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ABSTRACT

In these notes, we shall study the following family of partial differential equations

8150 +u-Vo = 0,
u=VEP(A)G,

with 6(¢,-) : R? — R and u(t,) : R? — R2, which is commonly referred to as
the generalized surface quasi-geostrophic (gSQG) equation. This system models the
advection of a scalar 8 by an incompressible velocity field v which is determined by 6
at each moment of time. Here, P(A) is a radial Fourier multiplier with A = (—A)2,
which determines the regularity of the velocity; the most widely studied cases are
P(l€]) = |£]7% and P(|¢]) = |€|7!, which correspond to the two-dimensional Euler
and surface quasi-geostrophic equations, respectively. Rather recently, there has
been increasing interest in the study of the systems (gSQG), as the models exhibit
various distinct features depending on the constitutive relation P(A). Of special
interest was the class of so-called a-SQG equations given by u = VL(—A)A*% 0. It
turns out that, there exist three critical cases:

e P(|¢]) = |€]72 (2D Euler): critical for global wellposedness
o P(|¢]) = €7 (SQG): critical for scaling
e P([¢]) =1 (trivial model): critical for local wellposedness.

While there is an extensive body of literature dedicated to the wellposedness issue
for the system (gSQG), the results are scattered in many papers mostly written
in the past decade. In these notes, we plan to give a rough overview of the local
solution theory for the family of equations (gSQG). We also discuss some recent
progress in long time dynamics and singularity formation.
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1 Introduction

In these notes, we shall consider the inviscid generalized surface quasi-geostrophic
models, which are given by

8t9 +u- Vo = 0,
(85QG)

u=V+P(A).

Here 6(t,-) :  — R denotes the active scalar and u(t,-) :  — R? the velocity, for a
given two-dimensional domain 2 which will be usually taken to be either the whole
space R? or the torus T2. The operator V+ is defined by (—0,,,0:,) and P(A)
is a multiplier. This is a particular example of an active scalar equation, where a
transported quantity determines the velocity at each instant of time by means of an
operator, which can be considered as a generalization of the “Biot—Savart law” from
electromagnetism. Note that the velocity in (gSQG) is always divergence-free, so
that the flow is area-preserving. Moreover, the velocity satisfies the slip boundary
condition, which means that the fluid particles can slide on the boundary (when
it is nonempty). The radial Fourier multiplier P(A) determines the regularity of
the system. The primary goal of these notes is to understand the basic problem of
wellposedness and dynamical phenomena for different choices of the operator P(A).

1.1 Motivation

We shall discuss a few concrete examples belonging to the general class of equations
described by (gSQG) and some motivations for the study of the generalizations.

1.1.1 Two-dimensional vorticity equation

The primary example of the gSQG model is the two-dimensional incompressible
Euler equations, which read in the velocity formulation as
ou+u-Vu+ Vp=0, 1)

V-u=0,

where u(t,-) : @ — R? is the velocity field of an incompressible fluid defined in a
two-dimensional region 2. Here, V-u = 0 enforces that the velocity at each moment
time is area-preserving. Unlike the compressible fluid equations, the pressure p(t, -) :
Q2 — R is determined solely by the incompressibility constraint; indeed, taking the



Leray projector P one can rewrite (1) purely in terms of the velocity:
ou+ P(u-Vu) = 0.

While this expression is simple, it is rather difficult to deeply understand the operator
u— P(u-Vu). It turns out that much more information about the solution can be
obtained from the vorticity formulation: introducing w = V X u and simply taking
the curl of (1), we obtain

(2)

Oww + u - Vw =0,
u=VtA~lw.

The second equation comes from solving the system of equations V-u = 0,V xu = w.
The precise form of the operator A~! depends on the spatial domain €. In the case
of R?, it is given by the convolution against the kernel
1 1
K(z) = —In—.
(=) 21 |z
In the torus case, the kernel is obtained by the periodic version of this kernel. In

this case, it is simpler to define A~! using Fourier series directly. Now, note that
(2) is nothing but (gSQG) for w = 0 and P(§) = —|¢| 2.

1.1.2 Surface quasi-geostrophic equation

The surface quasi-geostrophic (SQG) equation has been introduced in the mathe-
matical community by Constantin, Majda, and Tabak [38, 37] who emphasized two
main purposes of the model. First, it is an approximate two-dimensional model
of geostrophic flow, with ability to capture the behavior of sharp front formation
between boundaries of different air masses. Second, it is an interesting mathemati-
cal model for the three-dimensional vorticity equation of incompressible fluid flow,
which shares many characteristic features. To begin with, the equation of motion is

8t9+u V@ = 0,
{ (3)

u= R0

where R+ = (= Ry, Ry) is the perpendicular of the vector Riesz transform R, which is
defined with the multiplier —|¢|~'i¢ (up to a real constant). That is, R+ = — VA~
and it simply corresponds to (gSQG) with P(¢) = —|¢|71.

To begin with, to explain the analogy with the three-dimensional vorticity dy-
namics, we recall the vorticity form of the 3D incompressible and inviscid fluid
motion:

Oyw + u - Vw = Vuw,
{ (4)

u=V x (-A)w.



In this equation, w(t,-),u(t, ) : R® — R3 denote the vorticity and velocity of the
fluid, respectively. Note that the vorticity (which is now a vector field in 3D) is
being advected and stretched by the velocity field, which is self-generated by the
relation u = V x (—=A)~"'w. Now, taking the gradient perp of (3) (we write V+ =
(—0zy, Or,)), we see that for the variable V40, we have the evolution equation

(VE0) +u-V(V4EE) = Vu(V1),
u=A"1(V1e).

In this form, V16 is being advected and stretched by the velocity field in the same
way with w from (4), so that we enjoy the Cauchy formula

V3o(t, ®(t, x)) = VO(t,2) V()
analogously to the original one for solutions of (4):
w(t, ®(t,x)) = VO(t, x)wo(x)

where @ is the flow map generated by u. Furthermore, if you compare the rules for
determining the velocity in these two equations, we see that u is regular exactly by
order 1 in both cases; the scaling of the equations coincides. This suggests that (3)
could share some dynamical features of the three-dimensional fluid flow, although it
is a two-dimensional model. Indeed, further studies began to reveal that there are
several fundamental differences between the two. Still, the authors in [37] present
the following blow-up criteria which is motivated by the corresponding ones in the
3D Euler case ([6, 36]): if either

T T
/ IVL0(t, )| peodt  or / leu(t, ) || oo dt
0 0
is finite, then the solution is regular up to T'. Here, « is defined by

V4o V4o
-Vu -
VL6 VL6

which measures the stretching rate.

Now, returning to the physical motivation for the study of (3), it should be men-
tioned that 6(t,-) denotes the temperature of the fluid, and the evolution equation
has been derived as the approximate boundary dynamics of the Boussinesq system
defined in the upper half-space with small Rossby and Ekman numbers and constant
potential vorticity ([121, pp. 345-368 and 653-670]). In this connection, the most
interesting question is whether sharp gradients could develop in time for the level
sets of the temperature. Preliminary numerical simulations reported in [37, Fig 1]
shows formation of large gradients, but it is still a very challenging open problem to



determine whether there is finite-time singularity formation, yet alone the problem
of showing large gradient growth. Some rather recent progress on this issue will be
given in §3.

At this point, it is worthwhile to mention the scaling criticality of the SQG
equations and the mathematical challenges arising from it. One can see the detailed
discussion in [70]. As one can see from the relation u = R*6, the velocity field scales
in the same way with the active scalar, and it is barely insufficient to control the
L norm of u using the strongest conservation law available in the equation, which
is the L norm of 6. Only if the velocity were slightly more regular, one could get
hands on the pointwise estimates on the velocity at least near certain steady states,
by leveraging the strongest conservation law with a stability result in a weaker norm,
say in the L' of the active scalar. The pointwise estimate, in turn, gives control on
the particle trajectories and the flow map. This is the starting point of the so-called
Lagrangian bootstrap scheme.

1.1.3 Alpha-SQG models and assumptions on P

Given the two-dimensional Euler and SQG equations, it is natural to consider the
interpolating models

040 +u- VO =0,
(5)

u=—-VH(—=A)"1*29,

where a € R. The 2D Euler and SQG equations corresponds to the case o = 0 and
a = 1, respectively. These models correspond to the case P(£) = —|¢|72T%. We
shall often write instead

u=—VEtAT2Fe

(recall that A = (—A)%) or even change the multiplicative constant. One can
consider more general P which are in between —|¢|72 and —|¢|7!, for all sufficiently
large £&. We shall refer to this regime of (gSQG) as regular; we can attach a value
of a > 0 for any regular P as the minimum value satisfying the inequality

0<—P() < ¢+

for all || > Zy for some Zj. By definition, for the regular gSQG equations, the
velocity is not more singular than the advected scalar. In the SQG case (3), the
velocity has exactly the same regularity with the scalar, which makes it critical for
many arguments. Next, one may extrapolate from the cases of the two-dimensional
Fuler and SQG equations, and consider any real value of @. When it is even more
regular than 2D Euler, then the model is wellposed globally in time, using the
conservation of the L* norm of 6.

A more interesting case is when « > 1, in which case the velocity is actually more
singular than the scalar field. We shall call the regime 1 < o < 2 as intermediate;
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Figure 1: gSQG models

although the velocity is rather singular, it turns out that the equations in this regime
share many properties as in the regular case; in particular, local wellposedness for
smooth solutions and smooth patches for the a-SQG models in this regime has been
proved in [20]. The proofs can be extended to more general multipliers. See Figure
1.

Now, note that when o = 2, namely if © = —V16, then we have

u-VO =0,

so that the equation becomes trivial. While this cancellation may seem to suggest
local wellposedness even in the region when a > 2, it turns out that (gSQG) is
strongly illposed in this singular regime (23, 22]). Therefore, our studies of the
gSQG equations will be mainly focused on the regular and intermediate regimes.

At this point, let us specify some reasonable assumptions that we are going to
put on P(§):

e P is radial, namely, we can abuse notation and write P(§) = P(|¢]),
e P is infinitely differentiable possibly except at the origin,

e P satisfies

0FP©)] Sk (1€~ 1PE)]
for all £ > 1. Here (|¢]) = /1 + [£|%.

As we shall see, although the gSQG solutions for different velocities have a lot
of properties in common, there are interesting analytical and geometrical differences
that occur depending on P. In most parts of these notes, we shall focus on the
a-SQG case, though.

1.1.4 Logarithmically corrected models

Lastly, there has been considerable interested in the slightly regularized /singularized
models. Such modified models bring interesting mathematical challenges, for in-
stance in terms of proving local/global wellposedness and propagation of singular
structures. To illustrate such models, let us first consider the case of the two-
dimensional Euler equations, where P(|¢]) = —[¢|~2. Here, there are two popular
singularizations that have been studied: first, we have loglog Euler

u=V+A~lloglog(10 — A)w, (6)



and log Euler
u= VA llog(10 — A)w, (7)

defined by their respective multipliers. In the log Euler case, there have been interest
in the case of the power law

uw= VA" og? (10 — A)w,

with some v > 0 as well. For these slightly singularized models, the key question is
whether you can extend the global regularity result for the two-dimensional Euler,
since this global result is “critical.” Next, slightly singularized versions of the SQG
equations have been considered mainly in view of the criticality of global regularity
for the dissipative system ([88, 89]).

Finally, since the case o = 2 is critical for local regularity, one may ask the
question of local wellposedness for both slightly regularized and singularized systems.
In the log singular case, namely when

8t9—|—u -V = 0,
(8)

u = V+log(10 — A)6,
It was proved in [20] that this system is locally wellposed with any small power of
fractional dissipation. On the other hand in [22] it was established that the system is
locally wellposed in a scale of Sobolev spaces with index decreasing in time, without

any dissipation. Ohkitani [117, 118] has obtained this model as a rescaled limit of
the a-SQG systems with a« — 27. To see this, consider the velocity laws

uf = V=AY, @ =VH(-A)F-1)6.
Note that
8t0+u5-V9:8t9+ﬂ8-V9

simply because V16 - V? = 0. Hence, we may rewrite the a-SQG equation with a
slightly smaller than 2 as follows:

%0+ VEH(=A) ™ —1)0-VH =0.

Introducing the rescaled time variable 7 = &t,

(=4)= -1

aTe+vi< )9-v9:0.

The multiplier in the large brackets is (|¢|72¢ — 1) /e. Fixing some & # 0 and taking
the pointwise limit as ¢ — 0T, the multiplier becomes —cIn |¢|, with some absolute



constant c¢. Therefore, it may be claimed that the “limiting equation” (although in
a rescaled time variable) is given by

9:0 —V+In(—A)9- Vo =0.

Ohkitani even conjectured global regularity (for some special initial data) for this
model, based on numerical simulations.

Since Ohkitani’s model is illposed in standard function spaces, we claim that it
is more natural to consider the logarithmically reqularized equation as the critical
limit of a-SQG equations as o — 2:

Ol +u-Vo=0,
{ 0

u=V=+log (10 — A)F.

This can be seen as the borderline equation which barely belongs to the intermediate
regime, and we expect many interesting phenomena to occur for the solutions.

1.1.5 Examples of singular SQG equations

There are a few places in physics where equations of the form (gSQG) with more
singular multiplier P show up.

Asymptotic model in the LQG equation. A most notable example is the so-
called large-scale quasi-geostrophic (LQG) equation, which can be written in the
form

dpp + VAP - Vip = 0. (10)

This corresponds to the case P(|¢|) = —[¢|?, and a very interesting feature of this
model is that it is purely local, namely the equation does not consist of any non-local
operators. To explain the physical relevance of this model, we consider the dynamics
of shallow water QG (quasi-geostrophic) flow, which accounts for the ocean front
dynamics. Some concrete physical situations include Jupiter’s atmospheric pattern
and Great Red Spot ([125, 121]). The governing equation is the so-called Charney—
Hasegawa-Mima (CHM) equation

g+ V- Vg =0.

Here, the advected variable ¢ denotes the potential vorticity (PV) and is related by
the stream function ¥ by ¢ = (A — LBQ)@Z). Note that this is nothing but the gSQG
equation with the velocity defined by v = V(A — LBQ)*lq. In this formulation,
the length scale Lp denotes the Rossby deformation length, which roughly speaking
captures the ratio between the action of gravity and large-scale planetary rotation.
Relevance of the CHM equation in plasma dynamics is discussed in [69]. Letting
L be the characteristic length of the flow, one may consider two limiting situations

10



where (i) L < Lp and (ii) L > Lp. In the first scenario, the flow is essentially
governed by the 2D Euler dynamics. On the other hand, in the second scenario,
formally we obtain the model (10) in the rescaled timescale ¢tL%. This is sometimes
referred to as the asymptotic model (AM), see [12].

Hall-MHD system. For yet another singular example, we may consider the Hall-
magneto-hydrodynamics (Hall-MHD) equations (without dissipation):

{8tB+V>< ((V x B) x B) =0, )

V-B=0,

where B(t,z) : R x R? — R3 denotes the magnetic field. Strictly speaking, this is
the “electron part” of the full Hall-MHD system, see [120]. To see the relation with
the family of gSQG systems, one may take the so-called “2+ %-dimensional ansatz”:
assuming magnetic field B of the form

B =V x e3+ Alg] es

for some scalars v, ¢ independent of the last coordinate 3, the above system reduces
to

L _
{8tw+v Alg] - V¢ =0, 12)

O+ ATH(VEAAY]) - Vi) =0,
While this system can be viewed as a “vector version” of gSQG, one can simplify it

even further: taking the ansatz ¢ ~ ¢ (which roughly propagates in time, assuming
existence of a smooth solution), we see that the limiting equation is

Oph + VEA[Y] - Vip = 0,

which simply corresponds to (gSQG) with P(|£]) = |¢].

1.1.6 Active scalars

In this section we shall introduce various model equations which have structural
similarities with the gSQG equations. For each model, we shall focus on the key
features that distinguishes it from the others. Given some statement regarding the
gSQG equations, it will be an interesting problem to investigate to which generality
such a statement extends. Before we proceed, we shall refer to the following class of
transport equations as active scalar systems:

0:0 -V =0,
{t +u (13)

u = KJ[6].

It is assumed that at each moment of time, u is well-defined in terms of 6 by some
relation 0. Of course one can consider more general classes of equations than (13);

11



one can replace 6 by some vector/matrix/tensor (system of active scalars), have
multiple velocities, and so on. As in the case of gSQG equations, we shall be
interested in incompressible models, as the behavior of the solutions are very different
in the compressible case. Then, the velocity has the form

u=Vty,

where 1 is determined from 6 by some functional relation v = G[f]. A recent
textbook [35] discusses wellposedness theory of several active scalar models.

Incompressible porous media. The incompressible porous media (IPM) equation
and its variants have been widely studied. In two spatial dimensions, the equations
read
Op+u-Vp=0,
tP | - (14)
u=0; V- (=A) "p.

Here, p denotes the density of some medium, which is being affected by gravity
acting in the negative xo direction. This makes the equation anisotropic, unlike
the gSQG equations which enjoys rotational invariance. Furthermore, a peculiar
property of this model is that, while it is inviscid, it has a monotone decreasing
quantity. To see this, compute

d
7 Topdr = —/a:QV - (up)dz

= /uzpdw = /3§1x1(—A)_lppdﬂf
= [0 (-8) EpPdz <0,

In these computations, it is assumed that p is sufficiently smooth and decaying at
infinity. Note that the integral
I = / Topdx

is nothing but the gravitational potential energy of the medium. Decrease of I shows
intrinsic stabilizing nature of the system: heavier regions of the fluid tends to sink
while lighter tends to rise. This system is very interesting as there is coexistence of
asymptotic stability ([54, 18]) and infinite-time infinite gradient growth ([96]).

One can note that IPM is naturally associated with the following 2D Boussinesq
type system, where p satisfies the transport equation as in the above and u satisfies

O+ u-Vu=—Vp+ rku+ (0,—gp)T. (15)

Here &, g > 0 are constants. Taking these constants to be 1 and setting the left hand
side to be zero results in the velocity formula in (14).

12



Vlasov—Poisson equation. The Vlasov—Poisson (VP) system is a popular model
in both astrophysics and plasma dynamics. We consider the simplest case of 1 x
1 dimensional VP. The dependent variable is the distribution function f(¢,x,v) :
[0,00) x R x R — R, which we assume to be non-negative. The system reads

Osf + 00, f +ulyf =0,

plta) = [ (e, (16)
u(t,r) = £9, A 1p.
In the above, the choice of sign for the velocity w is determined by whether the

particle interaction is repulsive or attractive. This model is incompressible in the
sense that in the phase space R x R, the phase velocity (v,u) is incompressible as

0z (v) + 0y (u) = 0.

In particular, all the L% , norms of f are conserved in time, assuming some regularity
and decay of f:

£t ) r@xr) = [l foll LrrxR)-

Unlike the other models that we have seen, it is easy to prove global existence and
uniqueness of smooth solutions for (16). A peculiar property of this model is the
velocity smoothing effect: the density function p is smoother (in an averaged sense)
than it is naively expected. Note that the density satisfies the equation

Op + Oy (/vfdv) = 0.

See [68] for the precise statement and proof for the smoothing effect. A simple way
to see the smoothing effect is to solve the linear transport equation

Of +vo,f =0,

with the initial data fo(x,v) = 1j91)2(x,v). One very interesting topic is to under-
stand what happens for “very singular” data; see the last chapter of [108]. Many
variations of the VP systems have been studied, which can be obtained either by
modifying the relation between u and p or by coupling VP with other systems.

Oldroyd-B system. The Oldroyd-B system in two spatial dimensions describes
the evolution of a symmetric matrix of added stress:

oo +u-Vo = (Vu)o +o(Vu)T,
—Au+Vp=V-o, (17)
V-u=0.

13



Here o(t, -) is a symmetric 2 x 2 matrix-valued function, which introduces a significant
complication compared with the scalar-valued PDEs. As in the case of the IPM
equation, the major open problem is the global regularity of smooth solutions. This
system can be obtained by a closure of a kinetic model ([102, 35]).

Transport-Stokes system. The transport-Stokes system appears in sedimentation
theory. The main variable p denotes the density of suspensions, and satisfies

Op+u-Vp=0,
Au+ Vp =pes, (18)

V.-u=0.
Here, p(t,-) : R® — Rsg and u(t,-) : R — R3. We use e3 to denote the vector
(0,0,1)”. The name of the equation is self-explanatory; the density is being trans-

ported by the (incompressible) velocity which satisfies the steady Stokes equation.
Justification of the model and wellposedness is given in [112, 103, 73, 5, 113].

Axisymmetric Euler and lake equations. Given a two-dimensional domain 2
and a given “depth” function b : 0 — R, the lake equation is given by

at<°;> tu- v(‘Z) ~0, (19)

V-(bu)=0, VxXu=uw. (20)

where wu is the solution of

When 02 is nonempty, one needs the boundary condition u - n = 0 on 0f) where
n is the outerward unit normal vector ([104, 105]). When the depth function takes
the form b(x) = |z|, (19) can be identified with the three-dimensional axisymmetric
Euler equations without swirl. In the case b(x1, z2) = 129, this is related with the
so-called birotational Euler equations ([31]).

Magnetic relaxation equation. The two-dimensional magnetic relaxation equa-
tions (MRE) read
0¢B+u-VB=DB-Vu, (21)
(=A)'u =B -VB+ Vp.

Here, B,u are time-dependent vector fields on a two-dimensional domain €2 and
v € R is a parameter. What is very interesting in (21) is that the velocity is
quadratic in terms of the magnetic field B. In the special case v = 0, the kinematic
relation is equivalent with w = B - Vj, where w = V X u is the vorticity of the fluid
and j = V x B is the current density of the magnetic field. These equations were
used to study the process of magnetic relaxation in the ideal magnetohydrodynamics
(MHD) model ([7, 114, 9, 86]). This makes the study of long-time dynamics of (21)
particularly important, although already the problem of global existence of solutions
is a challenging problem, especially when ~ = 0.
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1.2 Overview

We shall begin with a general discussion about the first questions that arise, given a
partial differential equation. The rest of these notes is mostly about various attempts
in answering those basic questions in the very specific context of generalized surface
quasi-geostrophic equations.

Notion of wellposedness. Given a partial differential equation which describes
the time evolution of a quantity, the very first question that one needs to answer is
that of local wellposedness (or local regularity); namely, if we are given an initial
datum, then whether there is a corresponding solution to the PDE, at least for a
small interval of time. This is a delicate question: even when the PDE is “nice”,
the answer usually depends on the precise choice of the function space. To be more
precise, assume that we are given a PDE

8,0 = T[0] (22)

where T is a partial differential operator, possibly nonlinear. Let X be a Banach
space of functions and Y be a time-dependent Banach function space. That is, Y
consists of functions which are dependent on both time and space. Then, we say
that (22) is locally wellposed from X to Y, in the sense of Hadamard, if

e Existence: for any 6y € X, there exist a solution 6 € Y such that (¢t = 0) = 6.

e Uniqueness: there is at most one solution that belongs to Y with the prescribed
initial data 6.

e Continuous dependence: the solution map (which is well-defined when the
previous two conditions are satisfied) is continuous.

The first two items are reasonable: we would like to be guaranteed the unique
existence of a solution in the future, if we know its initial state exactly. Note
that existence does not imply uniqueness and vice versa. Indeed, the definition of
uniqueness does not require existence. The third requirement, which is somewhat
more delicate to prove, is natural especially from the practical point of view. If the
PDE indeed gives a good description of a physical process, then we would like to
be able to know what happens to the physical system at a later time, given the
current measurements of the system. This is the primary motivation for the study
of the initial value problem. Assume that we have existence, uniqueness, and some
way of computing the solution at a later time, for some PDE. Still, if the solution
does not depend continuously on the initial data, then it is very unlikely that the
computed solution gives a good approximation of the future state, especially since
it is impossible to exactly measure the current state. In practice, one would like to
have much stronger notion of dependence on the initial data.
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For transport equations including the gSQG equations, it is usually expected that
the regularity of the solution does not change with time. (The equations are “time
reversible.”) Indeed, no matter how smooth the advecting velocity is, “singular
features” in # will remain essentially unchanged in time. Therefore, once the choice
of the initial data space X is made, it is customary for transport type equations to
take Y to be either L>°([0,T]; X) or C([0,T]; X). Then, we can be more specific
about the above requirements of Hadamard:

e Existence: for any 6y € X, there exist some 7' > 0 and a solution 0 to (22)
belonging to C'([0,T"); X) satisfying 0(t = 0) = 6.

e Uniqueness: let §; and 02 be two solutions to (22) belonging to C(]0,71]; X)
and C([0,Ts]; X), respectively. Assume further that 6;(t = 0) = 62(t = 0).
Then, we actually have that 6; = 62 on [0, min{77,T>}].

e Continuous dependence: Let 6 be a solution to (22) belonging to C([0,T7; X)
for some T' > 0. Then, for any ¢ > 0, there exists § > 0 such that whenever
0y satisfies ||6g — 6(t = 0)||x < J, then there is a solution § € C([0,T]; X) to
(22) satisfying 6(t = 0) = 6y and we have [|§ — Ollco,m;x) < €

While the precise notion of wellposedness highly depends on the choice of the func-
tion space, when someone says that a PDE is wellposed without explicitly specifying
the space, then usually that person has in mind “sufficiently nice” function spaces,
most traditional examples being H*>° and H¥. Here H* is by definition the space
of infinitely differentiable functions for which any derivative is square integrable
in space. The space H“ consists of real analytic functions with square integrable
derivatives. When the domain is bounded, these are simply identified with C**° and
C“, respectively.

Next, we mention that sometimes we are forced to use the space L>([0,T7]; X)
rather than C([0,7]; X). Even in that case, we can require the solution to belong
to Cy([0,T]; X) where C,, means continuity in some “weak” topology of X. This
ensures that the time restriction 6(¢ = 0) is well-defined. For an example, we consider
the linear transport equation in R:

If the initial data 6y is smooth and decays at infinity, it can be proved that 0(t,z) =
Oo(x —1t) is the unique smooth solution. Note that even when 6y is merely a bounded
function (not necessarily differentiable or even continuous), the formula 6y(x — t)
defines a bounded function for all time, which solves the linear transport equation
in the sense of distributions; namely, if ¢ € C°(R?) is a test function, then

/ 00, + 00 pdxdt = 0.
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That is, in this case the derivatives on 6 are interpreted in the distributional sense.
Furthermore, it can be proved that 6y(xz —t) is the only bounded function with this
property. Therefore we would like to say that this transport equation is wellposed
in X = L®, but we see that in general the solution is not continuous in time in the
(norm) topology of L>. In this case, we are forced to use the weak topology in L*°.

Now assume that we are given a PDE which is wellposed in the above sense.
Then, this gives rise to the notion of mazimal lifespan of a solution. Given an initial
data 6y, we can always uniquely associate T™* € (0, co] such that the corresponding
unique solution exists in C'([0,7%); X) but not in any larger time interval (unless
T* = oo). This is simply because if we are given a solution 6§ in C([0,7T);X)
and the limit lim, .76 =: 6(T') exists, then we can we can solve the PDE starting
from the new initial data 6(T"), thereby obtaining a solution in [0,7 + €) for some
€ > 0. Of course this argument requires that the operator defining the PDE is
time-independent.

Let us discuss some consequences of continuous dependence. Usually, the trivial
solution (or zero solution) 6§ = 0 is a solution to (22). Since it is defined globally
in time, using continuous dependence with respect to the trivial solution, we obtain
that for any T',e > 0, there exists 6 > 0 such that if 6y satisfies ||6p||x < 0 then the
corresponding solution 6 exists for [0, 7], and satisfies

HHHC([O,T];X) <e.

