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WEAK SOLUTIONS FOR A BIOCONVECTION MODEL RELATED
TO BACILLUS SUBTILIS*

DMITRY VOROTNIKOVT

Abstract. We consider the initial-boundary value problem for the coupled Navier-Stokes-Keller-
Segel-Fisher-Kolmogorov-Petrovskii-Piskunov system in two- and three-dimensional domains. The
problem describes oxytaxis and growth of Bacillus subtilis in moving water. We prove existence
of global weak solutions to the problem. We distinguish between two cases determined by the cell
diffusion term and the space dimension, which are referred to as the supercritical and subcritical
ones. In the first case, the choice of the kinetic function enjoys a wide range of possibilities: in
particular, it can be zero. Our results are new even in the absence of the kinetic term. In the second
case, the restrictions on the kinetic function are less relaxed: for instance, it cannot be zero but
can be Fisher-like. In the case of linear cell diffusion, the solution is regular and unique provided
the domain is the whole plane. In addition, we study the long-time behavior of the problem, find
dissipative estimates, and construct attractors.
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1. Introduction

Let us fix a number 7'>0 and a domain QCR?, with d=2,3, which can be a
bounded open set locally located on one side of its C?-smooth boundary 652 or the
whole space R? itself. In the cylinder Q7 = (0,T) x €, we consider the following set
of equations:

On+u-Vn—An™)=-V-(x(c)nVe)+ f(n), (1.1)
Oc+u-Ve—Ac=—k(c)n, (1.2)
du+tu-Vu—Au+Vp=-nVo, (1.3)
V-u=0. (1.4)

Here c(t,2):Qr =R, n(t,z):Qr =R, u(t,r):Qr —R?, and p(t,z):Qr —R are
the oxygen concentration, cell concentration, fluid velocity, and hydrostatic pressure,
respectively. The scalar functions k, x, and f determine the oxygen consumption rate,
chemotactic sensitivity, and bacterial growth, respectively, ¢: Q7 — R is the potential
produced by the action of physical forces on the cells, and m >1 is the nonlinear
diffusion exponent. The cases m=1 and f=0 are not excluded.

The system is complemented with the no-flux boundary conditions for n" and c,
and the no-slip condition for wu,

on™(t,x) _0 dc(t, )

= g = Q 1.
St —o, 80 0, u(t,) =0, we0n, (15)
and with the initial conditions
n(0,x) =no(z), ¢(0,2) =co(x), u(0,2) =uo(z), z€N. (1.6)
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546 WEAK SOLUTIONS FOR A BIOCONVECTION MODEL

The model (1.1)—(1.4) with f=0 and m=1 was suggested in [17] in order to
describe the combination of chemotaxis, metabolism, cell-cell signaling, buoyancy,
diffusion, and mixing in water drops full of aerobic bacteria (Bacillus subtilis). The
coupled system consisting of the equations of cell and oxygen balance and of the ones of
fluid motion and continuity is based on general considerations from the bioconvection
theory (cf. [6] and [13]). The nonlinear-diffusion variant of the model (i.e. when
m>1) was proposed in [4]. In this paper, we also admit the proliferation/death term
f in the cell balance equation (1.1). Note that the convectionless chemotactic models
taking into account the role of cell kinetics were put forward in [10] (see also the
review paper [7]), and studied, for instance, in [1, 11, 12, 19, 20]. The typical kinetic
terms are f(n)=Kn(l—n) (Fisher’s kinetic term) and f(n)=Kn(l—n)(n—«) (the
Allee effect).

The known mathematical treatments of the problem (1.1)-(1.6) (without the
kinetic term) can be divided in two groups. The first one is concerned with the
simpler Stokes-Keller-Segel problem lacking the nonlinear inertial term in (1.3). The
local in time weak solutions are shown to exist in [9] in the case m=1. For Q=R? and
m=1, there is a global weak solution [5] provided ¢y or ¢ are small in some norms,
and under certain restrictions on k and y. For 2=R? and m =2, the global weak
solution exists [4] without that additional hypotheses. The same is true for bounded
Q, d=2, and m>1 [16] or d=3 and 1.81< 74'17‘/2% <m<2 [4], as well as for Q=R3
and m=4/3 with some assumptions on k and y [8]. Moreover, in the case of bounded
convex Q (d=2,3) and slightly weaker restrictions on & and x, the problem admits
a global weak solution for m=1 [21]. The eventual convergence to the homogeneous
state (n= [,n0/|Q,c=0,u=0) is shown in [4] for bounded Q and m=2; however,
this result is not entirely correct due to the presence of steady-state solutions of the
form (n=0,c=const,u=0).

The second group studies the full Navier-Stokes-Keller-Segel problem with m=1.
The existence of local weak solutions is treated in [2, 9]. The global weak solutions
exist for Q=R? [8]. Moreover, if the domain QCR? is bounded and convex, the
solution is regular and unique [21] (a similar result in the whole plane is proved in [2]).
Here, more [2] or less [8, 21] restrictive assumptions are imposed on k and x. Global
solutions exist for Q@ =R? when the initial datum is a small smooth perturbation of
the steady state (ng=-const,0,0) ([5], strong and unique) or when k/x =const ([2],
weak).

