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OPTIMAL CRITICAL MASS FOR THE TWO-DIMENSIONAL
KELLER-SEGEL MODEL WITH ROTATIONAL FLUX TERMS*

ELIO ESPEJOT AND HAO WU*

Abstract. Our aim is to show that several important systems of partial differential equations
arising in mathematical biology, fluid dynamics and electrokinetics can be approached within a single
model, namely, a Keller—Segel-type system with rotational flux terms. In particular, we establish sharp
conditions on the optimal critical mass for having global existence and finite time blow-up of solutions
in two spatial dimensions. Our results imply that the rotated chemotactic response can delay or even
avoid the blow-up. The key observation is that for any angle of rotation a€ (—m, |, the resulting
PDE system preserves a dissipative energy structure. Inspired by this property, we also provide an
alternative derivation of the general system via an energetic variational approach.

Keywords. chemotaxis; rotational flux; critical mass; blow-up; global existence; dissipative energy
structure.

AMS subject classifications. 35K57; 35B40; 92C15; 92C17.

1. Introduction
We consider the Cauchy problem of the following generalized Keller—Segel system
in R?:

=Ap—xdiv(pAVe), (x,t)ER?*xRT, (1.1)
—Ac=p, (z,t) ER* xRT, (1.2)
p(x,0)=po(z), reR? (1.3)

where x is a positive constant and A denotes a 2 X 2 matrix given by

= (c.osa sma) with a € (—m,7] being a constant. (1.4)
sina cosa
The system (1.1)—(1.2) generalizes the well-known Keller-Segel (or Patlak-Keller—Segel)
model that describes the oriented movement of bacterial cells in response to certain
chemical signals [20,26]. When the angle of rotation a =0, the matrix A simply reduces
to the 2 x 2 identity matrix I, and as a consequence, the standard parabolic-elliptic
Patlak—Keller—Segel system is recovered (see, e.g., [3,4]). In the context of mathematical
biology, the unknown variable p in system (1.1)—(1.2) denotes the density of bacteria
and ¢ represents the concentration of chemoattractant. Equation (1.1) indicates that
the motion of bacteria is driven by the self-diffusion and the gradient of concentration of
the chemoattractant, while the Poisson Equation (1.2) means that the chemoattractant
is produced by the cells themselves and it is diffusing into the environment. We remark
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that a possible derivative of ¢ with respect to time is neglected from the left-hand side
of (1.2), as one usually makes the assumption that the process of chemical diffusion
is much faster than the time scale of cell movement (see e.g., [19]). There is a vast
literature about the Keller—Segel model and its variants, for more detailed information,
we refer the reader to survey papers [1,15-17] and the references therein.

One feature of our system (1.1)—(1.2) is that the chemotactic sensitivity turns out
to be a tensor xA instead of a scalar function like in the classical Keller—Segel model.
This tensor-valued sensitivity is motivated by some interesting biased chemotactic re-
sponse that has been observed for different kinds of bacteria in experiments, see for
instance, [9,12], such that when the bacteria swim close to a surface, they may be
subject to a net rotational force and form spiral-type patterns. In this situation, the
effect of chemotaxis is not precisely oriented along the concentration gradient (i.e., V¢),
but involves certain rotational flux component. Taking this fact into account, the fol-
lowing partial differential equation was derived in [34] from a microscopic model using
asymptotic analysis (see [34, (5.26)] for a slightly more general form):

=Ap—div [p(lec—FXQVJ'C)], (1.5)

where 1, x2 are constants that are not zero at the same time. The anti-gradient term

given by
T
Vic:= ﬁv _ﬁ
8.132 61}1

stands for the possible swimming bias of bacteria with respect to the gradient of chemical
concentration. It is easy to see that Equation (1.5) can be written as

=Ap—xdiv(pAVe), (1.6)
where x:=1/Xx?+x3>0 and A is an orthogonal matrix such that

A_< Xi/x  xa/x >

—X2/X  xi/x
Set
i X2 X1 X2
arcsm( <) T if ~ <0, ™ <0,
a=<{ —arcsin (—2 if X1>0,
X X
i [ x2 X1 Xz
arcsm(X) m, if x<0’ X>O.

