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ABSTRACT. In this paper, we intend to reveal how the fractional dissipation
(—=A)« affects the regularity of weak solutions to the 3d generalized Navier-
Stokes equations. Precisely, it will be shown that the (5 — 4) /2a dimensional
Hausdorff measure of possible time singular points of weak solutions on the
interval (0, 0o) is zero when 5/6 < o < 5/4. To this end, the eventual regularity
for the weak solutions is firstly established in the same range of «. It is
worth noting that when the dissipation index « varies from 5/6 to 5/4, the
corresponding Hausdorff dimension is from 1 to 0. Hence, it seems that the
Hausdorff dimension obtained is optimal. Our results rely on the fact that the
space H® is the critical space or subcritical space to this system when « > 5/6.
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The incompressible time-dependent Navier-Stokes equations can be written as

(1.1) ug —vAu+u-Vu+Vp=0, divu =0, (z,t) € Q2 x (0, T),
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where the domain 2 denotes the whole space R™ or a torus T™ with n > 2. The
unknown vector field u describes velocity of the flow, the scalar function p stands
for the pressure of the fluid and the positive constant v is the viscosity coefficient.
We supplement problem (1.1) with the divergence-free initial data u(z,0).

It is well-known that the Navier-Stokes system enjoys two fundamental prop-
erties. One is energy equality (inequality)
(1.2)

E(u)zesssup/ \u(x,t)|2dx+2/ / |Vu(x,7')|2dxd7§/ |u(m,0)\2dx,
t 0 n

n n

for smooth solution (weak solutions).
The other one is the scaling transformation, namely, if the couple (u(;v, t), p(z, t))
solves problem (1.1), then so does (ux(z,t),pr(x,t)) with

(1.3) uy = MMz, \*t) and  py = Np(Az, \*t).

This induces us to investigate problem (1.1) in the critical spaces whose norm is
invariant under scaling (1.3). Thus, a natural candidate is homogenous Sobolev
space H(=2)/2 o Lebesgue space L™. A Bananch space X is said to be a super-
critical space to (1.1) if |lux||x — oo as A tends to 0. The rest are called as the
subcritical spaces. We easily find that the energy space L? is a supercritical space
to system (1.1) when the spatial dimension is strictly greater than two. Formally,
based on (1.3), we see that

E(uy) = esssup/ Nu(Az, N2t)* do + 2/ / M| Vu( Az, \27)|? dadr
(1.4) A2t n 0 n

= \2T"E(u),

which implies that F(uy) — oo as A — 0. In this sense, we may say that the 2d
Navier-Stokes equations is critical and the Navier-Stokes equations is supercritical
when the spatial dimension is greater than or equal to three.

The global existence of weak solutions was successfully proved by Leray on
the Cauchy problem and by Hopf for the Dirichlet problem. Both of them made
full use of the energy inequality (1.2). Leray also proved that the weak solution
of the 2d Navier-Stokes equations is regular in [11]. Although there are extensive
studies on the regularity of weak solutions to the 3d Navier-Stokes equations (See,
eg., [2, 7, 8,9, 17, 18, 19, 21, 22, 24]), the regularity of weak solutions is
partially known until now. Particularly, Leray [11] proved that one dimension
Lebesgue measure of the set of the possible time irregular points for weak solutions
to the 3d Navier-Stokes equations is zero. Moreover, Leray showed that every weak
solution becomes smooth after a large time, namely, eventual regularity of the
weak solutions. In [17], Scheffer improved Leray’s upper bound of the Hausdorff
dimension of the possible time singular set of weak solutions to 1/2 (see also [8,
Section 6] and [21, Chapter 5]). In this direction, Scheffer [18] also investigated
the Hausdorff dimension of the space time singular set of weak solutions satisfying
the local energy inequality, which is the so-called partial regularity of suitable weak
solutions. The well-known Caffarelli-Kohn-Nirenberg theorem [2] showed that one
dimensional Hausdorff measure of the possible space-time singular points of suitable
weak solutions to the 3d Navier-Stokes equations is zero. For more general results
on partial regularity of suitable weak solutions to the non-stationary and stationary
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Navier-Stokes system, we refer the reader to the paper [24] and the list of quotations
there.

Generally speaking, it seems that there has not existed effective approach to
deal with the supercritical equations so far. Concomitantly, an interesting ques-
tion is: Could one modify the 3d supercritical Navier-Stokes equations to become
a critical (more regular)? As a matter of fact, this had been done by Lions in
1960s. More precisely, Lions [12, 13] introduced the following equations involving
fractional dissipation

(15) {ut—i—uAmu—i—u-Vu—i—Vp:O, div u =0,

u(0) = u(0, ).

The operator A?® = (—A)® is defined by @(f) = \£|20‘f(§) in the whole space,

where f(£) = ﬁfw f(x)e™ % dx; and by @(k) = €2 f(k), k € Z" on
the torus, where f(k) = ﬁfw f(x)e= ™% dz. Here, a > 0 is said to be the
dissipation index. Exactly as the Navier-Stokes equations, note that if u(z, t) solves
(1.5), uy = A2 Ly(Az, A\29t) is also a solution of (1.5) for any A € RT. Formally,
the corresponding energy is

(1.6)

E,(uy) = ess sup/ N2y, N2 |2 d + 2/ / N6o=2 Ny (N, N2 |2 dacdr
A2at R 0 n

= )\4”’7(””){ ess sup/ lu(z, ) dz + 2/ / |A%u(z, 7)|? dIdT}
t n 0 n
= N2 E, (u).

It follows that E,(uy) — oo as A — 0 when a < (n + 2)/4. Just as the above, we
say that equations (1.5) is supercritical if o < (n + 2)/4, critical for o = (n +2)/4
and subcritical with a > (n 4 2)/4 . Lions obtained the global regular solution to
the critical or subcritical equations (1.5) in [13].

When 1 < a < 5/4, the three-dimensioanl fractional Navier-Stokes system is
still supercritical equations and their global well-posedness theories remain open.
As pointed out by Katz and Pavlovié¢ in [10], any improvement in the exponent 5/4
could be viewed as genuine progress. It is remarkable that the Navier-Stokes equa-
tions with fractional dissipation have been studied from a mathematical viewpoint
and some interesting results have been obtained in [3, 10, 16, 23, 25, 26, 27, 28]
and the references therein. The existence and uniqueness of solutions to the gen-
eralized Navier-Stokes equations (1.5) in Besov spaces were established by Wu in
[26, 27]. Recently, Tao [23] showed the global regularity for a logarithmically su-
percritical hyperdissipative Navier-Stokes system (see also [28]). In [10], it was
shown that the Hausdorff dimension of the space singular set at time of first blow
up for smooth solution to equations (1.5) is at most 5 — 4o as 1 < o < 5/4.

