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Abstract

This paper deals with the modelling of complex systems composed
by a large number of elements grouped into different functional subsys-
tems. The modelling framework is that of the thermostatted kinetic the-
ory which consists in a set of nonlinear integro-differential equations. A
source of nonlinearity is also the presence of the mathematical thermo-
stat that ensures the control of the global energy of the system. Specif-
ically this paper is devoted to the derivation of evolution equations for
the macroscopic variables (density and momentum) from the underly-
ing description at the microscopic scale delivered by the thermostatted
kinetic models. To this aim, hyperbolic and parabolic type scalings of
the thermostatted kinetic for active particles model are performed and
the resulting macroscopic equations are obtained. Finally the asymptotic
methods are applied to the relaxation model.

Keywords: Functional subsystems, kinetic theory, hyperbolic scaling,
parabolic scaling, integro-differential equation

1 Introduction

The evolution of the macroscopic state of a physical or living system is described
by means of suitable partial differential equations for the macroscopic variables
(typically mass, momentum and energy). These equations are usually derived
by following the guidelines offered by continuum mechanics approach. Indeed
mass, momentum, and energy conservation equations are properly closed by
phenomenological models corresponding to the material behavior of the system.
In particular, the continuum mechanics approach has been recently employed
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for deriving macroscopic equations for biological systems viewed as large sys-
tems of interacting cells. Accordingly, macroscopic models are based on the
interactions between cells and extracellular matrix, as cells may synthesize and
undergo degradation, which may affect cell properties and orientation. The
evolution of both cells and extracellular matrix is mediated by some chemical
growth factors, which regulate both cell proliferation and extracellular matrix
reorganization, see books [Il 2], the review paper [3] and the references cited
therein. Macroscopic equations delivered by the continuum mechanics approach
have been also derived in an attempt to describe crowds and swarms dynamics,
see [4, 5] and the perspective section of the review paper [6].

An alternative method for deriving macroscopic equations able to take into
account the dynamics at a lower scale (usually the mesoscopic), has been pro-
posed by the kinetic theory. This method, called asymptotic method, consists in
deriving macroscopic equations by suitable limits of Boltzmann-type equations
related to the statistical microscopic description, see [37, [7, [8, O] 10 11l 13]. In
particular Hillen and Othmer [I4] and Hillen [I5] deal with the moment closure
of kinetic equations with stochastic jump velocity to derive hyperbolic equations
modeling chemosentitive movement; Lachowicz and Wrzosek [9] derive diffusion
equations for a coagulation model with nonlocal interactions by a generalization
of the Boltzmann equation.

At the basic of the asymptotic methods is the time-space scaling. Classically
different types of scalings lead to different types of equations: parabolic and
hyperbolic [I6l [I8]. The low-field (or parabolic) limit of kinetic equations leads
to a drift-diffusion type system in which the diffusion processes dominate the
behavior of the solutions, see papers [19, 20] and the references therein. In the
high-field (or hyperbolic) limit the influence of the diffusion terms is of lower (or
equal) order of magnitude in comparison with other convective or interaction
terms and the models consist of linear or nonlinear hyperbolic equations for the
local density, see [21], 22| 23, 24] [26]. After the assessment of the scaling, the
distribution function is expanded in terms of a small dimensionless parameter
(the Knudsen number, the time- or the space-scale dimensionless parameter);
the asymptotic limit is singular and convergence is guaranteed under suitable
technical assumptions.

The low-field and the high-field limits have been applied to the kinetic the-
ory for active particles models for the derivation of macroscopic equations that
can be proposed as models for analyzing the complex phenomena occurring in a
tumor tissue in competition with the immune system, see the review paper [29].
Different combinations of parabolic and hyperbolic scales are used, according on
the dispersive or non-dispersive nature of the system under consideration. The
macroscopic (tissue) models show that interactions which change the biologi-
cal functions of cells may substantially modify the structure of the macroscopic
equations. In particular, it has been shown the onset of linear and nonlin-
ear diffusion terms and hyperbolic behavior, departing from the simple mass
conservation equation. An interesting result is the appearance of source terms
in the case of proliferative phenomena for systems consisting in, at least, two
populations.

Recently, the kinetic theory for active particles (KTAP) has been generalized
in [30] in order to model complex systems in physics and life sciences that
are subjected to external force fields. Generalizations have been obtained by
coupling the KTAP with the time-reversible Gaussian thermostats with the



aim of capturing the nonequilibrium stationary states that appear in most real-
world complex phenomena, see paper [6]. The introduction of the Gaussian
thermostat allows to maintain constant the total energy of the system and is
based on the Gauss principle of least constraint. The Cauchy problem of the
resulting framework, called thermostatted kinetic framework (briefly TKF), has
been analyzed in [31] and in [32]. The TKF has been further generalized for
taking into account systems where the microscopic state variables of the particles
of the system can attain discrete values, e.g. in vehicular traffic dynamics, see
[B3]. In particular the microscopic state of the particles includes, in addition
to classical space and velocity variables, the activity variable which models the
ability of the particles to perform autonomous strategies.

This paper deals with the high-field and low-field asymptotic limits of the
thermostatted kinetic theory for active particles framework which has been pro-
posed for the modelling of complex systems composed by a large number of
particles grouped in subsystems. The framework is further generalized in order
to include the space structure by adding the stochastic velocity-jump process
proposed in [I6] and subsequently developed in various papers, see, among oth-
ers, |27, 28, 29, [34]. The time evolution of each subsystem is depicted by a
distribution function, over the microscopic state of the particles, satisfying an
evolution equation.

It is worth precising that a high-field asymptotic analysis has been recently
developed for a thermostatted kinetic model. Specifically Degond and Wennberg
in [35] consider the thermostatted Boltzmann equation with the one-dimensional
Bhatnagar-Gross-Krook relaxation type operator [36] (where the distribution
function relaxes to a Maxwellian with same density and temperature), and the
three dimensions Fokker-Planck collision operator [38] (where the density and
energy are preserved). The classical Boltzmann equation for elastic collisions,
see Cercignani [39], is subjected to a large force field and coupled with Gaus-
sian thermostats. By adding a thermostat correction, it is possible to expand
the solutions about a high-field equilibrium obtained when balancing the ther-
mostatted field drift operator with the elastic collision operator. Degond and
Wennberg derive coupled mass and energy balance laws that are hyperbolic,
thereby indicating that they might be appropriate for a use in physically real-
istic situations.

The asymptotic method developed in the present paper is very different by
that of Degond-Wennberg and also more general because we do not consider a
kinetic model with an appropriate choice of the interaction operator (its terms
are generic functions). Under suitable assumptions on the turning operator, that
as already mentioned models the velocity-jump process, we derive macroscopic
hyperbolic and parabolic equations. Specifically, the macroscopic equations
model the evolution of the gross local variables which describe the state of the
system, i.e. the density and the momentum. These equations are generally
derived by heuristic methods of continuum mechanics.

It is worth stressing that, to the best of our knowledge, this is the first time
that the high-field and low-field limit is performed for the thermostatted kinetic
theory for active particles models.

The present paper is organized into four more sections and an appendix that
follow this introduction. In detail, Section [2| deals with the thermostatted ki-
netic framework for active particles which models complex systems divided into
different functional subsystems where the activity of the particles is modelled



by conservative interactions (namely the number of particles is preserved) and
the velocity variable by a jump-process. The decomposition of the overall sys-
tem into functional subsystems is performed in order to reduce its complexity.
The framework acts as a background paradigm for the derivation of specific
models in the applied sciences. Section [3]is devoted the low-field limit of the
thermostatted kinetic framework by considering the parabolic scaling. Section
[ is concerned with the assessment of the hyperbolic scaling and the deriva-
tion of the rescaled thermostatted framework. Furthermore after the definition
of the technical assumptions on the turning operator, the hyperbolic limit is
performed and the macroscopic equations for the density and the momentum
of the system are derived. The section is concluded with the derivation of the
macroscopic equations for the relaxation model. Section [5| concludes the paper
with a discussion on the applicability of the macroscopic models obtained by
asymptotic analysis performed in the previous sections, with special attention
to research perspectives and applications to biological phenomena, including tu-
mor growth, cancer modelling, chemotaxis. Finally, the Appendix collects some
technical computations.

2 The underlying mathematical framework

This section is devoted the derivation of the thermostatted kinetic framework
that can be proposed for the modelling of most real-world complex systems.
The section is presented through two sequential subsections. First we deal with
the complexity problem, the decomposition of system into subsystems and their
statistical representation, then with the modeling of the microscopic interactions
among the selected subsystems, and finally with the derivation of the relative
class of evolution equations that act as a general paradigm for the derivation of
specific models.