In this paper, we consider the problem (posed in [21]) of complete classification
of all m which allow for global solutions. It turned out to be suitable to deal with this
problem in the general setting (1.1)—(1.6) admitting the kinetic term f. Herewith, two
cases, which we call subcritical (1 <m < %) and supercritical (m > %+L), naturally
arise. In both cases, we prove existence of global weak solutions (Theorems 3.1 and
4.1). However, the choice of the kinetic function in the supercritical case enjoys
wider range of possibilities: in particular, it can be zero. The typical kinetic terms
mentioned above satisfy all the assumptions in both sub- and supercritical cases. In
the case 2=R? and m=1, we prove existence of a unique classical solution without
the hypothesis of [2] that k/x is almost a constant (our Theorem 4.2). Finally, in
Section 5, we show that in the supercritical case there exist weak solutions satisfying
certain dissipative estimates (Theorem 5.1), and construct minimal trajectory and
global attractors of the problem in the framework of [22] (our Theorem 5.2).
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2. Preliminaries and notation
We use the brief notations L, Wf, HP = Wf, p>1,8€R, for the Lebesgue and

Sobolev spaces on  with values in F=R or R? or R?*. Parentheses denote the
bilinear form

(u,v)z/(u(z),v(w))pdaj, u,v € Ly.

Q

The norm in Ly is |Ju||=+/(u,u). The symbol |lul;, I €N, will stand for the Euclidean
norm in H'.

Let V be the set of smooth, divergence-free, compactly supported (in §2) functions
with values in R?. The symbols H, V, Vs (§ >0) denote the closures of V in Ly, H, H®,
respectively.

The symbols C(J;E), Cw(JT;E), Lo(T; E), ete. denote the spaces of continuous,
weakly continuous, quadratically integrable, etc. functions on an interval 7 C R with
values in a Banach space E. A pre-norm in the Fréchet space C([0,+00);E) may be
defined by the formula

+oo

_i vlleqo.q;m)
olloo,4o0)im = P27 o
([0+00)E) E 1+ [vlleo.:)

The symbol C' will stand for a generic positive constant that can take different
values in different lines, whereas K;, i=1,2,..., will be fixed positive constants.

We set (x) =/1+|x|? in the case Q=R%, and (x) =1 for bounded ().

For any scalar function &, we denote &y =max(£,0) and {_ =max(—¢,0).

Finally, we give here the following definition of weak solution.

DEFINITION 2.1. A triple (n,c,u) is a weak solution to the problem (1.1)—(1.6)
provided

n>0, ¢c>0,
M€ Log(0,T;L1) N L2(0,T5L2) N Ly (0,7 Ly, ) "W (0,75 (W),
fn)eL1(0,T;Ly), V(n™)€ L1(0,T;Lq),
€€ Loo(0,T; Lo NHY )N Ly (0, T; H*)NVH (0,75 (HY)™),

UE Lo (0,T; Ly) N Lo (0,T;V)NWLE(0,T5V),

and for any test functions (€ W1, € H', 1€V one has

0.0~ (@n, VO + (V™) VO - ((InVe VO = (fm),0), (21)
%(0,9)— (ue,VO)+ (Ve,VO)+ (k(c)n,0) =0, (2.2)

d d o;
ﬁ(uw) —WZZI (uiuj, 55%) +(Vu, Vi) + (nV,) =0 (2.3)

a.e. on (0,T), and equalities (1.6) hold in the spaces (WL)*, (H')*, V*, respectively.
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3. The supercritical case
In the supercritical case, the existence of weak solutions is provided by the fol-
lowing result.

THEOREM 3.1.  Let m> %. Let ¢ € L1(0,T; L1 joc) with Vo€ Ly(0,T;L). Let
k, x, and f be continuously differentiable functions, x'>0, k>0, k(0)=0, f(0)>0
(but f(0)=0 for Q=R%), and

fly) <f(0)+Cy (3.1)

for y>0.
Let ng € Ly mLmax(l,m/Q); nolnng € Ly, <>n0() €L, g€ H! NLe, ng>0, cg >0,
uo € H. Then problem (1.1)-(1.6) possesses a weak solution.

Proof.  Let us show that a solution (n,c,u) to (1.1)—(1.6) satisfies the following
formal a priori bound:

[l Loc 0,732 FlInn ] 0, 1500) + )l 0,500 Vel L o:22)

HIVull £y 0,7:00) + 7l La0,7522) + 1™ 2 0,100y + €l o 0.752.00)

Iy 0.5z + 1 () Innll, o5, +llell o 0mm2) <C. - (3.2)

Note that here and below in the proof the generic constant C' may depend on T
Letting (=1 in (2.1), we get

d
@z = [ F(ntea) (33)
Q
SO
d
g @llz, + - )l =1+ ()l]2,
< [ FO)da+ (O, <O+ (D)), (3.4)
Q
whence
7| 2o 0,7520) + 1= ()| 2, 0,1320) < C- (3.5)
But
[ f+ ()L, 0,7:20) SCA+nllzy 0.100) SCA+ Il Lo 0,1:L0))- (3.6)
Thus,
£ ()2, 0.152,) <C- (3.7)
Putting §=cP~1, p>2, in (2.2), we obtain
1d
Ze(®)]P <
pdt”c( Nz, <0,
and thus

lell Lo 0.7:L,) < N1€(0)]l 2, - (3.8)
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Passing to the limit as p— 0o, we derive
el Lo (0,75100) < C- (3.9)
Hence,
XN Lo 0,7500) FIIE (O Lo (0,7;000) S C- (3.10)

