On the Singularity Problem for the Euler )
Equations o

Dongho Chae

Abstract In this expository article we discuss the finite time singularity prob-
lem for the three dimensional incompressible Euler equations. The local in time
well-posedness for the 3D Euler equations for initial data in the Sobolev space
HK@R3), k > 5/2 is well-known. The question of the spontaneous apparition of
singularity(blow-up), however, is a wide-open problem in the mathematical fluid
mechanics. Here we overview some of the previous results on the problem, and
present their recent updates. More specifically, after a brief review of Kato’s classi-
cal local well-posedness result, we present the celebrated Beale, Kato and Majda’s
blow-up criterion, and its recent developments. After that, we review the results
related to the Type I blow-up. Finally, we present recent studies on the singular-
ity problem for the 2D Boussinesq equations, which is regarded as a good model
problem for the axisymmetric 3D Euler equations.

1 Introduction

We consider a fluid flow with mass density p = p(x, 1), (x,1) € R3 x [0, +00),
which occupies the whole domain of R3. The two basic functions describing the
motion of the flow are the fluid velocity u = (u;, u,, u3) = u(x, t) and the pressure
p = p(x,t) The mass conservation principle applied to any fixed domain Q C R?
during the fluid flows is expressed by the following equation:

d
—/ plx, t)dx = —/ pu-vdS, (D
dr Jo 09

where v is the outward unit normal vector on 92. Indeed, the left-hand side of (1)
is the mass increasing rate in time for the fluid occupying €2, while the right-hand
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side of (1) represents the total mass per unit time, escaping €2 through the boundary
0%, and the equality of (1) is nothing but the mass conservation for fixed domain €2.
Applying the Gauss theorem to the right-hand side of (1), we find easily

f (i + V- ()} dx =0,
Q

which holds for any domain Q2 C R3. Therefore, we have the differential form of the
mass conservation law in fluid as follows:

P+ V- (pu) = 0. @)

Next, we apply the momentum balance principle, which is Newton’s second law
of motion, to a fluid in a ball B(x,7) ={y e R*||x — y| < r}. Given ¢ > 0, let
x(t) € be the position of the fluid particle. Then, the velocity of the fluid at ¢ satisfies
df% = u(x(t), t), while the acceleration is given by

dzx(t)_d (1) [)_8u+dx(t) Vu (). 1)
az att U=y dt e,
=@+M-Vu.
ot

Therefore, the momentum of the fluid per unit volume at (x, ) is given by

) s L 3
PR g = Py TP YR

The force due to the pressure on the surface 0B(x, r) is given by

_ / »(y. S, @)
IB(x,r)

where we consider only the force resulting from the normal directional contribution
by the pressure. Actually in this consideration we use implicitly the assumption that
the fluid is ideal. In the real physical situation we need to consider also the tangential
part of the contribution of the pressure to the body force. Applying the Gauss theorem,
the surface integral of (4) is transformed into

- / Vp(y, t)dy.
B(x,r)
Hence, the force on the fluid particle at (x, t) per unit volume is given by

— lim —— Vp(y,t)Ydy = —Vp(x,t), 5)
r—0 |B(x,r)] B(x,r)
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where we denote by |A| the volume of A C R*. The momentum balance principle
ensures the quality of (3) with (5), and we obtain

Ou

o + pu-Vu =—-Vp. (6)

p
The system (2) and (6) was derived firstin 1755 by E. Euler in [38], and is called the
Euler equations. For simplicity we further assume the homogeneity of the fluid, which
means that p(x, ) = constant = 1. In this case (2) reduces to the incompressibility
condition V - u = 0, and the Euler equations become

Uy +u-Vu=—-Vp,
(E)

V.ou=0.
This is the homogeneous incompressible Euler equations for the ideal fluid. There
are many nice textbooks and survey papers on the mathematical theories on the Euler
equations [1, 3, 4, 26, 30-32, 46, 49]. In this article after brief studies of some of
the basic properties of the equations, we review some of the classical results, and
then survey recent progress on the singularity problems of the Euler equations.

Let us start by introducing the quantity w = V x u called the vorticity, which has
an important role in the incompressible fluid mechanics. Using the general vector cal-
culus identity, V(u - v) =u-Vv4+u - Vo 4+u x (Vxv) +v x (V x u), one can
deduce

1
u-Vu=—ux (qu)+§V|u|2.

Inserting this into the first equation of (E), we find a different form of the Euler
equations

1
U, —uxw=-vVo, Q=§|u|2+p. (7

The quantity Q above is called the head pressure of the fluid. According to the
Bernoulli theorem (see e.g. [29]) Q is constant along the stream lines. Taking curl of
(7), and using the identity V X (4 X w) = —u - Vw — w - Vu, which holds for V -
u = 0, we derive another form of the Euler equations, called the vorticity formulation.

®)

wy+u-Vo=w-Vu,
V-u=0, Vxu=uw.

The second line of (8) can be viewed as a linear elliptic system for given w. Formally,
itcan be solved as follows. From V - u = 0, applying the Poincaré lemma, there exists
a vector field ¢ = (1, 1, 13) such that

u=V x, V.- =0.
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The second equation is imposed to remove extra degree of freedom, which is similar
to the gauge fixing in physics. Hence, we obtain the Poisson equation for v

w=V x (Vx)=V(V ) — Ap = —Ae. 9)

Assuming sufficiently fast decay of w at spatial infinity, we can solve (9), using the
Newtonian potential,

wz—A_W:i/ —"g

dr Jps |x — yl
from which we obtain the Biot-Savart formula

1 —
M(X,Z)Z—VXA_](UZ— wd}/,

e PR

which represents the velocity in terms of the vorticity. It is also very important to
see the relation between Vu and w. Vu is a matrix valued singular integral operator,
which can be computed as follows (see [49] for more details). For & € R? we have

Vuh=-V(V x A" \w)h
_ _PV/ {w(y) xh 3 [(x=y Xw(y)]®(x—y)h}dy
e | [x—yP  4n lx —yP?
+ 5wl x b
= PV/ K(x — y)w(y)dyh + %w(x) x h, (10)
RS

where PV means the Cauchy principal value integral defined by

PV [ KG@=yfO)dy=lim [ K(x=y)fO)dy.

R~ [x—y|>¢e

The kernel K (-) in (10) is typical of the integral kernels defining singular integral
operator of the Calderon-Zygmund type, which have important roles in the harmonic
analysis (see e.g. [53]). We can therefore obtain the following closed form of the
vorticity formulation of the Euler equations

wy+u-Vo=w-Vu,

(x —y) xw(y, 1) 1D

1
ulx, 1) = — dy.

ar Jw T P

Now we discuss the Lagrangian formulation of the Euler equations. Given o € R?
and a smooth vector field u = u(x, t), let X (v, t) be the solution of the following
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ordinary differential equations:

OX(a, 1)
g =U(X(@.n.n, 1>0 (12)

X(,0) =«

The parametrized mapping a — X (a, t) is called the particle trajectory mapping
generated by u = u(x, ). When u is the velocity field, which is a solution of (E), we
say the associated X («, t) the Lagrangian coordinate, and describing the dynamics
of the fluid flows in terms of X («, ) is called the Lagrangian description. Roughly
speaking, it is a coordinate transform from a stationary observer to a moving observer
following the flows. In terms of the Lagrangian coordinate one finds immediately
that the evolution equation of (E) is written as

X (o, t)
—p = —Vp(X(a,1),1). 13)

Another important equation associated with the Lagrangian coordinates is the fol-
lowing Cauchy’s formula,

wX(a,1),1) =wpla) - VX (i, 1), (14)

where wy(a) = w(a, 0) is the initial vorticity. One can regard (14) as a translation
of the first equation of (11) into the Lagrangian coordinates. For the details of the
proof of (14) we refer [49].

Let us consider a closed curve Cy = {7(s) € R? : 5 € [0, 1], 7(0) = v(1)}. Fora
solution (u, p) of (E) and the particle trajectory mapping generated by u we define

G =X(Co, 1) ={X(7(s),1) : 5 €[0,1],7(0) =~(D}.

