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Abstract

In ionic solutions, there are multi-species charged particles (ions) with different
properties like mass, charge etc. Macroscopic continuum models like the Poisson—
Nernst—Planck (PNP) systems have been extensively used to describe the transport
and distribution of ionic species in the solvent. Starting from the kinetic theory
for the ion transport, we study a Vlasov—Poisson—Fokker—Planck (VPFP) system
in a bounded domain with reflection boundary conditions for charge distributions
and prove that the global renormalized solutions of the VPFP system converge to
the global weak solutions of the PNP system, as the small parameter related to the
scaled thermal velocity and mean free path tends to zero. Our results may justify
the PNP system as a macroscopic model for the transport of multi-species ions in
dilute solutions.

1. Introduction

The transport of ions in different biological environments is very important in
our life and it has attracted more and more attention recently [25,26,36,37,56]. In
biological problems, the ionic solutions usually consist of charged particles (ions)
like sodium Na™, potassium K, calcium Ca®* and chloride C1~ etc., which have
different but comparable masses, charge valencies and sizes. These differences have
dramatic effects on the dynamics of multi-species ions which produce the functions
of cells in biological system, for example, the ion channels. To study the dynamics
of multi-species ions, molecular dynamics simulations (MD) using microscopic
models (from Newton’s laws) to describe charge particle trajectories are popular
and useful but expensive because the models are usually huge and the numerical
computation time is very long (see, for instance, [36, Chapter 10]).

To increase the efficiency of numerical simulations, one may use the (multi-
species) Poisson—Nernst—Planck (PNP) system [19,27,28,54,62], which is a
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macroscopic model to describe multi-species ion transport. Conventionally, the
PNP system consists of coupled diffusion-convection equations and the Poisson
equation, being represented as follows:

orci =V - Jj,
Ji=d (Vci n ,Cg—chdis), (1.1)
~V-(eVe) = 3N gici + D(x).

Here, ¢; i = 1,2,..., N) stand for densities of charged particles in the ionic
solution and ¢ is the self-consistent electric potential. In addition, ¢; are the (pos-
itive or negative) charges of particles, J; are the ionic flux densities, d; are their
diffusion coefficients, ¢ is the dielectric coefficient, kp is the Boltzmann constant,
T is the temperature and D(x) is the permanent charge density in the domain.
The PNP system (1.1) is also one of the fundamental macroscopic models in the
study of transport of carriers in semiconductors, see, for example, [31,43,47,48].
Concerning the mathematical analysis, the initial value problem and the initial
boundary value problem of the PNP system have been extensively studied, we refer
to [2,4,5,30-32,42,48] and the references cited therein.

The PNP system (1.1) provides a continuum description of the evolution of
charged particles via macroscopic (averaged) quantities, for example, the parti-
cle density, the current density etc., which have cheaper costs for numerics. Such
continuum models can be (formally) derived from kinetic models by coarse grain-
ing methods, like the moment method, the Hilbert expansion method and so on
[42,48,50]. Although many results for the PNP systems have been obtained, it
seems that none of them can reveal basic principles like gating and selectivity of
ion channels. Recently, new PNP type systems have been derived and the selectiv-
ity of ion channels have been simulated successfully [27,38—40,46,63]. In order
to justify these continuum models, here we develop the kinetic theory for the PNP
system like (1.1) as the first step of the work. Our goal in the present paper is to rig-
orously justify the PNP system for dilute ionic solutions consisting of multi-species
charged particles by studying the diffusion limit of a suitable kinetic system. We
will continue to study the kinetic theory for those new PNP type systems as in
[27,38-40,46,63] in the near future.

In this paper, we consider the case that the motion of multi-species charged
particles is governed by the electrostatic force coming from their (self-consistent)
Coulomb interaction. We also assume that the momentum of charged particles with
collision is small and ignorable. Then the collision term in the kinetic equation may
be approximated by the Fokker—Planck operator that describes the Brownian force
[18], and the resulting kinetic system becomes the Vlasov—Poisson—Fokker—Planck
(VPFP) system as follows:

i 1 i
O fi+v-Vefi — ;—?W Vufi = —Lip(fo). (1.2)
l 1

N
—e0Ax¢ =g (Z Zi /Rd fidv+ D(x)), (1.3)
i=1
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where L';P (i =1,..., N) are the Fokker-Planck operators such that

Lep(fi) = Vo - 0fi +6; Vo fi) .
Here, g9 > 0 is the vacuum permittivity, ¢ > 0 is the positive elementary charge.
Fori = 1,..., N, the state of each species is given by a distribution function
fi(t,x,v) = 0, that is, a probability density in the (x, v)-phase space at time ¢
(fidxdv is the number of the i-th species charged particles at time 7 located at
a volume element dx about the position x and having velocities in a volume dv
about the value v). Furthermore, z; € Z are the valencies for the N-species charged
particles, m; are the masses, 7; are relaxation time due to collisions of the particles

with the thermal bath, /6; are the thermal velocities given by +/0; = ,/2kp Tbm;1
and T, is the temperature of the thermal bath.

