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On the existence of generalized solutions to a spatio-temporal
predator-prey system

Dietmar Hémberg, Robert Lasarzik, Luisa Plato

Abstract

In this paper we consider a pair of coupled non-linear partial differential equations describing
the interaction of a predator-prey pair. We introduce a concept of generalized solutions and show
the existence of such solutions in all space dimension with the aid of a regularizing term, that is
motivated by overcrowding phenomena. Additionally, we prove the weak-strong uniqueness of these
generalized solutions and the existence of strong solutions at least locally-in-time for space dimension
two and three.
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1 Introduction

In this paper, we consider a pair of coupled partial differential equations modelling the spatio-temporal
interaction of a predator-prey pair. For €2 being a bounded C?-domain in R¢ for some d € N with d > 2
and 1" > 0, we are going to consider the following model

Ou — vAu + KV - (uVw) = (aw — f)u in (0,7) x Q, (1a)
Ow — pAw = (v — du)w in (0,7) x Q, (1b)

U = Uy on {0} x Q, (1c)

w = Wy on {0} x Q, (1d)

Vu-n=0 on [0,77] x 0L, (1e)

Vw-n=0 on [0, T] x ON2. (1f)

The variable u : [0, 7] x €2 — R represents the number of predators, w : [0, 7] x € — R the number
of prey and n denotes the outer normal vector of €2. All other appearing variables are positive constants.

The system considered is inspired by an application in biological pest control. In the production of orna-
mental plants, as for example roses, it is desirable to reduce the use of chemical pesticides. This can be
achieved by releasing natural enemies of the pest involved, which do not have a damaging effect on the
plants. A typical example of such a predator-prey pair is the two-spotted spider mite (Tetranychus urticae)
and the predatory mite (Phytoseiulus persimilis), see [37] for a detailed discussion of this predator-prey
pair.

In order to describe the interaction of these two populations over a bounded domain and on a finite time
horizon, we consider a typical Lotka—\Volterra system coupled with diffusive movement of both populations
over the whole domain, modelling the random movement of the mite populations. The Lotka—Volterra
model was first introduced in form of an ordinary differential equation in 1920 by Alfred J. Lotka [29] and
in 1926 by Vito Volterra [40] describing the evolution of the number of predators and prey in time. It makes
the following assumptions. The prey population is assumed to grow exponentially with rate -y if there are
no predators present and decline by predation with a rate proportional to the number of predators —du.
The predator population is assumed to decline exponentially in the absence of prey with rate —( and
has a natality rate proportional to the number of prey available aw. Even though the model has some
drawbacks, as the lack of capturing saturation effects, it is a good starting point for the investigation of
population dynamics, see [33, Ch. 3.1].

The considered model (1) is very close to the model introduced in [8] and identical to it except for the
non-linear higher-order coupling term xV - (uVw), we include this cross-diffusion term in order to model
the predator’s hunting behaviour as some directed movement towards higher concentrations of prey.
This so called chemotaxis, or in the case of a predator-prey model also referred to as prey-taxis, was first
introduced by Evelyn F. Keller and Lee A. Segel in 1970 and 1971, see [20] and [21], where the movement
of one-celled organisms under the influence of some chemical attractant was considered.

Similar models to the one above have been of interest to researchers in the mathematical and numerical
analysis of partial differential equations over the last decades [5]. Replacing the prey-taxis coefficient x by
a function y(u) dependent on the predator density u and presuming various conditions on this function,
the existence of weak or even classical solutions to models similar to (1) is known. Assuming that x ()
vanishes for large values of the predator density u and considering a different response function on
the right-hand side, classical solutions are known to exists in dimensions d = 1, 2, 3, see [31, 39] and
weak solutions exist in all space dimensions [6]. Presuming some smallness condition for the prey-taxis
coefficient K, the existence of classical solution is also proven in all space dimensions in [42].
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Existence of generalized solutions 3

Renormalized solutions were considered in [41]. Here, the equation constitutive for the solution is a weak
formulation for some smooth function of the solution u. In [41] the global existence of these solutions was
shown for a chemotaxis model including the non-linear coupling term xV - (qu) with the prey-taxis
coefficient k = 1 in all space dimension d > 4.

Another generalized solution concept for a Keller—Segel model was considered in [24], with a weak for-
mulation for the prey and some weak inequalities for the coupled quantity uPw? for some p, ¢ € (0, 1).
Here it was still necessary to impose some smallness conditions on the prey-taxis coefficient.

To the best of the authors knowledge model (1) was not yet considered in this generality, with no con-
straints, apart from the positivity, on the prey-taxis coefficient x.

Our definition of generalized solution consists of a weak formulation for the prey equation for w and two
inequalities for the predator u, see Definition 2.1 below. These two inequalities bear some resemblance to
mass conservation (in)equalities and entropy inequalities, as they include the total number of predators
fﬂ udx and the term — fQ In v d commonly associated to the entropy of a physical system. Since
reasonable a priori estimates seem to be out of reach for the function wu itself, we rather formulate the
solvability concept for a non-linear function of the predator variable, namely In u. With this, we follow
the landmark paper [12], where renormalized solutions were introduced for the first time in the context of
Boltzmann equations. Similar concepts with a similar non-linear transformation of u have been considered
for different versions of the Keller—Segel model [23, 11].

Our main motivation to make these inequalities constitutive in our definition of generalized solutions is
purely mathematical. With these inequalities we are able to prove a relative energy inequality, an estimate
for the so-called relative energy,

2
R(u, w|u, w) = / w—0—tu(lnu—Ina)+ I{—a|w —w*dz

0 24
for u and u two different predator and w and w two different prey populations, which is inspired by the
Kullback—Leibler divergence. This distance measure has many names, one of which is relative entropy,
and many application areas. In its original form it measures the difference of two probability densities and
is commonly used in information theory but also finds its application in biological system as the Lotka—
Volterra model, see [2]. The relative energy serves nowadays as a general tool in the analysis of PDEs
and is used to consider aside from the weak-strong uniqueness of solutions also long-time behaviour,
singular limits, convergence of numerical schemes [4] or comparison with reduced models and even
optimal control [25].

The deviation from the solution concept of the commonly used weak solutions allowed us to tackle the
higher-order non-linear coupling introduced by the Keller-Segel prey-taxis term in (1). The meaningful-
ness of this solution concept is further supported by the fact that weak-strong uniqueness holds, which is
a consequence of the above mentioned relative energy inequality.

In the numerical simulations, we performed to visualize the influence of the prey-taxis, the bias of the
random motion of the predator u modelled by the diffusion towards higher concentration of prey is clearly
visible. This suggests that model (1) is suitable to model the populations of a predator-prey pair which
includes some hunting behaviour, as it is needed for certain applications in biological pest control.

Plan of the paper: The paper is structured as follows. In the next section we collect the main results. In
Section 3, we present some numerical simulations motivating the chosen model and illustrating the effect
of the prey-taxis term. In Section 4, we proof the existence of generalized solutions using the special
regularization of adding a term modelling overcrowding. The weak-strong uniqueness proof is conducted
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in Section 5, whereas the existence of strong solutions locally-in-time in dimension two and three is proven
in Section 6. The Appendix contains certain technical lemmata.

Notation: Before we begin with the main part of this work, we make some remarks on our notation. By
Q) C R4, we denote a bounded C2-domain with d > 2. The variable T’ € (0, co) denotes the finite time
horizon. By n, we denote the outer-normal vector of the domain €2. For any Banach space V' we denote
the dual pairing between V* and V' by (-, -)y.. In the remainder of this paper we will drop the subscript
V' for the sake of readability as it will be clear from the context which space is meant. Additionally, we
will sometimes use the shorthand notation L" (V) for the Bochner space L"(0,T’; V). Furthermore, we
denote the space of abstract functions of bounded variation with values in V' by BV([0,7]; V). The
space of weakly continuous functions with values in V" is denoted by C., ([0, T]; V') and the space of V-
valued regular measures on [0, 7' by M (0, T'; V'), see for example [10] for an introduction. We generally
use C' > 0 for constant upper bounds, where the exact value of C' may change throughout a calculation
without this being indicated in the notation.

2 Main results

We start off by defining the appropriate spaces for our solutions. We first define the regularity space of
the solution X'. We say (u, w) € X if

u € L0, T; LY()),
Inu € L*(0,T; WH2(Q)) N L*®(0,T; L*(Q)) N BV([0, T]; W (Q)*),
u>0ae.in(0,7) x €,
w e L0, T) x Q)N L*0,T; WH*(Q)),
ow € L*(0, T; WH2(Q)* + LY(Q)),
w > 0,

where p > d and the sum X = X; + X of two Banach spaces X and X; continuously embedded
into a Hausdorff topological vector space H is the set of all elements x € H such that there are 25 € X
and r; € X; with z = x¢ + 1, see [7, p. 97]. The here given sum of Banach spaces is well-defined
since both L*(2) and W12(Q)* are continuously embedded into the space of distributions D’(2). We
now define the generalized solutions as follows.

Definition 2.1 (Generalized solution). We say (u, w) € X is a generalized solution to (1) if the population

inequality for the predator
t t t
—|—B/ /udwdsga/ /wudwds (2)
0 0 JQ 0 JQ

/udm
Q

and the logarithmic inequality for the predator

— / Inud da
Q

t ¢
—i—/ /V\VlnuPﬁ—I/Vlnu-Vﬁ—m?Vw-Vlnu—i—RVw-Vz?d:cds
0 0 JQ

t
g/ /(ﬁ—aw)ﬂ—lnu@tﬁdwds (3)
0o Jo
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Existence of generalized solutions 5

hold for all ¥ € C*([0,T]; L>=(2)) N L?(0, T; W2(Q)) non-negative and all t € [0, T). Additionally,
the prey equation is fulfilled in the weak sense, that is

t ¢ t
/ wpde| — / / wop — uNVw - Vo — duwp de ds = / / ywe de ds (4)
Q o Jo Ja 0o Jo

holds for all ¢ € C([0,T]; L>=(Q)) N L*(0,T; W2(Q)) and all t € [0, T). Moreover, the initial
conditions for the prey w are fulfilled in LQ(Q) and the initial conditions for the predator u are fulfilled in
LY(Q).

