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ABSTRACT. The question of the global regularity vs finite time blow up in solutions of
the 3D incompressible Euler equation is a major open problem of modern applied analysis.
In this paper, we study a class of one-dimensional models of the axisymmetric hyperbolic
boundary blow up scenario for the 3D Euler equation proposed by Luo and Hou [12] based on
extensive numerical simulations. These models generalize the 1D Hou-Luo model suggested
n [12], for which finite time blow up has been established in [1]. The main new aspects of
this work are twofold. First, we establish finite time blow up for a model that is a closer
approximation of the three dimensional case than the original Hou-Luo model, in the sense
that it contains relevant lower order terms in the Biot-Savart law that have been discarded
in [12], [1]. Secondly, we show that the blow up mechanism is quite robust, by considering
a broader family of models with the same main term as in the Hou-Luo model. Such blow
up stability result may be useful in further work on understanding the 3D hyperbolic blow
up scenario.

1. INTRODUCTION

The main purpose of this paper is to contribute to the analysis of a recently discovered
scenario for singularity formation in solutions of 3D Euler equation. The 3D axisymmetric
Euler equation with swirl is given by

0 () () (),

(2) Oy (ru’) + " (ru’), +u*(ru?). = 0,
where ©" and u® can be calculated via
3) =t = Y

r r

and the stream function v satisfies the elliptic equation
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(4) 1o (1ovy | —2—15 =w
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One can write u” and u»® in terms of w by computing the Green’s function of the above
elliptic PDE; more details can be found on [13].

The numerical simulations performed in [12] consider fluid contained in an infinite cylinder

with periodic boundary conditions in z and no flux condition at the boundary of the cylinder.
The initial data is given by non-zero swirl ¢, which is odd in z, while the angular vorticity

is originally zero. For a particular example of such initial data, very fast growth of angular
vorticity is observed at a ring of hyperbolic points defined by the boundary of the cylinder
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and z = 0. As the first step towards rigorous analysis of this scenario, a 1D model inspired
by the numerics has been proposed in [12, 9]. We will refer to this 1D model as Hou-Luo
(HL) model. The HL model is given by

(5) Wy + uw, = 0,
(6) 0; + ub, =0
(7) uy = Hw,

where H is the Hilbert transform and the space domain is taken to be periodic, S! (the R!
setting can also be considered). One should think of the x coordinate as corresponding to
the z direction in the original equation. Equivalently, if w is mean zero over the period, we
can write the Biot-Savart law for u as

1
(8) u(z,t) = kxw(x,t) where k(x)= —log|z|.
T

In the periodic case, w in the formula above is extended to all real line where the convolution
is applied. The convergence of the integral is understood in the appropriate principal value
sense. In [1], finite time blow up is shown for (5)-(7) for a large class of smooth initial data.

There has been other work motivated by Hou-Luo computations and relevant to under-
standing the hyperbolic boundary blow up scenario. Kiselev and Sverak [11] show very fast
(in fact, optimal) growth of Vw in solutions of 2D Euler equation in a geometry related to
the Hou-Luo scenario. Choi, Kiselev and Yao [4] analyzed a 1D model related to the HL
model, but with a simplified Biot-Savart law inspired by [11]. They established finite time
blow up for a broad class of initial data. Hou and Liu [10] have described the blow up solu-
tions in the CKY model in more detail, and showed that these solutions possess self-similar
structure.

We note that the tradition of 1D models in fluid mechanics goes back many years. One
of the earliest of these models was proposed by Constantin, Lax and Majda [2], and later
inspired other models [6], [3], see also [5], [8] for recent related work. It is fascinating that
many natural questions about solutions to these models remain unanswered. We refer the
reader to [1] for a survey of this subject.

In this paper, our first theorem is the generalization of the results of [1] to the model with
the following adjusted choice of Biot-Savart law:

|z]

It has been observed already in [12, 1] that the kernel (9) appears naturally in the reduction
of the 3D Euler equation to the 1D model of hyperbolic blow up scenario. Nevertheless, the
simpler kernel (8) has been considered as the first step. The difference between (9) and the
original choice (8) is smooth, so one can expect that the properties of the equations should be
similar. However, the actual proof of finite time blow up in [1] relies on fairly fine properties
of the Biot-Savart kernel, so the extension to (9) is far from immediate. In Section 3, we
prove finite time blow up of solutions to the system (5) and (6) with law (9). While we will
be able to follow the framework of the blow up proof developed in [1], many new estimates
will be needed. Similarly to [1], the proof shows finite time blow up for a rather wide class
of the initial data.

9) u(z,t) = kxw(x,t) where k(x)= %log
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For our second main result, we prove that the solutions to (5), (6) with even more general
kernels in the Biot-Savart law exhibit finite time blow up as well. We will modify (8) by
adding a smooth function which preserves the symmetries of (5), (6) (and of the initial data).
The details will appear in Section 4. To prove blow up, roughly speaking, we isolate the
“leading term” of dynamics that leads to blow up and persists even with a more general
Biot-Savart law. The proof is quite different from the first result: the proof of finite time
blow up for the Biot-Savart law (9) relies, in the spirit of [1], on algebraic estimates which
show that certain key quantities are positive definite. On the other hand, the more general
blow up stability result is proved in a perturbative fashion, utilizing a global bound on the
L' norm of vorticity. It may appear that our second result includes the first one, but it is
not literally true as in the second case we have to work with a much more restrictive class
of initial data.

One can think of our results as strengthening the case for studying the hyperbolic blow
up scenario for the 3D Euler equation. By proving singularity formation for more general
Biot-Savart laws, one can view the blow up of (5)-(7) as a robust phenomenon not dependent
on the fine structure of the model. This may help to build a base for the next step - rigorous
analysis of the higher dimensional problems.

