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Abstract

The aim of this paper is to present the existence and uniqueness result for the
diffusive Peterlin viscoelastic model describing the unsteady behavior of some in-
compressible polymeric fluids. The polymers are treated as two beads connected by
a nonlinear spring. The Peterlin approximation of the spring force is used to derive
the equation for the conformation tensor. The latter is the time evolution equa-
tion with spatial diffusion of the conformation tensor. Using the energy estimates
we prove global in time existence of a weak solution in two space dimensions. We
are also able to show the regularity and consequently the uniqueness of the weak
solution.

1 Introduction

The long chain molecules, typical for polymeric liquids, are modelled as chains of beads
and springs or beads and rods. The spring forces, stochastic forces and forces exerted by
the surrounding fluid are responsible for the movement of molecules. There are basically
three different approaches how to model the environment with which a polymer molecule
interacts. Firstly, the dilute solution theories, which consider the polymer molecule to
be surrounded by a Newtonian fluid. In this case, the hydrodynamic drag forces are
resulting in the interaction between the molecules and the flow. On the contrary, there
are the network theories motivated by theories of rubber elasticity. Molecules are linked
together at junction points in a network. The interaction between the polymer molecule
and the flow results from the motion of the junctions. Finally, the middle ground of the
above two theories are the reptation theories, which visualize the molecule as slithering
inside a tube formed by the other polymer molecules. For details see e.g. [31], [32]. The
history of molecular modelling can be found in [8] and the references therein.

The simplest model representing the dilute solution theories is the so called dumbbell
model consisting of two beads connected by a spring. Considering the linear force law for
the spring force: F(R) = HR, where R is the vector connecting the beads, we obtain the
upper convected Maxwell model, cf. [31]. The well-known Oldroyd-B model has the stress
that is a linear superposition of the upper convected Maxwell model and the Newtonian
model.



For the nonlinear force, F(R) = v(|R|*)R it is not possible to obtain a closed system
of equations for the conformation tensor, except by approximating the force law. The
Peterlin approximation replaces this law by F(R) = v({|R|?))R. That means, the length
of the spring in the spring function ~ is replaced by the length of the average spring
(|IRJ*) = tr C. Consequently, we can derive the evolution equation for the conformation
tensor C, which is in a closed form, see [31].

Mathematical analysis of complex viscoelastic fluids is an active research area. In the
literature we can find already various mathematical results dealing with the questions
of well-posedness of the viscoelastic flows and in particular with the Oldroyd-B model.
Concerning the local in time existence results and global in time results for small data
let us mention the classical results of Fernandez-Cara, Guillén and Ortega [16] and of
Guillopé and Saut [17]. Theoretical results for stationary generalized Oldroyd-B, power-
law flows were published by Arada and Sequeira [1], see also [18] for further related results
on the existence of strong solutions in exterior domains obtained by Hieber, Naito and
Shibata.

Recently, the global existence result for fully two- and three-dimensional flow has been
obtained by Lions and Masmoudi [24] for the case of the so-called corotational Oldroyd-B
model, where the gradient of velocity Vv in the evolution equation for the elastic stress
tensor is replaced by its anti-symmetric part %(VV — Vv1). The goal is to obtain strong
convergence of elastic stress tensor. To this end, the authors introduce a new quantity
that measures losses of compactness in nonlinear terms and apply DiPerna, Lions theory
of renormalized solutions. Once the strong convergence for elastic stress tensor is obtained
one can clearly pass to limit in all nonlinear terms involving and deal with other terms
as in the Navier-Stokes theory. Unfortunately, the proof cannot be extended easily to
other Oldroyd-type fluids since a specific structure of corotational model has been used
here. In the viscoelastic models the transport equation for the elastic stress tensor plays an
important role. Bahouri and Chemin [2] proved a losing a priori estimate for the transport
equation. Based on this theory Chemin and Masmoudi [26] showed the blowup criterion
in two-dimensional situation. Recently this result was improved by Lei, Masmoudi and
Zhou [22]. Global existence of weak solutions for small data can be found, e.g., in [14].
Local existence of solutions and global existence of small solutions of some rate type fluids
have been shown by Lin, Liu and Zhang in [23]. In the recent work [3] Barrett and Boyaval
studied the so-called diffusive Oldroyd-B model both from numerical as well as analytical
point of view. For two space dimensions they were able to prove the global existence of
weak solutions.

On the other hand, as already pointed up above, complex viscoelastic fluids can be also
modelled using the molecular description of the complex fluids, which yields the so-called
micro-macro models. Here we couple the macroscopic equation for the conservation of
mass and momentum (time evolution of fluid velocity and divergence freedom of the
velocity for incompressible fluid) with the Fokker-Planck equation arising from the kinetic
approach. The Fokker-Planck equation is a nonlinear equation describing time evolution
for the particle distribution. The (macroscopic) elastic stress tensor, appearing on the
right hand side of the momentum equation, is then obtained by an averaging process
by means of the particle distribution function, cf. the Kramers expression. Indeed, the
Oldroyd-B model can be obtained as an exact closure of the linear Fokker-Planck equation,
see, e.g., [12]. Mathematical literature dealing with the analysis of such micro-macro



viscoelastic models is growing quite rapidly, see, e.g., [6,7,9-11,13-15,19,20,23,27-30] and
the references therein. For example, in [27-29] Masmoudi and collaborators combine the
macroscopic fluid model with the so-called FENE (finitely extensible nonlinear elastic)
model, which assumes that the interaction potential can be infinite at finite extension
length. In [28] the global existence of weak solution for FENE dumbell polymeric flows
is proved. The proof is based on the control of the propagation of strong convergence
of some well chosen quantity by studying a transport equation for its defect measure.
Furthermore, in [29] the existence of global smooth solutions for a coupled micro-macro
model for polymeric fluid in two space dimensions under the co-rotational assumption is
obtained.

