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Abstract. By means of a unifying measure-theoretic approach, we establish lower bounds on the Hausdorff dimension of
the space-time set which can support anomalous dissipation for weak solutions of fluid equations, both in the presence
or absence of a physical boundary. Boundary dissipation, which can occur at both the time and the spatial boundary,
is analyzed by suitably modifying the Duchon & Robert interior distributional approach. One implication of our results
is that any bounded Euler solution (compressible or incompressible) arising as a zero viscosity limit of Navier—Stokes
solutions cannot have anomalous dissipation supported on a set of dimension smaller than that of the space. This result
is sharp, as demonstrated by entropy-producing shock solutions of compressible Euler (Drivas and Eyink in Commun
Math Phys 359(2):733-763, 2018. https://doi.org/10.1007/s00220-017-3078-4; Majda in Am Math Soc 43(281):93, 1983.
https://doi.org/10.1090/memo/0281) and by recent constructions of dissipative incompressible Euler solutions (Brue and
De Lellis in Commun Math Phys 400(3):1507-1533, 2023. https://doi.org/10.1007/s00220-022-04626-0624; Brue et al. in
Commun Pure App Anal, 2023), as well as passive scalars (Colombo et al. in Ann PDE 9(2):21-48, 2023. https://doi.
org/10.1007/s40818-023-00162-9; Drivas et al. in Arch Ration Mech Anal 243(3):1151-1180, 2022. https://doi.org/10.1007/
s00205-021-01736-2). For LiL" suitable Leray—Hopf solutions of the d—dimensional Navier-Stokes equation we prove a
bound of the dissipation in terms of the Parabolic Hausdorff measure P*, which gives s = d — 2 as soon as the solution lies
in the Prodi—Serrin class. In the three-dimensional case, this matches with the Caffarelli-Kohn—Nirenberg partial regularity.
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1. Introduction

Let Q ¢ R% d > 2, be a domain, possibly with smooth boundary 9. If not otherwise specified, our
spatial domain can be Q = R¢ the whole space, Q = T the flat torus, or any general bounded domain
Q C R%. Incompressible fluid motion is, to good approximation, described by the Navier-Stokes equations
with no-slip boundary conditions for a velocity field u” : Q x (0,7) — R4

ou? + (u” - V)u’ = —=Vp” + vAuY in Q x (0,7,
divu” =0 in Q x (0,7), (1.1)
u’ =0 on 092 x (0,T).

The parameter v > 0 represents the kinematic viscosity, which can be identified (upon non-dimensionali
-zation with suitable characteristic scales U and L) with the inverse Reynolds number Re™" := v/UL.
Turbulence intensifies as Reynolds number increases, with the limit Re — oo (equivalently zero viscosity)
representing a regime of “ideal” turbulence in which the velocity field formally satisfies the inviscid Euler
equations, at least in a weak sense

Ou+ (u-V)u=—Vp in Q x (0,7),
divu=0 in Qx (0,7), (1.2)
u-n=0 on 002 x (0,T),

where n : 90 — R? is the outward unit normal. For strong solutions of the Euler equation, there is no
mechanism for dissipation of energy. Remarkably, observations from experiments [54,61] and simulations
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[38,52,62] (for further discussion, see [20] for the case without boundary and [21] for the case with
boundary) indicate that energy dissipation remains non-vanishing in ideal turbulence:

lim v(|Vu? ) = & > 0, (1.3)

where (-) is some relevant averaging procedure, space, time or ensemble. This phenomenon of anomalous
dissipation (1.3) is so central to our modern understanding of ideal turbulence that it has been termed the
“zeroth law”. It is the principal postulate of the celebrated Kolmogorov 1941 (K41) theory [39] and reflects
a turbulent cascade transferring energy from large to small scales which can effectively dissipate energy
without the direct need of viscosity [53,63]. Under a space-time L = compactness hypotheses on the
family {u”},<o (implied by uniform regularity related to experimentally supported bounds on structure
functions in the inertial range [22]), the phenomenon (1.3) indicates that ideal turbulence u” — w is
described by dissipative weak Euler solutions w [24], that is weak solutions for which the distribution

e o () e (1 1)), ”

which would be zero on classical solutions, is (locally) a non-trivial, non-negative space-time measure
elu] € Mioe(2 % (0,T)). In view of (1.3), (e[u]) =€ > 0.

A consequence of Kolmogorov’s 1941 theory is that €[u] is supported on a full measure set of space-
time, in keeping with prediction of a “monofractal” (having the same roughness everywhere) velocity field
possessing, in some sense, exactly one-third of a derivative:

lu(z + 02) —u(z)| ~ ()3, |z] = 1.

However, as Landau famously remarked during Kolmogorov’s Kazan lectures in 1942 (discussed subse-
quently in section 34 of Landau & Lifshitz [41]), the prediction of a monofractal velocity field is dubious
precisely because of the space-time spottiness of the energy dissipation measure €[u]. See also the account
of Frisch [29]. That the velocity field is intermittent or multifractal (having fluctuating roughness in space
and time) in high-Reynolds number turbulence is, by now, a well known experimental fact (see e.g. [36]).
Moreover, simple singular solutions of model problems (such as shocks for the one-dimensional Burgers
equation) clearly connect intermittency in the velocity field with anomalous dissipation supported on
lower-dimensional sets. A “multifractal model” based on energy dissipation was first proposed by Man-
delbrot [47] (see [49,51] for experimental support), and Kolmogorov himself proposed to use a refined
self-similarity of the dissipation to make multifractal predictions [40]. See Frisch [30] and Eyink [26] for
a survey and [11,12,15,27] for some mathematical results on multifractality. A precise, rigorous connec-
tion between the fractal dimension of the support of anomalous dissipation and intermittent scaling for
incompressible Euler has recently been established [16,33].

Consequently, an understanding of spatio-temporal variation of the energy dissipation measure (1.4)
is crucially important. The first (and nearly only) study of this subject can be found in the pioneering
series of works by Meneveau and Sreenivasan [49-51]. These papers suggest from experiments that, in the
infinite Reynolds number limit, the anomalous energy dissipation measure at fixed time is concentrated
on a subset of fractal dimension less than space dimension 3, about 2.87, and has volume zero [50].
Moreover, based on the data, it is supposed that this fractal dimension is (roughly) constant in time,
making the inferred space-time support of the dissipation measure to be dimension 3.87.

In this paper, we are interested in establishing apriori lower bounds for the dimension of the space-time
support of anomalous dissipation based on integrability assumptions on the weak solutions. We lay out a
framework for proving lower bounds for weak solutions of general systems of conservation laws (including
incompressible and compressible Euler, passive scalars, and Leray—Hopf solutions of Navier—Stokes) under
integrability assumptions. Although some of our results can be stated under a single general theorem, for
exposition purposes we divide the results in three categories: incompressible Euler, general conservation
laws, incompressible Navier—Stokes. Moreover, for exposition purposes we limit ourselves to the case of
positive dissipations but we remark that some of the results extends to the more general signed case.
Details are given in Sect. 2.2.
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1.1. Incompressible Euler

Before stating our main results, we clarify the subtle difference between interior and boundary dissipation.
In the celebrated work of Duchon & Robert [24], only interior dissipation is studied, i.e (1.4) can be tested
with ¢ € C1(Q x (0,T)), giving

/T/ [|u2|23t(p+ (W;er)“'v‘f’} dxdt:i/wdE[U] (1.5)
0 Q 0 O

as soon as €[u] is a positive distribution, and thus it is locally a finite positive measure [25]*Theorem 1.39.
This is the case whenever u arises as an L} (€2 x (0,7)) limit of smooth, or more generally dissipative
in the sense of [24], solutions to incompressible Nav1er Stokes. When ) is either R? or T¢, standard
Calderon—Zygmund estimates guarantee that p € LIOC(Q x (0,T)), which then makes the term pu well
defined in (1.5). On a general bounded domain, the lack of a boundary condition on the pressure makes
the issue delicate.