In this paper, one target of our work is to address the question: what is the
precise effect of the fractional dissipation to the upper bound on the Hausdorff
dimension of the potential time singular set for the weak solutions to (1.5). We
shall prove that the (5 — 4a))/2« dimensional Hausdorff measure of possible time
singular points of weak solutions on the interval (0,00) is zero in the case when
5/6 < a < 5/4. This result not only is an interpolation between the Scheffer’s
(Leray’s) Hausdorff dimension of the possible time singular set of weak solutions
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to the Navier-Stokes equations («« = 1) and Lions’s global solvability for the hyper-
dissipative case (o > 5/4), but also further generalizes Scheffer’s (Leray’s) classic
work in the sense that 5/6 < a < 1. This gives an accurate relationship between
the Hausdorff dimension of the potential time singular set of weak solutions and the
dissipation index «, which provides a perspective of the regularity of weak solutions
to the fractional Navier-Stokes equations.

The other goal is to study the eventual regularity of weak solutions to (1.5).
More precisely, with Leray’s eventual regularization of weak solutions to the 3d
Navier-Stokes equations in mind, we want to explore how far we may go beyond the
standard Laplacian dissipation —A and still prove the eventual regularity of weak
solutions to the fractionally-dissipative Navier-Stokes equations. In particular, we
can show the eventual regularity of weak solutions to (1.5) for 5/6 < «. It is natural
to ask whether this result is true for a < 5/6. This is also partially motivated by
the recently related work for the supercritical quasi-geostrophic type equation by
M. Dabkowski [5], Miao and Xue [15] and L. Silvestre [20].

In what follows, we study (1.5) in a periodic domain T3 = R3/Z3. The reason
why we consider the periodic case is that it is not obvious whether the strong energy
inequality of weak solutions to (1.5) is valid in whole space when « # 1. Utilizing
integration by parts, the spatial periodicity of the solution and the divergence free
condition, we can derive that the solution u of (1.5) satisfies % [1, u(z,t)dz = 0. In
addition, because of Galilean invariance of system (1.5), without loss of generality,
we consider initial data of zero average, namely, ng u(x,0) dz = 0. This yields that
ng u(x,t)dr =0 for any ¢ > 0. A function with vanishing spatial average on torus
guarantees us to use its Sobolev (Gagliardo-Nirenberg) inequality like the whole
space case. The reader is referred to [1] for more details.

This paper is organized as follows. In the second section, we shall present the
definition of weak solutions to (1.5) for the initial data with finite-kinetic energy
and state our main results. Section 3 is devoted to establishing the well-posedness
theory with initial data in H® for o > 5/6. Then, the weak-strong uniqueness in
the class u € L*°((0, T); H*) N L2((0, T); H?®) is discussed. Based on this, we
could obtain the eventual regularity and the Hausdorff dimension of the possible
singular time points of weak solutions in Section 4. Finally, for completeness, an
appendix is dedicated to proving the existence of weak solutions to (1.5) for finite
energy initial data.

Notation: The classical Sobolev norm || - ||gs is defined as || f||z. = > (1 +
kez®

k|2)%|f(k)|2, s € R. We denote by H*® homogenous Sobolev spaces with the norm
I fllze = > |k[*|f(k)[>. We shall denote by (f, g) the L? inner product of f
kezZs

and g. For p € [1, o], the notation L?((0, T'); X) stands for the set of measurable
function on the interval (0, T') with values in X and || f||x belongs to LP(0, T'). We
will use C' to denote an absolute constant which may be different from line to line
unless otherwise stated.

2. Statement of the result

In this section, we begin with the definition of weak solutions to the generalized
Navier-Stokes equations (1.5).
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DEFINITION 2.1. Let u(0) € L? be a divergence-free vector. For any T > 0, we
say that u is a weak solution to equations (1.5) with a > 0, if

(i) we L=((0, T); L2(Q)) N L2((0, T); H*(Q));

(ii) u solves (1.5) in the sense of distributions
T

1
| (u(t), ¢e(t)) = v(A%u(t), A%(t)) — (u(t) - Vu(t), (1)) dt = —(u(0),$(0)),

for all ¢ € C§°((0, T') x Q) with dive = 0.
(iii) w fulfills the strong energy inequality

t
1) Ol +20 [ 1A%u(s) 2 ds < u(r)]3-
for 7 =0 or almost every 7 > 0 and t € [, T).

The global existence of weak solutions for the fractional Navier-Stokes equa-
tions (1.5) could be proved by the classical Faedo-Galerkin argument. For reader’s
convenience, we will sketch its proof in Appendix A.

The strong energy inequality plays an important role in the proof of eventual
regularity and Hausdorff dimension estimate of possible time singular points. As
said before, it is not clear whether the strong energy inequality of (1.5) (o # 1)
is valid in the whole space since that when we apply compactness theorem to the
approximation solution u (z,t), we just obtain a subsequence of u™ (x,t) which
strongly converge to u in L? (R?) for almost every ¢ € [0,T] as N tends to infinity.
We refer the reader to Appendix A for the details. We would like to point out that
the usual localization argument for the proof of the strong energy inequality to the
3d Navier-Stokes equations in the whole space or the exterior domain breaks down
in the case that o # 1 in (1.5) due to the presence of the nonlocal derivative.

Now we recall the definition of time singular point and Hausdorff dimension.

DEFINITION 2.2 (Irregular Point, [11]). A time point 7 < oo is said to be an
irregular point of the solution to the equations (1.5) if u(s) is a regular solution on
(t,7) x €, for some t < 7, and it is impossible to extend u(s) to a regular solution
on (t,7') with 7/ > 7.

DEFINITION 2.3 (Hausdorff measure and Hausdorff dimension, [29]). For each
v>0, e>0,and EF C R". Set

H(E)
oo (o)

=lim i(I)lf { Za(y)Z‘”diam (B)": EC U B;, B; is an open ball and diam B; < 8}.
i=1 i=1

HY(E) is called the Hausdorff measure of E, where () denotes the volume of the
unit ball in R™. For every set F, there is a non-negative number, d = d(E), such
that

HY(E)=0 ify>d,

HI(E)=00 ify<d.
the number d(E) is called the Hausdorfl dimension of E.

