SMALL SCALE CREATION IN ACTIVE SCALARS
ALEXANDER KISELEV

ABSTRACT. The focus of the course is on small scale formation in solutions of the incompressible
Euler equation of fluid dynamics and associated models. We first review the regularity results
and examples of small scale growth in two dimensions. Then we discuss a specific singular
scenario for the three dimensional Euler equation discovered by Hou and Luo, and analyze
some associated models. Finally, we will also consider the surface quasi-geostrophic (SQG)
equation, and review the construction an example of singularity formation in the modified
SQG patch solutions as well as discuss example of unbounded growth of derivatives for the
smooth solutions.

1. INTRODUCTION

In this section we briefly set the stage; for more detailed introduction into our subject here
one may consult excellent textbooks [44] or [46]. The incompressible Euler equation of fluid
mechanics goes back to 1755 [25]. It appears to be the second PDE ever written down. The
equation describes motion of inviscid and incompressible (also called ideal) fluid. The Euler
equation is a close relative of the Navier-Stokes equations of fluid mechanics, which came about
almost one hundred years later and include viscous effects. One could argue that the Euler
equation is less relevant in applications - for example, an observation due to D’Alambert is that
there is neither drag nor lift on a body moving in an irrotational ideal fluid. However, Euler
equation contains the fluid mechanics nonlinearity, the heart of the Navier-Stokes, and thus for
a mathematician it is the first equation to understand. It is also a model of choice in a variety
of situations where viscous effects can be ignored. The equation is given by

ou+ (u-V)u=Vp, V-u=0. (1.1)

Here u(x,t) is the vector field of the flow, and p(x,t) is pressure. When set in a domain D
with boundary, the boundary condition that is natural in many instances is no penetration,
u-nly, =0.

The story on global regularity vs finite time singularity formation question for the Euler
equation is very different in two and three dimensions. To see why, it is convenient to look at
vorticity w = curlu. In the vorticity form, the Euler equation becomes

Ow+ (u-Vw = (w- V)u, (1.2)

which is supplemented with the Biot-Savart law which allows to express the velocity u through
vorticity. In two dimensions, the Biot-Savart law takes form u = V4 (—Ap)~lw, where Ap is
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the Dirichlet Laplacian on domain D or simply Laplacian on R? or T?, and V+ = (8,,, —0,,).
In three dimensions, v = curl(—A)"'w in R? or T?, while in bounded domains the Biot-Savart
law in general takes more complicated form (see [24]).

Coming back to (1.2), notice that the term on the right hand side vanishes in two dimensions.
This makes equation simpler; notice that for any smooth solution and p > 1 we have

8t/ lw(z, t)|P de = p/ |w|P~ ! sgn(w)Ow da = —/ u- Vwl|Pdr = / (V- u)|w|? dz = 0;
D D D D

where the third step is obtained integrating by parts (using the boundary condition) and the
last one by substituting V - u = 0. This observation yields many conserved quantities that in
three dimensional case are lacking.

In the next section, we overview existence and uniqueness theory for a fairly general class of
solutions to the 2D Euler equation, called Yudovich theory.

2. THE 2D EULER EQUATION: A SKETCH OF YUDOVICH THEORY

In this section, we assume that D C R? is a smooth bounded domain or that solutions are
periodic in space (i.e. D = T?). More details on the material of this section can be found
in [39,44,46]. A classical solution of the 2D Euler equation is a C'' function w that solves

ow+ (u-Vw=0, u=V*(-Ap)~'w, w(x,0)=wy(x). (2.1)

It turns out that one can define unique solutions for more general classes of the initial data if
one properly modifies the notion of solution.
A key object of the Yudovich theory are particle trajectories ®;(z):

CMDdt—ix) = u(Py(x),t), Po(x) =2 (2.2)
which are defined by incompressible vector field w. If u is smooth, then so is the map ®4(x);
this map is also measure preserving since u is divergence free. The map is one-to-one on D by
uniqueness of solutions to ordinary differential equations with Lipschitz coefficients. It is not
hard to see that it is also onto by solving (2.2) backward in time.

A direct calculation shows that w remains constant on trajectories (again, for smooth solu-
tions), namely, Lw(®,(z),t) =0, so

w(z,t) = wo(®; (). (2.3)

Next, denote by Gp(x,y) the Green’s function of the Dirichlet Laplacian in domain D, so
that

u(:z:,t):/DVLGD(x,y)w(y) dy. (2.4)

A C* solution of the Euler equation satisfies the system (2.2), (2.3), and (2.4). We are going
to define solutions of low regularity, with w just in L, by using (2.2), (2.3) and (2.4) instead
of (2.1). At the heart of the argument are a few simple observations. The first one is a well
known estimate of potential theory.
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Proposition 2.1. If D C R? is a compact domain with a smooth boundary, the Dirichlet
Green’s function Gp(x,y) has the form
1

Here, for each y € D, h(x,y) is a harmonic function solving

1
Azh =0, hl,cop= Ton log |z —yl. (2.5)

We have Gp(z,y) = Gp(y,z) for all (z,y) € D, and Gp(z,y) = 0 if either x or y belongs
to OD. In addition, we have the estimates

|Gp(x,y)| < C(D) (Jlog|z —y|| + 1) (2.6)
IVGp(z,y)| < C(D)|z—y| ™, (2.7)
IV2Gp(z,y)| < C(D)|z—y| 2. (2.8)

The following lemma is a consequence of Proposition 2.1.

Lemma 2.2. The kernel Kp(z,y) = V+Gp(z,y) satisfies

/D Kp(,y) — Kp(',y)|dy < C(D)é(|x — 2)), (2.9)
where
o ={ {08 TS (2.10)

with a constant C (D) which depends only on the domain D.

Proof. Set |z — a'| =r > 0, split the integration into By, (z) N D and its complement, and use
estimates of the Proposition 2.1. We leave details to the interested reader, they can also be
found in [39,46]. O

A result on the regularity of fluid velocity is an immediate consequence.

Corollary 2.3. Lt D be smooth bounded domain. Suppose the vorticity w is bounded. Then
fluid velocity u satisfies

[ull = < CD)[[w] 2=, (2.11)
and
u(z) = u(@)] < Cllwl|L=(lz — '), (2.12)
with the function ¢(r) defined in (2.10).

Proof. The estimate (2.11) follows from (2.7). The proof of (2.12) is immediate from Lemma 2.2,
as

u(x,t):/DKD(x,y)w(y,t)dy.
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We say that u is log-Lipschitz if it satisfies (2.12). A key component of the Yudovich theory
is the analysis of the fluid particle trajectories (2.2). The classical requirement for uniqueness
of solutions to a system of ODE is Lipschitz dependence of coefficients on the unknowns. If the
vorticity is bounded, heuristically we expect the velocity u to be one derivative more regular,
which would just match the requirement. However, the L*° is the endpoint setting, where we
lose a logarithm in regularity, leading to estimates on velocity that are just log-Lipschitz. We
will see later that this estimate is sharp and one cannot in general expect better regularity of the
velocity corresponding to bounded vorticity. A key observation of the Yudovich theory is that
we can still define fluid particle trajectories (2.2) uniquely if the velocity w is only log-Lischitz.

The following lemma addresses this question [39,46].

Lemma 2.4. Let D be a bounded smooth domain in RY. Assume that the velocity field b(x,t)
satisfies, for allt > 0:

be C((0,00) x D), [ 1) — by, )] < Collz — y), bt,2)-lp =0.  (213)
Here, the function ¢(r) is given by (2.10) and v is the unit normal to 0D at point x. Then the

Cauchy problem in D

W bet), 2(0) = 20, (214)
has a unique global solution. Moreover, if xo ¢ 0D, then x(t) ¢ 0D for allt > 0. If xqg € 0D,

then z(t) € D for allt > 0.

Note that the log-Lipschitz regularity is essentially border-line: the familiar example of the
ODE
=2, x(0)=0,
with 5 € (0,1) does not have the uniqueness property: for example, z(t) = 0, and
tP 1

x(t):ﬁap:m

are both solutions (and in fact one can find infinitely many solutions by separating from zero
at an arbitrary time). Thus ODEs with just Holder (with an exponent smaller than one)
coefficients may have more than one solution. Existence of the solutions, on the other hand,
does not really require the log-Lipschitz condition: uniform continuity of b(x,t) and at most
linear growth as |x| — +o0o would be sufficient, see e.g. [11] for the Peano existence theorem.
We omit the proof of Lemma 2.4, one can check [46] for details.