Then, from (12) and (13) we find

d _d (19X (y(s), 1) OX(Y(s),1)

ar C,“'dﬂ—afo o o ©

_ /1 P’X(y(s).0).1) 8X(v(s),t)ds+/1 OX(Y(9),0,1) PX(s),0)
- 0 or? Os 0 ot ot0s
! X ((s), 1) 119 |0X(y(s), 1) *
——/0 V[)(X(’y(&‘),l‘),t)-TCLS‘-I-E‘/O a T ds
[t 10X (y(s), 0\ ,

Therefore, we obtain the following Kelvin circulation theorem:
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fwdﬁ:%wdﬁ vt > 0. (15)
t CO

Let Cy be a vortex line of the initial vorticity wy = w(-, 0), defined by

d
Co = {V(S) eR’: 7,76 = AS)wo(v(s)), s €10, 1], }

for a real valued function function A(s) > O for s € [0, 1]. By reparametrization
we may assume without the loss of generality that A(s) = 1. Then, we first claim
C:=X(Co,t) = {X(y(s),t) : s €0, 1]}isavortex lineatr > 0. Indeed, from (14)
we have

IX(3(s), 1) _ dy(s)
= T VX (9.0

= wo(y(s)) - VX (7(5), 1)
= w(X(y(s), 0, 1), (16)

and the claim is proved. Using (11), (13) and (16), we deduce

g /O UK. 1. 1) - (X (1(5). 1), )
- VP (5). 1.0 - (X (50, 1), s
+f WX OE.0. 1) - @EOE. 0. -V u(X (). 1), s
= /01 2 (p(st), 0.0 = S WX 6), 1), r>|2) ds=0. (7

Therefore, we obtain the following helicity conservation along each closed vortex
line

1 1
/ WX ((s), 1), 1) - (X ((s), 1), 1)ds = / uo(1(s)) - woy(sHds  (18)
0 0

for all + > 0. This can be viewed as a localized version of the following helicity
conservation law,

H = u(x,t) -wx,t)dx = / upg(x) - wo(x)dx VvVt > 0. (19)
R R?
The proof of (19) follows easily by taking ‘il—’;', and using (E), (11), and integrating

by parts. The most important conservation law in the study of the Euler equation is
the following energy conservation
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1 2 1 2
E=- lu(x, t)|“dx = = lugl“dx Vt > 0. (20)
2 Jrs 2 Jgrs

This can be shown by multiplying (7) by u, and integrating it over R?, and integrating
by parts. The reason why the energy is important in the mathematical fluid mechanics
is that it is positive definite, while all the other conserved quantities in the 3D Euler
equations have no definite signs.

2 The Local in Time Well-Posedness

In this section we briefly review the studies on the Cauchy problem of (E). For this
we recall the notions of the Sobolev spaces. Let 2 C R” be a measurable subset of
R", and f be a measurable function on 2. We denote |A| = Lebesgue measure of
A C R". Let us define the L7-norm by

(/ |f|qu>q, if 1<q <o,
Il fllze = Q
infm : |{x e R" || ()] >m)| =0}, if ¢ =+o0.

Then, the Lebesgue space for g € [1, oo] is
L1(Q2) = {f measureable on 2 : || f|l« < +00},

Leta = (ay, -+, o) € (NU {0})" be a multi-index with |a] = g + -+ - 4+ .
Then, the Sobolev space Wka(Q)onQ Cc R"fork e N, 1 < q < +oois defined as

1
q

Wh@Q) =1 f e L) : | Y IDfllluq | = Iflw@ <+oot,
|l <k

where the derivative D® is in the sense of distribution. In the case ¢ = 2 we also
denote W52(Q) = H¥(R). In the case Q = R” we have an equivalent Sobolev norm
in H*(R") defined by the Fourier transform. Let f be the Fourier transform of f
defined by

~ 1 .
—_ —ix-&
f© = on? Jo f(x)e " dx, (21

wherei = 4/—1. The function f isrecovered from f by the inverse Fourier transform
defined by

fx) = f(©edx. (22)

2m)% Jp
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Then, f € H*(R") if and only if

1
R 2
(/ 1+ |£|2)"If(€)|2d£) = || fllme < +oo.
Rﬂ
Using this equivalent norm, one can prove the following Sobolev inequality

n
Il < Cellfllae V> 5., (23)

by a simple argument as follows.

Proof of (23): From (22) we find

IfeOl < /R | f©)ldg = fRna + 1€ML OIA + 1) 2 1dé

20k) Fren 2 : 1 >;
< (/Rn<1+|5| Fif @l d&) (/1% e

< Gell f e (24)

where we use the fact that for k > 3 the following holds

1 o0 rnfl
——dé<C ————dr < +o0.
re (14 €2 . /0 (1+r2)k

Taking the supremum of (24) over x € R”, we obtain (23). |

A fundamental local in time well-posedness result for the Cauchy problem of (E) is
the following theorem due to Kato [40].

Theorem 2.1 Let ug € H*(R?), k > % Then, there exists T = T (|lug|| gx) such
that a unique solution u € C([0, T); H*(R?) N AC(0, T; H*"'(R?)) exists with
u(-, 0+) = up, where AC(a, b; X) denotes the class of X-valued functions u such
that t — u(t) is absolutely continuous.

(Sketch of the proof) Let o = (a1, oz, a3) a multi-index. We operate D on (E), and
take L?(R?) inner product it with D®u. Then, summing over |a| < k we obtain

1 d
5l =~ Z/ {D*(u - Vut) — (u - V)Du} - D*udx
2 dt <k R3

— Z / (u-V)D% - D%udx — Z / D% - VD% pdx
R3 R3

lal<k la| <k
=L+ 5L+ (25)
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For I5 we apply the integration by parts to have

L=-%" / D*(V - u)D® pdx = 0. (26)
R3

la|<k
Similarly, we also have for I,

1 a2 1 a2
12=—EZ/R3(M.V)|D u|dx=§ZA3(V~u)|D ulPdx =0.  (27)

lol <k o] <k

Inorder to estimate I; we recall the following commutator estimate due to Klainerman
and Majda [43]

> ID(fg) — D¢l

la| <k
< CAIV I~ ID* " glir2 + IID* fllz2llgllz~} - (28)

Applying (28) to I} with f = D“u, g = Vu, we obtain, using the Cauchy-Schwartz
inequality

L <) D - Vu) — (- V)Dul 2| Dull 2
lal<k

< ClIVull o llulfp- (29)

Combining (26), (27) and (29), using (23) for k > %, we find

d
77l < ClIVullllullme < CllullF- (30)

From this differential inequality we find that

lluoll
lu@®lgr € ——F7, (3D
ST = Colluol et
and hence {
sup lullgr < 2lluollgr where T = ——. (32)
0<i<T 2Co||luoll g
From (E) we have
ou
Ha— < lu - Vullg=r + IV pllge-r := Jy + Ja. (33)
t k-1
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In order to estimate J; we recall the following product estimate of the Sobolev spaces
H™(R") (see e.g. [49])).

n
1fgllem < CnClfLllglem + gl fllam) ¥Vm > =. (34)
Applying this to J;, we find
Jo < Nl ol g 4+ I Vull o llull g < Cllullze < Clluoll, (35

where we use the Sobolev inequality (23) for k > % and (32). In order to estimate
J» we recall the method of estimating the pressure. Taking divergence of the first
equation of (E), and using the second equation of the divergence free condition, we
find

3
Ap = — Z 0;0j(u;uj),

i,j=1
and

3 3
p=— Z A’laﬁj(uiuj) = Z RiRj(’/liuj), (36)

ij=1 ij=1

where R;, j =1, 2, 3, is the Riesz transform on R3. The definition of R j 1s easily
understood via its Fourier transform,

RDE© =i o),

where i = 4/—1. The following Calderon-Zygmund type estimate [53] holds for the
Riesz transform
IR fllgm < Cllfllam Ym = 0. (37

Applying (37) to J,, we estimate

3
D <l <Y IRR (in )l < Cllu @ ul| s
ij=1
< Cllullp~llullg < Cllullzye < Clluollzpe. (38)
where we use (34) and (32). Combining (35) and (38) with (33), we obtain

Ou
HE < C””O”%—]k vt € [0, T1],

Hk-1

from which we have
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Ou(s)
Os Hk-1

< Clluglfu(tz —11) YO <t <t <T.

[5)
lu(ts) — () s < f ds

131

Namely,
2
Nl Lipo,7; me-1y < Clluoll - (39)

Once the a priori estimates (32) and (39) are obtained, the existence proof of alocal in
time solution is rather straightforward. We construct a sequence of the approximate
solutions {u,,}nen by mollification of (E) or by the Galerkin approximation. The
sequence will be shown to satisfy the uniform estimate

2
Sup |[ttm | Lo, 1; H* ®3)Lip©,T; HF-1®3) < Clluo |l -
meN

Applying the Lions-Aubin type compactness lemma (see e.g. [49]), there exist a
subsequence u,,, and the limitu € L*(0, T; HY@®R*) N Lip(0, T; H*"'(R?)) such

that u,,, — u in L*°(0, T; Hlﬁge (R3)) for all ¢ > 0. Using this strong convergence,

we find that the limit u € L0, T; H*(R?)) N Lip(0, T; H*'(R?)) satisfies (E).
We now show the uniqueness. Let u;, u, € L®(0, T; H*(R?)) satisfy (E) with the
pressure p; and p, and the initial datau; o, up0 € H kR, respectively. Then, setting
u=u; —uy, p= p1 — p2, and subtracting the equation for u, from the one for u,
we find that u satisfies

ur+uy-Vu+u-Vu, = —Vp. (40)
Taking L? inner product of (40) by u, and integrating by parts we obtain,

1

L, = \ d
EE”M”LZ—— Rs(u~ )M2~M X

< N Vua g llulla,
from which we deduce
1 t
lu@llzz < lluollrz exp (E/ IIVuz(S)llLocdS>
0
t
< luollz2 exp (C/ IIMz(S)IIdeS>
0
< lluollz2 exp (CT llua oll eds) (41)
which shows that u; = u, on R® x [0, T]if u1.9 = uz,. [ |

After the above results Kato and Ponce proved the local well-posedness in more
general Sobolev spaces W¥ 7 (R"), s > % + 1 [41]. This local well-posedness can be
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extended to exotic spaces such as the Besov space [12], and Triebel-Lizorkin spaces
[13, 28]. Recently, the spatial decay conditions of such function class have been
relaxed to allow linear growth of the velocities [20].