Note that the fact of non-negativity of ¢ and n is standard and follows from the
parabolic comparison principle.
We now take (=1+Inn in (2.1), #=—Ac in (2.2), and ¢ =u in (2.3), arriving at

%/nlnndm—l— %(V(nm/z),V(nmm)) —(x(0)Ve,Vn)=(f(n),1+1Inn), (3.11)

1%(VC, Ve)+ (ue, VAc)— (Ve,VAc)— (k(c)n,Ac) =0, (3.12)
Ld Vu,V \Y =0 3.13
5%(%“)4‘( u, Vu) + (nVe,u)=0. (3.13)

Integrating by parts, we rewrite (3.11) as
d 4 m/2y(2 /
7 | Mnndz+— V(™ 5)[7+ (X () Ve,nVe) + (x(e) Ac,n)

=(f(n),14+1nn), (3.14)

and observe that

— (ue,VAc)
i du; (0 e
z;’ 8361890 Y 0z Ox;0x;
7,7=1
d 2 d
ou; 02%¢ 1 0 | Oc ou; 02%¢
R = 1
Z:: (6:0] ﬁxlax])—i_ (““axi [8%} ) 1‘;1(6% 6:31(%]) (3:.15)
Now, (3.12) reads as
1d 9 ou; d?%c B
5 dtHv cll* - Z (3Ij ’Caziazj) +(Ac,Ac)— (k(c)n,Ac) =0. (3.16)

4,j=1

When  is bounded, due to classical regularity results for the Neumann problem
for the Poisson equation,

le@ll2 < CUIAO] + lle@)])- (3.17)

For the whole space, integrating by parts, we obtain

dc  Oc d 0%c d*c
|| ( ||2_\l CC +Z(a 8552) z%%(@xﬁx/@%&w)
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d
Oc dc 02c 0%c
(c,c +2Z ( &m) Z:I (Zhifhj ’ 8x¢5‘xj>

0,3

d
02%c 0%c
=.,|(c,c)=2(c,Ac)+ Z (Mp’ME)
= 7 2 J J

1,j=1

=lle() = Ac@)l| < lle®)ll+ | Ac@)]l.

IN

Hence, in both cases,

Applying (3.19) and the Cauchy inequality with epsilon to (3.16), we get

le@ll2 <C(|Ac(t)][+1), te(0,T).

d
Vel +2K [lell3 < O+ Ko || Vul[* + K .

Observe that both for n>1 and n<1 (since f is C'-smooth),

[f(n)Inn] <Cn|lnn|.

Therefore, (3.14) yields

d 4
_ . m/2y(2
& [ ntnndo OO+ 1)),

<C+C|n|p, +C|nnn|, + K1 ||c||2+ K4|n|>

Multiply (3.13) by 2K and add to (3.20) and (3.22) to obtain

d
|\vc||2 /nlnndx+K2—||u||2

4 m
+ Klell3 + Ko |Vl + — [V (™) |2+ [|[f () nn] .,

<C+Clnlnnl|z, +Ks|n|* + KoluVel*.

If Q=R% put ¢(z)=(z) in (2.1) (this test function is unbounded, but (2

holds since we are dealing with strong solutions now):

d

IOz, = (un, V) + (0™ AG)) + (x()nVe, V() +(f(1), ().

Let us estimate the terms in the right-hand side:

(un, V() <C(Jul®+ [In]*),

(™, A()) <CJln™ 2%,
(x()nVe, V() C(|Inl* + [ Ve]?),

(f(n),(:)) <ClICnllz,,

In () lzy < K7 (L lfull®+ Inl® + 12" 2 12 + [ Vel + 1) nlz,)-

(3.18)

(3.19)

(3.20)

(3.21)

(3.22)

(3.23)

1) still

(3.24)
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If Q is bounded and (z) =1, (3.29) is a trivial consequence of (3.4).
Let us show that

2
I ? + 1™ /2)* < —[IV(n" )| +C. (3.30)

(K5+Kq7)

Indeed, let m <2. Let = % ford=2and g= 3m6—1 for d=3. In both cases < 2.

Then, using the Gagliardo-Nirenberg inequality, we proceed as

I+ 1™ /2 < C(lInl|* + In*/2)1?)

4/m
=C(In™2" +inl,)

4/m— 4/m
<CHCIV ™) 2|

=C+C|Vn™)|nl3 ™ +Clnlf2,
<C+|V(n™2)||%)
2

<— = V™| +C. 3.31
_(K5+K7)m|\ (™ =)1*+ (3.31)

If m>2, employing the L,-interpolation, Young, and Gagliardo-Nirenberg inequali-
ties, we have

I ? +[1n™ /2] < C(IIn'2]1 + ln™2]1?)

