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Abstract: In this article, we introduce the concept of energy-variational solutions for a class of nonlinear
dissipative evolutionary equations, which turns out to be especially suited to treat viscoelastic fluid models.
Under certain convexity assumptions, the existence of such solutions can be shown constructively by an
adapted minimizing movement scheme in a general framework. Weak-strong uniqueness follows by a suitable
relative energy inequality. Our main motivation is to apply the general framework to viscoelastic fluid models.
Therefore, we give a short overview on different versions of such models and their derivation. The abstract
result is applied to two of these viscoelastic fluid models in full detail. In the conclusion, we comment on
further applications of the general theory and its possible impact.
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1 Introduction

Viscoelastic fluids can be seen as an in-between-state of Newtonian fluids and elastic solids. In elastic mate-
rials, the resistance to deformation is described in terms of the deformation and in viscous fluids in terms of
displacement rates. A combination of both leads to characteristics like a nonlinear stress strain relation or
even hysteresis in the stress—strain curve, creep, or memory effects in the material [9,25,33].

A standard model for viscoelastic fluids, is the so-called Oldroyd-B model, which couples the Navier-Stokes
equations for the fluid velocity v : @ x [0, ©) - R? with an additional evolution equation for the left Cauchy-
Green tensor B : Q x [0, ©) > R4

ov+W-V)v+Vp-uAv+pV-B=f, V-v=0, (1a)
oB + (v-V)B - 2((VV)SkW[B)Sym - a((vv)sym[B)sym +B -01=0, B =BT, (1b)

endowed with appropriate initial and boundary conditions, where p denotes the pressure of the system,
U € (0,) and a, € R having the same sign. Finally, f represents a given source.
If a # 0, this model formally satisfies the associated dissipation mechanism
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t t
Eov, B): + [Wo(v, B)dz = [(f, v)dr, (10

where the corresponding energy is given by

1
Eo(v,B) = IE V2 + gtr([B ~ 1 - InB)dx
Q

and the dissipation functional by

Yy(v,B) = I2y|(Vv)sym|2 + gtr([B @ - BHHdx.
Q

From a mathematical point of view, the analysis for these kinds of models is rather challenging. First and
foremost, the quadratic terms in (1b) are not known to be integrable from the a priori bounds of (1c), since
these only assure an L-bound for the stress tensor B. Second, the highly nonlinear terms are not treatable by
compactness methods since no compactness due to embeddings is known to hold for B.

For a = 0, Lions and Masmoudi [36] showed existence of global weak solutions to (1a)-(1b) by a technique
called propagation of compactness [39]. Many other works in the field introduce the so-called stress diffusion ~AB
on the left-hand side of (1b) to improve compactness [15,37]. This stress diffusion can be rigorously introduced by
thermodynamical modeling [42] and can serve to model the dispersion and attenuation of elastic waves, which may
be experimentally observed in some particular situations [47], but often it is added to infer strong convergence
properties for a suitable approximating sequence of B. Moreover, there are numerical studies showing that
numerical simulations for viscoelastic models are close to empirical data in the absence of stress diffusion effects
[41] or the simulated effects are closer to the expected phenomena for vanishing stress diffusion [1].

In this article, we therefore propose a novel analytical framework to treat especially viscoelastic models
without stress diffusion. We introduce the concept of energy-variational solutions for a general class of
evolutionary partial differential equations (PDEs) of the form

oU+AU)=0 in Y* with UW0)=0, in V 2
for two Banach spaces ¥V and Y such that Y C V¥ A : [0,0) x ¥V = Y* [ € V.
A smooth solution to (2) for any initial value formally fulfills the energy dissipation mechanism

t

&)

t
+ J\P(U)dr <0 3)

S

for all s < t € [0, ©), where & and ¥ are suitable energy and dissipation functionals defined on V.
A standard weak solution to (2) fulfills

t
(U, @)

- [(v. 09) + (A@), @)d7 = 0 @

N

for all s <t € [0, ) and ® € C([0, «); Y). By introducing an upper bound for the energy E = E(U), sub-
tracting (4) from (3), and, adding a term for the associated energy defect with weight K : Y — [0, +»), gives
the formulation

t t

[E-(U,®)]| + I(U, 0:9) + Y(U) - (A(U), ) + K(®)[EWU) - E]dT <0 (5)

N

for a.e. s <t € [0, ) and all ® € C'([0, »); Y). We note that an energy-variational solution for ® = 0 fulfills
E|L+ I:W(u)dr < 0fora.e.s <t € (0,T)in case that K(0) = 0. This guarantees compactness for the auxiliary
variable E, which is an upper bound of the energy. Moreover, for many physical systems, there exists a
regularity weight K such that the function
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U~ ¥(U) - (AU), @) + K(®)EU)

is convex and lower semicontinuous for all ® € Y. This is the essential assumption for the stability of the
energy-variational formulation, making the inequality stable under the weak convergence in the topology of V.
These facts also explain why the weight K depends on the test function ®. The error term K(®)(E(U) - E)
can be seen as a term measuring the difference between weak and strong convergence due to the missing
compactness that would guarantee convergence of the energy. We note that in the case that E = E&U) on
(0, T), the formulation (5) simplifies to the sum of the energy inequality (3) and the weak formulation (4),
which is equivalent to both of them individually. Besides this existence of solutions, which is proven
constructively via a time-discretization based on sequential minimization, we also provide the weak-strong
uniqueness of solutions. This means that all energy-variational solutions coincide with a local strong solu-
tion emanating from the same initial datum, as long as the latter exists. Moreover, the solution is a semi-
flow. Up to our knowledge, this result is the first one entailing global existence and weak-strong uniqueness
result for such a general class of models.

Energy-variational solutions use ideas from more established solutions concepts like dissipative solutions
and measure-valued solutions. In dissipative solutions, the formulation is generalized to an inequality [35, Sec.
4.4], while in measure-valued solutions, an auxiliary measure is introduced so that the equations is fulfilled in
the limit [13]. Energy-variational solutions combine both approaches by adding an auxiliary variable relaxing
the formulation to an inequality. Nevertheless, the concept has many desirable properties, for instance: the
existence and weak-strong uniqueness of energy-variational solutions for a large class of models via a con-
structive existence proof. For certain systems in fluid dynamics, the equivalence of measure-valued solutions
and energy-variational solutions is known [16], even though the degrees of freedom are heavily reduced in the
second one, since the auxiliary matrix-valued measure is replaced by a real number in every point in time.
Moreover, in [32], it was observed that energy-variational solutions are very flexible, in the sense that they
allow us to identify the limit of numerical schemes, while this result seems to be out of reach with measure-
valued solutions. Moreover, the set of energy-variational solutions is weakly-star closed and in some cases set-
valued continuous, which enables to define minimization schemes on the solution set as proposed in [31].

Our main result, similar to the one of [16] related to hyperbolic conservation laws, introduces a stronger
solution concept with respect to the one of dissipative solutions [28,35] and thus also stronger than the solution
concept proposed in [14]. Moreover, the proposed result has potentially multiple applications outside of
viscoelastic fluid dynamics, like, for instance, the ones considered in [16] about the compressible and incpom-
pressible Euler equations as well as the incompressible magnetohydrodynamics.

After a brief introduction to different variants of viscoelastic models, the general result is applied to two
viscoelastic fluid models in full detail. The first model we consider is taken from [8], but allowing for vanishing
stress diffusion. As in [8], in case where the energy in (Ic) is regularized by a quadratic term, leading to the
system

d+ V-V +Vp - pAv - aV((1- B)B -1) + BB2-B) =f, V-v=0,

8B + (VDB - Z(TW)serB lgm - al(W)oymBlogm + (1 + 6B)B ~1) =0, (B =0,

with y, § € (0, ), a €ER, B € (0,1), and the associated energy

Eo(v,B) = J% WP+ - B@® -1 - In(B)) + g IB - 1[2dx
Q

and dissipation
Y%(v,B) = _[y WP +@-BB:0-B1)2+(B+81-p)B -1 +86B : (B -1)>dx,
Q
so that an associated energy-dissipation relation like in (1c) is formally fulfilled for solutions to (6) as well. We

prove existence and weak-strong uniqueness of energy-variational solutions to this system by applying the
aforementioned general result.
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Second, we consider a model inspired by [44] for a symmetrized Neo-Hookean approach, which leads to
the equations for the deformation gradient F, the velocity field v, and pressure p,

v+ (v-V)v+Vp-udv-aV-(F*-1)=f, V-v=0, (7a)
oF + (v-V)F - [(VV)skw[F]sym - a[(vv)sym[F]sym +(F-FH=0, (Fgw=0. (7b)

with u € (0, ©), a € R, and the associated energy

1
Es(v,F) = 5 [V + [F2 = P - Indet(F)dx
Q

and dissipation

Wsv, F) = [ [WoP + [F - FI2dx = [u[W + @2 - 20 + F)dx,
Q Q

so that an associated energy-dissipation relation like in (1c) is formally fulfilled for solutions to (7) as well. Also
for this model, we prove existence and weak-strong uniqueness of energy-variational solutions, based on our
general result in Banach spaces (cf. Theorem 3.3).

In the conclusions, we mention different other models that fit into the proposed abstract framework and
give an outlook on possible future research directions.

We note that we prove the abstract existence result by a constructive time-discretization approach.
Similar to the minimizing movements scheme for Gradient flows, we define a time incremental minimization
algorithm for an approximation of the solution. We think that this is not the only similarity to the gradient flow
setting, where a lot of results were achieved in recent years, like general existence and uniqueness results [4]
and singular limit results [48] bridging between different scales [40]. We think that the general approach
presented in this article has the potential to generalize such results to a more general framework. By this
concept of energy-variational solutions, we introduce a novel formulation for nonlinear evolution equations
that is especially suited to treat viscoelastic fluid models. It allows to pass to the limit in the numerical
approximation only by means of convergence with respect to the underlying weak topology, and thus, it
does not require to add stress diffusion to the viscoelastic fluid models.

2 Preliminaries

2.1 Notation

We denote by Cy,(2; R?) the space of smooth solenoidal functions with compact support. By L¥(Q), Hy ,(Q),

and W&;g(g), we denote the closure of Cy,(Q; R®) with respect to the norm of LP(Q), H(Q), and WP(Q),

respectively. By R%?, we denote d-dimensional quadratic matrices, by R§4 and R% the symmetric and

skew-symmetric subsets, and by [R‘i;l‘fw the symmetric positive definite matrices. Vectors are written bold

a € R? and matrices in blackboard bold A € R%*?, The identity matrix is denoted byl and the zero matrix by
O. The negative part of a real number x € R is denoted by (x)-. The symmetric and skew-symmetric part of a
matrix A € R are denoted by (A)sym and (A)gqw, respectively. We denote Lg’ym(g) = LP(Q; R‘g;ﬁl) and
L3 +(Q) = LP(Q; RS ) for p € [1, «]. The duality pairing between LP(Q) and LY(Q) (with 1/p + 1/q = 1), is
denoted by (-,-), (-; -), or (- ; -) for vectors, matrices, or tensors of third order. For a given Banach space X, we
denote by X* its dual space, the space C,([0, T]; X) denotes the functions on [0, T] taking values in X that are
continuous with respect to the weak topology of X. For two Banach spaces X, Y, we denote the set of linear
continuous mappings from X with values in Y by £(X, Y). If the set M is a dense subset of the set X, we
denote it by M c? X. The total variation of a function E : [0, ©) - R is given by
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n
IElvqoey = sup D |E(tk1) = E@l,

0=t0<... < ty<o k=1

where the supremum is taken over all finite partitions of the interval [0, ©). We denote the space of all
bounded functions of bounded total variations on [0, ) by BV([0, «)). Note that the total variation of a
monotone decreasing nonnegative function E only depends on the initial value, i.e.,

n

IE lvqomy = sup D |E(t-1) = E()| < E(0) = E(ty) < E(0).