This approach does not trivially extend to analyze dissipation happening at the boundary (in time
or space) since it relies on standard regularization techniques. However, in view of formation of intense
boundary layers at the physical boundary 9 [52], and also of the recent constructions [1,2,18] for which
all dissipation happens at the single instant 7', we give the following definition.

Definition 1.1 (Boundary extendable dissipation). Let @ C RY be a bounded domain and let u € L3(Q x
(0,7)), p € L2(2 x (0,T)) be a solution of the incompressible Euler system (1.2). We say that u has a
positive boundary extendable dissipation if there exists a positive measure £[u] € Mio.(Q x (0,T]) such
that

T

//[IuIQat ( |2+p)u w} dzdt = //@ds Vo € CL(Q x (0,T)). (1.6)

0

In Proposition A.1, we show that if {(u”,p")}.,>0 is a sequence of smooth Navier—Stokes solutions such
that v — u in L3(Q2 x (0,T)) and p* — p weakly in L2 (Q x (0,T)), then (u, p) is a weak solution to the
incompressible Euler system with boundary extendable dissipation. We will use the definition above for
(u,p) satisfying general integrability conditions, i.e. u € L(0,T; L"(Q)) and p € L3 (0,T;L?(f)), with
q,7 > 3. These latter conditions can also be restored by vanishing viscosity sequences with an appropriate
uniform (in viscosity) bound, see Remark A.2.

We are interested in establishing lower bounds on the dimension of the space-time support of the
measures e[u] and Z[u]. In fact, we can establish lower bounds on the concentration set, which is in
general much smaller than the support. Recall that a measure p is said to be concentrated on a set S
if p(A) = pu(AnS) for all measurable A, while Spt i1 is the complement of the union of all open sets
O such that [¢du = 0, for all ¢ € C2(O). Since any measure is concentrated on its support, we can
restrict to the case S C Spt p, while in general there holds Spt 4 C S. In particular, any lower bound on
the dimension of S, translates into a dimension lower bound for Spt pu. As soon as the concentration set
is dense, then Spt p is the whole ambient space. Since measures can concentrate on countable dense sets,
then dimensional lower bounds on S are clearly more useful than those on Spt .

We denote by HE, for a > 0, the generalised space-time Hausdorfl measure (see Sect.2 for precise
definition), which imposes an « scaling in the time variable allowing for anisotropy of measurement in
space and time. We remark that H; coincides with the usual Hausdorff measure H® for @ = 1 and with
the parabolic Hausdorff measure P* for a = 2. In the following result, we choose « in order to optimize
the dimension bound. Indeed, the Euler equations do not impose any time-space scaling (as contrary,
for instance, to Navier—Stokes, which imposes parabolic scaling). The choice of « in the theorem below
coincides with the one which makes the corresponding L{L" norm scaling invariant, see Remark 3.3.

T Birkhauser
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Theorem 1.2 (Incompressible Euler). Let 2 C Rd, d>2, be a domain and let 3 < r,q < oo be such that

-2 2
s:dr — r+d20, azir+d>0,
r q—1 r q—1 r
with s = d and o = 1 whenever r,q = co. Let uw € L _(0,T;L{, .(Q)) and p € LéC(O,T;LE}C(Q)) be a

weak solution of the incompressible Euler equations (1.2) having non-negative local anomalous dissipation
measure e[u] € Mioe(Q2 x (0,T)). Then elu] < HE and, if e[u] is non-trivial and concentrated on a
space-time set S, we have

dimy S > s. (1.7)

Further, when Q is bounded and if (u,p) € L9(0,T; L"(Q)) x L3 (0,T; Lz (Q)) has a boundary extendable
dissipation [u] € Mioc(Q x (0,T)) in the sense of Definition 1.1, then the same conclusions hold for €[u].

A few remarks are in order. First, Theorem 1.2 is a direct consequence of the more general Theorem 3.1
(which is itself a consequence of Proposition 3.2) in which we also keep the time scaling parameter «
free. We believe such a statement being helpful since there is in general no obvious relation between the
measures H: if both o and s vary. Theorem 3.1 should be compared with [64]*Theorem 3.2 which we
recall in Theorem 2.6 below. The latter shows that it is possible to deduce continuity properties (in terms
of absolute continuity with respect to the Hausdorff measure) of the divergence of L" measure divergence
vector fields. This approach turns out to be quite unifying, and directly applies to deduce continuity
properties of dissipation and thus lower bounds on their dimension for much more general conservation
laws (passive scalar transport, Burgers equation, multidimensional compressible and incompressible Euler
equations, among others). Indeed, in all these cases the local energy balance directly falls in the setting of
vector fields (space-time in our case) whose divergence is a positive bounded measure. Details and various
examples are given in Sect. 1.2 below. For further readings on divergence measure field, together with
applications to systems of conservation laws, we refer to [6-9,55] and references therein. However, since
for fluid equations space and time usually scale very differently, our Theorem 3.1 (and thus Theorem 1.2
above) should be viewed as a specialized version of the approach in [64]. We emphasize that the two
approaches coincide in the case of bounded solutions (i.e. r,q = o00), while for general integrability
conditions, our Theorem 1.2 gives sharper dimension bounds.

Remark 1.8 (Pressure hypothesis). We remark that in Theorem 1.2 the explicit hypothesis on the pressure
g r
pe L (0,T;LE () is redundant whenever r < co by classical Calderon—Zygmund estimates, at least

loc loc
when € is the whole space R% or the periodic box T¢. However, when r = oo such an assumption is

necessary. If r = co and without further assumption on the pressure (but only on w), then one still has
9 r
p € L2 _(0,T; L2 () for every r < oo. Thus, our result would read as e[u] < H5™7, for all v > 0,

loc loc
where!

2
s=d— —— (X:L.
q—1

q—1
Moreover, since 7y can be taken arbitrarily small, the dimension lower bound (1.7) in case of non-trivial
dissipation stays the same (see Definition 2.2).

Concerning the sharpness of Theorem 1.2, the recent works [1,2,18] construct bounded sequences
u” — u with a non-trivial dissipation measure supported at a single instant in time — for this example,
our theorem implies dimy Spte[u] = d, showing that the lower bound (1.7) cannot be improved. This
could, in fact, also be deduced by prior work of Leslie and Shvydkoy [43,44] which we discuss later. Our
result also implies that of Jeong and Yoneda [37]*Section 1.3.3, who show that a C* point singularity
cannot support anomalous dissipation. Further explicit numerology in some physically relevant cases

ITo be precise, this conclusion follows by a minor modification of Proposition 3.2. Indeed, for any r < 400, it is enough
to choose a = qi% in place of (3.2) and modify (3.6) accordingly. Otherwise Theorem 1.2 as stated would also have an
arbitrarily small loss in the time exponent, i.e. o = qu +~/ for all v/ > 0.

) Birkhauser
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implied by our Theorem are discussed in Sect.3.1. Note that the analog of Theorem 1.2 directly applies
to the passive scalar example [18], but does not apply directly to the Euler solutions constructed in [1,2],
since those involve an external forcing. However, we remark that (suitably integrable) external forces can
be easily added to our analysis; details are sketched in Appendix B.

Moreover, the recent convex integration constructions [14,32,34] provide solutions with non-trivial
and non-negative dissipation, on which our results directly apply. However, if one is only interested in
getting lower bounds, then an adaptation of our proofs also applies to the signed case. In Sect.2.2 we
will give all the necessary details. We decided to state our main results in case of positive dissipation
measures since in this case we can get stronger conclusions, such as the regularity of the dissipation in
terms of the reference Hausdorff one, and (perhaps most importantly) global bounds on the local upper
densities (see Proposition 3.2).

Finally, by the experiments by Meneveau and Sreenivasan [49-51], assuming their flows remain
bounded with increasing Reynolds number, the dimension of support of anomalous dissipation is 0.87
above our lower bound, indicating that — unlike the simple shock singularities and mathematical con-
structions — incompressible turbulence does not sit at the lower threshold of our theorem. It would be
interesting to obtain additional experimental and numerical measurements of the space-time support of
the dissipation, perhaps leveraging a Lagrangian interpretation [5,17].