2m_ 4
SO+ (V™)== 0™ 17 +[In™/2|17,)
1

< m/2y(12 C m/2)2 C
1
_ \V/ m/2y(12 C m C
GV R IR, +
1 m m2—2m
< \V/ m/2y(2 C m—1 m—1 C
< G VP Cll E Tl
1 2m—4
< \V/ m/2y(12 C m/2| e C
< Ger IV + Ol
S e [V 4 5 2+, (3:2)
~ (Ks+K7)m 2

which implies (3.30).
Since (nlnn)_ <Cy/n, it is easy to check (cf. [2] in the unbounded case) that

Inlnn| L, < Ks+2|[{-)n| L, —|—/nlnndx. (3.33)
Q

Adding (3.29) with (3.23), and taking into account (3.7), (3.30), and (3.33), we
get

d d d d
£||Vc||2+%/nlnndx+3£||<~>n\\h +K2£||u||2
Q

2 m
+ Ki|ef3 + K| Vul[* + — [V (n P+ () nn] - |z,
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<C(1+[Ve|3_) % 1+K8+|\Vc||2+/nlnndx+3||<-)n|\L1—|—K2||u||2 . (3.34)
Q

Gronwall’s inequality and (3.33) yield
IVel® +lInlnnl|z, +[[()nllp, + K2 ]ul?

g1+K8—|—||Vc||2—|—/nlnndx+3H(->n||L1—|—K2||u||2§0, (3.35)
Q

and (3.34) gives
KillelZ, 0,002 + Kol VUl 0.1.1,)
2
+%||V(nm/2)\|%2(o,T;L2)+||[f(N)1nn]—||L1(o,T;L1)SC- (3.36)

To conclude the proof of (3.2), it remains to remember (3.7), (3.21), and (3.30).
Note that

IV 0™ s 0,70 <20V (0™ 0,720 107 2 (0,7:2) < C- (3.37)

Now we estimate the time derivatives. Using (2.1), (3.2) and (3.37), we infer the
following bound:

T T
/‘jtmoldm/|<un,v<>|+|<wnm>,vol
0 0

+1(x(@nVe, VO +[(f(n),Ol dt < Cl|¢[lwy, - (3.38)

In the same manner we derive from (2.2), (2.3), (3.2), that

z 2

/’jt(c,ﬂ) dt<C|0]3, (3.39)
0

T

J|itww|de=<cpin (3.40)
0

We still require more estimates. Firstly, let m <2. We find

”Vn”?m(O,T;Lm)
= || |Vn|m||L1(O,T;L1)
m—2
= | Vn))? =" (072 (V)" 2 Ly 0,150

- — m=2 _
<[l ™= Vn))* I(n ™= [Vn])*m =2
L2_1m (O,T;L 1 ) Lm1—1 <O,T;Lm1_1)

2—m

m

m— -m =2 m—
=||(n 1vn)||%1(o,T;L1)H(” 2 vn)”iz(o?T;LQ)

<CIVO™ I g IV ™) 2%, <C. (3.41)
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In the case m > 2, let anmsz in (2.1). Then we derive

Bmm =2) G, 257 v (n 5
W(V(n ),V(n 7))

m 'm 2 —2

=T (Ve V™) 4 (- ()0 ™TH) = (F ), n"T). (3.42)

2 d” m/2
m dt

||Ll
Therefore, by the Cauchy-Bunyakovsky-Schwarz and Young inequalities,

—2

NP+ (f-(n),n ™)

Hnm/QIILl +IV(n”

<C IIV0|I2+||V(nm/2)|I2+IInm/QHLl+/f(0)m/2dx - (3.43)

Gronwall’s lemma and (3.2) imply

3m—2 m=2
2™l 0,730 + IV (D) 0,130 + 1 (0T 01y SC (3:44)

We find, via a reasoning similar to (3.32), that

3m—2

I 0,730 SCIIV (R

)||L2(0TL2)+C'<C (3.45)

Now, test (2.1) by the function (n"r, Cewl:

2 d 4m 3m—2 3m—2
_ m/2 1 1
2 (") + gy (T )

8m(m—2) sm—2 sm=2
2 (™) ¢V ™)

_mT_Q(X(c)Vc,CV(nm/z)) — (x(0)Ve,n™2V () = (f(n),cn™ 7). (3.46)

Using (3.2), (3.44), (3.45), it is easy to deduce from (3.46) that

&
0/
Note that (3.38) is equivalent to (3.47) for m=2.

Having bounds (3.2), (3.37)—(3.41), (3.44), and (3.47) in hand, we can prove
the existence of a weak solution via approximation of (1.1)—(1.6) by a more regular
problem, and consequently pass to the limit. We omit a major part of the details (see
[2, 4, 5, 16] for similar issues), and restrict ourselves to the peculiarities of passage to
the limit in the porous-medium-like and growth terms. For definiteness, we consider
the case of bounded 2 (the unbounded case is very similar; the spaces L, should be
replaced by Ly joc)-

The growth term f can be approximated by a sequence of bounded functions
In= \f|+N’ N eN. Let (ny,cn,un) be the corresponding sequence of solutions and

(n,c,u) be the limit (intended to be the weak solution).
Due to (3.2), without loss of generality (passing to a subsequence, if necessary)

m/2—>nm/2 weakly in Lo(0,T;H'). Assume first that m>2. In view of (3.47),

Y, ’dtSCHCHWOg- (3.47)

&\&
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we can employ the Aubin-Lions-Simon lemma [15] to get nz/ 2 _ypm/2 strongly in
L5(0,T;Ls) (here and below we always mean “up to a subsequence”). On the other
hand, for m <2, ny —n weakly in L,,(0,T;W}) in view of (3.41) and (3.2). Due
to (3.38), by the Aubin-Lions—Simon lemma we conclude that ny —n strongly in
L,,(0,T;L,,), whence nﬁ/2—>nm/2 strongly in Ly(0,7;L2) again. Hence, in both
cases,

V(ng) =202V (n/?) = 202V (n™/?) =V (n™)

weakly in Lq(0,7;Lq).

