¢;ej: force undergone
by an ion of species i due to the presence
of an ion of species j

L\ "1/2
K= ( 1%) : screening length

of chemical interactions

2

-1/2
kg = (Z ; k”BeT*e) : Debye screening length
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where we used the assumption that the external gradient is constant
(V-G =0). This equation is now used to compute the chemotac-
tic or “relaxation” effect. Since the external gradient imposed on
the solution is in the z direction, we write G = Ge,. We rewrite
all the quantities in terms of the distance between the two parti-
cles r = r, — r; and replace the gradient operators as V,, = V, and
Vr = -V, (in what follows, we drop the index r for clarity). We use
the following symmetry relations:

c(r) = =c(-r), (C4)

fi(r) = =fi(=r). (Cs)
We keep in mind that generally f?j(r) * f(}l-(r). We ignore the

dependence on the solvent velocity field V since the effect of
hydrodynamics is considered separately. We obtain

B} Bl
#fg&f?ﬁ —Hj g&f?j — pinin V¢ + pnin V¢
- (M; + M)k TV f'; = 0. (C6)

The derivative of f (},- is computed using Eq. (6),

Ui ai O e ™
— . C7
ks TM; 4nD; 82( r ) €n

0
&f?i = —hinj

Then, the perturbations f’; are eliminated and replaced by ¢/ using
Poisson’s equation written at linear order in the perturbation,

2 1 a;

-vidi= D2 n—jf;-,-. (C8)
Multiplying Eq. (C6) by a;/n;, dividing by (M; + M;), and summing
over i yields

4 1 Uiniti a3 ¢
V- Ve
! ksTDs5 Mi+M; "~

1 Uinidi 4

+ ¢ =
ksTD; 45 M,-+ij '

! % af(J)’i af?j
_kBTDSZi n,-(M,-+1\4j)(P‘fgg—mg L ©

The rhs can be made explicit by using Eq. (C7). This yields a closed
set of linear equations for the perturbations to the perturbations ¢/,

4 1 Uiniti 3 ¢

c;— Vic;

7 ksTD: 5 Mi+M;
1 Hinii 2 s 1 o;

\Y4 ¢ =
4n(kBTDS)ZZ,-: M; + M

y niplfocj ni//‘?“z‘ 2 e G

Mi ]VI] 0z r ’

For an arbitrary number of species, Eq. (C10) can be solved by
resorting to a matrix formalism.” Here, we focus on the case where

there are only two species in the mixture. We specify Eq. (C10) with
j=A and we eliminate c;. To this end, we multiply Eq. (C10) by

+
kBTDS 7 M,‘ +A/Ij

(C10)
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njaj and sum over j. This yields 3 ; nja;V*c} = 0. Since ¢ and its
Laplacian must remain finite and vanish for r — oo, this implies
Zj nj(xjvzc; =0, i.e., when there are only two species, nAocszch

+ npapV2ch = 0. We obtain

1 uanaaa + upnpag _o 4

V4c'— c
47 ksTD, My +Mp A

~ g agng  (ppaa  prap) 0 (e

4m(kgTD)* Ma+ Mg\ Mg Ma )Oz\ r [
(C11)

We define
22 _ 1 uanaaa + upnpap (C12)
DSkBT MA+MB

which has the dimension of an inverse square length. Using the
global conservation of the quantity of solute, naaa + npas = 0, we
find that %2 is related to the screening length through

My M, -
22 MaMg UA — UB @ (C13)
Ma + Mp paMp — upMa

=Q

where Q is dimensionless. We also introduce

_ 1 phan/Ma - phaa/Ms
4nDskg T Ua — Us

6 e—Kr
oz\ r |

)

g. (C14)
We then get

4 7 ~2-2 1/ 52
Vica—KRVicy = GR"—

(C15)

The solution of this differential equation with appropriate
boundary conditions reads (see Appendix D), as an expansion in
powers of ,

52 = )
d = ~ZQK 2(_K Kz+ K SK - O(rz)). (C16)
%

We are interested in the concentration gradient created by the
perturbation of the ionic atmosphere, which reads

& 0
31+v0

The resulting velocity increment of a particle of type i along
direction &, is

(Vch)reo = (C17)

o™ = i (Ve )0 (C18)
2 2
- _ iE 1 IMA(XB/MA HB“A/MB Q g’ (C19)
3 4nDeksT YA — UB 1+v/Q

which is the expression given in the main text [Eq. (8)].
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APPENDIX D: SOLUTION OF THE DIFFERENTIAL
EQUATION (C15)

In this appendix, we give the solution of the differential
equation (C15). First, using the relation

ef’“ _ 10 28 ef’" _ zim
i R 0 | R

it is clear that a particular solution of Eq. (C15) is

A ~2 —Kr
A S (e—) (D2)

K (k% - &%) az\ r
The general solution is

gr —Kr
4

F 2 —Kr
A
(o 9k 0 (eT A +Aze—+A3r2+—). (D3)
r r r

CAzz&

K" —K Kr

For the potential to remain bounded at r — oo, one imposes
A1 = A3 = 0. Moreover, for V> ¢ to remain finite at r = 0, one sets
Ay = 71/132. For ¢ to remain finite at r = 0, one needs A4 = 1/1%2
—1/«*. We then get

. GR 8(1—e*’ 1—e*"’)

c — - D4)
ATk oz &’r Kr (

This leads to Eq. (C16).
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