Remark 2.2. The energy inequality (2) is formally derived by testing the predator equation (1a) with the
test function ¢ = 1 and relaxing the equality to an inequality. The logarithmic inequality (3) is formally
derived by testing the predator equation (1a) with o = —% and again relaxing the equality to an inequality.

Remark 2.3. The values of the solution (u, w) at time zero are well-defined in the given spaces as along
as the initial conditions (ug, wy) live in the appropriate spaces, i.e. Inug, ug € L'(Q) andwy € L?(2),
since by the definition of X we have Inu € BV ([0, T]; W?(Q)*) and

w e L0, T; L*(Q)) N Cyw([0, T); WHP(Q)*) «— C, ([0, T]; L*(£2)).

The main result of this work is the proof, that such solutions exist under certain assumptions on the initial
data, which are formulated in the following theorem.

Theorem 2.4 (Existence of generalized solution). Let 2 C R? be a smooth and bounded domain with
d € N,d > 2. Additionally assume uy € L'(Q) with ug > 0 almost everywhere in Q) as well as
Inuy € L' () andwy € L>(Q) withwy > 0 almost everywhere in Q). Then there exists a generalized
solution (u, w) € X to (1) in the sense of Definition 2.1.

To see that our generalized solution concept is meaningful, we show weak-strong uniqueness. To do that
we need the notion of a strong solution. We define strong solutions in the following way.

Definition 2.5 (Strong solution). We call the pair (1, 1) strong solution to the system (1) on [0, T for
some T > 0 to the initial data ug, wy € C*(Q) non-negative, if

i, € CY([0,T] x Q) and A, A € C([0,T] x Q),
w and u are non-negative and the equations (1a)—(1f) are fulfilled pointwise.

Theorem 2.6 (Weak-strong uniqueness). Let (i, W) be a strong solution according to Definition 2.5
for the initial conditions g, wy, € C? (ﬁ) non-negative, with uy bounded away from zero. Then every
generalized solution (u, w) € X emanating from the same initial values coincides with the strong solution
and thus the generalized solution is unique.

In the final part of this paper we show that under stronger assumption on the initial conditions, we indeed
have at least local-in-time existence of strong solution.

Theorem 2.7 (Local existence of weak solution). Ford € {2,3}, uy € WH2(Q) and wy € W?>5(Q)
both fulfilling zero Neumann boundary conditions there is a 'I"™* > 0 such that (1) has a weak solution
(u, w) with

u € W0, T% L2 () N L*(0, T W>2(Q)) N L>°(0, T*; W2()),

w e WH(0, T LO(2)) N L0, T*; W25(Q2)) N L>(0, T*; W>2(1Q)).
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The necessary a priori estimates for this result are given at the end of the paper. Given smoother initial
data we can deduce even more regularity of the local solution so that we obtain strong solution.

Proposition 2.8 (Local existence of strong solution). Ford € {2,3} and wy, uy € C3(Q) non-negative
and both fulfilling zero Neumann boundary conditions, we find that the solutions from Theorem 2.7 are
strong solutions.

3 Numerical simulations

With the application of model (1) in biological pest control in mind, we performed some numerical sim-
ulations illustrating the influence of the prey-taxis term in the predator equation, using the finite element
method and the python package FEniCS. The non-linear, higher-order coupling prey-taxis term made
the existence proof of solutions quite challenging, but it also made the modelling of a certain hunting
behaviour possible as can be seen, when keeping the diffusion coefficients constant and increasing the
coefficient of the prey-taxis term.

Simulations of another Keller—Segel model were conducted in [17]. As described there, blow-up solution
are known to exists for certain initial values and as we have seen in Section 1 also the value of the prey-
taxis coefficient played a crucial role in various existence proofs. With these difficulties in mind, we would
like to point out that the simulations performed here are only used as a visualization tool and we do not
claim any accuracy.

Numerical simulations were performed over the domain Q= -1, 1]2, discretized by a regular triangula-
tion with n, = n,, = 200 and choosing the final time 7" = 10 and continuous F’1-Lagrange elements for
u and continuous P2-Lagrange elements for w.

Additionally, we chose the coefficients of system (1) to be
v=01 =001, «a=20, =08, v=0.8, 6 =2.0, k € {0,1,2,3}
and the initial conditions

ug = 4exp(—30(z + 0.6)* — 30(y — 0.6)?),
wy = 2exp(—9(z + 0.4)* — 9(y + 0.5)?) + 2exp(—9(x — 0.5)* — 9(y — 0.4)?).

Note that the case kK = 0 is not covered by our analysis, but was part of our numerical simulations for
illustration purposes. In this case the difficult prey-taxis term in (1a) vanishes and the existence of weak
solution should follow by standard means. The initial conditions are visualized in Figure 1.

For k = 0 the densities at time ¢t = 0.4 are shown in Figure 2. The initial concentration of predators and
prey in Gaussians has already spread out slightly as one would expect from diffusive movement. Here no
predators have accumulated at the peaks of the prey density yet.

In contrast for k = 1 and ¢ = 0.4 we have a higher concentration of predators were prey is plenty, see
Figure 3. Here the biased movement towards higher concentration of prey, modelled by the prey-taxis
term is nicely visible. To further illustrate this accumulation of predators, a surface plot of the densities at
t = 0.4 for k = 1 is depicted in Figure 4.
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> 01
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-0.5 0 0.5
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X
(a) Initial condition ug for the predator. (b) Initial condition wyq for the prey.

Figure 1: Initial conditions.

0.55
~—0.5

= 0.45

-0.5 0 0.5 -0.5 0 0.5

X X
(a) Predator density . (b) Prey density w.

Figure 2: Mite densities for k = 0 att = 0.4.
4 Existence of generalized solutions

4.1 The regularized system

Now we introduce the regularizing term —¢ u|u\p*1 on the right-hand side of the predator equation (1a),
where € > ( is the regularizing coefficient, which we will take to zero in the proof of the existence of
generalized solutions, and p > max{d, 4}. So the system we are considering in this section is identical
to the system (1) with (1a) replaced by

o — vAu + KV - (uVw) = (aw — Bu — e ululP~" in (0,T) x Q. (5a)
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(a) Predator density wu. (b) Prey density w.

Figure 3: Mite densities for k = 1 at ¢t = 0.4.

0.5 2

(a) Predator density u. (b) Prey density w.

Figure 4: Surface plot of the mite densities for k = 1 att = 0.4.

4.2 Existence of weak solution to the regularized system

The chosen regularization term allows for an easy attainable estimate of u in LP™1(0, T'; LP*1(Q2)) and
with the use of maximal LP-regularity in the prey equation (1b) we get rather strong estimates for Vw,
which we need to estimate the prey-taxis term in (5a), which is the term with the prefactor x.

Lets start by defining our notion of weak solutions. We first define our solution space. We say w € W if
w e L*0,T; WH(Q)) and d,w € L*(0,T; WH*(Q)*)
and we say that u € U if

u € L*(0,T; WH(Q)) N LPTH(0, T; LPTH(Q)) =: U,
O € L*(0,T; WH(Q)*) + L0, T; LY(Q)) = U*.
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Existence of generalized solutions 9

Here, ¢ > 1 denotes the conjugate exponent of p+ 1. The time derivative of w and u are to be understood
in the distributional sense, that is u; € U* is the weak time derivative of u € U if

/0 (ult). ) &' (£) dt = — / (urlt), ) B(1) ©

holds for all p € LPTH(Q) N W12(Q) and ¢ € C5°(0, T). We then write ;u = u,. The time derivative
of w is defined similarly with test functions ¢ € W12(Q).

Definition 4.1 (Weak solution to the regularized system). We say that a pair (u, w) € U x W is a weak
solution to problem (5), if

Houw>0,
B we L>*((0,T) x Q),
B Vw e LP(0,T; L>(Q)),

the integral equalities
t t
/ (Oru,1b) ds + / / vVu - Vip — kuVw - Vi — (aw — B)urp + eufulP " dads =0, (7)
0 0 Jo
t t
/ (Oyw, @) ds + / / uNVw -V — (v = du)wpdeds =0 (8)
0 0 Jo

are fulfilled for all p € L*(0,T; W2(Q)) and all v € U and almost all t € (0,T) and the initial
conditions are fulfilled in the sense of traces in L*((2).

Theorem 4.2 (Existence of weak solutions to the regularized system). For every pair of initial data
(uo, wo) with non-negative uy € LP(§2) and non-negative and bounded

wy € {w e W??(Q) | Vw-n = 00nd0}
there exists a weak solution according to Definition 4.1 to the regularized system (5).

Proof. We only give a rough outline of the proof since it mainly follows the standard procedure of de-
coupling the system, using a Galerkin approximation to tackle the single equations and Schauder’s fixed
point theorem to show the existence of a solution to the coupled equations. A detailed proof for d = 2
can be found in [34]. The existence and uniqueness of a weak solution w to the prey equation (1b) for
fixed non-negative u € LP(LP) follows from Theorem 8.30 and Theorem 8.34 in [36]. The non-negativity
and boundedness of w follows from a comparison principle, see Lemma 4.3 below. The additional reg-
ularity of w follows from the maximal LP-regularity of the Laplace operator, see [9, Thm. 8.2]. Here the
assumptions that €2 has a C?-boundary and the initial condition wj fulfills some compatibility condition
are needed.

For fixed w € W non-negative and bounded with Vi € LP(L>°), the existence of a weak solution
u € U to (5a) with w replaced by w can be shown via a standard Galerkin discretization using the
Gelfand triple W12(Q) N LPT1(Q) = V C L*(Q) C V* and Minty’s trick to handle the monotone
regularization term. Here we needed the integration by parts rule for elements of U and the continuous
embedding of U into C'([0, T']; L?(£2)), which can be proven analogously to the well-known versions of
these results for the space W. We obtained the non-negativity of u by testing equation (5a) with «~ and
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applying Gronwall’s inequality. Additionally we obtained a constant L”(L”)-bound for u by using 1 as a
test function.