0=tp<...<tp<o k=1

Note that for f € BV([0, T]) its left and right limits in any point ¢ € (0, ©) are well-defined and denoted by
f(t-) and f(t+), respectively.

LetV be a Banach space and & : ¥V — [0, =] be a convex, lower semi-continuous function. The domain of &
is defined by domé& = {v € V|&(v) < «}. We denote the convex conjugate of & by &, which is defined by

&EX(z) = sup[{z,y) - E&(y)] forall z € V*.
YEVY

Then &* is also convex and lower semi-continuous. We introduce the subdifferential 0& of & by
08(y) =1ZEVHVY €V : &) 2EWY) +(z,Y - y)}

for y € V. The subdifferential 0&* of &" is defined analogously. Then the Fenchel equivalences hold: For
Y EY, z € V* we have

ZEAEY) © yeIE () © W) +EN2) = (zY) ®)

A proof of this well-known result can be found in [7, Prop 2.33]. If 0E(y) is a singleton for some y € V, then & is
Fréchet differentiable in y and 0&8(y) = {D&E(y)}. In this case, we identify 0E(y) with DE(y).

Lemma 2.1. Let f € L} (0, »), g € L(0, ©) and & € R. Then the following two statements are equivalent:
(i) The inequality

-[oegmar+ [par@ar - pog, < 0 )
0 0

holds for all ¢ € CX([0, ©)) with ¢ = 0.
(ii) The inequality

g(t) - g(s) + [f(mdr <0 (10)

holds for a.e. s < t € [0, ), including s = 0 if we replace g(0) with g,.

If one of these conditions is satisfied, then g can be identified with a function in BV([0, «)) such that

t
g(t+) - g(s) + [f(dr <0 a
for all s <t € [0,»), where we set g(0-) = g,. In particular, it holds g(0+) < g, and g(t+) < g(t-) for
all't € (0, «).

A proof of this assertion can be found in [16, Lem. 2.11]. In the cited Lemma, the assertion is proved for a
finite time horizon, but the reasoning also works on [0, ) since one may restrict to a finite time, either ¢ in (10)
or the domain of the function ¢ in (9).

Lemma 2.2. Let ¥V be a Banach space, & : V — [0, ») strictly convex coercive and Y be a Banach space such that
Y c? dom&*. Let A, B € dom& such that (A - B, ®) = 0 for all ® € Y. Then, it holds that A = B.
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Proof. To derive a contradiction, we assume that A # B. Due to the density and the fact that doma&* is dense in
domé&* [7, Cor. 2.38], we find two sequences {®}},eny € domaE* and {@%} ey € domoE* so that @Y — &4 and
@ — & in V* with &4 € 0E(A) and & € dE(B). This implies due to A # B and the strict convexity of & that

A+ B 1 1
0<&QA) +&B) -28 T] < E(fA - &, A - B) = lim E((I)g -0RLA-B)Y=0 12)
n—oo
which is a contradiction and so we conclude A = B. O

3 General existence result

In this section, we consider a general nonlinear evolution equation of the form

QUM) + AL U®) =0 in Y* with UQ)=Tp€ V. 13)

Hypothesis 3.1. Let Y C ¥V be two Banach spaces such that Y c? V*, Let V be reflexive Banach space and
& :V - [0, o] be a strictly convex, lower semi-continuous, superlinear functional on V, i.e., lim”.,HWw% =
LetW : [0, ) x ¥V — [-Cy(t), o] be a mapping so that dom¥(¢, -) C domé& is convex, DE*(y) € dom¥(t, -) for
ally € Yandae.t € (0, »). Here, Gy : [0, ®) — [0, ®) is such that I:Cq;(t)dt <o, LetA:[0,0)x dom¥ — Y*
such that

(A(t, DEX(D)), D) = W(t, DEX(D)) (14)
forall ® € Y, ae. t € [0,) and ¥ ° DE* is continuous on Y with E(Uyin) = 0 = W(¢t, Upin), being Uni, the
minimizer of &. Both ¥ and A are assumed to be measurable with respect to the first variable. Finally, we
assume that there exists a convex continuous function K : Y — [0, «) such that the mapping

U~ W(t, U) - (AL, U), ®) + K(®)EW) (15)

defined on domY is convex and lower semi-continuous for every ® € Y and a.e. t € [0, ).

Remark 3.1. (Hypothesis 3.1) We note that the condition (14) formally assures that the system (13) fulfills the
energy-dissipation-mechanism (3). Indeed, formally, we may test (13) by 08(U), which leads by the Fenchel
equivalences (8) and the chain rule formula to

0= (8. U(®), 0&(U(1)) + (A(t, U(1)), 06U (1))) = 0,EU(1)) + ¥(t, U(1)).

Definition 3.2. We call a pair (U, E) € L*((0, »); V) x BV([0, ©)) an energy-variational solution to (13) if
E(U) < E a.e. on (0, ») and if

t
[E - (U, ®)]|L + I{U, 0,®) + P(7,U) - (A(7, U), @) + K(®)[EWU) - E]dT <0 (16)
for all ® € CY([0, »); Y) and for a.e. s < t € (0, ») including s = 0 with U(0) = U,

Theorem 3.3. For every Uy € domé&, there exists an energy-variational solution in the sense of Definition 3.2
with E(0+) = &(Th).

Remark 3.2. We note that every energy-variational solution with E = EU) on an interval [y, ;] C [0, ®) is a
weak solution.

Indeed, we infer from (16) multiplied by a > 0 and with @ = %G), where © € CY([0, ©); Y) and E = &(U) that
t t

la&®) - (U, 0)]| + [V, 30) + a¥(z, U) - (A(z, 1), ©)]dT < 0

S



DE GRUYTER Energy-variational solutions for viscoelastic fluid models == 7

foralls < t € [to, 4] and all ® € CY([0, »); Y). Asa — 0, we infer the weak formulation (4) with an inequality.
But for @ = —%@, the inequality with the opposite sign is inferred such that we showed the weak formula-
tion (4).

From the formulation (16), we can even read off a higher regularity of the solution such that the relations
are even fulfilled everywhere instead of almost everywhere in time.

Corollary 3.4. Let (U,E) be an energy-variational solution in the sense of Definition 3.2. Then there exists
(U, E) € Cu([0, ©); V) x BV([0, )) so that (U, E) = (U, E) a.e. in (0, ») and the inequality E(t) > E(U(t)) holds
true for all t € [0, ©) and

t+

[E - (U, ®)]

t
+ I[(ff, 0:®) + W(t, U) - (A7, 1), @) + K(®)[E() - E]ldT< 0
= s
holds for all ® € CY([0, ©); Y) and for all s < t € (0, «).
If, additionally, it holds that E(st+) = E(U(s)) and & is p-uniformly convex, ie., there exists a strictly
monotone increasing function p : [0, ©) — [0, ©) with p(0) = 0 so that

2630+ )| < 6@) + &0 - (U - Vi)

for allU, V € dom&, then U is even right-hand continuous at s, i.e., limyU(t) = U(s) in V.

Proof. In the same way as in [16, Prop. 3.1], we infer the existence of functions (T, E) € C,,([0, ®); Y*) x BV([0, «))
fulfilling the asserted inequalities everywhere in time. We now prove the second statement of the corollary. The higher
regularity U € C,([0, ©); V) follows from Lemma 22. Indeed, consider a sequence {t,}nen C [0, ®) such that
tn = t € [0, ). From the boundedness, U € L*((0, «); V), we infer that the sequence {U(t;)}nen admits a weakly
converging subsequence in V. The fact that U € C([0, «); Y*) allows us to identify this limit in Y so that Lemma 2.2
and the uniqueness of weak limits also guarantee that U(t,) — U(t) in V for the whole sequence.
Now let {t,}nen C (S, ) such that t, ~ s, we infer from U € C,,([0, «); V) that U(t,) — U(s). The mono-
tonicity of E and the weakly lower semi-continuity of & imply
E(s) 2 limE(t,) 2 lim'ilfS(U(t,,)) > §(U(s)) = E(s) a”n

taNS n-

such that lim,-.&(U(t,)) = &U). From the weak convergence and the strict convexity of &, we infer the
strong convergence by

0 < lim p(J|U(ta) = UDlv)

< liminf |£U(6) + EWV(D) - ZS[M”

2

< Iim[&(U (&) = EWUD) = Q& (D), U(tn) = UWD)] = 0,
where the second inequality is due to the p-uniform convexity of &, the third one follows from the definition of
the subdifferential, and the equality follows from the convergence of the energy and the weak convergence.
This proves the strong convergence. O

Remark 3.3. (Properties of solutions) Energy-variational solutions enjoy the semi flow property according to
John Ball [6]. That means that for a solution on [0, ) every restriction on an interval[s, t] for all s < t € [0, »)
to the initial value (U(s), E(s-)) is again a solution. Moreover, if (U, E?) is an energy-variational solution on
[r, s] to the initial value (U'(r), E'(r-)) and (U?, E?) is an energy-variational solution on [s, t] with initial value
(UX(s), E*(s-)) with 0 < 7 < s < t < o and (UY(s), EX(s+)) = (U%(s), E¥(s-)), then the concatenation

(UYL EY), on [r,s]

= 18
(U, E) (U% E?), on [s,t] a8
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is a solution on [r, t] with initial value (U(r), E(r-)) = (UY(r), E\(r-)).

Energy-variational solutions are not unique, they are even far from being unique. If (U, E) is an energy-
variational solution in the sense of Definition 3.2, also (U, E + h) is an energy-variational solution for any h > 0.
The set is therefore admittedly too large. But this peculiar nonuniqueness is ruled out by the condition
E(0) = &Up) in Theorem 3.3. Nevertheless, energy-variational solution cannot be expected to be unique.
However, the set of energy-variational solutions to a given initial value is convex and weakly-star closed,
which follows in the same way as in [16, Prop. 3.4]. Moreover, for the example of incompressible Newtonian
fluid dynamics, the solution set is continuous in the Kuratowski sense. These can be seen as indicators that the
solution set is amenable for additional selection criteria to single out a reasonable solution via minimization.
The proposed algorithm in (23) follows from this idea by selecting the time-discrete solution that minimizes the
energy at the current time point.

To state the second main result of the article concerning weak-strong uniqueness of solutions, we need to
reinforce Hypothesis 3.1 by the following.

Hypothesis 3.5. In addition to Hypothesis 3.1, we assume that & € C%(intdomé&) and that there exist a Banach
space W with Y €W C V, p € [1, ), and a constant C > 0 such that

T T
J'||U||€v dt < CI(‘P(t, U) + Cy + (EW))P + Ddt
0 0

forallT > 0 and for allU € dom¥, which implies thatdom¥ C W C V. In addition, we assume that (4, ®) and
Y are Gateaux differentiable for all ® € Y and a.e. t € (0, T) with respect to the second variable.

By wusing the space W, we define Z(0,T):=L"((0,T); V) NLP(O,T); W) and Z(0,T) =
1 . p’ . ’ . . ,_ P
L'(0,T); Y*) ® L” ((0, T); W*), where p” denotes the conjugated exponent to p, i.e.,, p’ = -1
Remark 3.4. This space Z(0, T) is only one possibility to characterize additional regularity of the energy-
variational solution. Indeed, it is possible to choose a larger space Z(0, T) in certain examples. One possibility
is to assume that the space W admits a decomposition W = W, x...x W, such thatU = (UlT, UnT )T. Then, we

assume that there exist {p;};=q1, ..,y Such that p; € [1, ), and we may replace the left-hand side of the condition

in Hypothesis 3.5 by jOT Z?=1||Ui||§",i dt. This will already imply higher regularity in the first example below.