Then Equation (1.5) simply reduces to (1.1). We see that the positive constant x
measures the strength of chemotactic sensitivity, while the matrix A characterizes the
rotational effect with respect to the concentration gradient of the chemoattractant with
a € (—m, 7] being the angle of rotation.

Interestingly, by taking different values of « in system (1.1)—(1.2), we are able to re-
cover several important systems of partial differential equations in the literature. First,
as we have mentioned above, the standard parabolic-elliptic Patlak—Keller—Segel sys-
tem can be obtained with a=0. Next, for the choice of a =, system (1.1)—(1.2) yields
a Keller—Segel model involving certain repelling chemotaxis. On the other hand, we
note that in a different physical context, the same system corresponds to the classical
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drift-diffusion model with Poisson-coupling for an electron gas (neglecting the confining
potential), see e.g., [22]. Finally, let us recall the Navier—Stokes system for an incom-
pressible Newtonian fluid

u+u-Vu—Au+Vp=0, (1.7)
divu =0, (1.8)

in R3 xR*, where u= (u1,us,u3)” is the fluid velocity and p denotes the pressure.
A classical procedure to analyze the two-dimensional dynamics of the fluid is done by
taking z = (21,22,0)7 and u3 =0. In this case, the vorticity is given by V x u=(0,0,w)?
with w= g—’ﬁ — g;‘;. Applying the curl operator to Equations (1.7)—(1.8) and using the
Biot—Savart law, we then (formally) obtain the vorticity equation for a two-dimensional

flow (see e.g., [13, Sections 2.1.2, 2.1.3])

wy =div [Vw —w(VlK*w)} ,

in R? x Rt, where
1
K(:c)::—ﬁlog|as|7 r=(x1,19)" €R? 1#0, (1.9)

is the two-dimensional Newtonian potential. In particular, the above equation for w can
be alternatively written in the following form

wr =Aw —div(wAVv), (1.10)
-Av=uw, (1.11)

A:< v é)

Hence, we easily see that the two-dimensional scalar vorticity equation can be deduced
by taking xy =1 and the rotation angle o« =—7/2 in our system (1.1)—(1.2).

with the matrix

Throughout this paper, the chemotactic sensitivity in system (1.1)—(1.2) is assumed
to be a matrix with constant components for the sake of simplicity. For the special case
A=T (which actually yields a scalar chemotactic sensitivity function), extensive studies
have been made in the literature, we refer to [3,4,8,11,23-25] and the references cited
therein. In general, according to the respective modeling background, the chemotactic
sensitivity function may depend on p, ¢ and also on the spatial and temporal variables z,
t. Many results describing sufficient conditions for the existence of global solutions for
chemotaxis models with general tensor-valued sensitivities/rotational flux terms have
been obtained recently, see for instance, [5,10,21,28,32,35] and their references. We
also refer to [6,29-31,33] for related results on generalized chemotaxis systems involving
fluid interactions.

Nevertheless, to the best of our knowledge, there is no blow-up result for the Keller—
Segel-type model (1.1)—(1.2) in the literature if A does not represent the identity matrix
I. Our aim is to approach this problem when A takes the form of a rotational matriz
with constant components (see (1.4)). As we have seen above, this simple setting already
includes several PDE systems of great interest. Besides, here we choose to consider the
Cauchy problem in the whole space R2, since we wish to focus on the possible influences
due to rotation but are not interested in boundary effects.
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When A=T (i.e., «=0), it has been shown in [4] that the value 8,7” serves as an
optimal critical mass for system (1.1)—(1.2): for any nonnegative initial datum pg of
finite second moment and entropy, the condition fRQ po(x)de < =X 8” implies the existence

of global (free-energy) solutions, while in the case [p, po(z )dx> the solutions may
blow-up in finite time. It is clear that the critical mass measures the balance between
the tendency of bacteria to spread in R? due to diffusion and the tendency of bacteria to
aggregate because of the drift induced by the chemoattractivity. Then concerning the
case for a general rotational matrix A asin (1.4), a natural question arises: Can a rotated
chemotactic response delay or even avoid the blow-up? We will give a positive answer
to this question. More precisely, for the initial value problem (1.1)—(1.3), we obtain
sufficient conditions for having global free-energy solutions and find the optimal critical
mass that can be precisely determined by the rotation angle «, leading to possible finite
time blow-up.