3 The BKM Type Blow-Up Criterion

Letu € C([0, T); H*(R3)), k > 2, be a smooth solution to (E). We say that solution
blowsup atr =T if
lim sup ||u(t) || gr = +o00. 42)

t—T

The question of finite time blow-up for (E) for a smooth initial data uy € H*(R?)
with k > % is an outstanding open problem in the mathematical fluid mechanics.
There are many survey papers [1, 4, 32], and numerical results [42, 47, 48] devoted
to this problem. We also mention that in the case where the domain of the fluid has a
singular boundary finite time blow-up is shown in [36]. Also in [27] authors proved
apparition of singularity of (E) on the boundary of a cylinder. Our main concern here
is the possibility of interior singularity in the whole domain for smooth initial data
belonging to the above Sobolev space. In this direction one of the most celebrated
results is the following theorem by Beale, Kato and Majda [2].

Theorem 3.1 (BKM criterion) Let u € C([0, T); H*(R%)), k > 3, be a local in
time smooth solution to (E). Then, the solution blows at t =T if and only if

Sy lw®lp~dt = +o0.

This theorem was later refined by Kozono and Taniuchi [45], replacing the L™
norm of w by the BMO norm. See also a geometric type blow-up criterion [33, 35],
controlling the blow-up in terms of the direction field ¢ = w/|w| of the vorticity. We
recall the notion of BMO, the class of functions with bounded mean oscillations,
which is first introduced by John and Nirenberg [39]. For f € Ll (R") let us set

loc

Sfer fdy.

N |B(x’ I‘)| B(x,r)

Then, BMO is defined by

1
BMO=!feL,(R"): sip —— [f) = frrldy =01 fllBMo < +00 .
xeR",r>0 |B(x7 r)| B(x,r)

We observe the obvious inequality, immediately from the definition

I fllsmo < 20 fllze. (43)
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Itis well-known that BMO is bounded by the mapping of the singular integral operator
‘P of the Calderon-Zygmund type

IP(Hllsmo < Clifllsmo- (44)

In particular we have
IVullsmo < Cllwlismo (45)

(see (10)). A refined version of Theorem 3.1 due to Kozono and Taniuchi [45] is the
following.

Theorem 3.2 Letu € C([0, T); HY(RY)), k > 3 be alocal in time smooth solution
to (E). Then, the solution blows att = T if and only iffOT lw@®) |l pmodt = —+o00.

(Sketch of the proof) We recall the following version of the logarithmic Sobolev
inequality in R”, which is the key inequality of the proof.

I £l < CA+Nfllamo) logle + | fllgm) Vm > % (40)

Applying (45) and (46) to the first part of the estimate (30), we find

o7l < ClIVull L llu e

CA +[Vullzmo) logle + llull a)llull ¢

<
< C + lwllpmo) log(e + [lull o) || g+

Therefore, setting a(t) = 1 + |w(t)|zmo, ¥y(t) = e + ||u(t)| g+, we obtain the dif-
ferential inequality

e )yl
< Ca ogy.
I ylogy
This can be solved to lead us to

exp(C [ a(s)ds
y(1) < ¥y (Chaatris)

Hence,
e+ @)l < (e o )R Nmoxis),

This shows that

T
lim sup [l (1) | 1 = +00 = / lo ()l suodt = +oo.
0

t—>T

On the other hand, the following inequalities
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T T
f lwllpmodt < 2/ lw@lledt 2T sup [[Vu(®)llpe < CT sup |lu(@®)ll gr,
0 0 T O<t<T

O<t<

where we use the Sobolev inequality (23) in the last step, show that

T
/ lw@®)|lamodt = +00 = limsup |[u(t)|| g« = +o0.
0

t—T

Theorem 3.1 has been localized recently in [19]. To state the result we recall the
notion of the local BMO space. For r > 0 and x € R" we denote B(x,r) = {y €
R"||x — y| <r},and B(r) = B(0, r) below. By BM O (B(r)) we denote the space
of all u € L'(B(r)) such that

1

sup —————————
ze(r 1Bz, p) N B Jpepnse
0<p<L2r

lulgmoBe) = [ — upe pnserldy < 400,

where we use the following notation for the average of u over 2 C R”.

)
Uug = — [ udx.
12 Jo

The space BM O (B(r)) will be equipped with the norm

lullsmosey = lulmomey +r " lullLisey-

Note that BM O (B(r)) is continuously embedded into L?(B(r)) for all 1 < g <
400, and it holds

lullLasery < crellullsmose-
The following is the localized version of Theorem 3.1.

Theorem 3.3 Let u € C'(B(p) x (T — p, T)) be a solution to (E) such that u €
C(T = p, T); W>4(B(p))) N L(T — p, T; L*(B(p))) for some q € (3, +00). If
u satisfies

T
/ lw(s)|BmoBpyds < +oo, 47)

T—p
then there exists no blow-up in B(p) x {t = T}, namely

lim sup ”I’t(t)”Wz"(B(r)) < 400 Vr e (0, p)
t—T
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(Idea of the Proof ) There are three key ingredients of the proof of Theorem 3.3. The
first one is the following local version of the logarithmic Sobolev inequality.
Lemma 3.4 Let B(r) be a ball in R" with the radius r > 0. For every u €
WL49(B(r)), n < g < 409, the following inequality holds true

_l4n_n
lullLoaery < CUA+ lullBMosey)) log (e + el Vullpasey + Cr~ Fa2 IIMHLZ(B(r)))
(48)
with a constant C > 0 depending only on n and q.

The second key ingredient in the proof of Theorem 3.3 is the following localized
version of the Kozono-Taniuchi inequality (see [44] for the global version).

Lemma 3.5 Let f,g € BMO(B(r))NLI(B(r)), 1 <q < +oo. Then f-g e L9
(B(r)) and it holds

I f-gllraery < C(|f|BM0(B(r))”g”L‘i(B(r)) + |g|BM0(B(r))”f”L‘I(B(r)))

_3
+Cr s ||f||Lq(B(r))||g||L4(B(r)), (49)

where the constant C > 0 depends on g only.

Using suitable sequence of cut-off functions, and using the above two lemmas one
can have an iterative sequence of infinite inequalities for derivatives of the vorticity.
In order to close this sequence of inequalities we establish the following Gronwall
type iteration lemma.

Lemma 3.6 (Iteration lemma) Let a(t) > 0 and (3, : [ty, t1] — R be a sequences
of bounded functions. Suppose there exists K (t) such that

1Bu@®| < K@®)™ ¥Vt elty,t1),¥Ym e N,

Suppose

t

Bo(t) < Cm + / a($) s (s)ds, m € NU(0}.

fo
Then the following inequality holds true for all t € [ty, t1]

p f’a(x)ds

Bo(t) < C/a(s)ds o

to
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We can also establish the similar continuation criterion for solutions belonging to
the Holder spaces [21]. For the precise statement of this result let us define the
space C*(R),0 < a < 1, containing all Holder continuous and bounded functions
f:Q — R,n e N, such that

[f]a,Q = sup Uc(x)—_ij” <
wyea =y
x#y

+00

The space C*(S2) equipped by the norm | f || ca(g), = Il fllz=(@) + [fla.e becomes a
Banach space. Furthermore, by C!*(Q) we denote the space of all f € C'(Q2) with
VfeC“Q).

Theorem 3.7 Let Q C R3 beanopenset. Letu € L ([0, T); CH*(Q) N L>®(0, T;

loc
L?*(R)) be a local solution to the Euler equations. We assume that for every ball

BCQ

T
/ lw()Brmomyds < +oo. (50)
0

Then, u € L*([0, T]; C1*(K)) for every compact K C Q.

The proof is more technical than that of Theorem 3.3.

In all of the above theorems on the blow-up criterion basically the vorticity controls
the finite time blow-up for the smooth solutions. In the followings we introduce a
different type of criterion, which controls the blow-up of solutions in terms of the
Hessian of the pressure. These are recent results by Chae and Constantin [14, 15].

Theorem 3.8 Let (u, p) € C'(R? x (0, T)) be a solution of the Euler equation (E)
withu € C([0, T); W>4(R>)), for some g > 3. If

T t K
f exp (/ / ||D2p(T)||Ldeds> dt < +o0, (51)
0 0 JO

then lim sup,_,  ||u(t)|lw2e < +00.