For the dilute polymers using the kinetic model having a diffusive term the global existence
of weak solutions has been proved by Barrett and Siili in [4]. In this paper the authors
work with the FENE model in order to represent viscoelastic effects. Thus, the spring force
F(R) is no more linear but given by such a nonlinear potential, see [4] for more details.
In [5] analogous existence result for the Hookean-type kinetic model with a diffusive term
has been presented. The diffusive Oldroyd-B model has been also studied by Constantin
and Kliegl in [12] and the global regularity in two space dimensions has been proven.

Let us point out that in standard derivations of bead-spring models the diffusive term in
the equation for the elastic stress tensor is routinely omitted. As pointed out in [4,15,33]
in the case of heterogeneous fluid velocity this diffusive term indeed appears in the Fokker-
Planck equation and, consequently, also in the corresponding macroscopic equation for
the elastic stress.

The main aim of the present paper is to analyze a model for complex viscoelastic fluids,
where the Peterlin approximation is used in order to derive the evolution equation for the
elastic conformation tensor. Following Barrett and Siili [4] we would like to emphasize
that the diffusive term appearing in the evolution equation for the conformation tensor
is not a regularizing term but rather an outcome of physical modelling. The paper is
organized in the following way. In the next section we present a mathematical model for
our complex viscoelastic fluid and formal energy estimates. Further, in the Section 3 we
show the global existence of the weak solutions in two space dimensions by studying the
Galerkin approximation, a priori estimates, compactness results and passage to the limit.
Unfortunately the functional spaces obtained for the conformation tensor do not allow to
obtain the uniqueness of the weak solution. Therefore we show that this model indeed
enjoys higher regularity, provided data are more regular. Consequently, we are able to
show the uniqueness of global more regular weak solution.

2 Model

In this section we will firstly describe the mathematical model and show formal energy
estimates. Let 2 C R? be a bounded smooth domain and let 7' > 0. We consider the
system of equations on € x (0,7") describing the unsteady motion of an incompressible
viscoelastic fluid

ov

n +p(v-V)v=vAv +div T - Vp (1a)



div v = 0. (1b)

Here v(x,t) € R? denotes the velocity of fluid, p(x,t) € R is the pressure for all (x,t) €
2 x (0,7). The elastic stress tensor T can be expressed by the conformation tensor C in
the following way

T =tr CC, (1c)

where C(x,t) € R?*? is a symmetric positive definite tensor for all (x,t) € Q x (0,7,
which satisfies the equation of the form
oC

5 T (V- V)C = (V)€ — C(Vv)" =tr CI— (tr C)’C +eAC. (1d)

We impose the homogeneous Dirichlet boundary condition on v and the no-flux condition
on C on the boundary 0f2

(v, g—g) =(0,0), (le)

and we consider vy and Cj to be the enough smooth initial data
(v(0), C(0)) = (vo, Co).- (1f)

p, v and € are given constants describing the density, fluid viscosity and elastic stress
viscosity, respectively.

Remark 1. The above model is a variant of the so-called Peterlin model, cf. [31]. As
pointed out in the introduction we replace a general nonlinear spring force F(R) =
Y(IRIP)R by its suitable approzimation F(R) = v({|R|?))R taking into account the length
of an average spring, represented by (|R|*) = tr C. In our model (1) we consider a par-
ticular nonlinear Peterlin approzimation with v being a linear function of tr C and allow
a nonlinear (quadratic) dependence on tr C at the right hand side of (1d).

In order to show the formal energy estimates we first need the following result.

Proposition 1.
Let C € R**2 be a symmetric tensor and let v € R? be a solenoidal vector field. Then the
following identity holds true

tr CC: Vv == [(Vv)C+C(Vv)]:C. (2)

NN

Proof. Let us rewrite the left hand side of (2) using the symmetry of C in the following
way

tr CC:Vv=tr C Z C, Z “g“’ +tr CCh <% n %) + O Cas div v,
2 1

i,j=1

Note that for square matrices of the same size we use the notation A : B = Z
A:A=|A”

Q=1 AZJBW MOI‘GOVGI‘,



The right hand side of (2) can be rewritten in an analogous way

2
1 Ov; O
= [(VWW)C+C(Vv)"]: C= i 4 O i =
2 |:( V) + ( V) j| ijzk;1 axk kj“ig + kal’k j
2
v ovy Ovy .
=Y 2~ +trCCra | =— + ~— C2 div v.
; ”axi+r 12(8$2+8m1)+ L div v
Since div v = 0, we can conclude that the identity (2) holds true. O

Remark 2. Let us point out that the above result is crucial in order to control nonlin-
ear term (Vv)C + C(VVv)T arising from the objective derivative in the equation for the
conformation tensor. Indeed, due to (2) in the enerqy estimates this term will be canceled

by the div T appearing in the momentum equation (1a). Unfortunately, the property (2)
does not hold in three space dimensions.