Now an iterative scheme can be used to construct a weak solution to the 2D Euler equation
with L> vorticity, using (2.2), (2.3), and (2.4). We summarize the results of Yudovich theory
in the following theorems.

Theorem 2.5. Fiz anywy € L>(D). There exists the unique triple (w(z,t), u(x,t), ®¢(x)) satis-
fying (2.2), (2.3) and (2.4) such that for every T > 0 the vorticity w belongs to L*°([0,T], L>°(D))
and is weak-+ continuous in time in L, the fluid velocity u(t,x) is uniformly bounded and log-
Lipschitz in x and t, and &, € C*T)([0,T] x D) is measure preserving, invertible mapping of
D, satisfying
dd,(x)
dt

= u(Py(x),t), Po(x) =z, (2.15)
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w(@,t) = wo(®; ' (x)),
u(z,t) = /DKD(:U,y)w(y,t) dy.
Here o(T) > 0 and only depends on ||wo||r~ and time T.
A triple (w, u, ®;) satisfying the conditions of Theorem 2.5 is called Yudovich solution to the

2D Euler equation.
If the initial data wy is more regular, this regularity is inherited by the solution.

Theorem 2.6. Suppose that wy € C*(D), k > 1. Then the solution described in Theorem 2.5,
satisfies, in addition, the following regqularity properties, for each t > 0:

w(t) € C*¥(D), ®(x) € C**Y(D), and u € C**(D),
for all B < 1. In addition, the kth order derivatives of u are log-Lipschitz.

An important example of a Yudovich solution of the 2D Euler equations is the “singular
cross” flow, considered by Bahouri and Chemin [1]. We discuss its periodic version here. It
corresponds to the vorticity wy which equals to (—1) in the first and third quadrants of the
torus (—m, | X (—m, 7|, and to (+1) in the other two quadrants:

wo(x1,x2) = —1 for {0 < 1,29 < 7} and {—7 < 21,29 < 0}, (2.16)
wo(xy,29) =1for {0 <z <7, =7 <29 <0}, and {—7 <2 <0,0< 2y <7}.

We set wy to be equal to zero on the separatrices x;o = 0,7. The singular cross has four
vortices, one in each quadrant of the torus, and a hyperbolic point at the origin. In fact, wq
is a stationary Yudovich solution of the Euler equations. To arrive at this conclusion, the key
observation is that wy has the symmetries

WO(Q]l,.??Q) = —CUO(—]Z'l,fEQ) = —WO(.Tl, —.1’2) (217)
on the torus (—m, 7| x (—m, 7).

Lemma 2.7. If the initial condition wy € L, and satisfies the symmetries (2.17), then the
Yudovich solution of the 2D FEuler equations satisfies the same symmetries for all t > 0:

w(wy, xe,t) = —w(—x1, T2,t) = —w(x1, —T2, 1). (2.18)

The lemma is proved by checking that if w(xy, z9,t) is a Yudovich solution of the 2D Euler
equation, then so is —w(—x1, s, t), and then appealing to the uniqueness property to establish
that w(zy, g, t) = —w(—m1, 22, t).

Given odd symmetry and periodicity of w(x,t), it is not hard to check that the stream
function 1 := (—=A)~'w is also odd with respect to both variables, with respect to zero as well
as £m. Then u; = 0,,% is odd with respect to 1 = 0, £7 and us = —0,, % is odd with respect
to x9 = 0, . This implies that the trajectories never leave the quadrants where they originate,
and thus by (2.3) and (2.16) the solution is stationary: w(z,t) = wy(z).

The singular cross flow has remarkable properties showing that the estimates on the Yudovich
solution of Theorem 2.5 are qualitatively sharp. Namely, the following proposition holds:

Proposition 2.8. Consider the singular cross solution described above. Then, for small positive
1, we have

2
uy(z1,0) = ;xl log z1 + O(x1). (2.19)
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The estimate (2.19) corresponds to u; being just log-Lipschitz near the origin. The proof of
(2.19) is based on the periodic version of the Biot-Savart law:

Proposition 2.9. Let w € L®(T?) be a mean zero function. Then the vector field

u=V*+(-A)"'w (2.20)
s given by
=yt e
— __1 A Ml g 291
) = —5-tim | e ay 2:21)

where w has been extended periodically to all R?.
We leave the proof of this formula as an exercise.

Proof of Proposition 2.8. Given (2.21), one can show (2.19) by first estimating that the integral
over the complement of the central period cell (—m, 7| contributes regular Lipschitz term to u;
near the origin. As far as the integral over the central cell goes, let us denote it u{ (x1,0). It is
convenient to go back to representation

—0, 1
i (@1,0) = 52 [ Toglo = ylonto)dy = 1 [ D 1og e = yPn(a) dy.

Integrating in ys over each quadrant and re-grouping the terms, we obtain

1 " (451 — 91)2 /0 (551 - yl)2 )
— 1 dy, — 1 d =
27 (/0 o8 (1 — w1 ) + 2 . o8 (x1 —y1)? + w2 .

[ (1 +y1)? + 7
_/ log yl +_/ 1+ 1) 2dy1.
T Jo (x1 —p)*+

T 4191
log [ 1+ diyy < Caxy.
/0 g( (1’1—1/1)2+7T2) =

Let us split the first term into two parts. First,

T 2 T 2
/ log (1 i ) dy, = / dy; + O(z1) = 2z log xy + O(xy).
2 2

T n + 71 1 n + T
Second, making the substitution y; = z1z in the remaining part we obtain

2 |21 — 11 2 |1 — 2|
log—Z—dy; =z / lo dz = O(xy1).
/0 g$1+yl . "o g|1+Z| (@)

Collecting all the estimates we arrive at (2.19). O

The last term satisfies

Since uy(z1,0) = 0, a trajectory starting at a point (29, 0), with 29 € (0, 7) is just an interval
®((21,0)) = (21(t),0),

moving towards the origin. If 29 is sufficiently small, the component z;(t) will satisfy
) (t) < @1(t) log 24 (2),
and so

;lt(log:cl( t)) <logx(t),
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thus

logz,(t) < e'log !,
and

21 (t) < 21(0)=P®, (2.22)
This estimate has a consequence for the Holder regularity of the trajectory map. Since the
origin is a stationary point of the flow, the inverse flow map ®; () can be Holder continuous
only with a decaying in time exponent (at most ~ e*). Of course, the direct flow map ®,(x)
also has a similar property; to establish it one needs to look at characteristic lines moving along
the vertical separatrix. This is exactly the regularity claimed in Theorem 2.5, and thus the
Bahouri-Chemin example shows that it cannot be improved.

3. THE 2D EULER EQUATION: AN UPPER BOUND ON DERIVATIVE GROWTH

More details on material of this section can be found in [16,37,39,44]. We now turn to
classical solutions of the 2D Euler equation whose existence and uniqueness are provided by
Theorem 2.6. We work in a setting of a compact smooth domain D, but the arguments of this
section can be adapted to work on periodic solutions (i.e., T?) or whole plane R?. The question
that interests us is how quickly can the derivatives of the solutions grow. Such bounds are
implicit already in the work of Wolibner [59] and Holder [32], and have been stated explicitly
by Yudovich.

Theorem 3.1. Assume that wy € C1(D). Then the gradient of the solution w(x,t) satisfies the
following bound

Cexp([lwol|Loot)
Sl < (1 T8 ) oty (3.1)
Wol| Lo WollLee
for allt > 0.

This upper bound grows at a double exponential rate in time which is extremely fast. A
similar double exponential in time upper bound can also be derived for higher order derivatives
of vorticity. The occurrence of the double exponential is unusual. Such fast growth, if realized,
would pose a formidable challenge in numerical simulations. Let us sketch an argument leading
to the estimate (3.1). There are three essential ingredients.

1. The kinematics. Using the trajectories equation (2.2) and some simple estimates, one can
derive the following inequality.

exp (- /Otuvu(-,s)um ds) < 'q)t(ﬁijt(y” < exp (/Ot IV, 5) ds>. (3.2)

Since this bound is two sided, it also applies to to the inverse map ®; ().
2. The vorticity conservation along trajectories. The formula (2.3) implies that

D, () — P, (y)]
7 —yl '

IVw (-, 8)ll < [Vl Lesup, , (3.3)

3. The Kato inequality.

|Vu| L= < C(a, D)||w|| 1 (1 + log (1 + m)) . (3.4)
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The way to think about this inequality is as follows. The derivatives of u can be expressed
as second order derivatives of the stream function, 8§ixj (—Ap)~tw. Such expressions are called
(double) Riesz transforms of w. These are classical objects in Fourier analysis, and lead to
Caldreon-Zygmund operators. Riesz transforms are bounded on LP, 1 < p < oo, but not in L*°
or L' (see e.g. [48]). The structure of the problem, however, requires an L bound and then
we have to pay a logarithm of a higher order norm.