That is, small initial data are guaranteed to live for a long time interval. If the
PDE at hand has a scaling symmetry, this can be often applied to obtain a lower
bound on the maximal lifespan of large initial data. We shall discuss this in the
concrete examples of a-SQG equations later. Next, in most cases, the way to obtain
wellposedness in a given function space X is to derive an a priori bound of the form

S0l < F(lolLx). (23)

Here F' : [0,00) — [0, 00) is a non-decreasing continuous function satisfying £'(0) = 0.
We use the term “a priori” since at the stage of deriving the inequality, we actually
do not have existence of a solution; we assume that a solution exists in C([0,7]; X)
(or even in C'*°) and then prove that the bound holds. Still, it is usually the first
step towards establishing the existence. Assuming that we are given (23), we see
that [|0(t)||x < Y(t), where Y is the solution to the ODE

{Y@»—Fa«w» 24

Y (0) = |

In particular, we see that if the solution to this ODE exists in [0,7) then the PDE
solution must exist as well. Furthermore, this shows that if T* < oo is the maximal
lifespan of a solution, then we must have

00| x -

lim inf [6(2)]|x = oco. (25)
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Indeed, assume towards a contradiction that we can find an increasing sequence
{tx} converging to T™ such that ||0(¢x)||x < C for some C independent of k. Then,
applying the comparison principle with (24) with initial time t; shows that the
solution must exist for a time interval of the form [tx,tr + €) with € depending
only on C, so that by taking k sufficiently large, we obtain a contradiction to the
statement that 7™ is the maximal lifespan. A statement like (25) is called a blow-up
criterion since it is equivalent to having the solution in X becoming nonexistent
exactly at time T*. There is significant interest in finding the optimal blow-up
criterion; clearly, a criterion which involves a weaker quantity is stronger. The task
of finding the sharp criterion is essentially equivalent with understanding precisely
what happens at a potential blow-up moment. A blow-up criterion can be called as
a continuation criteria or a sufficient condition for regularity propagation, simply
because if we are given a solution 0 in C([0,7%); X) and it satisfies

lim inf [|6(t) ]| x < oo (26)

then we are guaranteed to extend the solution past T*. Ideally, one would like to
have that, in a nonlinear PDE, there is a (family of) critical norm Z, such that it is a
strictly weaker quantity than the norm X but provides a sharp continuation criterion
for the solution. One may naively think that the quantity Z should correspond to
the strongest coercive conservation law in a PDE but usually it turns out to be not
the case.

Dynamical properties. Given a partial differentiable equation which is locally
wellposed in some space X and an initial datum 6y € X, we see that there are two
cases, either

e (i) the solution is global in time;
e (ii) there is finite time blow-up.

To begin with, when there is a non-empty set of initial data in X for which there
is blow-up, then a natural question is to understand what are some simple and
natural characterizations of the set of initial data. Next, it is an important question
to ask what is the asymptotics of blow-up, namely what happens to the solutions
very close to the blow-up time. This is interesting since in many equations, there is
some (rather explicit) universal profile appearing on solutions near singularity, after
a proper rescaling in space. Furthermore, a more ambitious problem is to figure out
how to extend the solution after the time of singularity (is there life after death?).
On the other hand, when the set of initial data leading to finite time blow-up is
empty, we can say that the PDE is globally wellposed in the space X. In this
case, the most interesting problem is to figure out what happens to the solution in
the long time limit ¢ — oo. Sometimes it is hoped (or believed) that there are a
few special solutions to the PDE upon consideration towards which other solutions
converge as t — oo. This type of questions on long time dynamics are notoriously
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difficult to answer for many PDEs featuring non-local interactions. Therefore, rather
than trying to answer long time behavior directly, one can start by looking for the
candidates which could be responsible for behavior of other solutions as ¢t — oc.
This is usually the motivation for the study (classification, characterization, etc) of
steady states, which are simply solutions to (22) for which 0,6 = 0; in other words,
they are given by solutions to the differential equation T[f] = 0. While this equation
may look very simple, when T is nonlinear and non-local, it is surprisingly difficult
to understand the set of steady solutions; it could be huge and has a complicated
structure. Furthermore, one can try to look for the next simplest solutions, which
are time-periodic solutions.

A case study: inviscid Burgers’ equation. We would like to provide a non-
trivial yet simple example and investigate how the discussion above applies. To this
end we introduce the one-dimensional inviscid Burgers’ equation:

10 + 00,0 = 0. (27)

Here, 6(t,-) is a real-valued function defined either on R or T. This is one of the
simplest PDEs where blow-up (singularity formation) of smooth solutions occurs
in finite time. To begin with, let us discuss local wellposedness. For now, let us
take X = C(T) although there are many other natural options. Then, taking the
derivative of (27) we obtain

at(axe) + 06:5(81’9) = _(8$9)2 (28)

Let us now proceed by assuming that we are given a solution § € C([0,T); C1(T)).
In the following argument, the time variable will be restricted to [0,7"). Then, we
can introduce the flow map ® on [0,7") satisfying

d
%q)(tx) = H(t,q)(t,l')), q>(07$) = Z.
It can be shown that on [0,7), ®(¢,-) : T — T is well-defined and a C* diffeomor-
phism of T. (This simply means that it is bijective and the inverse map is also C*.)
Then, writing (28) along the flow, we obtain

d 2
£(8x0)(t,<b(t,x)) = —(0,0)°(t, ®(t,x)).
In this equation, we consider x € T as fixed and describe the time evolution of
the quantity (0,0)(t, ®(¢,x)), which is a function of ¢ only. We are assuming that
0,0 € CY, so that 0,0(t, ®(t,z)) € C° for each t € [0,T). For simplicity, let us define
the C! norm of 6(t,-) by max,er |0:0(t, z)|. Then, we arrive at

d
L6l < 612 (29)
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This a priori estimate can be used to prove local-in-time existence of a solution, on
the time interval within which the unique solution to the ODE

Y=Y Y(0)=|boller

does not become infinite. This ODE is explicitly solvable, with

Yit)=—

1Bollcr —¢

which gives, by the comparison principle for ODE solutions,

1
10CE, ler <Y(E) = ==
16ollcr —t

Therefore, given an initial data 6y belonging to C!, a unique C' solution is guaran-
teed in the time interval [0, ||90H5}) Note that the length of this interval is inversely
proportional to the initial data size ||fy||c1, which is natural since intuitively large
solutions are more dynamic. Before we proceed further, let us discuss briefly what
happens if we change the function space, say to C°°(T). In principle, it is possible
that we can be guaranteed with a longer time of existence by changing the function
space. In the case of the inviscid Burgers’ equation, it is not the case and indeed,
the quantity ||0]|o1 actually provides a blow-up criterion. To illustrate this point we
return to (29) and rewrite it as follows:

d
m(6ler) < [ollen-

Integrating in time from 0 to some ¢ satisfying ¢ < T, we obtain that

ot
1n<” |Cl> /||9 Merdr
160l

t
16C;)ller < llbollcr exp (/0 16T, -)HcldT> :

Therefore, we see that

or in other words,

T
| 16 llcrdr < o
0

is a continuation criterion; if it holds, then the unique solution is guaranteed to be
continue-able past time 7. Let us take initial data 8y € C°°(T). By definition,
C®(T) = Nk>oC*(T) and to show that the solution belongs to C°°, we need to
estimate the C* norm for all k& > 0. For simplicity, let us denote

I £llcx = sup |0 £ ().
zeT
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Assuming that there exists a C* solution of (27) in a time interval [0,7"), to obtain
a C? estimate we differentiate (28) once more:

0:(070) + 00,(970) = —3(0,0)(930). (30)
Along the flow, the equation is simply
d
%(@39)(@ O(t,x)) = —3((0:0)(9:0))(t, ®(t, ).
Taking absolute values, we obtain that
d
10 ez < 3[10(E, )16, )l e,

which shows that
t
10(t, ez < [10ollc2 exp (3/0 |6, ')HCldT> :

We claim that any higher C* norm obeys a similar inequality. To demonstrate this
in the case k = 3, we differentiate (30) to obtain

D1(020) + 00,(620) = —4(0,0)(029) — 3/020]2 (31)
Writing along the flow and using the previous bound for the C? norm gives
G0 es < 4106 e 106 oo + 18012 ex (6 [ 1607 v ).
Then one can integrate this inequality in time, to obtain a bound for ||0(¢,)||cs. A
slightly more elegant way is to return to (31) and apply the Landau—Kolmogorov
inequality
1F122 < Cllflerll Flles-
This gives, again after composing with the flow map,
d
210 )lles < ClOE, e 162, )les

which then immediately gives

t
16C2,)lles < [l6ollcs exp (C/O ||9(T7-)||01d7> :

Here is the conclusion: if the initial data #y belongs to C* for some k € N, the
local-in-time solution in C([0,T); C*(T)) can be continued past T if and only if
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fOT |60(7,)||c1dT < co. The important observation here is that this continuation cri-
terion is completely independent of k. In particular, we obtain local unique solution
in the space X = C*(T).

Next, in the case of Burgers’ equation, there is a simple way to tell that the
estimate (29) is sharp, namely that the inequality is actually achieved for some
solutions. To this end, given some non-constant initial data (any constant function
defines a steady state) 6y € C°°(T), let us assume that we can pick a point z* € T
such that

— 0,00 (z*) = max |0,60] = ||6o]|c1-
zeT

The unique local-in-time smooth solution is guaranteed in the time interval [0,7)
where T™ := 1/||6p||c1. Now, on this time interval, we consider the flow map and set
x(t) := ®(t,x*) for simplicity. Then, (28) gives

d
Z(=0:0(t,2(1)) = (~0:0(t, (1)),

This equality not only guarantees that —6(t, z(t)) > 0 for t € [0,7*) but also

1

16, )ler = —0:0(t, 2(t)) = ————.
HQOHC} —t

Comparing this with the upper bound for ||é(t, -)|/c1, we actually conclude that

0t Mer = ———
o, )l —

1
160l

exactly holds for any ¢ € [0, 7*). In particular, the solution blows up exactly at time
T*! For the Burgers’ equation, we can see more or less exactly what is happening
at the blow-up time. To simplify the analysis, we consider * = 0: namely —0,6(0)
is the maximum value of 0,0y. From this assumption, we have that the second
derivative satisfies 0,,0p(0) = 0. Next, generically, the third derivative of 6y at 0
will not vanish, and the previous assumption gives that 0,,,6p(0) > 0. This gives

Oo(z) = —ax + ba® + o(x?),

for some positive constants a,b > 0. We shall assume for simplicity that a = 1; this
gives that the blow up time is exactly ¢t* = 1. Now that the flow map is simply

O(t,z) = x + thy(z),
we see that the solution is
O(t,x +tbp(x)) = Op(x).
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At t* =1,
—z 4 b2 +o(z3) = 01,z + (—x + bz + o(z?))).
In other words,
—z 4 o(z) = 0(1,bx> + o(z?)).

Change of variables z = bx® + o(z3) gives that (this is invertible for x sufficiently
small)

=
W=

0(1,2) =—-b"

zZ3.

That is, the Burgers’ equation generically develops a C'/3-cusp at the time of sin-
gularity. While the L* norm of 6 is conserved from the transport nature of the
equation, somehow some C® norms remain bounded uniformly up to the time of
blow-up. Furthermore, one may prove that the solution develops a self-similar cusp
near the blow-up time: in the concrete case of the data

Oo(z) = —z + 23

defined in R, for each 0 <t < 1, we can explicitly calculate the flow map inverse
A= A(t,z) = (¢, x) via

A—t(A— A% =A+thy(A) ==z
which gives
tA 4+ (1-t)A—z=0.

The unique real solution is then given by

Altz) 3 x+ x2+1 1—t\® a?+ x2+1 1—t\?
)= A| —— o ) =g == ST r——
’ 2t 4¢2 27 t 2t 442 27 t

We can then explicitly obtain

B Oo(A(t, ) o1 i
where
34 23

Then, we can ask whether there is a way to continue the solution after this blow-up
time. It turns out that for this equation it is possible: while there are infinitely
many distributional solutions after the blow-up time, there is one (and only one)
which is “physically relevant.” One can refer to some standard texts in PDE [62]
for the proof.
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Problem 1.2.1. A solution to (27) is called self-similar if it has the form
0(t,x) = g(t)F(h(t)x)
for some functions g, h, F' of one variable.
o Find all C*°-smooth self similar solutions.
e Find all (locally integrable) self-similar solutions.

o Discuss their relevance for the initial value problem of general initial data.

One can first consider the above questions for the simpler case of Riccati equation
(considered as a PDE rather than an ODE)

of = f? (32)
instead of (27).

100,

-04 -0.2 0.2 0.4
Figure 2: Solutions to (32) at t = 0,0.5,0.8,0.95,0.99

For smooth initial data fo(x) : R — R4, the explicit solution formula is given by

flt,z) = 5 fg}:()x) We may assume, essentially without loss of generality, that the
maximum point of the initial data is x = 0, with the maximum value equal to 1.
Furthermore, assume that the second derivative of fy at = 0 is nonzero, which is

generically true. One can see that the solution blows up at ¢t = 1 (Figure 1.2).

Then, one can perform height normalization: f — % Then this forces
the solution to have the maximum value equal to 1 for all times (Figure 1.2, left).

One sees that the functions become “sharper” as one approaches the blow-up
time. This motivates us to consider fatness normalization: that is, we can always

rescale the independent variable in a way that the Hessian (which is assumed to be
nonzero) is normalized: g — g(t, (—(0z29)(t, 0))_%@
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Figure 3: Solutions to (32) at t = 0,0.5,0.8,0.95,0.99, after renormalization

Then one sees that the solutions are converging to a curve (Figure 1.2, right) as
t — 1. Using the solution formula, one can check that the limiting curve is given by
the function 1/(1 + 22), which is interesting for many reasons.

One can analyze various one-dimensional transport equations similarly as in the
Burgers case. One may consider transport equations of the form

Op + udzp =0 (33)
where u is determined by p according to a given constitutive law, or more generally

where again f is determined by p at each moment of time. It is useful to have various
strategies for the proof of singularity formation, and indeed many are known for the
case of the inviscid Burgers’ equation. A common approach is to consider the time
evolution of a quantity

/p(t,x)F(t,x)dac

for some F' to be chosen cleverly depending on the form of the equation.

Problem 1.2.2. Consider the problem of singularity formation in the following
concrete cases. That is, investigate conditions on the initial data which guarantees
finite time blow up or global reqularity.

e (33) with u(t,z) = [; p(y)dy. Take the domain to be the half-line {x > 0}.

e (33) with u(t,z) =1 =[5 n(

Wellposedness of gSQG. Let us now focus on the specific case of generalized
surface quasi-geostrophic equations (gSQG). As we have discussed in the above, the
very first question to be asked is whether given a sufficiently nice initial data 6
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(e.g. in C>(T?)), there exists a unique corresponding solution 6 to (gSQG). As we
have discussed earlier, one can give a rather precise answer to this question: there
1s local wellposedness if and only if the multiplier P is not singular. For this reason,
in this text we are mainly concerned with the non-singular regime. Now that we
are given local wellposedness, the next step is to determine whether locally unique
C™ solutions are global in time or not. Unfortunately, we do not have a definite
answer to this basic problem for (gSQG), except for the case of the two-dimensional
Euler equations and slightly singularized equations. (Another notable exception is
the finite time singularity formation result for smooth patches in the upper half-
plane [94].) The gSQG equations are both non-linear and non-local, which makes it
difficult to understand long-time dynamics. Here, by “long time”, we are referring
to any timescales which are strictly longer than the one in which local smooth
solution is guaranteed by the a priori estimate. There are no apparent (dynamical)
mechanisms for regularity and the known conservation laws are too weak to control
the solution, except for the case of 2D Euler.

The specific topics covered in these notes can be viewed as several attempts to
attack the problem of long time dynamics. Let us informally describe some of these
attempts.

e Blow-up criteria. To begin with, one can try to obtain non-trivial blow-up
criteria, which are necessary conditions for the finite time singularity forma-
tion to occur. Usually, they take the form of the time integral of a critical
norm of the solution. Apart from the intrinsic interest, they often provide
tests as to whether a singular behavior observed in numerical computations
is a candidate for blow-up. For instance, the Beale-Kato-Majda criterion [6]
allows us, roughly speaking, to distinguish double exponential growth of the
gradient from finite-time blow up. Now, given the transport nature of the
gSQG systems, it makes a lot of sense to consider blow-up criteria which are
geometric; that is, what should happen to the level sets of 6 at the time of
blow-up? For instance, two initially disjoint level sets can “collide” at the
singular time. It might happen that some initially smooth level curve becomes
non-smooth. In the case of gSQG equations, one can sometimes rule out some
of these possibilities. Closely related to this, one may investigate whether a
specific type of singularity formation is allowed by the PDE. The most widely
tested blow-up scenario is locally self-similar singularity.

e Weak solutions. In general, one can construct globally defined weak solu-
tions, primarily using the fact that the quantity ||6(t, )| z» is conserved in time
for smooth solutions. For the proof, see the works [122, 109, 5]. The weak
solutions provide natural candidates for solutions after a potential singularity
formation for smooth solutions.

While global existence of a weak solution, given an initial datum, is not very
difficult to get, the difficult part for them is to prove uniqueness. (However,
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see [39] for uniqueness of patch solutions.) Indeed, using convex integration
techniques, it is possible to show non-uniqueness of “very” weak solutions
([10]). Recent groundbreaking work of Vishik [128, 129] gives non-uniqueness
of forced 2D Euler solutions with w € LP. Apart from the uniqueness issue,
another very interesting set of problems is regarding the dynamics of weak
solutions.

Patch solutions. Given global existence of weak solutions, one can consider
certain specific classes of weak solutions, towards the goal of achieving unique-
ness and finite-time singularity formation within the class. The most widely
studied such class of solutions is patches, which are characteristic functions of
a moving domain. The study of patch solutions in the Euler case can be mo-
tivated from atmosphere dynamics. Even within the class of patch solutions,
one may consider the ones with either smooth or irregular boundaries. In the
former, it can be shown that the smoothness of the patch boundary propagates
at least locally in time. More precisely, given a smooth patch initial data, there
exists a local solution of the same form, which is unique in the class of smooth
patch solutions. Then, one can ask the problem of finite time singularity for-
mation within this restricted class of solutions. It is interesting to note that
while there are a few numerical simulations suggesting finite time singularity
formation for smooth gSQG patches, no convincing such simulations does not
seem available in the class of smooth gSQG solutions. In the case of patches
with non-smooth boundaries, having a wellposedness theory is a challenging
problem. In the 2D Euler case, a unique patch solution is guaranteed by the
Yudovich theorem, but not much is known as to how the unique solution looks
like, given an initial patch with singular boundary.

More generally, it is possible to consider solutions with different types of sin-
gularities, and study how they evolve in time.

Gradient growth. While it is not clear whether smooth solutions to (gSQG)
could blow up in finite time, there are results showing infinite growth of smooth
solutions in certain norms in infinite time. For instance, one can try to prove a
lower bound on the C'! norm of the solution in time, assuming that it remains
smooth for all time. Roughly speaking, this question asks whether one can
rigorously prove that different level sets of 8 become very close with each
other, which is easily observed in numerical computations and experiments.
This is already a very difficult task, and existing results require rather special
constructions of the initial data. An important outstanding question is whether
such growth is “generic” in a sense.

Simpler model equations. Recalling that one of the principal motivation
for studying SQG was its formal analogy with the three-dimensional vorticity
dynamics, it is reasonable to consider even simpler toy models for (gSQG)
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which share some characteristic features. A few of those models can be ob-
tained directly from the gSQG equations under some ansatz on the solutions.
For many such models, finite time singularity could be established.

e Special solutions. Lastly, one may construct and study special solutions,
most notably steady and time-periodic ones. Then one can try to understand,
by linearization, what happens to perturbations of such solutions. It could be
already a challenging problem to study linearized behavior, in particular to
understand the behavior of the trajectories associated with the initial velocity
field. Another large class of solutions come from point vortex approximation,
although it requires some work to regard them as approximate solutions.

1.3 Preliminaries

1.3.1 Fourier transform

Given an integrable function f defined in R, we define its Fourier transform by

f() = /R f(@)e 2ot dg.

The inverse transform of g is defined by

3(x) = /R 9(6)e*TE de

A Fourier multiplier M is simply a multiplication operator in the Fourier side. Given
a function M (§) : R — R, we define M f as the function whose Fourier transform is
given by M(€)f(€). We say that M is the multiplier of M. This operator can be
first defined on the class of Schwartz functions and then extended to an appropriate
function class depending on the nature of the multiplier.

In the definition u = V+P(A)#, we have that

a(€) = (i€)- P(|£)A(E).

Therefore, to understand this operator in the physical space, we need to obtain the
inverse Fourier transform of P(|£|). This will be computed in a few important cases
below.

1.3.2 Basic properties of gSQG

We shall assume that we are given a sufficiently smooth (and decaying, when the
domain is unbounded) solution to (gSQG).
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Symmetries and steady states. The gSQG equations enjoy many symmetries;
to begin with, it has translation symmetry; if v € R? and 6 is a solution, then

0°(t,z) == 0(t,z +v)
is again a solution. Next, if R : R?> — R? is a rotation, then
OR(t,x) := 0(t,Rx)

is a solution. This is because we are assuming that the multiplier P(A) is isotropic
(there is no preferred direction). Moreover, if F is a reflection, then

0¥ (t,z) .= —6(t, Fx)

is a solution. Lastly, one may consider scaling invariance, when P(A) is of power
type, namely when P(§) = |£|” for some v € R. In this case, for any A > 0,

0N (t, x) == A\0(t, \x)
is again a solution. To see this, we simply compute that
Mt x) = VEATON(t, ) = VEAT(AO(t, Az)) = AT 7u(t, Ax)
so that
u - VO = N2 (4 VO)(t, Ax).
This equals
D107 (t, ) = A0,0(t, \x:)

so that we need to select a = 2a+ 247, or a = —2 —~. In particular, when v = —2,
we have that a = 0. This is interesting since this symmetry does not change the
time variable. Of course, there is a simpler scaling symmetry which changes the
time;

Ou(t,x) == pb(ut, x)

is a solution for any u € R. Note that this does not change the spatial variable
and therefore this symmetry holds for any multiplier P. This simply states that if
we magnify our dependent variable, the same dynamics occurs but just in a faster
timescale. It is interesting to note the special case u = —1; this shows that reversing
the sign of the advected scalar corresponds to moving backwards in time.
Assuming that we have the uniqueness of the solution, a consequence of having
symmetry is the propagation of symmetry of the solution in time; if the initial data
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6y is invariant under some group G of symmetries of the equation (which does not
change the time variable), then the solution is forced to be invariant under G for
each t. As an example, one can impose the time-scaling invariance: assume that a
solution # to a-SQG satisfies

0(t,x) = pb(ut, x)

for all 4 > 0 and t,z. Then, the solution is determined by the data at t = 1:
simply taking pu = 1/t gives (for t > 0) 8(t,z) = t~16;(x) := t~10(1,x). This seems
impossible since the maximum of || is supposed to be preserved in time. Of course,
61 can be simply unbounded and indeed one can construct solutions which satisfy
this property. On the other hand, one can combine scaling symmetries in ¢ and x
and consider invariant solutions; see [106, 107].

A particularly simple case, which gives rise to a set of steady states, is the 1-
dimensional group of rotations around the origin. If 6 is invariant under this group,
then it means that 6y(z) is a radial function (function depending only on |z|) and
this defines a steady state, since the stream function ¢ := P(A)# is also radial, which
means that u = V11 is a radial function multiplied by the vector - = (—xq,21).
On the other hand, V@ is a radial function multiplied by the vector x, so that
u-Ve=0.

Another simple 1-dimensional group of symmetries is the set of all translations
in a fixed direction. For instance, one can consider 6y which is a function of the x
variable only. This is a steady state as well, for a similar reason.

Slightly more interesting examples of steady states come from eigenfunctions of
the Laplacian on T?. Let us say

~Af =),

for some A > 0. Then, Af = v/Af and we have P(A)f = P(v/A)f. Then we see that
f is a steady state.

Conserved quantities. To begin with, any L? norm of § is formally conserved in
time, since u is divergence free. Actually, for any p € R, the measure of the set

{z:0(t,x) > u}

is constant in time, from which LP conservation for any 1 < p < oo follows. There is
a slightly more non-trivial conservation law, which has fundamental consequences.
In the equation

9,0 + V+P(A)H - VO =0,
we may rewrite the nonlinearity as

V0. VP(A)
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and then we compute

%% / OP(A)0 — / 0,6P(A)0

(this is because P is a symmetric operator)
L 1 L 2
= /(V 0-V)P(A)OP(N)E = 3 /(V 0-V)(P(A)B)” =0.

We have integrated by parts in the last step. This shows that the quantity HP 2(A)0)2,
is conserved in time. This is nothing but (a constant multiple) of the kinetic energy
of the fluid in the case of 2D Euler.

As an immediate application of this additional conservation law, one can prove
nonlinear stability of steady states which are supported on the lowest modes. This
observation has appeared in [110] to prove “absence of turbulence”. Later Denisov
[46] applied it to obtain infinite gradient growth. Assume that the domain is T? and
we index the Fourier modes by k € Z. Without loss of generality, we may assume
that [0 = 0 = 0(0). Recall that 6 = sin(z1) is a steady state for any gSQG.
Consider 6y which is close in L? to 6, and let 6(t,-) be the solution of gSQG with
some P. Then, from conservation laws, we have

SO ER)P =) 10o(k)? =: Ag
kez2 kez2
and

ST IPmIEE R = 3 [P®)|Ido(k)[> = Bo.

keZ? keZ2
Let P, = P((£1,0)) = P((0,£1)) > 0. Then, we control
> (P [P(K))IO(E, k)[* = PrAo — Bo.
|k|>1

The right hand side is positive and small since 0y is a sufficiently small perturbation
of 6. Now, if P, — |P(k)| > co uniformly for |k| > 1 (which is the case for many
situations), then we conclude that for all ¢ as long as the solution exists,

>0t k) < P1A°
|k|>1

This is intuitively clear: if most of the energy is contained in the lowest mode at the
initial time, then the energy cannot cascade forward much since then it needs to be
balanced with some backwards transfer, to satisfy two coercive conservation laws.
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We now observe some other conservation laws, which may not be coercive. On
) = R?, we have the angular momentum

I:/ |z|?0(t, z)dzx.
R2

This quantity is meaningful when the domain is rotationally symmetric. To see that
this is conserved, we compute

I
I :_/ |x|2V(6’u)d3::/ 2 - ufdx
dt R2 R2

_ / 2(1(—Bsy PO) + w20y, PO
R2

= / 2(x1P0 05,0 — x2 PO O, 0)dx
R2

= / 2(210 0y, PO — 190 0y, PO)dx = 0.
R2

In the last step, we have used that P is a symmetric operator and that it commutes
with the multiplication operator x; for i = 1, 2.

This conservation law is particularly useful when 6 has a sign; namely, if 6y > 0,
then we have that I > 0 for all ¢ as long as the solution exists. Similarly, we have
the conservation of mean

/R O(t,x)de.

Next, there are some monotone quantities, under special symmetry assumptions
on the solution. If # is odd symmetric with respect to z1, namely if 6(zq,z2) =
—0(x1,—x2) and 6 > 0 on {z2 > 0}, then

d 0t 2)dz > 0

— 110(t, z)dx > 0.

dt Jp2 !
For the proof in the case of 2D Euler, see [76]. Similarly, if 6 is odd with respect to
both axes and non-negative in the first quadrant, one can obtain the same monotone
quantity.

Anti-derivative formulation. It is often a good idea to reformulate a PDE using
more regular variables, especially when one is concerned about low regularity issues.
It also allows us to easily access low frequencies of the solution. In the case of
Euler, the natural variable is u, which is order one smoother than w and satisfies
the equation

du+u-Vu+ Vp=0.
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Note that here p is determined purely by the incompressibility constraint; taking
the divergence of both sides and using V - u = 0 gives

Ap = —V(u- Vu).