Proposition 3.6. (Relative energy inequality) Let (U, E) € L*((0, »); V) x BV([0, »)) be an energy-variational
solution in the sense of Definition 3.2 and let Hypothesis 3.5 be fulfilled. Then it holds

t

t t
+ I“W(T, U|0) + (8,0 + A(z, U), D:E(U)(U - U))dr < I?((DS(ﬁ))R(U, Eiihdr  (19)

R(U, E|0)

N
foralls <t € [0, T] for all Ue C%[0, T]; ¥V) N LP(0, T; W) so that

DEWM) € L°((0, T); V),
D¥(t, U)e Z(0,T),
DA(t, U € £(Z(0, T); LI((0, T); Y*)), (20)
o0, A(t, 1) e Z(0,T),
D2g(0) € £(Z(0,T),Z(0, T)),
where T € (0, ]. Here, we denote the relative energy by
R(U, E|0) = E - &) - (DEW0), U - U)

and the relative dissipation via
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W(t, UD) =0, U) - O, 0) - (DU, 0), U - U) - (A(t, U) - A(t, U) - DA(t, O)(U - U), DED))
+ KDEWM)[EW) - EWO) - (DEWD), U - T)].

Remark 3.5. We note that, due to the convexity of the energy & and the condition E > E(U), the relative energy
R(U,E|U) = [E - &U)] + [E(U) - &) - (DEWD), U - U)]

is nonnegative and vanishes iff E = &(U) and U = U. Moreover, due to assumption (15), the relative dissipation
W is nonegative, since it is the subdifferential of the convex function in (15).

Furthermore, the condition DE(T) € Y implies that K(DE(D)) is well defined. Finally, we observe from
Hypothesis 3.1 that DE*(DE(T)) € domW.

Note that the Gateaux derivatives of ¥ and A are also well defined due to Hypothesis 3.5.

Corollary 3.7. (Weak-strong uniqueness) Let (U, E) be an energy-variational solution in the sense of Definition 3.2
with E(s) = E(U(s)) for one's € [0, ) and let Hypothesis 3.5 be fulfilled. Let U € C°([0, T]; V) N LP(0, T; W) be
a strong solution, i.e., a function fulfilling the equation (13) in Z(0, T) with U(s) = U(s) and s < T, enjoying the
additional regularity of (20), then it holds that

U@)=0() foraltelsT]. 21

Remark 3.6. We note that the above corollary is stronger than the usual weak-strong uniqueness results, since
the generalized solution coincides with the strong solution as soon as both coincide at one point in time.
Usually these results are only formulated for s = 0 such that the solutions only coincide, if they coincide in the
initial value. Moreover, inequality (19) gives a continuous dependence results for solutions on the initial value
as long as the strong solution exists. This can be observed from the inequality (22) below. If U is a strong
solution, 8,07 + A(t, U') = 0 so that the difference in the initial values and the regularity of the solution i
bounds the difference of the solutions.

Remark 3.7. (Comparison to dissipative solutions) Under Hypothesis 3.5 every energy-variational solution is a
dissipative solution in the sense of Lions [35, Sec. 4.4]. Indeed, from inequality (19), we infer by a version of
Gronwall’s inequality and estimating E > E(U) and inserting E; = E(Uj) as in the result of Theorem 3.3 that

t

R, EUN|T(@)) + j[fW(r, UI) + (30 + Az, ), DA - D)ylel, KOOg
0 (22)

< R(Up, &) T(0))eh KOs,

for all U € ([0, T]; V) N LP(0, T; W) fulfilling (20), which is very similar to the dissipative formulation
according to Lions (cf. [35, Sec. 4.4]).

Another established generalized solvability concept are the so-called measure-valued formulation, where
the weak limits under nonlinear functions are identified via Young measures [2]. In a more modern formula-
tion, so-called dissipative weak solutions [16, Definition 4.4], the PDE is fulfilled in a distributional sense up to a
defect measure. In the recent work [16,18], it was shown for the incompressible and the compressible Euler
equations that dissipative weak solutions are essentially equivalent to energy-variational solutions. For vis-
coelastic fluid models, it is not entirely clear how a reasonable measure-valued formulation should be con-
structed, which is why energy-variational solutions seem to be a good alternative.

Proof of Theorem 3.3. We divide the proof into several steps.

Step 1: equidistant time discretization. Let N € N such that K(0) < N, we define 7 = 1/N, and we set t" = tn
for n €N to obtain an equidistant partition of [0, ). For convenience, we define ¥":V - [0, )
via Wh(U) = [0t U)dt, A" : dom¥" — Y* via AYU) = [,A(t, U)de, and Cf = [ Cu(t)dt. We set
U = U, € dom& and define
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FHUID) = EU) - U™ + (EWU) - EWU™Y) - tCHTK(P) - (U - UL, @) + ¥ (U) - 1(AY(U), D).

The set D" ={U € VY|EWU) + T¥U) < EWU™ M)} is convex and weakly compact in V. Indeed, the
convexity follows from condition (15) with @ = 0 and all t € [t"%, t*) and the fact that 7X(0) < 1 such that
EWU) + T¥VU) = t(PY(U) + K(0)EWU)) + (1 - TK(0))E(U). Since (1 - 7K(0)) > 0 and & is coercive, the set
D" is even weakly-compact. We define the iterate for n > 1 for a given U""! via
U™ = arg min sup F "(U|®). ©23)
Ueb" ®eY
In the next steps, we show that this definition actually makes sense.
Step 2: Min-max theorem. To show that
inf sup F(U|P) = sup inf F(U|D) ©4)
UeD"pey peyUED”
we apply a min-max theorem. Recall that the set D" is convex and weakly compact in V. The function
U~ F(U|®D) is convex and weakly lower semi-continuous for every @ € Y due to Hypothesis 3.1. Moreover,
the function ® — F(U|®) is concave for all U € Y with EU) < EWU"™Y) + 7C§ since K is convex. Therefore,
(24) follows from Fan’s min-max theorem [17, Theorem 2].
Step 3: Discrete energy variational inequality. We want to prove the inequality
inf supFY(U|P) < 0.
S, sup7(Ule) 25)
From Step 2, we infer the equality (24). To show (25), we consider ® € Y arbitrary and U = DE*(®) € domé.
We define U = DE*(ad) witha = 1if (0) + t¥YT) < W) and witha € (0, 1] such that &) + T¥(T) =
s, if &(0) + T(t", U) = (WU Y). We can always find such a value a € (0, 1] since the function

f:10,1] = [0,8(0) + t¥ND)]; f(a) = EDEX(ad)) + TE(DE*(ad))

is continuous with £(0) = 0 and f(1) = &) + T¥™(T) > EW™?) due to the intermediate value theorem. The
continuity of ¥ - DE* follows from Hypothesis 3.1 and the continuity of a » &  DE*(a®) from convex
analysis. Indeed, via Fenchel’s equivalences, we may write & o DE*(a®) = (DE¥(a®), ad) - E*(ad) and
from the assumptions on &, we infer the continuity of &* with dom&* = V* [7, Prop. 2.25 and Thm. 2.14].
The mapping 0&* is single-valued and demi-continuous [46, Thm. 5.20], which implies the continuity of f. Since
Unin is the strict minimizer of &, it holds 0 € d&(Uy,;,) and thus by Fenchel’s equivalences Uy, € 0E*(0). Since
the subdifferential is indeed single-valued, due to the superlinearity and strict convexity of & [7, Prop. 2.47] and
[46, Thm. 5.20], we infer {Upyn} = DE*(0), which implies due to Hypothesis 3.1 that f(0) = 0.

With this choice of U, we observe that infyep (U, ®) < F(U, ®) for which, we find

FNU, ®) = [EW0) - U] + tK@)[EW) - EW"™) - wCY] + 1¥D)

- %[(0’ - U™ ad) + t{(AN(0), ad)]

<TK(@)[EW) - EW™Y) - ¢ +

1- %][a(ff) + WD) - £
= TK(®)[EW) - EWU™Y) - 1C¥] < -T2K(D)[CE + $NT)] < 0,

where we used (14) and the convexity of & to infer the inequality and the choice of a to infer the second
equation. The choice of U and the lower bound on ¥ allow us to deduce the two last inequalities.

Step 4: Well-defined optimization problem. Let us define H(U) = SupgeyF "(U|®). As the supremum of
convex lower semi-continuous functions,  is a convex lower semi-continuous function on the convex and
weakly compact setD", H is even strictly convex due to the strict convexity of &. From the previous two steps,
we infer that # is proper, ie, not equal to +® everywhere on D". Thus, the minimization problem
mingeprH(U) has a unique minimizer and so definition (23) makes sense.
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Step 5: Interpolation. For functions ¢ € C7([0, )) and ® € C([0, ©); Y), we define ¢ = ¢(t"), ®" = d(t"),
and E" = &(U™) for n € N. Inserting ® = ®"1 in (25), multiplying the resulting inequality by ¢""! and summing
this up for n € N provides

Z [(b”_l(E" _ En—l) _ ¢n—1<Un _ Un—l’ q,n—l)]

n=1

+ 72 ¢ - (AU, ) + K(@NEWT) - B - 1G] < 0.

n=1

Since there exists a ng € N such that ¢ = 0 for all n > ny, we may use a discrete integration-by-parts formula
and divide by 7 > 0, to obtain

*© n_ 4n-1 n _ gn-1
- Zl%w" - @ o) - on %ﬂ - W) - (@, U]
n=1 . (26)
- T TR - (AU, @) + K@ED™ - B - 1G] < 0.
n=1

We define the piece-wise constant interpolants

— Ut for t € (t"1, t1],
UNt =

) ‘UO for t =0,
1S for t € (", t"],

EN(t) = (UL for t € tn_l, th
&)  for t=0, EV(t) =8@U"Y) forte| )

EN(t) = ‘

for all n € N. Analogously, for test functions ¥ € C([0, «); X), where X is R or Y, we define the piece-wise
constant and piece-wise linear interpolants by

() for t € (t"71, "],
Y(0) for t =0,

ny — n-1
%1y = YO T:/z(t )

NG [ PO =yt for ¢ € [ v,

-t + et for t € [t 7]

for all n € N. Inserting this notation, the discrete energy-variational inequality (26) becomes

- [10"[EY - @™, @) - §™(TY, 0" + PVK@VI(EY + TCu(t))]dt
° . @7)

+ IQ” [W(e, T™) - (AL, T™), @) + K(@METM)]dt - pO)ETy) - (D(0), Ty)] < 0.
0

Step 6: Convergence. Since we have EV + t9"(T") < EN so that E" - 7C} < E"! fulfilling

k k ©
Y I - EFY) < B0 - E¥ + 20 Cl < E(0) + 2[ Gal0)dt,
i=1 i=]. 0

we obtain that t = EV(t) and t ~ EN(t) are nonnegative and bounded in BV([0, )).
Moreover, by the coercivity of & and the L* bound of EV, we infer from U™ (t)) < E¥(t) that the

sequence {UMyen is bounded in L*((0, ); V). Thus, we may extract (not-relabeled) subsequences so that
there exist E, E € BV([0, «)); and U € L*((0, »); V) so that

oV iy in L=((0, ); V),
(E", M)~ (E, E) in BV([0, »)),
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where we used the weak* compactness of functions of bounded variation in BV([0, «)) [3, Proposition 3.13]. We
show next that EVY and EV converge to the same limit, that is, E = E a.e. in (0, ). Due to the estimate
E" < EM1 + 1C§, we find

[IEY - E¥de= 3 ol - By
0 n=1

< ) t(|E" - EM1 - 1Cy| + 1C)
n=1

I
M s

T(EM1 = EM + 7C§ + 1C})

=
n
_

I
M

T(E" - E™ + 27C§)

=
I
—_

=T

E(0) - lim E"
n—oo

+ ZTICq:(t)dt
0

E0) + ZTIny(t)dt
0

<7 —0 as N — o,

where the first equality follows from the definition of E" and EV, the first inequality is the triangle inequality,
the subsequent equality follows from the fact that the occurring term in the absolute value has a sign, and the
last inequality follows from the nonnegativity of the values E". This allows us to identify E = E = E a.e. in
(0, »). At the discrete level, it holds that EV(t) = &(T"(t)) for all t € [0, ). For any { € CZ([0, »)) with
{(t) 2 0 forallt € [0, ), we observe that

I((t)E(t)dt = lim j((t)ﬁ "(odt = lim J'((t)a(t‘f”(t))dt > j((t)a(U(t))dt,
0 0 0 0

where the inequality holds due to the weakly lower semi-continuity of & and Fatou’s lemma. This implies that
E > &(U) a.e. in (0, »). Since ¢ and @ are continuously differentiable on (0, «), we have

00" ~ ¢, ¢"~9¢, ¢ ~¢  pointwisein [0,) as N = w,
30" - 9,0, ®¥ - @, VOV - V® in Y pointwisein [0, ) as N - co.