2. DERIVATION OF THE MODEL EQUATIONS

To obtain a simplified model of (1),(2) the first step is to consider reduction to the 2D
inviscid Boussinesq equations. This system on a half plane R x [0, 00) is given by

(10) w + uwy, + uw, =6,
0 + u 0, +u¥0, =0

where v = (u”,uY) and is derived from w by the usual 2D Euler Biot-Savart law u =
V4i(—=Ap)~tw, with V+ = (8,,—0;) and Ap Dirichlet Lapalcian. The system is classical
and describes motion of 2D ideal buoyant fluid in the field of gravity. The global regularity
of solutions to 2D inviscid Boussinesq system is also open. This problem is featured in the
Yudovich’s list of “eleven great problems of mathematical hydrodynamics” [14].

The fact that 2D inviscid Boussinesq equation is a close proxy for 3D axisymmetric Euler
equation, at least away from the axis r = 0, is well known (see e.g. [13]). Indeed, if in (1),
(2), (3), (4) we re-label W /r = w, ru® =0, r =y, 2 = x, and set r = 1 in the coefficients,
we obtain (10). Since in the Hou-Luo scenario, the fastest growth of vorticity is observed
at the boundary of the cylinder » = 1, and in particular away from the axis, the analogy
should apply. In [1], to derive the HL model, the authors consider the system (10) in the
half-plane and restrict the system to the boundary {(z,y) : y = 0} so we have u¥ = 0. To
derive a closed form Biot-Savart law for the 1D system, w is assumed to be constant in y in a
boundary layer close to the boundary of width a > 0, and zero elsewhere. Such assumption
leads to a law defined by convolution with the following kernel:

bay) = / ol Gl ), 0,)

x2=0
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where Gp is the Green’s function of Laplacian in the upper half-plane with Dirichlet bound-
ary conditions. We know that

1 1 . .
GD(z,w):ﬁlog]z—ud—%log]z—w |, w"=(wy,—ws),

and by a simple calculation one gets

(11) u(z) =k *xw(x),
where
(12) k(z) = llog id

™ Va2 +a?
In [1], the authors discard the smooth part of & (namely, L log(v/2? + a?)). In this paper we

will consider k directly or even more general perturbed kernels.

While the boundary layer assumption is strong and clearly does not hold for the higher
dimensional case precisely, it is noted in [12| that the numerical simulations of the full
3D Euler equation and of the reduced 1D model exhibit striking similarity. Based on the
numerical results about potential singularity profile for 3D axisymmetric Euler equation
([12]), we are particularly interested in the case when w is periodic in z (formerly z) variable
and will treat this case in the next section. The periodic assumption is not crucial; in the
appendix we will outline the arguments which adjust the proof to the real line case.

We complete this section by stating a local well-posedness and a conditional regularity
result that we will need later. The system (5), (6), (9) is locally well posed and possesses a

Beale-Kato-Majda type criterion. We formalize this below.

Proposition 2.1. (Local Ezistence and Blow Up Criteria) Suppose (wo,0y) € H™(S') x
H™ Y (SY) where m > 2. Then there exists T = T(wo,0y) > 0 such that there exists a unique
classical solution (w,0) of (5), (6), (9) and (w,0) € C([0,T]; H™ x H™). In particular, if
T 1s the mazimal time of existence of such solution then

t
(13) tim [ a7 dr = o

The proof of the proposition is relatively standard. A short discussion of this topic can
be found in [1]. A similar statement is also proved in detail in [4]. An analogous result will
apply to the systems with more general Biot-Savart law that we will introduce later.

3. THE MoDIFIED HOu-Luo KERNEL: PERIODIC CASE

In this section, we prove finite time blow up of the system with the kernel given by (9) and
periodic initial data. From now on, we will refer to the kernel given by (8) as the Hou-Lou
kernel, and to the kernel (9) as the modified Hou-Luo kernel. We will denote the velocity
corresponding to the Hou-Luo kernel as ugyy. In addition, we will consider solutions with
mean zero vorticity. A straightforward calculation shows that the mean zero property is
conserved for all times for regular solutions.

Let us start by deriving a simpler expression for the Biot-Savart law in the case when
the solution is periodic with period L. Our computations will be formal, ignoring the lack
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of absolute convergence of the integrals involved; they can be made fully rigorous using
standard regularization and approximation procedures at infinity. We periodize the kernel
associated with our velocity

_ L= o |z —y| 1 . |z —y+nlL|
r.t) = [ wly)ios 1 Z/ ) lox

x—y) +a2 V(z—y+nLl)+a
——Z/ y)log|z —y+nL|dy
Z/ ) (log((x 4+ ia — y) + nL) +log((z —ia —y) +nlL)) dy
:%/0 w(y)log |(x y)HO—%) dy

1 [t st w(x +ia —1y))?
~2 ), w(y)log |(x + ia — H ( 3 dy
1 [t it p(r —ia —y))?
~2 )/, w(y)log |(z —ia — H (1 — 53 dy

— [ wtotogsinluta - mdy——/ )10 sin(j(a — ia — y) sin(ju(x + i — )| dy

™

where we set © = w/L. In the last step we used the fact that

z)=2 1-— (—)
n=1
is an entire function, its zeroes coincide with those of sin pz), and f'(2)|,_, = 1. A quick
computation leads to

ez’,u(r—izz) _ e—m(x—z’a) ei,u(m—&-ia) _ e—i,u(a:—O—ia)
21 21

62ua + 6—2,ua eQzua: + G—Zzua:

sin u(x — da) sin p(x + ia) =

4 4
= %(cosh(Qua) — cos(2ux)) = %(Cosh(Qua) — 1) + sin?(ux)

By a slight abuse of notation let us rename the quantity (1/2)(cosh(2ua) — 1) to be our new
a > 0. We generally think of a as being small, though our estimates later will be true for
arbitrary positive a. Note that the new a has dimension of length?. Combining the above
calculations, our velocity u can be now written as

L / w(y) (log | sin[u(x — )] — log |sin[u(z — y)] + al) dy

(14 @)= 5

The main result of this section is the following
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Theorem 3.1. There exist initial data with mean zero vorticity such that solutions to (5)
and (6), with velocity given by (14) blow up in finite time. That is, there exists a time T*
such that we have (13).