In plasma physics, the VPFP system (1.2)—-(1.3) with N = 1 (that is, the single
species case) is reasonable because the mass ratio between the ions and electrons
is huge; only the evolution of the electrons is described in terms of a distribution
function in the resulting system, and those ‘heavy’ ions are supposed to be static. For
such a case, the existence and uniqueness of solutions to the initial value problem
or the initial boundary value problem of the VPFP system have been investigated
in the literature. We refer to [7,58,61] for results on the classical solutions and
to [8,10,11,60] for weak solutions and their regularity. Concerning the long-time
behavior of the VPFP system, we refer to [6,9, 12]. Instead of the single species case
with N = 1, here we study the system (1.2)—(1.3) with N = 2 for multi-species
charged particles, which is more complicated due to the (nonlocal) interactions
between particles via the Poisson equation (1.3) (that is, the Coulomb interaction).

Suitable scalings of the VPFP system should be introduced in order to study its
diffusion limit. Let L be the characteristic length. We denote by Ny the characteristic
value for the concentration of particles and by @ the characteristic variation of the
electric potential over L. Since we have to treat multiple species of charged particles
that have different masses and charges, it is convenient to introduce a ‘reference
particle’ with mass mi g, electric charge zperg (With zer = 1), relaxation time Tyer
and thermal velocity 6,.r. The microscopic variation as well as the drift velocity for
the reference particle are given by Viet = +/Bref, Uref = Tref#%, respectively.
Choosing the following scaling (with respect to the reference particle) 1 — Tyt/,
x = Lx',v = Vv, Ty = ﬁ and the change of unknowns f;(f, x,v) =
No Vrgfdfi’(t’, x',0), ¢, x,v) = Ood'(t', x', V"), D(x) = NoD'(x’), we obtain
the rescaled VPFP equations (drop the prime for simplicity):

Ve Vo fi = 2

KiZj .
— svv'(v‘fi—i_KiVU,fi)s l=17"‘9N’

&

alﬁ+UU'Vxﬁ —

N
—w A = Z;Zi /Rd fidv+ D(x),
=
where the dimensionless parameters v (the ‘scaled’ thermal velocity), € (the ‘scaled’
thermal mean free path), & and the ratios «;, ¢; are given by

Vief e — Tref Vref e0Po Myef Tref

V= ) ) w = —27 Ki = ) 1
Uret L gNoL mi Ti
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The case we are interested in this paper is called the low field limit (or the
parabolic limit), which means that the drift velocity is small compared with the
thermal velocity, while the thermal velocity is small compared to the relaxation
velocity, and the two ratios have the same order of magnitude (cf. [1,29,33,57]):

v~e ! and e < 1.
For ¢ > 0, taking v = &' (just for the sake of simplicity), we arrive at the rescaled
VPFP system under low field scaling, which will be investigated in the remaining
part of this paper:

1 KiZ; P
o ff + v Vi ff — %qubf Voff = j—’zL;P(ﬁ), (1.4)
N
—wagt =Y [ fax s Do, (1.5)
i= IR

where the rescaled Fokker—Planck operators are given by
Lp(f) = Vo - 0ff + Vo f7). (1.6)

We recall that the diffusion limit of the VPFP system has been studied
extensively in the literature (cf. [29,33,34,55,57] and the references therein). In
[29,33,57], the authors studied the low field limit and proved the convergence
of suitable solutions to the single species VPFP system towards a solution to the
drift—diffusion—Poisson model in the whole space. In [57], under a suitable regular-
ity assumption on the initial data, the convergence result was obtained globally in
time in two dimensions and locally in time for the three dimensional case. Later, the
author proved in [33] a global convergence result in the two dimensional case, with-
out any restriction on the time interval and the assumptions on the initial data were
weakened with bounds only on the associated entropy and energy. Quite recently,
in [29] the authors established a global convergence result, without any restriction
on the time interval or on the spatial dimensions, by working with the renormalized
solutions (or free energy solutions, cf. [22,24]). As pointed out in [29], the notion
of renormalized solutions is natural for the problem, because the free energy of the
VPFP system seems to be the only quantity that is uniformly bounded with respect
to the small parameter ¢ (that is, the ‘scaled’ mean free path). Even one works with
more regular initial data such that the solutions can be defined in the usual weak
sense without the need of renormalizing, one still has to use renormalization tech-
niques to pass to the limit as ¢ — 0. Besides, the use of renormalization techniques
together with an averaging lemma helps to remove the restriction on spatial dimen-
sions and treat the nonlinear term V, ¢ - V,, f, where the main difficulty comes from
(we refer to [29] for more details).

In this paper, we rigorously prove that for the multi-species case, the VPFP
system (1.4)—(1.5) converges to a rescaled PNP system as ¢ tends to zero in the low
field limit. We generalized the techniques introduced in the previous works [29,49,
53], to the case involving multiple species of charged particles in a bounded region
with reflection boundary conditions [10,15,53]. The specific boundary conditions
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recover the classical no-flux boundary conditions of the PNP system. Different
from the single species case in the literature, the previous arguments have to be
modified in order to deal with the nonlocal interactions between different species
of particles through the Poisson equation for the electric potential ¢. In order to
deal with the integrals on the boundary, we shall make use of the Darrozes—Guiraud
information [21], which helps to obtain the energy dissipation. Finally, effects
of different but comparable quantities like masses and valencies of the charged
particles will become obvious in our mathematical analysis.