With these observations, we may pass to the limit in the weak form (27). We note that U" occurs
linearly in the first line of (27). All other terms are bounded and converge almost everywhere in (0, «).
This implies that

[

~lim [o,"[EY - (T, @) - 47T, 08") + pYK(@V)(EY + wCu(0))dt
0

= - [aglE - (U, ®)] - (U, 0,9) + pK@)E .
0

The term TJ: QN K(@V)Cy(t)dt can be bounded by 7 times a constant such that it vanishes as 7 — 0. Observing
that the second line in (27) is bounded from below due to Hypothesis 3.1, since every lower semi-continuous
function on a bounded set is bounded from below, and that ¢ > 0 in [0, ), we may apply Fatou’s lemma and
the weakly-lower semi-continuity of the function from (15) as well as the continuity of K to pass to the limit in
the second line of (27), which yields
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limin [ortwee, 0) + A, 0), @) + K@M)E@) de
0

v

J'lilgninf ON[W(, TY) - (A(t, TV), @V) + K(@M)ET™M)]dt
0

v

T
[o1ec, v) - a@, V), ®) + K@EW)dt.
0

Summarizing, we infer in the limit from (27) that

- JodlE - (U, @) dt - $OIEWD) - (T, 2(0))]
0

00

+ [olw, 0,®) + w(t, U) - (A, 1), @) + K@)[EW) - E]]dt < 0.
0

Via Lemma 2.1, we now end up with the energy-variational inequality (16) and with

Um[E(t) = (U(0), ()] < E(To) = (To, 2(0)),

after possibly redefining the function on a set of measure zero. Choosing ® = 0, we find E(0+) < &(Up) so that
E(0) = &(Up). Multiplying the aforementioned relation by a > 0 and choosing ® = a”'® for ® € Y, we find
lim,.o(U(t), ®) < (U, ®) and the same for & replaced by -®. That implies (U(0+) - U, ®) = 0 for all ® € Y.
From Lemma 2.2, we infer that U(0+) = U in V. This concludes the proof of Thm. 3.3. O

Proof of Proposition 3.6. Adding and subtracting the term (8,0 + A(t, ), D’.8(U)(U - U)) from (16), with
® = DED), we find

t t
+ [, aDe@)) - (3.0, D*e@)W - D))dr

S s

0=[E - (U, DE(D))]

t
+ _[[lp(r, U) - (A(t, U), DED)) - (A(z, U), D2E(0)(U - U))]dr (28)

+ _[(atﬁ + A(t, U), D2E(0)U - 0)) + K(D)[EW) - E]ldr.

From the main theorem of differential and integral calculus, we observe
t
[Kw. ame@)) - (o0, D2e@)W - B))dr
’ 29)

= J’<atf1, D2E()Tdt = —jat[a(ff) — (DE(D), TY]dx.

From (14), we find (A(t, U), DE(0)) = W(t, U) for all U € Y. Taking the derivative of relation (14), we infer
(DY(t, 1), &) = (A(t, U), D*&(0)E) + (DA(t, U)E, DE(D)). (30)

By inserting (29) and the aforementioned two relations into (28), we conclude
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0= R(U,E|D)

t t
+ J'[tp(r, U) - W(r, U) - (D¥(z, ), U - O)]dr

N

[(A(t, U) - A(t, U) - DA(t, O)(U - ), DED)) + K(DEWO))[EWU) - E]ldT (3D

+ (8,0 + Az, U), D2E(0)(U - 0))dr,

© My = ) Sy

which implies the assertion. O

4 Overview of viscoelastic models

In this section, we introduce a brief presentation of different incompressible viscoelastic models available in
the literature. Our aim is to apply the abstract theoretical framework introduced in Section 3 to prove the
existence of energy-variational solutions of viscoelastic models, without the need to introduce, as typically
done in the literature, diffusive regularizations in the transport equations for the kinematic variables to obtain
the existence of weak solutions. Throughout the discussion, we will indicate the model variants which con-
stitutively satisfy the assumptions introduced in Section 3, and thus which are fitted by the general theoretical
framework, while we will highlight the limits which forbid its application to some other model variants.

The starting point for the derivation of viscoelastic models is the definition of a kinematic variable
G : Q x [0, ©) > R¥? which is a mapping for infinitesimal deformations between the initial and the current
configurations of a viscoelastic body. In Eulerian coordinates, given the velocity field v : @ x [0, ©) — R, the
kinematic variable G satisfies an hyperbolic equation of type

DG = h(G, Vv), (32)

where D;G = 3;G + v -VG is the material derivative in the Eulerian coordinates and h : R4 x R4*d — Rd*d jg
a function representing the time variation of the mapping associated with infinitesimal deformations,
depending on both G and Vv.

The model equations can be derived from the principle of virtual powers, which gives the conservation
equations for the linear and angular momenta expressed in terms of the kinematic variable G and of a stress
tensor T, which is the power-conjugated variable to Vv. The form of the stress tensor is constitutively assigned,
in terms of the kinematic variable and of the velocity field, for the system to satisfy the following mechanical
version of the Clausius-Duhem inequality in isothermal conditions [23, Appendix Al:

d
o j edx < WR(®)), 33)
R()

where R(t) € Q is an arbitrary part of the material moving with the material, e is the free energy of the system,
which has to be constitutively assigned, and W (R(t)) is the rate of working on R(¢t) of all the forces exterior
to R(t).

Specifically, the principle of virtual powers states that the sum of the virtual power of acceleration
forces plus the virtual power of internal forces expended within R(t) is equal to the virtual power expended
in R(t) by material external to R(t) or by external forces [21,24]. Defining the set of virtual velocities
V={h:Qx[0,0) > R4V =1y on 9, x [0, ©)}, where 9Q4 C dQ, the virtual power of acceleration and
internal forces are defined as follows:

Pacc RO, 9) = [ Dw-¥dx, py(R(®),9) = [T :v0dx, (34)

R(t) R(t)

and the virtual power of external forces is defined as follows:
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P RO, D) = [frodx+ [ t,-vds,
R(®) OR(t)

where f is an external field, while ¢, is a traction on the boundary of R(t). Moreover, as a consequence of
frame-indifference, the internal power expended within R(t) for rigid virtual velocities must be equal to zero.
Then, the principle of virtual powers becomes

Pace R, V) + Py R(), V) = pR(), V), VVETV, VR()CQ, (35

which implies, together with the kinematical constraint (32), that the following system of coupled PDEs is
satisfied

Dy - divT = f, divv =0, (36)
DG = h(G, W), 37

endowed with the boundary conditions
v=vy; on 90Q; x [0,o), Tn=t, on 9Q, x [0, ), (38)

with 0Q; U 0Q, = 92, |04 N 0Q,| = 0. We observe that we are considering only Dirichlet and Neumann
boundary conditions for ease of exposition, but also other boundary conditions, like Robin, could be
allowed in the present theoretical framework. Moreover, defining the set of rigid virtual velocities as
Viigia = {0 : Q x [0,®) - R?: ¥ = vy + Ax}, for any constant vy € R? and constant A € R%:Y, the fact that
Pin¢R(D), V) = 0 for any v € Vigq, V R(t) € Q, implies that T € R&.4. Assuming the energy density of the
system to be of the form

e(G,v) = % [v* + é(G), (39)

i.e,, given by the sum of the kinetic energy density and of the elastic free energy density €, and observing that
the rate of working on R(¢) of all the forces exterior to R(t) is equivalent to the actual power of the external
forces, the Clausius-Duhem inequality (33) with inertia takes the form

d .
ER{)Q(G’ V)X % e (R(), V) + i (RO, V) + R{)pdwvdx, o)

where p is the Lagrange multiplier for the incompressibility constraint divv = 0 and where we used the
principle of virtual powers (35). Applying the Reynolds transport theorem and using (39) and (34), the Clau-
sius-Duhem inequality becomes

0é
I v-Dwvdx + J 3G :DGdx + J edivvdx < I v-Dwvdx + I T:Vvdx + Ipdivvdx, (41
136 136 R(®) 136 136) RQ®)

Specific forms for the stress tensor T are then constitutively assigned for (41) to be satisfied.

Different choices for the kinematic variable G, together with different constitutive assumptions for the
form of the free energy density é(G), lead to different viscoelastic models. In the following, we list different
variants, associated with different choices of the kinematic variable, which have been considered in the
literature.

Kelvin-Voigt viscoelasticity. A standard approach is to consider as kinematic variable G the deformation
gradient F (i.e., the Jacobian of the deformation map between the initial and the current configuration) (see
e.g. [25]), which satisfies the transport equation:

DfF = WF. 42)

Considering (42) in (41), we obtain that

o6
J O Vvdx < IH :Vvdx + I (p - e)divvdx,
R(t) R(t) R(t)
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hence a general constitutive assumption for the stress tensor which verifies inequality (40) is
e .
T = 2u(Vv)sym - pl + OTF[F = Tyise + Ter, (43)

where we renamed p < p — e, and g > 0 is the fluid viscosity of the material. Here, Tyjsc = t(VV)syn — pll is the
viscous contribution to the stress tensor and T,; = %FT is the elastic contribution.

Another common possibility is to consider as kinematic variable the left Cauchy-Green tensor
B =FFT € [ngﬁﬁ, which satisfies, as a consequence of (42), the transport equation:

DB =VvB + B(W)T, (44)
which is a form of the Oldroyd-B equation [43]. Considering (44) in (41), analogously to (43), a general con-
stitutive assumption for the stress tensor in terms of the variable B, which verifies inequality (40) is

0é

Ty = 2—B. (45)
el 9B

We also cite the possibility to describe viscoelasticity through the kinematic variable given by the elastic stress
tensor (45) [38].

Remark 4.1. As reported in [44], given the formula B = FIF7, the most general transport equation for the
deformation gradient F, which implies the Oldroyd-B equation (44) is

D{F =FW + VI, (46)

for any W € R%:4.