Finally, let us show that fx(ny)— f(n)in L1(0,7;L;). By the Vitali convergence
theorem, it suffices to see that fy(ny)— f(n) in measure on (0,7) x Q and | fy(ny)]
are uniformly integrable. We have nK,L/Q —n™/? in L5(0,T;Ls), thus ny —n a.e. in
(0,7) x 2. Therefore

f(nw)|f(nn)]

) =IO = = ol N

+f(nn)—f(n) =0

a.e. and hence in measure. Due to (3.2), || fy(ny)Innn||z, 0,7:0,) <C. Thus,

/ |fn(nn)dzdt<C  sup  |lnny|™!
[fn(nN)|>M

|fn (nn)|>M
<C sup |lnny|7'—=0 (3.48)
If(nn)|>M
as M — +4o0. 0

4. The subcritical case
The subcritical case requires an additional assumption on the kinetic function.

THEOREM 4.1. Let 1<m< %. Suppose that

Fy)+Cry? < f(0)+Cy (4.1)
with some positive Cy independent of y >0, and the remaining assumptions of Theo-

rem 3.1 hold. Then the problem (1.1)—(1.6) possesses a weak solution.

Proof. Let us describe the differences with the proof of Theorem 3.1. We still
need to secure inequality (3.2). Firstly, (3.3), apart from yielding (3.4), gives

%Hn(f)HL1 +C¢lInl? <CA+In(t)llz, ), (4.2)
whence
Il s 0,7300) < C- (4.3)
Since m <2,
1™ 2 a0,7:22) < CUINY 2N o020 + Il La0,7:22)) S C- (44)

Thus, we do not need (3.30), which only holds in the supercritical case, but instead
of (3.34) we have
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dt
Q

d d d d
GIVelP+ 5 [minnds+ 3210l + Ko lul?

4
+ Klell3 + Ko | Vul® + — [V (") |2+ [|[f (n)Inn] - .,
SO+ nl® +In™ 212+ VelIZ..)

X 1—|—K8—|—||VcH2—i—/nlnnda:—|—3||<->n||L1—&—K2Hu||2 . (4.5)

Q
Gronwall’s lemma, (4.3), (4.4), and (3.33) imply (3.35), (3.36), and (3.2). 0
In the whole-plane case, the problem possesses a unique global regular solution.

THEOREM 4.2. Let Q=R?, m=1, and assume that f, x, and k are C3-smooth,
')+ ()| <C fory>0, Vo € W2 (and independent of t), no € H?, co € H?, ug €
H?, and the remaining assumptions of Theorem 4.1 hold. Then there exists a unique
classical solution to (1.1)—(1.6), satisfying

n>0, c>0,
n€ Loo(0,T; H*)N Ly(0,T; H?), (4.6)
€€ Loo(0,T; H*)N Ly (0,T; H*), (4.7)
€ Lo (0,T; H*)N Lo (0,T; HY). (4.8)
Proof. We observe that
(Vf(n),Vn)=(f'(n)Vn,Vn) <C|Vn|?, (4.9)

and

(A f(n),An)=(f"(n)An,An)+(f"(n)VnAn,Vn)
<C(An,An)+C|An|| ||Vn||2L4
<C|An|* +C|An|?||Vn]. (4.10)

Having this at hand, one may check that the blow-up criterion
1Velln,0,m;0.) =400 (4.11)

proven in [2] for f=0 remains valid in our situation, and in the absence of blow-up,
i.e. when

IVell Ly 0,7;000) <+00, (4.12)

the solution is unique and its regularity is determined by (4.6)—(4.8). The argument
showing that (4.12) follows from (3.2) is a slight variation of the one ending the proof
of Theorem 1.3 in [2]. O
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5. Attractors

In this section we study the long-time behavior of problem (1.1)—(1.5). We restrict
ourselves to the supercritical case (cf. Remark 5.2 below). Since we cannot establish
uniqueness of the weak solutions, we treat the question via the theory of trajectory
attractors. More precisely, owing mainly to technical convenience, we use our version
of the theory [22, Chapter 4] instead of the more classical approaches of Chepyzhov—
Vishik [3] and Sell [14]. However, we do not know if the latter ones are applicable to
(1.1)—(1.5).

In order to simplify the presentation, we consider the autonomous case

Vo€ Ly

(independent of ¢). However, similar results can be obtained in the non-autonomous
case via employment of the more involved theory of pullback trajectory attractors
developed recently in [18].

We start with recalling some basic framework from [22, Chapter 4].

Let E and Ey be Banach spaces, F C Fy, E is reflexive. Fix some set

HY CC([0,400); Eo) N Loo (0,400; F)

of solutions (strong, weak, etc.) for any given autonomous differential equation or
boundary value problem. Hereafter, the set H* will be called the trajectory space
and its elements will be called trajectories. Generally speaking, the nature of X+ may
be different from the just described one.

DEFINITION 5.1. A set PC C([0,400); Eo) N Loo(0,+00; E) is called attracting (for
the trajectory space H™) if for any set B CH™' which is bounded in Lo, (0,400;E),
one has

inf |7 (h)u— : :
sup inf [T (h)u—vlleqo.+ec)sEo) , 7 0

Here T'(h) stands for the translation (shift) operator,
T(h)(u)(t)=u(t+h).

DEFINITION 5.2. A set PC C([0,+00); Ep) N Loo(0,400; F) is called absorbing (for
the trajectory space H™) if for any set B CH™' which is bounded in L (0,+00; ),
there is h >0 such that T'(¢)B C P for all t > h.