Let ZR stands for the possible time irregular points of weak solutions to (1.5)
and the rest is denoted by R. Our result is concerned with the estimate for the
Hausdorff dimension of the set ZR.
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THEOREM 2.4. For 5/6 < « < 5/4, the (5 — 4a)) /2« dimensional Hausdorff
measure of the possible time singular points of weak solutions of (1.5) on the interval
(0,00) is zero, namely,

H*Z= (IR) = 0.

REMARK 2.5. In contrast to Katz and Pavlovié¢’s result that the Hausdorff
dimension at the first time breakdown for the smooth solution to (1.5) is at most
5—4afor 1 < o < 5/4 in [10], our result is concerned with the Hausdorff dimension
estimate of the potential time singular set for the finite energy weak solutions to
(1.5) and is meaningful in the case 5/6 < o < 1. It should be pointed out that the
Hausdorff dimension of the potential time-space singular points for the (suitable)
weak solutions to (1.5) has not been solved except o = 1.

Before we show the above theorem, actually, we first prove that

THEOREM 2.6. For 5/6 < a < 5/4, there exists a constant T* > 0 such that
the weak solutions to (1.5) become strong solution on (T*,00).

REMARK 2.7. It is worth pointing out that our results are still valid under
the assumption that the weak solutions satisfy the strong energy inequality in the
whole space.

REMARK 2.8. According to (1.6), we notice that the 2d fractional Navier-Stokes
equations (1.5) is also a supercritical system in the case that v < 1. In the spirit of
this paper, one could prove that the upper bound on the Hausdorff dimension of the
potential time singular points of weak solutions to (1.5) for 2/3 < o < 1is (2—2a) /«
and the eventual regularization of weak solutions is true when the spatial dimension
is two. We leave this to the interested reader. More generally, the upper bound
on the Hausdorff dimension of the possible time singular points of weak solutions
to the n dimensional generalized Navier-Stokes equations is (n + 2 — 4«) /2« in the
case that (n+2)/6 <a < (n+2)/4.

To prove our results, we will employ some fundamental strategy in [8, 9, 11,
17]. In Leray’s pioneering work [11], he proved the global existence and uniqueness
of solution to the 3d Navier-Stokes equations with initial velocity u(0) € H* pro-
vided Hu(O)||1L/22||Vu(0)||1L/22 being sufficiently small and the local solvability when
the initial data belongs to space H! without smallness assumption. See [8, 9] for
a more modern exposition. Leray’s eventual regularization of weak solutions relied
on the H! well-posedness result. In addition, it is worth mentioning that

(2.2) 10| 112 < Cllu(O)]| £ 1Vu(0)]

is invariant under the scaling (1.4).
A key observation is an analogous inequality of (2.2)

6a—5 S5—da
Jul o < Cllull 3 1A%l 5, 5/6 < a < 5/4.

Notice that H %" appearing in the last inequality is the critical space to (1.5)

due to the fact that ||uy] . 5-4a = |jul| . 5-1a where uy = A\2*~ly(A\z), from
H 2 (R3) H 2 (R3)

which we see that the energy space L? is the critical space to (1.5) when o = 5/4.
Another interesting ingredient of the latter inequality is the borderline case that
« = 5/6, which suggests us that 5/6 is a probable endpoint of our discussion.
Indeed, we would like to point out that H® is the subcritical space to (1.5) when
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o > 5/6 in the sense that ||ux|| o gs) converges to 0 as A tends to 0. Thence, we
obtain a strong solution when we solves (1.5) with o« > 5/6 in H®.

More precisely, we shall establish the local existence for arbitrarily large data
in space H® and the global well-posedness of (1.5) under the assumption that
the quantity Hu(0)||(Lﬁza_5)/2aHA“u(O)HS’_m)/QO‘ is small enough. To this end, we
exploit some new estimates to (1.5) compared to the previous estimates presented in
[13, 27]. Next, we show that this strong solution coincides with the weak solutions
associated with the same initial data. Roughly speaking, small solution in H¢,
weak-strong uniqueness, and the strong energy inequality (2.1) mean the eventual
regularization of weak solutions. Thus, we complete the proof of theorem 2.6.

As a critical by-product of well-posedness result in H®, we could deduce that
the blow-up rate

ovis
[Au(t)||r2 =2 ———a=5, t <to, 5/6 < <5/4,
(to —t) 3
for ty to be a potential irregular point. This enables us to achieve the Hausdorff di-
mensional estimate of possible time singular points of weak solutions on the interval

(0, 00).

3. Well-posedness theory in H* for « > 5/6 and weak-strong uniqueness

3.1. Strong solution. The following is about the existence and uniqueness
of the solution to (1.5) for > 5/6 with the initial data in H*. Notice that global
well-posedness of (1.5) for small initial data belonging to H5/6 has been established
in the sense that u € L>(0, c0; H%/6)N L2(0, 0o; H%/3) by Wu in [27, Theorem 6.1],
where we have used the fact that homogeneous space H5/6 and homogeneous Besov
space Bg 7/26 coincide. For the local well-posedness for large initial data in H5/6 see
also [27, Theorem 6.2]. The solution constructed by Wu is also a weak solution when
the initial data belongs to H5/¢. This fact is clear since the domain considered here
is periodic. Consequently, we mainly pay our attention on the case when o > 5/6
below.

PROPOSITION 3.1 (Strong solution). For every u(0) € H*( 5/6 < a < 5/4)
with divergence-free, there exists a constant

27204

I 6a—5

T< 2aC 64ur
to=[[ACu(0)] /577

such that the system (1.5) admits a unique solution u in
L((0, T); H*) N L*((0, T); H*®).
Moreover, let 5/6 < a < 5/4 and assume that the initial data satisfies
sa—5 5—da _
(3.1) lu(O) 137 [A%u(0)[| 5 < Cr'v,

for some constant Cy depending on the domain Q. Then T can be chosen as arbi-
trary positive constants.