2.1 Complexity, functional subsystems decomposition and represen-
tation

Complexity is an intrinsic characteristic of most living systems that makes the
modelling of the system disputable. Indeed not only the large number of ele-
ments constituting the system but also the emergence of behaviour, that arises
as result of the whole interactions among the elements that occur in nonlin-
ear fashion, are key issues of the complexity. The complex behavior is also
due to the fact that the living entities (cells, animals, pedestrians), differently
from the inert matter entities (ball billiard, gas particles, electrons), have the
ability to perform specific strategies and functions such that small variations
in their will, could modify the overall asymptotic dynamics. Moreover exter-
nal factors influence their strategies and consequently the occurrence of their
emerging behaviour. Finally the strategy of entities at the lower scale (micro-
scopic or mesoscopic) determines the behaviors of the system at the upper scale
(macroscopic). The interested reader in a general and more deeper treatment
of the complexity is referred to the book [41].

From the modelling viewpoint, the onset of complexity indicates the needing
to develop tools and methods which allow to reduce the perplexity. In the
biological systems case, several authors suggest the approach of system biology
as an essential tool to achieve this objective, see, among others, papers [42] [43].



Principles that originate from physics and biology have also be proposed for the
modelling of complex economic systems [44] [45] [46), [47].

In what follow we use the systems approach proposed in [32]. Accordingly the
overall system S is viewed as composed by a large number of elements (particles
of the inert matter, animals, cells, pedestrians) that interact in nonlinear matter
and under the effect of macroscopic external force fields. In this approach the
elements of the system are called active particles because in addition to their
possibility to be allocated, at time ¢, in the position x with velocity v, they
also have an active role in the evolution of the system (the ability to express
strategy) modelled by the scalar variable u € D,,. The triplet (x,v,u) is called
the microscopic state of the particles. The active particles are of heterogeneous
type and they are selected for the ability they express and not for their size and
shape. Particles having the same ability are grouped into a subsystem, called
functional subsystem.

Therefore the overall complex system S is decomposed into different func-
tional subsystems S;, for ¢ € {1,2,...,n}, such that:

n
S§ins; =0, Vi#j and S=|[]JS: (2.1)
i=1

It is worth precising that the decomposition into functional subsystems is
a flexible approach to be adapted at each system and is related to the activity
variable. Finally a functional subsystem could be itself a complex system and
therefore can be decomposed into subsystems.

The evolution of each functional subsystem S; is represented by the sta-
tistical mechanics approach. Accordingly, we assume that the active particle
during a time interval [0,7], or [0,400), is located in x which attains values
in a (bounded or unbounded) domain Dy C RY (usually d = 3), with veloc-
ity variable v that attains values in a domain D, C R? and activity variable
u which varies in a domain D, C R. Then the kinetic of the i-th functional
subsystem, for i € {1,2,...,n}, is depicted by the evolution of the distribution
function f;(¢t,x,v,u) defined on [0, 7] X Dy x Dy x D,,. For any fixed time ¢, the
quantity f;(t,x,v,u)dxdv du stands for the density of particles in the volume
element dx dv du centered at (x,v,u). Let Q = Dy x Dy x D,, be the domain of
the all possible microscopic states and df2 = dx dv du the Lebesgue measure on
Q, then the minimal assumption that one can make on f is that for all ¢ > 0,

fi(tv B ) € Llloc(Qv dQ)'

If the number of particles is constant in time, the distribution function f; of the
functional subsystem S; can be normalized with respect to such a number and
acquires the structure of a probability function.

Let £ = f(t,x,v,u) = (f1(t,x,v,u),..., fn(t,x,v,u)) be the vector whose
components are the distribution functions of the functional subsystems. The
global density of the system S thus reads:

=[f = i(t,x, v,u)dxdvdu = ~,x,v7 dx dv du, .
£](1) ;/Qf(t waxdvau= [ ftxvaudxdvdn,  (22)

where

f(t,x,v,u) = Zfi(t,x,v,u). (2.3)



It worth noting that if f; represents the joint distribution function, marginal
distribution functions of f; refer either to the distribution over the mechanical
state or to distribution over the microscopic activity. These marginal distribu-
tion functions define the local quantities. For instance, the local linear activation
moment at time ¢ in x is computed as follows:

Al) = [ fitxovowdvdu, (24)
b
where ¥ = Dy, x D,,.
It is worth stressing that every function defined in this paper is assumed to
be measurable in all variables.

2.2 The thermostatted kinetic framework

This subsection is devoted to the derivation of the evolution equation for the
distribution function f; of the ith functional subsystem, for i € {1,2,...,n}.
Each functional subsystem is subjected to the external force field F; = F;(u) :
D, — R whose magnitude modifies the asymptotic behavior and move out of
equilibrium the system. The function F; is assumed to be a known function of
U.

The evolution equation for the distribution function f; is obtained by equat-
ing the time derivative of f; to the balance of the inlet and outlet flows in the
elementary volume df) of the space of the microscopic states and under the
following assumptions.

(A1) The interactions between the particles of the ith functional subsystem
and the jth functional subsystem are binary and instantaneous in time,
fori,j € {1,2,...,n}. Moreover interactions occur when two particles are
very close each other.

(A2) The interactions among the particles of the functional subsystems occur
with rate n. Specifically 7;; denote the probability that a particle of the
ith functional subsystem with activity w, interacts instantaneously with
a particle of the jth functional subsystem with activity u*.

(A3) The particles of the ith functional subsystem with activity w. interacting
with the particles of the jth functional subsystem with activity u* have a
probability density to reach the activity u given by A = A(u, u*, ).

The kernel A(uy, u*,u) : Dy x Dy X Dy, — R satisfies

YV, u € Dy, / Ay, v, u)du =1
Dy

(density or number of cells conservation).

(A4) The velocity variable v € D, changes according to the stochastic velocity-
jump process: a particle moves with constant velocity in a straight line,
stops after a certain time, chooses a new direction, continues running and
SO on.

(A5) The domain D, is bounded and spherically symmetric with respect to
origin (i.e. v and —v € D).



Therefore, denoting by 0;, Vx the time derivative and the space gradient of
f, respectively, the mathematical framework of thermostatted kinetic evolution
equation for f;, i € {1,2,...,n}, thus reads:

(3t+V-Vx)fi+3u<-7:i(U) <1u/ufdxdvdu>f1> Jilf] + v Vi[fi], (2.5)

Q

where fis given by Eq. 1) and
e v -V, fiis the usual transport operator;

e v is the turning rate or turning frequency of the velocity-jump, hence 1/v
is the mean run time;

e The operator J;[f] = J;[f](¢,x, Vv, u), which models the interactions in the
activity, reads:

Z / Nij Aij (s, w*, w) fi (6, %, v, ws) fi(8, %, v, u") dus du®

I=1p,. %D,

—fi(t,x,v,u) Z/ nij [, x, v,u") du”. (2.6)
j=1"Du

The first term in the right-hand side of Eq. models the gain due to
transitions from other states: a particle with state u,, after an encounter
with the particle with state u* will reach the activity u. The second term
in the right-hand side of the Eq. is the loss due to transitions into
other states: a particle with state u having an encounter with a particle
with state u* will change its activity as a result of the interaction and thus
will leave the state u.

e The operator V;[f;] = V;[f:](t,x,v,u), which models the velocity-jump
process is defined as follows:

Vilfi] = / [T(v* V) filt %, v* 1) — Ti(v,v) fult %, v, w)] dv*, (2.7)

v

where T;(v*,v) is the turning kernel which gives the probability that the
velocity v* € Dy, jumps into the velocity v € Dy, (if a jump occurs).

e The term
Tx[fi] == Ou (.Fi(u) (1 - u/ u f(t,x,v,u) dx dv du) fi(t,x,v,u)> , (2.8)
Q

is a transport term due to the activity of the particles. This term models
the Gaussian thermostat, which is based on the mathematical thermostats
[48, 49] and the Gauss’s principle of the least constraint [50].

Remark 2.1.
e Usually the turning event is governed by a Poisson process [51] [52].



e In general the interaction rate is a function of the activity u, and u*,
namely 7;; = 1(u, u*).

e Implicit in the above formulation is the assumption that the choice of a
new velocity is independent of the run time. In general v may be space
dependent and may depend on internal and external variables as well.

Remark 2.2.
The function A;;(u,, u*, u) is not symmetrical with respect to u and has the
structure of a probability density only for mass conservative systems. Thus
the micro-reversibility property A;;(us, u*,u) = A;j(u*, u., u) is false.

We conclude this section by defining the local macroscopic quantities that we
will study in the next sections. Specifically we introduce, for i € {1,2,...,n},
the local density o[fi](t,x,u) of the ith functional subsystem defined at time ¢
in the position x and activity u as follows:

0; = olfi](t,x,u) = /D filt,x,v,u)dv, (2.9)

and the relative mass velocity of particles U; (¢, x, u) defined on [0, co[x Dx x D,,
by

1
U, :=U;(t,x,u zi/vfi t,x,v,u)dv 2.10
( ) RTAIERD ( ) (2.10)
and the pressure term
P; :=P;(t,x,u) = / (v-U)av-U,)fi(t,x,v,u)dv. (2.11)
Dy

Notice that, by definition of U, one has
/ voavfi(t,x,v,u)dv = o,U;QU; + P;. (2.12)
Dy

It worth stressing that high order local quantities are calculated if motivated by
some interest for the modelling, see [34].