DEFINITION 5.3. A set U C C([0,+00); Eo) N Lo (0,+00; E) is called the minimal
trajectory attractor (for the trajectory space H1) if

i) U is compact in C([0,400); Ep) and bounded in Lo, (0,+00; E);

ii) T(t)U =U for any ¢ >0;

iii) U is attracting;

iv) U is contained in any other set satisfying conditions i), ii), iii).
DEFINITION 5.4. A set AC F is called the global attractor (in Ey) for the trajectory
space HT if

i) A is compact in Ey and bounded in E;

ii) for any bounded in L. (0,400;F) set BCH™ the attraction property is ful-
filled:

sup inf ||u(t) — — 0;
sup inf, lu(t) = vllm, 52 0
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iii) A is the minimal set satisfying conditions i) and ii) (that is, A is contained in
every set satisfying conditions i) and ii)).

PROPOSITION 5.1.  Assume that there exists an absorbing set P, which is relatively
compact in C([0,4+00); Ey) and bounded in Lo (0,+00; F), for the trajectory space H.
Then there exists a minimal trajectory attractor U for the trajectory space HT.

PROPOSITION 5.2. If there exists a minimal trajectory attractor U for the trajectory
space HT, then there is a global attractor A for the trajectory space HT, and for all
t>0 one has A={£(t)|E eU}.

REMARK 5.1. As a matter of fact, the existence of an absorbing set P implies that
U and A also attract the trajectories in the weak-* topology of Ly (0,+00;F) and
weak topology of E, respectively. The reason is that, for any set B CH™* which is
bounded in Lo, (0,+00; E) and large h, the sets {T'(h)u|u€ B} and {u(h)|ue B} are
bounded and thus relatively weakly-* and weakly compact in Lo (0,+00;E) and F,
respectively. This simple remark is important since in the applications the space Ey
can be comparatively weird.

We return to the bioconvection model, and make the following assumptions:
a) Q is bounded.
d+1
b) m> 4L,
c) p€ Ly, VOE L.
d) k, x, and f are continuously differentiable functions, x’ >0, k>0, k(0)=0.

e) The initial concentration of oxygen does not exceed some constant co. This
unusual assumption is necessary for the presence of a compact attractor, at least when
f(0)=0. Indeed, without an assumption of this kind no compact attractor may exist
due to the presence of steady-state solutions (n=0,c=c¢g,u=0) with arbitrarily large
constants ¢o independent of x. An alternative (which we do not like) is to fix the
initial oxygen concentration, and to only let ng and ug vary.

f) There exists a positive number 7 so that

fy)+29y<C, y>0, (5.1)
Without loss of generality, we may assume that ~ is sufficiently small so that
2y <Ky, (5.2)
and
y||ull® < | Vul]?, ueV. (5.3)

Let us specify the class of solutions to (1.1)—(1.5) to be considered within this
section.

DEFINITION 5.5. A triple (n,c,u) € Loo(0,+00;L1 x H* x H) is an admissible weak
solution to problem (1.1)—(1.5) if it is a weak solution on each bounded interval [0,77,
and it satisfies the inequalities

17| Lo (t.641:20) F IR0 Loy (2,041;2)

max(1,m/2)

2 2
+ ”nHLoo(t,tH;L ) + HC||Loo(t,t+1;H1) + ”uHLaQ(t,rH;H)

max(1,m /2
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max(4,3m—2)]/2

2 2 2
7 ot r1:ns) + 0t |y ter1sy) + el Ty e 1,02y + 1l Lo b 150

<T[1+e ([n(0) [, + [n(0) nn(0) 1z, +[n(O)[Z20""2) +[c(0)|F + [u(0)]*)],  (5.4)

max(1,m/2)

ez <co (5.5)

for all t> %, where I' is a certain constant depending on V¢, k, x, f, co, 7,
and m (it will be defined during the proof of Theorem 5.1).

As the following proposition shows, the class of admissible weak solutions is suf-
ficiently wide.

THEOREM 5.1.  Let (ng,co,ug) be as in Theorem 3.1, and co <co. Then there exists
an admissible weak solution to (1.1)—(1.5) satisfying the initial condition (1.6).

Proof. Tt suffices to formally establish (5.4) and (5.5) for the solutions of (1.1)-
(1.5), and to pass to the limit as in the proof of Theorem 3.1.

Inequality (5.5) is straightforward, giving also (3.10).

We have

(f(y)+ry)Iny <C, y>0, (5.6)
and

(f(y)+ry)y” <C, y>0, (5.7)

for any fixed p>0. These inequalities follow from the observations that, for large vy,
f(y)+~y is negative by virtue of (5.1), whereas, for small y,

(fy)+yy)- <(f(y)—f(0))-<Cy

by the mean value theorem.
We deduce from (3.3) that

L n@) 1, +1lIn)1, <€ (58)
o
In(®)]lL, <C+e™ " [InollL,- (5.9)
For t > %, we have
[n(@®)]lL, <C. (5.10)
Formulas (3.14) and (5.6) imply
d 4
a/nlnndx—&—%HV(nm/Q)HQ—l—*y/nlnn
Q

Q
<CH K| c||2+ K4|n)?, (5.11)
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whereas (3.13) gives

l1d 2 2 2, 7 2
— < — . .
5 71l + IV ull® < Ksllnl|? + - |ju (5.12)