Defining the solution operator 7 : LP(LP) — LP(LP), which maps a non-negative u € LP(L?) to the
solution of (5a) with w = w, where w is the solution of (1b) with u replaced by . Using these existence
results and a priori estimates, we find that 7 is a well-defined self-map on a bounded, convex and closed
subset of the Banach space L?(L?). The continuity can be proven by testing appropriately, using L?-
interpolation inequalities and maximal LP-regularity of the heat equation. For any bounded sequence
(@p)n C LP(LP) the sequence and (7 (1)), is bounded in LPT!(LPT1), were the bound depends on
e, and the strong convergence of a subsequence of (7 (y,)), in LP(LP) follows by Vitali's theorem, see
[14, Thm. 5.6]. This implies the compactness of 7 and Schauder’s fixed point theorem then implies the
existence of a weak solution to (5). O

4.3 A priori estimates

In order to show the existence of generalized solutions according to Definition 2.1, we show some a priori
estimates for solutions (u., w. ) of the regularized system. These a priori estimates will allow us to extract
a convergent subsequence, whose limit fulfills our notion of generalized solutions.

At first, we proved the following comparison principle for the prey variable.

Lemma 4.3 (Comparison principle for w). Letu € L'(0,T; L'(S2)) be non-negative and assume that w
and w are a sub- and a super-solution of (1b), i.e. w and w fulfill equation (1b) in the weak sense with
the equality sign replaced by < and >, respectively, and

w,w € L2(0,T; L*(Q) N W),
atwa atm € L2(07 T7 Ll (Q) + W172(Q)*)7
0 < essinf(gr)xq w < esssup(g ryxo W < 00,

0 < essinf(or)xn W < esSSUP(g 1y W < 00
hold as well as w(0, z) < w(0,x) a.e. in ). Then
w(t,x) <w(t,x)ae in(0,T) x Q (9)

holds.

Proof. Subtracting the equation for the sub-solution w and the super-solution w and testing the resulting
inequality with (w — @) ;. := max{0,w — W}, we obtain

3 100) = TO) oy + [ [ V(=) bullw = ). dw s

= 5 10 =T o+ [ [ =) dwas,

where we integrated the first term by parts. The standard integration by parts rule can be generalized to
this case by an approximation with smooth functions, cf. Corollary 7.4 in the Appendix. An application of
Gronwall’s inequality yields

I (et) = ()4 By < 1(2(0) = W(0)): 22y € = 0.

by the assumption for the initial values and our proof is complete. O
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Corollary 4.4 (Boundedness of w). Letu € L'(0,T; L'(2)) and wy € L>(Q2) be non-negative. Then
the solution w of (1b) fulfills
0 < w < esssup,eqwo(z)e™. (10)

Proof. One easily checks that 0 is a sub- and ess supwegwg(:n)e“ is a super-solution to (1b). Then the
assertion follows from Lemma 4.3. O

Proposition 4.5 (A priori estimates). Assume that the initial values can be bounded independently of .
That is In uo. and ug. are bounded in L*(§2) independently of € and wy. is bounded in L>(2) indepen-
dently of €. For a solution (u., w.) to the approximate system (5) we have the following a priori estimates

1
[tell poo 1y + €7 [[tiell Lo (py + M0t oo (1) + IV In el o2y + 10 Inwe|| 1 yr1p )y < €5 (112)
lwell oo (0, x) + [IVwell p2(p2) + lwete In(ucwe + 1) p1p1y) + |00well L2 (yrw () < €5 (11D)
where the constant C' is independent of c.

Remark 4.6. A sequence of initial values fulfilling the boundedness assumptions and the appropriate
regularity criteria is constructed in the proof of Theorem 2.4 below.

Proof. The L>((0,T") x €2)-bound of w. follows from Corollary 4.4. Note that this bound is independent
of € as long as wy, is bounded independently of . Testing equation (1b) with w,, we get

1 T 2 1 2
30T a1Vl 6 [ [ e ot < 5 el oy 94T+ il
0

which gives the L?(L?)-bound for V., since u. is non-negative. Using ¢ = 1 as a test function in the
predator equation (5a), we get

/(@ug dT—|—/ /Eup—{—ﬁugda:dT:a/ /wgwE dx dr. (12)

By the non-negativity of u., we obtain

HUE(t)HLl(Q) < ||u0€“L1(Q) ta ||weHLoo((o,T)xQ)/o Hua(T)HLl(Q) dr,

for almost all ¢ € (0,7"). An application of Gronwall’s inequality then yields
[Jue(t )HLl < elvelle=omxa ||U0€||L1 (13)

for aimost all ¢ € (0, 7). Additionally, (12) implies

allwell oo (0,7)x02) HUOs”Ll

€ ||ue||Lp (Lr) S @ ||w5||L<>°( (01)x0) L€ Q) -

Now we have shown that the first two terms of (11a) and (11b) have constant upper bounds independent

of €. To derive an estimate for the third and fourth term in (11a) we use —ﬁ as a test function in the
predator equation (5a) for some A € (0, 1). This yields

t —1 t —1
/0 <atug<s>,—u€(8) . A> ds 4 /0 /Q SV (u5+ .

t -1 U —u
_ p—1__ e _ £
/0 /QKUEVwEV (ug = A) + eu? Y + (qw, 5)% )

dx ds.
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D. Homberg, R. Lasarzik, L. Plato 12

We chose this test function, as we have only shown that u. > 0 holds and therefore we are not allowed
to test with 1/u., Using integration by parts and Young’s inequality we can estimate

¢ t 2yt
—/ln(u5+)\) dx+z/ /\Vln(u€+>\)|2dazds§f€—/ /|Vw€|2dacds
Q 0 2 Jo Ja v Jo Ja

t _1 1
—l—e/ /pp ué’—i—];da:dt—i— <ﬁ+a||w€||Loo((0’T)XQ)> TIQ. (14)
0o Ja

By the already derived estimates for the first two terms of (11a) and (11b), this gives a constant upper
bound for — [, In(u.(t) + A) d as long as |, In(uo. + ) d is bounded, which is the case since .
is assumed to be bounded in L'(£2), as can be seen from the following estimate

/ In(us(t) + \) de = / In(u.(t) + A) de
Q {ue(t)+A<1}
+/ In(ue(8) + ) dze < [[u(t)]| 10y + N2 < C (15)
{ue(t)+A>1}
for some C' > 0, where we use In(u.(t) +A) < 0foru.(t) + A < land In(u(t) +A) < u.(t)+ A for
us(t) + A > 1. The constant upper bound follows from the fact, that we already know that . is bounded

in the L°°(L1)-norm, cf. equation (13). We can now derive a constant upper bound for the L*-norm of
In u.(t). We estimate

M (ue(t) + M)l 1oy = —/{ o) In(u.(t) + A) de + / In(u.(t) + A) de

{uec(t)+A=>1}

__ / In(u.(t) + \) da + 2 / In(u(t) + ) dz < C, (16)

{uc(®)+A>1}

where we use (14) and (15). To get the L“(Ll)-bound for In u., we take \ to zero from above. Since the
logarithm is continuous, we have

lirf\li%nf | In(us(t) + )| = | In(uc(t))],
where we define In(0) := —oo. By Fatou’s lemma we can estimate
/ | Inu.(t)| de = / liminf | In(u.(t) + A)| de < lim inf/ | In(us(t) + )| dx < C,
O o A0 MO g

where the constant upper bound follows from (16). Thus we get the L.>°(L')-bound of In u. and we have
u(t) > 0 almost everywhere. Similarly, we get the bound for V In u.. We already have that V In(u.+\)
is bounded in L2(L2) by equation (14). Again using Fatou’s lemma we get

2 2
IV In el 212 —/ / —|Vu | dedt = / /hrf\lj)nf TREYE 51 Vue|*dz dt
/ /hmmf]Vln u5+)\)]2dwdt<hm1nf/ /]VIH (ue + N)[*dzdt < C.

In order to show the L!(L')-bound of u.w. In(u.w. + 1), we note that

0 < uewe In(v.w: + 1) < wewe In((ue + 1)(we + 1)) = vew: In(ue + 1) + vow, In(we + 1)
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Existence of generalized solutions 13

holds and it suffices to show a L'(L')-bound for u.w. In(u. + 1) and u.w. In(w,. + 1) separately. The
upper bounds for u. and V In u. from (11a) can be transferred to In(u. + 1) and V In(u. + 1). We
test the prey equation (1b) by In(u. + 1). It can be shown by an approximation with smooth functions,
see [43, Ex. 21.3¢] that this is indeed an admissible test function since u. € L*(W'?) and u. + 1 is
bounded away from zero by 1. We then have

1

u: + 1

Vin(u. +1) = V.

Using Qyw. In(us + 1) = —0; In(ue + 1)w. + 0(In(ues + 1)w.) and integration by parts we get

T T
5/ / wate In(ue + 1) daedt < / / O In(ue + Dwe dedt + p1 || Vwe| 122
o Ja 0o Ja
IV In(u. + 1)“L2(L2) +(14+97) ”we”Lw((O,T)xQ) [ (ue + 1)HL°°(L1)
+ lwell oo 0.7y %) M(v0s + Dl 1) - (17)
All terms on the right-hand side except the first are already known to be bounded by a constant. To upper

bound the first term on the right-hand side, we test (5a) with wiy which is an admissible test function,
since w. and u, lie in L?(0, T; W12(Q2)) and w, is bounded,

/ /@us d dt—i—/ /uVuE- ( )—K,UEVU)E'V< Le ) da dt
+1 u. + 1
= = L el dzdt
/0 /Q(ocw€ B) w5u€+1 eu? w€u€+1 x dt.

Rearranging the terms and calculating the gradients yield

[/ fons

T
1Vw5-V1n(u5+1)da:dt+/ /(ozwa—ﬁ)w6
o Jo

|Vw,|?

T
d dt = / /yVln(u€+1)-Vw5—Vw5|Vln(us+1)|2—/‘~' T
Q 8

Ue _ U
— e tw,——— dx dt.

_|_
: u: + 1 c us + 1

Ue +

Using 0; In(u. + Dw. = ;5 0;u., we find a constant upper bound for fo Jo O In(ue 4+ 1w, de dt,
by estimating ——= by one and using the already derived a priori estimates for the second and fourth
termin (11a) and the first two terms in (11b). Now all terms on the right-hand side of (17) are known to

be bounded and we find that ||w.u. In(u. + 1)|[;1 ;1) is bounded, since u.w. In(u. + 1) > 0.