Now, we proceed with the formal energy estimates for our model. We multiply the
momentum equation (la) by v and integrate using the Gauss theorem

p p I I
“ vPPdx =% [ |vo|*dx — = div v|v|* dx dt + = (v-n)|v|*dS dt =
2 2 2 2
Q Q 0 Jo 2Jo Jao P
;’0

'

=0

t t t
:—1///|VV|2dxdt +1/// (n-V)v-vdS dt —//T:Vdedt+
0 Jo 0 Joo o Jo Ja
=0
t t t
—I—// (n-T)-VTdet+//divvpdxdt —// (v-n)pdS dt .
Jo Joo o Jo Ja o Jo Joao |
—0

~~

=0

-~

=0

The divergence freedom of velocity and the boundary conditions yield the following equal-

1ty
¢ t
B/|V|2dx—B/|VO|2dx:—1///|VV|2dxdt—//T:Vdedt. (3)
2 Ja 2 Ja 0 Ja 0 Jo

Now, we multiply (1d) by %C and integrate this equation using the Gauss theorem. Thus
we obtain

1 1 1/ 1/
—/\C|2dx——/|Co|2dX——//divvC:Cdxdt—i——//(V-n)C:Cdet—
4 Jo 4 Jo 2Jo Jo 2o Joa

-

'

=0

— /Ot/Q [(Vv)C+C(VV)']: Cdxdt = ;O/Ot/g(tr C)? dx dt —

1

2

1 /[t e [! e [
——//(trC)2C:Cdxdt——//\VC\dedt+—// C(VC-n) dS dt .

2 0 JQ 2 0 JQ 30 o0

'

=0




Again, by the divergence freedom of velocity and the boundary conditions, we have

/\C|2dx+ //|VC|2dxdt+ //trC )’C: Cdx dt —
——//[(VV)C+C(VV)T]:Cdxdt:—/|CO|2dx+_//(trc)2dxdt,
2 Jo Ja 4 Jq 2 Jo Ja

(4)

Thus by adding the equations (3) and (4) together, and using the identity (2), we get the
following energy equality

/\v|2 dx + 2 /|C\2 dx +u/ /\vVP dx dt +° //\VC\? dx dt +
+§/ /(trC)2C:Cdth = /\V0\2dx + - /|Co|2dx + - //|trC\2dxdt.
0 Q

(5)
Since (tr C)? < 2C : C, equation (5) indicates, by the Gronwall inequality, that the
following functional spaces are appropriate for v and C

v € L=(0,T; L*(Q)) N L*(0, T; H'(Q)), C € L>(0,T;L*Q))NL*0,T;H'(Q)).

Moreover, T € L*((0,7) x Q). In what follows we will need the following interpolation
inequalities. For proof see e.g. [21].

Proposition 2. (interpolation inequalities)
Let 0 C R? be a bounded smooth domain. Then the following inequalities hold true

IVllLs@ < cllVilzsig VI, v € HyQ) (6a)
ICllese) < e(@) (ICHIko) + Ik IVCli)) . €€ H'(9). (6b)

Let us point out that the energy equality (5) together with (6b) yields C € L*((0,7) x Q).

3 Existence of weak solution

The goal of this section is to show the existence of a weak solution. In the next part, we
will use the following notation:

V = {v € Hy(Q)| div v = 0}, equipped with the norm [|v|| := || V|12
= {v € L*(Q)| div v = 0}

b(u,v,w):/(u-V)V-wdx u,v,wevV
Q
((V,w)):/VV:Vde v,weV
Q
B(V,C,D):/(V~V)C:Ddx veV, C,DeH (D)
Q

(C.D)) :/ch;vn ix C,DeH\(Q).
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Analogously as in [34] one can easily show that
b(u,v,w) = —b(u,w,v) u,v,weV (7)
B(v,C,D) = —B(v,D,C) veV, C,DeH(Q). (8)

Definition 1. (weak solution)
Let (vo, Cy) € H x L2(Q). The couple

(v,C) € [L™(0,T;H)NL*(0,T; V)] x [L>(0,T;L*(Q)) N L*(0, T; H'(Q))] (9a)
is called a weak solution to (1) if
(v(0), €(0)) = (vo, Co) (9b)
and if it satisfies
ov
e w4 (v V)v-w dx +1//VV dex:—/gtrCC:dex (9¢)
/QE:DCZX +/Q(V-V)C:Ddx +6/QVC:VDdx—
—/ [(VV)C + C(Vv)]:Ddx = / [tr CI— (tr C)?C]: D dx (9d)
Q Q

VweV,¥VDecHY(Q), ae t € (0,T).