In [44], the following general form of the transport equation for [ is considered instead of (42):
D{F = aVWF + b(W)F, 47)

with a, b € R. This corresponds to nonstandard elasticity where the strain measure F does not necessarily
respond as the Jacobian of the deformation, but it may take into account incompatible components coming
from the molecular theory of viscoelasticity. Frame indifference implies that there exists a € R such that

a= azz, b= %2 [27]. Considering (47) in (41), analogously to (43), a general constitutive assumption for the
stress tensor, which verifies inequality (40) is
oé a 0é
—(aq+ T — T 48
Te = (a b)a[F[F > a[F[F (48)

As a consequence of (47), the left Cauchy-Green tensor B = FIFT satisfies the transport equation:
DB = a(VWB + B(W)T) + b((VW)'B + BYW) = 2((VV)skwB )sym + a((VW)symB Jsym. (49)

Considering (49) in (41), analogously to (43), a general constitutive assumption for the stress tensor in terms of
the variable B, which verifies inequality (40) is
0é 0é
Ty = 2(a + b)——B = a—B. (50)
el ( )a[B oB
Generalized viscoelasticity with stress relaxation. We now introduce viscoelastic models, which consider the
phenomenon of stress relaxation, which is a process resulting from the collective microscopic dissipative
phenomena in a viscoelastic material modeling living tissues. We refer the interested reader to [38], where a
general framework to describe stress relaxation is obtained by expressing the deformation gradient F as a
multiplicative decomposition in terms of a dissipative component and an elastic component. A first variant of
(47) found in literature (cf, e.g., [44]) is the transport equation:
1 oe

= + 'F - —
D{F = aVWF + b(Vv)'F Zyp Fr (51)
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where p1,, > 0 is a relaxation constant related to the material viscosity. The latter transport equation is the one
considered in [44], which adds to (47) a dissipative contribution proportional to — Con51der1ng (51) in (41),
analogously to (43), we obtain the general constitutive assumption

o0é a oé
—(q+ FT = FT. 52
a=(a b)aF 2 oF (52)

Moreover, the dissipative contribution in (51) gives rise to the term

- 1 0é oeé
"o ) oF o
Hy R(t)
in the inequality (40), where ¥ is the dissipation associated with the elastic deformation. Another variant of
(47) found in the literature is the transport equation:

1 oé
D{F = aWF + b(W)TF - —[F[FT
2u oF’

p

(53)

where the dissipative contribution is proportional to the elastic free energy derivative up to transformation
via the metrics FFT. The latter contribution in the transport equation gives rise to the dissipation term
- 1 o0é 0é
Y = 2 I FT—: IFTOTF dx.
Hy R(t)
As a consequence of (51), the left Cauchy-Green tensor B = FFT satisfies the transport equation:

1 oé

DB =a(VvB + B(Vv)T) + b((VWW)'B + BW) - y_EB
106 (54)
= 2((V)skwB )sym + a((vv)symlB Jsym — “ a[B

The latter transport equation may be seen as a generalized Oldroyd-B type equation [43]. Considering (54) in
(41), analogously to (43), we obtain the general constitutive assumption for the stress tensor

0é
=2a+b —[B =a—B, (35)
(a +Db) I35
and the dissipation term
< 1 0¢ o0é
Y= [.1_ aTB . aTB[B dx. (56)
PR

The transport equation for the left Cauchy-Green tensor associated with (53) is

1 o6
DB = a(VWB + B(YW)T) + b((W)'B + BYv) - H—[B aTz[B
(57)
1 _o¢é
= 2((VW)skwB Jsym + A((VV)symB )sym = —B - B.
u, 0B

The latter transport equation may be seen as a generalized Giesekus type equation [22]. The dissipative
contribution in (57) gives rise to the dissipation term
| 0é 0é

§=— [FrF  rr L Fax.
iy OB B X (58)

We now specify different variants of viscoelastic models, associated with different choices of the kinematic
variable G, giving constitutive assumptions for the form of the free energy density é(G). The standard elastic
free energy density for Oldroyd-B and Giesekus type models is of the Neo-Hookean form, i.e.,
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éB)=tr(B -1 -In(B)). (59)
Collecting (36), (55), (54), and (59), we obtain the following generalized Oldroyd-B model:

ov+ (W -V)v+Vp-puAv-aV-B =f, V-v=0, (60a)

0B + (v VB - 2[(VWW) qwB lsym = a[(VW) gyrB Jsym + Hip([B -1)=0, B)uw =0. (60b)
Collecting (36), (55), (57), and (59), we instead obtain the following generalized Giesekus model:

ov+ (W -V)v+Vp-puAv-aV-B =f, V-v=0, (61a)

B + (v -V)B - 2[(VW)gwB lsym = a[(VV) gymB lsym + ‘uip([B2 -B)=0, B)uw =0O. (61b)

We observe that both the models (60) and (61) do not satisfy Hypothesis 3.1 of the abstract theoretical frame-
work, and thus, the existence of energy-variational solutions to these models cannot be inferred from Theorem
3.3. Indeed, the elastic free energy (59) is not superlinear, and thus, the energy functional & does not satisfy the
hypothesis in 3.1. Moreover, as observed in Section 1, the a priori bounds coming from the dissipative
inequality (40) do not imply the integrability of the quadratic terms in (60b). Recently the existence of
weak solutions to the Giesekus model was shown using different mathematical tools [12].

A natural regularization of the energy (59) was introduced in [8] by adding a quadratic term leading to

éB)=01-pBtrB -1 -In(B)) + g B -1}, (62)
with 0 < B < 1. We note that (62) is superlinear. In [8], a transport equation for B, which takes into account

both Oldroyd-B type and Giesekus-type relaxation processes was considered, leading to the model
ov+ (W-V)v+Vp-puiv-aV(1-B)B -1)+B(B2-B)) =f, V-v=0, (63a)
oB + (v-V)B - 2[(vv)skw[B]sym - a[(vv)sym[B]sym +B -1+6B>*-B)=0, (B)gw =0 . (63b)

Note that for § = 0 the transport equation (63b) is of Oldroyd-B type, while for § > 0 it is of Giesekus type. Note
also that the particular form of the relaxation terms in (63b) breaks the dissipative structure of the system if
§# % i.e., in this case, the dissipation cannot be interpreted as a multiple of the derivative of the free energy
with respect to B. In [8], stress diffusion is added to the aforementioned model, which breaks the dissipative
structure as well. We disregard stress diffusion here and prove existence of energy-variational solutions to
system (63) in Theorem 5.2.

We conclude this section by observing that a possible way to overcome the impossibility of inscribing the
generalized Oldroyd-B model (60) in our abstract theoretical framework could be to consider its counterpart
expressed in terms of the kinematic variable [, i.e. considering the Neo-Hookean elastic free energy density

éF) = [FP* - P - log(det(F?)), (64)

which is superlinear. The drawback of this approach is that (64) is not necessarily convex, since the tensor F
is not symmetric, and hence, it does not satisfy Hypothesis 3.1. Indeed, we recall that the function
-log(det(X?)) = —2log(det(X)) is convex on the set [Rf%& [10, Section 3.1.5], while it has no convexity proper-
ties on the set R ©*?, Unlike the kinematic variable B, which is symmetric as a solution of its transport equation
if it is symmetric at the initial time, the transport equations 47, 51, or 53 do not imply that their solutions have

any symmetry. A possible way to proceed is to consider a transport equation for F of the type (46), i.e.,
DF =FW + aVWF + b(VW)'F, (65)
choosing the skew tensor W in such a way that

(FW + aVF + b(VWW)TF)gw = O,
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implying that the solution of the transport equation is symmetric if it is symmetric at the initial time. This
approach has been employed in [5]. In the Appendix, we will derive the general form for such a W, giving a
mechanical and geometrical interpretation to it as (minus) the angular velocity for the system (A3), while the
corresponding symmetric solution [ is the square root of B and contains information about the stretching in
the system. We observe that, since W = W (F, Vv) depends linearly on Vv but non linearly on [, it is difficult to
fit the theoretical framework to the model obtained with this approach, checking that Hypothesis 3.1, in
particular the convexity of the mapping (15), is verified.

An alternative and more practicable way to proceed in this direction is to consider the symmetrized
transport equation of (51), i.e.,

DF = S(WF + F(W)T) + Z((W)'F + FW) - #iaF -FY, (66)
14

where the solution preserves the symmetry of initial conditions. We observe that (66) corresponds to the
generalization (47) of the transport equation applied to a symmetric tensor F of the form (in components)
1

[Fij=5

0X; . 0x;
X, ox;

>

with x, X coordinates of the current and the initial configurations, respectively. This means that the symmetric
mapping F represents pure shear. Note that for pure shear the angular velocity, W = O, and in this case, the
viscoelastic model becomes

Av + (v-V)v + Vp — uAv - aV-(F?) = f, V-v=0, (67a)
1

ofF +(v-V)F - 2[(vv)skw[F]sym - a[(vv)symﬂ:]sym + u_([F -FH=0, F)aw =0. (67b)
P

The corresponding Oldroyd-B model to (67), which is formally derived from (67) by multiplying (67b) by B
and defining B = [F?, is the model

v+ (W -V)v+Vp-puAv-aV-B =f, V-v=0, (68a)

0B + (v -V)B - 2[(VV) swB Jsym — 4a[((VV) sym \/ﬁ)sym \/ﬁ]sym (68b)
1

~avB (W) B + 4 B-D=0, By =0. (68¢)
p

We want to remark that the described equivalence of the model is only formal. We can only show the
existence of an energy-variational solution to the system (67) in Theorem 6.2 and not the necessary additional
regularity of this solutions to infer the existence of an energy-variational solution to the system (68). Never-
theless, the solutions of the systems should exhibit similar phenomena.

5 Oldroyd-B model for viscoelastic fluid with regularized energy
In this section, we want to apply the abstract result contained in Theorem 3.3 to system (63) describing viscoelastic
fluids with a regularized energy, which was proposed in [8]. We repeat the system here for convenience,
ov+ (v-V)v+Vp-pudv-aV((1-B)B -1)+BB2-B)) =1, V-v=0, (69a)
0B + (W VB - 2[(VW)gwB Isym — a[(VW)symBloym + B —1 + (B2 -B) =0, (B)sw =0, (69b)
with f € (0,1), a € R\{0}, and §, u € (0, «). This system is equipped with initial and boundary conditions,
v(0)=v,, B(0)=By in Q (69¢)
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v=0 on 9Q x [0, o), (69d)

Remark 5.1. (Boundary conditions) In comparison to the model proposed in [8], we delete the stress diffusion
and chose certain constants to be 1. Moreover, we choose homogeneous Dirichlet boundary conditions for the
velocity field in comparison to the following Navier-slip boundary conditions in [8],

v-n=0, -v=(2uWW)sm +a(@-pHB -1) + B(B% - B))) n); on 9L x [0, ). (70)

The handling of these boundary conditions is somehow standard, and we decided to simplify the model in this
regard for the readers’ convenience. However, the same results hold true with some obvious changes for the
generalized formulation in terms of additional boundary terms and the underlying spaces.

We define the space V to be given by V = L3(Q) x LSZyrn (Q), and we define the energy & : V - [0, ») via

6w )= | * [0 - BB -1 - 10g®) - G -1pax| B Lh@
0 else
We define the space Y to be
Y = (W N H ) QRY x (L N WHHQRED). (72)

Definition 5.1. We call the triple
(v, B, E) € L7((0, ©); LF(Q)) N L*(0, ©); Hyo(Q)) x L7((0, @); Lm +(R)) x BV([0, )

an energy-variational solution to (69a)-(69a) with the initial values vy € L§(§2) and By € L§Ym’+(£2), if
&E(v,B) < E and
t

[E - (v,0) - (B, 0)]

t
J(f,v - @)ydrt

N

+ I(V, 0p) + (B,0,0) + (v® v-uW-a(@- B - 1)+ fB* - B)); Vp)dr

+ I((V V)G;B) + 2(VW) 5B 30) + a(VWW)gymB; 0) = B - 1 + §B* - B);0)dt

N

+ Ju, w) + (@ - )1 - B + B+ 81~ H)B - 1) + SFB(®B - 1);B - 1)dr

t
+ [%(p, 0)EW,B) - E)ydr <0

holds for a.e.t > s € (0, ) including s = 0 with v(0) = v, as well asB(0) = B, and all (¢, 6) € C¥([0, ©); Y),
where the regularity weight K is given by

[ 2B+ 8- 38B)-

gl e T g -l + B (73)

K(@, 0) = 2max{l, a}||(VQ) sym -l rex¢) +

The first result regards existence of energy-variational solutions for (69a)-(69b) as well as their weak-
strong uniqueness.