First testing (1b) with In(w. + 1) and then with = we find an L'(LY)-bound of u.w, In(w. + 1) ina
similar manner. This shows the upper bound for the third term in (11b).

Using equation (1b) tested with ¢ € TW1?(Q), yields

/ Ow.pdx = /(’y — du)w.p — uVw, - Vo de
Q Q
< Cllelln (0l pmqoyeey (7 + 8 el aay) + 1Vl 2y )

where we used p > d such that IWhP(Q) — L>(). Noting that the right-hand side is bounded in
L?(0,T) independently of €, we obtain the upper bound for d;w. in L2(W1P(Q)*).
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D. Hémberg, R. Lasarzik, L. Plato 14

To obtain the upper bound for 9; Inu. in L'(W'P(Q2)*), we first note that a regularized form of the
logarithmic inequality (3) holds with an equality sign on the approximate level. To see that we use —%
as a test function in (5a) for an arbitrary ¥ € C*([0, T|; L>(Q)) N L*(0, T; W'2(Q)) and A € (0, 1).

This yields,

—/atln(ue—I—)\)Q?d:c—l—/I/|Vln(u€+)\)\219—VV1n(u5+)\)-V19
Q 0

+ kK te Vw, -V — Kk te ¥ Vw. - Vin(u. + \)de
Us + A Ue + A
u u
= — Quw, =Ry Pt —— Y de.
/Q(ﬁ aw)u€+)\ + ¢|u.| Y x

We take A | 0 and pull the limit into the integral, which we are allowed to do by the following reasoning.
Note that —0; In(u. + A) is monotonically increasing for A | 0, thus, by the monotone convergence
theorem, we can pull the limit into the integral in the first term. For the other integrals we note that we
have pointwise convergence in A and that we can find an integrable dominating function by the estimates
from the first three terms of (11a) and the first two terms of (11b). The dominating functions of the terms
including A are given by

1 e
IV In(ue + \)|? = 5IVu? < S Vuf = [Vinu| and “

1
(ue + A) 2 Us + A

Thus by Lebesgue’s dominated convergence theorem we can also pull the limit A | 0 into the remaining
integrals with equality and we get

—/é?tlnugﬁdw%—/V\Vlnue\Qﬁ—uVInuE-Vﬂ+/<Vw€-V19
Q Q

— kI Vw, - Vinu. de = /(B —aw,)V + elu [Pt I dx, (18)
Q

Ue

iy — Lfor A | 0 pointwise almost everywhere as we have u, > 0
almost everywhere due to the fact that In v, is bounded in L>°(L%), cf. equation (13).

where we used the convergence of

Using the test function ¥ = —¢ for some ¢ € W1P(Q) we can derive an estimate for O; Inu. in
LY (WHP(Q)*), by estimating

/ Oy Inu.pdx = / v|VInu|*¢ —vVinu, - Vo + sV, - Vo
Q Q
— kpVw, - VInu, + (B8 — aw.)p + elu Pt pdx

2 2
< Cllllwan (1+ 1V el + 1Vl 20y + 0l e 010 ) -

Note that this time the right-hand side is only in L' (0, T") and thus we get the weaker bound for J; In u..
O

4.4 Convergence of approximate solutions
We now tend the regularization coefficient to zero and show the existence of generalized solutions for

vanishing regularization.
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Existence of generalized solutions 15

Proposition 4.7 (Convergence of solutions). Let {(u.,w.)} be a sequence of solutions to the approxi-
mate system (5). Then there exists a pair (u, w) € X, such that the following convergences hold for a
subsequence € |, 0,

We — W in L*(Wh%), (19)
W, — W in L*(L?), (20)
W, — W pointwise a.e. in (0,T) x €, (21)
we =% w in L*°((0,T) x Q) (22)
Inu, — Inu in L*(W*?), (23)
Inu, — Inu in L*(L*), (24)
Inu, — Inu pointwise a.e. in (0,T) x €, (25)
Ue —> U pointwise a.e. in (0,1 x €, (26)
WU — WU in L*(LY), (27)
Inu. =" Inu in BV ([0, T]; WP(Q)*), (28)
dpwe — Oyw in L*(0, T; WP (Q)*), (29)
We = w in Cy,([0,T]; L*()). (30)

Proof. We will not relabel subsequences throughout this proof. The boundedness of {w.} and {Vw,}
in L?(L?) from Proposition 4.5 imply that there exists a subsequence weakly convergent in L?(17/1:2)
to some w € L*(Wh?), since L?(L?) is reflexive. Additionally, due to the boundedness of {d;w.} in
L*(W'P(Q)*) and Aubin-Lions Lemma, see for example [36, Lem. 7.7], there exists a subsequence
{w.} strongly convergent to w in L?(L?) and thus we find another subsequence which converges point-
wise almost everywhere to w in (0,7") x €. The uniform boundedness of {w.} in L>=((0,T) x Q)
additionally implies the weak*-convergence of a subsequence to w in L>°((0,7") x ), see for exam-
ple [15, Thm. A.2.18].

Since {V Inu_} is bounded in L?(L?) there is a subsequence, which is weakly convergent in L?(L?).
By Poincaré’s inequality, see Theorem 13.27 in [27, p. 432], we have

I e (8) = (10)™ (Ol (@) < C IV (Bl 20 < C @)

for almost all ¢ € (0, 7T'), where for g € L'(€2) we define g®° by

v
g = — | g(x)dx.
/o

We find the constant upper bound for the LQ(LQ)-norm of In u. by the a priori estimates from Proposi-
tion 4.5. Using the L>°(L") a priori bound for In u., cf. the third term of (11a), we can estimate

ave . 1 1 1
(In )™ (1) — |ﬁ/glnue(w o < g e o) < 1 C

Plugging this into (31) and using the reverse triangle inequality of the norm, we obtain

T T 9
/O I (8) 22 g dtg/o CQ<||Vlnu6(t)||L2(Q)—I—1> dt < C,

by the a priori estimate from the fourth term of (11a). Again we find a subsequence {In u.}, which is
weakly convergent to some £ € L2(TW1?2). We define u := ef. This implies the convergence from (23).
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Using the a priori bound on {J; In u. } and the compact embedding from Aubin-Lions Lemma, see [36,
Lem. 7.7], we find, as above, another subsequence {Inu.} converging strongly in L?(L?) to Inu and
pointwise almost everywhere. This implies that also u. — wu pointwise almost everywhere and we have
shown the convergences from (23)—(26).

The product {u.w. } is bounded in L' (L') and equi-integrable by Proposition 4.5. The equi-integrability
follows from the fact that u.w. In(u.w. + 1) is bounded in L' (L') by an application of the de la Vallée
Poussin theorem, see for example [27, p. 675], which is applicable since G' : [0,00) — [0, co] with
x +— xln(z + 1) is an increasing, convex function and fulfills G(‘wxD — 00 as r — 00. By Vitali's
theorem, see [14, Thm. 5.6], and the pointwise convergence of {u.w. } to uw, cf. convergences (21) and
(26), we can deduce the strong convergence of {u.w. } to uw in L(L%).

By the reflexivity of L*(TW!*(2)*) we find a weakly convergent subsequence of {9,w.} convergent to
some n € L?(W1P(Q)*). By the convergence of {w. } to w in L?(L?) we find = d;w. Thus the limit
w is an absolutely continuous function with values in WP (Q)*, ie. w € AC([0,T]; W?(Q2)*), and
consequently

w € L®(0,T; L*(Q2)) N Cyu([0, T); WP (2)*) < C,([0, T); L*(2)) (32)

by Lemma 8.1 in [28, p. 275]. We can additionally infer the convergence of a subsequence {w.} in
Cy([0,T]; L*(€2)) as a consequence of the boundedness in the intersection space of (32), see Propo-
sition 4.9 in [13]. This gives the convergence in (30).

For the convergence of {J; In . }, we consider {In u. } as abstract functions of bounded variation, more
precisely in the space BV ([0, T]; W1?(€Q)*). We first show that {Inu.} is bounded in that space. To
that aim we show that {In u. } is bounded in W1(0, T'; W1#(€2)*) and use the continuous embedding

WhLH0, T; WHP(Q)*) < BV([0, T]; WHP(€)*).
The L' (0, T; W'P(Q2)*)-norm of {In u.} is bounded since
L*(0,T; L*(Q)) < L*(0,T; WP (Q)*) = L'(0,T; W'P(2)*)
holds and the L' (0, T; W'?(Q2)*)-norm of {9; Inu.} is bounded by the a priori estimate from (11a).

Thus we get
e[|y < €

for some C' > 0 independent of €. By Corollary 3.11 from [18] we have that {In u. } is relatively compact
in BV([0, T]; W?()*) and we can find a subsequence, which converges weak* in this space to some
. By the convergence of Inu. — Inwu in L?(L?) we can deduce | = In u by possible redefining u on a
set of measure zero. O

Proposition 4.8. Let {(u.,w.)} be the sequence of approximate solutions and (u,w) the limit from
Proposition 4.7. Under the assumption that w.(0) — wyq strongly in L*(2), we have Vw. — Vw in
L*(L*) ase 0.

Proof. To show this convergence, we show that { Vw. } is a Cauchy sequence in L?(L?). This implies
the strong L?(L?)-convergence to some n € L*(L?) and since {Vw.} converges weakly to Vw in
L?(L?) we can identify the limit with = Vw.

For fixed £, > 0 we can subtract the equations for w. and wz and test the equation with (w. — wg).

This yields
//M|V . — Wz \Qdmds—//

1
5 /( — W) d:c
— d(ucwe — uzwe)(we — we) de ds,
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which in turn implies

u/ot/Q\V(ws—wg)Pda:dsg%/Q(wg da:+//

— d(ucwe — uzws)(we. — we) dc ds.