Given (3.2), (3.3), and (3.4), the estimate (3.1) follows from some algebraic manipulations
and application of Gronwall inequality.

4. THE 2D EULER EQUATION: AN EXAMPLE OF DOUBLE EXPONENTIAL GROWTH

More details on material of this section can be found in [37,39).

A natural question prompted by Theorem 3.1 is whether the double exponential upper bound
on growth of derivatives of vorticity is sharp. A variety of examples with some growth in
derivatives have been provided by a number of authors. Yudovich [61,62] built first such
examples with growth near the boundary using Lyapunov-type functionals, but without explicit
growth rate bounds. Nadirashvili’s [49] example is set in an annulus, and is based on using a
perturbation of a stable background shear flow. The rate of growth in this example can be shown
to be linear in time. Denisov [16] has constructed a periodic solution such that |Vw||p~ grows
faster than linearly (in a certain average sense). In [17], Denisov has constructed examples with
extremely strong (double exponential in time in a certain sense) bursts of growth in derivatives
over finite time interval. The idea of Denisov’s construction goes back to the singular cross
example. Indeed, imagine that a smooth passive scalar ¥ (z, t) is advected by the singular cross
flow u, that is,

oY+ (u- V) =0. (4.1)
Assume that the initial data v is a C§° bump supported away from the origin and but nonzero
on the xo = 0 separatrix for x; ~ § > 0, ¢ sufficiently small. Then (®;(6,0),t) = ¥(d) > 0,
while (2.22) shows that ®(5,0) < §*P®). At the same time, 1(0,t) = 0 since the origin is a
stationary point of the singular cross flow. Together, these observations imply that

IV () [1me = o(8)0™ P,

and is therefore growing at a double exponential rate. The 2D Euler equation for vorticity has
the same form as (4.1), but of course it is not passive. Changes in w affect u. Yet the idea
of Denisov is to smooth out the singular cross at a very small scale (which depends on how
long we would like to control the solution), and to place a perturbation close to the separatrix.
In the end, one can mimic the effect of the singular cross flow on passive scalar small scale
formation for a finite time, but then control is lost.

The purpose of this section is to present an example where double exponential growth in
IVw|| L~ is maintained for all times, thus showing that the upper bound of Theorem 3.1 is in
general qualitatively sharp [37].

Theorem 4.1. Consider the two-dimensional Fuler equation on a unit disk D. There exist
smooth initial data wy with ||Vwo| L /||wo|lze > 1 such that the corresponding solution w(x,t)
satisfies

cexp(c||lwol|poot)
IO ([Tl .

laol| oo ool [ ==
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for some ¢ > 0 and for all t > 0.

The example can be extended to any smooth domain with an axis of symmetry [60].

From now on in this section, we will denote by D the unit disk in the plane. It will be
convenient for us to take the system of coordinates centered at the lowest point of the disk, so
that the center of the disk is at (0,1). Our initial data wy(z) will be odd with respect to the
vertical axis: wy(z1,z2) = —wo(—x1, T2).

We will take smooth initial data wy(z) so that wy(z) < 0 for z; > 0 (and so wy(z) > 0 for
x1 < 0). This configuration makes the origin a hyperbolic fixed point of the flow; in particular,
uy vanishes on the vertical axis. Let us analyze the Biot-Savart law we have for the disk to
gain insight into the structure of the velocity field. The Dirichlet Green’s function for the disk
is given explicitly by Gp(z,y) = —5=(log|z — y| — log |z — §| — log |y — e2|), where with our
choice of coordinates § = ey + (y — e2)/|y — ea]?, €2 = (0,1). Given the symmetry of w, we have

i |- |z —yl|z — g

e, =9 [ Gntrppetndy =59 [ o (EZUIET uay, @)
where DT is the half disk where z; > 0, and Z = (—z1, 23). The following Lemma is crucial for
the proof of Theorem 4.1. To state it, we need a bit more notation. Let us introduce notation
Q(x1, x2) for a region that is the intersection of DT and the quadrant 271 < y; < 00, X3 < Yo <
oo. Given m/2 > v > 0, denote D] the intersection of DT with a sector 7/2 — v > ¢ > 0,
where ¢ is the usual angular variable. Similarly, define D] the intersection of D with a sector
T/22> ¢ > 1.

Lemma 4.2. Fiz the value of v, /2 >~ > 0 (later it will be convenient to take v sufficiently
small, in particular v < 7/4). Suppose that x € D]. Then there exists § > 0 such that for all
x € D] such that |x| < 6 we have

4
uy (71, 29, t) = —1’1/ yl—yfw(y,t) dyrdys + 21 By (21, 72, 1), (4.4)
n Q(x1,2z2) |y|
where || By (-, t)]loo < C(7)]lwo[ e
If x € DJ is such that |x| < § then we have

4
Uz(wl, T2, t) = ——X2 ww(% t) dy,dys + $232(5U1, «’132775)7 (4.5)
™ Q(z1,x2) |y‘4

where || Ba (-, ) [lo < C(7)]|wollzoe-

The proof of the lemma is based on careful analysis of the Biot-Savart law; the details can
be found in [37,39].
It will be convenient to denote

Q(xq, x9,t) = —éxg/ yl—ij(y,t) dy1dys. (4.6)
™ Q(z1,x2) |y|
Now let us select the initial data as follows. Fix some small v, and choose § < 1 so that
the bounds of Lemma 4.2 hold. Note that in what follows, we can always make § smaller if
necessary. Take wg(x) = —1 if 21 > §, odd with respect to x, and satisfying 0 > wo(x) > —1
for z € DT.
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Lemma 4.3. Let the initial data wy be as above. Suppose that |x| < 6. Then, if ¢ is sufficiently
small, we have
Q(x1,z9,t) > clogd™* (4.7)

for some universal constant ¢ > 0. Here Q(xy,x2,t) is given by (4.6).

Proof. We sketch the proof of this estimate leaving detailed computations to the reader. The
key observation is that the trajectory map ®,(z) and its inverse are area preserving, while
w(z,t) = wo(®;*(x)). For this reason, for all times ¢, the area of the set S, C D% where
—1 < w(z,t) < 0 does not exceed 26; on the complement of S; we have w(z,t) = —1. Given this
observation, (4.4) and the formula (4.6), it is not hard to devise a lower bound estimate that will
show (4.7). The singularity of the kernel in (4.6) would yield log |x|~! > logd~! if integrated
against —1 over all Q(z1,x2), and removing a set of measure < 26 from the integration region

will preserve the lower bound by log 6. O
Now we will put one more requirement on the initial data. Given 0 < 2} < 2z < 1, we set

O(z), ) = {(z1,22) € DY, 2 <1 <2, m <x} . (4.8)

We are going to take a sufficiently small ¢ < § and require in addition that wo(z) = —1 for

r € O(e’, ¢). We can find wy satisfying this requirement such that ||Vwgl|z~ < €710,
Let us also define, for 0 < z; < 1,
uq(x1,t) = min u1(x1, To,t 4.9
we,t)= - min o wlEnet) (4.9)
and

Uy (zy,t) = (th)énDaix’mgxlul(xl,xg,t). (4.10)

Since w(x,t) and u(x,t) are smooth by Theorem 2.6, these functions are locally Lipschitz in

on [0, 1), with the Lipschitz constants being locally bounded in time. Hence, we can uniquely
define a(t) by

d =u(a,t), a(0)=¢"?, (4.11)
and b(t) by
V' =u,(b,t), b0)=¢. (4.12)
We set
O; = O(a(t),b(t)) (4.13)

note that Oy is exactly the set where we set wy = —1 (in addition to the z; > 0 region). The
next key observation is

Lemma 4.4. We have w(x,t) = —1 for x € O, for all t > 0.

Note that for what we know so far, O, may become empty at some point in time. We will
see later that this is not the case.