(Sketch of the proof ) By direct computation we derive the following equation from
the vorticity formulation of the Euler equations.

D*w Df of
W:—(W-V)Vp, where D_IIEH"W' (52)

Integrating twice the above along the particle trajectory, we have
lw(X (a, 1), )| < |wo(@)] + |wo () - Vup(a)|t

+/ /J lw(X (a, 1), D||D*p(X(a, T), T)|dTds, (53)
0 Jo
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where we use the fact
0
ot t=0 =0
= wp(a) - Vup(a).

Then, we establish the following Gronwall type lemma for the double integral
inequality [15].

Lemma 3.9 Let oo = a(t) be a non-decreasing function, and 3 = [3(t) > 0 on
[a, b]. Suppose y(t) > 0 on [a, b],and satisfies

y(t) < ar) +/ /s B(T)y(r)dTds Nt € [a,b].

Then, for all t € (a, b] we have

¥(t) < alr) exp ( / t f ' 5(7)d7ds> .

Applying this lemma, we obtain
t s
lw(X (v, 1), D] < (Jwo(@)| + lwo (@) - Vg (a)]t) exp (/o /0 |D*p(X (a, 7), T)IdeS> )
and taking the supremum over o € R, and integrating it over [0, T], we find

T T t s
/0 lw@llpoedt < (lwollzoe + Tllwo(e) - Vug(a) IILOO)/0 exp (/0 /0 IIDZP(T)HLwdeS) dr.
Applying the BKM criterion, we complete the proof. ]

The following is a localized version of the above theorem.

Theorem 3.10 Let (u, p) € C'(B(xg, p) x (T — p, T)) be a solution to (E) with
u e C(T — p, T); W (B(xo, p))) N L¥(T — p, T L*(B(x0, p))) for some q €
(3, 00). If

T
/ lu (@) | L (B(xg,ppdt < +00 (54)
T

-p
and

T t K
f exp ( f / | D? p(7)||Lw(B(X0,p))drds> dt < +o0, (55)
T—p T—pJT—p

then for all r € (0, p)
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lim sup [|u(#) || w24 (B(xg,r)) < +00. (56)
t—T

The above two theorems are refined, using new kinematic relations between var-
ious quantities in the fluid mechanics. We associate to a solution (u, p) of the Euler
system (E) the R***-valued functions S = (S;;) and P = (P,;), where

1
Sij = 5(5:"41 +0jui),  Fij = 0i0;p.

For the vorticity w = V x u we define the direction vectors

E=w/lwl, ¢ =SE/ISE

In the case w(x,t) =0 we set a(x,t) = p(x,t) = 0. Note that £ is the vorticity
direction vector, while ( is the vorticity stretching direction vector. Then, we can
show that the following kinematic relations hold.

Proposition 3.11 Let (1, p) be a solution of (E), which belongs to C'(R? x (0, T)).
Then, the followings hold true on R3 x (0, T).

D;|Sw| = —( - Pw.

Using the above proposition, we can improve Theorem 3.7 as follows. Below we
also use the notations [ /], = max{f, 0} and [ f]- = max{— f, 0}.

Theorem 3.12 Let (u, p) € C'(R? x (0, T)) be a solution of the Euler equation
(E)withu € C([0, T); W24(R?)), for some q > 3. If

T t s
/ exp (/ / IIC - P§](T)||Lxd7'ds) dt < 400, 67
0 o Jo

then lim sup,_,  ||u(t)|lw2e < +00.

Comparing the above theorem with Theorem 3.8, observing the pointwise
inequality|[( - P&]_| < |P] the above theorem (and its localized version below)
improve the result of Theorem 3.8. Furthermore, the above theorem implies that the
dynamical changes of the signs of the scalar quantities ¢ - P¢ and |SE|> — 202 — p
are important in the phenomena of blow-up/regularity of the solutions to (E).

The following is a localized version of the above theorem.

Theorem 3.13 Let (u, p) € C'(B(xo, 1) x (T —r, T)) beasolutionto (E)withu €
C(T —r,T); W>4(B(xg,r))) N L®(T — r, T; L*(B(xo, r))) forsomeq € (3, 00).
We suppose

T
/ 1) 30yt < 400,
T

—r

and the following holds. Suppose
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T t s
/ exp </ / ¢ - Pf](T)”Lx(B(xo,r))deS) dt < 400,
T—r 0 Jo

Then for all € € (0, r) limsup,_, () lw24(B(xy.e)) < +00.

In the case of the Euler equations having axial symmetry there still exists the pos-
sibility of finite time blow-up. The finite time blow-up/global regularity in this case
is also a wide-open question, and there are many interesting numerical results (see
[47], and the references therein). Therefore, establishing a sharp blow-up criterion
for this special case is also important.

Let u be an axisymmetric solution of the Euler equations if u solves (E), and can
be written as

u=u"(r,x3, e, +u’(r, x3, t)eg + 1’ (r, x3, 1)e3

where

e =20, e=(2,"20, =001, r=/x+x
r r r r

are the canonical basis of the cylindrical coordinate system. The Euler equations for
an axisymmetric solution turn into the following equations

(u’)?

ou" +u o +uPdu’ = -0, p+ , (58)
r
) 0 39 0 u'u’
o’ +u 0u’ +udu’ = — , (59
r
o’ +u" 0 + udu® = —0sp, (60)
O, (ru”) + 05(ru®) = 0. (61)

Multiplying (59) by r, we see that ru” satisfies the transport equation
0, ru?y + u" 0, ru’y + w95 (ru’) = 0. (62)
For the vorticity w we get
w=uw'e +wley + e,

where
uf p
W =—05u’, =0 — o, W =—+08u’.
r

Applying 05 to (58) and applying 0, to (60), and taking the difference of the two
equations, we obtain the following equation for w’
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r, 6 0y2
O’ +u 8,0’ + P’ = e + 03 @) (63)
This leads to the equation
W oW 5 W0 D5 (u?)>
8,(7) +u 8r(7) +u 83(7) = —r2 . (64)

In the region off the axis we can have substantial improvement of the BKM criterion
as follows [23].

Theorem 3.14 Let u € C([0, T); W>4(R?) N L0, T; L>(R%)), 3 < ¢ < 400,
be an axisymmetric solution to (E) in R3 x (0, T). If the following condition is
Sulfilled

T
/(T — D lw® Il L=(B(x,, Ry dt < +00, (65)
0

for some ball B(x,, Ry) C {x € R? |xl2 + x% > 0}, where w =V X v, then for all
0 < R < Ryitholdsu € C([0, T], W>4(B(x,, R))). In particular, this implies u €
C([0, T], W2 9(T (x4, R))). Here, T(x., R) stands for the torus generated by rotation
of B(x, Ro) around the axis, i.e.

2
T(x4, R) = {x cR?: (,/xl2 +x§ — ,0*> + (x3 —x3,*)2 < Rz} ,
where p, = | /xlz,* +x3 .

The main idea in the proof of this theorem is that the Egs. (64) and (62) have a sim-
ilar structure to the 2D Boussinesq equations (see Sect. 6 below for more concrete
correspondence relations), which has a different scaling properties than the 3D Euler
equations.

As an immediate consequence of the above theorem we have substantial improve-
ment for the condition of the blow-up rate of the vorticity near the possible blow-up
time as follows [23].

Theorem 3.15 Let u € C([0, T); W>4(R?) N L>®(0, T; L>(R%)), 3 < g < 400,
be an axisymmetric solution to (E) in R? x (0, T). Suppose the following vorticity
blow-up rate condition holds
1
1 -
o+ (7)

for some o > 1 and some ball B(x, Ry) C {x € R3 : x% —i—x% > 0}. Then u €
C([0, T); W>4(T(x,, R)) forall 0 < R < R,,.

sup (T —1)? W)l 2B, Ry < +00 (66)

te(0,T)
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In particular, Theorem 3.14 says that there exists no singularity at t = T in the off
the axis region if the vorticity blow-up rate satisfies

1
lw®llLoms = O <m> ) (67)

ast — T if 1 < v < 2. Due to the global BKM criterion, however, the singularity
in this case should happen only on the axis. It would be interesting to compare this
result with Tao’s construction of a singular solution (see [54, Fig. 3, p.18]) for a
modified Euler system, where v = 1 and the set of singularity is a circle around the
axis.

4 On the Type I Blow-Up

We observe that Euler system (E) has scaling property that if (u, p) is a solution,
then for any A > 0 and « € R the functions

u™(x, 1) = XuOx, X2, pMx, 1) = A2, AT (68)

are also solutions with the initial data ué’”(x) = A\upg(Ax).

The case a = 3 is important for our analysis, since in this case the energy is

2
L . . 3
scaling invariant. Indeed, by the energy conservation we have for u* = u™ 2,

I Oz = luA3 D)l = )]l 2.

Hereafter, we consider (E) in R* x (—1, 0) and ¢ = 0 is the possible first blow-up
time.