The main result of this paper is as follows:

THEOREM 1.1 (Optimal critical mass, finite time blow-up and global existence).
Assume that the initial datum poy satisfies

0<poe L' (R?, (1+]a|*)dx), pologpo € L' (R?, da), (1.12)

x>0 and A is a 2Xx2 matriz given by (1.4). For every rotation angle o € (—m, |, the
Cauchy problem (1.1)—(1.3) admits a unique a free-energy solution (p,c) (see Definition
3.1 below) on the mazimal time interval [0,Tyax). Moreover, denoting the initial total
mass by

M= Rpo(x)dx’
we have the following conclusionS'
(1) Ifae(—%5,5) and M > Xcom, then
2T

0<Tmax < |:17| dz < +oco

[x(cosa)M — 8| M Po

and

li 1)1 t)dz = +oo.
i ]Rzp(aj Jogp(x,t)dr=+o0

(2) IfOzE( g g) and 0< M < Xcosa’ then Tiax = +00.
(3) If a€(—m, =F]U[5, 7], then for all M >0, it holds Tyax =—400.

Theorem 1.1 implies that the rotational effect (characterized by the rotation angle
«) plays an essential role in the blow-up/global existence for problem (1.1)—(1.3) with
integrable initial data of finite second moment and entropy. In particular, for a €
(_71' s

%.%), we obtain a sharp result describing the possibility of having global existence
8m

versus having a blow-up in finite time, with the optimal critical mass given by Ycosa”
While for o € (=7, —=5]U[F, 7], we show that the free-energy solutions to problem (1.1)-
(1.3) always exist globally in time. The key to the proof relies on the observation
that under rotational effects the chemotaxis system (1.1)—(1.2) still enjoys a dissipative

energy structure for all o € (—m, 7] (see Lemma 2.1 below), such that the associated free
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energy given by

Ea(p,c)::/ plogpdxfxcgsa/ pcdx (1.13)
R2 R?

is decreasing in time. This crucial property enables us to work within the framework
of free-energy solutions (see Definition 3.1) and extend previous works on the classical
parabolic-elliptic Keller—Segel system with a=0 (e.g., [4,11]) to an arbitrary rotation
angle. We remark that the case subject to the critical mass is more involved. For
problem (1.1)—(1.3) with a =0, in [3], the authors proved global existence of free-energy
solutions with the critical mass 8% and moreover, the infinite time aggregation as t —

+00. We expect that similar results still hold for the general case a€ (-7, %) with
the corresponding critical mass - fgsa Besides, the dissipative energy structure also
motives us to expect that the large-time behavior, e.g., convergence of global solutions
to asymptotically self-similar profiles in rescaled variables that has been observed for the
Keller—Segel system [4], the drift-diffusion-Poisson system [2] and the vorticity equation
[13], can be extended to the general case « € (—m,7]. These issues will be illustrated in

our future study.

Finally, it is worth mentioning that inspired by the dissipative energy structure,
we are able to give an alternative derivation of system (1.1)—(1.2) by applying the
energetic variational approach that combines the least action principle and Onsager’s
principle of maximum energy dissipation in continuum mechanics (see e.g., [14, 18] and
references therein). In this way, we generalize the previous work [8] and show that
system (1.1)—(1.2) can be viewed as a general diffusion model with nonlocal interactions
and rotational effects. In particular, it naturally keeps important physical laws, such as
mass conservation, energy dissipation and force balance.

The remaining part of this paper is organized as follows. In Section 2, we present the
dissipative energy structure of system (1.1)—(1.2) and in Section 3 we give the proof of
our main result Theorem 1.1. In the Appendix, we first sketch the proof of Proposition
3.1 on the existence and uniqueness of local free-energy solutions to the Cauchy problem
(1.1)—(1.3) and then provide a brief derivation of system (1.1)-(1.2) via the energetic
variational approach.