Theorem 5.2. For every vy € Ly, Bg € L, , with IndetB, € LX(Q) and f € L*((0, »);(Hy ,)*), there exists an
energy-variational solution in the sense of Definition 5.1 with E(vy, Bo) = E(0).



DE GRUYTER Energy-variational solutions for viscoelastic fluid models = 21

Let (V, B) be a weak solution to (69) with

¥ € L*((0, T); Wb(Q)) N C'([0, T;LA(RQ))

. 74
B € L*((0, T); (W™ N L™)(Q; RS 1)) N CY([0, TT; L (Q)) 7

so that there exists ab € (0,1) withdetB > b for a.e.(x, t) € Q x (0, T) as well as (¥(0), B (0)) = (vo, Bo). Then
it holds that

v=yv and B =B for al (x,t)€Q x (0,T).

Remark 5.2. We also want to stress that the assertions of Corollary 3.4 hold since & given in (71) fulfills the

p-uniform convexity assumption with p(x) = %xz. This also shows that the initial values are actually attained
in the strong sense.

Proof. To prove Theorem 5.2, we want to apply Theorem 3.3. Therefore, we have to show that Hypothesis 3.1 is
fulfilled.

As mentioned earlier, V = L2 x Lgym and the energy is given by (71). The dissipation potential
YV - [0, =] is given via the potential

XW,B) = plVw P + (- pB@E -B™*+ (B +81-pHB -1)* + BB - 1)%),

so that

xw,B)dx - (f(t),v) ifveE€H], and B €L},, withBl€Ly,,
Y, v,B) =1y ) (75)

00 else

For the lower bound of the dissipation potential, we may choose Gy(t) = inf”
inequality, we can estimate

2 1 3
@ Indeed, via Young’s

u 1
Wt v, B) 2 |V ~ F©, v) 2wl VI — (19912l = S I9VIE - Ellfllf,,o{g)* 2 ~Cy(t).

Note that the regularity of f & L*((0, «); (H&G)*) is essential for ¥ to be well-defined and lower semi-
continuous.

To check the next assumptions, we need to calculate the convex conjugate of the energy &£. The subdiffer-
ential is single-valued on its domain and is given by

* v
66:V 1" 0&vB)= [(1—ﬁ)(ﬂ -BY) + f® - 1)) 76)

Its inverse gives the subdifferential of the convex conjugate according to Fenchels equivalences, which is
single-valued on V* =V and given by

0E* 1 V* > 2 3EX(o,0) = sza)] when o € L. and (¢, 0)" else. (77)
Here, we used the definition
o-(1-280  [(e-(-281?" (1-P)
= I 78
B(o) 2% + \/ 1 + 5 (78)

which comes from the fact that o solves the matrix equation o = (1 - 8)(1 - B™) + B(B - 1) and as a con-
sequence of the positive definiteness of B, it holds

0=8B2-(c-(1-28B - (- p.
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The plus sign in front of the square root in the definition of B reflects the fact that d&* should map into the
domain of &. We note that the derivative DE*(@, o) € domW for all (¢, a) € Y, which follows from the fact
that @ € H&ya and o € Lszym!+ implying that the second component of &* belongs to Lfym,+.

The operator A : dom¥ — Y* is given by all terms in the equations (69) despite the time derivative, such
that

(A(t,v,B), (@, 0)) = (W, V@) - (v® v - a(l - BB - 1)+ B(B* - B)); Vo)
-{f(®),9)- (B ® v ; Vo) - (W)sgwB; o) (79)
- a((W)ymB; 6) + (B - 1 + §(B* - B), 9).

We need to show that (14) is fulfilled for A and ¥ as given above, i.e.,
<A(t, D&EX(9, 0)); [z]> = W(t, DEX(9, 0).

To verify this assumption, we insert v = ¢ and B = B(g) in (79). This calculation resembles the usual energy
estimate. Since ¢ is a solenoidal vector field, the convection term vanishes, (¢ ® @;V¢) = 0. From the identity

(1 - B)(B(o) - 1) + B((B(0))* - B(0)) - 6B(0) = 0,
we find that

a((1 - B)B(o) - 1) + B(B* (o) - B(0));Ve) - a(VQ) ynB(0); 0)
= a((1 - B)(B(o) - 1) + B(B*(0) - B(0)) - 0B(0); (V@) syn) = 0.

Furthermore, we observe by an integration by parts and expressing ¢ in terms of B(c) that

-(B(o) ® ¢ ; Vo) - 2(V¢)swB(0); )
= ((¢ 'V)B(o);(1 - ) - B(0)) + B(B(0) - 1)) = 2((V9)swB(0);(1 = B - B™(0)) + f(B(a) — 1)

= I(l - B)(¢ V)tr(B(o) - In(B(0))) + P
Q

(@ DIB(o) ~ 1 dx

= 2((V9) sww5(1 = P)(B(0) — 1) + B(B*(0) — B(0))) = 0.

The first two terms on the right-hand side vanishes since ¢ is a solenoidal vector field and the last two terms
since both are a Frobenius product of a skew-symmetric and symmetric matrix. By using all these cancella-
tions, we find for the remaining dissipative terms:

(At, 9, B(0)), (9, 0)") = IX(‘P, B(0))dx - {f(1), ¢) = ¥(t, 9, B(0))
Q

for all (¢, @) € Y. Due to (77), this calculation implies that assumption (14) is fulfilled. The continuity of the
function B in ¢ implies the continuity of the function ¥ * DE* in the topology of Y. Since y is a continuous
function in B, the combination of continuous functions is continuous and the boundedness allows us to deduce
continuity of ¥ < DE* by Lebesgue’s theorem on dominated convergence. We also observe from (71) and (75)
that at their global minimum EWpin, B min) = Y(Vimin, Bmin) = 0 with vy, = 0 and B i = 1.

The final condition, we need to verify is (15). Therefore, we observe the following estimates:

ve v-afB -D% Ve)=(v e v-afB - 1)% (Vo)sym)
< (Vg + aBlIB = 132 )I(VQ) syrm ll=com<d)
< ||(v¢)sym ”L""(Q;Rd”’l)zmax{l) a}&E(v, B)

and
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B® v;Ve)=((B -1)® v ; Vo)
1
< [Vilzee) VBB = V2= V0130
JB
< JE(9Vlz@)/BIB ~ 1] < Vo]
< 1X(Q) A C) @
VB

u c?
EHV‘)”LZ(Q) B ||V0'||L3(Q)8(V, B),

where we used that (I ® v ; Vo) = (v, Vtr(e)) = 0. Furthermore, we obtain, by using the equations
201 s ey = W1z = 21(TW) symli2e) for all v € HY, that

—2(W)gw(@B - 1); 0) — a((VW)sym (B - 1); o)

< QW) skwllizg) + all(VV) symllz@)IIB = 1121101122
1
< —(2 + Q)W lIB = 1l2@lloll=@
2+ a)?
< IIVVII wgy * a0l E(V, B).
LXQ) aup L*(Q)
Moreover, we observe that
) 26
-8((B - 1)%0) < FII(G)—IImmS(v,B). (80)

Notice that we always manipulated the appearing terms of B by subtracting the identity to have a good L? estimate
in terms of the energy. The additional terms only give linear contributions and do not affect the analysis.
These three inequalities imply that the mapping
(v, B) = WP + (V@ v - af(B 1) V9) + (B -1)® v ; Vo)
+ 2(W)sw (B - 1); 0) + a((vv)sym([B - D; o)

+ Zmax{l, a}||(v¢)sym,—||Lm(S2;Rd d ,B ||VG||L3(Q) 8(‘)’ IB) (81)
| @ra? L2
4l1ﬁ ”O.HL (Q) B ||(O')—||L Q) 8("1 IB)

is nonnegative. Moreover, since it is quadratic, it is also a convex mapping. The linearity of the mapping
(v, B) = ~u(W, Vo) + a((1 - 2B)B - 1); V@) + a((W)sym; 6) = (f,v - @) - (1 - (B - 1); a) (82)

assures its convexity and therewith also its weakly-lower semi-continuity [26].
For the remaining dissipative terms, we find

(@-pO-BH+(B+81-p)NB -1)+5BMB -1)): (B -1)
= (@1 -BB - 1-BA-EN +(1-p-358)B+(B+8-38B)B - 1) + SB3).

Defining the mapping ¥ : R4 , - [0, ») via

sym,+
FB)=1-pu®B™) - 1-pA-6)d+1-p-38p)u@®) + (B + 8- 35p)IB -1} + 6ptr(B*)

(83)
+(B+6-36p)-IB - 1P,

we observe that ¥ is convex. Indeed, the constant and linear terms are trivially convex. The condition
B € R”S’yﬁﬁ’+ assures that the mapping B ~ tr(§8B3 + (1 - B)B™) is convex. For the quadratic term, we
observe that by adding (8 + 6 — 368)-E(v, B), this term becomes nonnegative and thus convex. Combining
(81), (82), and (83), we find that the condition (15) is fulfilled such that Theorem 3.3 can be applied and assures
the existence of a solution in the sense of Definition 5.1.
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Now, we want to prove the second part of Theorem 5.2 concerning the weak-strong uniqueness of solu-
tions. Therefore, we want to apply Proposition 3.6, and we have to assure that Hypothesis 3.5 is fulfilled and
that a strong solution enjoying the regularity (74) fulfills the regularity assumptions of (20).

For this example, we define W = Hj, x L3, and p = 2 such that

Z(0,T) = I*(0, T); Hyy x L3) N L((0, T); L x LE,,)
and
Z(0,T) = L}(0, T); IX(; R%) x L3y) N IX(0, T); (HY,)* x LY2).

First, we observe that B € L*(Q x (0, T)) and its positive definiteness detB > b > 0 a.e. in Q x (0, T) implies
that also B! € L*(Q x (0, T)). This implies, by the calculation (76), that for (¥, B) € L*((0, T); Y), it holds
that 8&8(V, B) € L*((0, T); Y).

Second, we rewrite the operator A via

T T
Jeact, 5,8), av, G)ydt = [uvs, ) - (5 @ ¥ - a(@ - BB - 1) + BB - B)); Vibydt
0 0

T
= [4f ) - (@ DB 6) + 2(TD) e B; B
0

T
- (@) B 6) + @B -1 + 5B - B); G)dt,
0

so that we may estimate
IAC9, B)llzeo,r) < ull¥llzag ) || + 1191y + al@ = B)3 + BIB ll=@xo,ry)lIB — Hi

Az + N9l B ll2ews) + @+ laDIVll2eg ) B 2w

+(3+6|B ||LZ(L°°))||[I§ - "“LZ(Lszym)'

2
sym )

Hence, we obtain that A(t,V,B) € Z(0,T). From the regularity assumption (74), we also infer
o:(v,B) € Z(0, T).

Third, we observe that A and ¥ are polynomials in Vv, v, B, and B! and as such Gateaux-differentiable
(cf. (75)). All appearing terms are well defined for the given regularities such that the conditions
DYV, B) € Z(0, T) and DA(D) € £(Z(0, T); L'((0, T); Y*)) are fulfilled.