2.3 On the macroscopic description and equilibrium state

The goal of this paper is to derive by Eq. the macroscopic (fluid) dynam-
ics. Let ¢(v) € {1,v}, then the transition from microscopic to macroscopic
description is realized multiplying Eq. by ¥ and by integrating over the
velocity variable v to get

/wfldv—kv / vwfldv—&-a/ U TF, [fi]dv
/wJ dv+u/ Y Vifi]d (2.13)



Making the identification (2.9))-(2.10)-(2.11), we obtain formally at least, the

system of conservation laws:

0r0i + V- (0iU;) + 0y Tr[fi] dv

Dy
:/ Ji[fi] dv + V/ Vilfi]l dv (2.14a)
D, Dy
Ot (0iU;) + V- /Dv vRvfidv + 0, /DV vTr[fi]dv
D, Dy

Recalling (2.12)), the equation (2.14b)) of the system of conservation laws can be
rewritten as follows:

8t(QiU) + V- (QiUi ®U; + Pi) + Oy / VT]-‘i [fl} dv
Dy

/va(mm dv+/ VVilfi] dv. (2.15)

Dy

The equations (2.14al) and (2.14b)) provide the fluid dynamic description of the
system (that is not closed).

It is well known that in the kinetic theory approach the equilibrium is, in
general, a Maxwellian. When an equilibrium state is known it is possible to
avoid the physical description of the local interactions. A typical equilibrium
state has the following form (see [I7]):

0 v—U
ﬂd/Z(g)F (@1/2@)) ; (2.16)

where F' : R — [0,00) is a given smooth function, ¥ : [0,00) — [0,00) is a
power-like function and the velocity domain D, = R? (according to Galilean
invariance). Therefore in order to fulfill basic conservation laws (particle density
and momentum) one assumes that

. 0 v—-U
/DVF(n)dn:L ie. /Dvﬁd/?(g)F<v91/2(g)> dv =

. . 0 v—U B
/DVWF(n)dU—O, ie. /vaﬁd/2(Q)F<191/2(g)> dv = oU.

Usually, in the asymptotic regimes (see e.g. [39 28] 57] and the references
therein), the density of particles f, when the mean free path (Knudsen number)
goes to zero, is very close to a Maxwellian M, i.e. there exist a density o, a
bulk velocity u € R® and a temperature 6 such that f = M, , ¢, where

L 0 _Jv—ul? 3
Mo = We 20, for each v € R”.




In particular one has

2
v 1 3
/ My updv=op, / VM, w0 dv = ou, u./\/léw,g dv=o(=u?*+>0).
R3 R3 RS 2 2 2
Nevertheless, in our framework, we do not need to know 6 because it does not
have sense in our model. Our asymptotic limit will be only in function of g and u.

It is worth stressing that in [58] the asymptotic limits of kinetic-type equation
are performed in the case where the thermodynamical equilibrium is not given
by a Maxwellian but by a heavy tail distribution function.

3 Derivation of macroscopic frameworks by parabolic scal-
ing

This section is concerned with the rescaled thermostatted kinetic theory for
active particles framework which states that the time evolution and the
interactions among the activity variable u of the active particles of the functional
subsystems is modelled by the operator J; and the evolution of the velocity
variable v is ruled by the velocity jump-process modelled by V;.

Specifically this section deals with the macroscopic equation obtained apply-
ing the low-field asymptotic limit to the thermostatted framework . The
solutions of the rescaled equation are assumed to be bounded in a space of
functions where all the convergence results needed will be true.

Let € be the ratio between the microscopic length scale (mean free path) and
macroscopic length scale. In order to obtain a relation between the kinetic-type
Eq. and the fluid dynamic equations, we introduce the following scaling:

t
(t,x,v,u, F) = <€,x,v7u,€€}'> , (3.1)
and the following choice of the parameters is setted:
77:€T7 V= —, (32)

where £,p,7 > 1. Applying these transformations in (2.5)) and setting for all
i€{1,2,...,n}

n N n
fi,e(taxavau) = fl (evx,vvu) ] and fs(t,x,v,u) = Zfi,s(taxav,u)v
i=1

the thermostatted framework (2.5)) thus reads:

€O+ v V) fio 4 Trllicl =< HIEL+ SVilfd, (33)

10



where J;[f.] and V;[f; ] are the operators given by the following formulas

Jilfe](t,x, v,u) = Z / Aij (e, u™, 1) fi e (8, %, v, us) fe(t,x, v, u") duy du™
JI=1p, %D,

—fie(t,x, v, u) Z / fiet,x, v,u")du”, (3.4)
=1/ Du

Vilfiel(t,x, v, u) :/ [Ti(v*,v)fiﬁg(ux, v u) — Ti(v,v*) fic(t, X,V,’LL)] dv*, (3.5)
D

v

for fE = (f1,67 f2,8a R fn,f;‘)~

It is worth stressing the singular character of the problem because the small
parameter ¢ basically multiplies all derivatives in the equation .

The limit of Eq. (3.3)), when € goes to zero, strongly depends on the prop-
erties of the turning operator V;[f;], as it appears in the leading order term in

B3).

Before proceeding further, the turning operator V;[f;] has to be recast in a
suitable form: a gain term K[f;] (global operator) and a loss term v; f; (local
operator).

Vilfi] = /D [Ti(v,v*)fi(t,x,v*,u)—Ti(v*,v)fi(t,x,v,u)] av’*
= K[fi] -vifi,

where

K[fz]z/ Ti(v,v") fi(t,x,v*, u)dv™, Vi(v):/D Ti(v*,v)dv*.

v

We consider the following assumptions:

(Ag) The turning operator V; satisfies, for all f; and i € {1,2,...,n}, the
following solvability conditions:

/ Vilfil(t,x, v,u) dv = 0; / vVilfil(t,x,v,u)dv =0. (3.6)
D, Dy

(A7) (i) There exists a bounded equilibrium velocity distribution, denoted by
F;(v) : Dy — R, independent of ¢ and x, such that the following
detailed balance assumption holds:

T;,(v*\V)F;(v) =T;(v,v ) F;(v*), i€{1,2,...,n}. (3.7)

Furthermore, the flow produced by this equilibrium distribution F;
vanishes, and F; is normalized:

/ vF;(v)dv =0, / F;(v)dv =1, Vi[F;]=0.  (3.8)
D, Dy

11



(ii) The kernel T;(v,v*) is locally integrable on Dy x Dy, bounded, and
there exists a constant o; > 0 such that

Ti(v,v*) > 0, F;i(v), Y(v,v*) € Dy X Dy. (3.9)

(Ag) (i) The collision frequency v; is a function locally integrable on D, and
even with respect to v, namely

vi(=v) =v;(v) >0 forallv € D,.

(ii) The function F; defined by the assumption (A7) is such that F; €
LY(Dy), |v|?vi(v)~1F; is locally integrable and

Remark 3.1.
e The assumption (Ag) is trivially satisfied when T is symmetric with respect
to v and v/ (then the equilibrium is the constant).

e Furthermore, it is easy to check that (3.8)) implies

vilv) = /D T(v,v")dv* = /D Ti(v*, v)dv",

v v

Preliminary to the asymptotic analysis, it follows a detailed qualitative anal-
ysis of the operator V;[f;]. Specifically it is proven that for the operator V;[f;],
the H-Theorem is very simple and can be expressed in the H := L?(Dy,, FZ._1 dv)
norm. The interaction processes have a relaxation effect which forces the solu-
tion of to resembles an equilibrium. This is related to dissipation mecha-
nisms that we rephrase here as a spectral gap property and we give the Fredholm
alternative type property which we need as well. These properties are summa-
rized in the following Lemmas.

Lemma 3.1 Assume that the Assumptions (Ag)-(A7)-(As) hold. Then the
following statements on the operator V;, for i € {1,2,...,n}, hold true.

(i) (H-Theorem). The entropy equality

2
I fi
i Jr *
- i dvdv* >0

K2

- [ vigEta=5 o f ﬂ(v,v*m*(
by Dyx Dy
(3.10)

holds.
(i) The null-space of V; is spanned by a unique normalized and nonnegative

function F;(v):
Ker(V;) = Span{F;}.

12



(#ii) There ezists a constant k > 0 such that

- [ VIR vz w [ GIRE S = s G G

being (g) ::/ gdv.

(iv) The following Fredholm alternative holds: For any h; € H satisfying
hidv = 0, there exists a unique f; € H such that V;[f;] = h; and

Dy
fidV =0.

Dy

The proof of Lemma essentially relies on Fredholm’s alternative and
Krein-Rutmann’s Theorem (see [59]). It is inspired by [60]. We postpone it to
the appendix.

Next the diffusion regime requires some conditions involving the velocity
function.

(Ag) The matrix
D, ::/ vV EF(v)dv (3.12)
Dy

is positive-definite.