Definition 4.1 One says that a solution u of (E) is self-similar (SS) with respect to
(0, 0) if there exists & > —1 such that u(x, t) = Au(\x, \>F1¢) forall A > 1.

Definition 4.2 A solution u is discretely self-similar (DSS) with respect to (0, 0) if
there exists o > —1 such that u(x, t) = A*u(Ax, A**!¢) for some \ > 1. For more
specification we also say u is (A, a)-DSS.

Definition 4.3 We say u blows up at ¢t = 0 with Type I if

lim sup(—1)||Vu(t)|| L~ < +00. (69)

t—0
If lim sup, _, o (=) [IVu(t) ||~ = 400, then we say it is of Type IL

In order to study self-similar solutions it is convenient to make self-similar transform
from u on R? x (—1,0) to U on R? x (0, +00) defined by
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1
u(x,t) = ——U(y,s) (70)
(—[) a+1
where
X
y = ) s = —log(-1).
(—t)att

U is called the profile. Then, (E) is transformed into equations for the profile

« 1
4 Ut ——(y-V)U+ U -V)U = VP,
sspyl Ut ol T a0 WU Wy
V.U =0.

Note that a SS solution of (E) is a stationary solution of (SSE), while a DSS solution
of (E) is a time-periodic solution of (SSE),

Uy,s)=U@,s+S8), So=(a+1)logA.
A Type I solution of (E) is a global solution U of (SSE) with

lim sup(—#)||Vu () ||~ = limsup || VU (s)| L~ < +00.

t—0 §—>+00

SS and DSS obviously satisfy the above condition. Therefore, Type I blow-up sce-
nario is a natural generalization of SS or DSS blow-up. There are many previous
studies excluding SS or DSS blow-up (e.g. [5, 6, 9, 18]). Also, for the periodic solu-
tion of (SSE) one can show unique continuation type result [7].

In the case of DSS function having one point singularity one can have strong
restriction to the spatial decay of the profile function, independent of the equations.
We present it here.

Proposition 4.4 Let be a (A, a)—DSS function with A > 1, a € R\ {—1} having
one point singularity. Then
@)

FACSIES

S ————— V(. 1) €R" x (—00,0]\ {(0,0)},
(x| + Jr]=T)e

where C = C()\, ).
(i) Moreover, if

1
Lf Ce, I (x| + [t]=1)* = o(1),
1 1
as either |x| + |t|>+7 — 400 or |x| + |t|>+1 — 0, which means

. 1
lim sup [f Ce, O] (x| + [¢[=)* =0,
r—4+o0 1
e <|x|+|t|oFT <\2e”
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then
f=0 on R" x (—o0,0].

Therefore, if f %0 non trivial DSS function, then there exist {(xy, t)},
{Gik, 1)} € R x (=00, 01\ {(0, 0)} with (x, tr) — ~+00 and (X, ) — (0, 0)
as k — 400 such that

. 1,
lim sup (|xg| + [t || f Ok, £)] > 0,

k—o00

and ]
lim sup(|x| + | |=1)?| f Gk, 7)| > 0.

k—0

(Proof) Letusdefine Q| = B(0, A\) x (=A°T!,0)and Qg = B(0, 1) x (-1, 0),and
set Ay = Q1 — Qy. Foreach (x, 1) € R" x (—o0, 0] \ {(0, 0)} there exist an integer
k € Z and (z, 7) € A; such that x = Mz, t = \@+Dk7 Then, by the DSS property
of f we have

1 1

(x] + 1170 £ (x, 1) = (2] + |7]7#) N f (A, A@FDEr)
= (2] + 717" f (2, 7). (71)

For (i) we observe

=\ C
If(x,t)|=<M> 1f(z, DI < 1

T N,
x| + e[ (x| + [e[=m)

for all (x,t) € R" x (—o0, 0]\ {(0, 0)}, where we set

Ci=ess sup {2l +1717)° £ DI}

zZ,T)EA;

In order to show (ii) we see that (71) implies also

sup (el + [Tl = sup {2+ I71FD) £l

(z,7)EA;

1
e’ <|x|+|t|a+T <)\2er
from which, passing r — 400, we obtain f = 0. |

Let us consider the profile F = F(y, s) of f(x, t) defined by

FoD) = ——F(ys) with y= — s=—log(—1). (72)
(—n@ (—1)7

Then, by the similar argument to the above proof one can show the following:
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sup D™ f(x, O)|(x] + [¢] 7)) = sup | D" F(y, )| (Iy| + D™+ (73)

te(—00,0) seR

for all m € N U {0}. Following the same argument as the above proposition we have
the following.

Corollary 4.5 Let f be a (A, a)-DSS function, having one point singularity, and let
F be its profile defined by (72). Then, there exists a constant C > 0 such that

C
sup |D"F(y,s)| < ————— Vy e R". (74)
4 (vl + e

At this moment we could not exclude general Type I blow-up scenario for the
solution of (E). As we shall observe below, however, under some smallness condition,
we can remove the Type I blow-up. In this direction the following result is first derived
in [8].

Theorem 4.6 Let u € C([—1,0); H"(R?)), m > 5/2, be a solution to the Euler
equations. Suppose u satisfies the following “small Type I condition”

lim sup(—1) | Vu(t) ||~ < 1. (75)
t—0
Then,
lim sup [[u(t) || gn < +00. (76)
t—0

In other words, there exist no small Type I blow-up.

(Proof) The condition (75) implies that there exists 7y € (—1,0) and 0 < Cy < 1
such that
sup (—s)[[Vu(s)llr~ < Co.

to<s<0

We consider the particle trajectory X (a, t) generated by u = u(x, 1), i.e.
0 X(a,t) =u(X(a,t),1t), X(a,0) =a.
The vorticity form of the Euler equations
Ow+u-Vow=w-Vu
can be written as an equation along the particle trajectory
Of{w(X(a,1),t)} = (w-Vu)(X(a,1),1).

Integrating |w(X (a, t), t)| over [#y, ] along the particle trajectory, we obtain
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t
lw(X(a, 1), )| < |lw(X(a, ), fo)| exp (/ IVM(X(a,S),S)IdS> .
1o
From this we estimate
t
lw@® L= < llw(o) |l L~ exp </ IIVv(S)IILoodS)
I
’ t
< ewolto)ll o~ exp <C0 / (—s)‘ds>
fo
Co
Io
= [lw(®) |l = <?) Vi € (o, 0).

Since 0 < Cy < 1, we have f;OT lw(®)||Ldt < +00, and by the BKM criterion above
there exists no blow-up at 7'. ]

The above theorem has been localized in [24] as follows.
Theorem 4.7 Let u € L®(—1,0; L>(B(r))) N C([—1,0); W>4(B(r))) be a solu-
tion to (E) for some 3 < q < 400. Suppose there exists ry € (0, r) such that

lim sup(—=0)[|Vu(t) | =BGy < 1.

t—0

Then, lim sup, _, [u(@)llw2a(B(p)) < 00 forall p € (0, ro).

In a recent paper [14] the Type I condition of the above theorems is replaced by the
condition involving the Hessian of the pressure as follows.

Theorem 4.8 Let (u, p) € C'(R? x (—1,0)) be a solution of the Euler equation
(E) withu € C([—1, 0); W“(R3)),f0r some q > 3. If

lim sup (—1)*[| D> p(1) |1~ < 1,
t—0

then lim sup,_, [lu(t)||w24 < 400.
This is also localized in the same paper [14].

Theorem 4.9 Let (u, p) € C'(B(xo, p) x (—p,0)) be a solution to (E) with u €
C([—p, 0); W24 (B(x0, p))) N L>®0 — p, 0; L2(B(xg, p))) for some q € (3, 00). If

0
/ i (t) eyt < +00
—p

and
lim sup(—1)2| D p(0) | L (Bxo. ) < 1,

t—0
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then for all r € (0, p) we have

lim sup [|u(®) [ w2 (B(xy.r)) < +00.

t—0

The following is a refined version of the above theorems [10, 15], considering
also the sign condition for the Hessian of the pressure. We use the same notations as
Proposition 3.11.

Theorem 4.10 Let (u, p) € C'(R? x (=1, 0)) be a solution of the Euler equation
(E)withu € C([—1, 0); W24 (R3)), for some q > 3. Suppose the following holds. If
either

lim s(;lp(—t)2||[C “PE- D= < 1,

or
lim sup (—1)*||[|SE)* — 202 — ple(@)|l~ < 1,

t—0

then lim sup,_ ¢ [u(?) w24 < +00.
The following is a localized version of the above theorem.