One sees that while the variable u is more regular, one needs to then solve the above
non-linear and non-local equation, which is quite difficult. For the SQG case, one
can introduce the variable v = A~1u, and see that v satisfies (Buckmaster—Shkoller—
Vicol [10])

o+ u-Vo+ (Vu)t-v=—Vnr. (35)
Similar formulation can be derived in general for the case of generalized SQG equa-
tions; indeed, v can be defined precisely as the “incompressible velocity” whose curl
is given by 6. In other words, v is the unique solution to the system V x v = 6,
V -v = 0. Then, by taking the curl of (35), the pressure term vanishes, and we are
left with

204+ V x (u-Vo)+ V x (Vu)* -v) = 0.

Then,

V x (u . VU) =u- V(V X U) + 01110102 + O1ug09v9 — Oou101v1 — OO

and
V x ((VU)J‘ . U) = 81(82u1v1 + 82u2v2) — 62(81u1v1 + 81u21)2)
= O12u1v1 + O12ugv2 — O21u1v1 — Oo1U2V2
+ Oou1 0101 + Ooua01v9 — O1u109v1 — O1usdavs.
We see that
O12u1v1 + O12ugv2 — Oa1u1v1 — Ooruguy = 0
and

Oou10101 + OguaO1v9 — O1u 10211 — O1Us0909

cancels with V x (u - Vv) —u - V(V x v). Therefore we get that 9,0 + u - V8 = 0.

Kernel representation. We recall some Fourier transform formulas, first in the
one-dimensional setup. Here we use the convention that

fle) = [ syt
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The Fourier transform of the constant function 1 is §(§) and vice versa (i.e. the
Fourier transform of §(z) is 1). Next, in the range 0 > « > —1, we have that

Fllz|*) = =Cale|* 7

Here,

~ 2sin("PH)INa+ 1)
“ (2m)atl '

We now move on to the two-dimensional case, and recall that the Fourier trans-
form of |z|7 for 0 < a < 2 is given by

@2r)* T(1 — a/2)

—(2—a) —
Calt] ’ Ca m2¢  TI'(a/2)

It is interesting to note that the Fourier transform of |z|~'/2 is simply |¢|~'/2. Using
this formula, we see that in the case of a-SQG, we explicitly have u = V1 with
the stream function

w<x>=:czxj£ ST (36)

2 |z —y|*

In the upper half-plane case yo > 0, we can obtain the kernel by the method of
reflection;

1 1
x)=Cy, - — | O(y)d
o= [ = ] Yo
where 5 = (y1, —2). Taking V+, we obtain
/ (z — y)L
= - 7 . 37
ua) = Co [ )y (37)

This is integrable for 0 < a < 1, and when o« = 1 (SQG case) it should be interpreted

in the principal value sense;

— )+ _

u(z) = C’P.V./ %G(y)dy = C'lim (aciyg
r2 |7 — Yl 0 J{jz—y[>e} | =Yl

)J_
0(y)dy.

In the following, we shall usually normalize the coefficient of the kernel in a way
that the constant C?, in (37) is equal to 1. This only rescales the time variable in
the gSQG evolution. Now, when the kernel becomes more singular than the SQG
case 1 < a < 2, then we have that

T — 1
) = [ LEZY )~ o))y,

2 |z —y[>T
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Here, it is required that 6 has some differentiability, so that we gain some (possibly
fractional) factor of |y — x| from 6(y) — 0(x).

We now return to the regular case 0 < o < 1 and obtain expressions for the
gradient of u, which is the key quantity controlling the flow. This computation
needs to be done carefully, since the kernel becomes singular (non-integrable) after
a direct differentiation. We first rewrite (37) as

1
) = / et — )y

with a change of variables, and then

n 1
D) = [ a0 0 =y =~ [ A0, (60— )y

assuming that § € C', say. Then, we integrate by parts carefully

yt yt
- / 00 =)y =~ lim [ A0, (0~ )iy

e—0 y|>e

y y*
= — lim / 19) ()093 d+/ ——0(x — y)d
i I ANy R i v

In the first expression, if we look at the first component of u, we obtain

: Y1y2
lim 2+ ) O(x —y)dy
=0 Jjy|>e ly[**e

and the key trick we use here is that for any € > 0, we have exact cancellation of

/ 2+ ) 2L p(2)dy = () / (24 a) 22 gy = 0
ly|>e ’Z/| ly|>e ‘y’

so that

N2 16(x — y) — 6(x)] dy

Y1y2
—==f(x — y)dy = lim 2+«
( ) ( )|y’4+a

lim (24 ) = o)

e—0 ly|>e

and then the last limit is absolutely convergent in the range 0 < a < 1 assuming
that # is C'. On the other hand, the second term

+ 1
/I— ’y:|y2+a9(x —ydy = / e |yg‘J2+a [0(z —y) — 0(x)] dy

and thanks to the C' regularity of 6, we obtain that this limit vanishes as ¢ — 0.
One may change variables again in the limit, and obtain finally that

Oniin = (2+) [ 122G ) i)y (38)

|z — y[t+e
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For the other component, we have

5 o — 2+ a)(x1—y)* — |z —yl
271“’2_ ‘.’B—y‘4+a

(0(y) — 0(z))dy. (39)
The formula for 0,,u; is obtained by taking the negative sign of the above with roles
of x1 and zo switched. Lastly, we can find 0y,u2 = —0,, u1.

Logarithmic kernel representation. We now consider the case of P(|{|) whose
inverse Fourier transform is not explicitly known. We shall denote the kernel by
K(|z|). The relevant pieces of information are the asymptotics of K and its deriva-
tives in the small scale limit |x| — 0. We shall follow the procedure of Kwon [101,
Lemma 3.1]. To begin with, we borrow the inequality

1 /°° —atar—1 _
— e ™ dt = a7, 40
I'(v) Jo (40)

where a > 0. Following [101], we may obtain asymptotics of the kernel corresponding
to P(|¢]) = In77(10 + |£]2). Applying (40) to a = In(10 + [£]?),

1 o0 -
In"7(10 + |£|2) = 7F(7) /0 et T (10+[€*) pv—1 g4

R 2\t 71
F(’Y)/o (10 + |€]7) "7 dt.

Now we apply (40) again, to obtain that

1 [> 1 [® 2
In~7(10 + |¢[? :/ / e 108 BIE” g1 =14t
WD =50y ), Tk

To handle the singularity at = 0, we use

o0 2
| etas g2
0

which holds for any & # 0. Then

2 oo 1 o0 00
a0 +16P) = s [ [ [ st asea

Now we are ready to take the inverse Fourier transform:

o0 1 (o] o0 1 9
](xw/‘/l/equw%/wmdedWAﬁ
b~ | v | | Gl ) 8

~ OOL oo oo —108 1 ’-T|2 C —|z|?/4(B+s) d tfld 'yild
/o F(t)/o /o S sl R e 2AC )ds B~1dp o dt.
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We now make a change of variables 8 = |z|%a, s = |z|*7:

o0 1 o0 (o] 2 1 C
~ 2(t—1)/ / / —10a|z| —1/4(a+T) =1 10 7L dt.
K(|z]) ~ |z| T/, e ((T+a)3 + (T+a)2)e dr a « d

We may compute

> 1 C —1/4(a+T1)
/0 ((T+oc)3+(7+a)2)e dr

4(1 + 4a)e Ve
a

=16 — +4C(1 — e V4 =: H(a).

Then

00 2t o]
oK () ~ | ’;}'t) / e~10058 (0 o=y 17 Ll
0 0

We are now ready to obtain lower and upper bounds. For a lower bound, we can
restrict the a integral to the region 0 < o < 1 and 0 < ¢t < 1: this gives, using a
lower bound on H,

22K (Ja]) > e~ 100l /1 21 11 gy > =100 =10 4 Ly,
o tI'(t) ||

where we have used that tI'(t) ~ 1 for 0 < ¢ < 1. On the other hand, we see that
the upper bound

1
22K (|a]) $ n™7(10 + H)

holds. With an integration by parts, one may obtain a polynomial decay in (x).

1.3.3 Flow map

Since (gSQG) is a transport equation, it is natural to solve 6 along the flow map
defined by the velocity u. We shall assume that we are given a solution to (gSQG),
in a time interval, such that w € L*°([0,T7]; Lip(Q2)). Then, we can uniquely solve
for the ordinary differential equation

Lyt 0) = u(t, 0(t, 2)),

dt (41)
®(0,z) =z,

and then we have

Q(t, (I)(tv ‘/E)) = 90($)7
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where 6y is the initial data. For each 0 < ¢ < T', the map ®(¢,-) is bi-Lipschitz from
Q to itself (it can be shown using some topological arguments and flow estimates
given in below), and we may denote the inverse by ®, ! so that

0(t, z) = 0o(®; ().

From these expressions of the solution, we have that if g > ¢ in a region A C ,
then 0(t, ) > c in the region ®(t, A). In particular, if 6y > 0 everywhere in €, the
same holds for the solution as well. This is a basis for the Lagrangian viewpoint of
(25QG).

We shall observe some elementary estimates on the flow map. Given two points
x # 2, one often needs to understand how the distance between the trajectories
change in time. To this end we compute

d
%\q)(t,x) —O(t, 2 )? = 2(®(t,z) — (t,2')) - (u(t, ®(t,z)) — u(t, ®(t, 2))).
Using the mean value theorem, we obtain that

] Bt 2) - D(t,2)P| < 2 Vult, )| = |(t, 2) — B(t,2").

Integrating the inequality in time, one obtains

v ([ 19uts, i) < HED=IED <o ([ uts, las).

It is important that one not only has an upper bound on the distance but also a
lower bound; the latter tells us that as long as the velocity is Lipschitz continuous,
two “fluid particles” cannot collide in finite time. To be more precise, for

lim |®(¢, ) — ®(t,2/)| = 0
tgr%l(,x) (t, )|

to occur, it is necessary (but not sufficient) to have that

hm/ IVu(s,)||peeds = oo

For incompressible fluid models, it is usually very difficult to prove the existence of
fluid particles which collide in finite time. Even proving collision in infinite time is
an interesting problem.

1.3.4 Linear transport in L?

We consider regularity and uniqueness issues for the linear transport equation in LP,
which is a basic building block for nonlinear results that comes later. This material
is taken from DiPerna-Lions [49]. For simplicity, consider in T" the following

80 +v- V0 +d = 0. (42)
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Here, v : [0,T7] x T" — R™ and d : [0,7] x T" — R are given vector and scalar
functions of time and space, respectively. Assuming that 6 is a smooth function of
time and space, we can obtain a pointwise equality

QY0P + v - VIO + pd|f]P =0

and then this gives, after integrating in T",

d
G [1rae < lpa+ Vvl [ lopds

and then integrating in time,

16(t)][Lr < exp </0 ld(r) = ;V : v(T)HLoodT) 160l -

This was for 1 < p < 0o, but one may take the limit p — oo in the last inequality,
(recalling that || f||z» converges to || f||ze in T", assuming that f € L®) which gives

10t) 1 < exp (l1dll 2 ) 101l

We shall use the simplifying notation Ly X := LP(I; X) with || f[| .rx = (/; £ 115dt) P,
where I is an interval of time. It is clear that the term df in (42) could change the
extreme values of 6.

Now, following DiPerna—Lions, we shall verify the above LP estimates under
minimal regularity assumptions on the coefficients and the solution. To begin with,
for § € L°LP, (42) should be interpreted in the weak sense. That is, by a solution
we mean that for any smooth scalar function ¢ of time and space, we have

T
/HO(x)qS(O, x)dx + /0 /9(3@ + V- (¢v) — do)dzdt = 0.

Note that for this formulation to make sense, under the hypothesis § € L°LP, it is
necessary to have that

d, V-v, veL'([0,T];L9), (43)

where ¢ will always mean the conjugate exponent of p; 1/p + 1/¢ = 1. These
assumptions are actually sufficient to guarantee the existence of a solution to the
initial value problem for (42); to be more precise,

Proposition 1.3.1 ([49, Proposition I1.1]). For any 6y € LP(T™) for 1 < p < oo,
there exists a weak solution 6 belonging to L*([0,T]; LP), assuming (43).

To achieve quantitative estimates for the distance between weak solutions and
approximate smooth solutions, we shall need
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Proposition 1.3.2 ([49, Theorem II.1}). Given 6 € L*>([0,T]; L?) a weak solution,
assume further that

v, deLY[0,T];LY)

where o > q. Then, the mollified function 0. := 0 % p. satisfies (42) with an error:

0be +v-VO. +db. = R,, (44)
where

1 1 1
R 78y — 0 = =— .
| eHLl([o,T],Lﬁ) ) 5= a + »

In the above proposition, {pc}. is the “standard” mollifiers, defined by
1 =z
pelz) 1= 0(5)

where p > 0 is some radial compactly supported smooth bump function.

Proof. For simplicity we shall fix a time moment and estimate the remainder in LP.
Directly applying the mollifier to (42), we note that

Re=((v-VO0)e—v-VO)+ ((df). — db.) = I+ 11.
Therefore it suffices to estimate I and I1. For I, we can write I = I1 — I where

IQ == (9V . ’U)e,

B = [ 0)(ely) = o(@) - Voo~ y)dy.
Since it is easy to see that
||12 A UHLB —0

as € — 0, it suffices to show that I; has the same limit in L?. This is clear if 6, v
were smooth. We would like to show that the same holds by an approximation, and
for this we need uniform bound of I; in L.

To this end, using Hélder’s inequality, we bound

1/
I [ 60)(0t) = o)) - Vpule — )yl < 6] ( / dx /| u(y) - v(m)\ady> .

r—y|<e

This is possible since the x-domain of integration is bounded. Then, after a change
of variables, the latter integral is

( /] (/ m(mez”dt)“dzdx)

Using Holder’s inequality and Fubini’s theorem, we see that this is bounded by
S IVvllze. O

1/a

40



We are ready to prove the uniqueness result:

Theorem 1.3.1 (Uniqueness for linear transport). Let 1 < p < oo and 0y € LP.
Assume that (43) and |V - v|| i~ < 00 hold. Then, there is a unique solution in
L>(]0,T]; LP) corresponding to 6y.

Proof. For simplicity we take d = 0. We have
O +v -Vl = R,

and with another mollification in time, we can make 8. to be a function smooth
in time and space, at the cost of adding another term to R.. Then we can write
pointwise

Ot|0c|P + v - V0P = pR5]0€|pflsgn (6e).

We can then integrate in space, then in time, and take the limit ¢ — 0 to deduce
the result. O

1.3.5 Elementary Inequalities

In this section, we shall collect a few well-known inequalities that will be used
throughout the notes. We start with Hardy’s inequality.

Lemma 1.3.3 (Hardy). Let f be a smooth function on [0, 1] which vanishes near 0.
Then, for any € € [0, 1] we have

le ™ F@llz0n < 208 @ ln: 272 @) 220 < 205 @) 2200

Lemma 1.3.4 (Calculus inequalities). The following inequalities are used to dis-
tribute the derivatives in the “Fourier sense.” The point is that s does not need to

be an integer.

o Fors>1,
1€* = 1nl*] < Cslé —nl (1€ —nl*~" +[n*~1).
o Fors>2,
1€° = [nl* = 1€ = nl°| < Cs|nll€ —nl (€ =nl*~2 + [n°2).
e For s> 3,

1€1° = nl* = 1€ = nl* = s(€ —n) - nl& —nl°72| < ColIn|€ = 0" + € = nlln*~H).
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The above inequalities hold uniformly for any vectors £, € R%; Cs > 0 is a constant
depending only on s.

Proof. When s is an even integer, the inequalities are clear by expansion. To estab-
lish the inequalities in the general case, one may consider the functions

Alp) = (L=p)§+pn, Blp)=1—-p)(E—n)

and use the mean value theorem to expand the differences: for instance, we have

1 1
S 1mls — Al P dp = —s(n — €) - A5 2A(p) d
€]* = In] AiM (P)7dp = —s(n—¢) AI (p)] (p) dp,
and
1
\QS—MP—K—HF=—ﬂM—£{A (IA(p)°"2A(p) — |B(p)|*"2B(p)) dp.
We leave the details as an exercise. ]

1.3.6 Singular integrals

We review some properties of singular integral operators (SIOs). We consider
the classical ones, defined by the principal value integration against a translation-
invariant kernel:

Pf() = PV. [ Pla—y)f)dy

n

= lim Pz —y) f(y)dy.

e—0 |z—y|>e

If f € C' N LYR") and P satisfies the mean zero condition

/ P(y)dy = lim P(y)dy =0
" =0 Je<ly|<1/e

then we may rewrite

Piw = [ Pa—u(w S [ Pe-niwd o

|z—y[>1

which can be used to show that P f is well-defined pointwise. In many applications,
it suffices to consider kernels of the classical type,

e P is of —n homogeneous; that is, P(y) = |y| "o (y/|y|) for some o defined on
Snflj

e ¢ is sufficiently smooth,
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) fS"—l c=0.

The primary example is given by the operator V2(—A)~! in R”. Another funda-
mental examples are the Hilbert and Riesz transforms.
The following Hélder estimate is well-known:

Proposition 1.3.5. If f € C** N LY(R") then Pf € C**(R") for any k > 0 and
0<a<l, wih

1

IPfllea < m”f“éa'

We give a sketch of the proof, and all the details can be found in [108].

Proof. We take the case k = 0, but the general case is not more difficult. To begin
with, from the representation (45) we see that P f is pointwise well defined when f
is just C* with any a > 0. This is because for |x — y| < 1,

[Pz = y)llf(x) = FW)I S e —yl*",

which is integrable in y.
Next, we move on to the C* bound: we write

P/(z) - P(') = / P(z —4)(f(y) — F(x))dy — / P’ — y)(f(y) — F(a)dy.

Here, we have used the mean zero property of ¢ to insert f(x) and f(x’). We need
to show that this difference is bounded by a constant times |z — 2/|* in absolute
value. For this purpose we split the integral into near and far-field regions; when y
is close to either z or 2/, we can bound each term separately. Say we consider the
values of y with |z — y| < R for some R to be determined. Then,

1
S 1fllge —y|%dy < |1 fll e B
S flle /|J;—y<R ]x—y|"’x y[*dy < | flle:

‘/ Pz —y)(f(x)— f(y)dy
lz—y|<R

This shows that we can take R ~ |z — 2/|. Furthermore, the y domain of integration
over which we can obtain this bound does not need to be really circular. Note that
|z —y| < |z — /| implies that |2/ — y| < | — 2|. Therefore, we may combine the
differences in the far field region defined by {|x — y| > 100|z — 2’|} (say) and treat
the remainder as in the above. In this far field region, we may rewrite the difference
as

/ (Pla—y) ~ P/ — )(F(9) ~ Fa)dy
|z—y|>100]|z—z|
again using that

/ P(x — 1) (f(z) — f(2'))dy = 0.
|z—y|>100]|zx—z’|
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Then,
‘ / (Pla —y) = PG = 9)(f) ~ 1)y
|z—y|>100|z—2’|
Sl | VP@* — y)ljz — 'lly — 2'|]°dy
|x—y|>100|z—z’|

<117l / ly — 27"V — /||y — /| dy
|x—y|>100|z—z’|

S I llgalz — 2%

Here, we have used the mean value theorem to P and used that |2* — y| = |z — 2|
holds for any point z* between z and z’. This finishes the proof. O

1.3.7 Estimate on Riesz kernels

Following the computations in the case of SIOs, one can obtain estimates on the
Riesz kernels (—A)? and their generalizations. In the context of a-SQG equations,
this immediately gives regularity of the stream function. To this end we consider
for0<a<?2

(z) = /R Ly,

2 |z —yl®

assuming that # € C% N L'(R?). From scaling, we expect 1 to be more regular by
order 2 — a.

We mainly consider the case 1 < @ < 2. When 0 < a < 1, we can differentiate
both sides once in = to reduce to the former case. Furthermore, the case a = 1 leads
to a SIO after a differentiation, which we have treated in the above.

To begin with, it is not difficult to see that 1 is pointwise well-defined:

1
Y(x §/ —i—/ —|0(y)|dy
‘ ( )’ |lz—y|<R lx—y|>R |x_y|o¢‘ ( )|
=1+4+11,

and

1 _
<110~ / gy < oR )
le—y|<R |7 — Yl

1

Now, we expect ¥ to be differentiable with order 2 — a + 5. Assume for a moment
that this does not exceed 1. Consider

0@~ 0le) = [ |t = | fd

|z —yl* |2/ =yl
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We consider the region

1 1
- o |t
yi|(z+a’)/2—y|<2|lz—a’| ’JZ - y’ ’.T - y‘
Denote the domain by A. A change of variables give
I= [ 0 6y a2
= y) — 0y —x+a'))dy.
Alz—yle
Then,
1< [ S cdlelesle - o)
~Jalz—yl* ¢
< 0|05l — P~ F7.
Next,
1 1
17 :/ [ — ] 0(y)dy.
P e )
We may rewrite
211 / [ ! ! ](9() 6(z))d
= - y) — 0(x))dy
ae Lz —yl* o —yl®
A= L] 6w o
- Yy) —uvx Y.
ac Lz —yl* o =yl

Here, the point is that

1 1
EErRrE A
Ae LIT—Y r =y

by antisymmetry in z and 2’. In the region A°, we may estimate

1 1 1
- O(y) — 0(x))dy| < C|8| x—x’/ = qr—ylP
s~ | O | < Clbllsle =1 [ e

< Ol9)l¢sla —a'P~ot?

using the mean value theorem. The other term can be estimated in the same way.
We have arrived at the following:

Proposition 1.3.6. We have that ¢ € C?>~*8 assuming that 0 <2 —a + 3 < 1.
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1.4 Notation

We shall use the letters ¢, C' to denote various constants which may change from a
line to another. We write A < B (or equivalently B 2 A) if A < C'B holds for some
absolute constant C' > 0. Next, we write A ~ B if A < B and B < A. Given some
large parameter, we shall write A ~ Bor A~ B if A/B — 1 as the large parameter
goes to infinity.

1.4.1 Standard function spaces
We introduce various norms that will be used.

e Lebesgue spaces: given a function f and 1 < p < oo, we define

12, = / P de

In the case p = oo,

|| f|| oo := esssup|f(z)].
We shall use the same notation when f is a vector or matrix-valued function.

e L%-based Sobolev spaces: Given a scalar valued function f, and an integer
m > 0, we shall use the notation V™ f to denote the 2"*-dimensional vector
consisting of all possible partial derivatives of f of order m. Then, we define

1 N gpm == IV Fllzzs N i= D 1
j=0

e Sobolev spaces: similarly, we consider for 1 < p < oo

m
1 lirmao = IV Fllzos 1 fmo = D 1 I

J=0

e Holder spaces: C* where k € NU {0} and 0 < o < 1. It is important to
distinguish the endpoint cases C*! with C*¥T10, For k=0 and 0 < a < 1, we
define

() = )]

7o =290 =

Then,
[fllco.e = [Ifll¢o.e + Ifllzee-
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On the other hand, C%° denotes simply the space of continuous and bounded
functions C°. Then, C*T1® can be defined as the space of functions (with a
corresponding norm) whose first order partial derivatives exist and belong to
Cke,

e Bounded mean oscillation (BMO): we say f € BMO if

\Q|/ |f(x) — foldx

is uniformly bounded for all cubes ), where

1
fo= 151 /Q f(2)de

is the mean of f in (). We can use the supremum of the above quantity to
define the BMO seminorm. Note that bounded functions belong to BMO but
not vice versa.

1.4.2 Analytic function space

Definition 1.4.1 (Analytic function). We say f € H*°(T) is analytic if there exist
constants p > 0, M > 0 such that for all k € N

k:
18" f || oo my < M~
Pk

We denote the space of analytic functions by C*(T).

The definition can be generalized to higher dimensional domains in a similar
way, by requiring the above bound to any multi-index. One can also treat R¢ or
R* x T9=* in a similar way. We observe that if f is analytic in the above sense, then
the Taylor series converges locally; indeed using the Taylor theorem we have that
for any N

— q[N+1

8"ff(a) k N E
f(x)_k;\[ il (x—a)"| <C|0 +1JC||L°°W-

Using the definition of analyticity, we see that the right hand side goes to zero as
N — o0, as long as |z — a| < p. That is, we see that the constant p in the definition
corresponds to the radius of analyticity.

A fundamental observation which is the basic tool in studying PDEs in analytic
class is given:

Proposition 1.4.2 (Sobolev characterization of analytic class). Fiz some r > 0.
Then f € C¥(T) if and only if there exist p > 0, M > 0 such that

10" fll v my < Mp— (46)
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Proof. Exercise using the Sobolev embedding. 0

Proposition 1.4.3 (An exhaustion structure of C*). Fiz some r > 0. Then we
have

C¥(T) = | e ™ H"(T).

7>0

Here, the Banach space e ™M H"(T) is defined by
e AHT(T) = {f € H'(T) : || f||gr < o0}

Remark 1.4.4. Note that by definition, e "™ H"(T) consists of functions which are
given by applying the operator e~™ to H"—functions. The negative sign is not a

typo.
Proof. Assume that f € C“(T). Then we compute

o0

e i = 30 COT S Rk i

We have used (46) with

11 m sz < IF N2l Fllzzm.

Using Stirling’s formula and Hadamard root test, we see that the summation in
m is convergent whenever 7 < p. The other direction is easier and left as an
exercise. Inspecting the proof shows that 7 > 0 exactly corresponds to the radius of
analyticity. O

Proposition 1.4.5 (Algebra property). Let 7 > 0 and r > 1/2. Then e " H"(T)
is an algebra. That is, it is closed under multiplication with estimate

1 f9lle—rpr(my < Crllflle=—rmr(my lglle—2 (1)

Proof. Exercise. This is precisely the reason why we inserted r in the Sobolev
characterization of C* in the first place. 0
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2 Wellposedness

Let us give a brief overview of this section. To begin with, in §2.1, we present several
explicit computations, which are rather elementary but turn out to be very helpful in
understanding the dynamics of gSQG equations. In §2.2, we consider the problem
of local regularity of smooth solutions. This will guarantee the unique existence
of a smooth solution associated with a smooth initial datum, at least locally in
time. We consider local regularity in both Sobolev and Hélder spaces. Several blow
up criteria are given. Local regularity in analytic function spaces is treated in §2.3.
Then in §2.4, we study local regularity of smooth patches, which constitute a class of
weak solutions but can be treated analogously to smooth solutions. Next, §2.5 gives
the global in time existence of weak solutions. In particular, even after potential
singularity formation for smooth solutions, there is always at least one weak solution.

2.1 Explicit computations

We shall perform a few explicit computations.

2.1.1 Radial solutions and the circular patch

Recall that any radial profile 8(x) = f(|x|) defines a steady state. However, we can
see how the form of the velocity changes depending on the regularity of the kernel.
As a particular case, one may take § = 1p, where B = {|x| < 1} is the unit disc.
This steady state is sometimes referred to as the Rankine vortex in the 2D Euler
case. We start with computing the associated stream function:

- 1
= — _d
¢($) /|y|§1 ’.’L‘ _ y’a Yy

Here, a trick is to differentiate the relation
AT =)

in r: on the right hand side, we obtain the angular part of the velocity @’, which
equals

1
A= [ do(y)
ly|=1 ’x - y’a

B /2# de
Jo (1241 —2rcos())/?
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This formula can be used to compute the rotation speed of 0B, and the regularity
of u. We see that if r > 0 is away from r = 1, this defines a smooth function of r.
When r =1, for 0 < @ < 1 we may compute that

[P do 1 iap ST - 0)/2)
w(1) = /o (2 — 2cos(h))v/2 2a/221 /Qﬁm'

This quantity becomes infinite as a« — 17. That is: the tangential velocity for
the SQG circular patch is infinite. Now we consider the regularity of @’. When
a = 1, we have already seen that @’ ¢ L°°; this is not surprising since @’ is a Riesz
transform applied to 6, which is merely L>, and Riesz transforms do not respect
L. The BMO bound of Riesz transforms show that in this case the tangential
velocity blows up like a log at » = 1. Moving on to the case of 0 < o < 1, note that
the kernel is uniformly smooth away from the region = 0. Hence, we may replace
sinf ~ 7 and cosf ~ 1. Writing £ = r — 1, we are led to

! 1
_g
#0)~ [ et

While this is uniformly bounded in &, differentiating gives

1
_ § Ca
0,ul (1) ~ /0 —(§2 T 2)are dr ~ £,

This immediately shows that @’ belongs to C'~ but not better, which makes sense;
in the 2D Euler case a = 0, @? € ¢

Lastly, in the intermediate regime, we can see that @’ is not bounded at r = 1
and blows up with the rate dictated by the C'~* regularity.