We will consider the following type of initial data:

e 0y, wy smooth, odd, periodic with period L
L eox,u}() > 0 on [0, %L]

[ ] 60(0) =0

* [[folloc < M

This can be visualized as follows:

From Proposition 2.1 one has the local well-posedness for our system((5)(6)(14)). By local
well posedness (in particular, uniqueness) and the transport structure of the system, all the
above properties for our choice of initial data will be propagated in time up until possible
blow up time.

The proof of singularity formation will follow by contradiction. The overall plan of the
proof is based on finding appropriate functional of the solutions that blows up in finite
time and goes back at least to the classical blow up argument in the nonlinear Schrodinger
equation (see e.g. [7]). The motivation for the choice of initial data above is the following
possible blow up scenario: we will have v < 0 on [0, L/2] and so 6 will be pushed towards
the origin by the flow increasing its derivative. This also causes w to be pushed towards the
origin while increasing its L® norm until there is velocity gradient blow up at the origin.
The argument is similar in spirit to [3] where the authors consider the quantity

0 w(x,t)
——dz.
J

Due to the periodic structure, the more natural quantity to monitor is, similarly to [1],

/02 O(x,t) cot(pzx)dz.

Since x = 0 is the stagnant point of the flow for all times while solution remains smooth,
and since 0y(0) = 0, blow up of the above integral implies loss of regularity of the solution.

We begin with derivation of some useful estimates for u(x). Using that, due to our sym-

metry assumptions, our initial data is also odd with respect to x = é, we can write u

as
1 [ e L
wte) =2 [ et Qogsinlnte o) =t sinlute — )] +-al) dy
0 L2
1 (B2 sin? u(z —y sin? u(z +y) + a
:—/ (1og #‘+log — ( ) )w(y)dy.
T Jo sin® pu(x + y) sin® u(x —y) +a
Define
" .2 _ .9
(15) F(z,y,a) = il log —S%DQM(x ) + log S?nz mety ta .
tan px sin® pu(x +y) sin® u(x —y) +a
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Then the Biot-Savart law (14) can be written in the following form, which will be handy in
the proof:

L)2
(16) ) cot(r) = = [ P, a)ut) cotl) dy

The majority of this section will be devoted to establishing properties of F' that will allow
for a proof of finite time blow up analogous to the one for H L model in [1]. These properties
are contained in the following lemma.

Lemma 3.2. (a) There exists a positive constant C' depending on a such that F(z,y,a) <
—C<0for0<z<y<lL/2

(b) For any 0 <y <z <%, F(z,y,a) is increasing in x.
(c) For any 0 < z,y < £, cot(uy) (8, F)(z,y, a) + cot(uz) (0. F)(y, x, a) is positive.

Note that F' is not symmetric in x and y. Define

; :
K(a ) = 20 0 )|
tan px sin p(z — y)
then
tan sin? u(z +y) +a
(17) Fle.y,a) = —2K (2, y) + S 1 | ST Fy) ol
tan px sin® u(x —y) +a

The term K(x,y) arises from the original HL model and one can view it as the main
contributor from F' towards the blow up. In order to show Lemma 3.2, we first need the
following technical lemma for K (z,vy).

Lemma 3.3. For simplicity, let us write K(x,y) in the following form:

tan(uy)

+1 :
8—‘, with s=———""=

18 K = sl
(18) (z,y) = slog | —

tan(ux)

Then it has the following properties:
(a) K(z,y) >0 for all z,y € (0,5L) with © # y
(b) K(z,y) > 2 and K,(z,y) >0 for all0 <z <y < 3L
(c) K(z,y) > 2s* and Ky(z,y) >0 for all 0 <y <z < 3L
The detailed proof of Lemma 3.3 can be found in [1], Lemma 4.1.

Proof of Lemma (3.2)(a). First, it is easy to see that F' is non-positive. Indeed

19) sin® p(x — )| [sin® p(z +y) +a] |1 @G| .
sin? u(z +y) | |sin® u(z — y) + a I+ e |

because sin? pu(x — y) < sin? p(x +y) if z,y € [0, L/2].

For the better upper bound, we first consider the region 0 < x <y < L/4. For the region
L/4 <x <y < L/2 if we take 2* = £ —z, y* = L —y then 0 < y* < 2* < L/4, and
relabelling of the variables brings the kernel to the original form. This means the argument
for this region would follow from that for the region 0 < x < y < L/4. We divide our

estimate of this region into four separate cases. Let a* = min{a, 1—16}
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Case 1: @L:\/‘F<x<y<[//4

m

sin(%)

s
4

In this domain we have sin py > sin pz > pr > \%;w > \%\/a*, COS 4T > COS [y >
\%, hence

sin? ju(x — y) = sin® pu(x + ) — 4sin pw sin py cos pa cos py < sin’ p(x +y) — a*,

SO
(20)
2 - .. 9 % 1 + - a*
F(z,y,a) <log S%HQ e y)‘ + log S?nz ety ta = log w
sin® pu(z + ) sin® u(x —y) + a* 1+ T
14 —5%—
(21> S 10g sin? /L(*Z"H/) S —Oo(a) < 0
——
sin® u(z+y)—a*

where Cy(a) is a positive constant independent of x,y. In the last step we use the fact that

, a* at \ 7! (a*)* . . L

the function {14+ — | | 1+ " = 1 — ~—— is increasing in z for a* < z < 1 and
z z—a z

fixed a*.