Since {w.} is strongly convergent in L?(L?) it is also a Cauchy sequence. Let £ > 0 be arbitrary. Then

we find £; > 0, such that
£
d ds < 2
// mds < -

holds for all 0 < &,& < 1. Since {w.} is uniformly bounded in L>°((0,7") x §2) and pointwise almost
everywhere convergent to w and {u.w.} is pointwise almost everywhere convergent to uw and equi-
integrable in Ll(Ll), cf. Proposition 4.5, Vitali’s theorem, see [14, Thm. 5.6] yields

t t
//—5uaw5w5dmds—>/ /—5uw2dazds.
0 JQ 0 JQ

Thus we find £, > 0, such that

t t
/ / —duw.w, deds < / / —duw?dx ds + §
0o Ja 0o Ja 8

for all e < e5. By the strong convergence of {u.w.} , cf. (27), we find an £3 > 0 such that

t t
/ / du.w. < / / duwddax ds + §
0o Ja 0o Ja 8

foralle < ezandd € L>®((0,T) x ). Since ws € L>*((0,T") x §2) this inequality holds for ¥ = we.
By the assumption on the strong convergence of {w.(0)}, we find €4 > 0 such that

1 > §
5/9(?1)5—’11]5) (O)dwgé

foralle, & < g4. Thus for all €, & < min(ey, €9, €3, £4) We get

¢ ¢
,u/ /|V(w€—w5)|2dmds§§—25/ /uw2dazd3—|—§
0o Ja 4 0o Ja 4
' § ' §
+5/ /uwwgdmds—i-——i-é/ /uwwsdwds—l——. (33)
0 Ja 8 0 Ja 8

By the convergence from (22), we find 0 < &5 < min(ey, €9, £3,€4), such that we have

5/ /uwwsdmds<5/ /uw dwds+§

for all ¢ < e5. Plugging this estimate into the inequality (33) we get

//|V —ws)Pdzds < €

This shows that { Vw, } is indeed a Cauchy sequence in L?(L?) and our proof is complete. O
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Proof (of Theorem 2.4). For every (ug,wy), fulfilling the conditions from Theorem 2.4, we find a se-
quence {(uge, woe)} of initial values fulfilling the assumptions from Theorem 4.2 and Proposition 4.5,
such that ug. — ug in L' () and wo. — wp in L?(£2). Using mollifiers we find a sequence {wo.} C
C5°(92) such that wp: > 0, wo. —* wy in L>=(£2) and

[[woe | L () < [[woll oo

holds. Thus {wq.} is uniformly bounded in & and fulfills all the required assumptions. Applying an L?-
interpolation theorem, we get the strong convergence wo. — wq in L”(€2) for all € [1, 00). Defining

ug ifug < ne,
Upe - — .
ne ifug > neg,

for a sequence {n.} C N with n. — oo as ¢ | 0, we have constructed a sequence of approximate
initial conditions for the predator fulfilling the required assumptions.

The weak convergence (19) of {w. } from Proposition 4.7 implies

t t
//wggda:dt—>/ /wgda:ds
0 Ja 0 Ja

forall g € L?(L?) and all t € (0,T). Since we have ¥ € L*(L?), VY € L*(L?) and 8,9 € L*(L?),
we get

t t
/ / w0, — uNVw. - Vidxds — / / wo) — pVw - Vi de ds,
0o Ja 0 Ja

t t
/ / yw:Y dxe ds — / / ~ywi dae ds,
0 Jo 0 Jo

forallt € (0,7)and al 9 € C'([0,T]; L>(2)) N L(0,T; W2(Q)). The strong convergence of

{weue}in L' (L) implies
t t
//5u5w€19da:ds—>/ /5uw19d:1:ds
0o Ja 0o Ja

forallt € (0,7),sinced € C([0,T]; L>=(Q)) < L>((0,T) x2). Making use of the the convergence
of {w.}in C, ([0, T]; L*()), cf. (32), we find

/Qws(t)ﬁda:%/ﬂw(t)ﬁdw

forallt € [0,T] and all ¥ € C([0,T|; L>=(Q2)). By the convergence of the initial data, we have

/we(O)dw:/wogdm%/wodm.
Q Q Q

This shows that the limit identified in Proposition 4.7 fulfills the variational formulation (4). The equality of
w(0) = wg in L*(£2) follows by the convergence of the initial data {wq. } in L?(2) and the convergence
of {w.} in C,([0,T]; L*(2)), cf. (30). Since {w.} is pointwise almost everywhere convergent and
uniformly bounded in L>°((0,7") x §2) this bound transfers to the limit and we get w € L>((0,7) x Q).
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The Laplacian is a bounded linear map between W12(Q2) and its dual W12(Q)*. Since we know w to
be in L(0,T; W2(Q2)), we find Aw € L*(0, T; W2(Q)*) and equation (1b) now implies

ow € L*(0,T; WH(Q)* 4+ LY(Q)).

Next, we show that the population and the logarithmic inequality for the predator, cf. equations (2) and
(3) respectively, are fulfilled. On the approximate level the population inequality (2) holds with equality,
cf. equation (12). By the strong convergence of {u.w. } in L'(L') we get

t t
a/ /ugwgda;ds—>a/ /uwdmds.
0 Ja 0 JQ

Using the weak lower semicontinuity of the convex function = — e* and the weak convergence of {In u. }

we get
t t
6/ /udwds:ﬁ/ /eln“dwdsgliminfﬁ// emUs de ds.
0o Ja 0 Ja =40

Using the boundedness of {Inu.} in L2(0,T; L*(Q)) N BV ([0, T]; W'?(Q)*) and applying Theorem
A.5 from [35], we find a subsequence of {lnu.} andan | € L2(L2) ﬂ Lo (W1P(Q)*), such that

Inu, —* Lin L*(0,T; L*(Q)) N L>°(0, T; WP (2)*), (34)
Inu(t) — 1(t) in L*(Q2) for almost all t € (0, 7). (35)

Since, we already have the strong convergence of {In u. } in L?(L?) to In u, we can identify the limit / with
In u. The uniform boundedness of {In u. } in W'?(2)*, which is needed to apply Theorem A.5, follows
from the boundedness of {In .} in L'(Q) and the continuous embedding of L' (Q) into TW1P(2)*.
Using Lemma 7.2 from [32], we find that

Inu(t) —* I(t) in WHP(Q)* for allt € [0, T), (36)

for some [ € BV ([0, T]; W'P(Q)*). We find Inu = [ everywhere in [0, T'], after possibly redefining u
on a set of measure zero. Again using the weak lower semicontinuity of x — €%, we get

/ u(t) de = / e ™ dz < lim inf / e =) dg = lim inf / ue(t) der
Q Q 0 Ja 0 Ja

for all t € [0, T']. The weak convergence of the initial values implies

/ ugdae = lim/ Upe d.
Q 0 Ja
Putting these results together we get

t ¢
/udaz +6/ /udwdsgliminf/ue(t)dm
Q 0 0o Jo 0 Ja

¢ ¢
—lim [ wo.dx + liminf 3 / / u. de ds + lim inf/ / cug|u [P~ de ds
Q el0 0o Jo 0 Jo Ja

el0
t t
:hminfa/ /wgugdzcds:a/ /wudmds,
o 0 Jo 0o Ja

for all ¢ € [0, T]. This shows, that the population inequality (2) holds.
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To derive the logarithmic inequality (3), we use the regularized logarithmic equality from (18). To take the
limit € | O we note the following. By the weak lower semicontinuity of the norm and the weak conver-
gence (23), we get

¢ ¢
/ /19|V1nu|2dmds§hminf/ /19|Vlnua|2d:13ds,
0 Ja 0 Jo Ja

where we used the fact, that 99 > 0 to pull it out of the absolute value. Using the strong convergence of
the sequence {Vw. } in L?(L?) to Vw, which is shown in Proposition 4.8, we can deduce that

VInu, - Vw, = Vinu-Vwin Ll(Ll).

By the convergence of the initial data, we get

lim [ Inwg.(x)d(0,x) dw:/lnuoﬁ(o,m)dw,
el0 Jqo Q

foralld € C([0,T]; L*>(£2)). Putting all this together, we see that the shown convergences are sufficient
to pass to the limit with ¢ | 0 in the regularized logarithmic equality, where the equality becomes an
inequality,

—/ Inud de
Q

< lim inf [—/lnugﬁ dx
8\1,0 0

t t
+/ /1/|V1nu|219—l/Vlnu-Vﬁ—mﬁVw-Vlnu+/£Vw-V19d:vds
0 0 JQ

t

t
—l—liminf/ /V|V1nu£]219dwds
=0 Jo Ja

0

t
+h£[r)1/ /—VVlnug-Vz?—m?Vwa-Vlnug+/<ana-V19dmds
€ 0 JQ

t
= lim inf/ /(ﬁ — aw. )V — Inu.9,9 + e|u P9 dz ds
0 Jo Ja

t
:/ /(ﬁ—aw)ﬂ—lnu@tﬁdwds
0 Jo

for all ¢ € [0,7], where the regularizing term vanishes as € goes to zero due to the boundedness of
/Py, in LP(LP) from Proposition 4.5. The fact that u fulfills the initial condition ug in L*(€2) follows from
the convergence for all t € [0,T] in W1P(Q2)* cf. (36) and the convergence of the initial data. For all
o € WHP(Q) we have

/lnuocpda::lim/lnugagodw:/lnu(O)gpdw.
Q 0 Jo Q

By a density argument we find Inu(0) = Inwug in L'(2) and thus u(0) = wg in L'(£2). Using the
population inequality, we find that u is bounded in L>°(L'), where we used the L'(L') integrability
of uw and the L'(€2) integrability of ug. Again using the fact, that Inu.(t) — Inw(t) in L*(2) for
almost all t € (0,T'), we can transfer the L>°(L!)-bound from {In u.} to In u by using the weak lower
semicontinuity of the norm. Thus we have shown that Inu € L°°(L'), which implies u > 0 almost
everywhere. The non-negativity of w follows from the comparison principle, cf. Lemma 4.3. O
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5 Weak-strong uniqueness

In order to justify that our solution concept is meaningful, we prove that it fulfills the weak-strong unique-
ness property. That is, if there exists a strong solution to the system (1) to some initial data, then all
generalized solution emanating from the same initial data coincide with the strong solution and thus this
solution is unique as long as it exists. In order to be able to prove such a property for the generalized
solutions, some additional properties of strong solutions are needed.