In connection with our Theorem 1.2, we mention the work [44] by Leslie and Shvydkoy: with a fine
oscillation/concentration analysis of the spatial dissipation measure at the first blowup time, they deduce
regularity properties of the defect measure due to the possible failure of energy conservation. Thus, lower
bounds on the dimension of the support of the spatial defect measure directly follow in the case of non-
conservative solutions. The main novelties of the present work are to establish lower bounds on the support
of the full space-time dissipation measure (as opposed to dissipation on a hypothetical first singularity
time slice) and, at the same time, to provide a framework which is robust enough to include boundaries
and general conservation laws. As in [44], we emphasize that our results can be thought of as an energy
conservation criterion, which directly follows from the absolute continuity property e[u] < H2: if e[u] is
concentrated on some S with dimy_ S < s, then e[u] = 0. Moreover, our Proposition 3.2 always achieves
the stronger conclusion on the local asymptotic of the measure, from which the absolute continuity with
respect to H?, follows by Lemma 2.3. As we prove in Proposition 2.8, having the right local asymptotic
of a measure, is strictly stronger than the corresponding absolute continuity property. The importance
of the local behavior of dissipation measures in turbulent flows can be seen in its connection with the
multifractal spectrum which naturally arises in these contexts (see [28]*Chapter 17 as well as [30]*Chapter
8).

1.2. General Conservation Laws Setup

Here we discuss how the measure theoretic setting of measure divergence vector fields from [64] applies
to weak solutions of general systems of conservation laws, giving sharp dimension bounds in several
aforementioned examples. We only discuss the local version (not taking the boundary into account), thus
the argument applies to bounded and unbounded domains 2.

Let u: Q x (0,7) — RY be a weak solution of

Opu+divFu] =0 (1.8)

for some flux F : RN — RN, Suppose that smooth solutions of (1.8) admit a conserved entropy
n: RY — R which, itself, satisfies a local conservation law

Onlu] + divQlu] =0 (1.9)

for some corresponding entropy flux @ : RV — R?. We may regard the condition (1.9) as a space-time
divergence-free condition on a certain vector field V : Q x (0,7) — RN+!

div, , V=0, V= (n[u], Q[u])

T Birkhauser
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Definition 1.4 (Entropy solutions). Entropy solutions u : Q x (0,7) — RY are weak solutions of (1.8)
such that

div,,V=-D
where D € Moc(£2 x (0,T)) is a positive Borel measure, termed the anomalous dissipation measure.

Such weak solutions may arise in various contexts as inviscid limits of non-ideal systems.

Ezample 1.5 (Incompressible Fuler). Weak solutions u of incompressible Euler equations (1.2) that arise
as strong—L?3 vanishing viscosity limits of classical Navier-Stokes solutions u” — u have [24]

2 2
NEAC R a—

Ezample 1.6 (Incompressible Navier—Stokes) Suitable Leray—Hopf weak solutions u” of the incompressible
Navier-Stokes equations (1.1) have (see (1.11) below)

V= <|u’2’|2’ <u’2’|2 —i—p”) u’ — UVM;|Q> , D := D[u”] + v|Vu”|?,
with D[u”] a positive distribution, thus locally a positive Radon measure.
Ezample 1.7 (Transported Scalars). Weak solutions 6 of scalar transport equation by a bounded,
divergence-free vector field u
O + div(uf) =0

that arise as zero-diffusion limits have

92 92 : K|2
V= <2,u2) , D:= ’?LI})MVG |<.

Example 1.8 (Compressible Euler). Weak solutions (p, u, E) of full compressible Euler system?

Op + div(pu) =0
O (pu) + div(pu @ u+pI) =0
O FE + div((p + E)u) = 0,
that arise as strong—L" vanishing viscosity limits of compressible Navier—Stokes [19]*Equation (16) have

5 |S[]? | |divul? KIVT\Q
" T T2

+¢ (1.10)

V= (s,us), D:= lim {
7,(,k—0

where s = s(u, p) is the physical entropy, T = T'(u,p) is the temperature of the fluid (both of them
defined by an appropriate equation of state) and

Sfu] = % (Vu+ (Va)t — g(div u)])

is the strain tensor. In (1.10) 7 is the shear viscosity, ¢ is the bulk viscosity and x is the thermal
conductivity of the fluid.

For the sake of simplicity, we state only the result about interior dissipation, under a single space-time
Lj (2 x (0,T)) integrability assumption. Thus, we study the isotropic Hausdorff measure HZ, for o = 1.
As already discussed before, we stress that the two approaches (space-time anisotropic vs isotropic) give
the same results in case of bounded solutions.

2In this context the pressure p is prescribed by a thermodynamic equation of state p = p(u, p).

) Birkhauser
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Theorem 1.9 (General conservation laws). Let d > 1, “ < r < 0o and u : Q x (0,T) — R? be an
entropy solution to (1.8), with D € Moc(2 x (0,T)) the corresponding anomalous dissipation measure.
Assume that the entropy and the entropy flur enjoy nlul, Qu] € Li (2 x (0,T)). Set s = d+1— 1,
with the usual convention that s = d for r = co. Then, if r < co, we have that

H*(B) < oo = D(B)=0, VB CCQx(0,T) Borel,

while for r = co we have D < H®. In particular, if D is non-trivial and concentrated on a space-time set
S, we have the dimensional lower bound

dimH S > s.

For bounded solutions, Theorem 1.9 shows that non-trivial dissipation has to happen on a set of
Hausdorff dimension at least d, and the recent examples [13,18] show that our lower bound is realized,
thus proving optimality of the exponent. For compressible systems (Burgers equation, multidimensional
Euler), entropy producing shock solutions exhibit discontinuities on co-dimension one surfaces in space
that evolve smoothly in time and have entropy production supported on a space-time set of dimension d
[3,46]. Shock solutions are bounded weak solutions which lie in the space L>(0, T’ B%/OTO(Q)) forall r > 1,
thus having a well-defined entropy measure [19].

1.3. Suitable Leray—Hopf Solutions of Navier—Stokes

By means of the same techniques, we study the dissipation for the incompressible Navier—Stokes equations.
Since the argument is completely local, it directly applies to €, the full space R?, the periodic box T¢
and any general bounded domain if no-slip boundary conditions are imposed.

To define dissipation in the viscous context, let u” € L>(0,T;L*(2)) N L?(0,T; H'(Q)) be a Leray—
Hopf weak solution to the Navier-Stokes system (1.1) in © x (0, 7). Recall that as soon as u” € L3 (O x
(0,7)), which holds without further assumption if d = 3, the following energy identity holds in the sense
of distributions

i A SO N Jut? y o2

8t2+d1v<<2+p)u)—1/A2:—D[u}—ywu |“. (1.11)
Here, D[u”] is the dissipation distribution associated to u”, see Duchon & Robert [24]. The distribution
DJu”] measures the failure of the local energy balance for viscous fluids due to possible singularities,
indeed D[u”] = 0 whenever u is smooth. We recall that for dissipative solutions in the sense of [24] (or
analogously suitable solutions as defined in [4]) D[u”] is a positive distribution, and thus it is a positive
locally finite measure. Remarkably, at least in the most physically relevant three dimensional case, the
existence of dissipative weak solutions follows by the very same original argument by Leray [42].

Because of the parabolic scaling preferred by the Laplacian, we work with the parabolic Hausdorff
measure P?, together with the corresponding parabolic Hausdorff dimension dimp (see Sect. 2 for precise
definition). We prove the following result.