Theorem 1. (existence of weak solution)
There exists a weak solution to the problem (1) such that (9) is satisfied.

Proof. The proof of the existence of a weak solution to (1) will be based on the Galerkin
approximation.

Galerkin approximation
Let us take the orthonormal countable bases of the spaces V and H'(Q)
V = span{w;}*, and H'(Q) = span{D,}>,.
The m—th approximate Galerkin solution can be expressed as follows
<Vm(t) - Z gzm(t Wi, Z sz z)
p(V;n(t)a Wj) + pb(vm(t)> Vm(t)> j) + V(( m(t)> W])) = —(tl" Cm(t) Cm(t)a VW])

(CL.(t),D;) + B(vin(t), Cn(t), D;) + e((Ci(t),D;)) =
= ((VVm(t))Con(t) + Co (1) (Vv ()", D;) + ( Con(t) I — (tr Cpi(1))*Cra(t), D;)

(10a)

(10Db)
(Vm(O), Cm(o)) - (VOma COm)
forj=1,...,m, t €10,T].
Functions vg,,, and Cy,, are the orthogonal projections in H of v and in L?(Q) of Cy on the
spaces spanned by w; and D;. The nonlinear system of differential equations together with

the initial conditions (and the following a priori bounds) gives us the solution (v,,, C,,)
defined in interval [0, 7.



A priori estimates

Repeating the energy estimates from Section 2 for the m—th Galerkin approximation we
obtain

(Vin, C) € [L®(0, T; H)NL*(0,T; V)] x [L®(0,T;L*(2)) N L*(0, T H'())] -

Finally, we have shown that there exists a positive constant k = k (Q,T,1/p,1/v,1/e, v, Co)
such that

[VinllL2o,mvy + Vil 0,0:8) + [|Colle2o,mm ) + 1|Coll L 0,7512(0)) < k-

In order to get the strong convergences of our approximate Galerkin sequence we first
define the following operators

A:V - V? (Av,w) = ((v,w))
B:V—-V"® (Bv,w) = b(v,v,w)
E:L*(N) — V™ (ET,w) = (T,Vw).

Then (9c) can be rewritten in the following operator form
v = —ET — pBv —vAv, v V, T € L*(Q).

First, we have the standard estimate of the operator Av

T T
/0 JAVIE. dt < / VI de |

and by (6a), of the operator Bv

T T T
/ 1BvIZ. dt <c / Ve VI dt < ellv]Emoran / IVl de .
0 0 0

Moreover, we have also

T T
/0 I1ET|3- dt g/o y|Ty|i2(Q) dt

Consequently, we obtain v/ € L?(0,T;V*). Since V —<— L (Q) — H — V* we can
apply the Lions - Aubin lemma and thus we have a compact embedding of {v,,}°_; into
the space L?(0,T; L%, (Q)).

We have a similar result for the conformation tensor C. Let us define the operators

A:H'(Q) -H'(Q) (AC.D) = ((C,D))

B:V le(Q)—> Q) (B(v,C),D) = B(v,C,D)
O:VxH(Q) —-H(Q) (O(v,C),D) = ((Vv)C + C(Vv)",D)
7 :H(Q) - H'YQ) (TC,D) = (tr CI— (tr C)*C,D).

H
H

Then (9d) can be rewritten in the following operator form

C'=0(v,C)—TC—-B(v,C)—cAv, ve V,C € H(Q).

8



We have the analogous estimates of the operators AC, O(v,C) and 7 C defined above
T T
| 1AV de < [ IVCWIg
T T
/0 1OV, C) 31 g dt < C/o VO ICE gy dt < elvliao v | Clltaomxe

T
/ ITCI, o dt < / o COIL ) + lltr SO ICHIY2, d

4/3 8/3 ||CH4/3

< cf|tr CHL2 (01)x0) T c|[tr C||L4( 0,7)% <) LA((0,1)x9)"

By using (6a) and (8) we obtain the following estimates of the operator B(v, C)
T T
| 1B Clloy dt < [ VOOl [COI e d <

T
< C||VHL°<><0,T;H)/0 IVINICllLs ey dt

Since AC,B(v,C) € L2(0,T:H'(Q)) and O(v,C),7C e L300, T;H (Q)) we get
C’' € LY3(0,T; H'(Q)). The following embeddings H(Q) < L4(Q) — H~(Q) yield
due to the Lions - Aubin lemma the compact embedding of {C,,}°_, into the space
L2(0, T; L*(€2)). Consequently, there exists a subsequence, denoted again by (v,,, C,,), of
the Galerkin approximate sequence such that

Vv, =" v in L*(0,7;H)

Vi, — v in L*(0,7;V)

v, — v in L*(0,T;LY(Q))
C,, —*C in L*(0,T;L*(Q))
C,, — C in L*0,T;H'(Q))
C,, — C in L*0,T;L4Q)).