2. Dissipative energy structure

In this section, we show that for any rotation angle « € (—m, |, the free energy
E,(p,c) enjoys a basic energy law such that it is monotone non-increasing with respect
to time. More precisely, for sufficiently smooth solutions to problem (1.1)—(1.3) with
fast decay at infinity, we have

LEMMA 2.1 (Basic energy law). Let (p,c) be a smooth solution to the Cauchy problem
(1.1)~(1.3) with (1.4) such that 0< pe C([0,T); L (R?)), p(1+|z|?), plogp are bounded
in L*°(0,T; L' (R?)), V\/pe L*(0,T; L*(R?)) and Vce L>((0,T) x R?). Then it holds

d
EEO‘(/)’ ¢)=—D,(p,c)<0, Vte(0,T), (2.1)
where Eq(p,c) is defined by (1.13) and

Da(p,c)::/ p|Vlogp—xcosaVe|* dz. (2.2)
R2
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Proof. Integrating over R? the Equation (1.1) for p, we get

d
- de=0, Yte(0,T).
a Jo P4 =0 €(0,7)

This implies the mass conservation property of problem (1.1)—(1.3), i.e.,

/ p(x,t)dx:/ p(x,0)dz, Vte(0,T). (2.3)
R2 R2
Next, we decompose the matrix A given by (1.4) into the following form
A=cosal+sinaR, (2.4)
where
I:<(1) ?) and R:z(? 01) (2.5)

Thus, it follows that

AVe=cosaVce+sinaRVe

=cosaVe—sinaV=te (2.6)
and Equation (1.1) can be written in the following form

pt=Ap—xcosadiv(pVe)+ xsinadiv (pVJ‘c)
=div[pV (logp— x(cosa)c)] + ysinadiv (pV*c). (2.7)

Multiplying (2.7) by logp— x(cosa)c and integrating over R?, we obtain
/R? pi[logp— x(cosar)c]dx
=-— /R2 p|Vlogp—x(cosa)Ve|” d
—Xsina/]RZ Vlogp—x(cosa)c]- (pV+c) dz. (2.8)
The second integral on the right-hand side of (2.8) simply vanishes since
/]R? Vlogp—x(cosa)c]- (pV+c) dz
:/R2 [Vp-Vte—x(cosa)pVe Vie| dz
:/R2 [—pdiv (VLC) —X(cosa)pVoVJ‘c} dz

=0. (2.9)

On the other hand, since ¢ is the solution to the Poisson Equation (1.2), uniquely
determined up to a harmonic function, we can just take

c(@,t)=px K = RQK(m—y)p(y,t)dy, (2.10)
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with the Green kernel function K given by (1.9). Then from (1.13), (2.3) and (2.10) we
see that the left-hand side of (2.8) can be written as

| pilogp— x(cosa)dlds
]RZ

=/ (ptIng"‘Pt)dx_XCOSO‘/ / p(z,t)p(y,t) K (x —y)dzdy
R2 R2JR2

d cosa
=— /plogpdw—x //p(:v,t)p(yvt)K(fﬂ—y)dwdy
dt Rz 2 R2 ]R2

d
— S E.(p,c). 2.11
& Bulp.c) (211)
Hence, we infer from (2.8) and (2.11) that
d
aEa(/L c):—/ p|Viogp—xcosaVel’dz, Vte(0,T), (2.12)
R2
which immediately yields our conclusion (2.1)—(2.2). d

3. Proof of Theorem 1.1

The existence of free-energy E,(p,c) for system (1.1)—(1.2) motivates us to extend
the approach of free-energy solutions for Keller-Segel models in the whole space R2, see
for instance, [3,4,11].

As in the proof of Lemma 2.1, the solution ¢ to the Poisson Equation (1.2) is defined
directly by (recall (1.9), (2.10))

1
clot)=ps K== [ ogle~slo(u0)dy. (3.1)
Y R2

Then system (1.1)—(1.2) can be viewed as a single parabolic equation for p with a
nonlocal interaction term:

pr=Ap—xdiv[pA(pxVK)]. (3.2)

Correspondingly, the free energy F,(p, ¢) (see (1.13)) and the energy dissipation D, (p, ¢)
(see (2.2)) can be reduced to

cosa
Sa(p):/ plogpdx+x4 //p(x,t)p(y,t)loglx—yldxdy, (3.3)
R2 ™ R2JR2
Da(p)::/ p|Vlogp—xcosa(px VK)|? da. (3.4)
R2

Keeping these facts in mind, we proceed to introduce the following concept of free-
energy solution to problem (1.1)—(1.3) (cf. [3,4,11]).