Theorem 1.10 (Leray-Hopf solutions in L{L"). Let Q C R, d > 2, be a domain, possibly with boundary.
Let u” € L>=(0,T; L*(Q)) N L%(0,T; HY(Q)) be a Leray-Hopf weak solution to the incompressible Navier—
Stokes equations (1.1) such that D[u”] € Mioc(Q x (0,T)). Assume v’ € LL (0,75 L7, .(Q)) and p¥ €

loc loc
LZ (0,T; LZ (), for some q,r > 3 such that % + g > 1 and

loc loc

5d+13<d+2>20.
roq

Then, D[u”] < P* and, if the dissipation is non-trivial and concentrated on a space-time set S, we have
the dimensional lower bound

T Birkhauser
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Remark 1.3 on the pressure hypothesis applies also here. Differently from Euler, for Leray—Hopf weak
solutions of the three-dimensional Navier—Stokes system, the integrability on the pressure on general
bounded domains follows by that of the velocity. Details are given in Appendix C.

The theorem above is a particular case of the more general Theorem 4.1 (which follows by Proposi-
tion 4.2) stated for any Hausdorff measure H?. As a byproduct, we also infer the Morrey-type estimate
(4.3) on |[Vu”|?, which, to the best of our knowledge, is new. We refer to Remark 4.3 for further comments
on the possible choices of o in the Navier-Stokes setting. The assumption % + % > 1 is natural in the
sense that the well known Prodi-Serrin criterion [56,58,60] implies smoothness of u, and thus D[u”] = 0,
whenever % + % =1 with r > d. When d = 3, see also [35] for the limiting case u” € L>(0,T; L3(1)).
Moreover, in the three dimensional setting, Theorem 1.10 is sharp in the following sense. If u” belongs
to the Prodi—Serrin regularity class % + % = 1, then s = 1. By the Caffarelli-Kohn—Nirenberg partial
regularity [4], we have that P!(S,) = 0 (where S, denotes the singular set, if any). Thus, we infer that
D[u”] = 0. Indeed, since Spt D[u”] C S,, the property D[u”] < P! implies that D[u”] is necessarily triv-
ial, matching the fact that any such solution is smooth. We refer to the recent works [65,66] for partial
regularity results of Navier—Stokes in higher space dimension.

Let us recall that global energy conservation (i.e. integrating (1.11) in space) has been known to hold
since the celebrated work of Lions [45] for all L*(Q x (0,T)) Leray—Hopf solutions in three dimensions.
Later on this has been generalized in [59] to v € LI((0,T); L™(§)) if % + 2 < 1, for some r > 4. More
recent related results in studying conditions implying the total energy balance can be found in [43,44]. In
particular, in [43] Leslie and Shvydkoy deduce that global energy equality must hold if the singular set
S, has small enough parabolic Hausdorff dimension. Indeed, the energy conservation property is also a
consequence of the fact that D[u”] < P*, as soon as dimp (Spt D[u”]) < s. The results from [43] do not
directly follow from our Theorem 1.10 since the two numerologies do not match in all the ranges of r, g.
Even if closely related to [43,45,59], our Theorem 1.10 aims to analyse the regularity properties of D[u”],
yielding to non-trivial consequences in ranges in which the dissipation is not necessarily zero. Moreover,
with respect to [43], Theorem 4.1 deals with the more general reference measure H? instead of fixing the
parabolic scaling. As well as we did for the Euler equations, also here (see Proposition 4.2) we provide
explicit asymptotic of the measure on space-time cylinders, yielding the corresponding uniform bounds
on fractional densities of the dissipation with respect to Hy .

2. Measure Theoretic Tools

Here we list the main tools used in the manuscript and outline the strategy of proof.

2.1. Anisotropic Hausdorff Measure

Given g,6 > 0, we denote by
Cs'(x,t) = Bs(z) x (t — 0%, t +0%)
the space-time cylinder centred at (z,t).
Definition 2.1 (Anisotropic Hausdorff measure). Fix a > 0. We denote by
Uy, ={C¢(x,t) | z €RY, tER, § >0}
Fix s > 0 and let ¥* : U, — [0, +0o0] be the gauge function defined by
U (C§' (x, 1)) = 6°.
We denote by H2 the measure on R? x R associated to the family U, and the gauge function ¥* via the

Caratheodory construction (see for instance [48]).
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We remark that HZ is an anisotropic s—dimensional Hausdorff measure. Indeed, H3 is the standard
s—dimensional Hausdorff measure H* and H3 is the parabolic s—dimensional Hausdorff measure, usually
denoted by P*. More generally, « can be thought as a time (in)stability parameter: for a fixed s, larger
« is stronger is the notion of the measure, i.e.

He(A) < HS,(A), whenever a < o, (2.1)
for every Borel set A C R? x R.

Definition 2.2 (Anisotropic Hausdorff dimension). Let o > 0 and let A C R x R be a Borel set. We
define the a—Hausdorff dimension of A by

dimy, (A) = inf{s >0 | H.(A) = 0}.

By the above discussion, the notion of a—Hausdorff dimension agrees with that of Hausdorff dimension
for o = 1 and parabolic dimension for a = 2. Moreover, by (2.1), if a < o’ then dims, (A) < dims, (A4).
We say that w : [0, +00) — [0, +00) is a modulus of continuity if it is non decreasing and w(d) — 0 as
§ — 0T. We state and prove the following basic lemma.
Lemma 2.3 (Absolute continuity vs cylinders asymptotic). Fiz o, s > 0 and let u be a positive measure
on R? x R. Let 6o > 0 and assume that for any (x,t) € Spt u and for any § € (0,80) it holds that
1 (C5' (x, 1)) < w(6)6°, (2.2)

where w : [0,4+00) — [0, +00) is a bounded non decreasing function. Then, p is absolutely continuous with
respect to HE . If we assume in addition that w is a modulus of continuity, then u(A) =0 for any Borel
set A C RY x R such that H:(A) < +oc.

Proof Let A C Sptu be a null set with respect to Hf. Then, for any ¢ > 0 there exists a covering
{C (w4, 1) }ier of A with r; < &g for any i € I and such that

Z r; <e.
icl
In particular, the family {C?‘_ (xi, t;) }ier is countable. Then, we have that
) < Zu (zi,t;)) < w(do) er < w(do)e.
iel iel

Since € > 0 is arbitrary, we infer that p(A4) = 0.
Assume in addition that w is a modulus of continuity. Given a Borel set A C Spt v such that HE (A)
is finite and & € (0, do), we find a covering {C; (v;,t;) }ier of A such that r; < § for any i € I and

D rd SHL(A) +1 < foc.
el

)< ST (e (i, t)) < w(8) 77 < wl(8) (H3(A) +1).

el i€l
Letting 6 — 07, we infer that u(A) = 0.

As before, we deduce that

The previous lemma shows that a quantitative asymptotic behavior on cylinders implies absolute
continuity of the measure with respect to a suitable anisotropic Hausdorff measure, according to the
scaling between time and space of the cylinders. Indeed, this is the general strategy to prove all the
results contained in this paper. From Lemma 2.3 we obtain the following result.

Corollary 2.4 (Support lower bound). Fiz o > 0,5 > 0 and let u be a positive measure on R? x R that
satisfies (2.2). Assume that p is non trivial and concentrated on a set S. Then, we have the dimensional
lower bound

dim}(a S > s.
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Proof Since p is non-trivial and concentrated on S, it holds p(S) > 0. Thus, by Lemma 2.3 we infer that
HE(S) > 0. Hence, by Definition 2.2, we deduce that dims, S > s.

To contextualize our results, we note that—for the standard Hausdorff measure—the statement of
Lemma 2.3 is part of the following classical result (see [48]*Theorem 8.8).

Lemma 2.5 (Frostman). Let A C R? be a Borel set and s > 0. Then, the following facts are equivalent:

(a) H*(A) >0;
(b) there exists a positive Borel measure j such that p(A) >0 and

w(Bs(z)) < 6%, VYo eRY 5 >0.

The full power of Frostman’s result is not needed for our purposes. We remark that the non trivial part
of Lemma 2.5 is the implication (a) = (b), while (a) <= (b) follows by the argument that we described in
our more general anisotropic setting.

We mention also [64]*Theorem 3.2, which is closely related to our approach.