Remark 3.2.

e The null flux assumption (A7)-(i) is crucial. Indeed it makes relevant
the scaling in our problem. As a matter of fact, it allows to define y; €
L?(Dy,dv/F;) as the unique solution of the equation:

Vilxi] = —v Fi(v), / Xi dv = 0.
D,

e According to Lemma the last assumption (Ag) leads to the positive-
ness of the coefficients in the limit (macroscopic) equation.

The positiveness of the coefficients ID; of the limit equation for the relaxation
model (see (3.35)) in Section 3.1) is guaranteed by the following lemma:

Lemma 3.2 Let Assumptions (A7)-(Ag) be satisfied and set

Di:/ v xidv.
Dy

Then there exists o > 0 such that for all £ € Dy, we have D€ - € > al€]?.

Proof of Lemma From the definition of D;, we have

dv dv
Die-e= [ Vi -t 2 [ e s >0

13



Next observe that, from D;&-& = 0 we deduce that x;(v)-£ = 0 for a.e. v € Dy,
and accordingly, V;(x; - §) = —vF;(v) - £ = 0. Thus we have

D¢ &= /D |v- &2 F(v)dv = 0.

Under the assumption (A7), this happens for & = 0 only. Consequently & —
D;€ - € is a continuous and positive function on D, and we therefore conclude
our lemma by defining o > 0 as to be its minimum. [ ]

The function y;(v) gives the coefficient in the parabolic limit equation.

The Hilbert space L?(Dy,dv) will be used systematically in the sequel; in par-
ticular, we denote by

W)= [ wwav
Dy
the average of the function 1 with respect to variable v.

Bearing all above in mind, the evolution equation for the function g; can be
obtained as stated in the following theorem.

Theorem 3.1 Let f; .(t,x,v,u) be a sequence of solutions of the scaled ther-
mostatted kinetic equation . Assume that, fori € {1,2,...,n}, the turning
operator V; satisfies the assumptions (Ag-A7-Ag-Ag)) and, when € — 0, the
following statements hold true:

fie — i a.e. (3.13)
Vilfiel — Vilfi] (3.14)

and the following quantities

(fie)s (Vfie), (vavfie), (Jilficl), (Trlfiel), (vJilficl), (VTr[fie])

converge, in the sense of distributions on R} x Dy x D, to the corresponding
quantities

(fiy, fiy, (vevfy), (Llf), Tz, (vElfD), (VTrIfi])

and that every formally small term in € vanishes. Then the asymptotic limit f;
of the sequence f; . (modulo the extraction of a subsequence) admits the following
factorization:

filt,x,v,u) = o;(t, x,u) Fi(v), Vie{l,2,...,n}, (3.15)
where g; is the weak solution of the following equation
0101+ 00,1 9y (Fi(uw)(1 — uh[0](t))0i) = 0p,1divx(Dy, - V0i) + 6,1 Hile)], (3.16)
and

e Alp](t) is the following operator:
Alo|(t) = Z/ u;(t,x,u) dx du, (3.17)
j=1 Dy XD,
with 0= (Qlu 02+, Qn);
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o D, is the following tensor:
D,, = —/ v ® xi(v)dv, (3.18)
D,

o H;[p](t) is the following operator:

m
s
I
&
<
5

- Qi(t7x,u)Z<Fi(v)Fj(v)>/ 0;(t,x,u”) du”.

j=1 D,

Proof. To prove Theorem an integral approach would be more suitable
than Chapman-Enskog method. Indeed, employing test functions directly on
conservation equations for the velocity moments of distribution function and
balancing with care the various terms, we can pass to the limit of vanishing
mean free path and hope to derive our fluid description.

In order to avoid confusion we split the proof into three steps.

Step 1. (Factorization of the asymptotic limit of f; ().
Firstly we multiply Eq. (3.3) by €? and we let € go to zero. Since f; .(¢,x, Vv, u)
is, for T' > 0, uniformly bounded in

L*>®[0,T; L*(Dx x Dy x D,,)]

it weakly converges (modulo the extraction of a subsequence) to a solution
fi(t,x,v,u) of the equation

Vilfil = 0. (3:20)
Therefore we deduce from Lemmathe existence of a function g; = g;(t,x,u) :
[0, 00[x Dy x D,, — R independent of v and such that the relation (3.15)) holds
true.
Taking the average of the equation (3.3) w.r.t. v, using Ag and dividing by e,
one obtains:

0 (fic) + L v Vb + Tl = D). 2D

The assumption of convergence for f;. entails the convergence in the sense of
distributions for its moments, so that one can pass to the limit in the equation
(13.21)).

Assume that £ > 1 and r > 1. When € — 0, the third and the fourth term in
Eq. (3.21)) goes to zero, therefore just the limit of the term:

% (v Vilfie(t,x,v,u)) (3.22)

has to be evaluated.

Step 2. (The limit of the transport term).
Next, we perform the limit when e goes to zero in Eq (3.21)). In order to calculate
this limit, we study the asymptotic limit of the term

1

~ (V- Vxfic). (3.23)

15

5(v)) / Aij (g, u™, ) 03 (¢, %, us) 05 (8, %, u™) duy du*
D, XD,

(3.19)



According to Lemma the term (3.23) can be rewritten as follows:
1 i
SV Vafic) = vx.<vf»5>
5 €

Moreover, multiplying the right-hand side and the left-hand side of Eq. (3.3)
by eP~!, we obtain

1 .
gvz[fz,s] =P fie + €p+€_17—]:i [fi,E] +e v Vxfie— Ep+7_1J[fi,e} = L[fis]‘

Therefore, plugging the above term into Eq. (3.24)) gives

é (v Vsfie) = divx <L[fi75]%> .

The assumption of convergence of f; . ensures the convergence in the sense of
distributions of its moments, so that one can pass to the limit in the equation.
Note that if p = 1 then, when ¢ — 0, a similar procedure yields

Epatfi,s + 5P+Z71T]’7~, [fi,s} - 5p+r71!][fi,s] — 0 and 5p71V : vxfi,s — V- foz

If p > 1 then L[f; ;] — 0, when ¢ — 0.

Bearing all above in mind, we have the following limit:

é <V : foi,s> ;(j dp1 Vx'< (;:Ezg Y V) fo¢> =0p1 Vx'<(Xi(V) ® V) vx9i> .

Step 3. (The limit of the thermostat term).

The term related to the Gaussian isokinetic thermostat reads:

5Z71Ki[fi,s] :5571 <8u .7:7,(’[1,) 1_UZ/Ufi,edXdVdu fz',s >
i=17%

— 01 <3u Fi(u) 1—u2/ugiFidxdvdu 0 F; >
e—0 P Q

01 <3u Fi(u) lfuZ/uQidxdu 0 F; >
i=17/%

= o (Fi(w) (1- uhlel(®) o:) . (3.25)
Bearing all above in mind, it is an easy task to show that

Eril <J1 [f1,5]> ?—TO_) 5r,1Hz’ [Q]
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where

H;lo] = Z(Fi(v)Fj(v) Aij(wg, u™, w) 0i(t, x, us) 05 (8, %, u™) duy du®
J=1 Do X Da

— gi(t,x,u)Z(Fi(v)Fj(v»/Qj(t,x,u*)du*. (3.26)

j=1 D.

Therefore the proof is concluded. O

Remark 3.3.
In general the tensor D, is non-isotropic.

3.1 On the relaxation model

In this subsection, we restrict our results to the classical case of the relaxation
model. We illustrate the above limit in the simple version of a transport process
as expressed by , that is an isotropic case. By isotropic we mean as usual
that the diffusion coefficient D is invariant under all orthogonal transformations.
For this analysis we assume that the set of velocities Dy is symmetric with
respect to the rotation group S0(d). Since directional changes are described by
the kernel T; this assumption is not a restriction. Assume that the velocity
domain D, = sS%1 s > 0, where S%! is the unit sphere in R? and for
convenience we denote

w:=|Dy| = sd71|Sd71| =¥, where wy= |Sd71|.

The kernel distribution is assumed to be constant; that is the redistribution is
uniform in velocity space:

1 Sl—d

Ti(v,v") = T

In particular we take F;(v) = -L. Then the operator V;[f;] is the relaxation

operator:

%[fi]:g«fi)—wfi), o>0, ie{l,2,...,n}, (3.27)
and we can write the model as follows:
1 1 1
Ji=—{fi) = =v-Vixfi — =0 fs. (3.28)
w o o

If we assume that o >> 1, then the relation (3.28)) shows that f; is isotropic, i.e.
independent in v:

1 1
filt,x, v, u) ~ " (fi)(t,x,u) = ” 0i(t, x). (3.29)
This approximation suggests that
1 1 1
i~ —50i— —V-Vxp — —040i- (3.30)
w ow ow
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Then, in the sense of distributions on R% x Dy, we deduce the following relation:

- 1 1 1
Ji=(vf;) ~ ﬁ(vgﬁ - E((v ® V) Vxoi)) — a@(vgi) (3.31)
We consider now the following term:
3= —— Xn} ) Ox, 0; (3.32)
k — ow VEVi) Ox, 04- .