Passage to the limit

Now we are able to pass to the limit in (10) for m — oo. Let us take » € C'([0,T]),
©(T) = 0. Multiply (10a) and (10b) by ¢(¢) and integrate per partes over [0,7]. In what
follows we only concentrate on the limiting process in some nonlinear terms. The limiting
process in other terms can be easily done. In the velocity equation (10a) we need to
control the elastic term

(tr C(t) C(t) — tr Cp(t) Cin(t)) = V(p(t)w;) dx dt ‘ <

< mas [0 19w; (/T(/\trcw—trc |dx) (/|c \dx) Tt
/</|trC |dx) (/\c \dx)l/4dt>§

9



SCHVWJHLQ(Q) (Htr C —tr Cm||L2(0,T;L4(Q))||CmHL2(O,T;L4(Q))+

+ |Itr C|| 20,7042 |C — Cm||L2(0,T;L4(Q))>7

which goes to zero letting m to oo. The nonlinear term in the equation for the conforma-
tion tensor (10b) can be estimated in the following way

/0 ((tr Cp(t))’Cp(t) — (tr C(1))*C(t), Dy (1)) dt ' <

S |80( )|||Dj||L4(Q)</OT (/ |tr C,,(t) — tr C(t)[* dx)1/4 (/Q|Cm(t)|4 dx)1/2 0
/ (/ fbr G = tr Ot |4dx) (/ [tr C(¢) |4dx)1/4 (/Q|Cm(t)l4dx)l/4) dt +
/ (/|c |4dx) (/m«c |4dx) 2dt>§

< c|Djlluace) (Htf Cp, — tr Cl| 20,7520 I Crnll L0 101 )+
+ [[tr C,, — tr Cl| 20,71 It CllLao,rin1 @) [|ComllLao,rina)) +

+ [|C = ConllL2o,rLa )l tr C||%4(0,T;L4(Q)))>

which goes to zero letting m to co. Let us point out that the limiting process in the
convective terms fOTb(Vm(t),vm(t),ngo(t)) dt and fOTB(Vm(t),Cm(t),ngo(t)) dt is
straightforward and can be done in an analogous way as, e.g. in [34]. Finally, after the
limiting process, we obtain that the limit of the Galerkin approximate solution satisfies
the weak formulation for any w € V, any D € H'(Q) and any ¢ € C'([0,T]), »(T) = 0,
ie.

— p/ (v(t),w ¢'(t)) dt + p(vo, w)e(0) + V/ ((v(t),w o(t))) dt +
0 (11a)
—i—p/o b(v(t),v(t),w ¢t / /tr C(t : Vw p(t) dx dt
- [ (€O.D ) de +(CoD)e(0) / (C(1), D (1)) dt +
+/0 B (v(t),C(t),D ¢(t)) dt —/0 (Vv(£)C(t) + C(t)(Vv(t)",D (t) dt =
_ /T (tr ()T — (tr C(£)*C(1), D (1)) di .
’ (11D)

To show that the initial condition is satisfied we first realize that since (v, C) € L2(0,T; V) x
L2(0,T; H'(Q)) satisfies the weak formulation (9) we have that v is almost everywhere

10



equal to a continuous function from [0,77] to V* and C is almost everywhere equal to
a continuous function from [0, 7] to H™'. Thus the initial condition (9b) makes sense.
Multiplying (9¢) and (9d) by ¢(t) and integrating per partes in time we get

p(vo —v(0),w)p(0) =0 and (Cy— C(0),D)p(0) =0
for each w € V, D € H(Q). We can choose ¢ such that p(0) = 1, and therefore
p(vo—v(0),w) =0 VweV and (Co—C(0),D)=0 VD e H'(Q).

This implies (v(0),C(0)) = (vo, Co) . We have proven the existence of the weak solution
to (1). O

4 Uniqueness and regularity

We would like to point out that in the above existence result we only obtain that C’' €
LY3(0,7; H~Y(€)), which implies that the following property needed for the uniqueness
study

, d
C e ¢([0, T; L*(Q)), 2(C',C) = —|IClta(q

is missing even in two space dimensions. In order to obtain the uniqueness of the weak
solution we firstly investigate possible higher regularity of our weak solution.

4.1 More regular solutions

Theorem 2. (regularity result)
Let the domain Q be of class C* and (vy,Co) € [H*(Q) NV]| x H*(Q). Then the weak
solution (9) satisfies additionally

v e L2(0,T; V)N L>(0,T;H), C' € L*0,7;H'(Q))NL>®(0,T;L*(Q)),
v € L™(0, T; H*(Q)), C € L™(0,T; H*(Q)).
Proof. We return to the Galerkin approximation used in the proof of existence of the

weak solution. We need to show that this approximate solution also satisfies the second
a priori estimates, i.e. there exists a positive constant K independent of m such that

IVialle2o,0v) + IVin Lo o) + [1C)llL2o,mm @) + 1C L 0,2 0)) < K.