Case 2: O<x<y<@<L/4

From Lemma 3.3 (b), we know

tan py
lo
tan px

(22) 4> 2K (z,y) = i (i — ) ‘ .

sin® p(z + y)

so if we can show the contribution from the other part of F(z,y,a) is bounded above by
some constant less than 4, we are done. Expanding, we have that second term in (17) is
equal to

t
(23) =l
tan px

sin? pa cos® py + 2sin pa cos py sin py cos pa + sin’ py cos? px + a

sin? jux cos? piy — 2'sin pua cos py sin juy cos pa 4 sin? iy cos? px + a

Since 0 < y < Y& < \/76, we know sin? iy cos? ux < sin?y/a - 1 < a. Then we have that (23)
is bounded above by

(24)
tan py sin? pux cos? py + 2sin pa cos puy sin py cos pz + 2 sin? py cos? pa 2s + % +2
log |~ : : — =slog|o———
tan px sin® px cos? py — 2 sin px cos py sin puy cos px + 2 sin” py cos? px 25+ —2
t
where s = tan BY  As a function of s, by direct calculation we find the derivative of the
an [
right hand side of (24) is
4s — 853 2s+1+2
25 — 4 log | ————| .
(25) T4st % 2s+§—2‘

By taking the derivative of (25), we find the second derivative of (24) is
8(4s* +4s* — 1)
(4s* +1)2
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which is negative for s > 1. And we know that

4s — 8s° 25+ 1 +2
lim (24_103; S—SD =0

s—oo \ 1+ 4s% 28—1—%—2
which means the right hand side of (24) is increasing in s for s > 1 and
_ 25+ 1 +2
lim slog |—F——| =
S$—00 23 —+ i 2

Case 3: ‘é—“7<a:<‘/‘?<y<L/4
n

I

tan py <
tan uzr —
C}(a) for some constant depending on a. Also, cos? puysin? ux < 1-sin? \/a < a. Then (23)
is bounded above by

In this case, because we know that z is bounded away from zero, we have s =

5—1-2—1—%

26 log | ———
(26) 80g5—2+%

Similarly to the previous case, the second derivative of (26) is negative for s > 1 and the limit
of the first derivative of (26) as s goes to infinity is zero, which means (26) monotonically
(while s > 1) increases to 4 as s — co. However, since s is bounded above, the expression
(26) can be bounded by some constant Cy(a) which is strictly less than 4. On the other
hand, note that (22) still applies.

Case 4: 0<x<‘é;‘:‘<@<y<l}/4

On theset A= {(z,y):0<z < ‘é;j, % <y < L/4}, F(x,y,a) is a continuous negative
function (since |x — y| has a positive lower bound and points where x = 0 are removable
singularities). Since F' # 0 on A and A is compact, F' achieves a maximum C5(a) which is
strictly less than 0.

This completes the analysis for the region 0 < = < y < L/4, and therefore for the
region L/4 < z < y < L/2 by symmetry considerations. Now, we are left the domain
O<z<L/d<y<L/2

This case is simpler and the analysis is divided in the following two cases. First, suppose
0<L/8<x<L/4<y<3L/8<L/4Then 3 < p(x+y) <3 and 0 < pu(y —x) < J so
there exists € > 0 such that sin® u(z +y) > £ + e. However, sin® u(z — y) < 1. From this,
we get sin? u(z + y) — sin® u(x — y) > €* for some constant ¢*, which means (20) follows if
we replace the a* by €*. Then we get the desired estimate. If x and y are not in this region,
there exists a constant ¢ > 0 such that y —x > ¢ > 0, then again by the same argument as

in the Case 4 and we get the desired inequality.
This completes the proof of (a). O

Proof of 3.2(b). We compute directly and get

cot(uy) (8, F)(z, y, a) = —pesc(uz) (log (W) +log (S?nz ,uEx +y) + a))

sin? pu(z + vy
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+ pucot(px) [25111/1(% - ()COSM(I o) B 2sin u(x — y) cos p(z — y)]

sin® ;1 Y) sin? p(z —y) +a
_ jcot(a) 2sinp(z +y)cospu(zr +y)  2sinp(x +y) cos p(zr +y)
pEoT sin? u(z + y) sin? u(z +y) +a

= —pnese(ur) 1o (0 g (S L0 Y )

sin® u(x + y) sin? p(z —y) +a

2a sin p(z — y) cos p(xr — y) 2a sin p(z + y) cos pu(x + y)

+ prcot(ua) [ 2 _

=1+1I.

sin? p(z — y)(sin® p(z —y) +a)  sin? u(z + y)(sin® p(z + y) + a)

The term I, by the same calculation as (19), is positive. The term 17, when z > y, can be
expressed as

cot(px)(g(z —y) — g(z + 1)),

cos(ut)
sin(ut)(sin?(ut)+a)
cos u(x +y), 0 < sinpu(x —y) < sinp(xz + y). This means that g(z —y) > g(x + y), which

implies 7/ > 0. This completes the proof of (b). O

where ¢(t) = It is easy to see that whenever 0 <y <z < £, cospu(z — y) >

Proof of 3.2(c). Now, for the final part of the lemma. First of all, we set
G(z,y,a) = cot(uy)(0:F) (2, y, a) + cot(uz) (9. F)(y, , a)
L2
= —pulesc? () + csc(uy)) llog <Slni—y)> +log <S?Il2 pw(x +y)+ a)]

n’ u(x +y) sin” p(z — y) +a
2a sin p(x — y) cos p(x — y)

sin? pu(x — y)(sin? p(z — y) + a)