5.1 Properties of strong solution

Later on, in the proof of the weak-strong uniqueness, we would like to test with 1/, for a strong solution
u to (1a). In order to justify that this is possible, we prove the following lemma.

Lemma 5.1. Let the initial condition uy € C3(€)) be bounded away from zero by some | > 0. Then the
strong solution  from Definition 2.5 is bounded away from zero.

To be able to prove this lemma, we first show the following comparison principle.

Proposition 5.2 (Comparison principle for @). Letw € C'([0,T] x Q) with Aw € C([0,T] x Q).
Assume that there exist a strong sub-solution u ind a strong super-solution u to (1a) with w = w,
fulfilling the non-negative initial data u, ug € 03(9) respectively. That is u and u fulfill

u, i € CH([0,T] x Q) and Au, Au € C([0,T] x Q),

are non-negative and it holds,

u, — vVAu + KV - (uV0) < (a0 — fu in(0,T) x Q, (37)
u; — vAu+ KV - (uV0) > (aw — p)u in(0,T) x Q, (38)
u = u, on{0} x €, (39)

U = U on{0} x (40)

Vu-n=0 on [0, T] x 09, (41)

Vi-n=0 on [0, T x OS2 (42)

If additionally we have u, < iy, then u(t,z) < u(t,x) holds everywhere in [0, T x €.
Proof. Subtracting (38) from (37) and testing the resulting inequality with (u — @)™, we find
t t
| [at-nw-otdwdss [ [v9e-o - sw-a) Vo V- ot
0o Ja 0 Ja
t
+ 6 ((u— a)+)2 deds = / / aw ((u— a)+)2 deds. (43)
0 Ja
Using Young’s inequality, collecting alike terms and integrating by parts we get
—\+ 2 ¢ ~ /{/2 ~ 2 —\+ 2
= 0 Olfey = [ (@0 lm oy + 5o IV ) = 07 6) g 05

An application of Gronwall’s inequality yields (v — @)™ = 0 almost everywhere and with the continuity
of u and @ this equality extends to the whole domain [0, 7] x 2. Thus we have u(t,z) < u(t,x)
everywhere in [0, 7] x €2 as claimed. O
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Now we prove Lemma 5.1.

Proof (of Lemma 5.1). We will construct a sub-solution v* which is bounded away from zero and constant
in space. The predator equation for such a sub-solution then reads

O+ (kAW — atb + B)u < 0,

since all space derivatives of u vanish. We first consider the ordinary differential equation

with the initial value «(0) = [. This ordinary differential equation can be solved explicitly by

u(t) = lexp <_ (’f HAwHLOO((O,T)XQ) +a HwHL"O((O,T)XQ) + ﬂ) t) ’

The solution u* is monotonically decreasing and continuous, thus it is bounded from below on [0, T'] by
w*(T) and u*(T") > 0 holds. Now,

Ou* + (FAW — aw + B) u” < du” + ("v‘ IAD oo 0,y x02) + N[ oo 0,7y x62)) + 5) u =0

holds, since u* is non-negative, and thus u* is a sub-solution to (1a) and by the comparison principle
from Proposition 5.2 we conclude that @ is bounded away from zero. O

Now we have finished the technical groundwork for our proof of weak-strong uniqueness.

5.2 Relative energy estimates

Using the integration by parts formula from the Appendix, cf. Lemma 7.3, we can prove a relative energy
inequality, which serves as a strong tool when proving weak-strong uniqueness of generalized solutions.
In order to formulate this inequality we need the following definitions. We say (u,w) € ) if

a,w € CY([0,T] x Q) and A, Aw € C([0,T] x Q),
w,u > 0andu > 1> 0forsomel >0

and u and w fulfill zero Neumann boundary conditions.

Definition 5.3. For (u,w) € X and a smooth test function (i, w) € ), we define the relative energy
R:X xY— L®0,T) by

2
u—ﬁ—ﬂ(lnu—ln&)+iﬂ|w—w|2dm, (44)
v

R(u,w|t,w) = /

Q

the relative dissipation W : X x J — L*(0,T)

W(u, w|a, 0) :/(ﬁ—aﬁ;)(u—ﬂ—ﬂ(lmu—lnﬂ))dw—l—i—f/ﬁ((Sﬂ—y)ﬂ\w—dem

Q

2
+5/a\v1nu—v1na|2daz+“—/a\Vw—vadx, (45)
2 Q 2V Q
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the regularity weight IC : ) — L>°(0,T))

o - <12
K(a,w) = [0, anHLoo(Q) +u ||V1n“”Loo(Q)

1
max 1l oy + 1l gy + 1
{Hw”Loo +HwHLOO +1’ L>=(Q) Lo ()

2 2
auy K k%0 .
(%5 + 0t 28 il Il (5 1) + 5 il

+ max{a |[0[| o q) - 27}

and the system operator A : Y — (L>=((0,T) x Q))?

(47)

A7) = (ata —vAG+ kY - (VD) + (8 — ad})a) ‘

i — PAD + §iab — Y

Note, that the regularity weight IC can be considered as independent of w for fixed and bounded initial
data, since the L>°((0,7") x §2)-bound of w only depends on the initial value wy and the finial time 7,
cf. Lemma 4.3.

Lemma 5.4 (Relative energy inequality). Let (u,w) € X be a generalized solution to system (1) ac-
cording to Definition 2.1 and (1, w) € ) be a smooth test function. Then, the following relative energy
inequality holds,

¢
R(u, w|a, w)(t) +/ (W(u, w|i, W) + max{a [|W]| oo gy » 27} R(u, wl ID)) els K@w) dr g6
0

< R(u, w|ii, @) (0)eo ) 4 //Aaﬁ; (mu_m“)efi’“ﬂ@“dwds (48)

(w —w)
for almost allt € [0,T'], where R, W, A and IC are defined in Definition 5.3.

Proof. Adding the population inequality (2) for « and the logarithmic inequality (3) for u tested with © and
adding and subtracting the system operator A(i, w) tested with (Inu — In 4, 0)7 yields

t

t
/u—z’l—ﬁ(lnu—lnﬁ) d:c—l—ﬁ//u—ﬁ—ﬂ(lnu—lnﬁ)dwds
Q 0 Jo

0

¢
—|—V/ /ft|Vlnu|2—Vlnu~Vﬂ—Vﬂ'V(lnu—lnﬂ)dmds
—l—:‘i/ /Vw Vi—aVw-Vinu+ V- V(lnu —Ina)deds

<a//uw—uw—u(w W) — Wi (Inu —Ina) deds

t ~
—/ /A(a,w)~ (mugln”> dzds, (49)
0 Q

=0t (Inu —Ina) + (Oyt) Inu = (Gyu) Ina = O(alna) — @y Ina = O (alna) — dyu.

where we used
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We observe

V/ﬂ]Vlnu|2—Vlnu-Vﬁ—Vﬁ-V(lnu—lnﬂ)da::/1/@|Vlnu—v1nﬁ|2dm,
Q Q

which is a reformulation of the terms in the second line of (49). Using similar transformations for terms of
the third line of (49), yields
H/ Vw-Vi—aVw-Vinu+ V- V(lnu —Ina)de
Q
= / —ku(Vinu—Vina) - (Vw — V) de.
Q

Now, inequality (49) may be rewritten as

/u—u—u(lnu—lnu)
Q

da:—i—ﬂ/ /u—u—u(lnu—lnu)dwds
//l/u|Vlnu—V1nu|2+A( w) - (lnuglnu) dxds

t
§a/ /uw—fu@—ﬂ(w—w)—wﬂ(lnu—lnﬁ) da ds

t
+/ //ml(Vw—Vﬂ})-(Vlnu—Vlnﬂ)da:ds
0 Jo

t 2 t
§g//ﬂ|Vlnu—Vln&]2dwds+i//fL|Vw—Vu~J\2d:cds
0 Jo
+a// (u—a—t(lnu —Ina)) + (w—w)(u—a)dxds, (50)

where we have used Young’s inequality. Note, that the first term on the right-hand side can be absorbed
into the left. Now we test the weak formulation for the prey (4) with @(w — ). We are allowed to do so,
since the weak formulation holds in particular for all ¥ € C1([0, T]; L>=(Q) N W12(2)) and this space
is dense in the solution space of the prey w, cf. Lemma 7.5. Passing to the limit, we find that the weak
formulation (4) remains true with equality. Setting w = (w — w) and adding and subtracting the system
operator tested with (0, ww)”, we obtain

t t
/ (Oyw, uw) ds + / / uNVw - V(aw) + duwaw + pAwuw — duwiuw de ds
0 0 JQ

//kuw youw — A(l, ) - ( )da:ds (51)

Using the integration by parts rule from Lemma 7.3 in the Appendix, we get
t t
/ (Oyw, uw) ds = _/ (Op(w), w) ds + / i|w|* dz
0 0 Q 0

t t
——/ /atﬁ|w|2dwds—/ (Oyw, D) ds+/a\w\2dm
0 JQ 0 Q 0

where we also used the product rule from Lemma 7.6 in the Appendix. Pulling the second term on the
right-hand side into the left-hand side and dividing by 2, we obtain

t 1 t 1 t
(0w, tw)ds = = | a|lw]*dx| — = Oyii|w|? dee ds.
0 2 Q 0 2 0 JQ
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Plugging this into (51), gives

1 t
—/71|u‘;|2dac 4
2 Jq 0

t
/ / pwNVw - Vi + pa|Vo|? + da(uw — db)w dz ds
0 Jo

t 1
:/0 /an|w|2+§8ta|w\2—A(a,w)- (?211) da ds.

Adding 042 |w|? on both sides in the integral and using the equality,

52 |w|? — dt(uw — wb)w = —tw(u — @)W,

some reordering of the terms yields

1 t
—/a|w|2dm +
2 Jq 0

t
/ /ua|vw|2+(6&—7)a|w|2+A(a,w)- (0> da ds
0 Q uw

// —otw(u — a)w + atu|w| — pwVw - Videds.