Our results support the PNP system (1.1) as a suitable model for multi-species
charged particles in a dilute solution. As we mentioned before, several variants of
the PNP system (1.1) have recently been derived by using the energetic variational
approaches [41] to model important physical ingredients such as size (steric) effects
for non-diluted solutions (cf. for example, [27,38—40,46,63]) that are crucial in the
study of the selectivity of ion channels in cell membranes [19,36,45]. The total
energy for these modified PNP systems consists of the entropic energy induced
by the Brownian motion of ions, the electrostatic potential energy representing
the coulomb interaction between the charged ions, and in particular, the repulsive
potential energy caused by the excluded volume effect (for example, the singular
Lennard—Jones potential). Our result can be viewed as a starting point for the
further investigation on the case of crowded ions. It would be interesting to study
the diffusion-limit of suitable kinetic systems to obtain the modified PNP systems
[27,39].

The remaining part of this paper is organized as follows. In Section 2, we present
the definition of renormalized solutions and state the main result on the diffusion
limit of the VFFP system (1.4)—(1.5) (Theorem 2.1). In Section 3, after deriving
the energy dissipation of the VFFP system in bounded domain (Proposition 3.1),
which yields the necessary uniform estimates (Lemmas 3.1, 3.2, 3.3), we proceed
to prove our main result by using the renormalization techniques.

2. Preliminaries and Main Result

2.1. Boundary and Initial Conditions

LetQ CRY(d=>2)bea sufficiently smooth bounded domain. For instance,
the outward unit normal vector n(x) at x € 9S2 satisfies n € W2°(2, RY). The
Lebesgue surface measure on 9€2 will be denoted by dS.

Then we introduce the boundary conditions for the distribution functions. As in
Cercignani’s work [13—16] (see also [6,53]), we define the sets of outgoing (X7 ) and
incoming (X2 ) velocities at point x € 32 such that £ = {v € R : +v-n(x) >
0} and denote the boundary sets X+ = {(x,v) : x € Q, v € £}}. Let yh be
the trace of function & and y+h = 1(0, +00)x £, ¥ h. Reflection boundary conditions
for the kinetic equations take the form of integral (balance) relations between the
densities of the particles on the outgoing and incoming velocity subsets of the
boundary 92 at a given time [14—16]. For instance, given x € dQ2 and ¢ > 0, we
have (cf. [6]):
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y_f(t,x,v) =/ R(t, x; v, vy f(t, x,v*)dv*, veXt, 2.1
ZX

+

where R represents the probability that a particle with velocity v* at time ¢ striking
the boundary on x reemerges at the same instant and location with velocity v. If
we consider v/ = —v forany v € X* and take R(z, x; v, v*) = 8, being the Dirac
measure centered at v* = v/, then we have y_ f(¢, x,v) = y_ f(t, x, —v) on T_,
which is the classical (local) inverse reflection boundary condition. Similarly, if
we take v/ = v — 2(v - n(x))n(x), then we arrive at the classical (local) specular
reflection boundary condition, see [6,10]. We refer to [6] for possible minimal
assumptions on R such that (2.1) is well-defined, that is, R is nonnegative and it
verifies the normalization condition as well as the reciprocity principle. Detailed
discussions on the boundary conditions can be found in [14-16].

Here, we are more interested in the so-called diffuse reflection according to a
Maxwellian with temperature of the thermal bath, which is nonlocal. Denote by
M; (v) the Maxwellians for charged particles

L2
— 2 1l

M;(v) = e %" i=1,...,N. (2.2)

We note that M; are the zeros of the rescaled Fokker—Planck operators L;P given
in (1.6), that is, L{:P(Mi) =0, =1,...,N). Then we can choose a special form
of R in (2.1) and propose the following boundary conditions for the distribution
functions (cf. [15,53]), which are special cases of the so-called Maxwell boundary
condition [50,53]: for given x € 92 and ¢ > 0,

M; (v)
o <o [V N M (v) dv

V*fizf

v

/ (y+ fHv* -n(x)dv*, on ZX.
v¥n(x)>0
(2.3)

For the electric potential ¢¢, we simply impose the zero-outward electric field
condition such that

V¢ -n=0, ondQ. 2.4)

In summary, below we will consider the rescaled VPFP system (1.4)—(1.5) on
0,7) x Q x R4 subject to boundary conditions (2.3)—(2.4) and the initial data
(depending on the parameter ¢):

fEt x,v0)li=0 = fip(x, v). 2.5)

We remark that the boundary conditions (2.3) allow us to preserve mass conser-
vation and obtain proper energy and entropy balance laws of the VPFP system
(1.4)—(1.5). Denote by

&

1
ni(t, x) :/ fit, x,v)dv and JP = —/ vf dv, (2.6)
R4 R4
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the densities as well as the current densities associated to the distribution functions
for the i-th species, respectively. Multiplying (2.3) by v - n(x) and integrating over
3¥, we easily deduce the (macroscopic) boundary conditions for the fluxes such
that

JE-n=0, ondQ, 2.7

which imply that all the particles that reach the boundary are reflected (no particle
goes out nor enters in the domain €2) and thus the mass fQ nt(t, x) dx is conserved
for all time. On the other hand, in order to uniquely determine the solution ¢° to
the Poisson equation (1.5) with homogeneous Neumann boundary condition (2.4),
we require the global neutrality condition

N
Zz,-// ffdvdx—l—/ D(x)dx =0 (2.8)
o1 Q JRd Q

and the zero-mean constraint fQ ¢fdx = 0.