+ p(cot(px) — cot(py))

2asin p(x + y) cos p(z + y)
— p(cot(pux) + cot -
p(cot(pz) (M‘y))sm2 p(z + y)(sin ,u(x +y) +a)
sin” p(x — sin? u(z +y) +a
—p(cot?(ux) + cot?(uy) + 2) {log ( il ) ( iz 1) )]
sin? ju(z + ) sin® u(z —y) +a
B 2a cos p(x — y) B 2a cos ZU‘l'?/
'u(sin2 p(z —y) + a) sin(pz) sin(uy) N(sm w(z +y) + a) sin(pz) sin(uy)
sin” p(x — sin® u(z +y) +a
—p(cot?(px) + cot?(uy) + 2) {log ( il ) og ( il y )]
sin? p(z +7) sin? p(z —y) +a

a
- ¥ -l
sin u(x —y) +a  sin®p(z +y) +

— 2p cot(px) cot(uy) {

a a
—9 _
: [Sin2u(x —y)+a  sin®p(z+y) +a}

Now our aim is to prove the positivity of G(x,y,a). Notice that when a = 0, G(z,y,a) =0,
as a consequence, to prove the positivity of G(x,y, a), the only thing we need to show is that

|
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this function is increasing in a for any x,y in the domain. On the other hand,

1 1 1
. (x,y,a) = (cot*(ux) + cot*(uy) + 2) [sinz Wz —y)+a sniulz+y)+ a]

sin? Iu(gj — y) sin? ,u(x + y) :|
(sin® pu(z —y) +a)?  (sin® u(z —y) + a)?
_ sin? #(1’ — y) sin? ,u(x + y)

ZL }

— 2 cot(px) cot(uy) [

sin® p(z —y) +a)?  (sin® p(z +y) + a)?
sin® pu(zx + y) — sin® p(z — y)
(sin? u(z — y) + a)(sin® u(z + y) + a)

= (cot?(px) + cot?(uy) + 2)

— 2cot(ux) co sin” p(z — y) sin® p(z + )
2 t(/L ) t(:uy) |:(Sin2 ,u(a: _ y> + a)2 (Sin2 Iu(]} - y) + a)2:|
., [ sin? u(z — ) B sin? p(x + y) }

(sin® p(w —y) +af (sin® plw +y) + a2

Therefore,

1

;((Sir12 p(r —y) + a)(sin® p(z + y) + a))*0.G(x, y, a)
= (cot?(uz) + cot?(py) + 2)(sin® p(z +y) — sin® p(z — y))(sin® u(z — y) + a)(sin® p(z +y) + a)
— 2 cot () cot(uy) [sin® p(z — y)(sin® p(x + y) + a)? + sin® p(z + y)(sin® p(z — y) + a)’]

— 2 [sin? p(z — y)(sin® p(z +y) + a)* — sin® p(z + y)(sin® p(zr — y) + a)?] .

It is easy to see that this is a quadratic polynomial in a of the form Aa? + Aja + Ay. We

will explicitly compute As, Ay, and Ay and show each term is non-negative. For the second
order term we get

Ay = (cot? (ur) + cot? (uy) + 2)(sin? u(ax — ) — sin® u(x + )
— 2 cot(pux) cot(uy)[sin® u(x — y) + sin? p(z + y)]
~ i (i — ) — sin® pu(z + )]
= (cot®(ux) + cot?(uy))(sin® pu(x + y) — sin’ p(z — y))
— 2 cot(px) cot(py)[sin® u(z — ) + sin? u(z + y)].
This means

tan(pz) | tan(uy)
tan(uy)  tan(uz)
— 2[sin® p(z — y) + sin® p(z + y)].

tan(pa) tan(uy) Az =( )(sin® pu(x + y) — sin® p(z — y))

If we set % = s, we get

tan(pa) tan(uy)
cos(py) cos(px) sin(py) sin(pz)

Azz(s—l—é)-4—2[2-(s—l—é)]:0.
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This means as long as 0 < x,y < %, Ay = 0. Similarly, for coefficient of the first order term
Aq, we have
Ay = (cot?*(p) + cot®(uy) + 2)(sin® p(z + y) — sin® p(x — y)) (sin® p(z + y) +sin® p( - y))
— 2 cot(pux) cot(py)[2sin® u(x — y) sin? u(x + y) + 2sin? p(x + y) sin® p(z — y)]
— 2[2sin? pu(x — y) sin? p(x +y) — 2sin? p(x + y) sin® p(z — y)]
> (cot?(juz) + cot(uy) + 2)fsint (s + ) — sint u(z — )]
— 8 cot(pux) cot(uy)[sin® pu(x — y) sin® u(x + y)).
tan(uz)

Again, by setting tan(uy) — S We get

tan(px) tan(uy) s 1, s 1 < 1 . 1
cos(jiz) cos(py) sz sinug) 1 = T 5) A2+ ) 8T Dls+ TH2) 282

Lastly, for the coefficient of the constant term Aj, we have
Ay = (cot?(uz) + cot?(uy)) (sin® u(x +y) — sin® p(x — y)) sin® p(w + y) sin® pu(z — y)
— 2 cot(px) cot(py)[sin? p(z — y) sin® p(z + y) (sin® p(z + y) + sin® p(z — y))]
— 2sin® p(z — y) sin® p(z + y)[sin® p(z +y) — sin® p(z — y)]
= (cot?(uz) + cot?(uy))(sin® p(x + y) — sin® p(x — y)) sin® p(x + y) sin® p(a — y)
— 2 cot(pux) cot(py) sin® pu(x — y) sin® u(x + y)[sin® p(x + y) + sin® p(z — y)].