REMARK 3.2. After we finished this paper, we notice that the well-posedness
theory in H 2" to equations (1.5) with o« > 5/6 had been established in [27].
Compared with the method adopted in [27], our method is elementary and avoids
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the highly-sophisticated tools from harmonic analysis. More importantly, as a by-
product of our analysis, we could deduce a necessary condition for some time ¢ to
be a potential blow up time which plays an important role in the proof of Theorem
2.4. For the detail, see Proposition 4.2.

PRrROOF. The existence proof is based on the approximate system below
o + vA?*uN + Py (u? - VuN) + PyVpYN =0, dive™ =0
together with the initial condition
N(z,0) = Pyu(z,0),

where Py f(z) = F~1(1y<n(k)i(k)). For its detail, see the Appendix A.
Step 1: Local well-posedness

Taking the inner product of approximate equations with u” and integrating by
parts, we know that

1d o
Sl O + A @) = o,
which implies that
L N2 L e N 2 LN 2 1 2
(3.2) Sl @Iz +v ; [A%u™ (s)l[z2 ds = S llw™ (022 < 5llu(O)]z.-

Similarly, multiplying (1.5) by A?%u, we arrive at

(3-3) DA ()2 + A=Y O = @ () - Vud (1), A2V (1),

2dt

By virtue of the Gagliardo-Nirenberg inequality,

™ @], o, < ClUA“UN (@) 22,
and
IVu™ @)l 2 < CllA“u™ (¢ Dl 142N 1)) 5
we obtain
[ (t) - Vul (), A2uN (#)] < [N @] o, IVE @2 g 1A% 6™ (0]l 22

6a—5 5—2

< Ol A ™ (0)] e l|Au™ (@) 37 A% ()] 5
2(8a—5)
5a 5

1 o —
< SvIAuN O)lfF2 + Cre= AN (O] 5

where we used Holder’s inequality and Young’s inequality.
Plugging this into bound (3.3) gives

2(8a—5)

AN (@B)]| 2

d .
(3.4) a”AaUN(t)Hiz + v A2 W (1)]2, < Cuba=s
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which implies that

Aa’LLN 0 2
HAQUN(t)||L2 < ” ( )”L

6a—5

4o P
(1- 2GS acun (0)| 5 750)
[A%u(0)]| 2

S Ao 6375
(1- G0 E Acu(o) |51
ClIA (02,1 2552 ¢ 55
< A%u(0)12 + INuOl = 05
2a—5 —F 4o
(1- 5B ewo)E )

where we have used the fact that [|[u™ (0)||zz < ||u(0)|/z2 and the elementary in-
equality (a —b)? >a® —bP fora>b>0and 0 < 8 < 1.
Thus, there exists a constant T := T, with

5—2a

I 6a—5

20C. || Ae(0) | 757

T, =

such that
[A“uN ()72 < C, tel0,T),

where the constant C' is independent of N. Therefore, we deduce the uniformly
bounded estimate that

t
(3.5) 1A% ()22 + y/ A2 (5)[22 ds < C, < T*.
0

Furthermore, by (3.2), for any g € L?([0, ¢]; L?), note that

i t
[ @), o) ds < [ 1A (5) a4 )] 2 ds
0 0
t 1/2 t 1/2
< AuN(s)]|2, ds / A%g(s)||%2 ds
(] 1ama¥@pigeas) ([ 1av(s) 1 as)
< Cllu(0) 2 9(5) 2.1 2

which yields that A2*u™ € L2([0, t]; L?).
By the Gagliardo-Nirenberg inequality, we have

6a—5 5—4
IVul]l, s < ClIAu™ |37 [|A%u™ ] 37

)

and

™1l o < CIA" U]z,
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and (3.2), we infer that

/0 (Pn(uN - Vul), g) ds

t
< [ 1l IV, ol o ds
0

6

t N N —5 2 N 5—4a
< / AN AN |5 (A2 T gl e ds
0

5—

‘ a, N2 a, N fa=5 2a0, N do % ‘ 2 %
<C( [ namuN e aaN | 1A% N ds) " ([ gl ds)
0 0

5—

t sa 1
<ClluO)llz=( [ 82UV = ds) llgllz2 (o, 4: 22)
0

<C(T)[u(0)[Z2 19l 2o, 1) £2)-

where we have used (3.2) and (3.5). This in turn implies that Py (u" - Vu?) €
L3([0,t]; L?) since 5/6 < o < 5/4.
Using the pressure equation

ApN = — Z 616] (ufvujv)
.9

and the boundedness of Riesz transforms on L9¢ for any 1 < ¢ < oo, we have
| PyVpN| 12 < [[ul - Vul| 2, from which, exactly as in the derivation of (3.6),
yields that PyVp™ € L%([0, t]; L?).

Collecting the uniform estimate and recalling that d;u” = —vA2%uN — Py (u -
Vu®) — PyVpy, we obtain the desired estimate d;u’ € L2([0, t]; L?). This to-
gether with (3.5), by means of Aubin-Lions Lemma ([22, Theorem 2.1, p.184]), we
could claim that uy strongly converge to u as N tends to infinity in L2((0, T); H*~¢)
for any € > 0. By Fatou’s Lemma, we get that u € L>°((0, T); H*)NL?((0, T); H?®).
We finish the proof of local existence. The uniqueness is a consequence of the weak-
strong uniqueness Proposition 3.4 whose proof is postponed to the next subsection
3.2.

Step 2: Global well-posedness for small initial data.

It suffices to show the uniform boundedness of [|[A®u™ (¢)||%. where ¢ € [0,7"]
for any given constant 7”. Indeed, having this uniform estimate in hand, by means
of (3.4), one immediately obtains the uniform estimate of fg [AZeulN (s)||% . ds for
t < T'. The rest part of passing to the limit of the approximations solution is
analogous to the one of local well-posedness.

To this end, using once again the Gagliardo-Nirenberg inequality, we obtain
i [

”u [2a—1

6a—5 5—4
< Ol A AN E, and VN < ClIAZ WY,

5—4da

which yields

(™ T, A2 )| < s (Ve e A% e
LZa—1 L5—4a
6a—5 5—4a

< Cuflu® 3 A%u™] 3 [IA%u™] ..

Substituting the latter inequality into (3.3), we get
1d
2dt

6

IAu™ @3 + (v = Cull® @, 1A% ()]

o

(3.7)

5—4
2a
L2

YAz (0))32 < 0.
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Assume for a while we have proved that
5—4a
(3.8) [l (¢ )HLQ‘“ | A%u™ (t Ol > < C;'v, for each t € [0,T").

