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On the Hausdorff dimension of singular sets for the Leray-o

Navier-Stokes equations with fractional regularization
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ABSTRACT. We consider a family of Leray-a models with periodic boundary
conditions in three space dimensions. Such models are a regularization, with
respect to a parameter 6, of the Navier-Stokes equations. In particular, they
share with the original equation (NS) the property of existence of global weak
solutions. We establish an upper bound on the Hausdorff dimension of the
time singular set of those weak solutions when 6 is subcritical. The result is
an interpolation between the bound proved by Scheffer for the Navier-Stokes
equations and the regularity result proved in [1].
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1. Introduction

We counsider, for « > 0 and 0 < 6 < 1/4, the Leray-« equations in the 3-dimensional
flat Torus Ty

%—t+(ﬁ-V)u—yAu+Vp:f in RT x Ts,
= (1-a?A)"%, in Ts,

V-u=0, / u =0,
Ts
U = Uq-

t=0

Here the unknowns are the velocity vector field w and the scalar pressure p. The
viscosity v, the initial velocity vector field uy and the external force f, with V- f =
0, are given.

The nonlocal operator My = (1 —a?A)~? acting on L?(Ts,R?), is defined through
the Fourier transform on the torus

(1.2) Mou(k) = (1 + o®|k|>) P au(k), ke 75

The Leray-a equations are among the simplest models of turbulence, introduced
nearly a decade ago for numerical simulation purposes. When 6 = 0, (1.1) reduces
to the Navier Stokes equations for an incompressible fluid. It is well known that
weak solutions for the Navier Stokes equations, which additionally satisfies a form
of the energy inequality, exist globally in time, either in R?, a result due to Leray
[12], or on a bounded domain [21].

Although the question of uniqueness and regularity of those weak solutions re-
mains open some important intermediate results are known. Among this is the
weak-strong uniqueness property which means that a weak solution coincide with
a possible strong solution with the same initial data as long as the latter exists. A
classical result due to Prodi [15] and Serrin [19] gives weak-strong uniqueness un-
der the assumption w € L"([0,T], L*(T3)?), where 2 + 2 = 1 with 3 < s < co. The
scaling in Serrin’s condition was improved in [13, 20]. There are further improve-
ments of this criterion in the modern literature (see e.g. [4, 5, 9, 11]). Another
aspect is the Hausdorff measure of the time singular set of weak solutions. We
know, thanks to Scheffer’s work [16, 17], that if u is a weak Leray solution of
the Navier-Stokes equations then the %—dimensional Hausdorff measure of the time
singular set of w is zero. A more thorough study of the singularity set in space
and time of suitable weak solutions was initiated by Scheffer [18, 17] and improved
later on in the seminal paper of Caffarelli et al. [3].

The Leray-a models are approximation of the Navier-Stokes equations with a regu-
larized velocity vector field w = Myu when 6 > 0. Actually, a crude regularization
(or filtering) already appeared in the early work of Leray [12] where a mollifier was
used (i.e., W = ¢ * u) instead of the operator My.

As expected the regularized equation (1.1) have several properties in common with
(NS) and in a certain sense it has a more regular behavior depending on the values
of 6. In particular, the Leray-a models (1.1) have existence of weak solutions for
arbitrary time and large initial-data (Theorem 2.1) and have existence and unique-
ness of strong solutions for small time (Theorem 2.2). Furthermore, a weak-strong
uniqueness result also holds true (Proposition 2.1).
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Our goal, in this short note, is to establish an upper bound for the Hausdorff
dimension of the time singular set Sp(u) of weak solutions w of (1.1). When 6 = 1,
the author in [1] proved the existence of a unique regular weak solution to the
Leray-oe model (1.1). Therefore, it is intersecting to understand how the potential
time singular set Sp(u) may depend on the regularization parameter 6. In fact, we
will prove that 1_—249—dimensiona1 Hausdorff measure of the time singular set Sg(u)
of any weak solution w of (1.1) is zero. This result is stated in Theorem 3.1. The
Hausdorff dimension of the time singular set of weak solutions for another modifi-
cation of the Navier-Stokes equations was studied in [2].