Theorem 4.11 Let (4, p) € C'(B(xo, ) x (=r,0)) be a solution to (E) with u
C([—r, 0); W24 (B(xg, r))) N L®(=r, 0; L2(B(xg,1))) for some q € (3, 00). We
suppose

0
/ e () || Loo (B (xg.r)ydt < +00.
—r

If either
lim sup (—=)2[[[¢ - PEI- ()| L= Bxory < 1,
t—0

or
lim sup (—1)*|[|SE1* — 2% — plo (D)l =By < L,
t—0

then for all € € (0, r) limsup,_, ¢ [|u(?) | w2a(B(xy,e)) < +00-

S Type I Blow-Up and the Energy Concentrations

Although we cannot exclude the possibility of Type I blow-up, we shall show in this
section that under Type I condition the energy concentration in the form of atomic
measure cannot happen at the blow-up time. Energy concentration in atomic form
means that there exists an atomic measure / (i.e. ({x}) > 0 for some x € R?) such
that

lu(,0)’dx =~ p as t— 0
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in the sense of measure. A typical example is

lu-, O)Pdx = Cidy,.

k=1

DSS singularity in the energy conserving scale is an example of Type I blow-up with
one point energy conservation. Removing this scenario has been open. Concentration
phenomena in the other equations are well studied. For example for the nonlinear
Schédinger equations blow-up happens with L? norm concentration, while in the
chemotaxis equations the blow-up occurs with L! norm concentration.

We first remove one point energy concentration under Type I. In the case u €
L>®(—1,0; L*>(R?)), we can show that there exists a unique measure o € M (R?)
such that

lu(®)?dx — o weakly- * in M@ as t— 0. )

Here, we first consider the case o is equal to the Dirac measure Eydy for some
constant 0 < Ey < +o00. Under the Type I condition we can exclude such one-point
concentration of the energy, namely we have the following [22].

Theorem 5.1 Let u € L®(—1,0; L2(R?)) be a solution to the Euler equations. In
addition, we assume that u satisfies the Type I blow-up condition (69) and (82) with
o = Eyby for some 0 < Ey < 4+00. Thenu = 0.

In the proof of the above theorem we use several decay properties of the solution
to the Euler equations with respect to the space and time variables as we approach the
blow-up time. The decay estimate is actually obtained under following more general
condition than (69)

3
I e [-, 1) C o sup (=03 Vu()|le < oo (78)
5 1e(=1,0)

The following lemma is one of the two key decay estimates used to prove Theo-
rem 5.1.

Lemma 5.2 Letu € L*>(—o0, 0; L>(R*) N L2.([—1, 0), WL (R>)) be a solution

loc

to the Euler equations satisfying (69) and (82) with o = Edy. Then for every 0 <
(B < 5 there exists a constant C such that for every t € [—1, 0) it holds

/ lu(@)*|x|%dx < C(=1)P1=, (79)

R3

(Sketch of the Proof) We first claim the estimate

lu(@®ll = < C(—1)75. (80)
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Indeed, by the Gagliardo-Nirenberg interpolation we obtain

(=03 @) e < C=0)F @) 15 Va0 |
< CECD} (=0l Vu(D) |1~} < +oo.

We first prove the decay estimate for § = 1. We multiply (E) by u|x|ung for a
smooth cut-off iz supported on the ball Bg, and integrate both sides over R x (z, 0).
Integrating by parts, using the assumption of L?-energy concentration at x = 0 as
t — 0, we have

1 2
= | lu@®I |xInrdx
2 Jes

0 0
=/ f nR|u|2u~V|x|dxds+/ / nepit - Vx|dxds
t R3 t R3

1
+ E/ |u(0+)|2|x|anx + {terms vanishing as R — +o00}
]RS
0 0

</ / |u(s)*dx ||v(s)||L”°ds+/ / lp()lv(s)ldxds + o(1)

t JR3 r JR3

0 , 0
< CE(—1)2/ (—S)_gder/ )2 llv(s)ll2ds + o(1).
t t

For the pressure term estimate we use the Calderon-Zygmund inequality || p|| ¢ <
||u||%(,, which follows from the well-known velocity-pressure relation p = R; Ry
(u juy), and estimate

0 0
/ I p)Il2llu(s) | 2ds < c/ e ()Ml 22 lu(s) | 2ds
t t
0 0 s
< C/ ()l llu(s)172ds < C{E(—1>}2f (—s)~5ds.
t t
Passing R — o0, the lemma is proved for § = 1:
/ (@) Plxldx < C(=1).
RB

For 3 > 1 we multiply (E) by u|x|’ng, and integrate by parts as the above, and use
the induction argument. For the pressure estimate we use the following weighted
Calderon-Zygmund inequality (A, weight) [53]:

f|p(s)|2|x|"fdx < cf lu(s)[*x|"dx < C(—s)*%/|u(s)|2|x|7dx,
RS

R3 R3
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which holds true for all 0 < v < 3. |

The following is the second decay estimate for the Proof of Theorem 5.1.

Lemma 5.3 Let u € L*(—1,0; L(Z,(]R3)) NLX ([—1,0), WL2(R>) be a solution

loc

to the Euler equations satisfying (69) for some p € [%, 1) and (82) with oy = Edy.
Then for allk e NU{0} and 0 < r < +o0 it holds

2 —u _
1P N 725y < CodE (="M Vi e (=1,0),

where P, is the Helmholtz projection operator on B(r).

(Sketch of the proof of Theorem 5.1) We choose 6 small enough: 0 < 0 < % For a
solution u to the Euler equations we transform: u — w,

w(x, 1) =u((=1)"x,1).
Then, w solves the transformed Euler system,

w, +0(=)"'x - Vw + (=) (w - VIw = -V,
V.w=0.

Using the two decay lemmas above, one can show that there exists 7y € (—1, 0) such
that
Vxw()=0 on B() Vi<t <O.
Transforming back to the original vorticity, w(t) = V x u(t), we find
suppw(t) C B((—t)(’) Vip <t < 0.
Since the measure of supp w(¢) is preserved due to the Cauchy formula,

w(X(a,1),1) = Vo X(a, wo(a),

we have
meas{supp w(y)} = meas{suppw(r)} < C(—1)* - 0

ast — 0. Whence, w(ty) = 0, and u(z) is harmonic. Since u(zy) € L*(R?), we con-
clude that u(ty) = 0, and hence u = 0, which is a contradiction. Therefore, one point
energy concentration under the Type I condition is impossible. |

As an immediate corollary of the above theorem we establish the following.

Corollary 5.4 Let u € L®(—1,0; L2(R%) N L® ([—1, 0), W"2(R3)) be a DSS

loc
solution to the Euler equation, i.e. there exists A > 1 such that
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u(x, 1) = \eu(hx, \21) Y (x,1) € R3 x (—1,0).

Then u = 0.

For the proof we refer to [22].

Next, we shall use the blow-up argument to remove more general form of atomic
concentration under local Type I condition. More specifically, we have the following.

Theorem 5.5 Let u € L®(—1,0; L>(R%) N LL.([—1, 0); W °(R3)) be a solu-

loc

tion of the Euler equations satisfying the Type I condition,

sup (—=0)||Vu(t)||z~ < +o00.
te(—1,0)

Suppose there exists oy € MR3) such that
lu())?dx — oo as t — 0.

Then, oy is non-atomic.

We first recall the notion of suitable weak solution (u, p) of (E), a weak solution
satisfying the local energy inequality:

[|u<r)|2¢>dx </|u<s>|2<z>dx+/ /(|v|2+2p>u'V¢dxdr
R3 R3 T Rs

forall p € C® (R?) and for a.e. —1 <t < s < 0. Below we denote the ‘parabolic
cylinder’ consistent with the energy conserving scale by Q(R) := B(R) x (—R/?,
0). Then we establish the following criterion of energy non-concentration in terms
of a Morrey norm.

Theorem 5.6 We set the cylinder Q(R) = B(R) x (—R?,0). Letu € L*(—R3,0;
L*(B(R))) N L*(Q(R)) be a local suitable weak solution to (E) such that the local
energy inequality is satisfied. Furthermore, we assume that

-1 3 s o ] 3
sup r~||u < 400, liminfr=|u =0. 81
0<r£R ” ||L3(Q(r)) paa e ” ||L3(Q(r)) ( )

Then, there is no energy concentration at the point x = 0 ast — 0.

Remark In [52] Shvydkoy showed thatifu € L9(—1,0; L*(2)) N L*°(—1, 0; L?
(), q = %, is a suitable weak solution, then there is no atomic concentration in £2.
This actually follows from the above theorem immediately. Let Q(r) C Q x (—1, 0).
Then
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0

-1 3 -1 3

r M ullis oy =7 /;/;;()|u|dxdt
—r r

0
2 -1
S Nullzoe 1,022 " / s llll LBy dt

0 s 5
2 3
S Nl 1.0,2200 </ ; ”””Zw(B(r))d’) —0
—=r
asr — 0.