Therefore, it follows form (3.7) that %||[A“u™ (¢)[|2. < 0 (¢ € [0,7")), which yields
the desired estimate.

Now we need to prove the equality (3.8) we have assumed. By the hypothesis
on initial condition (3.1), we could suppose that T; < T is the first time such that

(3.9) ™ (@) 3 A (1)) 5 =

Consequently, for any s € [0, T}], we have ||u® (s )||L2" |AcuM (s )HL o <t
Thanks to (3.2) and (3.7), we obtain

[N (T0) Iz < ([ (0)]| 22 < [|u(0)] 2,
and
AN (T1)[| L2 < [[A%u™ (0)[| 22 < [[Aw(0)] 2,

since & [|A%u(T}) 2. < 0.
However, through a simple calculation, we see that

6a—5 5—4a
v = CaluV (@) 1A (T)I|E 2 v = Gl )] 5 A% )], F > 0.
which contradicts (3.9). Thus, the claim (3.8) is proved. O

REMARK 3.3. A straightforward consequence of the above proof is that we
provide an alternative approach to show Lions’s global solvability to the case a =
5/4. Indeed, it follows from the equation (3.4) and the Gronwall’s inequality that

A4 uN (@)][52 < AP 4uN (0)[F2eC I AT Oz o < AP S0y (0) 7O

Thus, there exists a global strong solution to (1.5) without without any smallness
restriction on the initial data belonging to space H>/* when a = 5/4. (It is well
known that the finite weak solution w € L*°((0, T); L?) N L?((0, T); H5/*) is a
regular solution to the (1.5) for o = 5/4. Here, we show that the weak solution has
higher regularity when the initial data is more regular in the case o = 5/4.)

Next we shall prove that the strong solution u € L>((0, T'); H*)NL?((0, T); H?*)
constructed above and the case « = 5/6 in [27] coincides with the weak solu-
tion v € L*((0, T); L?) N L*((0, T); H*) associated with the same initial data for
5/6 < a < 5/4. Here, we basically follow the pathway of [4, 6, 8, 14, 19] to obtain
the weak-strong uniqueness in the class u € L>((0, T); H*) N L2((0, T); H?®).

3.2. Weak-strong uniqueness.

PROPOSITION 3.4. Let 5/6 < a < 5/4. From Proposition 3.1 in the last sub-
section and Theorem 6.2 in [27], there exist a solution u € L*>((0,T); H*) N
L2((0, T); H**) to (1.5) for a constant T > 0 associated with data uw(0) in H®.
Let v be any weak solution to (1.5) with initial condition u(0). Then u = v for a.e.
rzeQt>0.

In order to show Proposition 3.4, we need the following lemmas.
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LEMMA 3.5. Let v be a weak solution to (1.5) in (0, T) x Q. Then v can be
redefined on a set of zero Lebesgue measure in such a way that v(t) € L? for all
t € (0, T) and satisfies the identity

(3.10) / (0, 02) — v{A, A%) — (- Vo, g)dr = (u(t), 9(t)) — (o(s), o(s),

for all s € 10,t], t < T and all ¢ € C*((0, T) x C§°).

The proof of this lemma is similar to the classical Navier-Stokes equations
([8, 14, 19]) and we omit the details here. The following is about an approximation
lemma.

LEMMA 3.6 ([14], Lemma 2.1). Suppose that X is a Banach space, w €
L9((0, T); X),1 < ¢ < o0, wp(s) = fot Jo(s — T)w(r)dr, where J,(t) = p~1J(t/p)
and J is an even monnegative smooth function with ffooo J(s)ds = 1 and J €
Cs° (=1, 1). Then w, € C'([0, t]; X) and

tmy i, = w250 72 = O
The main proof of Proposition 3.4 relies on the following key lemma.

LEMMA 3.7. Suppose that u and v are two weak solutions of (1.5) in Proposition
3.4 and let w =u —v. Then for any T > 0, there holds
(3.11)

¢ ¢
(u(t),v(t)) + 21// (A%u(s), A%v(s)) ds = (u(0), v(0)) —/ (w(s) - Vu(s),w(s)) ds.
0 0
Proor. It follows from Lemma 3.6 that
u, € H([0,T); H**), v, € H'([0,T]; H*)
and
gii% lup = ullL2((0, 7); 20y = 0, ;ii% lvo = vllL2((0, 7); o) = 0.
Due to the fact that C§°(Q) is dense in H*(Q) (H?*(2)) and Lemma 2.2 in [14],
there exist uf, vk € C*°([0, t]; C§°) such that
(3.12) Jim lwy — wpl 11 (o, 13; 120y = 0, Jim [0k = vpll a1 (o, ¢ 1) = 0.
Choosing u’; and vlp€ as test functions in (3.10) respectively, one has
(3.13)
t

/0 (v, asul;) - V(Aav,Aau];> — (v-Vu, u’,j) ds = (v(t),u"(t)) — (v(0),u%(0)),

P " Yp »Yp

/0 (u, 5'51)];) - V(Aau,Aav’;> — (u - Vu, v¥) ds = (u(t),v" (1)) — (u(0),v%(0)).

Now we take the limit in the above equations. By (3.12), it is direct to get

t t t t
lim [ (v, Bsuif) ds = / (v,0sup)ds and lim [ (u, asv];) ds = / (u, 0sv)) ds.
0 0

k—oo Jq k—oo Jq
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Noting that the function J defined in Lemma 3.6 is an even function, we have
t t
/ (v, Osu,)ds + / (u, Osvp) ds
0 0
t ot ¢
=/ / 0sJ,(s — T){u(T), v(s)) dsdr + / (u,dsv,) ds
0o Jo 0
t ot t
=— / / 0-J,(s — 7)(u(r), v(s)) dsdr + / (u, Osv,) ds
o Jo 0
t gt t
=— / / 0-J, (1 — s)(u(r), v(s)) dsdr + / (u, 0sv,) ds,
o Jo 0
t t
=— / (Orvp, u)dr —|—/ (u, 0sv,,) ds = 0.
0