Proof. Here is the sketch of the argument. Note that due to Lemma 4.3, if 4 is chosen sufficiently
small, then O, will lie in the region z; < ¢ for all times and thus the estimates of Lemma 4.2
will continue to apply for all times. The main idea is that given any point y € O,, we have
y = ®y(x) with x € Oy. If we can show that, then the lemma is proved by (2.3). Suppose
that this is not true, and some trajectory ®,(z) for x ¢ Oy ends up inside O;. This trajectory
cannot enter through the boundary 0D due to the boundary condition. It also could not have
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entered through the left and right sides of the region O, due to definitions of a, b, w and u. It
remains to consider the diagonal x1 = x5. However, by Lemma 4.2 and Lemma 4.3, we have

clogé—t —C - —uy(2q, 21, 1) - clogé—t +C
clogd='+C = wg(xy,x1,t) ~ clogd! —C"

If § is sufficiently small, this shows that any trajectory on the diagonal part of the boundary
of O, is always moving out of O, and hence no trajectory could have entered O; through the
diagonal. O

Now we are going to complete the construction of the example.

Proof of Theorem 4.1. To get double exponential growth of the derivatives, we need a genuinely
nonlinear argument; it is not sufficient to show that Q(z,t) is large for all times as we did in
Lemma 4.3. Instead, we will show that Q(x,t) grows due to region O, approaching the origin
and remaining sufficiently large. Lemma 4.2 yields

uy (b(t), 1) = =b(t) Q(b(t), (L), 1) — Cb(1),

for some 0 < z9(t) < b(t) and a constant C' that may depend only on 7. A simple calculation
shows that, for any 0 < xo < b(t) we have

Q(b(t), 22, 1) < Qb(L), b(t), 1) + C.

Thus, we get
uy (b(t),t) > —b(t) Qb(t),b(t),t) — Cb(t), (4.14)

with C' a new universal constant; below the constant C' may change from step to step. In the
same vein, for suitable Zo(t) with 0 < Z5(t) < a(t), we have

up(a(t),t) < —a(t) Qalt), T2(t),t) + Ca(t) < —a(t) Qa(t),0,t) + Ca(t).
A key observation is that

a(t).0.0) 2~ [ Wt ) dyd + 2000),b0). ).

7r
Since w(y,t) = —1 on O, we have
t)/ cos ¢ ) 1
_/ ylyj (t,y) dyrdys > / / sin ¢drd¢ > —(—logal(t) +logb(t)).
‘ ’ /8 (t)/ cos¢ 8
Therefore
1
ui(a(t),t) < —a(t) <%(—log a(t) +logb(t)) + Q(b(t), b(t),t)) + Ca(t). (4.15)
It follows from (4.14) and (4.15) that
d 1
pr (loga(t) — logh(t)) < Py (loga(t) — logb(t)) + C. (4.16)

From (4.16), the Gronwall lemma leads to
log a(t) — log b(t) < log (a(0)/b(0)) exp(t/2m) + Cexp(t/2m) < (9loge + C)exp(t/2m). (4.17)
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u periodic in z

u-n =0 at 9N

<_u/ symmetry plane

<«— for the reflection

v (IL',y,Z) — (IZ?,y,—Z)

~

F1GURE 1. The initial data for Hou-Luo scenario

We should choose our € so that — log € is larger than the constant C' that appears in (4.17). In
this case, we obtain from (4.17) that

loga(t) < 8exp(t/2m)loge,

and so
a(t) < 686xp(t/27r).

Note that by the definition of a(t), the first coordinate of the characteristic that originates at
the point on dD near the origin with x; = €'° does not exceed a(t). To arrive at (4.2), it remains
to note that we chose wy so that ||[Vwg||pe < e 10. O

5. THE HOU-LUO SCENARIO FOR THE 3D EULER EQUATION

More information on the material of this section can be found in [43,44]. The global regularity
vs finite time blow up question for smooth solutions of the 3D Euler equation is open. There
has been much work on local well-posedness, on conditional regularity criteria, as well as on
search for singular scenario. How would finite time blow up manifest itself? In general, any
loss of regularity by smooth solution qualifies. However, from many conditional criteria one
can infer certain minimal conditions needed for blow up. Perhaps the best known and one of
the earliest such conditions was proved by Beale, Kato and Majda [2,44]. It states that at the
singularity formation time 7', one must have

hm/ lw(-, 8)|| L= ds = o0
t—T

A few years ago, Hou and Luo [43] have performed an in-depth numerical simulation, identi-
fying a promising singularity formation scenario. The scenario is axi-symmetric (that is, there
is no dependence on the angular variable ¢ in the cylindrical coordinates) and odd with respect
to z = 0 plane. Very fast vorticity growth is observed at a ring of hyperbolic stagnation points
of the flow located on the boundary of a cylinder. In fact, the geometry of the scenario is
similar to that of the double exponential growth example for the 2D Euler we discussed in the
previous section; the paper [37] has been inspired by the numerical simulations of [43].
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z

. possible
secondary finite-time
flow” . o
singularity?

F1GURE 2. The secondary flows in fixed ¢ section

One of the standard forms of the 3D axi-symmetric Euler equations in the usual cylindrical
coordinates (r, ¢, z) is (see e.g. [44] for more details)

0 (2 (£ o () =, (220) "

O (ru®) +u" 0, (ru®) + w0, (ru®) =0, (5.1b)
with the understanding that u”, u* are given from w? via the Biot-Savart law which takes form
0. Oy ¢ 1 1 1
== e 2Oy o =l (‘@Ib) - 0.
r r r r r r

The initial data for the Hou-Luo scenario, shown schematically on Figure 1, has w® = 0 and
only the swirl u? is non-zero. From (5.1), it is clear that the swirl will spontaneously generate
toroidal rolls corresponding to non-zero w?. These are the so-called “secondary flows”, [51];
their effect on river flows was studied by Einstein [19]. Thus the initial condition leads to the
(schematic) picture in the xz—plane shown on Figure 2, in which we also indicate the point
where a conceivable finite-time singularity (or at least an extremely strong growth of vorticity)
is observed numerically. In the three-dimensional picture, the points with very fast growth
form a ring on the boundary of the cylinder.

A similar scenario can be considered for the 2D inviscid Boussinesq system in a half-space
R+ = {(21,25) € R x (0,00)} (or in a flat half-cylinder S' x (0, 00)), which we will write in the
vorticity form:

Ow ~+ (u-V)w = 0,0 (5.2a)
00 + (u- V)9 =0. (5.2b)

1

Here u = (uy,us) is obtained from w by the usual Biot-Savart law u = V+(—A)"lw, with

appropriate boundary conditions on A, and 6 represents fluid temperature or density.
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Y
2D Boussinesq
gravity
>
=
2 i
(<5}
g
g
=
lower 6 - higqer 0 P lower 6
o0 x

possible finite-time singularity?
F1GURE 3. The 2D Boussineq singularity scenario

It is well-known (see [44]) that this system has properties similar to the 3D axi-symmetric
Euler (5.1), at least away from the symmetry axis. Indeed, comparing (5.1) with (5.2), we see
that 6 essentially plays the role of the square of the swirl component ru® of the velocity field u,
and w replaces w?/r. The real difference between the two systems only emerges near the axis
of rotation, where factors of r can conceivably change the nature of dynamics. For the purpose
of comparison with the axi-symmetric flow, the last picture should be rotated by m/2, after
which it resembles the picture relevant for (5.2), see Figures 2 and 3. The system (5.2) has an
advantage of being simpler looking and easier to think about while very likely preserving all
the essential features. Of course, the question of global regularity vs finite time blow up is also
open for the 2D inviscid Boussinesq; in fact it appears on the list of “eleven great problems of
mathematical hydrodynamics” by Yudovich [63].

In both the 3D axi-symmetric Euler case and in the 2D Boussinesq system case the best
chance for possible singularity formation seems to be at the points of symmetry located at the
boundary, which numerical simulations suggest are fixed hyperbolic points of the flow. So far
there is no proof of singularity formation for smooth solutions in the Hou-Luo scenario, but a
number of models have been proposed (e.g. [9,10, 18,31,33,41,42]). All these models suggest
finite time blow up. In the next section, we will take a look at one of the simpler ones that
provides a qualitative insight into the nature of possible nonlinear feedback loop leading to
singularity:.