Multiply (5.12) by 2K3e" and add with (3.20) and (5.11) multiplied by e?* to
get

GNP+ 5 [ nlt)nntn)do+ Ko g )
Q
A Ve(t) |2~ Ko fu(d)?
KL oft) 3+ Koo [Fu(®)2+ 2 (/2 1)
<Ce 4 Kipet||n(t)]|? + Kaye ||lu(t)|). (5.13)
Similarly to (3.30), we see that

(O < o [V 2O +C. (5.14)

Taking into account (5.3) and (5.2), we conclude that

GNP+ 5 [ ) tnn(t,e)do+ Ko G uo) P
Q
Kt Kyet 2¢e7 m
eI+ EE T+ 2 ) ) (0P <O (5.15)

Integration in time implies

" |[Ve(h)|? +/€”hn(h,m)1nn(h,x)dx+Kz [ [[u(h)]1?]
Q

h h h
Kt Kyet 2¢e7 m
+ [ F e [ SR vuPaer [ 2o )P

2 2
0 0 0
h
= C/e%dth lleol|F+[Inonnol| L, + Kaluo . (5.16)
0
Therefore,

||V0(h)|\2+/n(hax)lnn(h@)dﬂ«"+K2||u(h)||2
Q
<C+e " (||eoll+ InoInngl|, + Kalluo|?). (5.17)

This inequality, (5.5), (5.9), and (3.33) yield

le(h)[1F + [In(R) Inn(h)|| L, + lu(h)|?
<C(+e " ([leollF +Inollz, + Inolnno| L, + lluoll?))- (5.18)
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Integrating (5.15) from h to h+1, we find

CDIT D+ [ (1 )tnh 1) de

Q
h+1

K
+K2[67(h+1)||u(h+1)||2]+/ L
h

t
c(t)ll3dt

h+1 h+1

Kyet 2e7t
N s AR e S OIRY
m
h

h

vth lle(h) |13 + I (h) nn(h) | L, + Kallu(h)]>.

:r\+

Due to (3.33), (5.14), and (5.18), we arrive at

e’||Ve(h+ 1)||2 —|—e"’||n(h—|—1)1nn(h—|—1)||L1 + Koe™ ||u(h+ I)H2
h+1

h+1
K
5[ leolars 32 / V(O di-+ Krg / It
h
<O el + Il + ataroll + Tl
Let m > 2. Then (3.42) and (5.7) imply

JWL 2

2 d m/2 m/2 8m( )
2 Lz el + T D

SCA+|VelP+ [V (™2)]%).

)II?

This, (5.16), and (3.33) yield (by [3, p. 35])

m/2
(B2,

h
<eT 2|7 4-C / IR Je(D3+ IV (™) (0]

<ol +o/e7“ D e+ 0/ (0)2) dr

— 2
<C(l+e ”h(llnollm/ +lleolli + lInollz, + [Inolnnol £, + [luoll*)).

L1n/2

Now, integration of (5.21) from h to h+1 gives

/ IV (n

_ m/2
<C(+e ™ (|lnoll 772, + lleollF + lInoll, + o nnol £, + [[uo]1?))-

(t)||?dt

(5.19)

(5.20)

(5.21)

(5.22)

(5.23)
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Similarly to (3.45), we deduce

h+1

[ I, e
h

_ m/2
<C(l+e Wh(||710||L,,/1/2 +llcollf +lImollz, + Inonno| 2, +luol?)).  (5.24)

In view of (5.9), (5.18), (5.20), (5.22), (5.24), and (5.3), there exists " such that
(5.4) holds true. 0

We are going to construct the minimal trajectory attractor and the global attrac-
tor for problem (1.1)—(1.5). In the sequel, we assume that

fy<Cy™+1), y=0, (5.25)

and m>2. It seems that other supercritical values of m can also be treated, even
without (5.25), although m =2 may be troublesome. For this purpose, one should
observe that the major part of the considerations in [22, Chapter 4] and [18] remains
valid for non-reflexive F.

We let

E=L, s xH" xH
and
Eg=W, 0, x H'"* x Vi,

where ¢ € (0,1] is a fixed number. The trajectory space H™ is the set of all admissible
weak solutions to (1.1)—(1.5). It is contained in Ly (0,400; F). Moreover, without loss
of generality we may assume that it is contained in C([0,400); (WL )* x (H!)* x V*).
By the Lions-Magenes lemma [22, Lemma 2.2.6], Lo, (0,+00; E)NC([0,+00); (WL )* x
(HY)* xV*)C Cyu([0,+00); E). Since the embedding E C Ey is compact, H* lies in
C([0,+00); Eo).

LEMMA 5.1.  The time derivatives of admissible weak solutions satisfy the estimate

2 2
||n’||L%_ (t,t4+1;W2) + ||C/HL2(t,t+1;(H1)*) + ||u/||L4/3(t,t+1;V*)

o
SRl Lyt 4122 17U L a2 o (bt + 1L -2y 2) 5
el bt t1sm)s 1ll oo e 1:m0) [l Lo 2 041v)) - (5-26)
with some continuous function ¥ independent of t >0.
We omit the proof since it is not involved (cf. [22]).

THEOREM 5.2.  The trajectory space HT possesses a minimal trajectory attractor
and a global attractor.