Theorem 2.6 (Measure divergence vector fields). Let -4 < r < oo and V € L}, (R?) be a vector field

loc

such that div'V is locally a signed bounded measure on Re. If r < oo, it holds
H*(B) < oco=|divV|(B) =0, VB bounded Borel set,
where s :=d — L. If r = 0o then |div V| < HY™L, with | div V| € Mioe(R?) the variation of the signed

r—1°
measure div V.

Remark 2.7 A quick derivation of a slightly weaker result goes as follows. Assume that p = divV is a
locally positive measure. Fix x € R? and let x5 be a cut off function which localise Bs(z), i.e. x5 €
C2°(Bas(x);10,1]) with x5 =1 on Bs(x) and |[Vys| < 67 1. Then, we estimate

Lo Swy(20)88 1

u(Bs@) < [ xsdn == [ V-9 dy < IVl mpon 936
R4 R4

where we defined wy (6) = sup, ||V||1-(B;(z))- Then by Lemma 2.5, we infer that divV < H® with
§=d"1 —1=""1s where s is the exponent in Theorem 2.6. In the limiting cases r = ;% and r = oo,

T T

this argument yields the same result as the Theorem 2.6.

One could directly apply the Theorem 2.6 to deduce results on general conservation laws of the form
(1.8) and (1.9), thereby proving Theorem 1.9. However, since for general fluid equations the scaling is
not isotropic in space and time, in the case of incompressible Euler (Theorem 1.2) and incompressible
Navier—Stokes (Theorem 1.10) we specialize the proof by considering the anisotropic Hausdorff measure
as defined in Definition 2.1, yielding to sharper dimension bounds.

Let us emphasize that cylinders asymptotic is a strictly stronger property with respect to the measure
being absolutely continuous with respect to a reference Hausdorff. Indeed we have the following

Proposition 2.8 Let B1(0) C R? be the d— dimensional unit ball, d > 2. For all € > 0 there exists a vector
field V. € dej(Bl (0)) such that divV > 0 and div V. € L*(B1(0)), thus in particular div V. < L%, but
there exists a dimensional constant cg such that

div VE(Bg(O)) = cq0°, V6 < 1. (2.3)

Proof For e > 0 set Vo(x) = z|z|*~9. Clearly V. € LT (B1(0)) for all £ > 0. To compute its distributional
divergence we start by noticing that (outside the origin) we can perform the pointwise computation

divx 15

. 1
le‘/E(x) = |1‘|T_5 +x- V (|xd—s> = |x|d_€, V(E 7é 0 (24)
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In fact, one can show that the previous formula gives the full distributional divergence in B;(0). Indeed,
for any ¢ € C°(B1(0)), we have

(div Vg, ) = — / ‘/E-chdx:—iigb / Ve - Vedx

B1(0) B1(0)\B(0)
=— lir% OVe -ndH 4 hn%) / pdiv V. dz, (2.5)
dB,.(0) B1(0)\B(0)

where we denoted by n : 9B, (0) — S?~! the inward unit normal. By (2.4) we have

. . €
ili% / pdivV.dr = / W@dx,
B1(0)\ B, (0) B1(0)

since |z|°~¢ € L*(B1(0)), and moreover

lirr%) / OVe -ndHITY < limO k®=0.
0B (0)

Thus (2.5) shows that the formula (2.4) actually holds in D’(By(0)). Finally, denoting by cq = H4~1(B1(0))
the surface measure of the unit ball, we have

_c
|w|d—a

div V.(B5(0)) = /

1
dz = cds/ pr— dr = ¢46°.
Bs(0)) 0

The bound (2.3) shows that in general there are very regular measures (in terms of absolute continuity
with respect to a reference measure) for which no local estimate on balls can hold. The (positive) measure
constructed in the previous proposition is the divergence of a given vector field, which is indeed the relevant
case in our analysis.

2.2. Lower Bounds for Signed Distributions

Here we give the details on how to prove dimension lower bounds on the support of nontrivial distributions
T, thus not necessarily measures, given by the divergence of a given vector field. Of course in this case
the lower bound does not follow from the local asymptotic on balls, and the corresponding absolute
continuity with respect to H?*. The following proposition (and its proof) should be seen as an adaptation
of Theorem 2.6.

loc

T:=divV € D'(R?) and s = d — 25, the following holds true.

(i) If r < oo then H*(SptT) < oo implies that T = 0;
(ii) If r = oo then HY1(SptT) = 0 implies that T = 0.
In particular, if T # 0 then necessarily dimy (SptT) > s.

Proposition 2.9 Let d > 2, ﬁ <r<ooandV € LI _(R?) be a d—dimensional vector field. Denoting by

Proof We start by proving (7). Fix e > 0, ¢ € C°(R?) and assume that H*(SptT') < oc. We will prove
that

(T, ¢} <e. (2.6)
For § > 0 we can find a countable covering { B, }:, 7 < d, of Spt T such that

> rf <14 H(SptT).

i
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In particular

H? (U Bn> <> ot <5 (14 HA(SptT)) (2.7)

can be made arbitrarily small if § is chosen appropriately. Let £ > 0 be a positive constant which will be
fixed at the end of the proof. By (2.7) and the absolute continuity of the Lebesgue integral, if ¢ is small
enough, we can guarantee

V]

L (U; Br;NSpt ) SE (2.8)

In each ball consider x; € Cg°(Byy,) such that |x;| <1,

1
Xi|g, =1 and [Vxi| S -, (2.9)

N K3

and define y := max; y;. Clearly x € Lip(R9), and x = 1 on Spt T, thus we can compute
(Tl = Tl < | [V Toxax| +| [V Oxpds| = 1411
d d

By (2.7), and since |x| < 1, we get

r—1

I < IVl VL spe o IXI 2 S (Hd (UB>> ST

Moreover by (2.8) and (2.9) we can estimate

I < lgllz= V]

o, o) IV 2| 3 [ 907 ax
i pa
r—1

~ d— 5 " ~
SéE (Z T; Tl) <eé
i

Thus one can choose £, and then 0, sufficiently small (depending on ¢) and conclude the validity of (2.6).
In case (ii), i.e. when r = oo, if H¥~1(SptT') = 0, for § > 0, we can find a countable covering of Spt T
such that r; < § and
Z rf71 < E.

In this case we estimate

I < |IVoll= IVl spe Xl S ri S 68

K2

and

d— ~
IT < l@llzoe IV o spr o VXl S Dot S &
A

As before, by choosing ¢ sufficiently small (here any 6 < 1 is enough) we achieve (2.6), which concludes
the proof.
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3. Dissipation Regularity for Euler

Here we give the more general version of Theorem 1.2.

Theorem 3.1 Let Q C R? be a domain. For a >0 and 3 < r,q < oo set
-2 2 r—3 q—3)

—a—,d —1+a——

3.1
. ik . (3.1)

$ = min (dr

Assume s > 0 and that w € L{ (0,T;L{ () and p € L (O,T;L% (Q)) is a weak solution of the

loc loc loc loc
incompressible Euler equations (1.2) having non-negative local anomalous dissipation measure elu] €

Mioc (2 x (0,T)). The following results hold true.
(1) If ¢ < o0, then for every Borel set B CC Q x (0,T) we have that

H;(B) < 00 = e[u](B) =0,

with the convention that s = min (d — a%, d—1+ a%) whenever r = 0.
(ii) If ¢ = oo, then

—2 -3
elu] < HS, for s:min<drr ,drr —1—|—a>,

with the convention that s = min (d,d — 1 + «) whenever r = co.

In particular, if e[u] £ 0 and concentrated on a space-time set S, it must hold
dimy S > s.

Further, if Q is bounded and (u,p) € L(0,T; L"(Q)) x L2 (0,T; L% (Q)) has a boundary extendable dissi-
pation E[u] € Mo (2 x (0,T]) in the sense of Definition 1.1, then the same conclusions (i) and (ii) above
hold for [u], where in (i) every Borel set B CC Q x (0,T) is allowed.

It is clear that in order to optimize the dimension bound s in Theorem 3.1, one has to choose a such
that the two terms in the minimum in (3.1) balance. This happens if and only if

q r+d
q—1 r

(3.2)

Qopt =

which in particular proves Theorem 1.2.