DEFINITION 3.1 (Free-energy solution). Assume that x >0 and A is a matriz given by
(1.4). For any T >0 and any initial datum po satisfying (1.12), we say that the non-
negative function p€ L>=(0,T; L' (R?))NC([0,T); D’ (R?)) is a free-energy solution to the
initial value problem (1.1)—(1.3) on the interval (0,T), whenever the function p satisfies
(1+ |22+ |logp|)p€ L>=(0,T; L' (R?)), Equation (3.2) is satisfied in the distributional
sense such that

T
/po(m)¢(w,0)dw=//p{[Vlogp—xA(p*VK)]-V¢—¢t}dwdt
R2 0 JR2
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for any test function ¢ € CZ([0,T) x R?), moreover, the following energy inequality holds

Ealplt)) + / Dulp(s))ds <Ealpo), for ae. 1€(0.T),

where €y, Dy, are defined by (3.3) and (3.4), respectively.

First, we state a result on the existence and uniqueness of local-in-time free-energy
solutions to problem (1.1)—(1.3) for all a € (—m, 7], without any restriction on the initial
mass fRZ podz, which also gives a characterization on the maximal time of existence via
the entropy functional.

PROPOSITION 3.1 (Existence and uniqueness of local free-energy solution). Assume that
x>0 and A is a matriz given by (1.4). For any initial datum po that satisfies (1.12),
there exists a mazimal time of existence Tiax >0 such that on [0, Tiax), problem (1.1)-
(1.3) admits a unique free-energy solution in the sense of Definition 3.1. Moreover, we
have the following criterion of extensibility: if Tiax <400, then

lim z,t)logp(x,t)dxr=+o0.
Jm ] p(x,t)logp(x,t)de =+
REMARK 3.1. Proposition 3.1 extends the known results on existence and uniqueness
of local free-energy solutions to problem (1.1)—(1.3) for the special case a=0 that have
been obtained respectively in [3,4] and [11]. We postpone its proof to the Appendix.

Next, we provide an estimate on the second moment of p, which will be useful for
the study of blow-up of problem (1.1)—(1.3).

LEMMA 3.1 (Moment estimate). Let p be a free-energy solution to problem (1.1)—(1.3)
with initial datum po satisfying (1.12) defined on the time interval [0, Tyax). Then it
holds

xcosa

[ platlalds= M( °r M)t+ [l faf*de, V€0 Tum), (35)
R2 R2

2 X Cos o

where M := [, po(x)de.

Proof.  For simplicity, below we just perform formal calculations, which can be
justified rigorously by applying the approximating argument as in [4, Lemma 2.1], us-
ing a suitable weak formulation of p together with Lebesgue’s dominated convergence
theorem (see also [3, Lemma 2.4]).

Multiplying Equation (3.2) by |ac|2 and integrating over R?, we obtain
d 2. 2 2 1.
— [ ple|"de= | |z|"Apdz—x [ |z|"div][pA(pxVK)]dx
dt R2 R2 R2

:4/ pdx+2x/ x-[pA(pxVK)]dz
R2 R2

1 _
=4/ podx—2x/ T pA/ — oy t)dy | de
R2 R2 R227T|x—y‘

=4M—5/ 2| A7) plat)ply.t) dyda
T JR?xR? |z —y]

=4M - X, (3.6)
™
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where in the above identity we have also used the mass conservation property (2.3) and
the definition of M. Interchanging = and y in the integral J, we get

v
J=—/ Y- Aiy2 p(z,t)p(y,t)dydz,
R2 X R? |z —y

which easily implies

T (= R (e 37

On the other hand, noticing that for any a,beR,

(a b) cosa —sina a) _ (a2—|—b2)cosa
sina cosa b ’

then we infer from (3.7) that

COs«

COS«x
1= [ patplpt)dyde =
R2 xR2

M?. (3.8)

As a consequence, it follows from (3.6) and (3.8) that

d 8
7/ pla?de=an — XEBL 2 _XCBX (0 O ar)  Wte (0, Toax). (3.9)
dt Jre 21 2m xcosa

Integrating (3.9) with respect to time, we arrive at the conclusion (3.5). O

Proof. (Proof of Theorem 1.1.) Based on Lemma 2.1, Proposition 3.1 and
Lemma 3.1, we are in a position to prove our main result Theorem 1.1.