Similarly, one can consider shear steady states: § = f(z2), where f is a smooth
and decaying function of one variable. Formally, it defines a steady state.

Problem 2.1.1. Compute the corresponding velocity vector field.

2.1.2 Effects of symmetry

We consider the case of 2D Euler for simplicity, and understand the effect of having
rotational symmetries of the vorticity on the vorticity. It is helpful to first recall the
case of radial vortex, namely the vorticity given by

w(r,0) = h(r)

for some function h : [0,00) — R. Here (r,0) denotes the usual polar coordinates on
R2. Using the polar coordinates, the velocity can be written in general

u(r, ) = u"(r,0)e" + u’(r,0)e’
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and we shall refer to u” and «’ as radial and angular components of the velocity,
respectively. Then, under the assumption w(r,0) = h(r), we recall that

u(r,0) = <i /0 ' sh(s)ds) .

It should be emphasized that this simple formula encapsulates many cancellations.
To begin with, the radial part of the velocity completely vanishes, and u’ is only
dependent on r. More interestingly, the formula for ue(r) involves only the values
of the vorticity in the ball B(0,7). In other words, the contributions to the Biot—
Savart law coming from the vorticity in R?\B(0,r) completely cancel with each
other. There is one more cancellation that can be seen this formula, which is that if

/ wdzx = 0,
B(0,ro)

then the above formula can be replaced with

u(r) = 1/: sh(s)ds

T Jro

for any r. In particular, in the region r > rg, this formula shows that the distribution
of the vorticity in the region B(0,r) does not matter at alll This fact has many
interesting consequences.

2.1.3 Solutions with m-fold rotational symmetry

In general, any vorticity can be expanded in the form

w(r,0) = Z (him,s (1) sin(m@) + hp, (1) cos(mb))

m

where m > 1 for the case of sines and m > 0 for cosines. This is nothing but the

Fourier series expansion repeated for any r > 0. We say that w is m-fold symmetric
if

w(r,0) = w(r,0 + 2w /m), Vr, 6.

In terms of the previous expansion, m-fold symmetry holds if and only if hy , and
hy . identically vanish for all k& which are not integer multiples of m. For simplicity,
we take

w(r,0) = h(r)sin(mb)

for some scalar valued function i and study its implications on the velocity. It turns
out that the stream function is given by the formula

AYw = H(r)sin(mb), H(r)= im /OT g2m—1 /OO fn(:')l

r
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so that

u(r,0) = H'(r) sin(m#) e’ — mH(r) cos(mb)e’.

r

In this explicit and simple computation, we immediately see that the case m = 2 is
distinguished: this is because the last integral

[

has the logarithmic divergence for h ~ 1. To see this effect more clearly, we take

w(r,0) = 1(0,R) (r)sin(m@), ie. h(r)= 1),R) (r).

Then, we can explicitly compute H: in the region r < R,

2 R2

Hir) = A me=i T ()™ m A2,
Tk + = m=2

7T TG )

Focusing on the case m = 2, from the formula

2 R 2
HM:Lm?+%,

we see that R
u? (gm?+0@»mmm,

u” (—g lng + O(r)) cos(26).

In particular, even though the vorticity is bounded, |Vu| 2 In %. This is indeed
the “standard” counterexample to the L bound for the singular integral operator
V2A~1. A systematic treatment is given in Elgindi [53].

Coming back to the formula for m # 2, it is interesting to see what happens for
the case h(r) = r%, where a is allowed to be any real number. (We do not tackle
the question of the uniqueness of the operator A~! here.) Explicitly, if a +2 # +m
then

1
w = 'I"a Sin(mg), A_lo.) = ((1—1_2)—2_’”127’0‘4_2 Sln(me)
Then, the convective derivative becomes
1 in(2mé 2a
u-Vw = uefaew +u 0w = —MT% + O(%)
r m

The flow becomes a specific perturbation of the radial vortex in the limit m — oo.
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Proof of the above explicit formulae is simple. We write the ansatz A~'w =
H(r)sin(m@). Then from

h(r)sin(m@) = A(H (r)sin(md)),

we obtain the ODE

m2

1
O H + ~0,H — — H = h.
T r

This type of ODEs are referred to as FEuler’s equations. It can be integrated: to
begin with,
h

Tm—l

1
9, <mH + _IGTH) =
rm frm

and

r2m Sm—l

o = [

which gives

1 " o < h(r
o= L [ [0

Lastly, from the above form of the stream function, we can recover velocity by
u" = —%89A_1w and v = 9, A" lw.
2.1.4 Bahouri—Chemin state

On T2, which we represent by [—1,1]%, consider the function
w(xy,xe) = sgn (z1x2).

This is sometimes referred to the Bahouri-Chemin steady state. (Check that it is
indeed a steady state to the gSQG equations.) Based on the discussion above, one
can consider the following problems.

Problem 2.1.2. For each 0 < a < 2, calculate the asymptotic of A~%w and VA™%w
near x = 0. Why is this steady state interesting?

2.1.5 Singular steady states

Elgindi-Huang constructed singular steady states to the 2D Euler equations, which
have the radially homogeneous form. One motivation comes from the study of
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dynamics of singular (weak) solutions to Euler. More specifically, Theorem 3.1 of
[52] gives, for each 0 < s < 1, a positive solution to
1 . 2

M=-r i RO (47)
One may consider this equation for s < 0, which gives rise to more regular steady
states ([1]). The stream function %) is strictly positive on the quadrant (R, )? and
then one can extend it as an odd function of both variables in R%. The proof is given
in the Appendix of their paper. Following their notation, this solution satisfies radial
homogeneous with degree —a

Y(r,0) = r*TLK () (48)

where K(0) = K(r/2) =0 and K > 0 on 6 € (0,7/2). Then, comparing this with
(47), one can check that

1+«
Cl-a’

The range s € [0, 1] corresponds to a € [—1,0]. Abe excluded the existence of homo-
geneous solutions in this range assuming u € C?(R?\{0}). This is not inconsistent
with their result because the solutions obtained does not satisfy u € C?(R?\{0}).
Actually, u is only Holder continuous. Both limits s -+ 0 (¢« = —1) and s — 1
(o = 0) are interesting. In the limit s — 0, the sequence of steady states converge
to the Bahouri-Chemin state where the vorticity is identically 1 on the positive
quadrant. In the limit s — 1, the solutions converge to a vortex sheet.

To see how one can get existence of solutions, plugging in the ansatz (48) to (47),
one obtains the equation

1
K+ K"
2 + N

Tooe = 0e(0.m/2). (49)

One can impose the additional condition K'(7w/4) = 0. This means that one seeks
for solutions which are even symmetric across the diagonal line. The key trick is to
multiply both sides of (49) by K’ and observe that

(K')? 2 2, 2 s
K K-*) —o.
( 5 Tt Tiss 0

When s < 1, one can integrate both sides and use that the value of K(0) = 0 by
the boundary condition. In the case s > 1, one should be more careful. Directly
integrating gives

(K? 2 2

Kl—s:C
2 +(1—|—s)2 R *
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and then we obtain that

1/2
K =+2(C, - ! K? — 1 K1=s /.
(14 s)? 1-s

We choose the + sign, since we are interested in solutions K increasing from 0 at
6 = 0 to the maximal value at § = 7/4 where the derivative is zero for the first time.
This gives the relation

1 1

Cs = WKQ(”M) - ;Klis(ﬂ/‘l) (50)

The function X — ﬁX 2_ ﬁX 1=s ig strictly increasing on X > 0 and its range
cover entire real line. Therefore, for any Cs € R, there is a unique positive real
solution to (50), which we denote by k(Cs).

We need to prove that there exists a choice of Cs such that K(0) = 0. For this

we write

dK
) ) RN =db
2 (Cs - WK + s—ilK _S>
and integrate from 6§ = 0 to w/4. This gives
k(Ce) dk ™
f(cs) ::/0 1 1 1/2 = Z
2 (CS — WkQ + S_ilklis)

The function on the LHS is integrable near &k = 0. As Cs — —oo, we have
that k(Cs) — 07. Therefore, f(—oo) = 0. When s = 3, one can check that
lime, 00 f(Cs) = m. In general, one can require 2m-fold symmetry instead of 2-
fold, which gives existence by taking Cj satisfying f(Cs) = 7/(2m).

Problem 2.1.3. In the special case s = 3, this integral can be calculated explicitly.
Find K explicitly.
2.1.6 Singular self-similar states

In the case of a-SQG equations, it is possible to combine scaling symmetries in ¢
and = to obtain equations for the singular and self-similar solutions. However, it
should be mentioned that it is highly non-trivial to prove existence to such reduced
equations (this was achieved for instance in [61, 66]). To see how it is done, consider
the ansatz

w(t,z) =t~ 1t Hr,0)
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in the Euler case, where (r,0) is the polar coordinates. Here, u > 0 is some positive
constant, and in terms of the rescaled radial variable z = t™#r, it is further assumed
that ) satisfies the “boundary condition:”

lim Q(z,0) = G(0)

Z—00
for some given function G on the unit circle. (Note that for each fixed ¢, w(t, -) has

a singularity of order r~Y/# as r — 0.) Then 2D Euler reduces to a steady transport
system defined on R?:

—Q — 420,04+ VU . VQ =0,

where U is the stream function corresponding to €, and V, V' are taken with
respect to the new coordinates system (z,6). The exponents = 0 and 1 are special
and correspond to 0-homogeneous data and sheets of uniform density. If G is N-
periodic, namely G(6) = ¢(NO) for some 2m-periodic function g, then naturally
one can look for N-periodic solutions. The above computations show that as N —
0o, the nonlinearity becomes O(N~!) and therefore it makes sense to consider it
perturbatively. See the seminar work of Elling [61].

Problem 2.1.4. Calculate the flow map (more or less explicitly, or at least asymp-
totically) for all of the explicit solutions mentioned in this section.

2.2 Local wellposedness for smooth solutions

In this section, we shall treat the most basic question, which is the local existence
and uniqueness of sufficiently smooth solutions. It will be convenient to separate the
questions of existence and uniqueness.* We first consider the uniqueness problem,
which is simpler. For simplicity, most of the time we shall restrict ourselves to the
case of a-SQG, where the Biot-Savart law is simply © = —V-A72T®. Recall that
a = 0 corresponds to the 2D Euler case.

2.2.1 Uniqueness

A uniqueness statement is usually framed in terms of a stability result.

Lemma 2.2.1. We have uniqueness of the solution to a-SQG in the regqular regime,
under the assumption that 6 € L>°([0,T]; H®) with s > 1+ «. This follows from the

*In general, given a function space, existence does not imply uniqueness and vice versa.
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following stability estimate. Let 6 and 6 be two solutions belonging to L°°([0,T); H*)
to gSQG with initial data 0y and 0y, respectively. Then we have

10 = 0)(®)]| 2 < Cllo — fol| 2 exp </0 WO rs + ||9_(T)HHs)dT> :

Remark 2.2.2. Note that the uniqueness statement is “conditional” in the sense
that the uniqueness holds upon assuming some specific regularity of the solution. In
the case of the above, the precise statement is that: assuming that there is a solution
belonging to the space L*([0,T]; H®), then there cannot be two different solutions
in L>°([0,T]; H®) satisfying the same initial condition. Here, one might be worried
that continuity in time of the solution is not assumed, but actually L>([0,T]; H®)
automatically implies Ci([0,T]; H®) (weakly continuous in time), using the fact that
0 is a solution to the gSQG equation. Of course, the uniqueness statement will be
slightly weaker if one simply assumes C([0,T]; H®) instead.

Proof. Let us assume that there are two solutions 6,6 to (gSQG), and denote the
corresponding velocities by u, 4, respectively. Then, by taking the difference we
have

(@ —0)=—(u—a)-VO—a-V(0—0).

Then,
1d
2dt

For simplicity, we shall assume that there exists some 1 < g < oo such that

16 =812 < ClI6 — 0] 2| (u — @) - V| 2.

lu— e < C10— 8,2

holds, which would give
1d
2dt

where ¢* is the dual exponent of ¢. Using

16— 032 < C|VO|| 1q* |0 — 0] 32

VO] o < Cl0] s,

(this is the place where the assumption § € H® with s > 1 + « is used) we obtain

t
16~ 81() < 16~ 8t =0)exp ([ 10t e )
This is a stability estimate which works for any two solutions. In particular, when

the initial data coincide, namely if 6y = 6y, then we have § = 6 for any ¢ as long as
the solution remains in H*. O
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The proof shows that it suffices to have VO € L{°L? for uniqueness. However,
when the solution belongs to only L>([0,T]; C?), this proof does not work since the
gradient in general does not have some integrability. One can still obtain uniqueness
with a different proof.

Lemma 2.2.3. We have uniqueness of the solution to a-SQG in the regular regime,
under the assumption that § € L>([0,T);CP N H™') with 8 > «. This follows
from the following stability estimate. Let 6 and 0 be two solutions belonging to
L=([0,T];C8 0 H™Y) to ¢gSQG with initial data 6y and Oy, respectively. Then we
have

160 = 01 < Cll60 — ol ;1 exp ( [ ol + He<r>ucﬁ>dr) .

Proof. We just sketch the argument. Assume that 6,0 are two solutions. We write
u, 4 be the corresponding velocities. Then we compute with

¢:=V(-A)"10-0)
that

5l == [ vo-2) 6 -0)~ [a-vO-8)-2)"(6-0)

The first term equals, using divergence-free property,

—/(“—“)‘V‘)(—A)l(@—@) = /G(U—U)-V(—A)I(G—Q) =/9AQ(CL)'C

One can expand

/HAO‘ hH-¢c=c, // Cl |2+LE) C(x)dydx

=S 14 WC (¢ (@)dyda

Using that § € C? for 3 > a, we can bound the integral by

' SR

The second term equals
J-a Z [ a6

after integration by parts and using that ¢ is a gradient. Then we can bound

JES

This finishes the proof. O

< Cl8llesliClze

< ClIVull=li¢liz> < Cllollo=ICIIZ:-
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Let us now describe Yudovich’s uniqueness theorem, which handles the “border-
line” case of two stability results in the above.

Lemma 2.2.4 (Yudovich [135]). Consider the two-dimensional Euler equations,
with initial data wy € L°°(T?). There is a unique solution in the class L>([0, T]; L>°(T?))
for any T > 0.

Proof. This highly non-trivial result of Yudovich requires a clever trick of optimiz-
ing in the Holder inequality. (By the way, there is an alternative proof based on
the Lagrangian formulation, see [111].) We are going to assume that ug = 0 for
simplicity. Since u = 0 is a solution, the goal is to prove that u = 0. To begin with,
we need to consider the velocity formulation:

du+u-Vu+ Vp =0,

since the velocity is a more regular variable. We would like to understand

Ccllt/|u]2:—2/(u-Vu)-u.

Naively, we would like to bound the RHS by

’—z/w.vu)-u

but unfortunately w € L*° does not guarantee that |Vul|~ < co. Instead, we first
use Holder’s inequality for some p > 2:

‘—2/(U-Vu)-u

where p’ is defined by

< OVl / uf?

< Cllull 2 [Vull o lull Lo

In turn, we bound
lull o < CllullF2l| Vull

where the value of 0 < o < 1 can be found by comparing the scaling exponents in
both sides of the inequality:

—— =a(-1)+(1—a)(1-—-),
o (1) +( ) p)
or we obtain
p—2
o=—
p—1



Summarizing,

< Cllul[}3* V|7,

‘—2/(U-Vu)-u

Note that as p — oo, we have that o — 1, which makes sense. Now, we recall the
singular integral bound

IVul[r < Cpllw|r < Cpllwollzr

for p > 2, say. Applying this inequality,

d -
Zllulz < O lull e

The punchline is that one can optimize the RHS in p. Towards a contradiction,
assume that ||ul[z2 > 0 (and is small) and we can differentiate p2_°‘|]u\|};°‘ in p to
find a value p* for which the derivative vanishes. Indeed, we can take

p*~ In(1/|u]72).

Again, recall that we are assuming ||u||z2 is positive and small, so that p* > 2 is

large. Therefore, denoting for simplicity X = |[u|3,, we arrive at the differential
inequality

dX 1

Pl XIn—

‘dt ~ Y

In turn, this implies

dl<11 1

Z o< = and ili
aAxX|~x "X . ai

1 1
<ln—.

X ‘ ~ X

Integrating the last estimate in time, we arrive at the inequality

1 1
In— ~1In Xg
This is a contradiction, since this inequality implies that if X is finite at some time
moment, then it should be finite for all t. However, at t = 0 we are assuming that
|||z = 0, which implies In + = +oc0. This shows that if |Jug| ;2 = 0 and w € L,
then |lullyz = 0 for all times. The case of general initial data is left as a simple
exercise. O

Problem 2.2.5. Formulate Yudovich’s uniqueness statement in terms of a stability
estimate.
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Remark 2.2.6. The above proof requires w € L?, which is often not satisfied for
bounded vorticities. Even when the vorticity is compactly supported in R?, unless the
total circulation is zero (namely, fR2 w = 0), the velocity in R? decays exactly with
rate |z|~! and not better. This can be explicitly seen in the case of the radial vortex,
see [108]. When the vorticity decays slowly in space, the corresponding velocity can
decay more slowly and even grow in space. A simple example is given by the vorticity
which is identically a nonzero constant. Then it can be argued that the velocity should
grow linearly in space. In these cases, the Yudovich argument should be modified. A
natural way is to use appropriately weighted L? spaces (cf. [56]), which should work
but it could be quite difficult to obtain estimates of the pressure in such weighted
spaces. A completely different way to obtain uniqueness is to use the Lagrangian
approach; see below and [111].

Problem 2.2.7. Extend the Yudovich uniqueness theorem appropriately to the case
of a-SQG equations. (See [4, 87] for instance.)

2.2.2 More on Yudovich theorem

We now discuss some interesting extensions of Yudovich’s theorem. Before we do
that, let us clarify the notion of existence class and uniqueness class. One (who is
reasonably familiar with PDE theory) might have the impression that uniqueness
is simply harder to obtain than existence, but this is in general false; uniqueness
does not imply existence and vice versa. Concretely, we can take a pair of function
spaces (X,Y) and say that it is an existence class (for some PDE) if for any data
in X, one can guarantee the existence of a solution in Y. (For us, Y = L¥X is
the usual choice, and in this case we can simply say that X is an existence class.)
Similarly, a pair (X,Y") (or just X if we fix Y = L{°X) is an uniqueness class if for
any given data X, there is at most one solution belonging to Y and achieving that
initial data. To be concrete, we consider now the 2D Euler equations in vorticity
form. We have that H® for s > 1 is both an existence and uniqueness class. As a
consequence, if X C H® for some s > 1, then X is automatically an uniqueness class.
However, one can imagine a space like B (the Besov space with the summability
index equal to oo) which is potentially not an existence class. This is simply because
the proof of a priori estimate not only requires sufficient regularity but also some
structural property of the function space. On the other hand, one can also give
examples of existence classes which are (presumably) not uniqueness classes, again
in the case of 2D Euler. If wy € LP then one can establish the existence of a solution
in L°LP. With forcing LP was already shown to be not an uniqueness class for
p < oo (see below). Even at low (but critical) regularity, there are spaces which are
presumably only uniqueness classes. The most notable example for 2D Euler is the
BMO space that we have defined in the above. Several different proofs of uniqueness
in L' N BMO are known ([130, 4]); the difficulty in proving existence in this space
is that the BMO norm cannot be characterized by the sequence of LP norms; such

61



spaces are sometimes referred to as Yudovich classes [45].

Yudovich spaces. An Yudovich space Y© is defined in terms of a function © :
[1,00) — [1,00): we say that f € YO if f € LP for all 1 < p < oo and

1|z
= su < 0

The space L' N L> simply corresponds to the case when © is a uniformly bounded
function. By changing the growth rate of O(p) as p — oo, one can allow various
singular functions in the space Y©. Yudovich himself introduced this spaces and
extended the uniqueness theorem to the “slightly” unbounded case, which roughly
speaking contains vorticities blowing up like Inln at a few points ([136]). Concrete
examples are ©(p) ~ Inp, O(p) ~ Inplnlnp, and so on (asymptotics for p large).

Problem 2.2.8. Find the asymptotic for p large of the following:
o |[log |z,
o [[(log|x[)*||Le, for some a >0,
o ||loglog x| e

In the above assume that the functions are defined on R® with some d > 1 and the
LP norm is taken in the ball 0 < |z| < 1.

This is closely related to the Osgood’s lemma for uniqueness from ODE theory.
As we have mentioned earlier, non-uniqueness of Euler for LP vorticity was obtained
by Vishik ([128, 129]) with forcing, see also the monograph [2] and [3]. The idea is
very roughly connected with the issue of (non-)uniqueness for ODE. To illustrate
the point we consider the following simple ODE

df
ar ~ (51)
7(0) = 0.

We assume here that f : [0,7] — R>q for some 7" > 0 and u : R>9 — R>q is
non-decreasing, u(0) = 0, and smooth except at 0; lim,_,o+ u/(2) = co. While f =0
is a solution, there could be other solutions, e.g. f(t) ~ t? when u is a power type
function. In any case, for initial data strictly positive, there is a unique solution
simply because we assumed u > 0, so the solution is also non-decreasing in time.
Assume further that u is strictly positive except at 0. Then we can define for any
e > 0 the time it takes for the unique solution to (51) starting at € to reach some
number, say 1. (It can be replaced with any positive number.) This time is given
by simply integrating (51):

1 1 T
[mdf— -
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Then we see that

L |
lingz/ —dz.
e—0 0 u(z)

That is, local integrability of the function z — 1/u(z) is equivalent with finiteness
of the escape time from the equilibrium (7 := lim. ,o7;). For (51), non-
uniqueness occurs if and only if the escape time from 0 is finite. As an exercise, one
can work out the case of u(f) = f(In f)? for 8 > 0. The point is that, non-uniqueness
can be seen as an extreme form of instability for the equilibrium solution.

BMO case. A typical example of a BMO function is given by f(z) = In|z| for
|z| < 1. While it can be computed that || f||z» ~ p for p large, much information
is lost when one regards BMO as a type of Yudovich space. Indeed, a non-trivial
statement is that the singular integral operators of the “classical type” are bounded
in BMO, and in the case of 2D Euler, it gives that Vu € BMO for w € L' N
BMO. On the other hand, the LP estimates for the operator T = V?(—A)~! says
that | Tf|lzr S pllfllze, for p large. Therefore, while ||Tf||pyo S || fllne~ follows
naturally from the LP estimates, the stronger estimate | Tf|smo S || fllBamo does
not. Moreover, invariance of the Besov space Bgo,oo under T is clear from the
definition of the space, but BMO is not exactly BY, .

We have the following uniqueness result for BM O vorticity:

Lemma 2.2.9. For any T > 0, there can be at most one solution w to the 2D Euler
equations belonging to L>°([0,T]; BMO) for the same initial data.

The proof is actually parallel to the argument of Yudovich (see [4] for instance).
While this is essentially the best uniqueness statement for 2D Euler, it is impor-
tant to note that existence is not clear in the BM O space, for BM O initial data.
Moreover, it is important to understand exactly what type of functions belongs to
BMO. For instance, one can compute that for functions locally near » = 0 of the
form f = g(f)Inr (in polar coordinates), f € BMO if and only if g is a constant.
For instance, the most singular part of V2(—A)~!(Inrsin(26)) is given by a constant
multiple of (Inr)?sin(26).

2.2.3 Local regularity in H® spaces

‘We now consider local existence in HS.

Theorem 2.2.1 (Local wellposedness in H*). The equation (gSQG) in the regular
and intermediate regimes is locally wellposed in H*(R?,T?) for any s sufficiently

large. That is, given initial data 8g € H?®, there are T’ > 0 and a unique solution in
0 € C([0,T]; H®) to (gSQG) with 6(0) = 0y. To be precise, we require

e s>14+awhend < a<l.
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e 5> 3 when 1 < a < 2, namely in the singular regime.
Furthermore, the solution map 6y — 0 is continuous from H* to C([0,T); H?).

Remark 2.2.10. What is contained in the continuity statement is that the (quar-
anteed) existence time interval length T' also depends continuously in 6.

Remark 2.2.11. In the log singular case, we have local wellposedness in a scale of
time-decaying Sobolev spaces ([23]): for any so > 4 so that 0y € H®°, there exist
T > 0, a continuous function of time s(t) > 4 with s(0) = so defined in t € [0,T],
and a solution 6 € C([0,T); H*®) to (8) with initial data 6.

While we take the case of R? for simplicity, the proof in the T? case is similar,
just using the Fourier series instead of the Fourier transform. We shall first start
with a rather general uniqueness lemma, which is applicable not only in the Sobolev
case but also in the Holder case, which will be treated below.

Proof of Theorem 2.2.1. We shall proceed in a few steps. As it is usual, the first
step is to obtain an estimate of the solution, assuming that a smooth solution exists
in a time interval.

A priori estimate. We assume that there exists a solution to (gSQG) belonging
to the class 0 € C([0,T]; H*(R?)) for some T > 0. The following argument will be
restricted to 0 <t < T.

Regular regime. We begin with

1d

5 361 = —Re [1610€) [ 1¢° (ate - inbn) dn et

We then “distribute the derivative” as follows:
€1° = [nl* + (I§]° = n[*) .
The point is that
“Re [ 166(¢) [ (ate ) i) dnag =0

by anti-symmetry (this corresponds to the term where all the derivatives have fallen
on V@), so that we have

1d

5101 = —Re [1640€) [ el* = ol (a(€ — ) - infl)) e

Now, taking absolute values in the right hand side and using
1€° = nl°] < Cslé =nl(l€ = nl*" + [n]*~),
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we have that

<y / €°18(6)| / (I& = nlfaac = mll*(@m)] + ¢ = nl*la(s —n)linlldm) )
=I+1I.

d
— 10113
el

Therefore, to treat the term I, we see that it is necessary to have |{|u(§) € L% with
I |£|ﬂ(§)||L% < [|0]| s, which is guaranteed if s > 1+ . The term I1 can be bounded

under the same condition. This gives the desired estimate

d
1015 | < cutet

Singular regime. Apparently, the above argument in the regular regime does not
close when w is more singular than 6. The point is that the nonlinearity can be
viewed in two ways,

w-VO =Vt Vo =—-Vo. vy

and we use the last expression when all the derivatives hit 1. Then we see that there
is a cancellation since 1 is a symmetric operator applied to . For concreteness, let
us assume that zZ(g) = ]f\_2+°‘§(§) with 1 < o < 2. Of course one can treat more
general case as well. Now, we return to the expression

g 91k = —Re [167906) [ (el = 1ar) (ae =) i) anct

and rewrite the right hand side as
Re [ 1619(6) [ (il° = Inp) (i€ — mle — nl> 8¢ =) /Do) dlg = T+ 11.
Then we see that we can do some symmetrization in the expression
Fi=Re [1648(©) [ 1€~ al° (it6 — wle —nl 8¢ ) D)) dnd
since
I':= Re/ |£|5_1+3§(€)/ & =l (i€ = mlg = ="+ 20(E ) - in-0m) ) g
vanishes. Hence it suffices to estimate the difference I — I’ and
1= —Re [ €496) [ (It = nl* = I = nl*) (ate =) ind) .
In I1, the point is that now
1€1° = n1* = 1€ = nl*| S Inll€ = 0>t + 1€ —nlln*~".
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On the other hand, in I — I’, we can factor as
€ = nl*(€ = m)lg = n[THB |l (Jg - < g7 )

which gives a factor of |n| as well, using that 2 > o > 1. Therefore, this allows us
to close an H® estimate, assuming that s is large enough.