1=1
Simple computations give

82OJ
— 1

_ T d—1 4, _
/va®vdV—/Sdl(sC)(sC) sY7HC = y;

and one gets
$2

Z(WW) Ox,0i = —— 1qVx, 0i. (3.33)
=1

Jp~—
k od

1
ow
Thus, under the assumption that ¢ >> 1, we arrive at Fick’s law

j >~ *Di ng

where according to our analysis, the diffusion tensor D is defined by

2

1
]D)Z-:/ v VE(v)dv=— v®vdV:s—]Id. (3.34)
. ow Jp, od

Therefore the macroscopic equation (3.16)) reads:
d0i + 6110u(Fi (1 —uA[g](t)ei) = 6p1Ds Axe; + 0r,1 Hilg], (3.35)

where D; is defined by (3.34) and
1
H;lel = = Jial.
[e] = —~ Jile]

4 Derivation of macroscopic frameworks by hyperbolic
scaling

When the flux of the equilibrium function does not vanish, it is common to deal
with another scaling involving a slower time scale, see the analysis developed
in paper [I1] in the case of chemosensitive movement and in paper [12] for a
simple fluid or for mixtures.

The hyperbolic asymptotic limit technically consists in expanding the dis-
tribution function f; in terms of a small dimensionless parameter ¢ by using the
following scaling for the microscopic state variables:

t x
t,x,v,u) —> {—-,—,v,ul, 4.1
txv ) = (L5 va) (a.)
together with a rescaling of the external force field:

Fi(u) = ' Fi(u), Vi €{1,2,....n}, 1>1, (4.2)
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and letting the parameter € go toward zero. The hyperbolic scaling given by Eq.
(4.1) (this terminology will get more clear later) implies that the turning time
(the inverse of the turning frequency 1/v) is small compared with the typical
mechanical time 7 of the system. In particular the following relation holds:
1
V= (4.3)
Accordingly the parameter £ models the ratio between these two times.
Moreover in paper [51] the magnitude of the interaction rate 7 related to the
activity variable is assumed to be small compared with the turning frequency v
related to the velocity variable. Therefore the following choice for the interaction
rate n and the turning rate v is performed:

n=¢"", v=- (4.4)
where » > 1 and ¢ is a small real parameter. Inserting the hyperbolic scaling

(4.1) and the various rates set in (4.4)), we are interested in the following rescaled
thermostatted kinetic framework:

€ (at +tv- VX) fi,s + 5[7—}1 [fi,s] = ErJi[fE] + Vi[fi,s]v (4'5)
where Tz, [fi ] is defined in (2.8) and where, as already mentioned in the previ-
ous section, with a slight abuse of notation, we have set for all i € {1,2,...,n}

t x

n
fi,E(taXavau):fi (,,V,’U,) ) and .fE(taX7Vau):Zfi,s(taxavyu)7
g € pt

where J;[f:] and V;[f; ] are the operators defined by formulas and ,
respectively.

It is worth mentioning that, as usually, the scaling in time allows us to choose
the phenomenon we want to emphasize. By varying £ and r we can formally
derive the following systems.

4.1 Hyperbolic equations for macroscopic variables

The aim of this section is the derivation of macroscopic equations for the local
density and the first velocity momentum obtained by performing the asymptotic
limit of Eq. as € goes to zero.

The formal analysis is made under some additional assumptions regarding
the turning operator V;. According to the function , we consider the
following hypotheses about the equilibrium state of V;[f;].

(A1p) For all g; € [0,+00) and U; € R? there exists a unique function F,, y, =

Fo,u, (V) € Ll(Dva (1 + ‘V|) dV) such that:

‘/;‘[FQhUi] =0, / FQhUi (V)dV = Oi, / VFQi;Ui (V) dv = 0; U;. (46)
Dy

Remark 4.1.
Since the above balance is not Maxwellian, we prefer to indicate it by F.
Moreover, the assumption (A1g) simply means that the kernel of V; is (d+1)-
dimensional.
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Let ¢ € {1,v}. Then multiplying the rescaled Eq. (4.5) by ¢ and integrating
with respect to velocity variable v we have

E/Dv (8t+V~Vx)fi,el/)dv‘f'fféau/DvwTJ’z‘[fiﬁ] dv

=& /Dv W J;[f; o] dv + /DV Y Vilfieldv. (4.7

The system of conservation law equations will be derived from Eq. by
performing the limit when e goes to zero. Specifically in this section we show
that the moments of f;., the weak limit of the sequence f; ., solve a class of
hyperbolic equations.

The local macroscopic laws equations (mass conservation and momentum)
are obtained multiplying by 1 and v respectively and averaging over ve-
locity. Therefore, according to the assumptions on the turning operator, these
equations read:

O (fie) + (v - Vfic) +H0uTxfic]) = {Ji[E.]), (4.8a)
O (Viie) +diva (v Vi) + e (VO TE [fie]) = {(VIE]).  (4.8b)

In what follows we set K;[f; ] = <3u7';i [fm]) and S;[fi ] = <V8u7}i [f25]>

We are now able to enunciate the statement of the main result of this section,
which it will be split in two parts: the first is devoted to the limit of the rescaled
distribution function f; . while the second part refers to the limit of the number
density and mass velocity. The proofs of technical details are postponed to the
Appendix.

Part I. The main result is the following theorem.

Theorem 4.1 Let f; (t,x,v,u), fori € {1,2,...,n}, be a sequence of non-
negative solutions to the rescaled thermostatted kinetic framework such
that f; . converges, in the sense of distributions theory, to a function f; €
L2([0,T]; L*(Q)) as € goes to zero. Furthermore, assume that as ¢ — 0 the
terms

(fie)s (Vfie), (vavfic), (Jlficl), (Trlfiel) (vAlfiel), (VTz[ficl)
converge, in the sense of distributions, to the corresponding terms
(fiy, vf), (vevf), (LA, (TrlAD) VLA, VTrIfi])

and that every formally small term in € vanishes. Then the asymptotic limit f;
admits the following form

fi(t, X,V, u) = ng(t,x,u),Ui(t,x7u)(v)a 1 E {1, 2, - ,n}. (49)
where 0; and o;U; are the weak solutions of the following macroscopic equations:

8tgi + diVx (QlU'L) + 6[11Ki [pl] = 5177« <Jz[f]> (410&)
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where

Kilpi) = 0 (Filw) (1 - uale)(t)) o:)

Si[oiUi] = 8, (]-'i(u) (1— uAlo)(t) giwi)

being P; positive-definite matriz (the stress tensor) and op k the standard Kro-
necker delta.

Remark 4.2.
The first equation looks like a “mass conservation equation”; in fact,
let us point out that the right-hand side 61 ,.(J;[f]) is unknown, because it
depends (in particular) on the arbitrary 7;;.4;;. The production terms (J;[f])
and (vJ;[f]) can be specified if J; is given.

Proof. We make use of a technique similar to the one employed in [8]. The
proof of this theorem is divided into three steps.

Step 1. (Expansion of f; ).

The convergence hypothesis for f; . entails the convergence in the sense of dis-
tributions of its moments so that one can pass to the limit in Eq when
e — 0, which yields V;[fi o] = 0.

Now we consider, for i € {1,...,n}, the following moments of f; .:
0ie(t,x,u) = / fie(t,x,v,u)dv, (4.11)
Dy
0ie(t, x,u)U; o (¢, %, u) :/ viie(t,x,v,u)dv. (4.12)
Dy

Assumption (A1) implies that there exists the unique function F,, y,, where

U; depends on (t,x,u), verifying the conditions (4.6). Therefore

Jio(t,x,v,u) = Fy, (¢ x,u),0, (t,x,0) (V), 1€{1,2,...,n}. (4.13)

As a consequence, following [I1], we introduce the function g; (uniformly bounded
in a suitable functional space) such that:

fie(t,x,v,u) = F,, u,(v) +eg:(t,x, v, u). (4.14)

Step 2. Recalling (4.8a]) and (4.8b)) we obtain
O <fi75> + <V ’ foi7a> — Op0; + divy (0;U;)

O (Vfie) +diva (v Vfi) — 9:(0ilUi) + Vi - </D Ve VFm,ug) -
As previously mentioned
/(v QV)F,, uydv =9, U; @ U; + P;,
therefore

O (vfie) +divk (vO Vi) — 0i(0Us) + Vi - (iU @ Us + Py)

which leads us to infer that the asymptotic limit depends on the parameter £
and r as follows:
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e If ¢ > 1 and r > 1, then the pair (g;, 0;U;) is weak solution of the following
hyperbolic system without source term:

Or0; + divx (0;U;) = 0 (4.15a)
01(0iU;) + Vi - (Ui @ U; + ;) = 0. (4.15Db)

e If /=1 and r > 1. Letting € — 0, we get

O (fie) + (V- Vxfic) + Kilfie] — 0p0i + divx (0iUs) + K;[fi]

O (Vfie) +diva (V@ VS o) + Si[fi.e] — 9(0:Us) + Vi - (0:U; @ U + Py) + Si[fi].