Case 1. ac(—%,%) and M > -2

272 xcosa®
In view of Lemma 3.1, we can apply the moment method [4, Section 2.1] to deduce
finite blow-up of p. If Tjax =+00, it follows from (3.5) and the fact M > —5T that

X COS o

the second moment g, p(z,t)|z|> dz becomes strictly negative in finite time, which
contradicts the non-negativity of p. As a consequence, the maximal time of existence is
finite and it has the following upper bound:

1 2w
Thax < —— | — 2da.
~ x(cosa) M — 8 (M) /RQ polefdz
A further application of Proposition 3.1 also yields that

lim log pdax = +c0.
t, Timax Rzp &P

8
Case 2. ac(—3,5) and M < 7.

This is the so-called subcritical mass case and the existence of global free-energy
solutions can be proved by adapting the argument in [4] for . =0. Namely, we first show
that the entropy [, p(z,t) [log p(x,t)| dz remains bounded in time and next, we prove the
propagation of LP-norms. Taking into account that the regularization argument follows
the same reasoning as in [4] (see Appendix), we just derive some a priori bounds on
the solution and skip the details of the regularization procedure.
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Let us recall the two-dimensional version of the logarithmic Hardy-Littlewood—
Sobolev inequality (see [7]):

LEMMA 3.2. Let f be a nonnegative function in L*(R?) such that flog f and flog(1+
|z[?) belong to L'(R?). If [, fdz =M, >0, then

2
M* R2 XR2

/ flog fdx+
R2

with C(M,)=M.(1+logm —logM,).

f(x)f(y)log|z —y|dzdy > —C(M.),

Then Lemma 3.2 combined with the monotonicity of the free energy functional &, yields
/ p(x,t)logp(z,t)dx
R2

COos
X [ [ otttz —ylazdy

47
xcosa X CO

<Ealpo) + X5 o (ar) + X5 / ol ) logp(x, t)da.
]RZ

s 8

Thus, we obtain the uniform estimate

1
p(x,t)logp(z,t)dr < —ca5sa— | Ealpo) +
/Rz( ) (2,1) 17)((:80501 ( (po)
T

for all t€ [0, Timax)- Applying (3.10) and [3, Lemma 2.2], we are able to control the
negative part of the entropy and obtain the following estimate

2
/ pla,t)[log p(a, )|z < / pl,t) (10gp(w,t) + 2] ) do -+ 2Mog(2m) + .
R2 R2 e

The above inequality together with (3.5) and (3.10) implies that
plogp € L>(0, Tpax; L' (R?)).

xcosa

MC(M)) , (3.10)

s

In particular, the entropy functional fRz p(x,t)logp(z,t)dz remains bounded for any
finite time ¢ and thus by the criterion of extensibility stated in Proposition 3.1, we
deduce that T, = +00.

Case 3. ac(—m,—F|U[F,7].

Using the identities
divAVe=cosalAc, —Ac=p,

we deduce that

d
—/ plogpdx=—4/ \V\/ﬁ|2dx+x/ Vp-AVedzx
dt R2 R2 R2
:—4/ \V\/ﬁ|2dm—x/ pdiv(AVe)dx
R2 R2

:—4/ \V\/ﬁ|2dx+xcosa/ p’da. (3.11)
R2 R2
Since for all a € (—m, =5 ]U[7, 7], it holds that cosa <0, then it follows from (3.11) that
the entropy [, p(z,t)logp(z,t)dz is decreasing in time and thus bounded from above
due to the assumption (1.12) on py. Hence, we can apply the same argument described
in Case 2 (cf. (3.10)) to prove the global existence of free-energy solution.

The proof of Theorem 1.1 is complete. ]
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Appendix.

4.1. Local well-posedness: proof of Proposition 3.1.  To prove Proposition
3.1, we can follow the method in [3,4] for the classical parabolic-elliptic Keller—Segel
model with a=0. Roughly speaking, we first regularize the two-dimensional Newtonian
potential K (see (1.9)) in the formula ¢=px* K, solve the regularized system, derive
uniform estimates with respect to the approximating parameter and then pass to the
limit. In what follows, we shall briefly explain the corresponding adaptations to our
problem (1.1)—(1.3) and refer for the details of this procedure to [4, Sections 2-3] and |3,
Section 2].