We only focus on the Leray-a equations (1.1) but the same results hold for other
models of turbulence as the magnetohydrodynamics MHD-a equations. Moreover,
it was observed in [10] that the qualitative properties of the equation (1.1) relies
on the regularization effect of the operator My rather than its explicit form. This
fact can also be checked for the Hausdorff dimension of the time singular set Sp(u).

2. Preliminaries

Before giving some preliminary results we fix some notations and give a precise
definition of weak and strong solutions of the Cauchy problem (1.1). For p € [1, c0),
the Lebesgue spaces LP(T3), the Sobolev spaces W1?(T3) and the Bochner spaces
L?(0,T;X), C(0,T; X), X being a Banach space, are defined in a standard way.
In addition for s > —1, we introduce the following spaces

Ve = {u € W*2(T3)3, / uw=0, divu = o} ,
Ts
endowed with the norms
ullye = > [k (k).
keZ3

For the sake of simplicity we set
H:=V" and V:i=V'.

By Cuear ([0, T]; H) we denote the vector space of all functions v : [0,7] — H such
that for any h € H, the function

t— [ (v(t),h)dx

is continuous on [0, T'.

DEFINITION 2.1. For T > 0, f € L*([0,T],V™') and uo € H, a Leray-Hopf
weak solution of the Cauchy problem (1.1) in [0,T] x T3 is a velocity vector field
w:[0,T] x T3 — R? satisfying:

(i) w € Cuear ([0, T]; H) N L2(0, T]; V),

(ii) for allt,s € [0,T] andv € V

(2.1)  (u(t),v) —I—/ v(Vu, Vou) + ((w - V)u,v) dr = (u(s),v) —I—/ (f,v) dr,
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(iii) the velocity field w verifies the energy inequality in the distribution sense
in ]0,T]

1d

2dt

(iv) the initial data is attained in the following sense

(2.2) lu(®)lF + vlu® < (f u) .

. - 2 _
Jim[[u(®) ~ ol =0,

We say that a Leray-Hopf weak solution w is a strong solution if, moreover
u € C([0, T]; V).

REMARK 2.1. 1) Once the velocity vector field w is known a scalar pressure p can
be found such that (u,p) satisfies a weak formulation of the Cauchy problem (1.1)
(see e.g. [8]).

2) The above definition make sense in any bounded interval I.

3) If T = oo the definition still make sense by assuming u € Cuear(Ry; H) N
L} (Ry; V) instead of (i).

4) The energy inequality (2.2) can be replaced by the assumption that for almost
t' € [0,T) the velocity vector field satisfies

t

Sl + [ )R ds < Gllu)lln+ [ u(s)ds.

’

for all t €]t’, T, where the allowed times t are characterized as the points of strong
continuity from the right, in H, for w, (see [7, Remark 1]).

2.1. A priori estimates. The essential feature of the operator My is the
following regularization effect.

LEMMA 2.1. Let 0 € Ry, s > —1 and assume that w € V°. Then Mpu € vtz
and

1
1Moullyet20 < —5 [ullv-.

Next, we prove some a priori estimates for the Cauchy problem (1.1) in the same
manner as for the Navier Stokes equations (see [21, 7]). Those estimates combined
with a Galerkin method yields the existence of Leray-Hopf weak solutions (see
Theorem 2.1). We suppose that w is a sufficient regular Leray-Hopf weak solution
of (1.1).

2.1.1. A priori estimates in H .

LEMMA 2.2. Let T > 0, £ € L*([0,T],V™") and uo € H, then any sufficently
regqular Leray-Hopf weak solution w of (1.1) satisfies

1
(||U0|%J + ;”f”%?([O,T],Vl))

R =

(2.3) el o 7,y <
and

1
(2.4) el Z oo po,7,20) < llwollzr + ;Hf”i%[o,:r]y*l) '
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Proof Taking the L?-inner product of the first equation of (1.1) with w and inte-
grating by parts. Using the incompressibility of the velocity field and the duality
relation we obtain
1d
5 lullf + v Vel = / fude <|[|fllv-lluv.
2 dt T,
Using Young inequality we get

d 1
Sl v Vall < S F

Integration with respect to time gives the desired estimates. |
2.1.2. A priori estimates in V. Now we use the regularization effect of Lemma
2.1 to prove the following a priori estimate on the existence time of strong solutions.