Finally, we calculate the Hessian of the energy,

0

“lo a-pBle B1+BI® 0| (84)

DXE(W,B)

and we need to prove that D2E(V, B) € £(Z(0, T), Z(0, T)). Since in the first entry D2(V, B ) is the identity, the
property is obvious. Since B! € L™(Q x (0, T)) and Z (0, T) do not include any spatial derivative for the second
component, this property also follows in the second variable of D2E(V, B ). Hence, we proved that the conditions
(20) are fulfilled such that the weak-strong uniqueness result follows from Proposition 3.6 and Corollary 3.7. [

6 Oldroyd-B model for viscoelastic fluid via symmetrized Neo-
Hookean approach

In this section, we want to apply the abstract result of Theorem 3.3 to system (67), which we recall here for the
readers’ convenience
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oV + (v-V)v + Vp - uAv - aV-(F> - 1) = f, V-v=0, (85a)
1

oF + (v-V)F - 2[(VV)SkW[F]sym - a[(vv)sym[':]sym + [1_([': - [F_l) =0, (F)sgw =0. (85b)
P

We take the parameters a € R\{0}, 4, 1, € [0, ®), and we equip the system with the following initial and
boundary conditions,

vi0)=vy, FO)=F in Q (85¢)
v=0 on 0Q x [0, o), (85d)

We define the space V to be given by V = L(Q) x L%, (Q) and the energy & : V ~ [0, ) via

Wz g, + _[|[F|2 - P - log(det(F))dx| if F € L3y /(@)
) .

o0 else

1
EW,F) = {2 (86)

The space Y can be defined as in (72).

Definition 6.1. We call the triple
(v, F, E) € L*((0, ©); LF(Q)) N L*((0, ©); Hy4(Q)) x L7((0, @); Ly +(R)) x BV([0, )

an energy-variational solution to (85a)-(85b) with the initial values vo € Ly(Q) and Fy € L, .(Q), if
E(,F) < E and
t t

[E-(v,0)- (F,0)]| + J(v, 0,0) + (F,0,6) + u(VWw,VWw-Vp)+ (v® v-aF’-1:Vp) - {f,v-e)dr

N
t

+ I((v ‘V)a, F) + 2((W)gwF, 6) + a(W)gnF, 0) + Hi([F -FLF-F'!-o0)dr
s p

t
+ [, 0)EW, F) - Bydr <0

holds for all (¢, ¢) € C¥([0, ©); Y) and for a.e. © >t > s > 0 including s = 0 with v(0) = vy and F(0) = [F,
where the regularity weight K is given by

a)

(2 + 2 2 1 2 CZ 2
K(p, ) = 2max{l, &}||(VQ) sym|lr=@) + TIIGIILm(g) + y—pll(G)—IILw(g) + IIIVGIILs(Q)-

Then, we obtain the following.

Theorem 6.2. For every v, € LyQ), Fy € L, .(Q) with -IndetFy € LX(Q) and right-hand side
f € L*((0, «); (H&,U(Q))*), there exists an energy-variational solution in the sense of Definition 6.1 with
E(vy, Fy) = E(0).
Let (V, B) be a weak solution to (85) with
v € L7((0, T);Wh=()) N C'([0, T];LH(R))

. 87
B € L*((0, T);(W*3 N L") QR &4 ) N ([0, TT; L (Q)) o

so that there exists ab € (0, 1) with detB = b for a.e. (x,t) € Q x (0, T) as well as (V(0), B (0)) = (vg, Fy). Then
it holds that

v="9v and F =B forall (x,t) €Q x (0, T).
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Proof. To prove Theorem 6.2, we want to apply Theorem 3.3. Therefore, we have to show that Hypothesis 3.1 is
fulfilled. As mentioned earlier, letting V = LA(Q) x Lgym (Q) and the energy be given by (86). The dissipation
potential ¥ : V — [0, =] is given by

1
UV = (f),v) + —|F - F'2dx  if vE€ Hj, F €L, .(Q)
i, (89)

w(t,v,F) = ‘g[
00 else

on its domain. In a standard way, we may choose Gy(t) = i“f”?HDl o and estimate via Young’s inequality that
Y(t,v,[F) = -Cy(t) as in the previous example. To check the next aésumptions, we need to calculate the convex
conjugate of the energy &. The subdifferential is single valued on its domain and is given by

&Y =2V 3EW,F) = [ (89)

vl
F-F7f
Its inverse gives the subdifferential of the convex conjugate according to Fenchels equivalences, which is
single-valued on V* =V and given by

a&* : V* - 2 9E%(p, ) = when o € L,,. and (¢,0)T else. (90)

o
F(o)

Here, we used the definition F(o) = % + 4/ %Z + [, which comes from the fact that o solves the matrix equation
o =F -, and as a consequence of the positive definiteness of F, it holds 0 = F?2 - 6 - 1. The plus sign in
front of the square root in the definition of F reflects the fact that 0&* should map into the domain of &. We
note that the derivative DE*(¢, 6) € domV for all (¢, ) € Y, which follows from the fact that ¢ € H[{g and
o € L, . implying that the second component of d&* belongs to L3, .(Q).

The operator A : dom¥ — Y*is given by all terms in the equations (85) despite the time derivative, so that

(AW, F), (9, 0)") = (W, V) - (v ® v - aF?% Vo) - (f, 0)

- (F ® v ; Vo) - 2((W)gwF; 0) - a((VW)gynfF; o) + ul([F -F1 o).
P
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We need to verify that (14) is fulfilled for A and ¥ as given above, ie.,

<A(t, DEX(, 0)); Z]> = W(t, DEX@, 0).

To verify this assumption, we insert v = ¢ and F = F(a) in (91). This calculation resembles the usual energy
estimate. Since, ¢ is a solenoidal vector field, the convection term vanishes, (¢ ® ¢@;V@) = 0. From the identity
F%(0) - oF(0) = I, we find that

a(FX(0); Vo) - a(VQ)symF(0); 0) = a(FX(0) - 6F(0); (V@) sym) = a(l; Vo) = 0.
Furthermore, we observe by an integration by parts and expressing ¢ in terms of F(o) that

-(F(o) ® ¢ ; Vo) - (VQ)awF(0);0)
(¢ -VF(a); F(o) = (F(a)™) = (V@) swF(0);F () = (F()™)

[ -v>tr[§F2<a> -~ I(F(©@)| - (V9) gy : (FX(0) - 1)dx = 0.
Q

The first term vanishes since ¢ is a solenoidal vector field and the second one since F%(g) - I is symmetric. By
using all these cancellations, we find for the remaing dissipative terms the following equality

1
(A, 9. F@), (0.0 = 0l g, = (0,00 + lolsg, = ¥, F@)

holding true for all (¢, 6) € Y. Due to (90), this calculation implies that assumption (14) is fulfilled and also
that the mapping ¥ - DE*(@, o) = ¥(g, [F(0)) given earlier is continuous on Y. We also observe from (86) and
(88) that at their global minimum E(Viyin, Frnin) = P(Vinin, Frin) = 0 with vy = 0 and Frpin = 1.
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The final condition, we need to verify is (15). Therefore, we observe the estimates
e v-aF;V9)=(v e v- aF%(Ve)gym)

—(||V||L2(9) aH[F”iZ(Q))”(v‘P)SYm||L°°(Q;[Rdxd)
<|(VQ) sym [[=o;r 24 2 max{l, at&(v, F)

and

F ® v ; Vo) <||v|lsollFllzelVollse
< Cl|V|| 2 lIIF ||L2(g) IVoll3g)

u
< SV g, + ||vG||Ls &, F).

(€©))

Furthermore, we obtain from the fact that 2(|(Vv) sy = IWVIP2q) = 2[1(VV) symllzz) for all v € Hy,

(Q)
“2((W)swlF; o) - a((V)synlF; o)

< QW) skwllizg) + All(VV) symllz@)IF 1220y l10112=@)
1
< _(2 + )|Vl 20 IF 2@ |01~
C+a)
||V ”Lz(g) 4[.1 ”o-”L”(Q)S(V’ [F)

These three inequalities imply that the mapping
W, F) = [V + V@ v-aF3Y9) + (F @ v -, Vo) + (W)awF; 6) + a(W)gynF; 0)

c? 2+ a)?
+ [2max{l, a}{|(VQ) sym ||p=@ree) + ||V0 ||L3(g) THG I [EW, F)

is nonnegative. Since it is quadratic, it is also a convex mapping. The linearity of the mapping,

1
W, F) =» -V, Vo) - (f,v - ) - u_([F’ o)
14

assures its convexity and therewith, weakly-lower semi-continuity [26].
For the dissipative term depending on the stress tensor F, we find

IF = F gy = IF IRy + IIF gy — 24 (92)

@ (®)

The first term is obviously quadratic and convex and the constant term, does not change this. Finally, we

consider the mapping S : R%% . — R given via

S F =~ tr((F™)?) + tr(F'®) - tr((®)-)%In det(F).
The first derivative in direction G € R%;1 | is given by
(DS(F), G) = ~tr(FFIGF ) - w(F'GF F ) - tr(FIGF @) - tr((®)-)%tr(F 'G).
Calculating the second derivative, in the directions G and H € R‘ﬁ;{fw we find
(D2S(F), (G, H)) = tr(F "HF 'F'GF ! + F'F "HF'GF ! + F'F'GF THF ™)
+ tr(F'HFIGFF ™ + FIGF 'HF IF ! + FIGF IF HIF )
+ tr(@F'GFHF ! + FTIHF'GF ™)) + tr((®)_)Xr(GF "HF ! + HF'GF ),

so that
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(D*S(F), (G, G)) = 2tr((F'GF )2 + FF Y(GF )% + FY(GF )4 )
+ 2tr(@(F H(GIF ™)) + 2tr((@)-)*tr((GF ™))
> 2tr((F'\GF )2 + FIFY(GF )2 + FY(GF V)% )
= 2tr((@))tr(F(GF ™)?) + 2tr((®)-)*tr((GF ™)?)
2 2tr((F'GF )? + F'F/(GF )% + F/(GF)*F ) > 0

as long as G # O. The first inequality follows from
tr((®)«F 'GF'GF ) = tr(F V4(@),F VA(F 2GF %)?) > 0 93)

since the positive semi definite matrix F~/2(®),F /2 induces a positive quadratic form. Note that [F is a
positive definite matrix such that also their inverse and products remain positive definite. To deduce the
second inequality, we used the trace property tr(AB) < tr(A?)tr(B?), which implies

tr(AAB2) = tr(ABAB) < tr((AB)?) + tr((AB)?) < tr(AZ2B?) + A%tr(B2)
for positive definite symmetric matrices A, and B, as well as A > 0. The inequality
tr((®))tr(FY(GF 1)?) < tr(FF Y(GF ™)) + tr((®)-)*tr((GF ™)?)

follows from by choosing A = F™,, B = GF ! and A = tr((®)-).
Thus, we have shown that the mapping S is convex, since its second derivative is positive definite. Hence,
(15) is fulfilled and thus, Hypothesis 3.1 is fulfilled, which implies the first assertion concerning the existence.
Now we want to argue that Hypothesis 3.5 is fulfilled as well as the regularity assumption (20), so that we
may apply Proposition 3.6 and Corollary 3.7. In this regard, we choose W := H&U(Q) x Lgym (), p = 2 so that

z(0,T) = LX(0, T);(Hy s * L )(Q)) N L((0, T);(LE % L1 )(R))
and
Z(0,T) = LN(0, T);(L* x L% () N LX(0, T);((Hy o )* x LEn )(Q)).

Similarly to the previous example, we observe that Fle L®(Q % (0, o)) because detF =b>0 a.e.
in Qx(0,T). This implies, by the calculation (89), that, for (V, F) € L*([0, »); Y), it holds that
DE(,F) € L*((0, T); Y). The validation of the regularity assumption (20) for strong solutions fulfilling (87)
is very similar to the reasoning at the end of Section 5; hence, we will not report this here in detail. Thus, the
second assertion of Theorem 6.2 follows from Proposition 3.6 and Corollary 3.7. O

7 Conclusion and outlook

In the previous sections, we introduced and exemplified a new formulation and solvability concept for non-
linear evolution equations especially suited to treat viscoelastic fluid models. This formulation allows us to
pass to the limit in possible approximations only be means of compactness in weak topologies and thus, does
not require to add stress diffusion in viscoelastic fluid models. We are able to provide existence and weak-
strong uniqueness under proper assumptions, which we show to be reasonable at the hand of two different
examples in the Sections 5 and 6.