Problem 2.2.12. Check that the sharp threshold is s > 1 4+ « again in this case.

Existence. To prove the existence of a smooth solution, one can consider the
reqularized system, e.g.

00" +u” - VO" = kA",
08 B 90 * Pk

Not only the equation but also the initial data has been regularized. For the above
problem, a unique local in time solution #*) can be obtained by Duhamel’s principle;
the idea is to view the nonlinear term as a perturbation. To be more precise, we
rewrite the equation as

t
0% (t) = e 205 + / =TS (- V0%) (7)dr
0

and solve the equation using a fixed point theorem on L*°([0,7]; H®) with T suffi-
ciently small. A priori, the local existence time may depend on x but the key point
is that the above H?® a priori estimate is valid, uniformly in . This can be used to
show that for any x > 0, there is a uniform time of existence 17" > 0, on which we
have

107 | oo 0,73y < 20105 || 225 < 41160 |- -

Some details of this argument can be found in [20]. Therefore, we obtain a sequence
of time-dependent functions {6} which are bounded uniformly in the space

C([0,T); H?)
as well as in
Lip([0,T]; H*™?).
To see the latter statement, one may just estimate
1060 ([ rs—2 < [[w" - VO || rs—2 + [|KAD™ || pro—2 < Cw||07|[ 1= + CIO% I3

Applying the Aubin—Lions lemma, we have a subsequence 0% which is strongly
convergent in L>([0,7T]; H*~1). Tt is not difficult to show that the limit belongs

66



to L*°([0,T]; H®) and satisfies the gSQG equation with initial data 6p. This gives
the existence of a solution, in the class L>°([0,7T]; H®), but there is some additional
argument necessary to upgrade the solution to C([0,7]; H®). The standard way is
to use the so-called Bona—Smith approximation introduced in [8]. Here we present
a slick argument which is also well known.

To begin with, we have that the solution 6 belongs to the class C\, ([0, T]; H®),
simply because it is obtained as a sub-sequential limit of 6% which belongs to
C([0,T]; H*) and the weak continuity in time is preserved in the weak limit. We
now try to upgrade weak continuity to strong continuity, say at time ¢t = 0. (The
argument at other time moments is the same.) Recall that given weak continuity, it
suffices to prove norm convergence to get strong continuity; that is, if tx — 0 then
10(ti)|lzs — ||0ollzrs- However, weak continuity already implies that in the time
limit, the H® norm can only drop. Assume towards a contradiction that we can find
a sequence t; > 0 such that ||0g||gs < limsupy_, ||0(tx)||ms. But then, we recall
the a priori estimate in H®, which asserts that for ¢t > 0 sufficiently small,

10() [+ < (1 +&)|60]| -

This is a contradiction, by taking £ > 0 sufficiently small.

Continuity of the solution map. Here we give a proof of the continuity of the
solution map in H® communicated to us by T. Elgindi. The usual proof is again
based on the Bona—Smith ([8]) approximation, but this one is essentially the same
in spirit, just a quantitative version of Bona—Smith. Recall that if f : R — R is an
integrable function, then it has a modulus of integrability: there exists a function §

such that
[ s
la—r,a+7]

for any a € R. A function in H* has a similar property; f € H*(R?) simply means
that its Fourier transform f is such that

| iy < o
R2
Then we can actually find a function a(|£]) > 0 such that

[ 1 ati) + g1 7as < oo

We can require a to satisfy some nice properties, e.g. it is infinitely differentiable
with derivatives decaying sufficiently fast. Now, an important point is that if we
have a convergent sequence of initial data 8,, — 6 in H®, then there is a uniform
function a(|£]) > 0 such that

16| Z5i0 == /RQ(l +a(€)(1+ [€%)%10a]7de < 2(10]1F-
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for all sufficiently large n. We now have the following

Claim. If a¢ is a “nice” multiplier, then we have propagation of the H%“ norm in
time for the solution of (gSQG).

Problem 2.2.13. Prove the Claim.

We can finish the proof that 6,(t) — 6(¢) in H°. The point is that there is a
uniform bound

16n @) |50 S N0 (E = 0)|[ 150 S (10|25,
and we can leverage it with a very weak convergence, say
en(t) — Q(t)

strongly in L?. This is because the H® space is sitting strictly between L? and
H%% no matter how small a is. This latter L? convergence simply follows from the
stability lemma 2.2.1. This finishes the proof, modulo the Claim. See the remark
below. O

Remark 2.2.14. In the regular and intermediate regimes, we have propagation
of regularity: given a gSQG equation, we can simply pick some sg such that the
equation is locally wellposed in H® and then for any s > sg, we can prove the
propagation estimate

d
01z < Csl|0) z50 1|0]] 27+,
161> < Colbllnsal16]1

which immediately shows that the higher H® norm cannot blow up unless ||0||rrso
blows up. This is one of the motivations to obtain local reqularity in low Sobolev
spaces. In particular, we obtain that any H initial data remains in H* for a
nonzero interval of time.

Howewver, it is important to notice that in the log singular case, the above proof
does mot give local propagation of H*. It only says that for any k, there is a
time interval [0, Ty] with Ty, > 0 depending on k such that the solution belongs to
L([0, TyJ; HY).

Problem 2.2.15. Obtain local wellposedness in appropriate Sobolev spaces for the
models introduced in §1.1.6.
2.2.4 Local regularity in C*® spaces

We now consider the problem of local regularity in Holder spaces, which is more
elementary in some sense. See [132, 21, 44, 43] where various local wellposedness
statements in Holder spaces are introduced. In particular [44] gives local wellposed-
ness without a decay condition at infinity for solutions. Note that in the statement
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below, the kernel is assumed to be in the regular regime, unlike the Sobolev theorem
which allows for the intermediate regime (unfortunately, we have illposedness of the
intermediate regime in Holder spaces: [43]). We take the domain to be either T? or
R2.

Theorem 2.2.2 (Local wellposedness in Holder spaces). In the regular regime (0 <
a < 1), the a-SQG equation is locally wellposed in the space C*P N H=' with any
E+8>a.

That is, given an initial data 6y € C*P N H1, there exist T > 0 and a unique
solution 0 to a-SQG belonging to C,([0,T); C*# N H~1).

Proof. We consider the Lagrangian framework. The first step is to obtain an a priori
estimate of the solution in the Holder space.

A priori estimate. For simplicity, assume that 0 < 8 < 1. We shall perform a C?
estimate: begin with the flow formula

e(tv (b(ta .I')) = 90(.1‘)
and then from bijectivity of ®(,-), we have that

B, @(t,2)) — 0(t, D(t, 7))
10 s = S T (te) - ot o)

It will be useful to introduce the shorthand (after fixing some points z,z’ with

2 # )
0=10(t,x), 0 =0(t,a),
Hod=0(t,®(t,x)), Hod =0(t,®(t,2')),
O =d(t,x), ' = d(t,2).
We can then compute that

d 0(t, (t, x)) — (¢, B(t, 7))

dt | ®(t,x) — B(t,2')|?
B O(t, ®(t,x)) — 0(t, (¢, 2))
= 0 ) — ot )P

(u(t,®(t,x)) —u(t,®(t,2"))) - (®(¢,x) — (¢, 2')).

Taking absolute values, for

AN ‘9(75,(1)(7;1‘)) B 9(t7q)(t7x,))|
D) = ——ga  —s@aF

we obtain the estimate

dD
— | < o D.
| < colvul
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Therefore, the crucial point is that we need to choose 8 so that u is Lipschitz
continuous: from the Holder estimate,

IVullzee < Cpll6]|cs

B > a, when a < 1. Then taking the supremum in z # x’ gives

d
“N8llos < Calbls.
Integrating this in time gives T" > 0 such that we have

sup [|0(t,-)[ce < 2[|00llcs-
te[0,T]

It is not difficult to extend this type of a priori estimate for 5 > 1, although there
are some critical values of 3 for which this does not work.

We need to separately consider the case o = 1, where we shall again assume that
0 < 8 < 1 but estimate 6 in the C*# norm. Indeed in this case, the equation has
been shown to be strongly illposed in C' (or in C%'), [60, 87]. In this case, before
moving on to the Lagrangian coordinates, we first take a derivative:

HVr0 +u-VVH = Vuve

and then we take the flow: for V = V14,

%V(t, B(t,2)) = Vult, Dt 2))V (1, B(t, 2)).

Then arguing similarly as in the above,

d
1Vles < Ca (IVullz=lVigs +[IVlz[Vullcs) -
Now, the point is that for any 0 < 8 < 1,

IVulles < CsllVios
so we can close an C? estimate for V:

d 2

G Vlles < CsllVIcs-
Integrating in time, we obtain T" > 0 such that

sup [[V(t,)llcs < 2[Vollcs-
t€[0,T] ¢ ¢ (52)
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Existence of a solution. Given the a priori estimate of the form (52), one may
construct the solution in a variety of ways. One way is to mollify the initial data,
namely for any € > 0, take the initial data

05 == pe x0p € C

and we can smoothly truncate it outside of a ball, say B(0,1/e). Then, we consider
the initial value problem

00 +uf - VO =0,
uf = VEP(A)6F,
05 (t = 0) = 65.

Here, the point is that we already have existence of a solution from the Sobolev well-
posedness. Furthermore, since the solution is smooth, the above argument regarding
the Holder a priori estimate is valid for the solution, which gives

sup [|6%[lcs < 2[|65]lcs < 4l[60llcs
t€[0,T]

uniformly for all sufficiently small € > 0. We have that
{6°},,5 uniformly bounded in L*([0,7]; C*) N Lip([0, T]; C°~1).
Therefore, in the limit ¢ — 0, there is a subsequence which is strongly convergent
in C([0,T];C#") for 0 < 3’ < . Then, since the velocity is not worse in regularity
compared to 6, we have the same convergence for the corresponding sequence of
velocities. If we denote the limits by 6 and wu, respectively; that is, if
0k — 0, utt — u
in C([0,T];C?"), then we first have that
u=V+P(A),
and
09 — 040, u®-VO* — u -V
in the sense of distributions, so that

Finally, it is clear that 6(t = 0) = 6y and that # inherits the uniform bound of
L>=([0,T]; CP). Therefore, we have the existence of a solution. O
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Eulerian—Lagrangian approach. The above existence proof may be not satisfac-
tory since it involves using the Sobolev existence theory. Indeed, in the Lagrangian
scheme, it is customary to obtain a solution with an iterative scheme. We shall take
a < 1, T > 0 small so that the above a priori estimate does not blow up, and define
the following sequence of functions

" 4y Ve =0,
6" (t = 0) = 6,

u" = VEP(A)OMT
The initial step is simply defined by
0% := 6,
for all ¢ € [0,T]. This trivially verifies the hypothesis
160"l oo (0, 77508) < 21160]l s (53)

in the case n = 0. We shall verify this bound inductively. Assuming that we have
the bound for some n > 0, we can first obtain the Lipschitz bound on u™:

HunHLO"([O,T];Lip) < CBW”HLO@([O,T];CB) < 205\\90\10@,

so that on [0, 7], we have a unique solution of the flow map

d
%@"(t, x) =u"(t,d"(t,z)), " (0,z) = x.

In turn, the flow map ®" defines the solution to the transport equation for 67! via
O™t (t, ®"(t,z)) = Op(x).
This formula allows us to conclude
16" | oo o,73:08) < 2[10ll e

by taking T' > 0 smaller if necessary, but in a way independent of n. To see this, we
simply take two points  # 2’ and compute
OntL(t, ®"(t, x)) — O"FL(t, ®" (¢, 2')) B Oo(x) — Oo(x")
Sr(a) L) [ (te) — (L)

After taking absolute values, we rewrite the right hand side as

[Bo(z) — bo(=)|  _ [6o(x) — bo(a’)| |z — 2’| .
|<I)n(t,1') - @”(t,x’)\ﬁ ’x - x,’ﬂ ‘(I)”(t, x) - q)n(tvx/)lﬁ
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On the other hand, we can estimate

_ @0 (@) — 971, 2)]

'

D

|z —z

from above and below by taking the time derivative of the quantity

Q" (t,x) — " (t, ')
|z — | '

This gives
exp (—=C|IVu"|| L1 (po,g:12)) < D < exp (ClIVu™ || rpo,515)) -

Combining the estimates,

|07 L (t, d7(t, ) — " FL(t, D™ (L, 2"))]
|®"(t, z) — D" (t,2')|P

< Clibollcs D7 < Cllbollcs exp (CHIVU™ | b1 (go,:0)) -

First taking the supremum for all # # 2’ and then taking for ¢ in [0, 7], we obtain
that

16" oo jo.171.08) < Cliollos exp (CTBIIVU" || Loo(jo,r);15) ) -
This verifies (53) for n + 1. Therefore, we obtain a sequence
{0"},50 uniformly bounded in L>([0,T7; ch).
Similarly
{u"},5¢ uniformly bounded in L([0, T7; oLh—ay,
Next,
{®"},5o uniformly bounded in L>([0, T}; C"F~%).

Then we can find a convergent subsequence and take the limit to obtain a solution.
Here, naively taking a convergent subsequence 6" does not work, since we do not
know a priori whether (even after taking a further subsequence) u™~! is converging
to V- P(A)f, where 6 is the sub-sequential limit of #™#. One way to overcome this
is to show that the full sequence 6" is actually convergent in some weak norm. This
is similar to the proof of uniqueness.

We fix some T > 0, and set d" := sup;c(o 167+ (t) — 0™(t)|| ;2. From the
equation

(O™ — ™) - V(0T — ") + (u" —u"Y) - VO =0,
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we obtain
d n n n n n— mn
prid ) = 0" ()2 S IVO o 167() — 0" ()| 2 S d

for some g*. To proceed, it is important that we are assuming uniform bound in n
of the quantity ||V6™|| ;4. Strictly speaking this does not follows from the uniform
C”? bound if 3 is small but we shall assume that 3 is sufficiently large for this to
hold. Then, uniformly in n we have the bound

1" (8) — 0" (1)l 2 < Cd"t,
since we are assuming that ||§""1(t) — 6"(¢)||;2 = 0 at ¢t = 0. In other words,
d"t < cTdr,

so that d"t! < d"/2 if T is chosen small. This shows that the sequence 6" is
Cauchy in L¥°L?. We denote the (unique) limit in this topology by #. This removes
ambiguity of the sub-sequential limit. That is, any subsequence strongly convergent
in L*°([0,T];C7) with v < 3 should converge to 6, simply because convergence in
C” implies convergence in L?.

Lagrangian approach. A yet another way to get existence is to use the purely
Lagrangian framework, which simply rewrites the equation purely in terms of the
flow map ®(¢,-). Let us explain how this can be done. We write K (-) for the kernel
of the multiplier P(A). Then,

d

E<1>(7:,gc) = u(t,D(t,x)) = /RQ(VLK)(@@,;E) —y)0(t, y)dy.

Then, we make a change of variables defined by y = ®(¢,2’): since ® is area pre-
serving, we have that

Lt 2) = /R (VEE)@(1,2) — D12 ol

dt
Integrating in time, we have that
S
O(s,x) =x+ / / (VEK)(®(t,z) — B(t,2"))00(a)dz’dt. (54)
0 JR?2

That is, if we have a (reasonably) smooth solution to gSQG, then the resulting flow
map P should solve the integrodifferential equation (54). The key idea in the purely
Lagrangian framework is to try to find a solution to (54) directly; if we are given with
some family of area-preserving diffeos of R? parameterized by t, say {¥(t, ) }eefo, 1)
then we can obtain a new family by applying the operator T, defined by

T[V](s) =z + /08 /RQ(VLK)(\I/(t,:U) —W(t,2"))0o(2)dz' dt.

Then, solutions of (54) are simply fixed points of T. We can take the time interval
to be sufficiently small to guarantee the existence of a fixed point for T.
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Problem 2.2.16. Prove propagation of reqularity statements for the local in time
Holder solutions.

2.2.5 Continuation criteria

Recall that once a continuation criterion is satisfied (a hypothesis on the solution),
then the classical solution extends to a larger time interval. Therefore, a criterion is
stronger if the hypothetical assumption is weaker. We shall prove an analogue of the
well known Beale-Kato—Majda criterion ([6]) for the d-dimensional Euler equations,
which states that

If [|wl| 10,500y < M then [[ul| poo o,7;1m) < C(M,m, |luol|gm).

In particular, we are able to extend the solution beyond the time interval [0, T), given
m > d/2+ 1. In 2D, this implies global regularity since we have a trivial bound
M < T||wol||z>. The proof is simple, and it relies on the standard energy estimate,
one key time-independent harmonic analysis estimate, and then an application of
the Gronwall inequality (or, a comparison principle of ODEs). The first ingredient
is simply

d

— U m| < YVullre||u m
bl | S 19l el
which is the basic H™-estimate on classical solutions of the Euler equations. The
harmonic analysis bound takes the form

IVullee Sm (1 +10g(10 + [lullgs) [wll e + [lw][2)- (55)

The fact that we have a log of the higher Sobolev norm in u is crucial. (Note that
we cannot close an a priori estimate if we have any power of log strictly larger than
1.) The fact that the L?-norm of vorticity appears is slightly annoying, so we first
absorb it in the O(1)-term (once we fix T'). The standard energy estimate at the
level of the vorticity gives

t
lw@® 22 < llooll 2 eXp(/O lw(s)][eeds) < +oo

since we are assuming L} L2°-control on the vorticity.

A heuristic discussion of the key estimate (55). To gain some insight into the
inequality, we imagine a 1D situation where we attempt to bound Hv in L*° (H being
the Hilbert transform) using a log of some high Sobolev norm, together with v in
L. First, some dependence on the high Sobolev norm is essential, simply because
if we assume that v is the Heaviside step function, then Hv will logarithmically
diverge precisely at the origin. Now, we smooth out v in a way that it makes a
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sharp transition from 0 to 1 in a neighborhood of the origin of width e. Then,
evaluating the Hilbert transform at the origin cost approximately fOE x~dx which is
—loge. Note that log ||v]|gm also scales like this number.

We now prove (55). It suffices to show

Lemma 2.2.17. For a smooth function f we have

[ f 1]+
[ f1l 2

Here, R; is the Riesz transform with respect to the coordinate x;.

IRaRo fllzee S N Fll22 + 11| o~ log(e +

).

Remark 2.2.18. This is a general statement, not very specific to the Riesz trans-
forms. For example, the lemma works with RqRy replaced by any Calderon—Zygmund
operators of the classical type. Indeed we only need homogeneity and the existence
of a finite number of derivatives; it will be clear from the proof.

Remark 2.2.19. The BKM criterion was extended to allow for ||w| paro in [100,
116]. This is strictly related to the improved results on uniqueness (e.g. BMO
vorticity) that we have seen in the above.

Proof. We fix 2 € R% (d = 2,3) and the task is to bound

Mf(@):=C | m()f(©)ed,
where m(-) is the multiplier of the operator R,R; (the only fact relevant is that
it is smooth and homogeneous of degree 0). As always, we decompose dyadically.
With the sequence of Schwartz class functions ¥y supported in the Fourier annulus
of radii ~ 2%, we consider

(M f ()] < [(Mf)o()] + [(Mf)p,n ()] + [(Mf)>n(@)|-

The first term is simply bounded by the L?-norm of f, (this is simply the Fourier
side manifestation of the fact that the global contribution of the integral against the
Riesz kernel is bounded by f in L? in the physical side) and the right hand side is
bounded by an appropriate high Sobolev norm of f, and it is important to extract
the decay in N:

(M Pzn(@)] S 27N f e

Then we define N in a way that 2V = || f|| 4 /|| f|| 2. It only remains to control the
middle part, and this is actually where the form of the multiplier (e.g. differentia-
bility) is important.

We write

(M fo,n () = (f * Kn)(2),
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where
K@) = c [ e%m(€) Wy €)de.
It only remains to establish the estimate
IKn|pr S 1+ N,

or equivalently,

I ] m©on©esdsln <1

We define the function in the above formula by Kj(z) and we state
Claim. The function K}, is supported on 2 < 2757 and || K|z < 29

The second statement is obvious, and to show the first, let us assume that |z| >
27%_ Then assume without loss of generality that |z1| > 27%. We will integrate in
parts with respect to this variable, where we gain by powers of x; (which is huge).
We obtain

1 (1)
<
Kelo) < o [ ewe

Integration by parts can be repeated. This finishes the proof. O

We now turn to the case of the SQG equation, namely

00 + RI[A] - VO = 0. (56)

Taking the gradient gives
V10 + R[A] - V(V1EH) = VR[A]V16.
We claim the bound
LI 0l s < CUTRI L + [T 00 2 [V 4011
Here we take m sufficiently large. Then, we use the above harmonic analysis bound
IVRB]|| 2 < C|[V=0l|zoe (1 +1og(10 + [|6]] 7)),

to obtain

d
a(l +10g(10 + [|8]|gm)) < C||VE0|| Lo (1 + 1og(10 + [|0]| z1m ).

This gives that

"What it really means is that |Ky(z)| < (1 +2/27%)71% (of course, the power is arbitrary).
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Proposition 2.2.20. For the SQG equation, there is no blow-up of an H™ solution
at T" unless the quantity

T
/ IV46(8) | e dt
0

becomes infinite.

Now we consider some geometric blow-up criteria, which provide some intuition
as to how the solutions look like near the blow-up time. They could be applied to
check whether sharp gradients appearing in numerical simulations are true candi-
dates for finite-time singularity. We begin with an elementary but elegant result of
Cordoba—Fefferman [41].

Condition of Cordoba—Fefferman. In [41], the authors consider the so-called
hyperbolic saddle scenario (or X-point configuration) for sharp front development
of gSQG solutions. This scenario corresponds to the situation where certain level sets
of (t,-) evolve as hyperbolas becoming closer with each other, thereby developing
a large gradient. Such a behavior was observed already in the original work of
Constantin-Majda—Tabak [38, 37]. Therefore, it is natural to ask whether a finite
time singularity can be obtained by touching (or collapsing) of two hyperbolic level
sets. Such a collapse is generically observed in singularity formation for two and
higher dimensional compressible fluid systems.

For simplicity, assume that there exist two time-evolving level sets 'y (¢) in [0, T")
for 6(t,-) which are graph-type, that is

Iy(t) ={z €la,b] xR:zo = fy(t,x1)}
for some scalar valued C* functions fy : [a,b] x [0,7) — R. It is assumed that
f_(t,fll‘l) < f+(t,$1)7

for all 1 € [a,b] and 0 <t < T. Most importantly, assume that at the critical time
T they completely collapse into a common curve I'. That is,

lim (f (¢, 21) — f-(t,21)) =0 (57)

t—T

for all z1 € [a,b]. With these assumptions, the main result of [41] is the following:

Theorem 2.2.3. Consider the transport equation
Gte +u-VO= 0,

where u = V14 for some . Assume that u(t,-) is Lipschitz continuous for all
t <T. Then, for the above scenario to occur, it is necessary to have

T
A’WWJMWMWMﬁmmmmmﬁ=+w~
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In particular, it is necessary to have

limsup ||u(t, -)|| e = +00.
t—T

This criterion is interesting since one does not need to specify at all the relation
between the transported scalar 6 and the velocity u. In particular the regularity of
u relative to 6 does not matter. Not surprisingly, the key ingredient in the proof
of the above theorem is the incompressibility of the velocity field. For compressible
equations, such a behavior can indeed occur with velocity fields which are uniformly
bounded up to the time of shock formation.

The proof is simple enough to be described here.

Proof. To begin with, we consider the evolution of the area between the levels '
and I'_; namely

A(t) = [a,b] x [f-(t,z1), f+(t,21)].

Then,

%\A(t)l = ¥(t, (a, f1(t,a))) = (L, (a, f-(t, a)))
— (W&, (0, (1)) = ®(, (b, f-(£,))))-

The is just a consequence of incompressibility. The change in time of |A(¢)| only
comes from the flux through the lateral boundaries of A(t), which is nothing but
+ [u;. Using that u; = —0,,9 together with the fundamental theorem of calculus
gives the above identity.

Now, assume that the total collapse along [a,b] occurs at T" and define

(58)

A(t) = [a,b] x [f-(t,z1), f+(t,21)].

Here,

T
a(t) = a+ / (s, )| 2 (e ds

and

T
B(t) = b — / (s, )l oo (Ao ds-

Towards a contradiction, assume that

T
/0 [[w(t, ) oo (aqeydt < oo.
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Then, we can pick t* < T such that a(t),b(t) € [a,b] for all [t*,T). For t > t*, we
compute

d

ag(t) = [[ult, )z (ay (f+ (8, 0) = f=(t,0) + f1(t.a) — f-(t,a))

b(t)
# [, P~ 1
a(t
The last term equals

D(t, @, fr(t,@))) = (t, @ f-(t,@))) = ((t, (b, f1(8,5)) = (¢, (b, f-(t,D))))-

Taking absolute values and using the mean value theorem, we have the bound

b(t) - -
/~(t) at[f—‘r(t?xl) - f—(t7w1)]dx1 < Hul(t)”L‘X’(A(t)) (f—i-(tvd) — f-(t,a) + f+(t,0) — f-(t, b)) :

Therefore, we have that

d ~
—A(t) >
A0 =0,

whenever ¢ > t*. This is a contradiction to (57). O

In the specific case of SQG equations, one can go a step further and obtain a
lower bound on the distance between two level sets, under the assumption that the
collapse is semi-uniform ([40]): it simply means that for all 0 < ¢ < T and z; € [a, ],
there exists a uniform constant ¢y > 0 such that

min (fy (¢, 21) = f-(t,21)) > co max (fy(t,21) — f-(£,21)).
z1€[a,b] z1€[a,b]

We can simply define

so that

6(t) ~ fr(t,x1) — f-(t, 1)
for any z; and ¢. The main result of [40] states the following.

Theorem 2.2.4. Under the assumption of semi-uniform collapse in the SQG case,
5(t) > exp(—etTP)
for some constants A, B.
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Proof. We start with

%|A(t)| <2 sup |1/)(t7$17f+(t7x1)) —w(t,l‘l,f_(t,$1))’,

z1€[a,b]
which is immediate from (58). Now, the standard potential estimate for 1 :=

(—A)féﬁ gives

[W(t,z) —P(t,2")] < Cll0)l pinpe< | — 2| In

|z — 2’|

where we assume that |z—2'| < 1 and § € L'NL>(R?). We could have assumed from
the beginning that §(¢) < 1, and under the semi uniform hypothesis, §(t) ~ |A(t)|.
Therefore,

1

d
—IA(t)] < JA®)|In TAQ)|

dt
This finishes the proof. O

Remark 2.2.21. Repeating the above argument in the Euler and gSQG in the reqular
regime, one obtains at most exponential convergence of level sets:

5(t) > exp(— (At + B)).

Constantin—Majda—Tabak criterion. We describe the geometric criterion of
Constantin—-Majda—Tabak ([38, 37]). To state this criterion we recall the evolution
equation for V-=6:

DV = Vuvte. (59)
Here D; = 0; + u - V. We define ¢ to be the directional field of V6, namely

V4o(t, x)

R S

We simply set ¢ = 0 whenever V+6(¢,z) = 0. Then, taking the dot product of (59)
with V40(t, z), it follows that

Dy V40| = a| V1) (60)
where

a(t,z) = (St x)E(t, x)) - £(t, ) (61)
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with S(t,z) being the symmetric part of Vu(t,z). Then, it is not difficult to see
that blow-up occurs at T if and only if

T
[ttt e = .

Next, noting that

R= (6 Ve €
is the curvature of a level curve of 0, [34] derived the interesting equation

Dy(s|V40)) = (V40 V),

with

q=(Vug)- ¢

Integrating this equation over a bunch of smooth level sets,

d

— Kk|V16] = 0.
dt Je:00<0(t,2)<Co

Now, singularity formation requires a region of |[V+6| > 1. Therefore, based on the
above conservation law it is forced that either
e the curvature oscillates very rapidly, or

e the curvature goes to 0, namely the corresponding level set becomes straight.