(Sketch of the proof of Theorem 5.6) We shall use the blow-up argument for the proof
of the theorem. Let us first note the following interpolation inequality,

1

2

—1y, 113 32 3
lelzs oy S CKor™2 Ml o) +CK0K (V 2”u”L2<Q(r))) (82
where we set

Ko = lu@)|lp~—rs2,0:12BR), Ki:= sup (=D)[|Vu(®)llLxmBr)),
te(=R3,0)

which are bounded constants by the hypothesis. Suppose there exists an atomic
concentration. Then Theorem 5.6, combined with the above interpolation inequality
(82) implies that there exists € > 0 and a sequence r; — 0 such that

||“”L2(Q(rk)) e VkeN

We define a (blow-up) sequence
up(x,t) = riu(rkx rg t) k eN.

Using Type I condition and the energy conservation, we can deduce the following
uniform bound for {u,},

ekl oo (—1,0;L2®3y) + ||uk||L3([_1,0);W0A3(R3)) <C

forall 0 < 0 < % Here, we use the following norm for the fractional derivatives
(Sobolev-Slobodeckij semi-norm) in R,

1f(x) = FO)I? ,
|f|W€p = (/l'{} /l; |x — |9P+3 dxdy) .

Taking the limit for a sub-sequence (by compactness lemma), one can construct a
non-trivial suitable weak solution to (E),
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u* € L®(—1,0; LERY) N L*([—1, 0); W3 (R?))

satisfying the following ‘weaker-norm version’ of local Type I condition

0
sup 11%9 / |u*(t)|€w3(3(r))dt < +o0.
reO,R) I

r

(S

Indeed, we have the following another interpolation inequality:

0

sup b / lu(0)|? dt <C sup r'u?

— 0.3 X L3

rE(0.R) 71-30 Wo3(B(r)) reO.R) Q(r))
—r

(N1

+C sup (=0’ IVu@) 3w (pry < +00

5
—R2<t<0

by (82) and the Type I condition respectively. Moreover, for such limiting solution
u* one can choose a sequence of time {#;} C [—1, 0) and a positive constant ¢y > 0
such that

lu* (x, tx)|*dx — Cody as k — +oo

in the sense of measure, namely one point concentration in R? for blow-up limiting
solution. Our previous exclusion theorem for one point energy concentration in R?
with Type I blow-up condition implies Cy = 0, namely no atomic concentration. ll

6 The Boussinesq Equations

We consider the Boussinesq equations in the space time cylinder R? x (0, 0o)

Ou—+ (u-Viu=e—Vp,
(B){0,0+ u-V)0 =0,
V.ou=0, u(x,0)=uyx), 0(x,0) =0y(x)

where u = (u;(x, 1), ur(x, 1)), (x,1) € R? x (0, +00) is the fluid velocity, while
0 = 0(x, t) represents the temperature of the fluid, and e, = (0, 1). The system (B)
is a fundamental system of equations describing the motion of atmosphere (see e.g.
[49, 50]). Besides its importance in application to the atmospheric sciences another
reason why the Boussinesq equation attracted many mathematicians is that the system
(B) has strong similarity to the 3D axisymmetric Euler equations, thus providing a
good model problem for the Euler equations. To see this resemblance between the
two equations more closely we consider the following vorticity equation, obtained
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by operating V- on the first equation of (B):
Ow—+u-Vw=200, w=O0u,— dui. (83)

Setting ® = (ru’)>and W = “70, the axisymmetric Euler system (64), (62) and (61)
can be written as

1
W, +u" 0, W + W = — 5,0,

(oW WG =50 (84)
O, +u8,0+u’dz0 =0, 0,u)+d0ru’)=0.

Therefore, if we consider the system (84) off the axis region(r > 0) the system (B)
has the almost same structure as (84) with the correspondence

(X1, %2) & (1, x3), (u1,u2) & (', u’), (w,0) & (W,0).

Let us consider the particle trajectory X («, t) generated by u = u(x, t). Then, the
second equation of (B) implies the conservation

FOX(a,1),0) = fBy(a) YfeCR).

The following proposition shows that a certain quantity, which corresponds to the
Helicity of the 3D Euler equations, has localized conservation law.

Proposition 6.1 Let f be a C'(R), and (u, 9) be a smooth solution to (B), and C,,
t > 0 be a level curve of 0(-, t). Then,

% u - VJ‘f(H)ds = % ug - VJ‘f(Go)ds vVt > 0. (85)
t CO
(Proof) From the second equation of (B) we have

D
Evla =0 +u-V)Vo=vLto. vu. (86)

Let
Co={v(s) : Oo(v(s)) = A, 5 € [0, 1], 7v(0) = v(1)}

be a closed level curve for 0y. Define
C, = X(Co.t) = (X(7(s), 1) : 0 <5 < 1.

Then, for any f € C'(R), we have
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£ /0 UK. 0. 1) - T FOE ). 1. D)
o [ DL X600 - VXG0, 0.0ds
w1 | WX 0.1) - SV (6). 1), 0ds
——ro [ VP (X (6). 0.1) - VEOX (1), ). s
1w | X (9). 1), Des - VX (1(6). 1), )

1
+f'()\)/0 u(X(y(s), 1), 1) - VEOX (y(s), 1), 1) - Vu(X ((s), 1), t)d's
=K+ K> + K;.

We compute each term separately. First,

1
0
K, = —f/(>\)/0 Vp(X(y(s), 1), 1) - aX(’y(S), 1)ds

1
0
= ='W | 5 pXE).0.0ds =0.

Second,

1
= f'(MAey / wds =0.
0 s

Finally,

0
K3 = f()\)f u(X(y(s),1),1) - ( X(y(s), 1) - V) u(X(y(s), 1), t)ds

1
= Ef()‘)/ ( X(v(s), 1) - V) (X (4(s), 1), 1)*ds

_ L, o 2
=3/ (A)/O (X (1 (6), 1), D ds = 0.

Combining the calculations for K, K,, K3 above, we find that

d 1
E/o u(X (y(s), 1), 1) - V¥ fOX (y(s5), 1), 1))ds = 0.



On the Singularity Problem for the Euler Equations 77
This completes the proof of the proposition. |

Regarding the Cauchy problem for the system (B) for the initial data in H¥(R?),
k > 2, the local-in-time existence of solution and the Beale-Kato-Majda type blow-
up criterion are first obtained in [16].

Theorem 6.2 Let (ug, ) € H*(R?), k > 2. Then, there exists T = T (||luol| .
0ol +) such that a unique solution u € C([0, T); H*(R?)) exists. Furthermore,

tim sup([lu(t) ]|zt + 10| 0) = +0o  if and only if
t—T
T
/ IVO()| ~dt = +00. (87)
0

The finite time blow-up question for the Boussinesq system with a smooth initial
data is also a wide-open problem. We mention that for domain with cusp singularity
finite time blow-up at the boundary point is obtained recently in [37], and also in [27]
the authors show singularity on the boundary point of a cylinder. Our main concern
here is the possibility of interior singularity in the whole domain of R2. It is also
worth mentioning that if we add viscosity term to either one of the velocity or the
temperature equations of (B), the finite time blow-up question was posed by Moffatt
in [51] as one of the millennium problems in the fluid mechanics, for which there
was a partial result due to Cérdoba, Fefferman and LLave in [34], removing “squirt”
singularities. The problem is fully resolved in [11], which shows that there exists no
finite time singularities in this partially viscous case.

A similar result to Theorem 6.2 in the setting of the Holder space is proved in
[17]. For the BKM type criterion an improvement of (87) has been obtained in [25]
as follows.

Theorem 6.3 Let (u, §) € C([0, T); W>4(R?)), g > 2, be a solution of (B). If
T
/(T —DIIVO@) | edt < 400, (88)
0

then there exists no blow-up att = T, and thus both u and 0 belong to C ([0, T]; w24
(R?)).

(Proof ) For convenience we shift in time so that [0, T] — [—1, O].

Step (i) We first show that

0 0
/ lw@) |l =dt +/ (=DIIVO@)||L~dt < +00 (89)
-1 ~1

implies no blow-up at = 0. Let ¢ > 2. We apply the operator J; to the vorticity
equation, multiplying the resultant equation by 0;w|Vw|?~!, and integrating it over



78 D. Chae

R?. Then, after the integration by parts and using the Holder inequality, we are led
to

d 2

E”VW”L‘I S IVullz=lIVwllze + 1IV-0ll s

= IVull = IV@liLe + (=) (=D [IV?0]l 0. (90)
Next, we apply the operator J;0; to both sides of the ¢ equation, multiply both
sides by 0;0,0|V?6|772, and sum over i, j = 1,2, 3, and the integrate it over R?.

