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NEW ENTROPY ESTIMATES FOR OLDROYD-B AND RELATED
MODELS*

D. HUT AND T. LELIEVRE?

Abstract. This short note presents the derivation of a new a priori estimate for the Oldroyd-B
model. Such an estimate may provide useful information when investigating the long-time behaviour
of macro-macro models, and the stability of numerical schemes. We show how this estimate can be
used as a guideline to derive new estimates for other macroscopic models, like the FENE-P model.

Key words. a priori estimate, Oldroyd-B, FENE-P, entropy, conformation tensor.

AMS subject classifications. 35B45, 35Q35, 7T6A05

1. Introduction
We consider the Oldroyd-B model:

Re <881; +u.Vu> =(1—¢)Au—Vp+divT, (L.1)
div () =0, (1.2)
a—T+u VT—VUT—FT(VU)T—LT-FL(vu'l-(vu)T) (1.3)

ot U We We ’ '

where the Reynolds number Re > 0, the Weissenberg number We >0 and ¢ € (0,1) are
some non-dimensional numbers. We recall that the Reynolds number expresses the
ratio of inertial forces to viscous forces in the fluid. The Weissenberg number is the
ratio of the characteristic time of the microstructure in the complex fluid (typically
the polymer chains for dilute polymer solutions) to the characteristic time of the fluid.
The non-dimensional number e is the ratio of the viscosity due to the microstructures
to the total viscosity. We suppose that the space variable x lives in a bounded domain
D of RY. This system is supplied with initial conditions on the velocity u and on
the stress tensor 7. For simplicity, we assume no-slip boundary conditions on the
velocity u:

u=0 on 9D. (1.4)

We suppose that the initial data and the geometry are such that there exists a unique
regular solution to (1.1)—(1.3) and our aim is to derive some a priori estimates on this
solution.

Let us introduce the so-called conformation tensor A= %T—I—Id. The partial

differential equation (PDE) on 7 translates into the following PDE on A:

A
8—+u.VA=VuA+A(Vu)T

1 1
o - — A+ —Id. (1.5)

We We
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One can check that if

A(t=0)= %T(t =0)+1d is a positive definite symmetric matrix, (1.6)
€

then this property is propagated forward in time by (1.5) (and, in particular, 7 is
symmetric). Assuming uniqueness of solution, this can be proven for example by using
the probabilistic interpretation of A as a covariance matrix, as explained in Section 3.
We will assume throughout this note that (1.6) is satisfied. Concerning the importance
of positive-definiteness of A, we refer for example to [13, Section 9.8.10] and also to
the recent work [6, 7]. In [18], a formulation based on the deformation tensor is used
to study the Oldroyd-B model, and in [19], a derivation of micro-macro models based
on a least action principle (formal minimization of an appropriate energy) is proposed,
and a global existence result near equilibrium is proved. For other existence results
for the Oldroyd-B model and related models, we refer to [1, 2, 8, 9, 10, 16, 20, 21, 22,
26, 27, 29, 30]. For a review of the mathematical issues related to complex fluids, we
refer to [14, 17].

In Section 2, we recall how the classical a priori estimate for the Oldroyd-B
model is derived. Next we show how it can be used to derive some bounds on the
stress tensor, provided the initial condition satisfies det A(t=0) > 1. In Section 3, we
establish a new estimate, which comes from an entropy estimate on the micro-macro
model associated with the Oldroyd-B model (see [11]). This estimate provides bounds
on (u,T) without any assumption on 7(t=0) (apart from (1.6)). This new estimate
could be useful to study the longtime behavior of some macro-macro models, or to
analyze the stability of some numerical schemes. Current research is directed towards
clarifying this [5].

2. The classical estimate
Let us first introduce the kinetic energy:

1
E(t):§/ [ul?. (2.1)
D
We easily obtain from (1.1)—(1.2):
dE
Re—:f(lfs)/ |Vu|2f/ 7:Vu, (2.2)

where for two matrices A and B, we denote A: B=A; ;B; ; =tr (AT B). On the other
hand, taking the trace of the PDE (1.3) on 7 and integrating over D, we get:

d 1
— [ trr=2 r—— [ trr.
dt/DrT /DVUT We/DrT

We thus obtain the following estimate:

d (Re 5 1 9 1
— | = — |t 1-— — [ tr7=0. 2.3
dt( 5 /D|u\ +2/D r‘r>+( 5)/D|Vu| + 5o A rT (2.3)

REMARK 2.1. In terms of A, the energy estimate (2.3) writes:

d ( Re 9 € 9 € /
~ (== — [ trA 1— tr(A—1Id)=0. 2.4
(5 [l gm [oa)sa-o [ wups oo [ a0 e
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In Lemma 2.1 below, we prove that tr7 is positive if det A(¢=0) > 1. This result
combined with the estimate (2.3) thus yields some a priori bounds on (u,7) provided
det(A)(t=0)>1. In particular, it shows that w and T go exponentially fast to 0 in
the long time limit, using (2.3) and the Poincaré inequality: [, |u|?* <C [, |Vul|?.
LEMMA 2.1. Let us assume that det A(t=0)>1. Then, we have Vt>0,det A(t) >1
and this implies that tr7(t) > 0.