To further support our claim that this new approach has the potential to provide an adaptable and
transferable concept, we want to comment on the applicability to other viscoelastic fluid models and possible
directions of future research in this last section.

7.1 Peterlin model

Another viscoelastic fluid model that received a lot of attention in recent years with a quadratic (hence
superlinear) elastic free energy density
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é(B) = %(tr([B )2 - tr(1)? - 2tr(In(B))) (94)

is the so-called viscoelastic Peterlin model for polymeric fluids introduced in [45] (cf. [11]). Collecting (36), (55),
(54), and (94), and assuming, as in [11], that the parameter up‘ !'is a linear function of trB representing a
generalized relaxation term as a material viscometric function, we obtain the following model:

ov + (v-V)v + Vp - pAv - aV-((trB)B) = f, V-v=0, (95a)
0B + (v -V)B - 2[(VW)qwB Jsym = a[(VW) symB Jsym + ttB((trB)B —1) =0, (B)gw = 0. (95b)

The dissipation term (56) coming from the relaxation processes is in this case

Y(y,B) = Iu |VV[2 + (trB)B ((trB)I - B™) : ((trB)I - B™)dx
Q

= [uwop + w@®) - 20B ) + w@)@Hdx.
Q

The last term in this dissipation potential is not convex as a mapping of B. Defining S(B) = tr(B)tr(B™), we
may calculate the second derivative as follows:

(0AS(B), (G, H)) = ~tr(G)tr(BHB™) - tr(H)tr(B'GB™) + 2tr(B)tr(B'HB'GB ™).

This form is not positive for G = H and can not be made positive by adding a multiple of the energy. Indeed,
we may estimate the two terms with the negative sign via

(0:S(B), (G, G)) = -2tr(G)tr(B"'GB ™) + 2tr(B)tr(B"'GB'GB ™)
~ ,tr(B™)

> -2tr(G) B ®)

> -2dtr(G)*tr((B™H)?).
However, from the second derivative of the energy, we obtain the term —(d% Indet(B), (G, G)) = tr((B™'G)?).
To have any hope to find a multiple of the energy that when added to S makes the sum convex, we would need
to find an > 0, tr(G)*tr(B1)? < ntr((B~'G)?). But this does not seem to be possible. Mainly, the problem lies in
the nonconvexity of the dissipation potential. Thus, the hypothesis of convexity of the mapping (15) cannot be
shown to be satisfied, and hence, we cannot apply Theorem 3.3 to infer the existence of energy-variational
solutions to system (95).

Collecting (36), (55), (57), and (94), we obtain the following variant of the generalized Peterlin model:

ov + (v-V)v + Vp - uAv - aV-((trB)B) = f, V-v=0, (96a)

oB + (v-V)B - 2[(vv)skw[B]sym - a[(vv)sym[B]sym + lul((tr[B )B2-B)=0, (B)gw =0. (96b)
p

The dissipation term (58) coming from the relaxation processes is in this case
1
Y(v,B) = Iy |VV? + ‘u—((tr[B )B -1): ((trB)B - 1)dx.
Q P

With the latter term in the system dissipation the hypothesis of convexity of the mapping (15) is satisfied. We
can also allow more general dissipation functionals as long as the convexity assumption (15) for the associated
mapping is fulfilled.

7.2 Lin-Liu-Zhang model

There are also other viscoelastic fluid models that fit into the proposed model framework. A very simple one
arises, if we combine (43) with the energy é(F) = % |F|?, this leads to the system considered in [34],
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ov+ (W -VYv+Vp-utv-VFF)=f, V-v=0,
o + (v -V)F - WF =0, V-F=0.

For this system, all assumptions of abstract result in Theorem 3.3 are fulfilled with regularity weight
Ko, 0) = 2||VQ||1=@) + C(||V6||ig(9) + ||a||%m(9)), where the test functions are chosen as in the two examples
above. In this context, the normalization condition V- F = 0 could also be disregarded. But, by the div-curl
lemma, it can be observed that the weakly-lower semi-continuity of the associated functional in the assump-
tion (15) can be already deduced for Ky(@, o) = 2||VQ||=@). Thus, a future direction to further sharpen our
result is to weaken the convexity assumptions of the associated form in (15) to also sharpen the associated
result for this basic example. Note that for the improved regularity weight %, it can be shown that the
existence of energy-variational solutions implies the existence of measure-valued solutions as proposed in
[34] in the same way as it is proven for the Ericksen-Leslie system in [32].

Moreover, it would be desirable to also include energies into our framework, which do not necessarily
have superlinear growth, which could allow us to further understand at least the Giesekus model (61) or
variants of it. We note that the superlinearity of the energy is essential to infer thatdom&* = V*. In case that &
is only of linear growth, its convex conjugate &* may only be finite on a subset of Y*. This especially hinders an
argument as in Step 3 of the proof of Theorem 3.3, where the continuity of the function f(a) = E(DE*(ad)) is
shown for all® € Y C V*

But still it may be possible to show the continuity of the function on a smaller (nonlinear) set, Y C dom&*.
This would lead to a set of test functions Y that is not linear anymore. But this can still be a reasonable class of
solutions fulfilling existence and weak-strong uniqueness. Indeed, in the proof of the weak-strong uniqueness
result in Proposition 3.6, we have to chose ® = DE(T) for the strong solution . By the Fenchel equivalences
(8) it is clear that DE(y) C domDE* C dom&E* so that it would make sense to restrict the test space to
Y C dom&*. We plan to investigate such models in the future.

Thus, we think that this new approach may provides some fruitful new insight into the analysis of
viscoelastic fluid models. The proposed formulation includes a large class of models and incorporates desir-
able properties. Beside the existence and weak-strong uniqueness, we observed that the solutions form a semi
flow (Remark 3.3). It can also be inferred that the set of solutions is weakly-star closed. Therefore, it could be
desirable to select a special solution of the set of solutions as the physically relevant one as proposed in [30] for
incompressible fluid dynamics. We note that this is already the idea of the time-incremental minimization
algorithm proposed in the proof of Theorem 3.3, where the energy is minimized in (23).
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Appendix

This appendix has two parts. First, we give an explicit formula for the matrix W in (65), and Second, we
calculate the abstract relative energy-inequality (19) for the first example (69) explicitly.

A.1 Explicit formula for the matrix W

Let us consider the polar decomposition of the deformation gradient, i.e.,
F =SQ,

valid if detF > 0, where Q is a rotation tensor and S is a symmetric and positive definite matrix. We start from
the relation

D{F = aWF + b(W)TF, (A1)
which becomes
DiF = Di(S)Q + SD:Q = aWSQ + h(W)TSQ. (A2)

The latter relation involves d? equations, the tensor Q has @ degrees of freedom, and the tensor S has
@ degrees of freedom, so both Q and S can be determined by the previous relation. Multiplying (A2) by QT
from the right, and introducing the angular velocity tensor W = D,(Q)Q7, we obtain that

D(F)QT = DS + SW. (A3)
Also,

QD(FT)Q = D;S - WS. (A4)
By subtracting the latter two equations, we obtain that

SW + WS =H = a[(W)S - S(VW)T] + b[(W)TS - S(W)].
The latter relation is a well-known tensorial equation of the kind
AS +SA =H,
with$ € R, A,H € RES (in three space dimension). A solution of the latter equation is of the form [49]
A = f(SH - g(S)(S’H +HS?), (A5)

where f(S), g(S) are defined in terms of the linear invariants of S as follows:

- II
FO) = o €)= T
Note that (A5) is well defined if § is positive definite. Hence, we have that
DS + SW - aWs$ - b(W)TS = 0,
with
W (S, W) = F(SH(S, Tv) = g(S)(SZH(S, W) + H(S, V)S2).

We note that the latter model is equivalent to the model for S$ derived in [5], where S is interpreted as the
symmetric square root of the conformation tensor B. In the present case, we have derived more coincise
formulas for the expression of W, with a clearer mechanical and geometrical interpretation, then the ones
reported in [5, Appendix A].
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B Relative energy inequality for the first example

It has been shown in the proof of Theorem 5.2 that the assumptions of Proposition 3.6 are fulfilled such that the
relative energy inequality (19) is fulfilled for the system (69). The same holds for system (85). With the help of
Corollary 3.7, we inferred the weak-strong uniqueness results from Theorems 5.2 and 6.2. Nevertheless, the
calculation of the relative energy inequality (19) remains a nonstandard task, at least for non purely quadratic
energy and dissipation. We exemplify the calculations here for the convenience of the reader.

By the definition of the relative energy in Proposition 3.6, we observe for the system (69)

)

RV, B,ElV,B)=E - &W,B) - <66(\71“§)1 [[[‘; :é

=E-&W,B) + E v - + gllB “IE - [B - 1P - 2B - DB - B)]dx
Q
+ (1= p)f[tr® -1 - (®)) - @ -1 - In(B)) - @ - BB - B)]dx
Q
=E-&W,B)+ j% v - bl2dx + _[g B -BP+@1-pur@'B -1 - n@'B))dx.
Q Q

Note that the relative energy is nonnegative, which can be observed for the last term by the fact that B B is
positive definite. To calculate the relative form ‘W, we insert the definition of the dissipation potential (75) and
the system operator (79), we find

W, B|v,B) = _[y |9V - Vo + tr@ BB - 21 + BB
Q
+(B+8(1- ﬁ))_[tr((us ~B))dx + S,B‘[tr([[B + 2B - 2B - B)?)dx
Q Q
+ _[((v V) ® (v-1)+ BB - B)?): VWdx
Q

+ [®-B)e w-9) - viA-p0 - B+ BE - D]dx

Q

+ 100 = 9w + €T@ = o] ® - B) : [(1 - HA - B™) + BB - D]dx
Q

+6[®B -B): [A- A -BT) + BB - 1)]dx
Q

B

+ K(v, BB ))J'% v - v + 5B - BE+@1-pu@'B -1-n@'B))dx,
Q

where B is defined in (78) and K in (73). From the convexity assumption (15), which was shown to hold in the
Proof of Theorem 5.2, we infer that ‘W(v, B |V, B) > 0 for all solutions (v, B) in the sense of Definition 5.1 and
functions (¥, B) fulfilling (74). To calculate ‘W, we inserted the simplifications

trBU -B)2-BU -BY2-[0-BH?+20-BHBB -B)) = wv@ BB -2 + BB Y1)
and
trBMB -D2-B@B -1)2-[B -1)*+2B@B -1D]B -B)) =tr(|B + 2B - 21](B - B)>?).

The second derivative of the energy was already calculated in (84). Inserting everything into the relative
energy inequality (19) and estimating ‘W from below by zero, we end up with
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t

1
E-&wB)+ [ |v—\7|2+§
Q

IB-BP+1-Aur@'B -1-InB"B))dx

N

t
+ [[180 + 390 - pav - av(@ - pYB - 1) + pB* - B)) - FIv - H)dxde

sQ

t
+ [[108 - [(99)gor — A(T9)ymB legm] : [BB - B) + (1 - PYB'(® - B)B "] dxde
sQ

t
+ JI[(\? VB +B -1+8B%-B)]: [BB -B)+ 1 - HB® - BB dxdr
sQ

E(t) - E(t), B(D)) + J’% v - 5P dx|dr

Q

< I‘K(\?, B@B))

+ J"K(\?, B@B)) dr.

J’g B-BP+@1-Br@ B -1 -InB"B))dx
Q

This shows that the nonquadratic energy also requires a nonlinear testing of the equations to infer the proper
weak-strong uniqueness result. As in Corollary 3.7, we may infer weak strong uniqueness from the above
inequality, but it can also be interpreted as a continuous dependence result as long as a strong solution exists.
The relative energy inequality is also used in the literature to analyze multiple scales via singular limits [19],
estimate errors of model simplifications [20], and optimal control and numerical approximation [29].
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