LEMMA 2.3. Let T > 0, f € L2([0,T), H) and ug € V. Assume that 0 < § < 1/4,
then there exists a constant C(c,0,v, f) > 0 such that a strong solution u of (1.1)
satisfies

sup lully < 201+ |luolly)
te[0, Ty

with
_ Cla,0,v,f)
(1 + [luo)2,) =

Proof Taking the L2-inner product of the first equation of (1.1) with —Aw and
integrating by parts. Using the incompressibility of the velocity field and the duality
relation combined with Holder inequality and Sobolev injection, we obtain

1d
S IVl + v Aul

(2.5)

IN

(@ V)uAu|dz + / | fAuldx
Tg TS
o 2 Vul gl Vully, 5 2o | Aulle + | £l m ] Aull .

IN

Interpolating between V! and V2 we get

1d 3_2¢

- 2420 5
IVulz +vldulz < o | Vulg " Aullgy ™ + [1fal Avlla.

2dt =
Using Young inequality we get
d 2 2 1 2 A
(2.6) ZIVule +vldully < —llflE +Cla, 0)[Vul g™
We get a differential inequality
(2.7) Y <Cla 0,0, f) Y7,
where vy
+
Y(t)=1 2 d ~= :
() =1+[ul} and y=TT2
We conclude that
Y (0
Y(r) < w :
(1 - 2Y(0)7710(04, 95 v, .f) t)ﬁ
1
as long as t < |

2V (0)-1C(e, 0,0, f)

2.2. Existence and uniqueness results.
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2.2.1. Euxistence result. The next two theorems collect the most typical results
for the Leray-a models of turbulence (see [1], [14]). The proofs of these two theo-
rems follow by combination of the above a priori estimates with a Galerkin method.
This is a classical argument which we avoid its repetition. For further information,
we refer the reader to [21], [1] and the references therein.

THEOREM 2.1. Let T > 0 and assume that 0 < 6 < 1/4. For any f € L*([0,T], V™)
and ug € H there exists at least one Leray-Hopf weak solution (Definition 2.1) of
the Cauchy problem (1.1). Moreover, (u,p) satisfies

REMARK 2.2. If 0 = % a weak solution to Leray-a model is called regular weak

solution (1], in addition, the solution is unique and it satisfies

u € C([0,T); H)NL?*([0,T]; V), %—"t‘ e L*([0,T; V™Y,  and p e L*([0,T], L*(T3)).

In this case one also has energy equality in (2.2) instead of inequality.
THEOREM 2.2. Letug € V, f € L?([0,T], H) and assume that 0 < 0 < 1/4. Then
there exists Ty = Ty(ug), determined by (2.5), and there exists a unique strong
solution w to (1.1) on [0, Ty[ satisfying:
u € C([0,T.[; V)N L*([0, T.[; V),
ou

5 € L*([0,T.[; L*(T3)*)  and p € L*([0,T.[, W"?(T3)).

REMARK 2.3. If § = % the strong solution to the Leray-o model exists for any

arbitrary time T' > 0. Indeed, when 6 = %, v = ﬁ—iz = 2, the differential inequality
(2.7) becomes
(2.8) Y <C(a,0,v, f) Y.

Thus, using Gronwall’s inequality (Y € L*[0,T]) we obtain the desired result.

2.2.2. Weak-strong uniqueness. In this subsection, we show a Serrin type cri-
terion for the weak-strong uniqueness result for the Leray-a models (1.1). More
precisely if w and v are respectively a Leray-Hopf weak solution and a strong solu-
tion of (1.1) with the same initial data then u and v coincide as long as the latter
exists.