This, applying the integration by part and the Holder inequality, yields the following
inequality

d
S IV20lle <20Vl V20l e + V0] 1 I V2ul o O
Multiplying both sides of (91) by (—¢), we see that

d
E(—I)HVZQHM + 1V201l 1o

20 Vull = (=Yl e + (=D VOl IV ull 1o
20 Vull 1 (=D IV20l 14 + oo (=DIIVO| 1 Vel 1. (92)

NN

Now define
V() = |Vwlle + (=) IV?0| e, t € (—1,0).
Adding the last two inequalities (90) and (92), we are led to
V< (20Ul + =07+ e (=DIVI0 1~ ) . 93)

By means of the logarithmic Sobolev embedding of the Beale-Kato-Majda type,
we find

IVu@ = < C {1+ w®)llz~ logle + IIVu(@) | 10) |

C{l + llw®llL~ log(e + W (1))} . (94)

NN

Inserting (94) into (93), it follows

W <AC[1+ (w® = + (=DIIVOD) [I1=) log(e + ¥ 1)] + (=)~} W (@).
95)

Setting y(t) = log(e + W (¢)), we infer from (95) the differential inequality

Y <Cay+C(=n~",  a@®) = w®lx + (=DIVOD)ll=  (96)
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which can be solved as

y(t) =log(e + W (1))

t
< y(to)ecﬁ;a(s)ds +C /(—S)_lecf;a(T)deS. 97)

fo
Cfo a(s)ds . .
We now choose ¢t so that e’ < 2. Then, (97) implies
log(e + ¥ (1)) < Clog(e + ¥(1p)) + Clog(—1/t) Vit € (1, 0), (98)

where ¢ > 2 is another constant. From #-equation of (B) we have immediately
0
E|V€|+(H-V)|V€| < |Vul| V8. 99)

Lett € (—1, 0) be arbitrarily chosen but fixed. Let xo € R2. By X (xo, ) we denote
the trajectory of the particle which is located at xy at time ¢ = ty, defined by the
following ODE

dX (xo,t .
% =u(X(xg,1),t) in [—1,0), X(xo, ) = xo. (100)
Then, (99) can be written as

0
E|VH(X(XO’ 1), D < [Vu(X (xo, 1), DIIVO(X (xo, 1), 1), (101)

which can be integrated along the trajectories as

IVO(X (x0,1),1)| < [VO(x0)| exp (/ |VM(X(xOvS)vS)|dS> :

fo

Therefore, we estimate, using (94) as

t
IV0() 100 < IV0(10) ]| 1% exp ( / ||Vu||Loods>
0]

< 1IV8(t0) o0 exp (C /,0[ {lw()l o [log(e + W(ig)) + log(~1/s)] + 1) ds)
< IVO(10) | oo x
X exp (C {log(e + W (1)) + log(—1/1)} /’ ) loeds + e — m)) :
0 (102)
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Choosing ty € (—1,0) so that C flg lw() || Leds < %, we deduce from (102) that
IO < IVOt0) I~ (e + ¥ (1)) e (—1) ™2 Vr € (10, 0).

Therefore, fi)l VO] L~dt < +00. Applying the well-known blow-up criterion in
[5], we obtain the desired result of (89).

Step (ii) Here we show the estimate:
t t
/ lw(s)lILeds + /(—S)IIVH(S)IILmdS
—1 —1

0
< lw(=Dliz= +2/(—S)IIV9(S)|ILde < 400, (103)
21

thus finishing the proof, combining this with (89). We recall the vorticity equation
from (B).
Ow+u-Vwo=00 in R*x[-1,0), (104)

where w = Oyuy — dru;. Using the particle trajectories with X (xg, —1) = x¢ as the
above, we have from (104)

j—tlw(X(xO,t),t)I <1010(X (xo, 1), 1) in [—1,0), (105)

which implies that

§

lw)llize < llw(=Dllz= +/1 1010(T) || L~dT. (106)

Integrating both sides of (106) over [—1, 1), ¢ € (—1, 0) withrespect to s, and apply-
ing integration by parts, we get

t t N
/1 lw)lleds < (14 Dw(=DllL= +f1/1 1010(7) || L~dTds
t d s
=1+ Dllw(=Dz> +/ {;(S)/ |I319(T)||Lood7}ds
—1 N —1
t t
=+ )llw(=Dllre +/1(_5)||019(5)||L°°d5+t/] 1016(s) || L~ds

t
<ol + / ORIl ~ds.
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The above theorem has been also localized in [23] as follows.

Theorem 6.4 Let B(r) C R? be the unit ball, 2 < q < +oo, and
(u, 0) € C([0, T); W>(B(r))) x C([0, T); W>“(B(r)))
be a solution to (B). Suppose that
u e L®0,T; L>*(B(r)))
and

T T
/(T = DIVO®) || L=irydt < +00, /||M(l)||Lx(B(r))dt < +o00.
0 0

Thenu,® € C([0, T], W>4(B(p))) forall 0 < p < r.

The blow-up criterion in terms of the Hessian of the pressure is also recently obtained
as follows. For a solution (u, p, 6) of the system (B) let us introduce the R?>*2-valued
functions U = (Q;u;) and P = (0;0; p). For the vector field V40 = (=6,0, 0,0) we
define the direction vectors

¢=v4ie/|Ivie,, ¢ =UV*e/UV4).

We note that contrary to the case of Euler equations U is not the symmetric part of
the velocity gradient matrix. Then, the following blow-up criterion in terms of the
Hessian of the pressure is proved in [14].

Theorem 6.5 Let (1, p) € C'(R? x (0, T)) be a solution of the Boussinesq equa-
tion (B) withu € C([0, T); W>9(R?)), for some g > 2. Suppose the following holds.

Either ; oo
/ (T —t)exp </ / II¢ - Pf]_(T)HLoodes) dt < 400,
0 0o Jo

limsup (T — 1)*[[[¢ - PE]-(1)ll~ < 2.

t—>T

or

Then lim sup,_, ¢ |[u(t)|lw2e < +00.

Note the relaxed smallness condition for the nonexistence of Type I blow-up com-
pared to the case of 3D Euler equations. This is due to the extra factor, (T —¢) in
the integral fOT(T —)||VL0(@)||,~dt < 400 in Theorem 6.3.

(Proof of the first part of Theorem 6.5) Let (u, p, #) be a solution of (B), which
belongs to C'(R? x (0, T)). We first claim the following formula.

D, UV*0| = —¢ - PV*0. (107)
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Indeed, V on the first equation of (B), we find
DU +U?=—P + V(bey).
Taking V+ on the second equation of (B), we obtain
D, V0 = UV*e.
Let us compute

D;V*'0 = D,UV*0+UD,V*0
= —U>V+0 — PV + UV+0 + V10 - V()
= _—Pvie, (108)

where we use the fact
V40 - V(fer) = 0.

We multiply (110) by D, V=6 to have
1
|D,V+6|D,|D, V10| = EDt (ID,V*0|*) = D,V*0 - D}V
=-UV'e. Pvie. (109)
the left-hand side of which can be re written as

1
EDt|le9|2 = |UV*6| D,|UV* 0.

Hence, dividing the both sides of (109) by |UV+6|, we obtain the formula (107),
and the claim is proved.
Now, integrating (107) along the trajectory for ¢ € [0, 5], we obtain

EWLG(X(a, s),8)| < ‘gvie(X(a, $), )
Os Os
= [(D, VIO (X (v, 5), 5)| = [UVO(X (, 5), 5)]

= [So(@)wo ()] —/ ¢ POX(a, 7), D|w(X(, 7), T|dT.
0
After integrating this again with respect to s over [0, ¢], we find
IVEO(X (a, 1), )] < |VH00()] 4+ [VHbo(a) - Vug(e) |t

—l—/ /S[C - PE]_(X(a, 1), T)|IVEO(X (a0, ), T)|dTds.
0 Jo
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Thanks to Theorem 3.8 we find

IVEO(X (a0, 1), )] < (IVH0p(@)] + [V - Vug(a)|t) x

X exp (/t /J[C - PE]_(X (e, 7), T)deS) )
o Jo

Taking the supremum over a € R?, and integrating it with respect to ¢ over [0, T
after multiplying by T — ¢, we obtain

T
/ (T = DIV |Ip=dt < IV Opllzx + IVE0o - Vgl 1~T) x
0

T t K
x /0 (T—r)exp(/o fo ||[¢-P§(T)]||Lood7ds>dz.

Applying the blow-up criterion of Theorem 6.3, we obtain the desired conclusion. ll

The following is a localized version of Theorem 6.5.

Theorem 6.6 Let (u, p) € C'(B(xo,7) x (T —r, T)) be a solution to (E) withu €

C(T —r,T); W»9(B(x0, 7)) N L®(T —r, T; L>*(B(xy, 1))) forsomeq € (2, 00).

Let us assume .

f lu (@) L (Bxo,rndt < +00. (110)
T

—r

If either

T

(T = 1) exp ( / / e - Pﬂ_(r)||Lw<3<x0,,>)d7ds> dt < +oc,
0 0

T—r

or
lim sup (T — 0)*I[¢ - PE- () |2 (Bxo.ry) < 2

t—T

then for all € € (0, r) limsup,_, () | w2a(Bxy.c)) < +00.

For the proof we first show that the condition (110) implies that the mapping ¢ —
X (a,t) belongs to C([T —r, T]; R?) for all o € B(xg, r). Then, the other part of
the proof follows by applying the continuity argument. For more details we refer to
[15].
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