Proof. Due to propositions 5.1 and 5.2, it suffices to find an absorbing set
(which is relatively compact in C(]0,+00); Ep) and bounded in Lo, (0,+00; E)) for the
trajectory space HT. Consider the set P of all triples

(n,c,u) € C(]0,400); Eo) N Lo (0,400; E)
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such that (5.26) and

[Pt e+ 1:00) FIRIRN L 12410
1,m/2
Il el sy + Il i

+||n||%2(t,t+1;L2) + ”n(3m_2)/2”L1(

+||CH%2(t,t+1;H2) + ||u||2L2(t,t+1;V) <2I' (5.27)

t,t+1;L1)

hold for every t>0.

It is an absorbing set for the trajectory space H™ and is bounded in L (0, +00; E).
By the Aubin-Lions-Simon lemma, the set {yljo,ar),y € P} is relatively compact in
C([0,M];Ep) for any M >0. This implies (cf. [22, p. 183]) that P is relatively
compact in C([0,+00); Ep). 0

REMARK 5.2. Observe that (4.1) implies (5.1) for all positive ~, in particular,
for the ones at which (5.3) and (5.2) hold true. Thus, one can expect existence of
attractors in the subcritical case. We leave it as an open problem.

REFERENCES

[1] M. Aida, T. Tsujikawa, M. Efendiev, A. Yagi, and M. Mimura, Lower estimate of the attractor
dimension for a chemotaxis growth system, J. London Math. Soc., 74(2), 453-474, 2006.

[2] M. Chae, K. Kang, and J. Lee, Ezistence of smooth solutions to coupled chemotazis-fluid
equations, Disc. Cont. Dyn. Sys., 33(6), 2271-2297, 2013.

[3] V.V. Chepyzhov and M.I. Vishik, Attractors for Equations of Mathematical Physics, American
Mathematical Society, Providence, RI, 2002.

[4] M. Di Francesco, A. Lorz, and P. Markowich, Chemotazis-fluid coupled model for swimming
bacteria with nonlinear diffusion: Global existence and asymptotic behavior, Disc. Cont.
Dyn. Sys., 28(4), 1437-1453, 2010.

[5] R.Duan, A. Lorz, and P. Markowich, Global solutions to the coupled chemotazis-fluid equations,
Commun. Part. Diff. Equ., 35(9), 1635-1673, 2010.

[6] N. Hill and T. Pedley, Bioconvection, Fluid Dyn. Res., 37(1-2), 1-20, 2005.

[7] T. Hillen and K.J. Painter, A user’s guide to PDE models for chemotazis, J. Math. Biol.,
58(1-2), 183-217, 2009.

[8] J.G. Liu and A. Lorz, A coupled chemotazis-fluid model: Global existence, Ann. Inst. H.
Poincaré Anal. Non Linéaire, 28, 643-652, 2011.

[9] A. Lorz, Coupled chemotazis fluid model, Math. Mode. Meth. Appl. Sci., 20(6), 987—1004, 2010.

[10] M. Mimura and T. Tsujikawa, Aggregating pattern dynamics in a chemotazis model including
growth, Physica A: Stat. Theo. Phys., 230(3-4), 499-543, 1996.

[11] G. Nadin, B. Perthame, and L. Ryzhik, Traveling waves for the Keller-Segel system with Fisher
birth terms, Interfaces Free Bound., 10(4), 517-538, 2008.

[12] K. Osaki, T. Tsujikawa, A. Yagi, and M. Mimura, Ezponential attractor for a chemotazis-
growth system of equations, Nonlinear Anal., Ser. A: Theory Methods, 51(1), 119-144,
2002.

[13] T. Pedley and J. Kessler, Hydrodynamics phenomena in suspensions of swimmsing microorgan-
isms, Annu. Rev. Fluid Mech., 24, 313-358, 1992.

[14] G.R. Sell, Global attractors for the three-dimensional Navier-Stokes equations, J. Dynam. Diff.
Equ., 8(1), 1-33, 1996.

[15] J. Simon, Compact sets in the space LP(0,T;B), Ann. Mat. Pura Appl., (4), 146, 65-96, 1987.

[16] Y. Tao and M. Winkler, Global ezistence and boundedness in a Keller-Segel-Stokes model with
arbitrary porous medium diffusion, Disc. Cont. Dyn. Sys., 32(5), 1901-1914, 2012.

[17] 1. Tuval, L. Cisneros, C. Dombrowski, C. Wolgemuth, J. Kessler, and R. Goldstein, Bacterial
swimming and ozygen transport near contact lines, Proc. Natl. Acad. Sci. USA, 102(7),
2277-2282, 2005.

[18] D. Vorotnikov, Asymptotic behavior of the non-autonomous 3D Navier-Stokes problem with
coercive force, J. Diff. Equ., 251(8), 2209-2225, 2011.

[19] Z. Wang and T. Hillen, Classical solutions and pattern formation for a volume filling chemo-
tazis model, Chaos, 17(3), 037108, 13, 2007.



D. VOROTNIKOV 563

[20] M. Winkler, Boundedness in the higher-dimensional parabolic-parabolic chemotazis system with
logistic source, Commun. Part. Diff. Equ., 35(8), 1516-1537, 2010.

[21] M. Winkler, Global large-data solutions in a chemotazis- Navier-Stokes system modeling cel-
lular swimming in fluid drops, Commun. Part. Diff. Equ., 37, 319-351, 2012.

[22] V.G. Zvyagin and D.A. Vorotnikov, Topological Approximation Methods for Evolutionary Prob-
lems of Nonlinear Hydrodynamics, Walter de Gruyter & Co., Berlin, 2008.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