PROPOSITION 2.1. Let 0 < 0 < % and let w and v be two Leray-Hopf weak solutions
to (1.1) corresponding to the same initial data. Assume additionally that

(2.9) ve L'((0,T),L*(T3)%),
with

3 3

Then u=v a.e. in (0,T)x T3 .
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Proof. Let us denote by w = w — v and w = w — v. Formally, we subtract the
equation for u from the one for v and test it with w ( This can be done using the
same approximation procedure as in [8]), we get

d
(2.10) ||w|ﬁq+u||Vw||%{:/ (v-Vv—u-Vu) wde,

30 N
using integration by parts and divergence free constrain on u and v we deduce from
the above equation that

1d
2dt
Using holder inequality we bound the nonlinear term in the right hand side of (2.11)
as

(2.11) w3 + V|| Vw3 = / wev: Vw dr.
Ts

(2.12) | wRv: Vwde |< ”E”L% |v]|Ls | Vw] L2,
Ts

Then by using the Sobolev embedding of H *in L5 and the following interpola-
1-3420 326

5T 3 3
26 Fritee > We get for all =5, < s< 55

[l 1+20

tion inequality ||u||H3 < Cllul]

— i 1-3420,__ 320
| [ w@v: Vwde [< Cl[w]| g ™ [[w] gz 0]

(2.13) T,

Ls V'LUHLz

1-2420

1+2-20
<C@)|wlg = " wly

ol e
Hence using Young inequality, we get for TP’% <s< %
C
(2.14) | | w®wv: Vwde |< ﬂ”w”%”ﬂ
T v
By combining (2.10) and (2.14) we get

(2.15)
t C(O&) t
Ol -+ [ IVl < ol + =2 [ ol o

Thus using the assumption (2.9) for v and Gronwall lemma we obtain the continu-
ous dependence of the solutions on the initial data in the L*°([0, 7], H) norm. In
particular, if wy = 0 then w = 0 and the solutions are unique for all ¢ € [0, T.

|

s=agzes |,V 2
Le + EHUJHV

Tedr, for all t € [0,T],

REMARK 2.4. 1) When 0 = 0 we get the well-known serrin condition to the Navier
Stokes equations 2/r +3/s =1,s € (3,x)].

2) when 6 = 1/4 we get that 2/r +3/s = 3/2,s € (2,6], which is true for any weak
solution of (1.1).

3. The Main Result And Its Proof

The basic facts about Hausdorff measures can be found for instance in [6]. We
recall here the definition of those measures.

DEFINITION 3.1. Let X be a metric space and let a > O. The a-dimensional
Hausdorff measure of a subset Y of X is

pa(Y) = lm pig,e(Y) = sup pg,e(Y)
eNo e>0
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where
ta,(Y) = inf Z(diameter Bj)“,
J
the infimum being taken over all the coverings of Y by balls B; such that diameter B; <
€.

DEFINITION 3.2. For T > 0 we define the time singular set Sg(u) of a Leray-Hopf
weak solution u(t) of (1.1), given by Theorem 2.1, as the set of t € [0,T] such that
u(t) ¢ V.

The main result of the paper is the following theorem.

THEOREM 3.1. Let w be any Leray-Hopf weak solution of (1.1) on [0,T] given by
Theorem 2.1 with an external force f € L?([0,T), H). Then the 522 -dimensional
Hausdorff measure of the time singular set Sp(u) of u is zero.

The rest of the paper is devoted to the proof of the main Theorem. The following
Lemma characterizes the structure of the time singularity set of a Leray-Hopf weak
solution of (1.1).

LEMMA 3.1. We assume that uwg € H, f € L?([0,T], H) and u is any Leray-Hopf
weak solution of (1.1) given by Theorem 2.1. Then there exist an open set O of
(0, T) such that:

(i) For all t € O there exist t1,t2 such that (t1,t2) C (0,T) and w € C((t1,t2), V).
(i) The Lebesgue measure of [0,T]\ O is zero.