It remains to identify K;[f;] = lin(l) K;[fie] and S;[fi] = lir% Silfiel-
e— e—

Step 3. (The asymptotic limit of the thermostat term).
The velocity average of the term related to the Gaussian thermostat reads:

Kilfie]l = <8u (.Fi(u) <1 — u/ﬂuf; dx dv du) fm) > . (4.16)

Letting £ go to zero, and according to the (4.9)), one has the following:
Ki[fie] vy Ko = <8u <.7-'1(u) <1 — UZ; /Q uF,, v, dxdv du) ng,Ui> >
i=

= <8u <]~'i(u) (1 —ui/ugj dxdu)ng’Ui>>. (4.17)

Jj=1 b

Fubini’ Theorem implies that

Kiloi] = 0 <]—",-(u) (1 —u /u 0j dx du) /D Fy, v, (v)dv)
Jj=1 ) v
i,

= 0, (Fw (1 - uald®) o)

where A[g] is given by Eq. (3.17).
The term S;[f; ] reads:

Silfie]l = <v5‘u (]-"i(u) <1 fu/Qudex dv du) fi,s) > (4.19)

Letting £ go to zero, and according to the (4.9)), one has the following:

Silfie Y SileiU;] = <v8u (]—"i(u) (1 - uz; /Q uFy, v, dxdv du) F917U1>>
]:

<8u (}](u) (1—’&2/2’(1,@]' dXdu)vng,Ui>>

= 0. (Fw (1L -uAle®) al;). (4.20)

(4.18)
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Finally, o; and U; satisfy the relations:

dr0i + divy (0iUi) + Kilos] = 01,0 (Jilf]) (4.21a)
8t(QiUi) + Vx . (QzUz ® U1 + Pl) + Sl[QﬂUZ] = 5177~ <VJ1 [f]> s (42113)

where K;[f] and S;[f] are given by relations (4.18) and (4.20]). Therefore the
proof is concluded.

It is worth observing that the influence of the turning operator V; on the
macroscopic equations comes into play through the equilibrium state F,, v, and
the pressure tensor P;. O

Part II. The next step is to obtain the asymptotic limit for the global density
and mass velocity. Accordingly, we define

n[f:](t,x) = Z/Efi75(t,x7v,u) dv du (4.22)

and

qf:](t,x) = n[f.] (¢, x)U[f.](¢,x) = Z/ vfie(t,x,v,u)dvdu. (4.23)
i=17%

From (4.14) and (4.6) one has

Z/fiﬁg(t,x,v,u) dvdu = Z/ng’Ui dvdu—l—sZ/gi,g(t,x,v,u) dv du
i=1 i=1 i=1
Z/gi(t,x,u)du+52/gi75(t,x,v,u)dvdu
i=1 i=1

= nl[f](t,x) + O(e)

which means that n[f](t,x) is the first approximation of the global density given
by

QLD / 0i(t, %, u) du. (4.24)

Similarly one obtains that

n[fa](t’ X)U[fa}(tv X) = q[f](t’ X) + O(E)’ (4'25)
where .
q[f](t,x) = Z/D 0:(t,x, w)U; (¢, x, u) du. (4.26)

The quantity dv du is a nonnegative unit measure on Dy, x D,,, so we denote by
(1)) the average over this measure of any integrable function ¢ (v,u), namely

() = / $(v, u) dv du. (4.27)

Dy xDu
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The next step is to integrate Eq. (4.5)) with respect to v and u, then one obtains

O fie) + (v - Vfie) + 7 (OuTrficl) = e (AIE]) (4.28a)
O (v fie) +diva (v vfic) + et (vOu.TF[ficl)
=" (v J[E]).  (4.28b)

From the identities

n n
> / JilFo, v, Fo,v,]du=0 and ) / VJi[Fypo v, Fypv,] du=0 (4.29)

72:1Du i:lDu

and taking the sum of (4.28a))-(4.28b)) over 4, the problem reduces to

Ounlfs.] + dive glfy] = —<'~! / T [fs.c] dv du+ &~ (TE])
Dy XDy,

n

0vq[f; ] + divy (Z / vQVvE,yu, dv du) = ¢t / VTE [ fie] dv dut+
=lp, %D, DyxD,
=" (v Jilf.]).

The following theorem holds true.

Theorem 4.2 Let f; (t,x,v,u), for i € {1,2,...,n}, be a sequence of non-
negative solutions to the rescaled thermostatted kinetic framework such
that fi. converges, in the sense of distributions theory, to a function f; €
L2([0,T); L*(Q)) as e goes to zero. Assume that f; . has the following form

fie(t,x, v,u) = Fo,u, (V) +egi(t, x, v, u),
that as € — 0 the following terms

(fichs Vfieh, (veviie), (Trlfie), (VTxfil) (Jilficl)s (vIilfiel)

converge, in the sense of the distributions theory, to the corresponding terms

(fih, (v fi, (vevi, (T, Tz, (L), (vIlfD)

and that every formally small term in € vanishes. Then the density n[f.] defined

by and the mass velocity n[f.|U[f.] defined by converge respectively,

in the sense of distribution, to n[f] and ¢[f] where

e if¢{>1andr >1, then

O +diveg=0

n

0yq + div (Z / vV ®VF, y, dv du) =0 (4.30)

=lp, %D,
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o if{=1andr > 1, then

On + divx g = — / T, [f] dv du
Dy XDy,
n (4.31)
Orq + div (Z / vevE, v, dvdu) =— / vTx[f] dv du.
=1p, %D, DyxD,

Proof. The proofis gained by following the same steps in the proof of Theorem
It just remains the computation of the term related to the thermostat; in
particular note that

/ Ou (fz(u) (1 —u/ uf;dxdvdu) fm) dvdu
Q

Dy xD,

_ /au (Fi(w) (1 wAle)(1)) 0 ) du = Fi(u) (1~ uAl]()) o:U:.

The rest of the proof is straightforward and therefore omitted. a

It is worth observing that the specific form of V;[f;] will depend on the choice
of the turning kernels and will be discussed in the next paragraph.

4.2 Macroscopic equations for the relaxation model

In order to obtain convergence results corresponding to our formal results, we
restrict the scope of our study. We deal with a specific example obtained by
choosing a concrete turning operator. Specifically we assume that the velocity
domain Dy is the (d — 1)—sphere of radius s > 0, namely

Dy =58 ={veR: |v|]=s}).

Remember that [v| = s, Dy = sS%~! and w = | Dy|. If we choose an appropriate
turning kernel, then some models with constant coefficients can be also obtained.

Assume that the probability of a change of velocity v* to v depends on the
angle between these two velocities. Then the turning kernel (2.7)) is replaced by

1
Ti(v,v*) = ~ (1 + v v*)) with a < d. (4.32)
w s
For the choice (4.32)), simple computations (see Appendix give:
Qi a
Before going on we set

Fpo (V) = % <1 + ;12 v Ui> . (4.33)
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(for notational convenience, we do not mention explicitly the dependence of p;
and U; on (t,x,u)).

According to the above choice we have
Qi a
Fo v, (v) = o (1 tav Uu)

and (see Appendix the following identities hold true:

2
0i, 0j5* a
/ng*,Ui* (v) Fou U, (v)dv = ==L (1 + ol U, ‘Uj*> )

w
D,

and

2
Qi, 05 @
g2 (Ui +Uje).

¥ a0 () Fape () =
Dy

Moreover we have

/T]:i[fi]dv = /au (.E(u) (1 —u/uf(t,x,v,u) dxdvdu) fi(t,x,v,u)>
Dy D

v

Q
= /(%(]i(u)(l—u;/ﬂui] <1+:2V-Uj) dxdvdu)
Dy =
x% <1+:2V-Ui>>dv.

By using Fubini’s Theorem, one has

uZ/uij<1+;v-Uj> dx dv du
Q

U U~ a
:az / ugjdxdu/dv—|—az:s—2 / QjUjdXdu-/VdV

j=1

J=lp %D, Dy Dy XD, Dy
namely
n 0; a
u /u<1+2v~Uj> dx dv du = uA[g],
) w s
and
/Qi<1—|—aQV-[Ui>dv:gi—|—aQ;Ui~/vdv:gi. (4.34)
w s ws
D, Dy
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Thus

/TE [fildv = Oy (Fi(u)(1 — uA[g]o:)). (4.35)
Dy
Finally
/Vgi<1+(lzv-Ui>dv = & vdv—l—a—Q;Ui-/vkvldv
w s w ws
Dv Dv DV
_ag; W o a
and

/ vTE[fildv = 0, <.7-'z-(u) (1 - guA[Q] QiUi> )

v

The following two lemmas, which provide the computation of the integrals
of equilibrium function and the operator J;[f], are key tools for the derivation
of the macroscopic equation.