Step 1. The regularized problem. As in [3], we choose a radial, monotone, non-
increasing smooth function such that

1
——1 if |x|>2
—logla if Js] 22,

K'(z)= . 1
0 if |z| < 2
and
|[VK! (ac)’ < L, K'(z)< —ilogm, VrcR2
27 |x| 2
Then we define a truncated version of the potential K (z)=—3-log|z| as follows

1
Ke(z):=K! (g) —-loge, V>0,

which, by its definition, fulfills

1
27 |x|’

IVK* (z)] <

VreR?, Ve>0. (4.1)

Hence, the regularized system for Equation (3.2) takes the following form:
p; = Ap° —xdiv[p" AV (p* * K], (z,t) eR? xRY, (4.2)
p°(x,0)=p§ :=min{pg,e "} (2), r € R (4.3)

By construction of the initial datum p§ and assumption (1.12), it holds p§ € L*(R?)N
L°°(R?), which implies p§€ L?(R?). Next, keeping in mind that A is an orthogonal
matrix (see (1.4)), then taking the standard Euclidean R?-norm we see that

AV (05 K%)= [V (o7 K°)| = | p° + VK.
Thus, by Young’s inequality for convolution, we get

”Av(pE*KE)”LOO(]RQ) < HpE”Ll(R2) ||VK€HL°C(R2)‘
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Therefore, we can mimic the same proof for the case of chemotactic response without
rotation in [4, Section 2.5], which is based on Schauder’s fixed-point theorem and the
Lions—Aubin compactness method, to conclude that, for any e >0, a € (—m, 7] and T >0,
the regularized problem (4.2)—(4.3) admits a unique global solution

p"€C((0,T];L*(R*))NL*(0,T; H' (R?)),

provided that pg satisfies (1.12). Moreover, the approximating solution p° is nonnegative
and its mass is conserved:

0§/ ps(x,t)dx:/ pg(:n,())dxg/ podz=M, Vtel0,T]. (4.4)
R? R? R?

Step 2. Uniform estimates in €. We only explain some necessary modifications
that have to be done when taking into account the role of matrix A.

First, for the global solution p® to the regularized problem (4.2)—(4.3), we notice
that the associated free energy functional given by

52(,06):/ p‘flogpedw—xcgsa
]RZ

/R2p5(p5*K5)daj,

satisfies the dissipative property

%EZ(pE) :—/ p° |Vlog pf — xcosaV (p® K°)|*dz <0,
R2

whose justification follows the same reasoning applied for finding (2.1).

Second, we derive an estimate for the second moment of p°. Similar to (3.6), we
have

4 p€|1:|2dx:4/ pedx+2x/ x- {pa(:c,t)/ P (y,t) AVK® (z —y)dy| dz

dt Jpe R2 R2 R2
:4/R2pgdx+x/ﬂ§242pa(x,t)pa(y,t)(m—y)~[AVKE(x—y)]dxdy
<artx [ [ p @ ) @) AVE* (o) dady.

Besides, it follows from (1.4) and (4.1) that

1
(@ —y) AVE (z—y) <[z —y|[VE (z —y)| < 5.

From the above two inequalities and (4.4), we infer that

d 2 X / /
— “lz|"de <4M + = (z,t)p° (y,t)dzd
a )on” jz|"dz <4M + -~ e )a” (z,t)p" (y,t) dady
<4M+ X M2,
27
Third, using again the identity div(AV f)=cosaAf, we obtain the following esti-
mate on the entropy functional fR2 p®log p®dx:

4 pslogpadx:—4/ ‘V\/Fgfdw—&—x/ V- [AV(p® x K)|dx
dt R2 R2 R2



ELIO ESPEJO AND HAO WU 13
:—4/ |V\/p75’2dx—x/ p° div[AV (p® « K*)|dx
R2 R2

:74/ |V\/,Ef2dzfxcosoz/ P°A(p° x K¥)dax.
R? R?

In particular, the term [;, p° A(K®p°)dz on the right-hand side of the above identity
can be handled exactly as in the proof of [3, Lemma 2.3].

Step 3. Proof of Proposition 3.1.

Proof. Keeping the above modifications in mind, we are able to repeat the argu-
ments in [3, Sections 2.2-2.3] (with some further details in [4, Sections 2-3]) to conclude
the existence of free-energy solutions to problem (1.1)—(1.3) on the maximal time inter-
val [0, Thhax ). Besides, we note that the uniqueness of free-energy solutions follows from
the same techniques as in [11, Theorem 1.3]. The details are omitted here.