Proof. Using (1.5) and the Jacobi identity (which states that for any invertible

: ; d —1dM .
matrix M depending smoothly on a parameter ¢,  Indet M =tr (M 1 7)), we have:

Oln(det A) 1 _1
TJru.Vln(detA)f %tr (A7 -1d). (2.5)
Since for any symmetric positive matrix M of size d x d,
(det M)V < (1/d)tr M, (2.6)
we obtain
Oln(det A) d —1/d
it SVl > __ _
5 +u.Vin(det A) > We ((detA) 1) ,
which we can rewrite in terms of y= (det A)/4:
0
We <a§ +u.vy) >(1-y). (2.7)

This shows that y>1 if y(¢=0) > 1, and thus that det A>1 if det A(¢=0) > 1.
Indeed, using the characteristic method (by integrating the vector field u(t,x)),
one can rewrite (2.7) as

Dy
We— > (1—y).
ey 2(1-y)
This implies £ ((y—1)exp(t/We)) >0, which shows that y > 1 if y(t=0) > 1.
We thus have detA>1 and therefore, using again (2.6), trA>d. Since 7=
(A —1d), this is equivalent to trT > 0. O

We

REMARK 2.2. Ifdet A(t=0)<1 (which is the case if trT(t=0)<0), Equation (2.7)
shows that det A grows along the characteristics as long as det A <1.

3. Entropy estimate
We now consider a micro-macro (or multiscale) formulation of the Oldroyd-B
model and some estimates based on entropy, inspired from [11].

3.1. General derivation of the entropy estimate for micro-macro mod-
els.  We consider the following system:

ot
div (u(t,x)) =0,

T(t,m):ﬁ </Rd(X®VH(X)W(t,:c,X)dXId), (3.1)

%(t,m,X)+u(t,m).vmw(t,w,X)

=—divx <(Vmu(t,m)X - ;%VH(X)> z/;(t,:c,X)) + %%Axw(t,w,X).

Re <au(t,ac) +u(t,:c).Vu(t,:c)> =(1—-¢e)Au(t,x)— Vp(t,z)+divr(t,z),
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This system is supplied with initial conditions on the velocity u and on the dis-
tribution 1. We recall that we suppose no-slip boundary conditions (1.4) on the
velocity w. This system corresponds to a micro-macro model of polymeric fluids, the
polymer being modelled by two beads linked by a spring with potential energy II.
The configurational variable X € R? models the end-to-end vector of the polymer.
For more details on the modelling, we refer to [3, 23].

Notice that we could rewrite the former system as a system coupling a PDE and
a stochastic differential equation (SDE), replacing the last two equations by:

(t,x) = ﬁ (]E(Xt(a:) @ VII(X () —Id), (3.2)

dX () +u(t,x). Ve X (x)dt
— Vel Xi(@) - VI (@) ) dr

There, IE denotes the expectation, W, denotes a d-dimensional standard Brow-
nian motion independent from the initial condition (Xo(x))zep which is such that,
Ve eD, Xo(x) is distributed with the probability density function (0,z,X)dX.

Let us introduce the kinetic energy:

1 2
== . 34
5 /I (3.4)
We easily obtain:

Re— —(1- 5/\Vu|2 W// (X @ VII(X)): Vu. (3.5)

(3.3)

We now introduce the entropy of the system, namely:

_ /D [ vt X (W) (3.6)

:// H(X)w(t,w,X)—i—/ P(t,x, X)In(p(t,z, X))+ C,
DJRA DJRI

with
exp(—1I(X))
Jraexp(—11(X))’

and C'=In(fgaexp(—II(X)))|D|. The function H is actually the relative entropy of
1) with respect to the equilibrium distribution .
After some computations (see [11]), we obtain:

dt zwe//Rdw’vm(wm)

Therefore, introducing the free energy F(t)=E(t)+ ﬁH(t) of the system, we

| (5 [ // on())
e N (ww)‘

woo(X):

(3.7)

/ (X ®VII(X)): Vuip. (3.8)
Rd

(3.9)
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Using a logarithmic Sobolev inequality with respect to ¥, and a Poincaré in-
equality for u € H} (D), one can then obtain exponential convergence to equilibrium
limy 00 (w,9) = (0,100 ) (see [11]). For some generalizations to the case u#0 on 9D,
we refer to [11].