Lemma 4.1 Let u*,u. € D, and ¢o* = o(t,x,u*), U* = U(t,x,u*), 0x =
o(t,x,uy), Uy, = U(t,x,us). Then

/ F, v, V)F,.u.(v)dv = 8. 05~ 1+ —az U; U« (4.37)

Dy 0i, Ui, 0;%,U; ds2 “ix i

/ vF, v, V)F,,.u.(v)dv = LUL —aQ (U;, +Ujx). (4.38)
y Qiy Uiy Qj*,U; d82 * J

Lemma 4.2 If f = (Foy01, FopUns -+ Fp, 0,), where Fy, uy, is given by Eq.
, then the following equalities hold true:

1 a?
/D v = o (ug} o Ji[gU]> 7 (4.39)
/ v ] dv = ﬁ (Aile. U] + Bile. 0U]), (4.40)

hold true, where o0 = (01, 02,--.,0n), 08U = (01U, 02U, ..., 0,U,) and

n
Ai(97 QU) = Z / -Aij (u*7 U*v U’) % Ui* Q; du* du*
i=lp, %D,

—0i(u)U;(u) Z / Aij (s, u*,u) 0F du du®, (4.41)
j=1 Dy XDy

n

Bi(e,0U) = Z / Aij(u*,u*,u)Q;U}‘gi*du*du*

J=p,xD,
—o0i(u) Z / Aij(us, u*,u) 05 U dus du”™. (4.42)
i=1p,x D,
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The proof of these lemmas is postponed to Appendix A.

By gathering all the above results we obtain the main result for the relaxation
model.

Theorem 4.3 Let f; -(t,x,v,u) be a sequence of solutions to the rescaled ki-
netic equation and V; the relaxation operator given by Eq. such that
fie converges, in the sense of distributions, to a function f; as € goes to zero.
Furthermore, assume that for ¢ € {1,v}, the moments

<¢fi,e> ’ <¢Ji[fa]> ’ <¢T]-'¢ [fi,e]> 5

converge in the sense of distributions to the corresponding moments

Wfi), (pJi[f]), (WTx[fi]) -

Then the asymptotic limit f;, fori € {1,2,...,n}, has the form (}.9), where o,
and 0;U; are the weak solutions of the following macroscopic equations:

Dr0i + divc (0:U3) + 8110, (Filw) (1~ uhlel(1)) o)

— i (el + Stev).
) (4.43)
Or(0U) + - Vxes + 110, (Filw) (1 — ubi [e](1)) 2.V )

O1,r
= |5’ | (Aile, oU] + Bi[e, 0U]),

being the operators A; and B; given by and respectively and S, i
the standard Kronecker delta.

Proof.  Starting with Eq. (4.5) one replaces the turning kernel Vi[f; ] by
(4.33). Next letting € — 0, we obtain the equations of the moments. The rest
of the proof is straightforward and therefore omitted. O

We derive now the limit of the density and mass velocity in the case of the
relaxation model.

Theorem 4.4 Let f; . be a smooth solution of the rescaled thermostatted kinetic
framework . Assume that, for any t € [0,T]

/ fie(t,x,v,u)dxdvdu < oo, 1€{1,2,...,n} (4.44)
Dy XDy XDy

and f; e converges a.e. in [0, T]x Dy x5S 1x D, for someT > 0. Furthermore,
assume that the kernel A(u.,u*,u) of the operator J;[f;] is in L*(D,)>. Then,
the pointwise limit of f; . is the function F,, y, given by where

0; = lim o, , U; = lim U, ¢,
e—0 e—0

that is, the weak moment and pointwise limit of the moments — of
fie. Then
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e if { > 1, one obtains, as € — 0 the following limit:

Or0i + divk (0;U;) =0
2 (4.45)

O0(0iU;) + %ngi =0

e if { =1, one obtains:

Oroi + dive (oU3) = 9, (Fi(u) (1~ uAle](®) o:) .
4.46

82
Ou(U) + = Vxes = 0, (Fiu) (1= uhlel(®) el;)

Proof. The proof is based on the Dunford-Pettis Criterion. The assumption
(4.44) ensures that any solution f; . is contained in a relatively weakly compact
set of Lllo C(Ri x Dy x Dy x D,,). From now on, weak convergence at least means
convergence in this sense.

From the statement on f; ¢, by virtue of Dunford-Pettis Theorem (see
[68] Th. 4.21.2 p. 274), up to the extraction of a subsequence (still denoted
with the index i, ) such that f; . — f; weakly in LP([0,T] x Dyx x sS?~1 x D,,)
to its pointwise limit and weakly in L'([0,7] x Dy x sS%~1 x D,,) locally, so
then strongly in L ([0,7] x Dy x sS~! x D,,). Then, there exists a function

loc
fi.o(t,x,v,u) such that, the subsequences

fie = fio weakly in L}OC([O,T} X Dy X 5§91 % D,),
V{fiel = Vifiol weakly in L}, .([0,T] x Dy x s8%~! x D),

as € — 0. On the other hand, from the definition of J; and the hypotheses under
f=, Ai; and 7,5, we deduce similarly the convergence of

Jie — Jio strongly in L} ([0, T] x Dy x s§%~! x D,)

loc

and

Tr (f:) = Tx(fo)  strongly in L} ([0,T] x Dy x sS~1 x D,,).

loc

The limit f; is identified by taking the limit in (4.5]), in distributional sense on
R% x Dy x Dy x D,, to deduce that V[fy] = 0 and then Lemma ensures that

Jo= Foo,up-

Moreover the velocity space sS¢~! has finite measure, then the hypothesis
(4.44) holds for the v-moments of f., therefore

Oie = 0i,0 /Vfi,e dv — /sz',o dv = 0;,0U; 0,

DV DV

and

2
/v@vfi,gdv4 v®vfi,0dv=/v®vFQO,U0dV: %]I

Dy D Dy
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Combining the convergence of J;[f; | and V;[f; <] with the weak convergence of
fie, we can pass to the limit ¢ — 0 in this relation, which proves that (n,q)
is indeed solution, in the sense of distributions, of —. If we suc-
cessively apply Lemmas [I.1] and [£.2] the different regimes are straightforwardly
obtained. This proves our claim and complete the proof. O

We are now able to formulate the derivation of macroscopic equations for
the relaxation model. Let n. and n.U. be the number density and the main
velocity defined in and , then one gets the following result in the
case of the relaxation model.

Theorem 4.5 Let f; . be a smooth solution of the rescaled thermostatted kinetic
framework . Under the assumptions of Theorem the density n. and the
mass velocity n.U. converge respectively, in the distributional sense, to n and
q. In addition, every limit point is governed by a weak solution of the following
hyperbolic equations:

e if { > 1, one obtains, as € — 0 the following limit:
O +diveg=0

2 (4.47)
0iq + %Vxn =0

o if { =1, one obtains:
o + divk ¢ + F;i(u) (1 - ZuA[g]q) =0

(4.48)

2
0rq + van + F(u) (1 —uAlg|(t)) g = 0.

We can summarize our results in the following diagram:

convergence in D' (R x Dy x D,,)

fi,e(ta X,V,U) Qi,O(tvxvu)

(e—0)
averaging w.r.t. u
(e——0)

n(t,x)

where n(t,x) is a weak solution to hyperbolic equations (4.47)) and (4.48]).

5 Applications and perspective

The present paper was concerned with the derivation of macroscopic equations
for the modelling of macroscopic variables of complex systems composed by a
large number of active particles. The macroscopic description has been obtained
by asymptotic limits of the thermostatted kinetic for active particles models.
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Therefore the linking between the mesoscopic (kinetic) and the macroscopic
scale has been reached in a first attempt to obtain the multiscale description.

Applications refer to biological systems and specifically to the derivation of
tissue scale models in the modelling of cancer phenomena where the interactions
among the cells at the kinetic scale have a key role in the onset and growth of
tumor and cancer metastasis [53} (54} 55 56| [61], [62], capillary sprouts phenomena
and angiogenesis [63, 64, [65]. A technical difficulty in treating biological systems
is their evolutionary characteristics. Indeed genetic mutations may affect the
dynamics at the cellular scale and subsequently the whole dynamics at the tissue
scale [61].

Another application refers to the modelling of chemotaxis, which describes
the motion of microorganisms induced by chemical signals that they are able to
sense, transduce and eventually relay into the medium. This phenomenon plays
a key role in a large number of homeostatic and pathological situations [66].
The thermostatted kinetic framework appears more appropriate for the mod-
elling of this phenomenon because introduces the external force but ensures the
conservation of the total energy and the reaching of nonequilibrium stationary
steady states.

It is worth stressing that the analysis performed in this paper is brought
to the attention of applied mathematicians involved in multiscale modeling and
simulations of complex systems. Nevertheless we are aware that interesting
problems are still open. Among others, as already mentioned, in the biological
systems case, genetic mutations can modify the interactions among the cancer
cells. Therefore the underlying description offered by the thermostatted kinetic
theory models needs to be related to the evolution at the molecular (microscopic)
scale.