Setting again s = Ezﬁgﬁ Z;, after computation we have
t t 1 2
— — an(NfE) an(luy) . - AOI(S+_)‘4_2'<2S+_):O
sin® p(z — y) sin” u(x + y) cos(px) cos(py) sin(pz) sin(uy) s s
In all, we have 0,G(z,y,a) > 0 for 0 < z,y < % This completes the proof. O

Remark 3.4. One may notice that when a — oo, %G(x, y,a) tends to

(27) —(cot?(px) + cot?(uy) + 2) {log (%)} — 4 cot(ux) cot(py).

The positivity of this quantity is also proved by Lemma 4.2 in [1], in which the authors
use technical trigonometric inequalities. Our proof of the above lemma provides another
approach to estimating this quantity.

With these lemmas at our disposal, we are ready to prove finite-time blow up.
Proof of Theorem 3.1.

Suppose we have a global smooth solution. We will show blow up of the following quantity:

L/2
I(t) := /0 0(z,t) cot(puz) dx.

thereby arriving at a contradiction since

t
(1] < Cl0w(, )| < Cllboz [ oe exp (/ [ (-, 5)|| o dS) :
0
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If I were to become infinite in finite time, we would be able to use Beale-Kato-Majda type
condition for the system as stated in equation (13) from which we can conclude finite time
blow up.

We first compute the derivative of I(t):

d 1

L/2 L2
GO =2 [ 0uwt) [ wlynt) ot o, yoa) dy de
dt T Jo 0

By the negativity of F' and part (a) of the lemma, the expression above is bounded below by

C L/2 L/2 C L/2
C [ [ sttt dyds =S [ ottty cotlu) dy = €0
0 x 0

(where J(t) = 2 OL/2 0(z, t)w(z,t) cot(uzx) dx). Then
L/2 L/2
(28) %(J(t)) = %/0 O(x, t)w(z,t) (u(z,t) cot(px)), dr+ g—: i 0% (z,t) csc?(ux) da.

By Cauchy-Schwarz inequality, the second integral is bounded below by % (t)? for some
constant C'. The first integral is given by

L/2 L2
(29) [ ow [ [ et tule) cottua), dx] ay

Observe that since # is non-decreasing on [0, L/2], the expression (29) is positive if we can
show the integral in the brackets is positive as well. This is our next task. For z,y € [0, %L],
w(z) can be decomposed as

w() = w(@) X0 (%) + W)X, 11 (%) = wil@) + wr(2).
Then we can decompose the integral:

L/2 L/2 L/2
/ (@) fulz) cot ()], dr = ~ / i (2) / wely) cot(uy) (0. F) (z, y, a) dy d

™

L/2 L/2
o [ [ ) cottun) 0.F) . a) dyds

™

By positivity of w on [0, %L] and part (b) of the key lemma, the first integral is non-negative.
By using symmetry, the second integral is equal to

1 (L2 L2
= / wr (@), (1) Gz, y, a) dy dx
™ Jo 0

where as before G(z,y,a) = cot(uy) (0. F)(z,y, a) + cot(uzx) (0. F)(y, x,a). However, by part
(c) of the lemma, this is positive. Together with (28) and (29) we have:
d? 5
30 —I1>CI
( ) d2- — ’

for some constant C'. To close the proof, we only need the following lemma:
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Lemma 3.5. Suppose I(t) solves the following initial value problem.:

(31) %](t) > c/t P(s)ds, 1(0) = Io.

Then there ezists T = T(C, Iy) so that limy_,7 I(t) = oco.
Moreover, for fited C and any € > 0, there is an A > 0, so that for any Iy > A, the blow
up time T' < €.

The proof of this lemma is straightforward, and one can also find a sketch of the proof in

[1].

4. STABILITY OF BLOw UP WITH RESPECT TO PERTURBATIONS

In this section, we consider our system (5) and (6) but with a Biot-Savart law which is
a perturbation of the Hou-Lou kernel. As before, we will work with periodic solutions with
period L, and assume that the vorticity is odd (this property will be conserved in time for
the perturbations we consider). The velocity u is given by the following choice of Biot-Savart
law

(32) w) = = [ Qogsinlp(e = )]+ fla ) (o) v, o= /1
(33) = upgr(r) +ur(z)

where f is a smooth function whose precise properties we will specify later. We view f as a
perturbation and we will show solutions to the system (5) and (6) with (32) can still blow
up in finite time. As with the previous system (5), (6), (9), it is not hard to show that we
will still have a local well-posedness result akin to Proposition (2.1). In particular, if 7% is
a maximal time of existence of a solution then we must have

t
(34) lim [ )l dr = o

We show below that such a time will exist for some initial data.

Theorem 4.1. Let f € C*(R?), periodic with period L with respect to both variables and
such that f(x,y) = f(—x,—y) for all z,y. Then there exists initial data wy, Oy such that
solutions of (5) and (6), with velocity given by (32), blow up in finite time. Again, that
means there exists a time T such that we have (34).

We will consider the following class of initial data:

e 0y, wo smooth odd periodic with period L

® 0gz,wo > 0 on [0,3L].

o 90(0) =0

o (supp fo, Usuppwo) N[0,5L] C [0,¢]

® [[folloc < M
We will make the choice of specific € below. Observe that by the assumptions, wy and 6,
are also odd with respect to %L. By the following Lemma 4.3, we can choose € sufficiently
small so that the mass of w near the origin gets closer to the origin leading to a scenario
where blow up can be achieved.
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Remark 4.2. With the choice of f(z,y) = log\/sin® u(x — y) + a, we have the kernel from
the previous section. However, in the previous section, we proved blow up for a larger class
of initial data.