2.2. Main Result

We first introduce the definition of renormalized solutions in the spirit of [29,
49]:

Definition 2.1. The set (£, ¢°) € L=(0, T; (LY (2 x R))N x H(Q)) is arenor-
malized solution to the VPFP system (1.4)—(1.5) with initial and boundary condi-
tions (2.3)—(2.5), if

(1) For all functions g; € C2(R),i =1,...,N satisfying

1B ()] < C(s2 + 1), IBi()I=C(1 +5)72, B/()| £ CUA+5)"", V520,

the set (B; (f), ¢°) is a weak solution to the system

g0 Bi(ff) +v - VaBi(ff) — kiziVad® - Vi Bi(ff) = d Lip(FHOBIST), (29)

e
N
—w AP = Zzi /Rd ffdv+ D(x), (2.10)
i=I

with initial data

Bi (fo) =0 = Bi(f;o) (2.11)
and boundary conditions

M; (v)
Jomey<o 1V - )M (v) dv

y B = [ GOV R0

2.12)
V,¢¢ -n = 0. (2.13)
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(2) For any A > 0, the functions O;J = (ff + M\A/i,-)% satisfy

Gi ZiAM;

£3,0L , +v- Vil —kiziVy - (V@0 ) = ——LEp(f5)+ v - V6%,
’ ’ ’ 289‘;7)\ 29:%

(2.14)

where ]l71i are the normalized Maxwellians [comparing with (2.2)]

N ~
M (v) = (ﬂ)z M;(v) such that / Mydv=1, i=1,....N.
2 Rd

(2.15)

Remark 2.1. Due to the regularity of renormalized functions §;, the corresponding
boundary conditions (2.12) for the renormalized distribution functions make sense.
We refer to [3,17,59] (see also [6,53]) for more detailed discussions about the
traces of distribution functions on the boundary.

Next, we consider the rescaled version of the PNP system (1.1):

oni +Vy - Ji =0, (2.16)

N
—@Asg = D zini + D(x), 2.17)

i=1

with density currents given by

1 .
Ji = ——Veni — LpiVeg (2.18)
Gi Si
and subject to the following boundary conditions and initial conditions:
Ji-n=V,¢p-n=0, on(0,T)x IR, (2.19)
nili=0 = njp, in Q. (2.20)

Moreover, we require that
N
/ ¢dx =0 and / > zini + D(x) | dx =0.
@ 2 \i=1
Then we introduce the weak formulation of the PNP system (2.16)—(2.20).

Definition 2.2. We say that the set (n;, ¢) is a weak solution to the initial boundary
value problem of the PNP system (2.16)—(2.20), if

ni € L0, T; Llog L(R)), +/n; € L*(0,T; H'(Q)),
dqni € LYO, T; wh(Q), ¢ e L*0,T; H'(Q)),

where the function space L log L(£2) is given by

Llog L(R2) := [n n = O,/ n(1+ |logn|)dx < +oo
Q
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and the PNP system (2.16)—(2.17) is satisfied in the weak sense: for any u €
C®([0, T1; C=(Q)), ¥ € L*(0, T; (H'(R))),

/ ni(t, Hu(t,-)dx —/ nijou(0, -) dx
Q Q
t 1 t
=/ / n;o;udx dr — —/ /(Vxn,- 4+ ziniVy¢) - Vyudx dr, t€[0,T],
0 Ja giJo Ja

T T N
w/ /vxqs-vxwdxdr:/ /(Zzini—i-D(x))dedt.
0o Ja 0o Je\ig

Moreover, the weak solution (n;, ¢) satisfies the following energy inequality

N oo
1)+ —nj
e ;/o /szs“in
il o)
M y— . . — 2
with e(t) .—/Q(Enz Inn; + > Vol )dx.

Now we are in a position to state the main result of this paper.

v(ln n; + z,-qb) ‘2 dxdr < e(0), 1€l0,T],

Theorem 2.1. Let the background charge D be independent of time and satisfy
D(x) € L*(R2). We assume that the initial data (f},, ¢;) satisfy the following
assumptions

fia 20, fol+ vl +[log fhdvdx £ Co,  (221)
Q JRA

||¢8||H1(S2) < Co, /Qd’(s) dx =0, (2.22)

for some constant Cy > 0 independent of the parameter ¢, and the global neutrality
condition holds