Strictly related results have been obtained in the work of Chae [19].

Constantin—Fefferman—Majda criterion. We now describe the criterion of
Constantin-Fefferman—Majda ([36]), adapted to the SQG equation. Recall that
¢ is the direction field of V6. By definition, £ = 0 whenever V16 vanishes. We
define that a set y C R? is smoothly directed if

e ¢ is Lipschitz continuous in g,

e there exists some p > 0 such that

T
su VE(R )2 o dt < oo.
qoego/o IVEQ, Lo (B, (@(t.q0)))

Under the above key assumption, one can show that there is no singularity formation
from particles starting in g:
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Theorem 2.2.5. Assume that Qg is smoothly directed and a solution 0 to SQG
remains smooth in [0,T). Furthermore, assume that the velocity is bounded L' in
time:

T
sup / ats )| e (1, (0001 < 00
q0€Q0 JO

Then,

sup [V0(t, (t, go))| < oo.
q0€80

Proof. The starting point is the principal value formula for the velocity gradient in
the SQG case:

_ v )
Vau(z) = P.V./ Lo (V0)(w+9) (62)

Recalling the definition of « in (61), we see that

0 d
or) = P.V-/y @) € +y) € @)V +y)l ﬁ

Usually this is handled using the regularity of V6. This time, we use regularity of
¢ instead. We divide

a=qo1 + g

where oy corresponds to the integral in the region |y| 2 p. It is easy to estimate axo;
here, we can use the alternative expression

1
(V) () = — / (VY0 @+ )y
Then, one can write down a similar expression for as to deduce
|az(@)] < Cp~2|18l2 < Cp~?||6oll 2.

It only remains to handle

ar(e) = 2V [ (g€ @)t +)- @I 00+ )] 8
Rewriting

e +y) & (@) = e +y) —E@) - (@)

83



and using the mean value theorem, we immediately see that

Yy dy
Iaﬂ@!SCWVﬂhww@@X/XHJNVLWw+y)wr

The trick now is to write |[V+0(z + y)| = (¢ - V10)(z + y) and integrate by parts in
y to obtain that

W\ 1oL @ _ Wl oL . - @
/'<pnve< DIt = /x<>v 5<+yw<+me
/Vl x+y)0(z+y)‘iy

|
o d
-+Rvj&0?wm+yﬁ@+y»yLwﬁ.

The first two terms are easy to bound, just using ||f||ze. To resolve the singularity
in the last integral, we rewrite

§lx+y) =€z +y) — &) +&(x)

to obtain

|y\ AJ‘—dy = —¢&(x) - ulx
P.V./ (p)(x+y)£(x+y)'y |y|2_ §(x) - u(z)
_ oYY o gyt W
T e) /(1 mp>)m it

1yl ()it W
PV, [ x(ota+ (e ) - @) -3

The second term in the right hand side can be easily bounded by ||6]| ;2 using Holder’s
inequality. The last integral can be bounded by

C(plIVEIl Lo (B(pan 10l L + o 116]| 22)-
So far we have obtained the bound

la(z)] S IVEN Loo (B(pan |t oo (B(p,2)
+ (14 plIVEl o (B(p2))) IVEN Lo (B 100l Lo + o7 21|00 2)-

We are ready to complete the proof. Take a point gy € 2y and recall the formula
Dy| V0| = o|V46).
We have shown that
la(t, )] S 1+ [[ull Lo (B(oa)) + IVENT = (Bpm):

where the implicit constant depends only on p and ||6p||r. Integrating along particle
trajectories finishes the proof. O
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Remark 2.2.22. In the SQG case we can simply bound
lull o < 11601l 22 + 1160l 2 (10 + [[ V6] o< )

Therefore, the uniform boundedness assumption on the velocity can be dropped if we
are going to replace the assumption on V& to the global one.

2.3 Cauchy—Kowalevskaya type theorem

In this section, we provide a proof of the Cauchy—Kowalevskaya type theorem for the
gSQG equations, which provides local regularity in the class of analytic functions.
The following arguments require only that P < 1, that is, P is a bounded multiplier.

Theorem 2.3.1 (wellposedness in the analytic class). In the regular and interme-
diate regimes, (gSQG) is locally wellposed in the analytic class.

Proof. We obtain a priori estimates in the analytic class. Let us start by writing
out (gSQG) in Fourier:

00 = [ (=" P& —ni(E — maita)an

For 7 = 7(t) > 0, we define

d A .
s llereda) iz =7 [ leperienae pag
+Re [ 1625 aE) [ (€= - PU1E — )il — mmdn)dnds
=14+1I

Strictly speaking, we also need to estimate
1d N2
§$HQTI€|9(§)HL2

as well, but we shall omit the details. For the variable

Z(&) = (¢,

we have

IT = 4Re / / SNl E (€ = m)t - P — n)em€-MDa(¢ — mynZ(n)dnde.
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We write
672 = J& "2 + |nl*"2 + R(Em)
and decompose accordingly
I =11+ I+ 11s.
Then, we can estimate with
W(E) = [¢[**+2|2(9)
that
1) < [ [ WiOle~nlP(e ~ D Z(lg )W (n)ande
< CII\€IP(I£DZ(I£|)IIL;IIW(éS)Hig

Next, we can handle II; similarly:

I <c / / W ()W (€ — )]l Z ()| dedn
< ClIEIZ D] IW )12

where we have used simply that P < 1. Lastly, to estimate I3, we take absolute
values and use the calculus inequality

IR| < Inllg = nl(1€ = nl*~% + [*~3)
to bound
\I1I3| < ITI3 + IIIs,
where
111 < C [ [ WOl ~ nPP(E ~ ) Z(1¢ ~ nlnl*~H 2ol dea
< CIIEPPIENZAED] Ly IW ()12
Here,
W(e) = (€72 +1)|2(¢)].

A similar bound can be obtained for I113;. Collecting the bounds and using again
that P < 1, we obtain that

(1] < Cl[¢](1 + IEI)P(Iél)Z(Iﬁl)HLéI\W(ﬁ)llig-
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Now, the point is that we can choose 7 to be a sufficiently large negative so that

7+ Ol + €D PN Z (DI ry < 0.

The estimate can be closed since the quantity C||[£|(1 + |§])P(|§])Z(|§])HL§ is dom-
inated by HVV(&)HLE This gives

1d s 7l€|lp
5%”@ e |£‘9(€)H%2 <0,

or

l€l=e™ @) ()12, < ||l e™/E1B0(€) )12

This finishes the proof of the analytic a priori estimate. Note furthermore propaga-
tion of analytic regularity by Sobolev regularity; this is because the quantity

Clliel +leh P ez (€D

is bounded simply by a Sobolev norm of #. That is, initially analytic data do not
leave the analytic class unless it blows up in a finite regularity class.

For the existence, one can again regularize the equation using dissipation. Unique-
ness is clear because we are assuming very strong regularity for the solutions. O

Problem 2.3.1. Try to extend CK type theorem to the case of “slightly singular”
multipliers.

2.4 Local regularity for smooth patches

In this section we discuss the evolution of patch solutions, which are given by the
characteristic functions of a time-dependent domain. They model interesting phys-
ical situations, e.g. region of strong vortex in the case of 2D Euler. We achieve
significant theoretical and computational simplification by assuming that the so-
lutions are constant inside and outside the moving set: essentially, it becomes a
one-dimensional PDE, although the price one needs to pay is that the equation
takes an integro-differential form. Since the accompanying velocity is not smooth
anymore, one would expect that the boundary of the patch would become irregular
in time. This is not the case at least for locally in time and this shows the ability
to propagate an-isotropic regularity for the family of gSQG equations. Understand-
ing the possibility of small scale creation within this class of solutions, including
finite-time singularity formation, is a very active research topic.
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2.4.1 Contour dynamics equation

In this section, we follow the presentation in [63, 20]. We shall consider initial data
of the form

where € R? is a bounded open set, with a sufficiently smooth boundary. This
means that near any point on the boundary, we can rotate the set in a way that
locally, the boundary can be described as the graph of a smooth function. We shall
parameterize the boundary by v € T = [—m, 7), in a way that it is of constant speed:

zo: T — 09, 10,20(7)|* = C.

Even at later times, we shall measure the regularity of the patch boundary using a
constant speed parametrization (CSP). We need to impose the chord-arc condition

|z(t,v) — 2(t,y —n)l
ul

>0, (63)

for all v,n € T, which in particular ensures that the curve describing the patch
boundary is one-to-one. The notation z is appropriate, since it is sometimes conve-
nient to identify R? with C and consider z as a complex number. We claim that the
evolution of the a-SQG equation with the above patch initial data can be described
by the integro-differential equation

Oz(t,y) = Ca /8zt7 Oty — n)dn. (64)
2ty = n)*

By a simple change of variables, the right hand side is equal to

CE/Y%%uw—%%dmmd
T

2(t,7) — 2t m) e 7

and we shall use both formulas. This claim consists of two parts: first, it means that
if we have a solution to the curve evolution equation (64), this gives a well-defined
weak solution of (gSQG), and second, this is the unique weak solution under certain
assumptions. From now on, we shall neglect the constant C,. The equation of
the form (64) is commonly referred to as contour dynamics equation (CDE), simply
because it shows how the contour changes with time.

To begin with, let us check that if € is the unit disc, then it defines a steady
state. We choose the initial parametrization zo(7) = €7, and compute that the right
hand side of (64) is given by

/Mdn:ieiv/ B

7o — e0-a ST
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This is tangent to the circle (which is 9€), so it confirms that the unit disc patch is
a steady solution.

Derivation of CDE. Now let us formally derive the CDE. For this purpose, we
shall fix a patch €2 and recall that the velocity vector field associated to the patch
is given by

u(z):/VJ‘K\z—z’\dz'.
Q

We just recall the Green’s formula

/Qazjf = /8Q fnjds.

= ntK(z - 2)d?.
u(z)—/aQ K( )d

That is,

Using the boundary parametrization and evaluating at z(vy), we obtain that

u(=(7)) = /T () K (2(7) — =(n))dn.

In the 2D Euler case, this is simply

1 1 ,
5w L 20) —2()]”

Moving on to the a-SQG case, we obtain (with a constant that we neglect)

1 !
/ 20— 2 P

This is apparently different with the one given in (64). This additional term can be
inserted since

, 1
‘0 [ EOEEOR

is clearly tangent to the contour at the point z(7). This is simply because for patch
solutions, we are only interested in the motion of the boundary as a whole and
not really tracking the individual “fluid particles.” This inclusion clearly makes the
kernel more regular.

Weak solutions. We now define the notion of weak solutions for (gSQG): 6 is a
weak solution (a distribution defined in space-time) if for any ¢ € C°((0,T) x R?),
we have

/OT /R2 0(t,z) (Opp(t, x) + u(t,z) - Vo(t,z)) dedt = 0.
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For this definition to make sense, we need the product (fu) to be a well-defined
distribution. When 6 € L* (and decaying at infinity), for gSQG equations with
kernel singular up to the usual SQG case, we have that u € BMO (or better), so in
particular we have that 6u € Liln .. for any p. In the intermediate regime, this is not
true anymore, and an observation is necessary to even define properly the notion of
weak solutions. To this end, the authors in [20] observed the following. We begin
with

/9u Vo = /AQ“"W;] Vi - V.
On the other hand, we compute that
Jotwevt vy = [oarewt (Tou) - [uvent-. vhy
= [Aeive Vi [ v wveat el
=2 / AP VY - V.

Combining the above identities, we arrive at
1
/9” : VQO = 5 /w[AZ_avL'vv¢]¢>

where the point is that [A2~*VL. Vol € L?oc if # € L°° and decaying at infinity.
This shows that the nonlinearity
/ Ou -V

is well-defined even in the intermediate regime.

Weak solutions and CDE. The following proposition shows the relation with the
CDE and the notion of weak solutions defined in the above.

Proposition 2.4.1 (|63, Proposition 3.2]). Assume that the curve z(t,7y) satisfies
(63) and (64). Then, 0(t,xz) defines a weak solution. Conversely, if we have a
patch-type weak solution whose boundary curve is smooth and satisfies (63) for each
moment of time, then (64) is satisfied.

Proof. We assume that 6 is a patch weak solution, whose boundary curve is given
by z(t,7) at time t. We also set 0(t,-) = 1g(;). For ¢ smooth, we need to have

T
0= / 0t ) (Brp(t, 7) + ult, ) - Veplt, z)) dwdt —: T+ IT.
0 R2
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First, we can compute that

T
I= / Orp(t, x)dxdt
o Jou

)
T
:/ / Lo Owp(t, z)dzdt.
0o Jr2

Using integration by parts and
Oiloy) = Oz - 8#26(3: —2)

(here, only normal component of 9,z contributes which gives 9,z - 8#2 /10y 2| but the
tangential integration factor is |d,2|0), we obtain that

T
I=- /0 /T Dux(t,7) - O (8,7 p(ts 2(8,7) )dydt.

On the other hand,

T
17 —/ / u - Vdzdt
0o Jar

T
= lim/ / u - Vpdzdt.
e=0.Jo Jawn{d(z,00(t))>e}

This is valid since u € BMO(R?) and in particular belongs to L'. For each £ > 0,
we are in a region where u is C'° smooth. Therefore, we may integrate by parts
with

Qe(t) = Q(t) N {d(z,00(t)) > e}

to obtain

T
II:il_rg%/O /aQE(t)(ugo)da(x)dt
T
= u z . J_Z z
= [ [utste) - o sttt st

where we have used that u is divergence free. However, we may compute explicitly
u(t, z(t,7)). Next, from I + IT = 0 for any ¢, we conclude that

zt-ﬁiz—l—u-avlzz()

on 0N)(t). This derives the CDE. The other direction can be obtained in a similar
way. O
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Local regularity for smooth patches. To prepare for local wellposedness, we
recall the CDE

atZ — 2y (tv 7) — 2y (ta 77)

dn
T 2(t,7) — 2(t,n)|~

We observe the following symmetric structure:

Lo )2 (t,7) = 2y(t,n)
=212, = )dy = al 201 ind
gl = [ 20t = [ s Ze = Sy

L oy — oy 267 = 2 (6 n)
=3 J[ 0= M) =t

by antisymmetry. Then, we may rewrite it as

1 Cu B
= 5= [ @+ 1) — P v =0

This shows that in the H* estimate, the top derivative term should cancel. In the
following, we shall keep using this trick;

// B(v,n)dndy = ;//(A(’Y) — A(n))B(v,n)dndy

if B is anti-symmetric; B(vy,n) = —B(n,7).
Next, to enforce the arc-chord condition, we shall propagate an upper bound on
the quantity

B |
Ftrm) = o g =l

When 1 = 0, we define

1

F(t,~,0) := m

We are ready to state the main theorem for gSQG patches.

Theorem 2.4.1. Let zo € H*(T) with k > 3. Assume further that Fy < co. Then,
there is a corresponding local unique solution to CDE belonging to C*([0,T]; H*(T))
for some T > 0.

Remark 2.4.2. In general, it is known that bounded weak solutions are not unique
for the SQG equations ([10, 24]). However, it is not known whether bounded weak
solutions can be non-unique even in the (highly restricted class of) patch solutions.
The above result definitely shows that the answer is no for smooth boundary patches.
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Proof in the reqular case. We divide the proof into a few steps.

1. A priori estimates. First, we obtain an a priori estimate for the H3 norm. In
the above, we have seen conservation of the L? norm. Then, we need to compute

2dt”a3zHL2 /832 83ztd7

The principal term is when all the derivatives fall on the numerator (all other terms
have three derivatives falling on z or less); this gives

84 —
I—/ (93 ’Y o 77)dnd’y

- Z(v e

5!33 33(7 n)[?
// (v =)~ dndy

// —z2(y =) - (0y2(7) = Dy2(y = )|B32(y) — B3 (v — ) ?

|2(7y) — 2(y — m)[*T2

This is nothing but the (anti)symmetric structure that we have seen in the above.
Then, we can take absolute values. The integrand to begin with can be bounded by

2 1032(7) = 0y2(y = m)l|952(7) — (v — m)I
~ 2(7) = 2(y = m)[**+

and we can then bound the denominator using the quantity F;

dnd-y.

1 < |F‘1+a
|2(y) = 2(y = m) ot ™ |p|tte”

Moreover,

|0y2(7) — Oy2(y — )|
ul

S llzllee-
We are using the fact that |n|~® is integrable on T. This gives
1 S IFIE Nz lleellz1Fs S IEIZE 2] s

~

All the other terms can be bounded by a similar quantity: we obtain
3
HZHH3 SIFIFE =l

It remains to obtain a bound on ||F'||fe. For this we compute

”FHLP Np// |FPH 20y ,;t‘(’y — n)‘dndv-
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Using the equation directly, it is not very difficult to obtain the pointwise bound

|2¢(7) — z¢(y — 1) 1 1
m SN2z I FIEES Szl s | FI

This gives
HFHLP Szl I FIZE ) o

But then we can take the limit p — oco. This allows to close the estimate
d
2 IFllzee +ll2lle) S (1Nl + 2] z3)

That is, if the quantity M (t) = ||F(t)||ze + ||2(t)|/ 5 is finite at the initial time,
then there exists a time 7' > 0 depending only on M (0) such that M (¢) remains
finite on [0, 7).

2. Existence. The existence of a solution to (64) can be proved by introducing a
sequence of regularized systems preserving the antisymmetric structure. In [63], the
following regularization was used:

€ o 87(¢e*2’6(t77) —¢e*26(7577—77))
% (t,7) = @*/ B =y -

The additional mollification ¢ex in front of the right hand side is to ensure the
antisymmetric structure. The point is that, for any € > 0, this system no longer
loses derivatives and therefore local existence and uniqueness can be proved directly
by the contraction mapping principle.

3. Uniqueness. To obtain uniqueness, assume that there are two solutions z1, zo
corresponding to the same initial data zy and define the difference by z = 21 — 25.
Then, we can perform an L? estimate for z:

9y21(7) —0yz(y —m)  Oyz1(v) — Oyzi(y — )
ZdtH Iz = // ( |Zl )—m(v—n)l“ |z2(7) — z2(y — )|« )

// — Oyz(y — 77)d77d7
\22 —22(7 n)|®
=IT+1I.

The term I1 can be handled using the antisymmetric structure. For the other term,
we can estimate after taking absolute values

2(7) —al(y =n)l|* |z20) =20 -n)|]*

1] S B2 | Fall e 121l o / / o=z (y) -

S ||| Fell ez c2 / I~z z(7) = 2(v = )]

SIF [Pl 2 lloz 12 22

Ui
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This gives, with a constant depending on the solutions z; and z9,

d
20z SI2l1Ze-

This finishes the proof of uniqueness. O

To move on to the SQG and more singular case where o > 1, we need to exploit
an additional cancellation. An important idea of [63] is to modify the CDE as

t t
oo — [ 2B =zt i+ A
T [2(ty) — 2(t,n)|*
To begin with, for any A(t, ), (65) does not alter the shape of the boundary, simply

because zy is tangential to the curve. However, the key point is that A can be chosen
in a unique way that

(tv'Y)ZV(t7’Y)' (65)

2
2770

which gives a crucial cancellation. Note that this condition is equivalent with the
one that

0,22 = A(1). (66)

is constant in v (but not in ¢). Namely, ensuring that the parametrization has a
normalized speed gives an additional cancellation. We pursue generality and consider

. B 2t y) — 2/(t,n)
Ohz(t,7) = 1 D(|2(t,7) — z(t,n)])

Now, by differentiating (66) in ¢, plugging in (67) for d;z, and integrating in space
(using that [ d,Ady = 0), we obtain that

Aﬁﬂzviwﬁmzvp </D 28 %WO&V
[ e o (L ot —a—on )
Note the normalization A(t, —7) = A(¢,7) = 0.

We now perform a priori estimates with the modified equations (67)—(68). As
an exercise, we compute

Gl = [ A=) 0,200

——5 [oAmFO)D

S 1105 All oo l2][ -

dn + A(t,7) 2y (7). (67)

(68)

95



This motivates us to study

o= (5 [ 1000~ 16)

where A = |0,2(7)|? and

zy(7) = 2 (v =)
100 =000, (| sy 2=
We compute
2y () — 2y (y = M) —n)
o ([ oty = /D EREECETII
_/ (2y(7) = 29(7 = n))D’ (Jz(v) —2(v = n)l)( (7) 2(7—77))-37(2(%—2(’7—77))@7
T D2([z(v) = z(v = n)l) 2(7) — 2(y = n)? '

To see how the first term can be bounded, we take a cutoff length Ly and note that
we can find Dy > 0 such that

D([z(v) = 2(v =n)[) = Do(Lo, || Fl| )

whenever |n| > Ly. The precise form of Dy will depend on D. Therefore, the integral
in this regime can be bounded by

2(7) = 22(y =)
| ; — 1052 L.
foua DT 0 =™ S By

Next, when || < Lo, we can write

2 20 -1  20)-2Z0-1  |2(9) - z2(y - )|

D(jz(y) = 2(y =m)l) ~ 12(3) —2(y =m)  D(J=(7) = =(v = n)])
and since the map n — |z(y) — z( — n)| is one-to-one, (this gives the choice of Lg)

2(y) —22(y—n) 3 s [° h
/m.qo DU=6) 20— & 1B 1Pl [ peran

Therefore, we see an integral condition

67h 69
|| B <= (69)

on D for the boundedness of this integral. Here § is a small positive constant
depending on Ly and z. On the other hand, for the second term, following similar
computations we arrive at the condition

—hD'(|h])
o D(|h])

Here for simplicity we assume that D’ < 0. Let us now proceed to verify the
conditions (69)—(70) for some specific choices for D.

dh < 0. (70)
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e D(|h|) = |h|%, a < 2. This is considered in [20]. Then, we have

) ) ) / )
h 1 —hD'(|h]) / 1
—dh = / ——dh < o0, ———2dh ~ dh < 0.
/o D o |hleT o D2(|n)) o |hle1

e Logarithmically regularized models: D(|h|) = |h|?log®(10 + |h|~'). Then

S h J 1
/ dh:/ dh < oo
o D o |h|log” (10 + |h|)

requires 5 > 1. Next,

D'(|h]) ~ [h]log” (10 + [n|~") = |h[ =" D(|A]),
which gives

é / 9
—hD'(|h]) / h
—————=~dh ~ —dh < 00

o D(lhl) o D

under the same assumption on .

Under the above conditions on D, we can bound |I(7)| and in turn
105A ]l S Nzl llzles (1 + | Fllz00)-

To control ||z||cs, we need at least H* on z. Now, we see how the addition of a new
term helps us estimate the H%. In the expression

1d/ 412 / 4 4 &Z(v)—é’w(’y—n)
=— [ |05z]°dy = [ 052(~) -0 dndy + -+,
vt Jo 5= JLOF0) 0 | DGay =G - T

where --- represent terms involving A. There are several potentially dangerous
terms. In the top order term,

ARz(y) — z(y —n)
JEEON D) — 20y — )] 1

1 4 4 ABz(v) — &Bz(y —n)
=5 | [ @801 0l -

using symmetry. Then, integrating by parts, we obtain

R e e

Here, the problem is that while we need to cancel the singularity in D’/D? when
|n| < 1, we cannot use the regularity of the difference aéz(*y) - 8;12(7 — 1) since we
have only H* of z. Regarding this point, we note that while

(z(v) = 2(y = m)) - (zy(7) = 2, (v = 1)) = O(n*),
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we actually have

i GO —2(r=m) - (54(v) = (v = m))

=0 ‘77|2 = Z’Y(V) : z’2y(’7) =0.

Therefore, this crucial cancellation comes in to give that actually

|(2(7) = 2(v =) - (2(7) = 2 (v = )| < [z Zalnl.

This allows us to estimate

’/ |a;12(,y) _ 8§Z(’7 _ 77)25; (z(r)/) - Z(’Tz(’)g))_z(i;(j)n” Z’Y(’y - U))dnd,y
S lalEslizFa < ll2llz

with some powers of || F'||fe on the right hand side. In the other extreme term, we
need to control

1
032(7) - (942(7) — dyz(y — )0,
/T/T ! ! ! TID(2(y) = 2(y = )]
Here, we shall require new conditions on higher derivatives on D, but the examples
that we have discussed in the above satisfy these. To handle the singularity in
In| < 1, we still need a cancellation. This time, we need to use the algebraic
identity

dnd~y.

8;1,2 cOyz = —38,3,2 . 83’/2.

This follows from

and

0= 87(],23(7”2 + 24 (7) - z,‘?(y)) = 323 . z,3y +z- zft.

The above identity allows us to write

952(7) - (2(7) = 2(y =) = O(n) + C82= - 83z,
and the last term does not contain top order terms so that it can receive a derivative

from the other top order term, which is 85(z(y) — z(y — n)). These are the main
ideas in the proof of local regularity for patches in the intermediate regime.
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2.4.2 On singularity formation for patches
A patch-type solution can become singular in two ways:

e breakdown of the boundary regularity,

e touching of different pieces.

The second type of singularity is commonly referred to as a splash. Of course, at the
singular time, both can happen simultaneously. Gancedo—Strain [65] proved absence
of splash singularities in the SQG case a = 1 (unlike water waves), assuming uniform
CY! bound on the boundary up to the potential blow-up time. However, there are
important assumptions in this work: (i) singularity is occurring at a single point
and (ii) only two segments of the patch boundary become involved at the splash
singularity (“the splash is simple”). Removing the second assumption in particular
brings fundamental difficulties, as it leads to a “linear term” in the front dynamics.
Here we present a recent result of Jeon—Zlatos [80]:

Theorem 2.4.2. Assume 0 < a < 1/2. Further assume that we are given a patch
solution to the a-SQG with boundary regularity C*/1=%) yniformly bounded on
[0,T) for some T > 0. Then, there is no splash singularities at t =T .

Various numerical simulations suggest that blow-up of gSQG patches happens
with two different pieces of boundary touching each other while forming a corner-
like structure. This theorem confirms such a behavior, since it shows that at the
time of splash, the boundary is required to form a cusp which is strictly worse than
Che/(1=) Tt is interesting to note that this becomes C' as o — 0. A closely related
result can be found in Kiselev—Luo [92].

There are several high resolution numerical computations which suggest singu-
larity formation for the gSQG patch dynamics [124]. They involve a self-similar type
of small scale creation.

2.4.3 Global regularity in the graph case

In this section, we briefly describe a rather recent breakthrough of Cordoba—Gomez-
Serrano—Ionescu where global regularity of gSQG patches were obtained in the small
graph case. See more recent developments in [75]. For simplicity, consider the patch
defined in the whole plane R? and assume that the patch interface is a graph; namely,
for each t, there is a function h of one variable h(¢,z) such that

o0(t) = {(z, h(t,z)) : = € R} C R,

Then, the CDE can be written in terms of the profile h; for some p depending on «
in the a-SQG equation, we have

B W(tx) =Wtz —y)
o) = | (Iof? + (. ) = btz = y) )"

dy. (71)
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If h is sufficiently regular, namely when hg € H?(R), it can be shown that (by
repeating the proof above) there is a unique local solution to (71) belonging to
Le([0,T]; H?).

Theorem 2.4.3 (Cordoba—Gomez-Serrano—Ionescu [42]). In the case p > 1, there
is a global solution for the case when the initial data is a graph with sufficiently small
slope.

In the following we give a sketch of the proof of global wellposedness for small
data.

Observation. We look at local and far-field contributions to O;h.

e Case |y| < 1: we have |y|/|y|P, which is integrable for p < 2 (assuming smooth-
ness of h).

e Case |y| > 1: we have |h/(x)|/|y|P, which requires p > 1 for integrability
(assuming decay of h).

A power series expansion: We may write the kernel as

/Rh/(x)—h’(a:—y) 1+ e (h(x)—h(x—y)>2n dy

lylP = y

with some combinatorial coefficients ¢, and we do not expect cancellation between
terms with different powers.