Lemma 4.3. With the initial data wy and Oy as given above, we can choose €, sufficiently
small so that for e < €1, u(x) < 0 for x < € where u is defined as (32).

Proof. By periodicity and support property of w,

1 (L tan(puz) — tan(py)
u(x) = — lo + f(z,y) — f(x,— w(y)d
@)= [ (tog| R ) o)) ) dy
1 [€ tan(ux) — tan(uy)
=— 1 — — dy.
2 [ (o D= B oy — o)) wlo)
By the mean value theorem, for 0 <y <e, |f(z,y)— f(z, —y)| < 2¢||f||c:. By the singularity
of the HL kernel when x = y = 0, we can choose ¢; such that the expression in the
parentheses is negative for 0 < z,y < €. 0

It follows that under our assumptions on the initial data, w(z,t) and 0, (x,t) are supported
on [0, ¢] for all times while regular solution exists. We will also need the following lemma

controlling the integral of w over half the period.

Lemma 4.4. There exists € > 0 such that for € < €3, with wy and 6y as chosen above,
solutions of (5), (6), (32) satisfy

L/2
/ w(y,t) dy < Mt.
0

Proof. Integrating both sides of (5) and integrating by parts we get

L)2 L2 L)2 L)2
/ mmw@:/ mwwmw@+/ %Wﬂ@SM+/ e (y)w(y, ) dy
0 0 0 0

If we can show the remaining integral on the right is negative, we are done. Due to our
symmetry assumptions, the integral can be written as

L/2 L/2
%/0 P.V./O (neotfpu(z —y)] — peot[pu(z + y)] + fulz, y) — folz, —y)) wlz, w(y, t) dy dz.

By symmetry, the integral with cot[u(z — y)] is 0 and using the support property of w, the
above expression is equal to

% /06 /06 (_ COt[,u(a7 + y)] + fx(&?, y) — fx(g;7 _y)) W($, t)W(y, t) dy dx

Since f is smooth and w is positive, we can make 5 small enough so that the kernel in the
parentheses above in the integrand is negative. ([l

Now, so we can take advantage of our lemmas, we choose € = min{ej, €5} for the support of
our initial data.
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Proof of Theorem 4.1. Throughout, C(f) will be a positive constant that only depends on
f and not wy. We will show that

L/2
(35) I(t) := / O(x,t) cot(pzr) dx
0

must blow up. Taking time derivative of I and using Lemma 3.3, we get

d L/2

Ly = - / w(@)0, () cot(u) da

dt 0

1

L2 L)2
— [ [t ot K o) dy o

™

L/2 L/2
4 [ 0ua) (o) o) do = 0+ [ 62(a) g (o) cot(ue) da
0 0
where, using the same notation as before,

L/2
J(t) = z/0 0(z)w(z) cot(pz) dx

/0

Now, we would like to bound the extra term arising because of f. Since f is smooth and w
is supported near the origin,

|uy () cot(pr)| =

€ L/2
/0 [cot(px)(f(z,y) — f(z,—y))|w(y) dy' <C(f)- (/O w(y)dy) :

Therefore, we have

L/2
(36) %I(t) > J(t) = C(f)M </O w(y)dy> > J(t) - C(f)M*t
Now, we derive a differential inequality for J(t).
L/2
%J(t) = %/0 —(0(z)w(x))u(zx) cot(puz) + 0,(x)0(z) cot(px) dx

L/2 L/2
_? /0 0(z)w(z)(u(x) cot(pz)), dx + %/0 0*(z) csc?(ux) dx

™

2
As before, by Cauchy-Schwarz inequality the second integral is bounded below by ﬁ[ (t)?.
We split the first integral into two parts:

L/2 L/2
2 /0 O(z)w(x)(upr(x) cot(ux)), dx + % /0 O(x)w(x)(us(x)cot(pz)), du.

(e

By the arguments in the proof of theorem 3.1, the first integral is positive. The second
integral is equal to

L/2 L/2
(37) [ o [ | @ cot(ux»zdx] dy

™



STABILITY OF BLOW UP FOR A 1D MODEL OF AXISYMMETRIC 3D EULER EQUATION 17

Using the smoothness, boundedness, and symmetries of f, we have

(38) 192 (s () cot(uz)) | = / 0, [cot(ua)(f () — Flo,—y))]w(y) dy

Now let h(z,y) = cot(ux)(f(z,y) — f(x,—y)). Then it is easy to see that h € C' when
f € C?, which means that |0,h(z,y)| is bounded above. This implies that the right hand
side of (38) can be bounded above by

L)2
o) - ( / w(y)dy) .

Inserting this estimate into (37), and using monotonicity of 6, we get that (37) is bounded
below by

2

L/2
oM (/ w(y)dy>.
d 2

L2 2
B0 Liw = 2 - c(pu ( / w(y)dy> > Z1p - ogaee

Putting things together, we get

Now, we will show that the differential inequalities we have established will lead to finite
time blow up. By (36) and (39) we obtain

dif(t) > % t I*(s)ds + J(0) — c(f)M>t — O(f)M3ﬁ

(40) t o 3 3
> 2 [ Ployds — ()Mt — C(f)MPE.
2 J, 3

We claim that one can choose I(0) large enough so that the effect of the negative terms is
controlled. By a rather crude estimate we have