3.2. The Oldroyd-B case. Let us consider the Hookean dumbbell model,
for which the potential II of the entropic force is:
X2

5

By It6’s calculus, it is easy to derive from (3.3) that A=IE(X;® X) satisfies the
following PDE:

(X)) =

(3.10)

0A
B T VA=VuA+A(Vu)" ——A+%Id (3.11)
This translates into the following PDE for 7= ﬁ(A—Id):
ai—ku V1= VUT-I-T(VU)T—LT-FL (Vu+(Vu)") (3.12)
ot We — We ' '

The Hookean dumbbell model is thus equivalent to the Oldroyd-B model (at least for
regular enough solutions).
If ¢(0,z,.) is Gaussian (with zero mean), so is ¥ (¢,z,.):

1 XTA—1X>

W X) = o e P <_ ?

where A=E(X;®X,;)= [« X @ X (t,x,X)dX denotes as above the covariance
matrix of X;, which depends on time and also on the space variable . The covari-
ance matrix A is symmetric and nonnegative. Moreover, since for almost all ¢ >0,

Jp Jratb(t,x,X)In (%(XX))) < 00, then for almost all ¢>0 and for almost all €D,
A is positive.

The following explicit expression of the relative entropy can then be derived:

/D Rd¢(t,m,X)ln<w> dX:/D%(fln(detA)fdthrA)_

On the other hand,

[ fsenxloan (53]

Rewriting (3.9), we thus obtain the following estimate, in terms of A:

dX :/ tr((Id—A™1)2A).
D

at (Re/| \2+ (ln(detA)d+trA)>

(3.13)
+(1-e) / Vuf? +

tr((Id— A 12A) =

W62

This is, in the specific case of Hookean dumbbells (that is, the Oldroyd-B model) the
macroscopic version of (3.9).
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Since —In(det(A))—d+tr(A)>0, this energy estimate yields some a priori
bounds on (u, A), and thus on (u,7). In sharp contrast to the classical estimate (2.3),
it provides bounds on (u,7) without any assumption on 7(¢=0) (apart from (1.6)).
Using a Poincaré inequality and the fact! that, for any symmetric positive matrix M
of size d x d,

~In(det M) —d+tr M < tr((Id—M~")2M),

exponential convergence to equilibrium (lim; o (u,A)=(0,Id)) can be obtained
from (3.13).

REMARK 3.1. Notice that (3.18) can be schematically obtained as
€
2.5).
2W€/D (2:3)

REMARK 3.2. If ¥(0,x,.) is not Gaussian, it is always possible to replace it by a
Gaussian initial condition with the same mean and variance, so that the macroscopic
quantities (u,p, A) would be the same for the two initial conditions.

3.3. Application to related macroscopic models. The energy esti-
mate (3.13) can be used as a guideline to derive energy estimates for other macroscopic
models, even though they cannot be recast as a microscopic model of the form (3.1).

Let us consider the example of the FENE-P model [25, 4], for which

= (etwn ) .

0A 1 A 1
— VA=VuA+ AV —+ —1Id. 3.15
ot . ud+A(Vu)! Wel—tr(A)/bJrWe (3.15)
For this model, we assume (1.6), and also that tr(A)(¢t=0) <b, and this property is
propagated forward in time by (3.15) (see [12]).
Using the same ideas as for the Oldroyd-B model, we consider the “entropy”

H(t)=—In(det A) —bln(1—tr(A)/b), and we compute its time-derivative:
7/ —bln(1—tr(A)/b) (3.16)
S tr( b /p< -t (A)/b)?  1T-u(A )/b> (3.17)
jt/ ln(det(A))—V\l,e/D<—1_t:§A)/b+tr(A‘1)). (3.18)

Combining these expressions with (2.2), we obtain

LZ(P;/Du|2+2\;’e D(—ln(detA)—bln(l—tr(A)/b)))
g tI‘(A) 2d - —
+(175)/D|vu\2+ 2We’ /p <(1—tr(A)/b)2 Tyt 1)) -

One can check that for any symmetric positive matrix M of size d x d:

—In(det(M)) —bln (1 —tr (M) /b) > —(b+d)In <b+bd> >d (3.19)

Lwhich can be seen as the logarithmic Sobolev inequality for Gaussian random variables translated
on their covariance matrices
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and that
—In(det(M)) —bln (1 —tr(M)/b)+ (b+d)ln<b bd) (3.20)
tr (M) 2d B
§<(1—““(1‘4)/19)2 1—tr (M )/zﬁtr( ))- (3.21)

The proof of these inequalities is tedious and can be done by diagonalizing the ma-
trix M.
Equ. (3.19) shows that

is a non-negative quantity, and thus that (3.3) indeed yields some a priori bounds
n (u,A).

Equ. (3.21) (which plays the role of the log-Sobolev inequality in the micro-macro
models) shows that the estimate (3.3) can be used to prove exponential convergence
to equilibrium.

Addendum: After completing this work, the authors’ attention was drawn to
related works in the physics literature about thermodynamic theory for viscoelastic
models with internal variables. See for example [15, 24, 28]
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