N
Zzi// f,-%dvdx+/ D(x)dx =0, Ve >0. (2.23)
- JaJmrd Q

Let (ff, %) be a free energy (renormalized) solution of the VPFP system (1.4)—
(1.5) with corresponding initial and boundary conditions (2.3)—(2.5) (cf. Defini-
tion 2.1). Then, as ¢ tends to zero, up to a subsequence if necessary, we have the
strong convergence results

fE(t, x,v) = ni(t, x)M; (v) in L'0, T; LY x RY)), (2.24)
o (t,x) = P(t,x) in LZ(O, T; WhP(Q)), 1 < p <2 (2.25)
Moreover, nf strongly converge in LY, T: LY()) towards n; and (n;, Q) is a

weak solution to the PNP system (2.16)—(2.20) (cf. Definition 2.2) with initial data
nili=o = njo = fRd fiodv, such that fio are the weak limits of f,.
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Remark 2.2. We would like to mention that the PNP system (2.16)—(2.20) can also
be derived from diffusion limits of other types of kinetic equations, for example,
the Boltzmann—Poisson system. We refer to [49] for the one species case and we
believe that their argument can also be extended to the multi-species case.

Remark 2.3. We remark that different types of scalings can be chosen for the
VPFP system. For instance, if we assume that the drift and thermal velocities are
comparable, but both are small comparing with the relaxation velocity, for example,
v = 0O(1) and ¢ < 1, then we arrive at a different rescaled VPFP system

O ff + vV ff =LV Vo ff = LLip(f)),
—w Ay¢® =11 2 Jpa f¥ dv+ D(x).

This is usually called drift-collision balance scaling or high field scaling in the
literature. Taking the hydrodynamic limit as ¢ — 0O (the high field limit or the
hyperbolic limit), the above VPFP system will lead to a first-order hyperbolic system
for the density of particles coupled with the Poisson equation, cf. for example,
[1,11,34,55].

3. Proof of Theorem 2.1

3.1. Uniform Estimates and Existence

The free energy of the VPFP system (1.4)—(1.5) is defined as follows

5(;)—2//}1@( f€+H(f))dvdx+—/|v¢€| dx, (3.1)

where the function H takes the form H(s) = slogs for s = 0. The entropy
productions of the VPFP system are given by

Di(w) = / /d(vﬂ+2kivvﬂ)2 dvdx

]

Moreover, we introduce the Darrozeés—Guiraud information on the boundary (cf.
for example, [21]) such that

Ii(w)z/'H(w)d/Li—'H(/ wdui), i=1,...,N,
ke b

where dui (v) = M;(v)|v-n(x)|dv are probability measures on X} by the particular
choice of the normalized Maxwellians M; [cf. (2.2)].

First, we derive the energy dissipation property of the VPFP system (1.4)—(1.5)
with initial and boundary conditions (2.3)—(2.5).

2
||2 ehuz

weZK dvdx, i=1,...,N. (3.2
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Proposition 3.1. (Energy dissipation) The renormalized solution of the VPFP sys-
tem (1.4)—(1.5) with described initial data and boundary conditions satisfies

Oné +V, - JE =0, (3.3)

where n; and Jf are given in (2.6). Moreover, the following dissipative energy
inequality holds

5(r)+iiﬁ/tb"(f8)d +li/t/ T (V+—fs) dsd
&2 = «iJo ST —'Jo Jag M;(v) ’
<E(0), Vr=0. (3.4

Proof. We just present a formal calculation which leads to (3.4). Fori = 1,..., N,
multiplying the i-th equation in (1.4) of the VPFP system by %|v | and integrating
the result with respect to v and x, we get

d . 1,
E/Q/Rd_h}l ffdvdx—i—//dZ|v|v~fofdvdx

KiZi
—// ||V¢ Vfdvdx
Q JRd 2¢e

B /sz Rd ?'IJ'ZL%P(]?) dvdx,

integrating by parts, we see that

// — vV -V, fsdvdx——/ / (v~n)|v|2yffdvdS,
Rd 2¢e 2¢ R4
// —|v| 2V, ¢° -V fgdvdx——// (v Vi¢®) [ dvdx
R4 QJR4

—/ qbst-dex—i—/ y¢°J¢ -ndS
Q 02

:/Q(I)gaﬂ’l?dx,
1 27i & ! £ €
o Jo 267 T ERUD WA =70 o Joa O V) v dv s

As aresult, fori =1, ..., N we obtain that

// —|v| fE dvdx—l—z,/d:gi)tnfdx
]Rd 2K,

=5 / / (v -m)|v| yfgdvdS——// ff+kiVy f) - vdvdx.
3.5)
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Next, multiplying the i-th Equation (1.4) of the VPFP system by log f;° and inte-
grating the result with respect to v and x, we get

i// 'H(ff)dvdx—i—// l(vofoi‘g)logffdvdx
d QJRd €
// ﬁ(vd) Yy £9) log £ dvdx
Rd
=/ 2LFP(f ) log £ dvdx,
QJrd €

after integrating by parts, we see that

// l(v~foi‘g)logfi‘sdvd)c

—— [ [ovanaact o [ @ ompstioeys; avas
_—/ -ndS + - / / (v-n)yflogyfdvdsS
Q2

1
=—/ / (v-myflogyf dvds,
€ Jaq JRA

1
_/Q/]Rd g(vx¢€ . vaie)logfig dvdx =0,

// CILFP(f)logf dvdx———// Wff + Vo f) - ;{’sdvdx

As a consequence, we get

i// H(ff)dvdx:—l/ / (v-n)yflogyffdvdsS
dr Jq Jpra & Jaq Jrd

—%// WfE + Vo f) - Voli dv dx.
& Q JRA fl

(3.6)