Lr) > —e(pare - ot
dt - 3

After integration, this implies

t? tt
(41) I(t) > I(0) — C(f)M? (5 + Mﬁ) .
Now fix a time, say 1. We will show that I(0) can be chosen large enough so that I(¢) blows
up before time 1. Note that assuming I(0) > C(f)M? (5 + M $), we have for ¢ <1,

% | I(s)ds > % [1(0) —O(f)M? (% + %)}
Choose 1(0) so that
(42) 10) = e (5 +35) + nyfenar +cn
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Then, for 0 < ¢ < 1, with this choice of I(0) and using (40) and (42), we get

d 1 [t M3 3
G102 5 [16pds e (cppr i) - dnare- oy
> % Otl(s)2 ds

By perhaps making 7(0) a little larger, if needed, we can show I(t) becomes infinite before
time 1 by Lemma 3.5. U

5. APPENDIX: REAL LINE CASE

One can also consider the model equation (5) and (6) with the law (9) for compactly
supported data on R. we only outline main ideas and changes involved, leaving all details to
the interested reader. Without loss of generality we assume the domain of the initial data
s [=1,1]. In this case, similar argument like in Section 2 can show that the corresponding
modified Hou-Luo kernel will be

0 = () (222

for a > 0.
The analogue of Lemma 3.2 will be the following:

Lemma 5.1. (a) For any a # 0, there is a constant C(a) > 0 such that for any 0 < x <
y < L, F(x,y,a) < —C((Z>

(b)For any 0 <y < x < 00, F(x,y,a) is increasing in x.
(c) For any 0 < z,y < oo, i(@xF)(x,y, a) + %(&;F)(y, x,a) is positive.

Proof. First it is easy to see that F(x,y,a) is non-positive. For part (a), one can follow the
similar but easier argument as in the proof of part (a) of Lemma 3.2. Now let us prove part

(b) and (c).
Proof of (b)

By direct computation

2o == o (s )+ (550 )
é[gijn‘u32¥?a ZZZ? zﬁ;?a]

)2
BNEE
1 [( _yZa(I—y) T +y)

x )%@—yﬁ+®_wx+w(@+yy+®1
=I1+1I.
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The term I, by the same argument as in the proof of the periodic analog, is positive. For
the term I, we have

I = é(g(:ﬂ —y) — gz +y)),

where g(t) = Tty 1t s easy to see that for ¢ > 0, g(t) is decreasing in ¢, which means

II > 0 whenever 0 < y < x.
Proof of (c)

First of all, let us call our target function G(z,y, a), which means

Gl 9,0) = £ (O.F),,0) + (0, F) (3.,

i (1 - 5) (u-y?fféiiz

2a 2a
zy((z —y)? +a)  zy((z+y)*+a)
Now our aim is to prove the positivity of G(x,y,a). Notice that when a = 0, G(z,y,a) =0,

as a consequence, to prove the positivity of G(z,y, a), the only thing we need to show is this
function is increasing in a for any x,y in the domain. On the other hand,

actas=- (5 1) (crmbess- o)

_3[ (z —y)? (z +y)? }
vy [((r—y)?2+a)?  ((x+y)?+a)?

As a conclusion,

(@ —y)* +a)’((z +y)* + a)°0.G (2, y,a)

- <i ! yl) @+ =@ =y(a+y’ +a)( -y +a)
[ = 9P+ 0P @ @)@ )+ o]

It is easy to see this is a quadratic polynomial in a. Let’s call the coefficient of the second
order term A, , then

A= (4 ) (@0 = =) - 2w =)+ o+ )"
= (i - i) Axy — %[2# + 2¢/%]

= 5 (@ +y*)zy — 2y(a® + 7))
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=0.
Similarly, for coefficient of the first order term A;, we have
1 1 2
Ay = (; + ?) (Uzy)((z +9)° + (2 =) = 20 = 9) (@ +9)" 4+ 2+ 9)* (@ — )]
1
= 2l + 97 By —Bay(a® — o)’
> 0.

Lastly, for the coefficient of the constant term Ay, we have

A = (% + %) (dey)(z + )@ — 1)* = —[(@— 9z + ) + (2 + )@ — )]

ry
B Chs yizg(ﬁ I (0 4 4 - ey — 20g(( + ) + (@ — 9)?)
= 0.

In all, we have 0,G(x,y,a) > 0 for z,y > 0. O

From this lemma, one can do the same argument to get the blow up result, which is the
following theorem:

Theorem 5.2. There exists initial data such that solutions to (5) and (6), with velocity given
by (16), and F(x,y,a) defined by (43), blow up in finite time.

In fact, we can prove the following type of initial data will lead to blow up:

e 0y, wo smooth odd and are supported in [—1,1].
e 0oz, wo > 0 on [0, 1].
[ ] 90(0) = 0.
o ||0o]lcc < M.
And similarly, for general pertubation (analogue of theorem 4.1), we also have the similar
blow up result.
Assume the velocity u is given by the following choice of Biot-Savart Law

(14) w) = = [ (ogl(e =)+ ) o) do
(45)

where f is a smooth function whose precise properties we will specify later. We view f as a
perturbation and we will show solutions to the system (5) and (6) can still blow up in finite
time.

Theorem 5.3. Let f € C? be supported on [—1,1], such that f(z,y) = f(—x,—y) for all y.
Then there exists initial data wy, Oy such that solutions of (5) and (6), with velocity given by
(44), blow up in finite time.

Again we can prove the following type of initial data will form finite time singularity:

e 0o, wo smooth odd and are supported in [—1,1].
® 0o, wo > 0 on [0, 1].
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L] 00(0) = 0.
e suppwy C [0, €].
e ||6o]|ce < M.

We leave the proofs of these theorems as exercises for interested reader.
Acknowledgment. TD and AK acknowledge partial support of the NSF-DMS grant
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