0
With the help of Lemma 3.6 and (3.12), we obtain

t

t
lim lim (Aav,Ao‘u’;>ds=/ (A%, A%u) ds,
0

p—0 k—oo 0

lim (v(t),u®()) ds = (v(t), u,(t)),

k—oo TP

where the notation lim lim means that one first passes to the limit of £ and then

p—0k—o0
that of p.
Thanks to the L? weak continuity of weak solutions proved in Theorem E.1 in

appendix A, we deduce

t1 _t—s

(0(t), up(1)) = (1), / Ly

o P p

Ju(s)ds)

where we have used the fact that fol Jy(2)dz = 1 and p < t, which yields

. 1
L (u(t), up (1)) = 5 (v(t), u(t))-
Likewise,

¢
lim lim [ (A%, Aav];> ds = / (A“u, A%v) ds,
0

p—0k—o0 Jy
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Consequently, taking the limit in (3.13) leads to

(), v(t)) +2 /O (A®u, A%) ds

=(u(0), v(0)) — lim lim t {(u - Vu, v’j) ds+ (v- Vv, uﬁ) ds.

p—0k—o0 Jo

(3.14)

It remains to pass to the limit in nonlinear terms in (3.14). In order to do this,
using the Gagliardo-Nirenberg inequality

6a—5

IVull, = < ClIA%]| 5

9 5—da
[AZ %l 3~
and

o < CIA (S =),

32«

E 2
Jof ol

we see that
t
/ <u-Vu7v§ —v)ds

0
t % t %
g(/ - Vul? o ds) (/ lop — vl s ds)
0 L3+2a 0 L3-2a
1

t 1 t 1
<( [ wleivu as) ([ ek - o1? s ds)’
0 < 0 o

¢ o S 5-da 3 . 1
<( [ WAt e Aol ds) " ([ 1Ak - vl ds),
0 0

(3.15)

where we have used the Holder inequality.
Utilizing the Holder inequality and the Gagliardo-Nirenberg inequality

8a=5 . 5-da
ol 1z, < Cllolls [A%0][ 5,

and

IV (ug =)l s < ClIA* (uy — )| z2,

I e

by integration by parts, we infer that
t
/0 (U~Vv,u’; —u)ds
t
:—/O <U~V(u’; —u),v)ds

t
(3.16) < [ 10PN IV = 05,

t
2 k
< [ 10l g, IV = )l s

t 8a—5 o Bk 1 t 2er k 9 1
<(f 1o i 7 as)” ([ 1Attt — i as)
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In the light of =3¢ < 2 we can pass the limit in (3.15) and (3.16), namely,

t t
(3.17) lim lim [ (u-Vu, v’;>ds = / (u - Vu, v)ds,
p—0k—o0 Jg 0
t t
(3.18) lim lim [ (v- Vo, uﬁ) ds = 7/ (v - Vu, v)ds.
p—0k—o0 Jg 0
Consequently, we have
¢ ¢
(3.19) lin%) klim [(u-Vu, v’;) + (v - Vo, ulpf)] ds = / (w - Vu, v)ds.
p=0k=00 Jo 0

Using the integration by parts, we know that

t t
ky 7o _ k
/0 (w - Vu, up>d5——/0 (w - Vuy,u)ds.

Exactly as in the derivation of (3.17) and (3.18), we deduce that

¢ ¢
lim lim [ (w-Vu, uﬁ) ds = 7/ (w - Vu, u) ds,
0

p—0k—o0 Jo

and
t

t
lim lim [ (w- Vuﬁ,u) ds = / (w - Vu, u) ds,

p—0k—o0 Jy 0
which implies

(3.20) /Ot<w -Vu, u)ds = 0.

Combining (3.14) and (3.19) with (3.20), we obtain (3.11). O

PROOF OF PROPOSITION 3.4. In view of (3.11) and the energy inequality cor-
responding to s = 0 in (E.2), straightforward calculations show that

lw(t) 2 +2 / A% w(s)|25 ds
Jlu(®)]22 + ()22 — 2(u(t), (1)) +2 / 1A% u(s) |22 ds
(3.21) +2/0 [A“v(s)]|72 d8—4/0 (A%u(s), A%v(s)) ds
<[[u(O)Za + [0(0) 2 — 2(u(0), v(0)) — 2 / (w(s) - Vao(s), u(s)) ds

= 2/0 (w(s) - Vu(s), w(s)) ds.

By the Holder inequality, the Gagliardo-Nirenberg inequality used in (3.16) and the
Young’s inequality, we get

- [ Vao). we) ds < [0, s IV, s ds
< [ lwF

! ¢ 4o
S/o ||Aaw(5)H%2 ds—i—C/o Hw(5)||%2||A2au(s)||z§75 ds.

[A%w(s)l| 3 [[A* u(s)] 2 ds
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This together with (3.21) yields

t t _da
32wt + [ I wlEeds<C [ o)A ue) |5 s
Thus, making use of Gronwall’s Lemma, we accomplish the proof. O

4. Eventual regularity and Hausdorff dimension estimate

We shall basically follow the pathway of [8, Section 6] to complete the proof of
Theorem 2.4 and 2.6 in this section.

4.1. Eventual regularity. This subsection focuses on the eventual regularity
of weak solutions, which means that there exists a 7% > 0 such that every weak
solution u(t) is a strong solution on (7%, 00).

PrOOF OF THEOREM 2.6. By the global well-posedness result for small solu-
tion in Proposition 3.1 and Theorem 6.1 in [27], it suffices to prove that there exists
a T* > 0 (maybe large) such that

6a—5

5—da B
(4.1) (T 37 A (T = < Crtw
The proof of (4.1) is easy. Otherwise, for any t € (0, 00), we have

6a—5 5—da
lu@®ll 3 1A% 3 > Cr '

By means of energy inequality (the strong energy inequality (2.1) for 7 = 0)
(lw(0)||zz > ||u(®)||L2), we obtain the uniform low bound of |[A%u(t)||rz. But
this contradicts with the energy inequality (the strong energy inequality (2.1) for
T =0).

From the above discussion, we could construct a strong solutions u with the
initial data u(7™). Together with strong energy inequality (2.1)

t
a1 +2v [

[A%u(s)lI72 ds < u(T*)|Z2, ¢ = T,
T*

and Proposition 3.4, we get 4(t) = u(t) a.e. on (T*,00). This concludes the proof
of Theorem 2.6. O

4.2. Hausdorff dimension estimate. Based on the eventual regularity of
weak solutions, we know that the possible singular time points of weak solutions to
(1.5) must be contained in finite interval (0,7*). With the help of Proposition 3.1
and Proposition 3.4, we have

LEMMA 4.1. The regular point set R can be decomposed as follows
(4.2) R=({J@m s) | JT* ), s € IR,
i€A
where (13, s;) ((7,5;) = 0 for i # j and the set A is at most countable, where T*

is same as in (4.1). Furthermore, the Lebesque measure of the irreqular points set
IR of the weak solution on time is zero.