Moreover, we see that for ff

// (vﬁ+/<,'vaf)-(v i vf)dvdx—D’(fs (3.7)
Q JRd fi

Due to the Poisson equation (1.5), we have

N
w d
/Q¢881 (;Z,nf) dX:—W/grz(ﬁga[Ax(bgdx = 7a4|vx¢e|2dx

(3.8)
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Then we conclude from (3.5)—(3.8) that

E(I)—i-z D’(f)+ Z/ / (v-m) (3.9)
x(—|v|2+1ogyﬁ)yﬁdvd5=0.
2K,‘

Recall that du; (v) = M;(v)|v - n(x)|dv are probability measures on £} [see the
definition of M;(v) (2.2) and (2.15)]. Then for the boundary terms, we can apply
the Darrozes—Guiraud inequality [21], namely, thanks to (2.3), the convexity of
‘H(s) = slogs and the Jensen inequality we deduce that (see also [53])

//(v-n)(i|v|2+1ogyﬁ>yﬁdvds
aQ JRY '
v+l / / (fo) ;
= H du dS — ) du' dS
/39/1 (M( )) I\ My )
v+ i i / v+ It
= H{-——) du' dS — H —d ds
/asz/i (Mi(v)) . 9% ( sx Mi(v) Mx)
:/ 7 (7/*—’08) ds
0 M;(v)

2 0.

As a consequence,

d 1 Sy 1 & yiff

Zen+=S"2pi(frey 4+ - T (=L )ds<o0. (3.10

GO R P Y [ (2fyas<o. o
Integrating (3.10) with respect to time, we arrive at our conclusion (3.4). O

The energy dissipation (3.4) yields the following global estimates that are uni-
form in the parameter ¢, which enable us to take the diffusion limit as ¢ — O:

Lemma 3.1. For any T > 0, there exists a constant C depending on Cy, ¢, ki,
@, but independent of ¢ and t € [0, T such that

// (14 [v]? + [log(fH) ff dvdx £ C,
Q JRI

/ﬁwaM§c,

Q

| A
5[ Punesc

JURICORE
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The functions f are weakly relatively compact in L'((0, T) x Q@ x RY) and fulfill

IV fE 20, 1) x@xre) = C.

Concerning the fluxes, we have

1 1
15 e = Epl(fis) + §||ﬁ%||L1(Qde)-
Proof. The proof is similar to [29, Propositions 5.1, 5.2, 5.3], based on the energy
inequality (3.4). Since we are now dealing with the bounded domain, we do not need
to estimate terms like [, [pa Ix| ff dv dx asin [29]. The L' weak compactness of
/i follows from the well-known Dunford—Pettis theorem. 0O

We recall that the initial boundary value problem of a full Vlasov—Poisson—
Fokker—Planck—Boltzmann system (subject to more general reflection boundary
conditions for the distribution function but only for one species of charged parti-
cles) has been studied in the recent paper [53]. The author proved the existence
of DiPerna—Lions renormalized solutions by using the approximation procedure in
[51] with some crucial trace theorems previously introduced by the same author
for the Vlasov equations [52] and some new results concerning weak-weak con-
vergence (the renormalized convergence and the biting L'-weak convergence). For
the current case with multiple species of charged particles, the coupling between
different species is somewhat weak, that is, only via the Poisson equation. As a
result, based on the energy dissipation property Proposition 3.1 and Lemma 3.1,
we are able to prove the following existence result on renormalized solutions to
the VPFP system (1.4)—(1.5), by adapting the argument in [53] (see also [9,49,51])
with minor modifications. The details are thus omitted.

Theorem 3.1. (Existence of renormalized solution) Suppose that the assumptions
(2.21)—(2.23) on the initial data are satisfied. For arbitrary but fixed ¢ > 0, the
initial boundary value problem of the VPFP system (1.4)—(1.5) admits at least
one (renormalized) solution (f;, ¢°) in the sense of Definition 2.1, which satisfies
Proposition 3.1.

3.2. Low Field Limit as ¢ — 0

The proof of Theorem 2.1 mainly follows the arguments in [29] for the VPFP
system that concerns only one single species of particles in the whole space. How-
ever, for the present problem involving multiple species of charged particles, we
need to modify the previous argument to deal with nonlocal interactions between
particles as well as the boundary conditions. In what follows, we state the essential
steps and point out the possible differences in the proof.

Step 1. Strong convergence of the electric potential ¢°.

Based on the uniform estimates in Lemma 3.1, it is straightforward to argue as
[49, Propisition 3.3] to conclude that

Lemma 3.2. The renormalized solution (f, $°) satisfies the following properties:
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(O fori=1,...,N, nf(t, x) = fRd ff(t, x, v) dv are weakly relatively compact
in LY((0, T) x ),
(2) 9% (1, x) is relatively compact in L*>(0, T; WhP () with 1 < p < 2.