Thanks to Lemma 2.3 and Corollary 2.4, Theorem 3.1 is a direct consequence of the following proposi-
tion. We adopt the cylinders notation C§(x,t) from Sect. 2. If x € 9Q and/or t = T, i.e. (x,t) € Qx (0,77,
we assume that the cylinders are implicitly restricted to the space-time domain.

Proposition 3.2 Let Q C R? be a domain. For o > 0 and 3 < r,q < oo define s as in (3.1). Assume
s >0 and that w € L{ _(0,T; L] () and p € LE _(0,T; L2 .(Q)) is a weak solution of the incompressible

loc loc loc loc
Euler equations (1.2) having non-negative local anomalous dissipation measure e[u] € Mioc(2 x (0,T)).

Let K cC Q x (0,T) be a compact set. Fix 69 > 0 such that
Cs'(z,t) cC Qx (0, T) V(x,t) € K, V5 < §p.
Then, for any (z,t) € K the following results hold true.

(i) If ¢ < oo, then there exists a modulus of continuity w : [0,00) — [0,00) such that we have

c[ul (G5 (1) < w(B) W5 <,

with the convention that s = min (d — a%, d—1+ a%) whenever r = oo.

T Birkhauser
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(i) If ¢ = oo, then

e[u)(C§' (x,t)) < 6° Vég%o, where smin(dr2,dr31+a>,
r r

with the convention that s = min (d,d — 1 + o) whenever r = co.

Further, if Q is bounded and (u,p) € L9(0,T; L"(2)) x L3 (0,T; L () has a boundary extendable dissi-
pation E[u] € Mioc(2 x (0,T]) in the sense of Definition 1.1, then the same conclusions in (i) and (i)
above hold for g[u], for every (z,t) € Q x (0,T].

Proof We only give the full details in the case e[u] € Mjoc(Q x (0,T)). Then, the reader can reconstruct
the proof when u has a boundary extendable dissipation g[u] € Mj,.( x (0,T]) by simply allowing
boundary points (x,t) € Q x (0,T]. Indeed, the left hand side in the boundary extended energy balance
(1.6) stays the same.

Fix (z,t) € K and let x5 and 75 be two cut off functions which localise Bs(z) and (t — §,t + 0%)
respectively, i.e. x5 € C°(Bas(x);[0,1]) with xs =1 on Bs(x) and ns € C°((t — (26)*,t + (20)); [0, 1])
such that 75 = 1 on (t — §%,t + 6). Moreover, we choose the cut off functions such that |[Vxs| < 67! and
[n5] < 6~ Here, 0 is assumed to be small enough such that C§'(z,t) CC Q x (0,7T"). Then, testing (1.5)
with xs7s, and since e[u] > 0, yields

u 2 U 2
e[u](C§ (1)) < /%xwé + / %u -Vxsns + /pu -Vxsns = Is 4+ 115 + ITI5.

We estimate separately the three terms. By using Holder’s inequality in space with exponents 5, -~ and
in time with exponents , qqz, we have that
|m<//mmum@w</m QI ECT AP el
0 Q
T
dr72
S8 [ IO 5, 87 < 877 b cs, e 61,
0
dr=2_4,2
S ullZorreg, @yd =~ e (3.3)
To estimate the second term, we use Holder’s inequality in space with exponents %, -—*= and in time with
exponents 4 3 T Thus, we have
UMS//WWWWMM&S/WWWW%%@mmvmbﬁ&
_ r=3_
< /W5|WKWUmmsz<W ol 3o gy oy 51 g
S el cg,@and® et (3.4)
To estimate the third term we use Holder’s inequality in space with exponents 5,7, =5 and in time

with exponents qT?)’ 4,q. Thus, we obtain

T

11151 < [ [ wslpllal Vsl dy dr
0 Q
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T
< [ NP5 10 1o [T 2 0
0

r—

T
3_
<64 1/|775(T)|||p(7_)HL%(Bza(a:))HU(T)“LT(BZE(QC))dT
0

3

S _1Hp”L%L%(cgé(z,t))H“”L‘*U(C?g(r,t))||775||Lq;13
dr=3 _ q—3
S Hp”L%L%(Cé"&(m,t))||u||LqLTV(C§Xé(m7t))5 T 1+a q (35)

To resume, by (3.3), (3.4) and (3.5), we achieve

r—2

[ul(C5 (2, 1) S w(8) (8777 7% 4 g ), (3.6)

where we set

(@)= 50 (Il s o + el borresienn + W5 g, el eosriesman) -

Hence, by choosing s as in (3.1) we conclude

(€3 (1) Sw ()" (a0) € K, 5< 2.

By absolute continuity of the Lebesgue integral it is clear that w(d) gives a modulus of continuity as soon
as q¢ < co. Thus, the proof is concluded.

Remark 3.3 (Euler scaling invariant norms). The Euler equations are invariant under the scaling
un(z,t) = X Tu(Ax, A%)  and  pa(a,t) = N2 Up(Aa, A,

for all values of a. By direct computation, we have

d+r q—1
_\— ta*—
lusllzorr = A = ||ullpapr
giving a scaling invariant norm if and only if « is chosen as in (3.2). Thus, optimizing the dimension
bound of the previous Theorem 3.1 in terms of o coincides with having the corresponding L{ L’ norm
scale invariant.

3.1. Some Numerology in Relevant Cases

In this section, we report some explicit bounds given by Theorem 1.2 in cases that play a privileged role
for turbulence. In what follows, we assume that Q = R? or Q = T¢ and u is a weak solution to the Euler
equations (1.2) such that e[u] is a non-negative measure. Hence, the hypothesis on the pressure follows
by that on the velocity. In general bounded domains the same conclusions holds true, provided that we
assume the right integrability on the pressure.

First, the case of L*(2 x (0,T)) solutions, giving s = d as space-time Hausdorff dimension of the
(non-trivial) dissipation, has been already discussed throughout the introduction. In addition, we remark
that this result loosely complements that of Dubrulle & Gibbon [23,31]. The authors showed that C'(h) >
1 — 3h, where C(h) is the codimension of the set having Hélder exponent h. In view of the 4/5ths law,
our result indicates that C'(h,) < 1, where h, is the Holder exponent corresponding to (3 = 1 within
the multifractal formalism. However, since we are directly dealing with the viscous dissipation measure,
the relevant multifractal spectrum is instead the f(a) spectrum discussed by Meneveau and Sreenivasan
[49-51]. We now discuss other cases.
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Case 1: Assume that u € L>°(0,T;L"(2)) for every r € [3,3d/(d — 1)].
Thus, in the conclusion of Theorem 1.2 we get

d 2d
ald,r) =1+ - s(dyr)y=d— —.

In terms of dimension lower bounds the strongest estimate would be for o smaller
and s bigger: « close to 1, i.e. a smallest, means that we look at the most isotropic
measure, while s largest means that we get a larger dimension bound. Hence, we wish
to maximise s and minimize o, which is equivalent to choose rop = d?’fdl.
Then, we obtain
2+d 2+d

a = Oé(d, Topt) = T7 = 3(d7 Topt) = T (37)

In particular, if [u] is non-trivial, we have the dimension lower bound

@l

dimye= (Sptefu]) > 5. (3.8)

Case 1bis: Assume that v € L*°(0,T; Béoo(Q)) By Sobolev embedding, we only have that u €
L>(0,T;L"(Q)) for all r € [3,3d/(d — 1)), thus the limiting case r = 3d/(d — 1) is
not included. However, by a minor modification of the proof of Proposition 3.2, we
obtain that the dimensional lower bound (3.8) is still valid, with @, s defined as in

3.7). Indeed, for every r € [3,3d/(d — 1)), we choose a = 2t4 in place of (3.2) and we
3

modify (3.6) accordingly. Thus, letting @, 3 be as in (3.7), we obtain that e[u] < HZ ",
for some 7, > 0 such that . — 0 as r — 3d/(d — 1). If £[u] is non trivial, letting
r — 3d/(d — 1), we obtain the dimensional lower bound (3.8) (see Definition 2.2).