Proof. Since u € Cuyear([0,T]; H), w(t) is well defined for every ¢ and we can
define

E={te[0,T],u(t) €V},

Y={te0,T],u(t) ¢V},

O={te(0,7),3e>0,ucC((t—e,t+¢€),V)}.

It is clear that O is open. Since u € L*([0,7]; V), £¢ has Lebesgue measure zero.
Let tp € X\ O then according to Theorem 2.2 there exists a local strong solution
v € C([to,to + €), V), with € > 0, such that u(ty) = v(tg). Thanks to the weak-
strong uniqueness result (Proposition 2.1) such a strong solution is unique among
all Leray-Hopf weak solutions. Hence w € C((to, %o + €), V) and therefore t¢ is the
left end of one of the connected components of @. Thus ¥ \ O is countable and
consequently [0, 7]\ O has Lebesgue measure zero. This finishes the proof. [ |

REMARK 3.1. We deduce from Theorem 2.2 that, if («;,3;) , @ € I, is one of the
connected components of O, then

li t = .
Jim [[u(t) v = +o0

Indeed, otherwise Theorem 2.2 would show that there exist an € > 0 such that
u € C((B;, Bi +¢),V) and B; would not be the end point of a connected component
of O.

LEMMA 3.2. Under the same notations of Lemma 3.1. Let («;,3;), © € I, be the

connected components of O. Then
(3.1) S8 —a) T <0

iel
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Proof. Let (a;, 3;) be one of these connected components and let ¢ € («;, 3;) C O.
Since u € Cyear ([0, T); H)NL*([0,T); V), u(t) is well defined for every t € (v, (i)
and t can be chosen such that uw(t) € V. According to Theorem 2.2, inequality
(2.5) and the fact that ||u(3;)||v = 400, we have for t € (o, ;)

1

ﬁi —t Z )
Cla,0,v, f) (1 + [lu(@®)3)
where we have used that v = ﬁ—jg > 1. Thus
C(a’95V7 f)
———L= <1+ [lu(®)]f5
(Bi —t)71

Then we integrate on (o, ;) to obtain

. Bi
Clon 0,0, F)(Bi — a) = < (B — ) + / u(t) 2.

i

Adding all these relations for ¢ € I we obtain

1 T
Clab.r )Y (B =)™ < T+ [ u(o)lfy e

i€l
u

Proof of Theorem 3.1. We set S = Syp(u) = [0,7]\ O. We have to prove that
the 1*—249-dimensionad Hausdorff measure of S is zero. Since the Lebesgue measure
of O is finite ,i.e.

(3.2) > (B — i) < o0,
el

it follows from Lemma 3.2 that for every e > 0 there exist a finite part I. C I such
that

(33) S (i) <e

[ISAVA
and
(34) Z (ﬁl — Oéi)lgw S €
i€\ I

Note that S € [0, 77\ U (e, B;) and the set [0, 7]\ U (cvi, B;) is the union of finite

i€l i€l
number of mutually disjoint closed intervals, say B;, for j = 1,..., N. Our aim

now is to show that the diameter B; < e. Since the intervals («;, 8;) are mutually
disjoint, each interval («, 3;), ¢ € I\ I, is included in one, and only one, interval
B;. We denote by I; the set of indice ¢ such that («;, ;) C Bj. It is clear that
I, I, ..., In is a partition of I and we have B; = (Uz‘elj (ay,B;)) U (B; NS) for all
j=1,..,N. It follows from (3.2) that

(3.5) diameter B; = Z(ﬁi —a;) <e.
icl;
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Finally in virtue of the definition 3.1 and estimates (3.5), (3.4) and since 1® < I!
for all 0 < § < 1 we have

1—46

N
/,61—2749)6(8) < Z(diameter Bj) =

Jj=1

IA
] =
(]
=
:

(3.6) j=1 \i€l;
N
1—46
< DY (Bi—a)
j=1icl;
1—46
= Z (Bi —a;) 7 <e
i€I\I.
Letting ¢ — 0, we find p11-40 (S) = 0 and this completes the proof. |
2
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