Therefore, the strong convergence of ¢¢ (2.25) (up to a subsequence) is a direct
consequence of Lemma 3.2.

Step 2. Strong convergence of the charge densities ns .

Lemma 3.2 also implies the weak compactness of densities n;. Indeed, we
can show the convergence of density functions in the strong sense. By using the
definition of renormalized solutions (cf. Definition 2.1) and a velocity averaging
lemma (cf. [49, Lemma 4.2], also [23]), we are able to obtain the compactness
of the densities (cf. [29, Proposition 6.1]) such that the densities n are relatively
compact in L'((0, T) x ), namely, there exist n; € L'((0,T) x ©) and up to a
subsequence if necessary,

nf — n;, In Ll((O, T) x ) and almost everywhere as ¢ — 0. (3.11)

The above result and the simple inequality (v/a — v/b)? < |a — b| imply that
\ /n;.9 —/ni, in Lz((O, T) x Q) and almost everywhere as ¢ — 0. (3.12)

Step 3. Strong convergence of the distribution functions f;.

We recall the classical Csiszar—Kullback inequality (cf. [20, Theorem 3.1, Sec-
tion 4, pp. 314], see also [44]) that for all non-negative u € Ll(Rd , du) (where
du is a probability measure) with fRd udw = 1, it holds

1

lu — g e, apy =2 (/ (ulogu —u + 1)d,u)
Rd
Choose in the above inequality

&
uzsf—lv d:u’:Ml(v)dvv
n; M;(v)

which easily implies

(/ /Rd|f"€_”51‘711'(1))|dvdx)2
<4(/" dx)// sl (EM( ))dvdx G

Next, we proceed to estimate the second factor in the righthand side of (3.13).
Recalling the logarithmic Sobolev inequality (cf. for example, [35, Corollary 4.2])

/ b)) P log [h(0))] du(v))
Rd

N2 / N2 ,
g _/Rd |Vv/]’l(U )| d/j,(v ) + ”h(v )”Lz(Rd,dp,(v’)) log ”]’l(l} )”Lz(Rd,d;,L(v’))a
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72
where du(v') is the Gauss measure du() = 2r) § e 2| dv. Making the simple
change of variable v/ — «/_E and denoting i, (v) = h(v'), we have

d
dn() = (52) ¢ 5 dv = duc @), 10Ol 2 auony
= lhe W 2R, dpeye (v))
which yields that
/R e (@)1 1og [y (v)] it (v)
S [ 1P 4 ) WO, 108 W )20,

In the above inequality, we set

K =ki, he(v)= Mﬁ'(v), di,e (v) = M; (v) dv.

Then we infer from the definition (2.6) that ||, ||

//f ( ,())d”dx

-/ (2 [ o) 10g e 010 (0) = 2000 2,5, 0

L2QRY, dpe (0) = n?, which yields

X log 17, (U)”LZ(Rd, du,,((v))) dx

§2Ki// Vu
Q JRA

3D, (3.14)

i

]l~4i (v)dvdx

As a consequence, we infer from the entropy dissipation in (3.4), the uniform
estimates in Lemma 3.1 and the estimates (3.13) and (3.14) that when ¢ — 0,

- nfl\?, — 0, inL'((0,T) x 2 x RY) and almost everywhere

Combing the above results with the convergence result of n{ (3.11), we conclude
thatas e — 0

- niM;, in Ll((O, T) x Q2 x Rd) and almost everywhere (3.15)

Here and below, the convergence results are always understood to be up to a sub-
sequence.
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Step 4. Weak convergence of the fluxes J?.
We introduce the auxiliary functions

Yy
= , 1=1,...

K e/ M; (v)

In analogy to [49, Proposition 3.4] and [29, Proposition 5.5], we have

,N. (3.16)

Lemma 3.3. For arbitrary T > 0, the following uniform estimates hold

T
///Rd (lrflei+e|rf|2|v|2Ml-+J5|rf|2|v|Mi) dvdxdr £ C,
0 Q

where C is a constant that may depend on Cy, ¢;, ki, @, but independent of ¢ and
te[0,T].

Using the expressions of 7 [cf. (3.16)], we have
ff=nEM; + 2eM; nfrf + &2rf 1> M;. (3.17)

Due to the simple facts fRd vA7I,~(v)dv = 0, it follows from (2.6), (3.12) and
Lemma 3.3 thatas e — 0

JE =2 /nf/ révM; dv+ﬁ/ JVelrfPoM; dv
R4 R4
- 2\/n_i/ rivM; dv, weakly in L' ((0, T) x ),
R4

where r; are the weak limits of rf, fori =1,...,N.

It remains to identify the limit function of J£, which can be done by using a
similar argument as in [29, Proposition 7.2]. The strong convergence of f° [see
(3.15)] implies that for any fixed A > 0,

Qé,x — +/ (n; ~|—A)1\7,-, ase — 0.