In addition, there is recent and very interesting work by Elgindi and Elgindi and Jeong [21-23]
and [7] where the initial data is taken to be singular, to a varying degree, in a scenario very
similar to that of Hou-Luo and involving stationary hyperbolic points of the flow. Then finite
time blow up is shown in a sense of the solution becoming more singular than the initial data.
In [21,22] the domain needs to have a corner (for the 2D Boussinesq, and a wedge for the 3D
Euler), and the initial vorticty is just L*°, but becomes unbounded in finite time. The work [23]
is set in the whole space, and the initial vorticity is Holder continuous, leading to a solution
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satisfying

t—1

t
lim/ (e 8)]| e dt = o0,
0

The paper [7] builds on [23] and [8] and proves finite time blow up for solutions with C'* initial
vorticity and C'H® density (respectively, swirl) in the Hou-Luo scenario.

6. SINGULARITIES AND TURBULENCE

In this section, we take a step back to look at the big picture. The material in this section
is motivational and largely informal. Most of the statements and problems mentioned here are
either heuristic or remain wide open. One of the incentives in trying to understand and describe
small scale and possible singularity formation in solutions to equations of fluid mechanics is
the connection to turbulence. Turbulence is familiar to all of us from bumpy airplane ride or
fluctuations we feel in strong wind. It is a ubiquitous feature of intense fluid motion, and plays
a role in a wide range of processes in nature: drag effects for cars and airplanes, efficiency of
internal combustion engines, mixing crucial for survival of marine animals, or even evolution of
temperature inside Earth [58]! Nevertheless, turbulence remains relatively poorly understood:
Richard Feynman has called it the greatest unsolved problem of classical physics fifty years
ago, and not much has changed since. This situation is not for the lack of trying: a number of
heuristic theories have been proposed by Prandtl, von Karman, Richardson, Taylor, Heisenberg,
Kolmogorov, Onsager, Kraichnan, and others, see e.g. [26] for review. These phenomenological
theories have been quite successful in predicting some of the properties of turbulent flows, but
deeper understanding and in particular rigorous connection to the partial differential equations
of fluid mechanics have not been established. Among these predictions, the one most consistent
with experiments and reported at least as early as Dryden’s wind tunnel experiments in 1943,
is Kolmogorov’s “zeroth law of turbulence” which postulates anomalous dissipation of energy,
that is, non-vanishing of the rate of dissipation of kinetic energy of turbulent fluctuations per
unit mass, in the limit of zero viscosity. Let u” be solutions of the 3D Navier-Stokes equations
with viscosity v (in the non-dimensional form, v is equal to the inverse of the Reynolds number,
Re = %, where o is the actual viscosity and U, L typical velocity and length scales):

o’ + (v’ - Viu' —vAu =Vp'+ f, V-u’ =0,

where f is some spatially regular forcing. Notice that v [ |Vu”[*dz is just an instantaneous

rate of energy dissipation. Then the zeroth law states that
lim v(|Vu” (z,t)]*) > 0, (6.1)
v—0

where (-) represents a suitable ensemble or space-time average. On the other hand, one may
expect that as v — 0, u” converges to the solution u of the incompressible 3D Euler equa-
tion. This is far from clear, especially when there are boundaries. But if we accept this as
a reasonable assumption, and the limiting solution is smooth, then the limit of the enstropy
[ |Vu)? dz should equal [ |Vu|?*dx < oo, and so (6.1) cannot hold. Therefore, if the zeroth
law of turbulence is mathematically valid, it is intimately linked with singularity formation in
the solutions of the Euler (and possibly Navier-Stokes) equation. In fact, the zeroth law has
been rigorously proved in just one PDE setting: for stochastically forced Burgers equation [20].
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In this case, the underlying singularities are well understood shocks, and this is a key aspect
that makes the problem approachable.

The set up of the Hou-Luo scenario seems to be rather special, but there are indications that
hyperbolic point geometry plays an important role in extreme dissipation regions in turbulent
fluid flows. In a paper [53], the authors describe a physical experiment where they study
turbulence. The geometry of the experiment is very similar to the Hou-Luo setting: the flows are
confined to a cylinder and are statistically axi-symmetric (of course, in any real flow the exact
axial symmetry breaks down spontaneously). Using particle image velocimetry techniques, they
are able to capture the structure of fluid flow in the regions of “extreme inertial dissipation
events”. These are regions where the dissipation rate is anomalously large, essentially the
regions that would facilitate the zeroth law as viscosity decreases. There are four different
geometric scenarios documented in [53], and by far the most common is the one where vorticity
growth happens at the front between colliding masses of fluid with different directions of the
velocity and hyperbolic point geometry. In this sense, the Hou-Luo scenario may be thought of
as an idealized blueprint of what appears to be a common small scale formation mechanism.

In recent years, there have been other works on singularity formation in equations of fluid
mechanics, in particular by Terry Tao [56,57]. In these papers, finite time blow up is proved
for modified Euler and Navier-Stokes equations; the modifications involve suitable averaging or
changes in coupling of the Fourier modes. The philosophy of these examples is different from
Hou-Luo scenario and involves instead a self-similar picture of energy transition to smaller and
smaller scales. Inspired by these ideas, the paper [4] has outlined a specific physical mechanism
that could be behind such self-similar cascades: repeated flattening of vortex tubes into sheets
and breakup of the sheets into tubes. There are some numerical simulations, however (see
e.g. [47] where further references can be found), that suggest that this process is quite complex
and it is not clear whether some sort of approximate self-similarity can be traced over smaller
and smaller scales.

7. ONE-DIMENSIONAL MODELS OF THE HOU-LUO SCENARIO

More details on the results discussed in this section can be found in [9,10,43]. A one-
dimensional model of the Hou-Luo scenario was formulated already in [43]. This model is given

by

Ow + ulpw = 0,0,
0 +uo,0 =0, u, = Huw. (7.1)

Here H is the Hilbert transform, and the setting can be either periodic or the entire axis with
some decay of the initial data. The model (7.1) can be thought of as an effective equation
on the x5 = 0 axis in the Boussinesq case (see (5.2) and Figure 3) or on the boundary of the
cylinder in the 3D axi-symmetric Euler case. The model can be derived from the full equations
under assumption that w(zx,t) is concentrated in a boundary layer of width a near zo = 0 axis
and is independent of x5, that is w(wz1,x2,t) = w(x1,t)X[0,e(®2). Such assumption is necessary
to close the system and reduces the half-plane Biot-Savart law to u, = Hw in the main order;
the parameter a enters into the additional term that is non-singular and is dropped from (7.1).
See [43], [10] for more details. We will call the system (7.1) the Hou-Luo model.
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The Hou-Luo model is still fully nonlocal. A further simplification was proposed in [9], where
the Biot-Savart law has been replaced with

1
u(z,t) = —x/ %’t) dy. (7.2)
Here the most natural setting is on an interval [0, 1] with smooth initial data supported away
from the endpoints. For simplicity we set the Biot-Savart law so that blow up at zero happens
for positive vorticity. The law (7.2) is motivated by the velocity representation in Lemma 4.2
above, as it is the simplest one dimensional analog of such representation. This law is “almost
local” - if one divides u by = and differentiates, one gets local expression. We will call the model
(7.2) the CKY model. The law (7.2) models the situation where w is odd in z;, and with this
additional assumption one can show that it is not too different from the relation u, = Hw in
the Hou-Luo model.

Both Hou-Luo and CKY models are locally well-posed in reasonable spaces, and in both
cases possibility of finite time blow up has been proved in [9] and [10] respectively. Here we
sketch the arguments showing singularity formation in the CKY model [9]. In this section, let

us denote )
t
Oz, 1) = / %d(y. (7.3)

The first step is the following

Lemma 7.1. Along the trajectories ®,(x), we have
d /1 w(y, t)? /1 9.0(y, 1)
—Q(Py(x),t) = ———dy + —dy. 7.4
dt (@lz).1) ox) Y o (x) Y (74)

The proof of this lemma is a direct computation taking advantage of (7.1), (7.2), and inte-
gration by parts. A key observation is the positivity of the first term in the right hand side of

(7.4).
Consider now ¢ (x,t) := log ®;(x)~!. From (7.2), we have that
O (z,t) = Q(Py(2),t). (7.5)
On the other hand, from Lemma 7.1, we have that

d L 0,.0(y,t)
aﬁ(ét(x),t) 2/ e

dy. (7.6)
() Yy

Let us trace a trajectory that originates at some point in the support of § where 9,60 is not
zero. As the flow pushes the vorticity support towards the origin, we expect that the front of
the graph of 8 will become very steep. Then morally, we can think of the integral on the right

hand side of (7.6) as
1
0.0(y,t
/ D) gy 02yt = o),
() Y
as most of the variation of # will be supported close to ®;(x). If we accept this heuristic argument
for a moment, we get a system of differential inequalities

O (,t) = QPi(x), 1), 0QPy(x),t) 2 eV
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for which it is not hard to prove finite time blow up. Such blow up corresponds to a trajectory
carrying some positive value of the density arriving at the origin at a finite time 7" < oo, which
one can show only happens if fOT lw (-, t)]| e dt = 0.