Finally, as known, the collective behavior of biological, animal or human
systems occurs in response to environmental factors that can affect the whole
dynamics, e.g., the dynamics of swarms of insect can be modified by the attack
of a predator, the tumor growth can be slacked by injections of vaccine. There-
fore the environment role has to be taken into account in the models of the
thermostatted kinetic theory not only by considering the external macroscopic
force field F but also by modeling the interaction with the outer environment
at the microscopic scale. Modelling external actions at the microscopic scale
means representing the outer system as a specific functional subsystem with the
ability to interact with the active particles of the inner system. This generaliza-
tion appears to be essentially technical and has been proposed and developed
in [6], while the formal asymptotic analysis appears definitively to be a hard
problem.

It is worth noticing that a comparison between the parabolic and hyperbolic
limit shows that a different choice (and the magnitude-predominant) of the in-
teraction rate i and the turning rate v modifies the structure of the macroscopic
equations and correspondingly the macroscopic behavior. Therefore the scaling
plays a crucial role in the treatment of different complex phenomena. Specifi-
cally the parabolic scaling allows the modelling of transport propriety instead
the hyperbolic scaling is chosen consistently with the phenomenological behavior
which requires models with finite speed of propagation. The interested reader
in the phenomena described by the hyperbolic models is referred to the review
[67].

It is worth stressing that the asymptotic analysis developed in this paper as-
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sumes that the same time or space scaling (hyperbolic or parabolic) is performed
in the distribution function of each functional subsystem. Mixed parabolic and
hyperbolic limit can be considered with reference to the system to be modelled
and according to the dispersive or non-dispersive nature of the subsystems (a
subsystem is involved in a diffusion process and a subsystem has a dynamics
that is dominated by the hyperbolic behavior). This is object of future analysis.

A Appendix

This Appendix is devoted to some computations that have been omitted in the
main part of the paper.

A.1 Proof of Lemma
To prove the coercitivity inequality (3.10), we write

/D [fz]fz_ = /T(VV) fldvd*—/D ui(v)F’?dv

Dy x Dy v

I
ST
o
”

v*)E} fi fi dv dv *—/ ui(v)—gdv (A1)
" FrF, . FY

where f* denotes f(v*). We now consider the second term of the right-hand
side of (A.1). On one hand we have:

2 2
v;(v) 2 dv // T,(v*,v) F; 2 dv dv*
/DV ( )E DD, ( ) F?

*2
= / T;(v,v*) F} Fl*2 dvdv*. (A.2)

Dy, x Dy,

On the other hand, considering that v; F; = K [F ], we have also:

/ Vi(v)ﬁidv = /[Z/Z(V) /K ldv

2
= / T;(v,v*) F} ?2 dv dv™. (A.3)
Dy X Dy,

Combining (A-1)-(A:2){A3) we get
fi gy / F R / L ErE
/D [fz] =2 T;(v,v*)F; F*Fd vdv Ti(v,v") o2 dvdv*

(2
DVXDV DVXDV

2
- / T;(v,v*) E} F—Zz dv dv*
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so that (A.l) reads

2
fi _ 1 . * * fi* _& *
_/vai[fi] Edv =3 / T;(v,v*) F; (F: FZ> dvdv* > 0. (A4)

We have proved the dissipative property of the collision operator in the sense
that an ‘H- theorem’ holds, i.e. / Vil fi] % dv < 0. In particular, if V;[f;] = 0.
Dy %
This suggests to introduce the space L?(du) where the measure du(v) is defined
on the phase space by dy := du(v)/F(v), v € Dy. Then with the help of (A.4))
we led to .
i fi

F i du(v) @ du(v™) a.e.

from which we deduce the result about the null space of V[f;].
The solvability conditions imply that h;dv = 0 is a necessary condition

Dy,
for the solvability of V;[f;] = h;. The Fredholm alternative follows from a
direct application of the Lax-Milgram theorem applied to the variational formula

/ Vilfilgdv = / hgdv on the closed subspace {fl- e L'(Dy) : fidv = 0}.
D D+

v v

Next, by integration with respect to v* of the following identity

fiFr — f7F, = (f - fi*) FF},

we get

fi/D Frdv* — (/D ffdv*) F, = /D (; - ;) FiFrdv*. (A.5)

The right-hand side of the (A.5) is estimated, with the help of the Cauchy-
Schwarz inequality, as

i - * * * Fi2 * *
|fi = (fi)Fil* < /D <£—£*>T(V7V)de (/D TFdV>'

Therefore

_(f\F
/ fi= (fi)Fs v;dv < sup v; / F*dv*
Dy Fl veD, Dy T V \”'<

) T(v,v*)Fdvdv*

<« /D Vil & (A.6)

By using (A.4) and (A.6) we obtain the estimation (3.11). The proof is now

completed. |
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A.2 Computations of the turning term

Let T'(v,v*) be the turning kernel defined by Eq. (4.32)). Therefore the corre-
sponding turning operator reads:

vl = o [ | Evev) e (14 vy f<v>] dv*

= - l/D Fv*) v +Sf‘;/Dv(v-v*>f<v*)dv*

-/ RICE /| VI dv*]

namely

€l

/va(V*)dv*+:2 <V~/DVV* (V*)dv*>
1) [ g <Vf(V)- /| v dv*)

Since / vdv = 0 we have

‘:Lﬂi [Q+Q:2V'Uwf(V)] 5(1+;V~U) — f(v).

From the identity given by Eq. (4.33)) one has

Oix a
FQi»m[U'i* (V) = w (1 + sz AN Ui*>
and then
Qix0jx a a
/ Fou 0. (V) Fop e (V) dv = TQJ / (1 + o) V- Ui*) (1 + ol v Uj*) dv
Dy Dy
2
Qix0jx a a a
Dy
Since

1
/ Vp U dV = — el |Sd_1‘ Onky,= hd 52 Onk,
Dy d d

one obtains

2 2
Qix 05 sTa
[ Focnn ) Py = 222 <1+d84u* -f%)

w
Dy

2
Oix Ojx a
= 1+ —=0U; Uiy |
w ( + ds? J )




Finally, since / v dv = 0, one obtains

Dv
Oix0jx a a
/VFQH)UH( V) Fyr pr (v) dv = T;/ (l—l—svﬂUi*) (1—&—82v-Uj*> vdv
Dy, D,
2
Qix0jx @
= wQJ = / (Ui + Ujs) v v dv
Dy

)% * a * * a
_ é’lwgﬂ (UMHUJ*)— §% = szgj 5 (Ui + Uj).

A.3 Proof of Lemma
Going back to Lemma [1] yields:

n 2
Z * Qix 05> a *
/DV Jz[f] dv = / Aij (U*; u ,u) ‘DVJ| <1 + @ Ui* . Uf) du* du

I=1p, %D,
a? N
1+@U1UJ* du s

n
7 Z/ 0i 05+
2/, Dy

and then
1 n
/ Jilf]ldv = Z / ij (Ui, ™, 1) 04y 05+ dty du™
Dy |DVI i=1
Dy XD,
a‘2 < * *
+ d p) D Z / Aij(’u*,u ,U) (Qz*Uz* : QJ*UJ*)du* du
s*1Dvl J=1p, %D
0 a?
j=1 Du
1 a?
N (J[ |+ 25 Jz[gm) (A7)

Therefore the first equality is proved. For the first order moment of .J;, simple
computations give:

— a2 - * QZ*QJ *
vJi[fldv = — Aij (U, u™, ) (Ui + U+ ) dus du
Dy =
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That is

fldv =
/DVVJ[]V S2|

B d82|D Zl

u*v“ u Ql*UZ*QJ + 04+ Uj*gi*)du*dU*

i, u™,w) (e Uings + 0+Uj- 0;) dusdu”

2,
U

2

m (4;]e, @U] + Bilo, @U)) (A.8)

so that (4.40) is also proved. O

A.4 Pressure computation

The pressure term is defined as follows:
Pi(t,x,v) = / (v-TU)av -U;) fi(t,x,v,u)dv
Dy

= /(v —Ui(t,x,u) @ (v — U;(t, x,u) Fp,u, (V) dv.

Dy

Straightforward computations give

Pi(t,x,v) = /(v —Ui(t,x,u) @ (v — U;(t, x,u) Fp,u,dv
Dy
= /(v ® V) Fyu, dv —2 / v U; F,u, dv+ /UZ— ® U, Fy,u, dv,
Dy Dy Dy

that in the Example 1 case, it reads:

i 20;
P, = & (vewv) <1+a2v-[Ui> s V(l-I-GQV-Ui)dV@Ui
w s w s

v v

Jﬂwi@Ui/ <1+a2v-Ui) dv.
w S

v

Taking into account the following relations

2
/dv:w /vdv:O, /vivkdv:%wém, /vivjvkdv:o,

Dy, Dy, Dy Dy
one obtains
52 2a

P, = ol
et

d 0iU; @ U; + 0,U; @ Us.
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