Case 2: Assume u € L>®(0,T; H?(Q)), with H” the usual L?—based Sobolev space, 3 > 0.
Let us restrict to the case 5 € (0,5/6), since for § > 5/6 it is known that e[u] = 0,
see [10]. We have the Sobolev embedding H?(§2) C L5 (Q) for all § < d/2 (and, in
particular, for all 5 < 5/6). To apply Theorem 1.2 we need r > 3, which in this case
reads as 8 > d/6. Thus, in Theorem 1.2 we obtain

ofd,B) =1+ 52 s 9) = s(9) = 26,

yielding a non-trivial conclusion in the range 8 € (d/6,5/6), if d < 5, since s was
required to be non-negative. Curiously, the dimension bound in this case does not
depend on the space dimension d, but instead only on the second-order structure
exponent (3.

4. Dissipation Regularity for Incompressible Navier—Stokes

Here we give the more general version of Theorem 1.10 by using the measure H}, keeping « free. To
lighten the notation we simply write u instead of u”, since the viscosity parameter is fixed.

Theorem 4.1 Let Q C R be a domain and let u € L>=(0,T; L*()) N L2(0,T; H'(2)) be a Leray-Hopf

weak solution to the incompressible Navier—Stokes equations (1.1) having non-negative local dissipation

measure D{u] € Mioc(2 % (0,T)). For a >0 and 3 <r,q < co define

r—2 2 r—3 qg—3 r—2 q2)
" .

—a=,—1+d +at—>-2+d +a—F=
r q q q

5 = min (d (4.1)

Assume that s >0, u € L{ (0,T;L]..()) and p € L (0,T; L? (Q)).

loc loc loc loc
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(i) If ¢ < oo, then for every Borel set B CC Q x (0,T) we have
H:(B) < oo = Du](B) =0,

with the convention that s = min (d — a%,d -1+ a%, d—2+ aq%qz> whenever r = oo.
(ii) If ¢ = oo, then

—2 - —9
Dlu] < H;, for s=min (dr,1+dm+a,2+dr+a> , (4.2)
r r T

with the convention that s = min (d,d — 2 + «) whenever r = oc.

In particular, if D[u] 2 0 and concentrated on a space-time set S, it must hold
dimy, S > s.

Thus, Theorem 1.10 directly follows by choosing o = 2, since H3 is the parabolic Hausdorff measure
P?. Thanks to Lemma 2.3 and Corollary 2.4, Theorem 4.1 is a direct consequence of the following
proposition, where we adopt the cylinder notation C§' (z,t) = Bs(z) x (t—3%,t+J%) introduced in Sect. 2.
Note that for Leray—Hopf weak solutions |Vu|? € L*(£2 x (0,T)). Thus, |Vu|? defines a positive measure
absolutely continuous with respect to £, with £9+! the d + 1 space-time Lebesgue measure.

Proposition 4.2 Let Q C R? be a domain and let u € L>(0,T; L*(Q)) N L2(0,T; H'(Q)) be a Leray-Hopf
weak solution to the incompressible Navier—Stokes equations (1.1) having non-negative local dissipation
measure Du] € Mioe(Q2 x (0,T)). Let K CC Q x (0,T) be a compact set. Fix 5o > 0 such that

Cs'(z,t) cC Qx (0, T) V(x,t) € K, V5 < dp.
For all &« > 0 and 3 < r,q < oo define s as in (4.1). Assume that s > 0, uw € L{ (Q)) and

pE LIOC(O T; Ll'éc( )). Then, for every (z,t) € K, and letting p € Mo (2 % (0,T)) the positive measure
= Dlu] + 1/|Vu|2 the following results hold true.

(i) If ¢ < oo, then there exists a modulus of continuity w : [0,00) — [0,00) such that we have

1 (CE (1) < w(8)8 V6 < %0

(0,T; L,

loc

with the convention that s = min (d — a ,d—1+ aqq d—2+ a2 2) whenever r = 0o.
(i) If ¢ = oo, then for s as in (4.2) it holds

]
n(C (1) S 0% Vo<,
with the convention that s = min (d,d — 2 + «) whenever r = co.

In particular, since D[u] > 0, we have

/ |Vul>dydr <6° V6 < %0 (4.3)
C§ (x,t)

Proof Set p = D% + 1/|Vu\2 and fix a point (z,t) € K. For any 6 > 0 chose two cutoff functions,
one in space and one in time, xs and 75 which localise Bs(x) and (t — 0%,t 4+ 6%) respectively, i.e.
Xo € C°(Bas(x);[0,1]) with x5 =1 on Bs(x) and ns € C°((t — (26)*,t + (2§)*); [0,1]) such that ns =1
on (t — 6%t + 0%). Moreover, choose the cut off functions such that |Vxs| < 671 and || < 6. Since
p >0, by testing (1.11) with xsns we get for the cylinder Cg'(z,t) the following estimate

2 2
w(Cs(x,t)) /' Y M5 + uu Vx5n5+/pu VX5775+V/7775AX6
=I5+ IIs+III5+ ]1/5.
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We neglect multiplicative constants. Notice that in the proof of Proposition 3.2 we have already estimated
the terms Iy, I15, I115. Indeed, recalling (3.3), (3.4) and (3.5), we have

r—2 2

u e
|M<//—ﬂmWA®%<thwum5r :

|u aqr=3yqa=3
um<//—mema@w<wmww@maH“+ =,

_14dr=3 4 n9=3
mms//mmwwm@wgwmhwwmmeW%mﬁH7* >,

T T

z and in time with
27 r—2

Hence, we are left with IVs. Using Holder’s inequality in space with exponents
exponents 1, -4 we infer that

27 q—27
T | |2 T
u
[ [55- 1aalml dydr < [ nstol putol
0

0 Q

L7 dr

T
B r—2
< g2 /\n5| ||U(7_)‘%"(Bz5(37))d7—

r—

S 67 ul G ey oy Il 2

) —24dT=2 12
A T

By putting all together we have shown that
1 (C5 (2, 1)) S w(6)0°,

where we define

_ 2
w(0) = sup (lulfEorrcs, e + Nellbonresyien + 1918 15 g o Il vnesean)
and s is given by (4.1). By the absolute continuity of the Lebesgue integral it follows that w(d) is a
modulus of continuity as soon as ¢ < co. This concludes the proof.

Remark 4.3 (Choices of a and scaling for Navier—Stokes). It is well known that the Navier—Stokes equa-
tions impose a diffusive scaling and Prodi-Serrin classes are the scaling invariant ones in this setting.
However, Theorem 4.1 is empty in the Prodi-Serrin regime, since D[u] = 0 by smoothness of solutions.
One can check that if @ = 2 and 3 < ¢, < +oo satisfy the Prodi-Serrin condition % + % = 1, then
the three terms in the minimum that defines s in (4.1) equals d — 2. In other words, in this setting, all
the terms give exactly the same contribution. As already explained in the introduction, in the three-
dimensional case this perfectly matches with the Caffarelli-Kohn—Nirenberg partial regularity [4], giving
Dlu] = 0, consistent with the fact that such solutions are smooth. Therefore, the interesting case is
looking outside the Prodi—Serrin class. Heuristically, looking at Leray—Hopf solutions outside the Prodi—
Serrin regime we expect the contribution of the Laplacian to be negligible with respect to that of the
Euler part. As already discussed in Remark 3.3, for any 1 < ¢,r < 400 and for any u € L(L"), letting
u(w,t) = A tu(Az, At), then |luxllpapr = [|ullLop, for any X if and only if o = @y as defined in (3.2).
One can also check that a,,: > 2 if and only if % + % > 1 (i.e. outside Prodi-Serrin) and a,y; = 2 if and
only if % + % = 1. Thus, choosing a = a,yp+ in Theorem 4.1 and assuming that % + % > 1, we discover
that the first two terms in the minimum in (4.1) balance and the last term (the one coming from the
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Laplacian) is subordinate. This is consistent with the heuristic that the Laplacian term is lower order
outside the regularity classes. More precisely, we have that

r—2 2 r—3 -3 r—2 2 r+d
_aoptfz_l"i'd +aoptq =d - P
r q r q r qgq—1 r

d

-2 -2 -2 -2 d -2 2 d
_2+dr +aoptq :—2+dr +q rt Zdr s
r q r qg—1 r r qg—1 r

)

being the latter inequality equivalent to g + % > 1. Thus, we find

r—2 2 r+d

:d —
5 T q—1 r

Hence, the choice of a = a,,: appears natural in order to deal with Leray-Hopf weak solutions outside
the Prodi-Serrin regime, while keeping the corresponding L{L” norm scaling invariant.
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Appendix A. Vanishing Viscosity Versus Boundary Dissipation

We have the following result.