A more careful argument to establish blow up uses a cascade of trajectories corresponding
to a sequence of initial points with larger and larger values of 6y, and iterative estimates. The
details can be found in [9].

8. THE MODIFIED SQG EQUATION: SINGULARITY FORMATION IN PATCHES

More details regarding material of this section can be found in [34,38,40]. Note that the 2D
Euler equation is just the 2D inviscid Boussinesq system with # = 0. It is tempting to try to
extend the insight and techniques used in the proof of Theorem 4.1 to analysis of the Hou-Luo
scenario. There are several issues that arise in such an attempt. Perhaps the most significant
one is that the vorticity may no longer be bounded, so the result of Lemma 4.2 giving fairly
precise control over fluid velocity near the origin is not available. The kernel in the Biot-Savart
law is not sign definite, and growth of vorticity may conceivably make the contributions of
the regions that in Lemma 4.2 end up in the regular Lipschitz term no longer relatively small.
This might destroy the hyperbolic structure of the flow and sabotage singularity formation. The
available evidence suggests that singularity formation likely holds - the numerical computations
of Hou and Luo are very detailed and precise, all the models considered so far suggest blow
up, and so does the work of Elgindi and Jeong [21-23]. Yet there are counter arguments to
all these points. Any numerical simulation has a limit; the models of the Hou-Luo scenario
make simplifying assumptions on the Biot-Savart law and other aspects of the problem; and
the works on rough initial data do not apply to smooth initial data.

In this section, we discuss a blow up example in a different setting, where nevertheless some
of the technical issues are similar. In particular, we will see that the term pushing towards
singularity has the same order as the term opposing it (in contrast to Lemma 4.2 where we could
isolate a relatively simple dominant main term). This setting is patch solutions to modified
surface quasi-geostrophic (SQG) equation.

The SQG equation is similar to the 2D Euler equation in vorticity form, but is more singular:

ow+(u-Vw=0, u=V-(-A)"", a=1/2, w(z,0)=w(z). (8.1)

The value a = 0 in (8.1) corresponds to the 2D Euler equation, while 0 < o < % is the so-
called modified SQG range. The SQG and modified SQG equations come from atmospheric
science. They model evolution of temperature near the surface of a planet and can be derived
by formal asymptotic analysis from a larger system of rotating 3D Navier-Stokes equations
coupled with temperature equation through buoyancy force [30,39,45,50]. In mathematical
literature, the SQG equation was first considered by Constantin, Majda and Tabak [12], where
a parallel between the structure of the SQG equation and the 3D Euler equation was drawn. A
singularity formation scenario, a closing front, has been proposed in [12], but it was later proved
to be impossible under certain additional assumptions in [13,14]. The SQG and modified SQG
equations are perhaps simplest looking equations of fluid mechanics for which the question of
global regularity vs finite time blow up remains open.

The equation (8.1) can be considered with smooth initial data, but another important class
of initial data is patches, where 0y(z) equals linear combination of characteristic functions of
some disjoint domains €2;(0). The resulting evolution yields time dependent regions €2;(¢). The
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regularity question in this context addresses the regularity class of the boundaries 0€2;(t) and
lack of self-intersection or contact between different components €2;(t). Existence and uniqueness
of patch solution for 2D Euler equation follows from Yudovich theory. The global regularity
question has been settled affirmatively by Chemin [6] (Bertozzi and Constantin [3] provided a
different proof). For the SQG and modified SQG equations patch dynamics is harder to set up.
Local well-posedness has been shown by Rodrigo in C* class [52] and by Gancedo in Sobolev
spaces [27] in the whole plane setting. Numerical simulations by Cordoba, Fontelos, Mancho
and Rodrigo [15] and by Dritschel and Scott [54, 55] suggest that finite time singularities are
possible. There are different scenarios involving boundaries touching and forming corners [15,55]
and self-similar cascade of filaments [54], but rigorous understanding of this phenomena remains
missing.

We will discuss modified SQG and Euler patches in a half-plane. The Bio-Savart law for the
patch evolution on the half-plane D := R x R* is

u=V*+(—=Ap) o,

with Ap being the Dirichlet Laplacian on D, which can also be written as

(-t @9t
u(z,t) .—/D(|$_y|2+20 |x—y|2+2a) (y,t)dy. (8.2)

Note that u is divergence free and tangential to the boundary. A traditional approach to the
2D Euler (a = 0) vortex patch evolution, going back to Yudovich (see [46] for an exposition) is
via the corresponding flow map. The active scalar w is advected by u from (8.2) via

w(z,t) =w (0, '(z),0), (8.3)

where

d
(@) =u(@(2).)  and  @olr) =w. (8.4)

The initial condition wy for (8.2)-(8.4) is patch-like,

N
W = Z 9kXQk(o), (8-5)
k=1

with 61,...,0y # 0 and 2,(0),...,Qx(0) € D bounded open sets, whose closures € (0) are
pairwise disjoint and whose boundaries 9§2;(0) are simple closed curves of given regularity.

One reason the Yudovich theory works for the 2D Euler equations is that for w which is
(uniformly in time) in L' N L>| the velocity field u given by (8.2) with a = 0 is log-Lipschitz in
space, and the flow map ®; is everywhere well-defined as discussed in Section 2. But when w
is a patch solution and a > 0, the flow u from (8.2) is smooth away from the patch boundaries
0 (t) but is only 1 —a Hélder continuous near 02 (), which is exactly where one needs to use
the flow map. This creates significant technical difficulties in proving local well-posedness of
patch evolution in some reasonable functional space. A naive intuition on why patch evolution
can be locally well-posed for o« > 0 without boundaries is that one can show that the below-
Lipschitz loss of regularity only affects the tangential component of the fluid velocity at patch
boundary. The normal to patch component, that intuitively should determine the evolution of
the patch, retains stronger regularity.



20 ALEXANDER KISELEV

In presence of boundaries, the problem is even harder. Intuitively, one reason for the difficul-
ties can be explained as follows. In the simplest case of the half-plane the reflection principle
implies that the boundary can be replaced by a reflected patch (or patches) of the opposite
sign. If the patch is touching the boundary, then the reflected and original patch are touching
each other, and the low regularity tangential component of the velocity field generated by the
reflected patch has strong influence on the boundary of the original patch near touch points.
Even in the 2D Euler case, the global regularity for patches in general domains with boundaries
remained open until very recently [35]. In the half-plane, a global regularity result has been
established earlier in [38]:

Theorem 8.1. Let a« = 0 and v € (0,1]. Then for each C'7 patch-like initial data wy, there
exists a unique global CY7 patch solution w to (8.3), (8.2), (8.4) with w(-,0) = wp.

In the case a > 0 with boundary, even local well-posedness results are highly non-trivial.
The following result has been proved in [40] for the half-plane.

Theorem 8.2. If a € (0, i), then for each H? patch-like initial data wy, there exists a unique
local H?3 patch solution w with w(-,0) = wy. Moreover, if the mazimal time T,, of existence of w
1s finite, then at T, a singularity forms: either two patches touch, or a patch boundary touches

itself or loses H3 reqularity.

On the other hand, in [38], it was proved that for any i > «a > 0, there exist patch-like
initial data leading to finite time blow up.

Theorem 8.3. Let o € (0, i) Then there are H® patch-like initial data wy for which the
unique local H> patch solution w with w(-,0) = wy becomes singular in finite time (i.e., its

maximal time of existence T, is finite).

Together, Theorems 8.1 and 8.3 give rigorous meaning to calling the 2D Euler equation
critical. In the half-plane patch framework o = 0 is the exact threshold for phase transition
from global regularity to possibility of finite time blow up.

Recently, the local well-posedness result of Theorem 8.2 and the finite time blow up example
of Theorem 8.3 have been extended to 0 < o < 1/3 for H? patches in [28].

In what follows, we will sketch the proof of the blow up Theorem 8.3. Full details can be found
in [38]. Let us describe the initial data set up. Denote Q := (¢,4) x (0,4), Q5 := (2¢,3) x (0, 3),
and let Qg € DT = R* x RT be an open set whose boundary is a smooth simple closed curve
and which satisfies (25 C Qy C €. Here € is a small parameter depending on « that will be
chosen later.