The Linear Part: We define

[ W@ -Ha—y)
Lhia) = [ S

and we would like to see it as a multiplier. With the inverse Fourier transform, (up
to a multiplicative constant which we ignore)

_ 1 —eiy'é . R eiix_g
Lh(x) = /R ( /R e dy> eh(e)e v Ede

and a direct computation (scaling observation suffices) shows that the integral inside
the round brackets evaluate to C|¢[P~L. Hence,

Lh(¢) = Cig|e[P~ h(&).

See also recent [92] where the dispersion relation (as a pseudo-differential operator)
is obtained in the general case.
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The Cubic Part: We have
!/ _ B! _ _ _ _ _
i) = [ MKy ) M) ) e ),
R ly[P y y
Taking the Fourier transform,

— ~ . ]_ — e_iynl
N3h(€) = / h(n)ime™™"
RS |ly[P
N 1l —eTm2 1 —eT M
- h(ng)e* ™™ L h(ng)em’”676_””E dxdny dnadnsdy

R R . 1—e N1 — e W21 _ N3
= [ inih(ni)h(n2)h(ns
[ mnhmhom) = = ;

and the dz-integral produces dg(§ — 11 — n2 — n3). Hitting this against dn;,

N3h(¢) = /R2 i(€ — m2 — 1) (€ — Mo — m3)h(n2)h(ns3)m(€ — 12 — 3, M2, n3)dadns.

with the multiplier

M€y, 0, 65) = /R !

e (E=m=m2=13) o Gy,

—e W8 1 _ w2 1 _ s

. dy.
|ly[P Y Yy

Observation. In the case m = 1, this operator is simply d.(h®). In our case,
m ~ |m [P, even assuming 1,3 < [m1].

A model problem: Consider the simplified system
Oth + iAh = N3h,

where A(€) = £[¢[P~! and N3h ~ |V[Ph - (h')2. The whole argument is a bootstrap
on two kind of bounds:

e Propagation of Sobolev Regularity: we have
d
T IDRE: SIDRIT2 - 172
(ignoring a loss of V on the RHS), and hence we need to ensure

[oe)
/ H |t < +o0.
0

e Propagation of pointwise decay: in view of the above, we need (at least)

1
W) e < —,
[ ()] S

and regarding this point, the hope is that, at a “lower” level of the derivative,
we have

Rl e S lle™"*hol| o

based on the analysis of the linear propagator.
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2.4.4 Curvature dynamics

We consider the evolution equation for the curvature of a smooth patch, which has
been derived recently in Kiselev—Luo [91]. We parameterize the patch boundary by
7, and denote T and N = —T" to be the unit tangent and normal vectors. We
follow the convention that the boundary curve is oriented counterclockwise.

Our starting point is simply

oy = u(t,y) = u; T+ u,N
where
uT:U/'T7 un:uN.
Next, if we consider the arc-length function g = ||, then
0 (g%) = 27 - Oy = 29T - O¢(u; T + u, N).

Here, a := O¢a, where & is the parametrization of . We also define 9 := *165 to
be the derivative with respect to the arc-length parametrization.

The curvature is defined by

k=—-0sT-N=T-0sN.
Then, we can see that
:(g%) = 2g9(tir + unrg).
Furthermore, using that
u- 0T =u- (—kgN) = —uykg,
we can simplify
g = gOsu - T. (72)

Next, one can obtain evolution equations for T, N, and . For instance,

T = 01057y = —(0su - T)Is7y + 05(0¢)
= (0su - N)N.

Then from 0 = 9;(N - T),

N = —(dyu - N)T. (74)
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To obtain equation for the curvature, it is actually easier to introduce the angle
0 = 0(&) such that T = (cos,sinf) and N = (sinf, — cos ). Then we have simply

Kk = 0,0
and
Otk = —2k0su - T — 0%u - N, (75)

The above equations are completely general evolution laws for curves transported by
a smooth velocity field. We now specialize to the case of the Euler vortex patches and
observe surprising cancellations. Similar computations can be done for the gSQG
patches, although one needs to remove the tangential component.

Theorem 2.4.4 ([91]). Assume that the Euler patch boundary is at least W2P reg-
ular for some p > 2. Then, the curvature equation can be written as

Opk = a(§)r + THIK(E) + F(£) (76)

where a = —0su - T(€), H is the Hilbert transform defined on T, and F is “smooth”
in a precise sense defined in Propositions 5.1 and 5.2 of [91].

The right hand side of (76) is surprisingly regular and the main terms are very
simple. It can be applied, for instance, to prove strong Illposedness of the patch
evolution in integer Holder spaces C* for k > 2. Namely, there exists a patch whose
boundary is initially C* but not so for ¢ # 0 small.

2.4.5 Evolution of a corner

We consider the evolution of a corner-type patch by Euler flow ([16, 79]). To this
end, we consider the domain g satisfying the following:

e In the region [~ M, M]?, we have
QoN[-M,MP* ={z:0 <z <x1/B}N[-M, M
for some M > 2 and 3 > 0.

e ) is convex and 9 is C* smooth except at (0,0).

We compute the velocity ug associated with €2y along the horizontal line
{(21,0),0 < zy < 1}.

We take (a,0) for some 0 < a < 1 and compute

a—1y
2mugo(a,0) = —————diy1dys = A(a) + B(a),
02(0,0) /Qo<a—y1>2+y; yidys = Ala) + B(a)
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where
a—un
Ala ::/ ————dy1dy
(a) QoN[—M,M]? (a—y1)?+ y% 1
and
a—u
Bla ;:/ ————dy1dys.
(a) ao\[-m,mp2 (@ —y1)? + 3 !

The far-field integral B(a) and its derivatives can be estimated as follows:

1
rz3<a>\<:j/ 1y
Qo\[ a2 la =1

*\Qo\

since M > 2. Similarly from

1 2(a —1y1)?
B/ a) = / - dyldy27
@ oo\ (a—y)? + 3 ((a—11)? +43)°

we derive

C C
B'(a g/ Y dpdy, < |0
|B'(a)| oo\ _arar2 (@ — gr)E 722 <ol

and
C
|B"(a)] < 773 ol

We now rewrite A(a) as

M/B M
1
Ala) = / / y —5 T sdndy:
0 By, (@ — y1)? +v3

_ = M8 o 2 2\ . 2 2
5| Il M 4 43) ~ (o - Bl + )due
0

=: Ay(a) + Az(a).

We differentiate once in a:

M/B _
Al(a) = / 5 @ = Py dyo.
0 Y

5+ (a— By2)?
Integrating,
Al(a) = ot <2 arctan( a ) + B1n(a® — 2aB8ys + (1 + ﬁz)y%)) "
2(1+p5?) —af + (1+ B%)y2 0
_ 1 a 2 2\ 172 /92
B ED) <2arctan(_a6+ i +52)Mﬁ) + fln(a® —2aM + (14 B°)M*/5 ))
1 1
+ S0+ 5 <2 arctan(—g) + 25 ln(a)> .
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We can explicitly evaluate A’ (a) similarly. Then we see that, after differentiating in
a once more,

b 11 b,

A”(a> = 1+3%a

where D(a) is a function which is smooth and uniformly bounded for 0 < a < 1.
Combining this with the above estimate for B”(a), we conclude that

6 1

o 0) > ———
ato,2(a,0) > 1 A2

for all 0 < a sufficiently small depending on M, || and a few absolute constants.

Now, from (75), we have

9 (62 I BszH) — _2fyouTy2, N

ot s

At t =0 and z = (a,0) for all a sufficiently small, we see that 92u - N = —92?ug 2 =
—92up2 < 0. In particular, it follows that (¢, (a,0)) < 0 for all sufficiently small
negative t, using Taylor expansion of x in time. For the case of small positive ¢, we
can compute the velocity along the other part of the boundary 9€)y. Combining this
computation with the above curvature evolution (76) gives the following result.

Proposition 2.4.3. There exists a vortex patch which is convexr at t = 0 but not at
t # 0 small.

We can fix some small a > 0 and smooth out the corner in a way depending
on a such that the resulting initial patch still loses convexity instantaneously at the
point (a,0) for ¢ # 0. Furthermore, it is possible to modify this regularized patch
boundary 0§y in a way that its curvature is strictly positive except for the point
(a,0), at which the curvature becomes positive for ¢ < 0 and negative for ¢t > 0.
After a shift of time, this gives the following:

Proposition 2.4.4. There exists a strictly convex smooth patch such that it loses
convezity after some finite time.

We can repeat similar computations in the gSQG case. In the regular a-SQG
case, we have this time

a—1U
,0) = dyrdys = A(a) + B(a),
o2l 0) = [ s = A0) + B(a)

where

a—1Y
A a) = / dyldyQ
( Qon=m, )2 (@ —y1)? + y3)1+e/?
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Then

A(a) = e - dyyd
- /o /ﬁyQ (a—yo)2 + g3 irer
1 [M/B 1 1 p
a /o (a— M2+ 430 ((a— By + 3 "
=: A1(a) + Az(a).
We differentiate once in a:

M/B a—ﬁyz
Al(a ——/ dys.
)= BT (0 B ™

We rewrite the above as

1 /M/ﬂ —(y2 — Ba/(1+ %) + C4
)iHe/2 Jy ((

dyo =: Dy (a) + DQ(CL)

(1+p2 y2 — Ba/(1+ B2))% + Co)tte/2
where
1 M/B C
Da(a) = — 2\1 2/ 12 2 Trayz W2
(L+ 32 Jo o ((y2 — Ba/(1+ 2))? + Co)'He/
Here
i B o a? 52 2
Ci=a 1+62a, 02_1+52 (1_'_52)261.
The main term in Dsy(a) is given by
9 Ba/(1+5%) o)
_— —————dyo.
(1 + /82)1+o¢/2 /0 (y% + 02)1+a/2 Y2
After a change of variables,
9 o Ba/(vVC2(1+52)) 1 p
G 1+ =2ren®
2 Cq

=~ (5 gy g Fa(Ba/ (VE+ )
2

m satisfying F,(0) = 0. Note that F,
is uniformly bounded in R and the argument Ba/(1/Ca(1+ 3?)) is independent of a.

Differentiating in a, we obtain the main term:

Here F, is the anti-derivative of z

+ bounded.

AH(CL) = CB alto

This can then be used to establish an analogue of Proposition 2.4.4 in the gSQG
case.

Remark 2.4.5. We give some references regarding ¢SQG patch dynamics: ref
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2.4.6 Propagation of singular structures

Wellposedness of smooth vortex patches can be seen as a special case of “propaga-
tion of singular structures”, simply because the patches are not smooth (not even
continuous) across the boundary. Another well-known example of singular structure
propagation is given by the analytic vortex sheets, which are locally wellposed in the
analytic class. It is also known that analyticity breaks down in finite time. In the
next section, we shall introduce the dynamics of point vortices, which is even more
singular than vortex sheets in some sense. On the other hand, one may consider
more mild singularities. An approach initiated by Elgindi is to prepare ansatz of the
form

w(t,z) = w(|lz — ®(t, z0)|) + @(t, x),

where w(-) is some fixed and explicit singular (unbounded at the origin) radial profile
and w is considered as a perturbation. The case of point vortex can be considered as
a special (limiting) case. The radial assumption on the singular profile is convenient
since it gives rise to the cancellation in the most singular part of the nonlinearity.
The singularity of the vorticity is allowed to move in time; its trajectory is denoted
by ®(t,2p). In this setup, the goal is to write down the evolution equation for the
remainder and prove that certain regularity of it can be propagated in time. One
needs to have a good understanding of the linearized dynamics against the singular
radial profile and then build appropriate function spaces to control the perturbation
dynamics. Proving existence and uniqueness are non-trivial. At least when the
singularity of @ is very mild so that certain extension of Yudovich’s theorem applies,
then uniqueness is guaranteed and it only remains to close certain a priori estimates.
This was done in [45] for loglog vortices and for some related ones.

2.5 Global weak solutions

In this section, we sketch the proof of global-in-time existence of a bounded weak
solutions to the gSQG equations, based on [20]. It is an interesting problem to
construct global weak solutions in the singular regime. A very interesting difficult
problem is to obtain more dynamical information for weak solutions. We shall fix
the physical domain to be T? for simplicity.

Theorem 2.5.1. For P(A) < 1 and 6y € L®(T?), there exists a corresponding
global in time weak solution to (gSQG).

Proof. We consider the Galerkin approximation of gSQG: define P,, be the Fourier
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projector onto Fourier modes with frequencies not exceeding n. Given 6y, take

Oy, + Pr(uy - VO,) =0,
On,0 = Pnbp.
Thanks to the projection P, in the evolution equation, there is a unique global in

time solution 6,, to (77). We observe the following uniform bounds for the solution
sequence:

10 (£, )l L2 < {160l 2,

1 _1
P29 (t, )2 < 1P 250l 22

Here, v,, = P0,, and g = 6.
Now, using that 6,, is a solution to (77), we have that

/att?n(t,a:)gb(x)dx = /Gnun - VP, odx

for any ¢ smooth. The key trick is to use the anti-symmetric structure in the
nonlinearity to rewrite

/ Optt, - VP, pdz = % / Yp [PV VP, 00, da.

Then, we see that

S 1l 2 1P~ nll 2216l s

< 1100l Z2 11611 ra-

'/Qnun - VP, odx

This shows that we can bound
100l -2 S 1160]|72-

Therefore, Aubin—Lions lemma gives us a subsequence, still denoted by 6,,, which
verifies

0, — 0

in C([0,T); L?) for any T > 0. In particular, 8(t = 0) = 6. More importantly, for a
given text function ¢, the nonlinearity

/ Ou - Vpdz
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is well-defined, with u = V+P#. We can rewrite

/Gu'Vqu:z: = ;/w[P—le-,w]wdx.

To prove that 6 is indeed a weak solution, we need to verify

/0 ' / 0(0h + u - Vo) dadt — / 006(0)dx

for any smooth test function ¢ depending on space-time. It is relatively easy to
prove that

/en,oqb(O)dx — /Gogb(o)dx

T T
/ / 0,0 bdadt — / / 00, 6dxdt.
0 0

Therefore, it only remains to show that

/OT/Hn(un.VPn¢)dzdt—> /[)T/e(u'V@d:pdt.

With the above rewriting, this is equivalent with showing

and

/ Yn[PTIVE VP, @)ty dadt — //mp—lvi-,w]@z) dzdt — 0.
This difference can be written as the sum of three terms
= / V[PV YV (Prg — )]ty ddt
+ //(d}n — ) [PV VoI, drdt
+ //w[P_le-,qu](wn — ) ddt.

It is not difficult to show that the first two integrals converge to 0 as n — oo. For
the last term, we can further rewrite

[ otV Ve, — vy dsat = [[ PPV Ve, - o) dude
and then we estimate

[ PV Tl - ) dode| < 1P PPV Vol - )l
It is not difficult to check that the last term goes to 0. This finishes the proof. [
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Problem 2.5.1. Construct a weak solution to gSQG equations satisfying that 0 has
unbounded support for some t # 0 although 0y has compact support in R?.
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3 Dynamical behavior

Local wellposedness theory essentially says that for a short interval of time there is
a unique solution which looks like the initial data in regular function spaces. In this
section, we discuss some concrete examples of long-time dynamics of solutions to
(gSQG). In other words, we are interested in the behavior of solutions after the time
interval on which the solutions behave similarly with the initial data. Unfortunately,
we are very far from having a general picture of long time dynamics for the solutions
to (gSQG). Instead, we shall look at a few specific situations in which we can say
at least something non-trivial about the long time dynamics.

3.1 Point vortex

In this section, we discuss the point vortex dynamics, the primary motivation being

understanding of the dynamics of smooth solutions to gSQG equations. Intuitively, if

6 is highly concentrated on a few localized regions in space, then it may be reasonable

to replace it by a number of weighted Dirac deltas. This is the basis of several

numerical schemes. At this point, it should be mentioned that it is a highly nontrivial

task to justify point vortex solutions as actual solutions (in some sense) to the PDE.
Let us derive the governing equations. We hypothesize that

N
9(75, l’) = Z FZ&Xl(t) (78)
i=1

where I'; is constant in time, called the intensity of the ith vortex, and X; # Xj;
whenever i # j. That is, at each moment of time, 6(, ) is a measure defined on R?,
acting on a continuous function h € C(R?) by

N
/R hl(z)do(x) = > Tih(Xi(t).
=1

For now, we can be completely general about the Biot—Savart kernel and assume
that the corresponding stream function is given by

N
bt x) = TiG(|lx — Xi(t)])
=1
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for some radial function G. (In the case of 2D Euler, G(z) = 5-1In ﬁ) Then, we
may define the corresponding velocity by

N x(nl
ult,z) = ;rm VG(|z - Xi(1)).

Already in the case of 2D Euler, we immediately observe that

2

o |u(x)| ~ m as ¢ — X;(t), so that u does not even belong to Lj, .

To derive the ODE for the points X;(¢), we have no choice but to neglect the self-
interaction velocity. A heuristic justification comes from that each point vortex
generates a purely radial flow, so that it should not move itself. (This is why
justifying the point vortex as a solution to the PDE is difficult; see [111].) This
gives

d (X;(1) = Xa(t)*
—X;t)=) I';—2 VG| X:(t) — X5 (t)]).

We see that for j = 1,--- | N, the ODE system (79) is closed. This is commonly
referred to as the point vortex system. The initial value problem for the ODE is
locally wellposed. Let us look into the system in more detail now.

Conserved quantities. It is easy to observe that the ODE system (79) enjoys the
same conservation laws with smooth solutions of gSQG. To begin with, we consider
the “energy”, which is defined by

H[Xy,-, Xn] =Y TiTG( X — X;1).
i

Indeed, we see that (79) can be written in the form

dX;,  OH

At T 09Xy
LAY, ol (80)
Todt 90X

This shows not only that H is conserved in time, but actually the point vortex system
is Hamiltonian (to be precise, one needs to consider the rescaled variable /I';X;).
An immediate consequence is that in the phase space, the Lebesgue measure

N
H dX;
=1

is preserved by the dynamics.
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Next, we can check the conservation laws which correspond to the center of mass
and angular impulse, respectively. Note that

N
M[Xy, -+, Xn] =) TuX, (81)
i=1
and
N
I[Xy, - Xn] =) Tl Xl (82)
i=1

are constant in time. Note that (82) defines a coercive quantity only when the
signs of I'; are all the same. In particular, when I is coercive, it is prohibited that
| X;| — oo for any 4. This already suggests that the dynamics of point vortices could
be much simpler when they are all of the same sign.

Case of one, two, or three vortices. Given the conservation laws, it can be seen
that the motion is completely integrable if N < 3. When N = 1, the point vortex
is steady, although in domains with boundary there is some motion already in this
case. We now move on to the case N = 2. From the Hamiltonian conservation,
which is simply

H~ G(| X1 — X3))

in the case of two vortices, it follows at once that | X1 —Xo| is a constant of motion. (It
is assumed that |V G| is nowhere zero.) To proceed further, one needs to distinguish
the case I'1 +1's = 0. When this condition is not satisfied, two vortices rotate around
each other in circles, with a common angular speed. In the special case I'y + 'y = 0,
the vortices move in parallel with each other. The dynamics in this case is identical
to that of one point vortex defined in the upper half-plane Ri. Next, in the case
of three point vortices, one can write down a formula for the solution but it is not
very simple (see the references in [111]). Already in the Euler case, there is a “finite
time singularity” for the case N = 3. To be more precise, three point vortices can
collide in a finite time. An example of such initial configuration is given by

M =2 Toe=2 Ts=-1
with

X1(0) = (=1,0),  X5(0) = (1,0), X3(0) = (1,v2).
Then, it turns out that for all i # j, D;;(t) := | X;(t) — X,(t)| satisfies the ODE

d 1
—D;; = ———D,;:(0),
dt " 3v2r i(0)
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which means that D;;(t) = 0 exactly at ¢ = 3v/2r. However, it can be shown that
the set of initial configurations leading to such a finite time collapse is of measure
zero ([111]).

Quasi-periodic motion for 4 vortices. Assuming that G decays sufficiently fast
at infinity, the interactions of points far away from each other will be weak, and one
can imagine the situation that the set of point vortices is split into a few groups
which are very far from each other group, but the vortices are very close within
each group. If this can be justified, it leads to several very interesting dynamics.
Already when there are four point vortices of equal strength (say I' = 1 for all of
them), one can group them into two groups of two, so that the distance between the
groups is very large, while the distance between the elements of each group is very
small. Then all the vortices will rotate around a very large circle slowly, with each
group elements rotating in small circles at the same time. This (and much more)
was established in an important work of Khanin [85], with a very nice application
of the celebrated Kolmogorov—Arnol’d—Moser theory.

Thomson polygon. For any N > 2, one can consider the N-point configuration
which rotates uniformly around a point. For simplicity, simply define

%0 = (sin %), cos %))

for 0 < j < N with I'; = T" for some I' # 0 for all j. That is, initially the vortices
are located on the vertices of a regular N-gon centered at the origin. One can study
stability of the Thompson polygon; it turns out that this configuration becomes
unstable if N is large.

Von Karman street. The point vortex system can be used to give a mathematical
description of the famous Von Karman street, which arise in flows past obstacles.
The description requires two infinite arrays of positive and negative point vortices.
To be more precise, let 0 < a < b and 0 < h be three parameters. Then, we define

L h .
X"F,J(O) = <.7b7 2> ) J € Z?
and

. h .
X_;(0) = (]b—l—a, —2> , JETZ
with 'y j =1 and I'_ ; = —1 for all j € Z. Then, it can be shown that the entire
vortex configuration moves by a rigid motion with velocity (V,0) for some V > 0
depending only on a, b, h. One can study the stability properties of this infinite array
of vortices.

Problem 3.1.1. Consider the point vortex system of one or two vortices in the case
of R and (R4)?.
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3.2 Steady, traveling, and rotating states

In this section, we study some examples and properties of steady solutions and their
variants. We shall mostly focus on explicit examples for the 2D Euler case but it
can be shown that there are analogous examples in the gSQG case.

Steady states as critical points of energy. We recall the principle of Arnol’d
that steady states are critical points of the energy functional. It takes some work to
be made precise. For simplicity we focus on the Euler case. Recall that in this case
the energy is simply

Elw] = ;/deda:, Y= (—A)"lw.
If 4 has some decay at infinity, using integration by parts this is equal to the usual
kinetic energy of the fluid. However, we shall use this expression (sometimes referred
to as the “pseudo-energy”) since it is more general and well-defined just under the
assumption w € L' N L™,

To really prove the principle of Arnol’d, we first fix some vorticity w € L' N L™
and consider the associated class A which consists of functions w € L'NL> satisfying
Jw = [@&. (To avoid some technical issues, one needs to work with a bounded
domain in R? or with T2, but the case of R? can be treated with some additional
preparations.) Recall that w defines a steady solution (in the weak sense) if

/wv%p'w:o

holds for all test functions ¢, where —A) = w. This requirement can be alternatively
viewed as follows: given a text function ¢, define the vector field v = V+¢, which is
incompressible. Then, consider the advection equation

Of +v-VF=0, f(t=0)=a.

There is a unique solution which verifies

1t e = @], / F(t) = / o

Note that

Gl B(©) = GBS = [ —o-vai = [av5. Vo,

That is, if @ is a steady weak solution, then % = 0 for all variations coming from
smooth incompressible vector fields. The converse statement holds as well.

In this connection, stable steady states are naturally associated with non-degenerate
extremal points of the energy functional. This is not difficult to explain, and some
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concrete examples will be given below. Let w = argmax,,c 4F|w]. Then, we see from
the above that @ needs to be a steady state. (Otherwise, there is a variation which
strictly increases the energy within A.) We now need to make precise the notion of
an extreme point and stability.

e Assume that @ is the strict local maximizer of F in A with the L' topology. In
formulas, we assume that there exists some §p > 0 and a continuous increasing
function p : Ry — R4 such that if w € A satisfies ||w — @71 < dp, then

illw = @l[1) < Elw] = Efw].

e We say @ is L'-stable if for any & > 0, there exists 6 > 0 such that if
llwo — @||p1 < 0 then sup;ep || — w(t, )| < €, where w(t, ) is the solution
corresponding to wg. This is sometimes referred to as the Lyapunov stability,
especially to distinguish it from stronger notions of stability (cf. asymptotic
stability).

Then, one can proceed to the proof that a strict local L' maximizer of the energy
is L' stable. To be precise it needs to be assumed that J @ # 0, unless one restricts
the notion of stability to include only wy € A. Under this additional assumption,
given some initial data wg close to @ in L', one can first perturb wy to fix the mass
condition, by simply multiplying it with a constant which is close to 1. Let us still
denote the resulting data by wp, and the corresponding solution by w(t,-). (Two
solutions are simply related by a rescaling of the time variable.) Then, using that
E is conserved in time and w(t,-) € A, we have a chain of inequalities

p(llw(t, ) = @llr) < El@] - Elw(t, )] = Elw] — Elw] < C(®)[|@ — wollgr < 6.
Therefore, we conclude that
Jw(t, ) = @l < w71 (8) = e

While this statement is nice and clean, the problematic part is that in reality, there
are only a few steady states of 2D Euler which satisfy all the necessary assumptions.
(One example is given by the Rankine vortex.) Furthermore, we are not using all
the conserved quantities of 2D Euler. Indeed, the important idea (which again goes
back to Arnol’d) is to combine various conserved quantities together and consider
the maximization (or minimization) problem. Alternatively (although it is a delicate
issue to really determine if these two approaches are equivalent), one can consider a
narrower admissible class by imposing certain values of additional conserved quan-
tities. It turns out that by one way or other, one can obtain existence and stability
of rotating and traveling states, which we are now going to explain.

Rotating and traveling states. A solution to 2D Euler is (uniformly) rotating
around the origin if there exists some {2 such that

w(t,z) = wo(Raiz).
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Here, Rq; is the counter-clockwise rotation matrix by angle Qt defined on R?, which
is simply (7, 0) — (r,04Qt) in polar coordinates. Similarly, a solution is (uniformly)
traveling if there exists a vector V' such that

w(t,x) =wo(z — V).

These solutions are sometimes called as relative equilibrium points. A steady solu-
tion is trivially both rotating and traveling, with 2 = 0 and V' = 0, respectively.
Because translation and rotation are symmetries of the equation, it is natural to
attempt to give a variational characterization of uniformly traveling and rotating
states, similar to the one above for steady states. For the case of rotation, one
may restrict the class of variations to the ones which do not change the angular
momentum, namely

d
SN =0, 1= [lapy.
Similarly, in the case of traveling states, one should restrict the variations to those
which fix the center of mass.

Some non-trivial rotating and traveling states. The above variational princi-
ples can be applied to construct some non-trivial (namely, not steady) rotating and
traveling states. This procedure is conceptually very simple, but requires hard work
to rigorously carry out. We provide an example.

Consider the following admissible class of vorticities on R?:

A= {0 <w < 1:w is compactly supported,/xw = 0,/w = 7'['} .

Then, consider the maximization

max Flw].

weA
It is known that the maximum is attained uniquely when w = 1p, namely the
characteristic function on the unit disc ([131, 126, 13]). It is not surprising that there
is a maximum, since the energy becomes larger when the vorticity is concentrated.
The requirement w < 1 gives a restriction on the degree of concentration. The
uniqueness statement follows from the moving plane method. While this is classical,
we can tweak the admissible class, in a way that no discs can belong to it:

A = {0 <w < 1:wis compactly supported,/xw =0, /w =, / |z|?w =€+ / |x]21D} .

Here € > 0 is a small constant. When € is very small, it is conceivable that the
maximum of the kinetic energy is attained for a shape which is slightly perturbed
from the disc. This turns out to be essentially (see [126] for details) correct and gives
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rise to non-trivial uniform rotating solutions to the 2D Euler, which are nothing but
rotating ellipses that are named after Kirchhoff. One can tweak the admissible class
further by putting

A" = AN {w is m — fold symmetric}

for some m > 2. This gives the so-called m-waves of Kelvin [11, 119, 71, 29]. One
may adapt this principle to the case of gSQG equations.