Further estimating the right-hand side of this equality by an application of Young’s inequality, we arrive at
1 ! t 0
- / a|w|? de| + / / pi| Vol 4 (i — )i|w|? + A, o) - ( _) da ds
2 Ja 0 0 JQ uw

t 1 ~ . e
< / <§ [0 In 6| oo () + g ||V1nu||ioo(9)) / @|w|? dx ds
0 )

t
+/ /ﬁd|Vw|2—5ﬂw(u—ﬁ)wdmds.
0o Ja 2

Absorbing the second to last term from the right into the left-hand side, multiplying by and adding (50)
leaves us with

t

/u—u—u(lnu—lnu)

// —aw)(u—t—u(lnu —Ina)) d:z:ds+//—u|Vw Va|?

+—(5u— ¥)ii|w — w|* + u|V1nu—V1nu|2dwds

/ /A .(Qin?(; 1_“5})) dz ds

< a(w—w)(u—ﬂ)—i—Ecﬁw(@—w)(u—ﬁ) de ds
Iy .

+/t ey + T IV /~| o dzds. (52)
NU||l 5 NU||l 5 uw —w T ds.

Since w and w are non-negative and bounded by K := |[w|[ ;e (o) + ||| . () +1 and &, u > 0 almost
everywhere, we can apply Lemma 7.7 from the Appendix, which |s an appl|cat|on of the Fenchel-Young
inequality, to get the pointwise almost everywhere estimate,

da:+—/u|w w|? da

(w—w)(u—1a) < max{%AK} (@jw— @ +u—a—a(lnu—Ina)).
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Note that this estimate also holds for exchanged roles of w and w and that we know that &, w > 0 holds,
so that the inequality remains true when multiplied with the product %w. Inserting this estimate into (52)
and introducing the operators defined in Definition 5.3, yields

o Inu—1Inu

/Wuw\uw /Auw 22 ~ dx ds
S u(w —w)
/ / <a+—5uw) max{ Ve 4K} (ajw— @ +u—a—a(lnu—Ina)) deds
+/ (— ||8tlnu\|Loo(Q)+ ||VlnuHLoo(Q)) /d\w—w\zdwds
0 0
t 1

< [ (1000l 190 e { a5

auy . 2K26
<?+Oé+25HuHL°°(Q)HwHL‘X’(Q)—i_ o ]| e >HwHL°°(Q>)>

R(u,w\'&,w

2
/u—&—ﬁ(lnu—ln&) + iﬂ\w — ] de ds.
Q 24

Adding max{c [|@|| g , 27} R(u, wt, w) on both sides of the inequality we find, with the definition
of the regularity potential /C, cf. Definition 5.3,

R(u,w|ﬂ,w

/ W (u, w|i, ) + max{a 0] (g , 27} R(u, wla, v)

Inu —Inu t

/ A(a, o) - (2n _ ) deds < / K(t, )R (u, w|t,w)ds. (53)
a(w — W) 0

Applying Gronwall’s inequality, see for example Lemma 7.3.1 in [15, p. 180], (48) follows and our proof of

the lemma is finished. O

Using the relative energy inequality from the previous lemma, makes the proof of the weak-strong unique-
ness, cf. Theorem 2.6, quite simple.

Proof (of Theorem 2.6). The relative energy inequality (48) from Lemma 5.4 holds for the generalized
solution (u,w) € X and the strong solution (@, w). We indeed have @, w € ), since the initial value
g is bounded away from zero and thus also u is bounded away from zero, by Lemma 5.1. Since (@, )
is a strong solution to (1) the term including the system operator A vanishes. By the non-negativity of
W + max{a ||| () 27}R, we estimate

R (u, w|ii, ©)(t) < R(u, wli, ¥)(0)elo K@D ds —

for almost all ¢t € [0, 7). Thus we have w(t) = w(t) and u(t) = @(t) almost everywhere in (2 by the
definition of the relative energy R, see (44), where we used that = — y — y(Inz — Iny) = 0 implies
r=vyforallz,y > 0. O

6 Local existence of strong solution

We only show the a priori estimates needed for the local-in-time existence of strong solutions for system
(1) in a formal way, working directly with the equations from (1). To make this rigorous one would need to
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choose an appropriate Galerkin basis of eigenfunctions, which fulfill V(Ay) - n = 0 on 92 and perform
these estimates on the discrete level. The structure of the proof follows the proof of Theorem 2.5 in [26].

For all functions o € TW%2(Q) fulfilling zero Neumann boundary conditions we can consider the norm
2 2 2
||90||W2»2(Q) = ||90||L2(Q) + ||A90||L2(Q)>
which defines an equivalent norm to the standard 1/ 2?:2-norm.

Proof (of Theorem 2.7). We show this by deriving appropriate a priori estimates and using an ODE com-

parison principle for
1 2 2
1) =5 2+ lw®lgpee + lu®)le)

where we write L? instead of L?({2) etc. throughout the proof. Note that for d < 3 we have W12 < L5
and W22 < L by the Sobolev embedding theorem. Testing the prey equation (1b) with w itself we get

— 5 llwlZa + ull Vel < (7 + 5) lolzz + 5 lullze < € (lullfyre + holfpe) 64
and testing (1b) with the bi-Laplacian A?w and applying Young’s inequality yields
d1

%3 |Aw||%, + ||V (Aw) |3, = / YAw|* 4+ suVw - V(Aw) + dwVu - V(Aw) dz
Q

<[ Awlfz + 6 ||u||L4 IVwl[p4 [[V(A )IILz 0 lwll oo [Vall 2 [[V(Aw)]| 2
<yl Awllz. + 5 HV(Aw)IILz + (IIU|IL4 + [Vwllze + llwl e + 1 Vullz2) |

where the boundary terms vanished since V(Aw) - n = 0 on 02 holds by our choice of Galerkin basis.
Absorbing the term including the third partial derivatives of w from the right into the left-hand side and
using the above mentioned Sobolev embeddings, we obtain

d1
<3 18wlE + S IV A0 < € (L4 ullie + i) (55)
Testing the predator equation (1a) W|th u and applying Young’s inequality gives

d1

g 1l + v IVulls £ Al = [ aw+ V- Vude

2
< 5 lwlie + 5 Nulze + 5 1Vl fulfs + 5 19l
Absorbing the last term on the right-hand side into the Ieft-hand side and again using the above mentioned
Sobolev embeddings, yields
d1
— 5 lulz:
Finally testing (1a) with —Aw and integrating by parts we obtain
d1
dt2

< O (1+ flullipre + l[wllpez) - (56)

[Vull2, + v Au|?, = / ruAwAu + kAuNVu - Vw + (f — aw)uAude
0

< —/ ﬁAw|Vu|2+muV(Aw)-Vudaz—/ﬁ|Vu|2da:
Q Q

+ 5[Vl s [Vl| s [[Aul 2 + affwl] o [ull g2 [[Aul] 22
2
< wflAw| g2 [[Vullps + 5 lull o Vel s IV (Aw)]] 2
+ RVl s [Vl o [[Aul 2 + affwl] o Jull 2 [[Aul 2 - (67)
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For u € W*2(Q) fulfilling zero Neumann boundary conditions we can estimate | Vul| ;s < C||Aul| 2
and we can deduce the following interpolation inequalities

1 1
IVullps < CIVullZ2 [ Aullz:

1 3
IVull e < CIVul| e [ Aul . -

Using these inequalities and Young’s inequality, we can further estimate (57) by

d1

IVulz2 + v [l Al
dt2

3 1 1 1
< CllAwl| e |Aul7: [Vaull 72 + Cllull g [[Vull 22 [[Au] 72 [V (Aw) || 2
1 3
+ C || VullZ: [[Vwll s [Aull 72 + aflwll oo ([ull g2 [|Aul] 2
v p
<3 1Au)7> + C ([ Aw|F2 + [[Vull72) + 5 IV (Aw)||7: + C (IVullg: + lulls)

2
v 6 6 «@ 4 4
+3 |Aull7: + C (I[Vwlge + | Vulz.) + % (lwll7oe + [feell72) -

Absorbing the Aw terms from the right into the left-hand side, we can deduce

d1

W
g IVullie < O (U ulipre + wlfipee) + 5 [IV/(Auw)]7. (58)
Adding equations (54), (55), (56) and (58) we get

% (t) < CE@)*, (59)

For the initial values given in Theorem 2.7 the initial value £(0) is bounded and thus we find a 7% > 0
and some C* > 0 such that (59) has a solution on [0, 7*) and

1€1] oo .7y < €

holds. This shows u € L>(0, T*; W1?)and w € L>°(0, T*; W*?). By the maximal L?-regularity of the
heat equation, see [9, Thm. 8.2] we obtain the required regularity in time, where we proceeded as follows.
First we find w € WS(L5) N LS(W?26) — C([0,T*] x ), by the embedding from [22, Lem. 3.3]
and maximal LP-regularity for (1b). With this additional regularity for w and maximal L”-regularity for (1a)
we find u € WH2(L?) N L2(W?2?), O

Finally, we infer the additional regularity of strong solutions asserted in Proposition 2.8.