In order to obtain a regularity result we now assume that our basis functions {w;}.-,
{D,};2,, are the eigenfunctions of the Stokes and the Laplace operator, respectively. Since
vo € H*(Q) NV, Cy € H*(Q), we can choose vy, and Cy,, as the orthogonal projections
in VN H?*(Q) of vy onto the space spanned by wy, ..., w,, and in H*(Q2) of C, onto the
space spanned by Dy, ..., D,,, respectively. Then, for ¢ = ¢(€2) > 0,

[Vom |le2@) < €||Vollmz@) and Vo, — vo in H2(Q), as m — 0o, (12a)

11



||COmHH2(Q) S 5||CO||H2(Q) and C(]m — C(] in Hz(Q), as m — OQ. (12b)

For proof of (12) see e.g. [25]. We multiply the equation for the Galerkin approximation
of v by g;,,(t) and of C by G7,,(t), respectively. We add the resulting equations for
j=1,...,m. This gives us

PV O 120y + v (Vi (), Vi (£)) + b (Vi (£), Vi (£), v (ﬂ) —(tr Con(t) Ciu(t), VI, (1))
IC;, (D)I20) + 2((Cm(t), (1)) + B(vin(t), (1), C,, (1)) =

= ((VVm(£)Cn(t) + Cpn () (Vi (1), Cl, (1)) +

+ (tr Cp (1) I = (tr Cpi(1))°Cia(t), C,, (1))

In particular, at time t =0
v 1, .
||V;n(0)||i2(ﬂ) = ;(AVOm,ng) — b(VOm,VQm,V;n(O)) + ;(dlv (tr Com-Com),V;n(O))
v 1, ..
V7, (0)[lL2 () < ;HAVOmHm(Q) + |1 Bvoml|L2 () + ;Hle (tr Com-Com)llL2()-

Using (12) we get

[AVon|lLz@) < cllvomllm2@) < collvollr2@)
||d1V (tr Com.CQm)HL2 = ||Vtr C()m Com + tr C()m le COm||L2
< cfltr Com|lz2) [ Comllmz@) < CHCOm||H2(Q < 1[|Coll 0

For Bvy,, we have, by the Holder inequality,
b(v,v,w) < c|[ V@I VVilLie Witz < cllvillivliaelwiie, veH (Q), weL*(Q),
and hence
1Buo 2y < ellvomll [ Vomllm20) < cllVomllfz@) < c2llvollmz(o)
Thus we get

14

c
VOl < (22 + o) ol + 1 Colfeey = e (13)
which implies that v/, (0) belongs to a bounded set in H. Further we have

||C:n(0)||i2(9) = £(ACom, C},(0)) — B(Vom: Com, C;,,(0))+

+ ((VVOm)COm + Com(Vvom)T, C;n(O)) + (tr Com I — (tr Copn)*Com, C;n(O))
1C7(0) [y < ellAComllLz() + 1B(Vom: Com) L2+

+ 10V v0m) Com + Com(Vvom)" [tz + [[tr Com I — (tr Com)>*Comllr2)

Again, using (12) we get

|ACom |2 < ¢||Comlla2) < 3| Collaz@)
||(VV0m)COm + COm(VV0m>T||L2(Q) < 2HVV0mHL4 ||COmHL4 < CHVOmHH2(Q HCOmHH2 <
< allvollez@) | Colla2 @)

12



||t1" Conl — (tr COm)2COmHL2(Q) < n1/2||t1" COm||L2(Q + ||t1" COmH%ﬁ(Q >
< ¢||Comller @) + cllComllizy < esllCollez@) + csllCollez -

By the Holder inequality we have

B(v,C,D) < c|vllLi@lVC|lso Wl o) < cllviim @ lCllazw|IDllLe @)
v € H*(Q), C € H*(Q), D € L*(Q),

and thus
|1B(Vom, Com)llz2) < ¢l Vom||lm2@)[[Comllm20) < erl|vollm2@) [|Collm2(0)-
Finally we obtain

17, (0)[lL2() < (ecs + ¢s) [|Collmzi) + (ca + er)[Vollm2o) | Collaz) + c6l|Collfz o) = a2

(14)
This implies that C! (0) belongs to a bounded set in L*(2).
Differentiating the equations for the Galerkin approximation in time we get
p(vin (). w;) +v((vr, )) + Pb(V (1), Vin (1), W) + pb(Vin(t), Vi, (1), W) =
—(tr C' Vw;) — (tr C,(t) C,,(t), Vw;) (15a)
(Cr.(t),Dy) +5(( )) (v;n(t),cm(t) i) + B(vin(t),C.,(1),D;) =
= ((VVQn( ))Cm( ) + Con(t)(VV,(1)", D;) +
+ (Vvn(t)C,(t) + C, L () (Vv ()T, D;)+
+ (tr C () — (tr C,n(t))* C. (t) — 2tr C,(t) tr C. (1) Cm(t),Dj) (15Db)

forj=1,...,m, t€[0,T].