The proof of Proposition 3.1 is complete. ]

4.2. Model derivation: an energetic variational approach. In the last
part of this paper, we describe a (formal) derivation of system (1.1)—(1.2) by using the
so-called energetic variational approach, which combines the least action principle and
Onsager’s principle of maximum energy dissipation in continuum mechanics (see for
instance, [14,18,27] and the references therein). Through the derivation, it is easy to
see that system (1.1)—(1.2) naturally fulfills three important physical constraints such
as mass conservation, enerqy dissipation and force balance.

(A) Mass conservation. We simply impose the generic kinematic relation, i.e., the
conservation of mass, in the Eulerian coordinate such that
pe+div(pu) =0, (z,t)€R?x (0,T), (4.5)
where u:R? x (0,7) — R? stands for the effective velocity, for instance, due to possible
mass diffusion and drift effects etc.
(B) Energy dissipation. Next, we impose the following abstract dissipative energy
law (cf. [8,18])
i5 =-D, Vte(0,T)
dt - b b b

with the free energy and the energy dissipation given by

f(p):/RZW(p)d% D(p,u):=/Rzn(p)|u—v(p)|2dw- (4.6)

Specific form of the energy density function w, the extra velocity field v (due to possible
correction induced by p) and the (nonnegative) coefficient 1 will be chosen below.

(C) Force balance. Let us now introduce the flow map x(X,t):R*—R? ¢t>0,
which is a solution to the ordinary differential equation x;(X,t) =u(x(X,t),t) subject
to the initial condition z(X,0)=X. Here, X is the Lagrangian coordinate system (the
reference configuration) and x stands for the Eulerian coordinate system (the deformed
configuration). The deformation gradient of the flow map x(X,t) is given by

F(X,t)::%.

Then from (4.5) and a change of coordinates we see that

_ po(X)
detF ’

plx(X,t),t) vt >0.
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The least action principle states that the trajectories of particles from the position
x(X,0) at time t=0 to z(X,T) at a given time T in a Hamiltonian system are those
that minimize the action functional:

Al(X,1) = —/OTf;(p) dt = —/OT/RQw (?éf?) detF dX dt.

Taking variation of the action A with respect to the flow map x leads to the conservative
force (cf. [27, Section 2.2.1]) such that §,.4:= F.ony-62. Here, since the macroscopic
kinetic energy is assumed to be neglected in our system, the associated inertial force
simply vanishes. Then by a direct computation of 0.4 (see e.g., [14,18]), we obtain the
generalized conservative force (written as a strong form in the Eulerian coordinate):

Feony =—pV(0,E).

On the other hand, we can also include dissipative forces in the system, through On-
sager’s maximum dissipation principle. This is done by taking variation of the Rayleigh
dissipation functional R := %’D with respect to the rate function, i.e., the velocity u such
that §, R :=—Fyiss - 0u (cf. [27, Section 2.2.1]). Together with (4.6), we get

Fdiss = 777(/)) [U - ’U(,O)]
Hence, from the classical Newton’s force balance law Fiopny + Fgiss =0, we deduce that
n(p)u=—pV(6,E)+n(p)v(p). (4.7)

In particular, the relation (4.7) enables us to determine an exact form of the velocity u,
which together with (4.5) yields a closed partial differential equation for p.

Derivation of system (1.1)—(1.2). In the above general framework, we now choose

Cplp+K), v(p)=x(sna) RV (p+K), 1(p)=p, (4.8)

X COS
w(p) = plogp—

with x >0, a € (—m, 7]. The kernel function K representing the nonlocal interaction is
given by (1.9) and the matrix R is taken as in (2.5), inducing possible velocity correction
along the direction orthogonal to V(px K). By a direct calculation, we get

d,€=14+logp—xcosa(pxK). (4.9)

Then recalling the definition of the rotational matrix A (i.e., (1.4)) and the decomposi-
tion (2.6), we infer from (4.7)—(4.9) that

pu=—Vp+x(cosa)pIV(px K)+ x(sina)pRV (p* K)
=—Vp+xpAV(p* K).

Inserting the above relation back into (4.5), we arrive at Equation (3.2), which is equiv-
alent to our system (1.1)—(1.2) in view of (3.1).
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