Proof (of Proposition 2.8). The proof is performed via a bootstrap argument. We apply the maximal L?-
regularity of the heat equation, see [9, Thm. 8.2], multiple times and use the following embeddings for
parabolic Sobolev spaces

Wha(0, 7% LYQ)) N L0, T* W24(Q)) < LP(0,T*; W"P(Q)) (60)
fork=0,1withp >gand2—k— (1/¢—1/p)(n+2) > 0and

Whe(0, T LY(Q)) N L0, T*; W24(Q)) — CFF/2Ra ([0, T%] x Q) (61)
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forq >(n+2)/(2—k),k=0,1and0 < a <2 —k— (n+2)/q, see [22, Lem. 3.3]. The space
C/22([0, T*] x Q) is the parabolic Hélder space, see [30, p. 177] for a definition. We make use of the
Holder continuity of the right-hand side to deduce the regularity up to ¢ = 0. Roughly speaking, we can
say that when the right-hand side and initial condition of the heat equation are Hélder continuous, this
continuity transfers to the time derivative and the Laplace of the solution and can be extended to ¢ = 0,
see Section 5.1.2 in [30]. This will be done more precisely later in the proof. We begin by noting that by
the embedding (61) we find

w e W0, 7% LS(Q)) N L0, T*; W26(Q)) — CUH)/21te ([0 7% x Q) (62)
forall o € (0, %) Using the embedding from (60) we find
u € WH2(0,T% L*(Q)) N L*(0, T W**(Q)) — L'°(0,T*; L'°(Q)),
we W20, T LA(Q)) N L2(0, T W22(Q)) — L= (0, T* Wb ().
Using this additional regularity and considering equation (1a)

Ou — vAu = —kulAw — kVu - Vw + (aw — p)u, (63)
we notice that the right-hand side of (63) isin L% (0,7 L¥ (€2)) and thus by the maximal LP-regularity
of the heat equation and again using embedding (60), we find

w€ WS (0,75 L5 (Q) N LT (0,7 W3 (Q)) < L0, 7% W0(Q)).
An application of (61) yields

w€ WS (0,75 L5 (Q) N LT (0, T W3 (Q)) = C%4([0,T7] x Q),
forall & € (0, 1). Now, we can deduce that the right-hand side of (63) is in L°(0, 7*; L5(2)) and again
applying maximal LP-regularity we obtain

u e WH(0, 77 L5(Q)) N LO(0, T W?5(Q)) — CUHH/214e([0, 7] x Q) (64)
forall o € (0, %) by embedding (61). Now we have that the right-hand side of (1b)

Ow — pAw = (v — du)w

is in the parabolic Hélder space C1)/21F2([0, T*] x Q) for all a € (0, £ ), since the product of two
Holder continuous functions with Holder exponents A; > 0 and A\, > 0 is again Holder continuous with
Holder exponent A = min{A;, A2}, see [16, Ch. 4.1]. Additionally, we have that the initial data fulfills
wy € C3(Q) — C*2%(Q), the embedding holds by the Sobolev embedding theorem since 2 has a
smooth enough boundary, see for example [1, Thm. 5.4], and wy fulfills the boundary conditions. Thus,
by [30, Thm 5.1.18iii)], we find

w, € C**([0,T*] x Q) and  Aw € C*°([0,T%] x Q).
For the regularity of u we find that the right-hand side of (63) is in C°([0, 7] x Q) and with the
properties of ug, namely that ug € C3(Q) — C?72%(Q) and that it fulfills the zero Neumann boundary
conditions, we find, again applying [30, Thm 5.1.18iii)], that

uy € C***([0,T*] x Q) and  Au € C*°([0,T%] x Q).
Combining these continuity results of the time derivatives and the Laplacians with the continuity of the
first derivatives in space, cf. (62) and (64), we obtain

u,w € CH([0,T*] x Q) and Au, Aw € C([0,T*] x Q).

The non-negativity of the initial values uy and wq can be transferred to the solutions uw and w by first
applying the comparison principle for strong solutions of the predator equation, cf. Proposition 5.2 and
then the comparison principle for the prey w, cf. Lemma 4.3. This completes our proof. O
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7 Appendix

7.1 A generalized integration by parts and product rule

By the definition of the solution space X, cf. Section 2, we have w € L?(0,T; W12(Q) N L>(Q)) with
Oww € L2(0,T; LY(Q) + W12(Q)*). In this section we prove that the standard integration by parts and
product rules are valid in this space.

We define V; = WH2(Q) N L>(Q) and Vo = L'(Q) + W2(Q)*. Both L'(Q2) and W2(Q)* are
continuous embedded in Wl’p(Q)* for p > d and thus the sum of these spaces is well-defined. Equipped
with the norms

lorlly, = max { ol + o1l e e
el = in8 { ol gy + 8oy 04 € £1(@),08 € W2 st ud 05 =

for vy € Vi and vy € V; these spaces are Banach, see [7, Thm. 1.3]. We will continue to denote the
LY(2) part of v € V5, by an upper index 1 and the W1?(2)* by an upper index 2 throughout this section.
Next we define the following space.

Definition 7.1. We defineY := {w € L*(V}) | dyw € L*(V4)} , where the distributional time derivative

is given as usual via
/ / (t,z)v(x) dx ¢ (t) dt = / o(t)(Qyw(t),v) dt (65)

forall ¢ € C(0,T) and allv € L>(Q2) N WH2(Q).

Remark 7.2. The space Y equipped with the norm [|w|ly := ||w|;2(y,) + [|Oswl| 2, is @ Banach
space.

We now state the generalized integration by parts rule for the space Y.

Lemma 7.3. The space Y, cf. Definition 7.1, is continuously embedded into C'([0,T]; L*(Q2)) and for
arbitrary w,v € Y, we have

(w(t),v(t)) 2y — (w(s),v(s))r2(0) = / (Oyw(T),v(T)) + (Ow(7),w(T)) dT (66)
forall0 < s <t <T.

Before we turn to the proof, we note the following easy consequence of this lemma.

Corollary 7.4. Forw € Y we have w" := max{0,w} € L*(V}) and
2
holds for almost all t € [0, T).
Proof. This can be shown by first taking w € C([0,T]; V;). We then have w' € Y and we can apply

the integration by parts rule from Lemma 7.3 to obtain (67). For arbitrary w € Y we find an approximating
sequence in C''([0, T']; V}) by Lemma 7.5, see below, and deduce that (67) remains true in the limit. [J
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In order to proof Lemma 7.3 we follow the standard procedure by moving to a dense subset of smooth
functions.

Lemma 7.5. The space C'([0,T]; V1) is dense in Y.
Proof. This can be shown by the use of mollifiers as it is done in [36, Lem. 7.2]. O

The following proof is conducted along the lines of [36, Lem. 7.3]. One cannot apply this Lemma directly,
since V; — L*(Q)) — V5 does not define an evolution triple, since V;* # V.

Proof (of Lemma 7.3). We start by proving the embedding into C'([0, T']; L*(2)), using the density from
Lemma 7.5 to show that the embedding via the identity 7 : C'([0,T];V}) C Y — C([0,T]; L*(Q)),
can be extended to the whole space Y. First, we note that for arbitrary w, v € C*([0, T; V}) we have

d
= (W), v(t)r2@) = (Oaw(?), v(t)) + (Gv(t), w(t) (68)
for all ¢ € (0,T). Using the mean value theorem, we find ¢; € [0, T such that w(t;) = = [
holds. Using this identity and Young’s inequality we get

2 2 2 2
e (®) 3y = o)l 22 + (IO 220y — 0 e

<7 [ Il ds+2 [ (). wl)ds

t1

-7 / () 220y ds +2 / (Drw(s), w(s)) + (Dw(s)?, w(s)) ds

t1

2
L2 (O,T)>

for some C' > 0 and all t € [0, T]. Since this inequality holds for all decompositions of J,w(s) into its
LY(Q) part O;w(s)! and its W2(Q)* part d;w(s)?, the inequality also holds for the infimum over all
these decompositions and we obtain

<C (||w||L2(V1) + H”atwlnLl(Q) + Ha'waHWLQ(Q)*

lwll oo, z2e0)) < C llwlly -

We can extend this densely defined linear operator ¢ to the whole space Y by the extension principle, see
[43, Prop.18.29].

The integration by parts formula for arbitrary w, v € Y follows by a density argument. We take approxi-
mating sequences (v, )., (wy,), € C([0, T]; V1) such that v, — v and w,, — w in Y holds. We then
have that the identity (68) holds for w and v replaced by w,, and v,, respectively. Integrating this identity
over (s, t) we find that (66) holds, again with w and v replaced by w,, and v,,. Finally we can conclude
that the equality remains true in the limit. O

Next we show a generalized product rule.

Lemma 7.6 (Product rule). Forw € Y andv € W12(0, T; V) the product rule 0;(wv) = vdyw+wdyv
holds, where
Wh2(0,T; V1) == {v € L*(0,T; V1) | Opv € L*(0,T; V1) } .
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Proof. The proof is analogous to the proof of the product rule for weak derivatives. First we show that
it holds for w € C'([0,T]; V1) and v € C°([0,7]) @ V;. In this case v has enough regularity and
can be split up to join the test functions ¢ and ¢ from the definition of the generalized time derivative,
cf. Definition 7.1. By Lemma 5.121in [38, p. 70], we have the density of C5°([0, T])®@V; in W12(0, T'; V4).
With this density we can deduce the product rule for all u € C1([0,T]; V;) and v € Wh2(0,T; V}),
where we use the continuous embedding of W2(0, T'; V) into C([0,T; V1) to pass to the limit. With
the density of C*([0,T]; V') in Y, cf. Lemma 7.5, we finally get the product rule as stated in the lemma.

O

7.2 Auxiliary results

We reprove a nice pointwise inequality resulting from the Fenchel-Young inequality. The proof is taken
from Lemma 26 in [19].

Lemma 7.7 (An application of the Fenchel-Young inequality). Letu, u,w, w € R be non-negative, r > 0
such thatw,w € B,.(0) and @, u > 0 holds. We then have

(w—w)(u—1a) < max{%,élr} (@|w—w)*+u—a—a(lnu—Ina)). (69)

Proof. First, we define the proper convex function g : R — R via

r—In(z+1) forxre (—1,00),
o) = { ) ore € (7100
+00 otherwise.

The convex conjugate, see Section 2.1.4 in [3, p. 75], is easily computed and given by ¢* : R — R with

. —In(l—y)—y fory e (—o0,1),
{0y mvecmy
+00 otherwise.

Choosing y = “=% such that |y| < 3 and = = (¥ — 1), we find that

g(x)z%—l—ln(

1),
U U
7) =—-—1—(lnu—1Ina).
U U
We estimate ¢*(y) by writing it via the Taylor expansion using the integral form of the remainder term,
1—s 9

1 1
9" (y) = g"(0) + (¢")'(0)y + / (1=s)(g")"(sy)dsy® = / 5 dsy
0 o (1—sy)
1 1_s 1
e I KT
0 (1 — %) 0

since |y| < % by our choice of y. An application of the Fenchel-Young inequality, again see Section 2.1.4
in [3], yields

(w — @) (u — @) = (4@)“’;‘7 (5 —1) = Uriay < 4 (5" () + 9(x))

2
< Adra (%+%—1—(1nu—lnﬂ))

1
< max{4—,4r} (@jw— 0P +u—a—a(lnu—Ina)).
r

This concludes our proof of the inequality (69). O
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