Now, we will show the a priori estimates for v/, and C/,. We multiply the equation (15a)
for the velocity and the equation (15b) for the conformation tensor by g/, (t) and G’ (t),
respectively. Summing the resulting equations for j = 1,..., m we obtain

pd )
Sl Vi ()lz20) thHC’ O i) + IV O + IV O @) =
)

— (V1) V1), v <>> B(v() (0. Clt) -

— (tr C’ ( ) Cin(1), Vv, (1)) — (tr Gy, ) (), Vv (t)+

+ (Vv (1) Ci(t) + (t)(VV ()", Cr, (1) +

+ ((va (t)CL (1) + C. (1)(Vvn(t)T, C (t )) + (tr C,(t), tr C., (t))—
— ((tr Cu(1))*C (1), Cr, (1) — 2(tr Cn(t) tr C, (1) Cin(t), G, (1))

(16)
Further, we shall estimate the integrals on the right hand side of (16). Using the Hélder,
the Young inequalities, the interpolation inequality (6a) and the property (8) for the
convective terms we have

PO(V3 (), Vin (), Vi (1)) < %IIIV ()|||2+6—52II\’in(t)Hiz(mlllvm(t)ll\2

13



€ v C
B(v,, (1) Cun(1): Cu(1)) < GlIIVCL(DLa@ + GlVR I + = IV (OlLz@ ICm(D) s -

For the nonlinear viscoelastic term, by the Holder, the Young and the interpolation in-
equality (6b), we have

(tr Con(t) Tl (1), VY4, (1)) < elltr Con(D)21(0) |Ch) o IV (D] <
< e Conlt) s (IC 0 52y I VCh Dl + [Ch (0 2y ) V] <
v / € !/ c !/
< VI + SV O + I Ol Cn(®) e+
c /
+ G Ol | Con () s

The remaining elastic terms can be estimated in an analogous way. Using these estimates
we obtain from (16) that

P d ! 2 1d / 2 v / 2 € / 2
5 7V Olliz@) + 57 1C Oz + S IV + 31V 020 <

P 2 Loy 2 (17)
< (5Va 0l + 51CL Ol ) 500,

where
B(t) = clp, 1/v,1/e) (1 FCrn() L1y + 1Cm(O)F a0y + IV ®)II* + |||Vm(t)|||)

is an integrable function. The Gronwall inequality, using (13) and (14), yields
Pl 2 Lo~ 2 P 2 L 2 !
SV + 5IC e < (¥ Ol + 5IC O ) exo d [ 500} <

p 1
< (ia% + 5&3) c,

where ¢ = c(p, 1/v,1/¢, [|[Vin||L2(0,1:v), [|ConllLe(0,1)x0)) 18 & positive constant, Consequently
we have the second a priori estimate

1V llLe o) + 1Cull L0220y < K, (18)
and by using (17) we have
[viallee vy + 1C 20 () < K.

From now on K = K(Q,T,p,1/v,1/e,vo,Cy) is a positive constant depending only on
the data. We have shown the uniform a priori estimates for v/ , C/ | so we finally get
that also the limit

(v/,C") € [L=(0,T;H) N L*(0,T; V)] x [L>(0,T; L*(Q)) N L*(0, T; H'(Q))].

Now, in order to show that v € L*(0,7;H?*(2)) we consider the velocity equation (9c)
in the following form

u((v(t),w)) = (g(t),w), wevV,

14



where g(t) = —v'(t) — Bv(t) — ET(t). Since
[(ET(t), w)| = [(tr C(t) C(t), Vw)| < c[lwlll]C()lFp o)

and C € L>(0,T; H*(Q)) we know that £T € L>(0,T;L?*(€)). We already know that
v/ € L*(0,T;L*)). Further,

(v (1), v(t), w)| < clv®)lLa@lIVO Wl < clvOIPIwlwiw. (19)
thus Bv € L>(0, T; LY3(2)). Consequently
g € L=(0,T; LY3(Q)). (20)

Using the regularity result for the Stokes equation, cf. [34], we have v € L>(0, T; W24/3),
By the Sobolev theorem in two dimensions we have W24/3(Q) — C°(Q). Hence v €
L>(Q x (0,7)). Now we can improve (20). We replace (19) by the inequality

b(v(t), v(t), w)| < calv(O)llee@x o VO HIWlez).
and thus g € L*(0,7;H). Again, the regularity of the solution to the Stokes equation
yields v € L*>(0,7; H?*(Q)).

Now, let us consider the equation for the conformation tensor to show that C € L>(0,T; H?(Q)).
We can rewrite the weak formulation for the conformation tensor (9d) in the following
operator form

—¢((C(t),D)) = (G(t),D), D € H'(Q),

where G(t) = —C'(t) — B(v(t),C(t)) + OC(t) + T C(t). The following inequality
(TC(t),D)| = |(tr C(t).I— (tr C(t))*C(t),D)| <

< c(ntr C(O)ll 2oyt Dll oy + [t c<t>||i6<m||D||L2(m) <

< c(utr Ct) ey + c<t>||%{1m)) IDlleee)

implies 7C € L>(0,T;L?(Q2)), since we know C € L>(0,7;H'(Q)). Further, we can
write
[B(v(t), C(t), D)| < cllv(t)l=(axor) |CE) @) PllLae). (21)
which leads to B(v,C) € L*(0,7;L?(Q)). Similarly we get O(v,C) € L>*(0,T;L*3(Q))
by the estimate
[{O(v(t), C(1)). D)| = [((Vv())C(t) + C(t)(Vv(1)". D)| < [ C(t)[lusioy IV Dl Lae) <
< c[CONn @ IV ID|Ls)- (22)
Thus, we have
G(t) € L=(0,T; L*3(Q)). (23)

Using the regularity result for the solution to the Laplace equation we get C € L*(0, T; W4/3).
The embedding W24/3(Q) — C°(Q) yields C € L>*(Q x (0,T)). Realizing that v €
L>(Q2 x (0,7)), we can improve (23) and replace (22) by the inequality

(O(v(t), C(1), D)| < es]| C(®)[|Le(@x 0, V) I Dllr2(0)-

Finally we get O(v,C) € L>(0,T;L*(Q2)) and G(t) € L>(0,T; L*(2)). Hence, the regu-
larity of the solution to the Laplace equation gives us C € L>(0,T; H?(1)). O
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4.2 Uniqueness of regular solutions

In this section we will study the question of uniqueness of regular solutions.