Let w(z,t) be the unique H? patch solution corresponding to the initial data

w(,0) = Xao () = Xg, (%) (8.6)

with maximal time of existence T,, > 0. Here, € is the reflection of Qo with respect to the
To-axis. Then

w(z,t) = Xaw) () — Xau (¥) (8.7)
for t € [0,7,,), with Q(t) := ®:(Qp). It can be seen from (8.2) that the rightmost point of the
left patch on the xj-axis and the leftmost point of the right patch on the z;-axis will move
toward each other. In the case of the 2D Euler equations o = 0, Theorem 8.1 shows that
the two points never reach the origin. When o > 0 is small, however, it is possible to control
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the evolution sufficiently well to show that — unless the solution develops another singularity
earlier — both points will reach the origin in a finite time. The argument yielding such control is
fairly subtle, and the estimates only work for sufficiently small o, even though one would expect
singularity formation to persist for more singular equations. This situation is not uncommon
in the field: there is plenty of examples with the infinite in time growth of derivatives for the
smooth solutions of 2D Kuler equation, while until very recently none were available for the
more singular SQG equation - this will be discussed in the Section 9 below.
To show finite time blow up, we will deploy a barrier argument. Define

K(t):={re D" : z; € (X(t),2) and x5 € (0,71)} (8.8)
for t € [0, T, with X (0) = 3e. Clearly, K(0) C ©(0). Set the evolution of the barrier by
1
X'(t) = ———X(t)' . :
(1) =~ X (1) (89)

Then X (T') = 0 for T = 50(3€)?*. So if we can show that K () stays inside Q(¢) while the patch
solution stays regular, then we obtain that singularity must form by time 7" : the different patch
components will touch at the origin by this time unless regularity is lost before that.

The key step in the proof involves estimates of the velocity near origin. In particular, u;
needs to be sufficiently negative to exceed the barrier speed (8.9); us needs to be sufficiently
positive in order to ensure that () cannot cross the barrier along its diagonal part. Note that
it suffices to consider the part of the barrier that is very close to the origin, on the order ~ €22,
Indeed, the time T of barrier arrival at the origin has this order, and the fluid velocity satisfies
uniform L*> bound that follows by a simple estimate which uses only av < 1/2. Thus the patch
Q(t) has no time to reach more distant boundary points of the barrier before formation of
singularity:.

Let us focus on the estimates for u;. For y = (y1,52) € DT = Rt x R*, we denote  :=
(y1, —y2) and g := (=1, y2). Due to odd symmetry, (8.2) becomes (we drop ¢ from the notation
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in this sub-section)

u(z) =— | Ki(z,y)w(y)dy, (8.10)

D+
where
Yo— Tz Yo~ Tz Yot Yo + T2
— 2+2 — 242 242 _ Z2+2a’
lo =y o — gt o +g| o« oz — gt

Ki(z,y) = (8.11)

v~ g

-
Ki1(z,y) Ki2(z,y) Ki3(z,y) Kia(z,y)

Analyzing (8.11), it is not hard to see that we can split the region of integration in the
Biot-Savart law according to whether it helps or opposes the bounds we seek. Define

ez = — / Ky (2, y)w(y)dy and uf®(z) = — / Ky (2, y)wl(y)dy.
R+ x(0,x2) Rt x (x2,00)

The following two lemmas contain the key estimates.

Lemma 8.4 (Bad part). Let a € (0,3) and assume that w is odd in 1 and 0 < w <1 on D¥.
If v € D+ and x4 < 21, then

1 1
ul(z) < o (1 55 2“) x (8.12)

The proof of this lemma uses (8.11) and after cancellations leads to the bound

bad Y2 — T2
uy™(z) < —/ e Y, (8.13)
! (0,221)%(0,z2) |z — y[>T2
which gives (8.12)
In the estimate of the good part, we need to use a lower bound on w that will be provided
by the barrier. Define

A(z) :={y : y1 € (r1,21+ 1) and yo € (29,20 +y1 — 1)} . (8.14)

Lemma 8.5 (Good part). Let a € (0,3) and assume that w is odd in x1 and for some x € D
we have w > X aw) on D, with A(x) from (8.14). There exists 6, € (0,1), depending only on
a, such that the following holds.

If 1 < 04, then
1
ood —2a
W) < g e

Here analysis of (8.11) leads to

good Yo — Tg Y2 — T2
PRBT gty
1 ( ) /A1 |$_y|2+2a ) As |x_y|2+2o¢

(.

v~ g

Ty T
with the domains
Ay ={y : y2 € (zg, 29+ 1) and y; € (21 + Yo — 2,321 + Y2 — 22)},
A = (1 + 1,321+ 1) X (29,29 + 1) .
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FIGURE 5. The segments I; and I, and the sets Q3 and K (ty).

The term T can be estimated by Cxq, since the region of integration A, lies at a distance
~ 1 from the singularity. A relatively direct estimate of the term T} leads to the result of the
Lemma.

A distinctive feature of the problem is that estimates for the “bad” and “good” terms appear-
ing in Lemmas 8.4 and 8.5 above have the same order of magnitude x;~2%. This is unlike the 2D
Euler double exponential growth construction, where we were able to isolate the main term. To
understand the balance in the estimates for the “bad” and “good” terms, note that the “bad”
term estimate comes from integration of the Biot-Savart kernel over rectangle (0,2z1) x (0, z3),
while the good term estimate from integration of the same kernel over the region A; above.
When « is close to zero, the kernel is longer range, and the more extended nature of the
region A; makes the “good” term dominate. In particular, the coefficient é (1_1% — 2_”‘) in
front of #172* in Lemma 8.4 converges to to finite limit as o — 0, while the coefficient m
in Lemma 8.5 tends to infinity. On the other hand, when a — %, the singularity in the Biot-
Savart kernel is strong and getting close to non-integrable. Then it becomes important that the
“bad” term integration region contains an angle 7 range near the singularity, while the “good”
region only 7. For this reason, controlling the “bad” term for larger values of « is problematic
- although there is no reason why there cannot be a different, more clever argument achieving
this goal.

It is straightforward to check that the dominance of the “good” term over “bad” one extends
to the range o € (0, o), and that in this range we get as a result

’ 24
1
) < ——_pl-2a 8.15
for = (x1,x9) such that z; <, and x; > xo. A similar bound can be proved showing that
1 —2a
ug(x,t) > %asé 2 (8.16)

for © = (1, x2) such that zo < 6, and x1 < 2.
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The proof is completed by a contradiction argument, where we assume that the barrier K (t)
catches up with the patch Q(t) at some time ¢t = t; < T of first contact. Taking e sufficiently
small compared to ¢, from Lemma 8.5, we can make sure the contact can only happen on the
intervals I; and I along the boundary of the barrier K (t;) appearing on Figure 5. But then
bounds (8.15), (8.16) and the evolution of the barrier prescription (8.9) lead to the conclusion
that the barrier should have been crossed at t < t, yielding a contradiction.

9. THE SQG EQUATION: SMOOTH SOLUTIONS

More details on material presented in this section can be found in [29]. As we already
mentioned above, until recently, there have been no examples of smooth solutions to the SQG
equation exhibiting infinite in time growth of derivatives. The best known result [36] involved
only finite time bursts of growth. In this section, we outline the argument of [29] where
examples of SQG solutions with infinite - exponential in time - growth of derivatives have been
obtained. The construction involves a mix of ideas from [37], from the work of Zlatos [64]
yielding exponential in time growth for periodic solutions of the 2D Euler equation, and some
new ingredients. The theorem below involves the whole range of the modified SQG equations.

Theorem 9.1. Consider the modified SQG equations (8.1) in periodic setting. For all0 < a <
1, there exist initial data wy such that

sup,<r || V2w (-, )|z > exp(y7), (9.1)

for all T > 0 and constant v > 0 that may depend on wy and «. This constant can be made
arbitrarily large by picking wy appropriately.

Note that if o > 1/2, the models considered are actually more singular then the SQG
equation. Even local well-posedness in this case is not obvious, but has been established in [5].
Also, observe that we do not prove global regularity of the solutions in these examples - solutions
that blow up in finite time will also satisfy (9.1).

As before, we will make use of symmetries and assume that the initial data (and so the
solution) is odd with respect to both z; and 5. We will also need a certain degenerate structure,
with solution vanishing to higher order near the x5 axis. The following lemma shows that this
property is preserved in time.