PRrOOF. Note that the weak solution u belongs to L2((0, T*); H®) and satisfies
strong energy inequality (2.1)

t
lu(t)||?s + 2y/ [A%u(s)||22 ds < ||u(T)||32, T =0ora.e.r > 0and t € [0,T%).
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Therefore, for a.e. 7 € (0,7*), the weak solution u(t) is a strong one on some
interval (7,7 4+ T'(7)) with the initial data u(7) due to Proposition 3.1 and Propo-
sition 3.4. The interval (7,7 + T'(7)) can be extended to a maximal one (7/,s")
containing (7,7 + T'(7)) such that s’ € ZR. Thence, R = (U (7, s:)) U(T™, o),
i€EA

where (74, s;)((7j,s;) = 0 for i # j and the set A is at most countable since the
set composed by mutually disjoint open intervals belonging to the line is finite or
countable. Claim (4.2) is proved.

Denote I = {s € (0,7%)|u(s) € H*}. It is clear that

0,7\ 1| = 1\ ({J (73, s:)) = 0.

i€A
The Lebesgue measure of the ZR is zero. O

It should be point out that the proof of the endpoint case o = 5/6 in Theorem
2.4 has been achieved based on the fact that the 1 dimensional Hausdorff measure
coincides with Lebesgue measure on R. Consequently, the following proof focuses
its attention on the regime 5/6 < o < 5/4. In order to conclude the rest part
of proof of Theorem 2.4, we need exploit the necessary condition for tg to be a
possible irregular point to generalized Navier-Stokes equations (1.5) similar to the
Navier-Stokes equations

V34
IVu(t)|| > = (o — 1)1/

appearing in Leray’s groundbreaking paper [11].
As mentioned in Remark 3.3, the key inequality (3.4) help us to obtain

t <to

PROPOSITION 4.2. Assume that tg is an irregular point of a weak solution w.
Then

(4.3) lim [|A“u(t)|| L2 = oo,
t—ﬁo

Furthermore, for 5/6 < a < 5/4, there holds

5—2a

v ia C
(44) HAa'LL(t)HLz > (t t) 6(;—5 , t<to.
0 — e

PROOF. If (4.3) was not true, we can pick up tx such that ¢, — ¢ as k — oo
with tp < tg, moreover,
JA (b)) < Co.
Thanks to Proposition 3.1, Theorem 3.4 and the strong energy inequality, proceed-
ing as before, the weak solution u(t) can be seen as a strong solution with the initial
data u(tg) on (tx,tr + T(tx)), where

5—2«

1 6a—5 _ 4Otr
() = 2aC —— > C, 77 C3 =1y,
6a—5
tasp A u(ty)ll ;s

where Ty does not depend on k.

We can choose tp such that tg + To > to, so the weak solution wu(t) is a strong
solution on (tx,tr + Tp), which is a contradiction to the fact that ¢o is an irregular
point of the weak solution. Thus (4.3) holds true.
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Integrating the inequality (3.4) with respect with time variable on [t,7), we
obtain
1 1

JAeu(t) |75 ||A‘XU( T
Let 7 — to and (4.3) yields that

< Cusa=s(r—t), t <7 <to.

5—2a
« C
IAu(t)l e > ————,
(to —_ t) 4o
which proves (4.4). O

Finally, we are ready to prove Theorem 2.4.

PROOF OF THEOREM 2.4. It follows from the energy inequality (the strong
energy inequality (2.1) for 7 = O) that

> IA“ $)1Z2 ds < Cllu(0)]|7-,

icAYTi

where A is defined as in Lemma 4.1.
With the help of (4.4), we infer that

Z/ (| A%u( ||L23>CZ/ 8_86“ ds>CY (s

i€A icA 2 icA

Therefore, for any € > 0, there exists a finite part A; of A such that

5—da
Z (87;77'2') o e
i€EA\A;
N
We denote the finite interval (0,7%)\ (U;c 4, (7i, 5:)) = U 7y
j=1
‘We note that
N
UTj :IRU( U (TZ‘, SZ))
j=1 €A\ Ay

Using |ZR| = 0, we find
diam{r;} = Z (si—m) < Z (88 = Ti)-

iEA\A1 iEA\Al
(7i,8:)Cr;j

Direct estimates give

N 5 da N 5;404
Zdiam{rj}T :Z( Z (&'*ﬁ)) ’
j=1 j=1 (ieA\)Al

Ti, Si)Crj

(X w-m)

j=1 i€A\ Ay
(74,83)Crj

= Z (s; — ) "t <.

1€A\ Ay

IN

In view of Definition 2.3, the proof is complete. (]
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Appendix A. Existence of weak solutions

To make our paper more self-contained and more readable, we outline the
existence proof of weak solutions to (1.5). The existence of weak solutions of global
weak solutions to the generalized MHD equations has been established by Wu in
[25]. Contrary to Wu’s work, we will modify some critical estimate. In addition,
we show that the weak solutions satisfy the strong energy inequality and L? weak
continuity.

THEOREM E.1. Let u(0) be a divergence-free vector fields with finite energy.
For any T > 0, there exists a weak solution to (1.5) with a > 0 in the following
sense

(1) we L((0, T); L) N L2((0, T); HO).
(2) u solves (1.5) in the sense of distributions, namely,

(E1) / (s 1) — v(Au, A%0) — (u- Vu, &) dt = —(u(0), $(0)),

for any ¢ € C3°((0, T) x Q).
(3) w is L? weakly continuous on the interval [0, T), that is,

tli%<u(t) —u(ty), ) =0, for allt € (0, T) and all p € L*(Q)
and L? strongly continuous at time 0, namely,
lim [u() — u(0)]] 2 = 0.
(4) u verifies the strong energy inequality
(£ o0l 20 [ 1A%l 3 do < o)
T7=0orae 7>0, and each t € [1,T).