On the other hand, it follows from (3.17) that for any A > 0, when ¢ — 0, we have

G (i oy o
SELbp () = Gk (MiyJnirs + 51 PH:) — &/ Lip (b)),

As a consequence, in the renormalized formula (2.14), first for any fixed A > 0
passing to the limit as ¢ — 0 and then letting A — 0, we obtain that

(Ve + 5 Vag /i) - vy = G Lip(ri ). (3.18)

where ¢ is the limit of ¢° [recall (2.25)].
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On the other hand, it follows from [29, Proposition 3.1] that Xj = —v M,

i
(i=1,...,N,j=1,...,d)is the unique solution to the equation Lypx; = v; M;
in R(LLp) N D(Lkp), where

L% R = L2®RY; M; ! dv),
R(Lgp) = [f € L?;,.(Rd) 2/ f)dv = O] ,
1 Rd
[v]?

. _Ly L
D(Li:]:)) = [f € Li‘;[l (Rd) 1V, - (e 2K,~| |2vv(ez,<i f)) e Li}l(Rd)] .

Since —L{:P is a self-adjoint operator on Li} (RY), using (3.18), we have
Ji = 2@7/ rivM; dv
R4
= 2¢n—i/ (ri M;) Lip(—vM;)M; " dv
Rd
= 2¢n—i/ Lip(ri M) (—vM)M; " dv
Rd
2 Zi ~ ~
- ;Jn‘/ [(Vevi + 296 3m) ol ] (ol i7" v
i R
2 _ .
— (/ v ® v, dv) (vx¢n—i+ ﬁvx¢¢n_i)
i Rd 2
2 Zi
= — i (Ve + S Vi)
L
where we use the fact that f]Rd VR v]l7ll~ dv = I. Therefore, we can see thatase — 0
2 Zi
JE > U= —;ﬁ(vxm+ E’Vx¢¢n—i) (3.19)
1
in the distribution sense.
Step 5. Passage to the limit in the PDE system.

In order to recover the PNP system (2.16)—(2.20), we state a regularity result
for the density functions »n; in the spirit of [49, Lemma 7.1]:

Lemma 3.4. Let Q be a smooth bounded and open set in RY. Assume n; are positive
functions belonging to L*°(0, T, LY(Q)) and ¢ € L?(0, T; HY(Q)) that satisfy

Vi + %wwn_,- —G; e L20,T; L)), i=1,...,N, (3.20)

N
—wArp =D zini + D(x).
i=1

Then we have

N
Vi € L2O.T; HY(Q), D zin; € L20.T: LY (Q)), Vi /n; € L2(0. T L*()).

i=1
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Proof. As in [49, Corollary 3.2], we take Bs(s) = 8_1,3(5s) where 8 € C*(R)
satisfying B(s) = s for =1 < s < 1,0 < B/(s) < 1 fors € R and B(s) = 2 for
Is| = 3. Then we renormalize the equations (3.20) for ,/n; such that

Zi
VB (Vi) + 5 Ve Bs (Vi) v/ri =GBy (Vi) €L2(0, T5 L), (3.21)
For any § > 0, due to our choice of 8 and the given regularity for V¢, we have
, 3
IVxdBs (Vi) v/nill 12071202 = g”vx(b”LQ(O,T;LZ(Q))’

which together with (3.21) implies that V. 8s(/n;) € L*(0, T; L>(2)). Then we
can take L? norm on both sides of the Equation (3.21), summing up with respect
toi=1,..., N, wehave

N N
DIV D 20 71200 2 IV BB AT 20 7120
i=1 =
N T
+Z/o /Q [2i B5 (Vi Ve Bs (V)] - Vg de dt
i=1

N
2
S DGl 72120
i=1

where the right-hand side is independent of §. For the crossing term on the left hand
side, using integration by parts, we have

N T
Z/O /Q[Ziﬂzg(\/”_i)«/”_ivxﬂa(\/n_i)]'qu)dxdt
i=1
N T
22/ /Vx [Zi:gz?(x/”_i)]-vx(l)dxdt
i=1 70 JQ
1 (7T YL N
= 5/0 /Q;zlﬂa(«/n_i) ~(§zini +D(x)) dx dr

where f satisfies

2

B(s) =/S 8/ (1) dr, Bs(s) =8 2B(Ss), Ps(s) — % as 8 — 0.
0
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8 — 0, we infer from the above estimates that

N N 2
Z 12 Z ] =2
”Vx nj ||L2(O,T;L2(Q)) + Zt ||Vx¢ n; ||L2(O,T;L2(Q))
i=1

i=1

N 2
1 T
+—/ / zin; | dxdr
T N
D(x) zin; J dx dr
2

N T N
1
< E ||Gi||iZ(O,T;L2(Q))+4w/O /Q|D(X)|2+<§ Zini) dx dr,
i=1 i=1

N
I
2
= 2 G20 @) * 3

i=1

which easily yields the required regularity estimate. The lemma is proved. O

we

Finally, using the above regularity lemma and the convergence result (3.19),
are able to write the currents J; as in (2.18). Then we can pass to the limit

as ¢ — 0 in the weak form of Equation (3.3) as well as in the Poisson equation
(2.10) to conclude that the limit functions (n;, ¢) satisfy the rescaled PNP system
(2.16)—(2.20).

The proof of Theorem 2.1 is complete.
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