Lemma 9.2. Suppose that in addition to being odd in x1 and x5 and periodic, the initial data
wo also satisfies Oy, wo(0,x9) = 0 for all xo. Then the solution w(x,t), while it remains smooth,
also satisfies Oy, w(0, x2,t) = 0.

The lemma is proved by differentiation of the equation and direct analysis. Note that all
even derivatives of w also vanish when x; = 0 due to odd symmetry.

Next, we need to carefully analyze the Biot-Savart law, which we state below under assump-
tion of oddness in both x; and xs.

To — Y2 To + Y2 To + Y2
— dydys, (9.2
/ / <|x— |2+2a 7 — g2 |7 — yPre + |x+y|2+2a)w(y) ndys, (9:2)

1 — U 1+ % 1+ Y1
- dy1dys.(9.3
/ / (]:I: — ]2+2a 17— y|2t2e |7 — y[22 + |z + y|2+20‘> w(y) dy1dy».(9.3)
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Here 7 = (—z1,22), T = (x1,—23), and the function w is extended to the entire plane by
periodicity. We will later see that the integral converges absolutely at infinity if o > 0. Near
the singularity x = y, the convergence is understood in the principal value sense if & > 1/2. In
what follows, we will denote the kernels in the integrals (9.2), (9.3) by Ki(x,y) and Ks(x,y)
respectively.

Let L > 1 be a constant that we will eventually choose to be large enough. The first estimate
addresses the contribution of the near field y;,y, < L|z| to the Biot-Savart law provided that
we have control of || V?w]|| . All the inequalities we show in the rest of this section, similarly to
Lemma 9.2, assume that the solution remains smooth at times where these inequalities apply.

Lemma 9.3. Assume that w is odd with respect to both x1 and x5, periodic and smooth. Take
L > 2, and suppose L|x| < 1. Denote

g = [ Koy
[0,L][}?

Then we have

|u§L8“T($)| < C'xj|x|2_2aL2_2a||V2wHLoo. (9.4)

The lemma is proved by about a page of estimates. The control of the second derivative of
w is used, in particular, to estimate the principal value singularity. The key observation is that

in the integral
L|z| 2z ([L’ o 2420 _ 242
y2) (|7 — | |z —y[*)
PV. d i t
/0 yl/o Y2 T — y|2t2a|z — y[2+2e w(y, 1)

the kernel is odd with respect to yo = x5 line, so w(y,t) can be replaced by w(y1,y2,t) —
w(y1,x2,t). The latter difference can be estimated using second order derivatives by mean
value theorem, and the order of the singularity can be reduced to integrable. There are of
course more terms to estimate but their control is more straightforward.

The next result records an important property of the Biot-Savart law that makes contribution
of the L|z| < |y| < 1 region of the central cell to u; and uy nearly identical when L is large.

Proposition 9.4. Let L be a parameter and x be such that L|x| < 1. Assume that w is odd
with respect to both x1 and o, w(x) > 0 in [0,7)2, and is positive on a set of measure greater
than (L|x|)%. Let us define

u(z) = / K, (2, ) (y) dy.
[0,m)2\[0,L|x|]?

Then for all sufficiently large L > Lo > 2 and x such that L|z| < 1 we have that

up ()

med

1-BL'<—
T ufe(x)

<1+ BL™, (9.5)

with some universal constant B.

The bound (9.5) follows from more informative pointwise bound for the Biot-Savart kernel.
A direct computation shows that in the region 3,y > L|z|, we have

Ki(z,y) = —8(1 + a)ziyyely| ™ 2*(1 + filz,y)), (9.6)
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and
Ks(z,y) = 8(1 + o)y yaly| ™ (1 + falz,y)), (9.7)

where |f12(z,y)| < AL™! with some universal constant A.
Lemma 9.3 and Proposition 9.4 control contribution to the Biot-Savart law of the central
period cell. It turns out that the contribution of the rest of the cells is regular near the origin.

Lemma 9.5. Suppose that |x| < 1. Define

Wl (2) = / K, (2, ) (y) dy.
[0,00)2\[0,7)?2

Then
[l ()] < C(a)w]|wl| e (9-8)

The final estimate we need is a lower bound on the absolute value of the velocity components

(—1) uywd, j = 1,2, near the origin provided certain assumptions on the structure of vorticity.

Lemma 9.6. There exists a constant 1 > &g > 0 such that if 6 < &g, the following is true.
Suppose, in addition to symmetry assumptions made above, that we have 1 > wo(z) > 0 on
[0,7)% and that wo(z) =1 4if § < x5 <7 —40. Then for all x and L > Ly such that L|z| < 4,
we have that

(—1)ju}”ed(x,t) > cx;0 . (9.9)

The proof of the lemma uses the area preserving property of the flow and the fact that
vorticity is conserved along the trajectories, as well as the estimates (9.6), (9.7).

Now we have all the tools to sketch the proof of Theorem 9.1.

The initial data wy will be chosen as follows. First, as we already discussed, wy is odd with
respect to both x; and z, 1 > wo(x) > 0 in [0, 7)? and it equals 1 in this region, apart from a
region of width < ¢ along the boundary. The parameter § < §y < 1 will be fixed later. We also
require 0,,wp(0, x2) = 0 for all x9, a condition that is preserved for all times while the solution
stays smooth by Lemma 9.2. Finally, we assume that in a small neighborhood of the origin of
order ~ ¢ we have wy(21,x2) = 0~ *aix,. Note that 02 wy(0,22) = 0 by oddness, so this is the
“maximal” behavior of wy under our degeneracy condition.

Fix arbitrary T' > 1; for small T' the result follows automatically as ||V2w(+, )| e > cd72 for

all times. Take 29 = ¢~ 79" and 29 = (29)? where 8 > 1 will be chosen later. Observe that

_ 4 ~a/2
w0($(1),l‘g) -5 4(x(1]>3+5 =4 4e (34+8)T6 )
Consider the trajectory (z(t),z2(t)) originating at (22, 29). We will track this trajectory until
either time reaches T, or z5(t) reaches 29, or || V2w(-,t)||r~ becomes large enough to satisfy the
lower bound we seek.

Let us denote

Tp = min (T, min{t : 25(t) = 21}, min{t : [|[V?w(-,1)||= > exp(cT)}) .

Note that for all t < Ty, we have z5(t) < 9.
The first step is to notice that for all t < Ty, if the contribution of «/*" and u"**" ever becomes
of comparable size relatively to «™°?, and if the parameters § and L are appropriately chosen,
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then the growth condition we seek must be satisfied. A specific condition sufficient for growth
estimate is

[ (2(8), )] + [uf“ (2(0), )] = L7 (=LY (e (1), 1). (9.10)

This can be derived from Lemma 9.3, Lemma 9.5, Lemma 9.6, and the definition of 9. Hence
we can from now on assume that (9.10) never holds for ¢ < Tp; otherwise we are done.

The second step is to observe that if ©™¢ does dominate for ¢ < Ty and Ty = T, then the
exponential growth that we seek would follow simply from Lemma 9.6 as well as conservation
of vorticity along trajectories.

This leaves the most interesting case where Ty < T due to z»(t) reaching the value z9. The
main danger is that uy somehow happens to be much more efficient in pushing the trajectory
away from the origin than u; in compressing it towards the origin. But such scenario is pre-
vented by Proposition 9.4, which basically says that when u{’j‘sd provide dominant contributions
to uy 2 then these contributions coincide to the main order, and the trajectory is almost pre-
cisely a hyperbola. Here is a sketch of the detailed estimate. Using that u?}gd give dominant
contributions to u; » and Proposition 9.4 one can obtain

t),t "R
Sl 5 (g ppyony ettty (9.11)
(t) (1)
provided that B > 2 and L is sufficiently large that can always be arranged. Therefore
x—(l) s S > o(1-2BL71) [0 w2l q
z1(To)

1—2BL !
(xz(To)) _ (xO)(l—ﬁ)(1—2BL—1)
= (27 .

0
Ty

Here we used that 29 = (29)° and z,(Tp) = 2. It follows that
ri(Th) < (a)70-20L 2L
This implies that
102, 4, 0(, To) || oo > 2w (a1 (To), wa(To), To)wr (To) 2 > 6~ 4(a9)3+A-2P0=2BL7H) >

1T -
574(x(1)>3fﬁ+4ﬁBL—1 _ 57466—“/2(ﬁ7374BBL‘1)T_

Now one select § (say f = 5 would work), L, and § so that all parts of the argument are valid,
obtaining exponential growth we seek in this final step as well.
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