PrOOF. We will apply the Galerkin method in the periodic domain similar to
the classical Friedrich’s method in the whole space to construct an approximate
solution sequence. Let us define the operator Py by

Pyf(x) =F '(pen(k)i(k) = Y e*vak) = > /Q e =y (1) da'.

|k|<N |k|<N
We seek approximate solution v’ = 37 e*¥4(k) satisfy the following equations
<N

(E.3) N + vA?uN + Py(u? - VuN) + PyVpY =0, dive’ =0,
together with the initial condition
u® (x,0) = Pyu(z,0).

This system can be viewed as an ordinary differential equations on L2. The Cauchy-
Lipschitz theorem for ordinary differential system gives us the existence of a positive
maximal time T, such that this system has a unique solution v € C([0,T,]; L?).
According to the finite time blow-up theorem for ordinary differential system, it
suffices to show the uniform energy estimates on !V, which yields T}, = T for an
arbitrary but fixed T' > 0.
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Multiplying (E.3) by u" and integrating by parts, we see that

1d o
Sl @) + A% ()32 =0, ¢ < T,
which implies that
Lo N2 e N2 L, N 2 1 2
©4) IO+ [ 1A () ds = S O < 5O

This yields that the L? norm of u is controlled and 7,, = T. From the last
inequality, by a diagonalization process, we can find a subsequence, again denoted
by u, such that «N = w in L=((0, T); L?) and v — w in L?((0, T); L?) as
N — oo.

Just as the Navier-Stokes equations, one key point is to obtain a strong conver-
gence in L2((0, T); L?) to pass to the limit in the nonlinear term. The Aubin-Lions
([22, Theorem 2.1, p.184]) Lemma allows us to achieve this. Thence, we turn to
bound d;u” via the equation
(E.5) o™ = vA**uN — Py (u® - Vul¥) — PyVpP.

By Holder’s inequality, integrating by parts and (E.4), for any h € L2((0, T); H?),
we find that

T T
| o), ms) ds < [ 1A (6) 2 1A (o) 12 s
0 0

T 1/2 T 1/2
< ([ 1z ([ 1ach) R ds)
0 0

< [u(O)lz2 Al 20, T); £2)-
Applying Hélder’s inequality and (E.4), we see that

T
/0 (P (u™(s) - V™ (s)), h(s)) ds

T
(E.6) < / ™ ()|l (], o [VA(), 2 ds

<O[u]| zoo (0, 7; £2) [A“UN | 20, 7; £2) [ Bl L2 (0, T); 199
<Clu0)[| 2 12l 22 (0, 1); 23)

where we used the Sobolev embedding H* — L57 and H? — L%,
To bound PyVp", we take divergence of (E.3) to obtain the pressure equation

(E.7) APypN = =" 0;0; Py (uNul).
4,J

In the light of the classical Calderén-Zygmund Theorem, repeating the deduction

process of (E.6), we deduce that

4 N r N
| P @ h@yas < [N, 1THG), 5 ds

T
SC/O [ ()2 llu™ ()] s VRG], 5 ds

< C||U(0)HL2Hh||L2((0,T);H3)-
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Combining these estimates, we obtain
(E.8) o™ € L2((0, T); H™3),
which together with (E.4) yields that
u™ — win L2((0, T); L?).
Taking the scalar product of (E.3) with ¢ € C5°((0, T) x ) and integrating, we
have

T
/O (W™, ¢s) —v(AuN, A%¢) — (uN - VUl ¢) ds = —(u™(0), ¢(0)).

Now we can pass to the limit in the above equations exactly as the standard Naveri-
Stokes equations (for example [22, p.196]) to show (E.1).

In order to prove property (3), we shall apply Arzela-Ascoli theorem to pass to
the limit

(E.9) A}iinoo@N(t), ©) = (u(t), p), for each t € [0,T], ¢ € L*(Q),

hence, it is enough to show that the function

In(t) = W™ (1), ¢)
is uniformly bounded and equicontinuous on [0, T'.

It follows from (E.4) that fx(¢) is uniformly bounded. Notice that ¢ is independent
of time, arguing in the same manner as (E.8),

vt = Ixtea)l < | [0 (s ) s

< Clty — o 2|05u™ || L2 (0, 7); -9yl 2l 2
< Clt1 — t2"2||u(0) || 2l 5,

which implies that fy(t) equicontinuous when ¢ € H®. In the light of Arzela-Ascoli
theorem, we infer that

lim (u? (t), ) = (u(t), ), for each t € [0, T},

N —o0

and f(t) = (u(t), ) is continuous function where ¢ € H3. With the help of the fact
that H3 is dense in L2, by dense argument, we conclude that the weak solutions is
L? weakly continuous.

Making use of (E.9), we see that

(E.10) JJu(t)||zz = sup (u(t), v) = sup liminf(u(t), v) < 1}\r{ninf||uN(t)HLz,

oll L2 <1 l[v]l 2 <1 N—00
for any ¢ € [0, T], which together with (E.4) implies
lim [lu(@)]| 22 < [u(0)[[z2-
Similar to (E.10), utilize the L? weak continuity to obtain

lu(0)]|p2 = sup (w(0), v) = sup liminf(u(t), v) <liminf||u(t)| 2.
vl g2 <1 ol 2<1 t70 =0

Recalling that parallelogram identity holds in Hilbert space L?, we know that
tlir% llu(t)||z2 = ||u(0)]| 2 and L? weak continuity mean that }iH(l) [lu(t) —u(0)]| 2 = 0.
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At last, we check that the energy inequality corresponding to s = 0 in (E.2)
and the strong energy inequality (E.2) are valid. On the one hand, it follows from
(E.4), (E.10) and Fatou’s Lemma that

t
lu(t)|2 + 20 / 1Au(s)|22 ds < [[u(0) 22, ¢ € (0, T).

On the other hand, there exists a set E C [0,7) whose Lebesgue measure is zero
and a subsequence (still denoted by the same symbol) u¥ such that

u™N (1) — u(r) as N — oo in L?, for each 7 € [0, T)/E

due to the fact that u™ (¢t) € L%([0, T); H*) and H® —< L2. Based on this, we
can pass to the limit of

1 L. 1
§||UN(t)||2L2 +V/ [A%u™ (5)]Z2 ds = §||UN(T)||2L27

to arrive at
t

1 N 1
Slu@lEs +v [ 1A ds < 5 Jur)]E

for almost every 7 € [0,T) and each t € [1, T').
U
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