Proposition A.1 Let Q C R? be a bounded domain and let {(u”,p”)},~0 be a sequence of LerayHopf
solutions to the incompressible Navier—Stokes system (1.1) such that u”,p” € C°(Q x (0,T]) for every
v > 0. Assume that

(i) w” — u strongly in L3(2 x (0,T)) and p* — p weakly in L2 (Q x (0,T));

(i) v|Vu’|? = p e M x (0,7)) and [u”(-,T)|> = X € M(Q) in the sense of measures.
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Then, (u,p) is a weak solution to the incompressible Fuler system (1.2) with positive extendable boundary
dissipation €lu] according to Definition 1.1. Moreover, we have that

A
?[u]=u+§®5T,

with o7 € M([0,T)) the Dirac delta int ="T.

We remark that the assumption (ii) always holds true, possibly up to subsequences, for Leray—Hopf
solutions as soon as the sequence of initial data {u}},¢ is bounded in L?().

Proof Since we have that u” — wu strongly in L?(Q x (0,7T)), it is easy to prove that (u,p) is a weak
solution to the incompressible Euler system (1.2) in © x (0,7T) with impermeability boundary condition
w-n =0 on 09 x (0,T). Moreover, by (i) we obviously have u € L3(Q x (0,T)) and p € L (Q x (0,T))
as required in Definition 1.1.

To prove that v has boundary extendable dissipation in the sense of Definition 1.1, we notice that

V|2 v|2 v
a|“2| +div (('“2| +p”> ) VA‘“‘ = v |V (2,t) € D x (0,T]. (A1)

since the solutions are smooth. Thus, for any test function ¢ € C°((0,7] x Q), and since u” = 0 on 91,
we have that

T T
v|2 v|2 v|2
//\u2\ 8t¢d$dt+//[(|u2| +p”)u”-V¢+uu2| A¢| dxdt
0 Q 0 Q
T o T2
://1/|Vu”|2¢dxdt+/W(ﬁ(x,T)dx, (A.2)
0 Q Q

after integrating by parts. Letting v — 07 in (A.2), by the L3(Q2 x (0,T)) strong convergence of u”, we
get

[ Ju|? s ju|?
u u v u
//[ 5 8t¢+Tu Vo+v 5 Ao

0 Q

T
Jul? |ul?
0 Q

We analyze the term with the pressure. By (i) we have that u*p” — up weakly in L*(2 x (0,T)). Thus,
we get that

T

T
//p”u"~V¢dxdt—>//pu~v¢dxdt.
0 Q

0 Q

Finally, by (é¢), the right hand side of (A.2) converges toward

T
//qﬁduzt /gb(sz)\ :O/Q/gbd

where we set
A
Elul = p+ §®5T.

Since p and A are both positive measures, so is Z[u], thereby completing the proof.
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Remark A.2 If we assume further the uniform bound
sup (10 lzsco e @)+ 19118 05 o)) < 20

for some ¢, > 3, then we have, in addition, u € L9(0,T; L"(Q)) and p € L3 (0,T; L (£2)). This assump-
tion is used in Theorem 3.1 and Proposition 3.2.

Appendix B. External Forces

Here we give the details on how to add external forces to our analysis. Since a force f affects the entropy
balance (1.9) for general conservation laws in a way depending on the shape of the functions n and @,
we only give the explicit computations for incompressible Euler and Navier—Stokes.

We start with the following elementary observations. If a force f appears on the right hand side of
the momentum equations in (1.1) and (1.2), then the additional term f - u appears in the corresponding
local energy balances (1.11) and (1.4), respectively. In particular, we need f-u € Ll (2 x (0,T)), so
that f - u is a well defined distribution. Once this is satisfied, to run the proofs of Proposition 4.2 and
Proposition 3.2 (while keeping the same conclusions) we must have the right quantitative estimates of
f-won cylinders C§(z,t). Note that, keeping the notation of the cut off functions x5 and 75 from Sect. 3,
by Holder’s inequality we get

T
-1 m—1
//f-uxwa dydr SIf - ullpmrieg, o) 0® T T, (B.1)
0 Q
whenever f-u € L (0,T; L, (9)), for some m,l > 1.
Incompressible Euler: Let s be as in Proposition 3.2. Thus, as soon as m and [ satisfy
-1 -1
dT +al > s, (B.2)

the bound (B.1) incorporates in the estimates from the proof of Proposition 3.2, whence the same con-
clusions follow. Since u € L{ (0,T;Lj,.(2)) by assumption, the interested reader can find the minimal
assumption to put on f such that f-u € L (0,T; L, ()), for some m,[ large enough so that (B.2) is
satisfied.

The argument for boundary extendable dissipation [u] follows in the same way. It is enough to
strengthen the local integrability condition with the global one f -u € L™(0,T; LY(9)).

Incompressible Navier—Stokes: Let s be as in Proposition 4.2. Then the conclusion follows if

dl_il + am —1
l

Also in this case, we leave to the interested reader the precise computations in order to get f-u €

L™ (0,T; L _(9)), for some m, [ enjoying (B.3).

loc loc

> s. (B.3)

Appendix C. Pressure on Bounded Domains for Navier—Stokes

Here we prove a local Calderon—Zygmund type estimate on the pressure for Leray-Hopf weak solutions
to the three dimensional incompressible Navier—Stokes equation (1.1) on a bounded domain £2.

Proposition C.1 Let Q C R? be a bounded domain and let u € L°(0,T; L?(Q)) N L*(0,T; H(Q)) be a
Leray-Hopf weak solution of (1.1). Let r € (2,00), q € [2,00) and assume that v € LI (0,T; LY .()).

loc loc
q
2

Then the unique zero average pressure enjoys p € L2 (0,7 LEC(Q))
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Proof Recall the following estimate (global on ) valid for three dimensional Leray—Hopf solutions
||pHL‘1(s7T;LT(Q)) Sllue VU”L‘J(E,T;LT(Q)) < 0,

whenever % + 2 =3,7r>1ande >0 (see, for instance, Section 5.4 in [57]). This gives
pe L, T; LY(Q)) Vg < oo, (C.1)

since € is a bounded domain. Fix an open set O CC Q and an open interval I CC (¢,7). Now, let @ be
the trivial extension of u‘ o to the whole space R? and let p be the unique solution decaying at infinity
of

~Ap =divdiv(i ® @) inR®.
By the standard Calderon—Zygmund estimates on the entire space we get
17,8 15 sy S Wiz = 16030120 0 (C2)
Furthermore, p — p is harmonic in O, yielding to
1 = DOl ey S 10— BB 2250 (C3)

for all Q cc O, where the implicit constant might depend on Q. Thus, writing p = p — p + p and using
(C.3), for any 2 CC O we estimate

||p||L%(I,L%(Q)) /S ||p _ﬁ”L%(I;Ll(Q)) + ||ﬁHL%(I;L%(W3))
S ”pHL%(e,T;Ll(Q)) + HﬁHL%(I;L%(H@))'
Then, by (C.1) and (C.2), we infer that p € L (O,T;L% (Q)), since 0,Q cC Q and I CC (e,T) are

loc loc
arbitrary (as well as € > 0). This concludes the proof.
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