Theorem 3. (uniqueness)

Let the domain Q be of class C* and (vo,Cy) € [H?*(Q) N'V] x H%(Q). Then the weak
solution of (1) is unique.

Proof. Let us recall that for more regular data satisfying the assumptions of Theorem 3
we have also more regular weak solution, i.e.

v € L*(0,T; V)N L>(0,T;H), C' € L*0,T;H () NL>(0,T;L*()), 24)
v € L>(0,T; H*(Q)), C € L>(0,T; H*(Q2)).

Let us assume (v, Cy) , (vo, Cs) are two different solutions satisfying the same initial data
and let us denote (v,C) = (v — vy, C; — Cy). We test the weak solution at a.e. ¢ with
v(t) and C(t), respectively. Then the difference (v, C) satisfies the following equality

pd
sV OlLe@ + thIIC( Mz +VIVOI* + el VOO Iz =

= —pb(v(t),vi(t),v(t)) — B(v(t),Ci(t), C(t))+
+ ((Vv2()C(t) + C(1)(Vva(1)", C(1)) + (Vv (1))Ca(t) + CL(t)(VV(t)", C(t)) —
— (tr C(t) C1(t), Vv(t)) — (tr Co(t) C(t), V(1)) + (tr C(t), tr C(t))—
— (tr C(t) tr Cy(t) C(t), C(t)) — (tr Ca(t) tr C(t) Cy(t), C(t)) —
— ((tr Co(1)*C(1), C(1)).
(25)

In what follows we need to estimate each term on the right hand side of (25). Let us
firstly show the estimates of trilinear terms of the velocity and the conformation tensor.
Applying the Holder, the Young inequalities, the interpolation inequality (6a) and (8) we
get

pb(v(t), vi(t), v(t)) < cpllv(®)llLao VO Ivi (@) < 14H\V( I+ %HV(t)HiQ(Q)mVl(t)H‘2

B(v(t), Ci(t),C(t)) < cl[v(t )Ill/2 NIV IV C®) @ l|C1 (#) i) <
v 2 C 2 4
< 1—6IIVC( iz + QIIIV(t)III + V—gg||V(t)||L2(Q)||Cl(t)||L4(Q)'

Further, nonlinear terms from (25) can be estimated by using the Holder, the Young and
the interpolation inequalities (6), i.e. in an analogous way as for this term

((Vv2()C(t) + C(1)(Vva(1)) ", C(1)) < %HVC(t)IIS + gHC(t)Hiz(g)|ll\’z(t)!|\2+
+cl|CH) Lo V2D

Putting the above estimates together we obtain
v €
0 1) oy + 5 IO ey + IV + SNV O o) <

1
< (5IVOIExe + 1001 )Gl
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where

G(t) = c(,p,1/v,1/¢) (|”Vl(t)|”2 + V2O + V2O + ltr Co()74(0) + lltr Co(t)]Za@)+

GOl + €Ol )
The Gronwall inequality then yields

p 1 D 1 T
SVl + 5106 < (SIVOw + 5ICOIm exo{ [ 601},

v~

G

where G is a positive constant depending on Q, p, 1/v, 1/e, |[villr207r:v), [[Vallrzo.r:v),
[tr Col| za(0,1)x0) and ||Ci|Lao,1)x0)- Consequently, we have the uniqueness of velocity
v and of the conformation tensor C.

O

5 Conclusions

We have proven global in time existence of weak solutions to the diffusive Peterlin model
describing time evolution of complex viscoelastic fluids in two space dimensions, see The-
orem 1. Our weak solutions belong to the following spaces

(v,C) € [L™(0,T;H)NL*(0,T; V)] x [L>(0,T;L*(Q)) N L*(0, T; H'(Q))].

For the time derivative of the conformation tensor we only have C’ € L*/3(0, T; H}(Q)).
Thus, in order to prove the uniqueness of the weak solution, we show in Theorem 2 the
higher regularity of the weak solution for more regular data; more precisely we obtain
that

v e L2(0,T; V)NL>(0,T;H), C € L*0,7;HY(Q))NL>®0,T;L*(Q)),
v € L™(0, T; H*(Q)), C € L™(0,T; H*(Q)).

The above regularity results finally allow to show the uniqueness of this more regular
solution, cf. Theorem 3. The above analytical results on global in time existence and
uniqueness of (more regular) weak solution is an important prerequisite in order to study
convergence and error estimates of a suitable finite element approximation of the diffusive
Peterlin model. This task is our future goal.
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