Special solutions to the point vortex system (79) that we have studied earlier also
provide non-trivial solutions. For instance, it can be done for the case of Thompson
polygons and Von Karman streets ([15, 67, 123]). In the case of Thompson polygon,
one can fix some N > 2 and set up the following maximization problem: maximize
the kinetic energy in the class

N 1 : : 2
A :{nggg:w1stoldsymmetr1(:,/w:N7r,/:U| w:NW}.
If one can establish the existence of a energy maximum, it can be shown that the
vorticity defines a uniformly rotating solution, which behaves similarly with the
Thomson polygon. This was done in [14], when ¢ > 0 is sufficiently small. See this
reference for the history of this problem.

3.3 Gradient growth I: energy pump

Starting this section, we shall obtain a few results on the growth of solutions to
the gSQG equations in various norms. Such results can be considered as quantify-
ing “small scale creation,” which is a characteristic feature of incompressible fluid
models. For this purpose we need to really go beyond the a priori estimates and
understand some details of the PDE. In this section, we describe the “energy pump”
by Kiselev—Nazarov [93] for the gSQG equations. While it is in general an extremely
difficult task to prove small scale creation for incompressible fluid models based on
Fourier analysis, this work is a notable exception. The argument beautifully com-
bines the conservation laws, symmetries, and most importantly the special nonlinear
structure of the gSQG equations. Their main theorem states the following.

Theorem 3.3.1. Given a gSQG equation in the reqular and intermediate regime,
take s sufficiently large depending on P. Then, for any A > 0, there exists a C™
smooth initial data 0y in T? such that ||0o||gs < 1 but the corresponding solution to
the gSQG equation satisfies

limsup [|6(t, )|+ > A.
t—T*

Here, 0 < T* < oo is the lifespan of the smooth solution corresponding to 0.
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To prove the above result, we proceed in a few steps.

Writing the equation in Fourier. We take the domain to be T? and take the
case P(A) = A7, The equation in terms of the Fourier series takes the form

_ 1 —a Ay )
dtek—%z_kme (|1~ = [m|=*)0ebrm. (83)

Choice of the initial data. We take 6y := p which is characterized by its Fourier
coefficients:

De =P—c =1, ﬁg = ﬁg-&-e =P—g = ﬁ—g—e =T,

where e = (1,0) and g = (0,2). Later 7 will be taken to be a small positive constant.
One can pick g = (0,n) for any integer n > 2. We denote the unique local in time
smooth solution to be (¢, -).

Conservation laws. We have

S 12(0) = 24 477
k

and

D IR (1) = 2+ 27327 4+ 575),
k

Stability. Subtracting the above two conserved quantity gives

(1=27%) > [K[*16:(1) < D (1 — K718k (t) = Cat®,
k

|k|>1

for some constant C, > 0. That is,

DRI (#) Sa 7

|k|>1

This in turn gives a global lower bound on the first mode: for 7 > 0 sufficiently small
(depending only on « > 0), using that

2+ 47’2 = Z |ék|2(t) = 2’ée|2(t) + Z |k|a|ék’2(t)7
k

|k|>1

we obtain in particular that



We have used the continuity in time of the Fourier coefficients, which holds as long
as the solution is well-defined. Moreover, we used that for any ¢, the nonzero Fourier
coefficients with |k| = 1 are only k = +e, which follows from the symmetry of the
initial data.

The pump. The following quadratic form is indeed a pump, as it will become clear
shortly. We define

Q= > ®(k)okbpre:= > (k1 + 1)0k9k+e

2 2
keZ? kEZ?

Note carefully that in the above definition, the summation is only over the Frequen-
cies with k € Z%r =7 X Z4. We write

d a
— =1+11
dt@[e] + 11,

where
1 ) 1 —a —a\p A
I=g 3 0k (6 > (7" — |l )b
kEZi l+m=k+el,m#+te
+ Ojpe S (Y = | *) 06
l+m=k,l m#+e
and

=03 keto(k) [(1 — B7)02 — (1= |k + 2¢] ") 01020
keZ?

(L= [k+el )0+ (1= [k —e[ )07 |-
Key estimates. We first bound the term I from above. Using a very naive estimate

et (167 = [l )| S 6

for £ + m = k, we obtain
1] < Cq Z\‘I’ NIE 16k > 16:* < C 722|k| 16].
l#+e
On the other hand, we rewrite I to extract a lower bound:

=003 ke 30 [ Tk el 8+ (1~ I+ e )8,

ko>0 kleZ

[(kl + 2)(1 — [k —e| ™) = (k1 — %)(1 — |k + e|a)] ék_eék%} .
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The right hand side is an infinite sum of the expressions of the form
Aéi,e + Bé;%+e + Cék—eék—i-e-
Inspecting the coefficients, we arrive at the lower bound
I 2 ca Z kz’k|2+a = Z |k|2+a
keZ? kEZ?

The crucial point is that I assumes a strictly positive lower bound. Naively, we
have

d

%Q Ra O Z ’ k‘2+a
keZ?
Conclusion. To begin with, we may assume that the solution is global in time,
since otherwise there is nothing to prove. Now, there are three scenarios, at least
one of which must occur. In each case, one can simply take 7 > 0 sufficiently small
in a way depending on A to finish the proof. Before we inspect the scenarios, note
that

Q< Y |Kf}

2
keZ2

e Case 1: At some T, we have ) k2|04 (T") > 7'/2. By interpolation, this
implies a large growth of the H® norm at time 7.

e Case 2: We may assume that Case 1 never occurs. However, instead suppose
that at some T', we have for the first time

>4

keZ3

975/2.

‘k|2+a -

Then, for 0 < t < T, we have that
d
—Q >0
dtQ

and in particular Q(T) > Qo = O(7?). The important point is that we can
now interpolate
5/6 1/6

R 02 oA
Q< Z k|62 < Z ’k‘Qk-i-oc Z |k |L6+5042

2 2 2
kezZs kezZs kezs
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This at ¢t = T enforces a large growth of

1/6

Z |k,’16+5aéi

2
kez2

e Case 3: We may now assume that neither Case 1 nor 2 occur. In this case, we
see that IT grows without any bound in time.

3.4 Gradient growth II: Lagrangian approach

We have seen a result showing large growth of Sobolev norms for gSQG solutions,
which was based on Fourier analysis. Here, we provide a gentle introduction to the
features of the Lagrangian approach, towards the goal of proving growth of norms.

The Lagrangian over the Eulerian approach. There are two complementary
approaches to the study of hydrodynamic PDEs, namely Lagrangian (based on the
flow map and particle trajectory) and Eulerian (Fourier and harmonic analysis). In
the Eulerian approach, one takes the Fourier transform of the system and studies
the evolution of Fourier modes. Although such Fourier-based methods are more
traditional, it is becoming clear that to extract detailed information about the Fuler
solution, one has to work with the flow maps and the Lagrangian trajectories. In the
following, we shall demonstrate how the Lagrangian approach works to give detailed
information about the solution.

Bootstrap arguments through the Lagrangian approach. Let us briefly ex-
plain how to perform bootstrap arguments based on particle trajectories to ob-
tain detailed information about the flow. Assume that on some interval of time
[0,7], a Lipschitz velocity field wu(t,z) is given. Then, recall that the flow map
O(t,x) : [0,T] x Q — Q is defined by solving the ODE

d
Z0tz) =u(t,2(t.2),  @0.2) == (84)

for each fixed x € . Next, for each fixed ¢, the map ®(¢,-) is invertible, and let us
denote the inverse by @, ! In the context of gSQG equations, the solution is simply
expressed by

0(t,x) = 0o(®; ' (). (85)
Furthermore, using the evolution equation for V16 one can see that

V3O(t,z) = VO(t, &7 (2) V(D (). (86)
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Note that knowing the flow map (or its inverse) precisely recovers the solution in
terms of simple formula (85). On the other hand, recall that the velocity w(t,-)
at any instant of time is determined by 6(t,-) by the fixed-in-time operator V+P.
That is, we have a circle of relations v — ® +— 6 + u, which is a “decomposition” of
the nonlinear PDE (gSQG) into three simpler problems, only one of them involving
differentiation in time.

In this context, bootstrap-type arguments have the following general form: first,
using some “simple” a priori information on the solution (symmetries, positivity,
topology of level sets, etc) which is guaranteed for all time, one obtains crude bounds
on the flow maps, which in turn gives more information on the solution 6 via (85),
(86). Then, using the relation 6 — u and (84), one may obtain a “more refined”
information on the flow, with a careful analysis of the ODE system (84). In principle,
the information so obtained can be feed back into (85), (86) to extract even more
control on the solution.

Recently such arguments were used in a few different contexts: (i) to show
existence of Euler solutions with norm growth ([95, 46, 47, 78, 133, 139, 28, 30,
26, 27, 96]), (ii) to obtain blow-up/regularity for 1D model equations for Euler
([32, 50, 25, 72]), and (iii) to study vortex patch dynamics ([48, 59, 57, 74, 94, 97]).
See [99, 89] for a survey of recent results.

This type of argument is most effective when used in conjunction with a specific
scenario, which we now discuss, as it not only enables the very first step of the
bootstrap argument, but also provides sharp and conditional estimates throughout
the whole argument.

Stability of the instability. We show how to use the bootstrap argument to turn
stability into instability. For simplicity, we shall assume that the domain is T? and
consider the case of 2D Euler. Furthermore, assume that we are given a vorticity @
which is an L'-stable steady state with velocity @. By L!-stability of a steady state,
we simply mean the following: there exists €y > 0 such that for any 0 < € < g,
there exists § > 0 such that once

l& = wol[Lr <6,
then if we denote the solution to 2D Euler corresponding to wy by w(t), we have
@ —w(®)[pr <e

for all ¢ > 0. Several non-trivial examples of L! stable vorticities are known. Then,
writing

Wy = W+ Wy
for [|wo||z1 < 1, the perturbation equation is given by
Ow+ (u+1u) Vo =—u-Vo.
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Note that the right hand side is a lower order term, assuming that w is sufficiently
regular. Then we see that mainly, the perturbation is simply being advected by the
total velocity u = u + @. This equation is to be compared with the linear evolution,
which is

A" + - VI = g . V.

If @ is explicitly given, then one can more or less solve the above linear transport
equation. The key point is that generically, @ will have hyperbolic points, i.e. stag-
nation points at which the matrix Vu is hyperbolic. Therefore, while this linear
equation is stable in the LP sense, the gradient of the perturbation will grow expo-
nentially in general.

Note that the only difference in the evolution equations for the nonlinear and
linear is the term w - VW, which is supposed to be small, being quadratic in the
perturbation. However, this term involves the gradient of the perturbation, which
we cannot control by LP stability for any p. This issue shows clearly why we need
to take the Lagrangian approach: we can compare the linear flow map ®“" and the
actual (nonlinear) flow map @, since by definition, they are generated by /™ and u
which are very close with each other. To see this, L' stability with L> conservation
implies that

L1
[Wllze < [lw]|f1 @]l fo < 1

for all ¢ > 0. This gives, in turn
_ S|
[a]| e < Cll@l|7[lullZ, < 1.
This then can be used to show that for each x,
|D(t,z) — D" (¢, 2)| < 1

for an interval of time which scales like 1/|[u|[p~ > 1. On the same time interval,
it can be shown that

;! (z) — (@) (@) < 1.

This can be used to translate large gradient growth in the linear equation to the
nonlinear one. However, it should be mentioned that this arguments works on a time
interval which is determined by the smallness of the initial perturbation, and to go
beyond this time, a special argument (clever bootstrapping) is required in general.

Example 3.4.1 (Shear flow in a channel). We consider one of the simplest exam-
ples of gradient growth, with the domain Q@ = T x [—1,1] and stable steady state
u(x1,x2) = (x2,0). An essentially equivalent example is given on the annulus [115].
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Problem 3.4.2. Prove gradient growth for the vorticity which is given by a perturba-
tion of the above steady state. First, consider the case when the vorticity perturbation
is supported on the boundary of Q2. The growth occurs even when the perturbation
does not touch the boundary [127, 51].

Hyperbolic flow scenario. By a scenario, one is usually referring to a simple
qualitative character of the fluid configurations, including but not limited to, sym-
metries, sign of the vorticity, flows in certain domains, and hyperbolic/rotational
flow-lines. As an example, we may consider an initial vorticity invariant under a
rotation O of R?; i.e., wo(Ox) = wp(x). Then the solution automatically satisfies
w(t,Ox) = w(t,z). The hyperbolic flow scenario is obtained by arranging the vortic-
ity to have symmetries in a way to ensure that the associated velocity is hyperbolic
at a fixed point, say the origin, with preferably fixed separatrices for all time. This
idea was very effective in proving infinite-time growth of the vorticity gradient and
other geometric quantities of the gSQG equations ([95, 133, 139, 90, 94, 55, 46, 47]).
Such a hyperbolic scenario can be used together with the maximum principle: if one
has a sign (either non-negative or non-positive) on the initial vorticity, the solution
to the Euler equations keeps the same sign for all times. In the context of the gSQG
equations, one can just take # which is non-negative on the first quadrant, and ex-
tend it as a function on the entire plane as an odd function in both coordinates to
guarantee hyperbolic behavior at the origin.

Problem 3.4.3. Consider the gSQG equation in T? where the Biot-Savart law is
more reqular than the 2D Euler case. Prove infinite time exponential growth of the
gradient, and show that it is the sharp rate.

Shape of the boundary. Recent investigations have shown that the shape of the
physical domain may have a significant impact on the dynamics; to just provide a
few examples, (i) fluid in domains with boundary are more prone to generate small
scales ([137, 95, 94]), (ii) cusp-type singularity of the boundary can cause finite time
blow-up even in 2D ([98]), and on the other hand (iii) in certain domains the flow
is “more stable” in the long time limit ([78, 77, 58]).

3.5 Gradient growth III: Key Lemma

3.5.1 Key Lemma for Euler

To motivate the “Key Lemma” of Kiselev—Sverak, we make a few observations on
the velocity u = V+P(A)f simply using the Taylor expansion. Clearly, one can
write

u(z) = u(xo) + Vu(zo)(x — z9) + O(z — xO)Q,
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when u € C?. For simplicity, we assume that xo = 0. Recalling that u is incom-
pressible, we have that dyu; + Joue = 0. More importantly, the derivatives at the
origin can be expressed using the kernel; in the a-SQG case, we simply have

yl
u(0) = —/ ——0(y)dy.
©) R2 Y|t ()
Next, from (38), (39), we have

Orn(0) = (2+0) [ | ;’fﬁi (0(y) — 0(0))dy

and

Q 2 2
0nal0) = [ fj’ﬁ 97 (0y) — 0(0))dy.

We see what is the form of the velocity gradient under the odd-odd scenario, namely
when @ is odd with respect to both axes. We shall see that this induces a hyperbolic
flow at the origin with both axes being the separatrices. Assuming that 8 € C?, the
symmetry forces #(0) = 0 and «(0) = 0. The latter follows from the fact that

/ yily|~6(y)dy = 0
R2

for any a and ¢ = 1,2 as long as the kernel is integrable. Similarly, we have that

/ ()2 ly| 6 (y)dy = 0
R2

This gives Oy, u2(0) = 0 = 0y,u;1(0). Therefore, we explicitly have

u(z) =1 (_“”5;2) +O(|z]?)

where

1Y2 1Y2
I=2+a) /R2 |j|4lia0(y)dy =42+ «) /yZO ‘§|ﬁra0(y)dy.
While this formula holds for points close to the origin, for practical purposes we need
a result which holds for all points, with a quantitative estimate on the remainder
term. To see whether such a result is achievable, we can first work on the case
of the Hilbert transform which is arguably the simplest nontrivial singular integral
transform.

Case of the Hilbert transform. On the real line, the Hilbert transform is defined
by

He) = PV [ ——f)in

TIRT—Y
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If f is odd, then we explicitly have that

@dy.

2
H =—-PV.—
f(0) =PV /yzo y

™

This kernel is integrable, since if f is odd and C! then it is forced that f(0) = 0.
Now, for > 0, we can write (neglecting P.V. for simplicity)

e M ==t L

Then, we divide the integral into the regions y > 2z and 0 < y < 2z. In the latter,
we consider the inverse of the Zygmund transform

-1 L r
A () = /0 H(y)dy.

Note that if we integrate the kernel in x,

r—y
In fy)dy
/0<y<2x x—i—y ( )

and note that by a rescaling change of variables y = xz (for x fixed) we have that

/ lnx_yf(y)dy:a:/ lnl_zf(xz)dz
0<y<2z

and taking the absolute value gives that

1—
x/ In Zf(a;z)dz
0<z<2 142

An important point is that the function
ALf
x

scales like the Hilbert transform of f, so that in L* it should not be bounded by
|| f||e. This shows that the “inner part” actually satisfies this property, under the
odd symmetry. That is, there is a cancellation of singularities due to symmetry.
Now, in the region y > 2z, we would like to replace the kernel by —2/y. Let us look
at the difference:

/y>2z [wiy - a:Jlry " z] fw)dy = /ymx [(x _ly)y - (xjy)y] f(y)dy.

Therefore, we see that this difference satisfies, after integrating in =z,

/x /mx ’ [@ - Wy (@ +1 y)y] Fy)dy

We have arrived at a version of the Key Lemma for the Hilbert transform.

< Cllfllzo.

< Cllfllzow.
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Lemma 3.5.1. Let f be a bounded odd function satisfying f(0) = 0. Then, the
inverse Zygmund transform applied to f satisfies

'A_lf“”) L2 ffj)dy\ < Ol fllp~.

x m y>0

One can consider the following one-dimensional toy model for 2D Euler: in Ry,
consider the equation

5‘t9+uV0:0,

where u on Ry is defined by
u(t, ) —rv/ y Ot y)dy.
y=>2x

One can modify the weight 4! to more singular powers to get a model for gSQG.
A slightly more “realistic” model would be to take d,u = HI[#] ([17]).

Key Lemma for Euler. We are in a position to describe the Key Lemma. To
begin with, we consider the case of Euler equations. The following general version
is from [59].

Lemma 3.5.2. Assume that w € L>°(R?) is compactly supported. Then, the corre-
sponding velocity u = VEA"lw satisfies

u(r,0) — u(0) — — < cos )TIS(T) + L (Sin6> rI°(r)| < Crlwl=,  (87)

97 \ —sind 21 \cosf

where C > 0 is an absolute constant. (In particular, it is independent on the size of
the support of w.) Here,

u(0) = (—217T /0 h /0 7 in(8)w(r. 6)d0dr. % /0 h /O 7 cos(O)u(r, H)dé?dr)T,

() = / h /O 7 sin(20) 29 o,

S

and

S

() = / b /O 7 cos(20) 2 g,

Proof. One way of proving the lemma is to consider a decomposition of the vorticity
in polar coordinates. Namely, one may write

w= Z fm(r) sin(m@) + ng(r) cos(mb)
and estimate the velocity coming from each term. O
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Remark 3.5.3. This corresponds simply to the Taylor expansion of the velocity at
the origin. The non-local Taylor coefficients are precisely I°(0) and I1(0), which can
be computed by the explicit integrals given in the above.

Remark 3.5.4. Similar results can be obtained for the Riesz transforms in higher
dimensions.

Problem 3.5.5. Consider the logarithmic singular vorticity
log —g(0)1
w =log —
g ’33|g || <1

where g is a bounded function of the angle. Calculate precisely the unbounded part
of Vu.

We can now specialize the above lemma to the hyperbolic scenario: we shall
mean that w (0 in the case of gSQG) satisfies, for each time,

e odd with respect to both axes (“odd-odd”),
e non-negative in the first quadrant.

Then, we immediately see that «(0) = 0 and
I‘(r)=0

for all 7. Then, (87) simplifies into

u(r, 8) — — ( cos ) ()

< 0o,
(5 < Crolly (59)

For further applications it will be actually more useful to use Cartesian coordinates.
In the case of the z1-component, we have that

wile) = a1 (Je]) + Ol

Similarly,

us(w) = —g-a>I*(Ja]) + O(lz).
™
In situations where I >> 1 near the origin, it will be very useful to replace the O(|x|)
term with O(z1) in the case of u; (and O(z2) in the case of ug), since otherwise the
O(|z|) term could be actually dominate the other in the region 0 < x1 < xg ~ |z|.
This was actually done in the original Key Lemma of Kiselev—Sverak [95], although
it is impossible avoid a logarithmic error.
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Lemma 3.5.6. Assume the hyperbolic flow scenario together with w € L compactly
supported. Then, we have that

up(x) 1
M _ s B
U2 _ L rel) + Bato)
and
ug(x) 1
- B
8 (el + Bat)
with
. T3—i
|Bi(:13)|§0||w|Loom1n{1,ln } (89)
fori=1,2.

Problem 3.5.7. Prove sharpness of the upper bound in |B;|.

Proof. The proof is rather straightforward, and we borrow the argument from [139].
To begin with, we note that the bound for uy follows from that of uy, using that the
velocity transforms as

(uy (1, z2), uz(x1, 2)) — —(ua(x2, 1), U1 (T2, 71))

upon the transformation w(z1,z2) — w(ze,z1). The starting point is simply to
rewrite the kernel using the odd symmetry of the vorticity. That is, first using the
odd symmetry in x1,

2muafe) = [ ~@2 =) ay

|z —y?

(w2 —y2) | (z2—12)
= - + = w(y)dy,
/]M { eyP " z—yp <

where 7 := (—x1,22). Using that

(w2—wp) | (z2—wa) (22— y2)(—dxiy)
lz -y |7 —y)? |z — y[?z — y[?

we obtain

x —_—
2rui(z) = 4931/ (z 2y_2)y1 sw(y)dy.
R4 xR |z —yl*|z — y

This shows that uy is “divisible” by x1, which is intuitively clear. Then, using the
odd symmetry in xo, we get

2 uy(z) = —4x1/ w(y)dy.

{ (352 - y2)y1 (—332 - y2)y1
(R+)2

2 —yPlz -yl |z +ylz—yl?
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Here, & := (z1, —x2). We shall set

(@2 —y2)yn (22 —y)n
lz—yPlz —yl* [z +yl*|7 -yl

K(x7y> =

for 7,y € (Ry)2. The behavior of K is different for different points. Given z =
(21, x2), it turns out to be natural to divide the positive quadrant into four regions,

A= [2x1,00) X [222,00), B :=[2x1,00) X [0, 2x2),
C:=(0,2z1) x (0,2z2), D :=(0,221) X [2z2,00).
(See Figure 4.) As in the case of the Hilbert transform, the main term comes from

the region A. The point is that, in this region, |z — y|,|Z — y|, |x + y|,|Z — y| ~ |y|-
More precisely, it is easy to see that
/ [ (w2 —y2)yr (w2 —y2)yn

- - w(y)dy| < Cllw||poe-
oot (et o

That is, up to O(1) error, [, Kwdy can be replaced with
[—(z2 —y2)yn | (22 + y2)yl] [2y112

+ w(y)dy = w(y)dy.
A TR A BT

Next, it is easy to deal with the “local” region C. In this case, there was no reason
to symmetrize in x9. We shall estimate

(2 —y2)y1 y1|z2 — Yol
- 2y < Ol -
R T gPE— P

the other term in K being easier to estimate. We make change of variables z; = x;—y;
for i = 1,2 and bound the above by

2xq 2xo Py
1+x1)z2
Clalli~ [ [ s s deadn
1 2 <2

We can consider two cases; (i) x1 2 x9, (ii) 1 < z2. In the first case, the bound is
simpler thanks to the z# term in the denominator;

2x1 2o 11
/ / (21 +3;’1)Z2 " 5/ LL<n
(27 + 23) (27 + 23) B(0,21) 71 |2]

When z1 < x9, we need to make use of the other term 22. In this case, we consider
separately the regions zo < x1 and 29 2 z1. Bounding the first region is parallel to
the case (i). Next, when z9 2 x1, we bound

211 2xo 221 2o
(z21 + 1)z 1
/ / ! 1) 2 dz S 371/ /
4 Zl + 22 (L.l + 22 4

219
5 1'1/ 7d22 < 1.
4y z2
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This concludes that

JRE dy] < Ol

The estimate in the region D is similar. In this case, we actually always have zo 2 21
(under the same change of variables as before), but we have a fast decay of K in zs,
as we have seen. This gives that

[ K dy\ < Clwllz~.

The interesting (and dangerous) region is B. Under the same change of variables,
we can bound the integral by

2xo Z 4
1 T1)z2
CHwHLoo / / 2) dZdel.
271 Zl + 22 4‘ 2)

Still, if we have x1 2 xo (say w1 > xo for concreteness), we can bound using the

~

change of inequalities z; 2 x1 2 w2 2 25 as follows:

2x2 2$2
/ / Zl + $12)22 del ~ / / 7d2’2d2’1 <1.
221 (2F + 23) (2] + 2 221

The difficulty arises when zo > x1. Even in this case, in the sub-region where
21 > 2x9, we can proceed as in the case of x1 2 w9, using that z; 2 x9 2 2z5. The
only remaining integral is

2o 2o
/ / 21 + $12)22 3 dZQle.
2z (27 + 23) (27 + 23)

To clarify the situation, we explicitly evaluate this integral. We replace z1 + z1 by
z1 and note that it is equal to

212 1 9 2 2
/ ln<( x2)2+zg> 222 5 d22
0o 2 (221)% + 25 ) (27 + 23)
) hqﬂ
xl

2x1
V4
/ 272d22 <1.
o ai+23

132

When 29 < 21,

(229)% + 2
n <(2x1)2 +z

NN DO

and then



Figure 4: A decomposition of the positive quadrant.

Lastly, when zo 2 x1, estimating the above gives

This is not good. Actually, we note that we could have estimated from below
|z -y 2 A+ 23

instead. Then,

2o 2o 2z2
/ / (21 + 5”12)@ dzadzy ~ / 2z~ (14 22,
% (27 + 23) (21 + 23) o (221)% + 23 1

as desired. This finishes the proof. O

Remark 3.5.8. When w € L* and not better, the logarithmic error term is actually
unavoidable near the azxis. However, if we assume further that Vw € L™, clearly
Vu € L and such a logarithmic term must disappear. It is an interesting question
how to see this quantitatively. Zlatos [139] proved that

|B1(2)| S w2l Vwll oo ([0,22]2)-

3.5.2 Key Lemma and double exponential growth

The Key Lemma was introduced in the groundbreaking work [95] to construct so-
lutions to 2D Euler showing double exponential in time growth of the gradient,
when the fluid domain is given by a disc. We provide a sketch of the proof, with a
simplified setup.
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Proposition 3.5.9. Consider 2D Euler in the upper half plane R2 = R x R, with
an external strain field: namely, w satisfies

Ow + (u+1u) - Vw = 0,

90

uw=V+A~lw, (90)

where @ = 10C(—x1,22)" with C from (89). Furthermore, assume that wy €

C>(R%) satisfies ||wollL < 2, odd in 1, and non-positive in the first quadrant.
Lastly, assume that wy = —1 in the region

{(z1,22) : 0 <x1 < M,20 <11},

for some 0 < § < M ; see Figure 5. Then, the unique global in time solution to (90)
satisfies

IVelt, )l > cexp(eexp(ct)

for all t for some ¢ > 0.

Remark 3.5.10. The point is that, if one considers the linear equation
Oww~+u-Vw =0,

then only exponential in time growth of the gradient can occur. Therefore, in the
above statement, the role of nonlinearity is essential in the double exponential growth.

Proof. The first step is to observe the velocity on the diagonal, namely when x1 = .
Applying Lemma 3.5.6 on the diagonal, we see that u + @ is signed: I* < 0 always
and the constant 10C' in front of @ is arranged in a way that (using ||w(t, )| e < 2
for all ¢t) we have (u+a); <0 and (u+ @)z > 0 for all ¢.

More generally, we note that the logarithmic error in the Key Lemma does not
enter for the first component of the velocity below the diagonal. Defining V =
(u + )y for simplicity, we see that

V(t,x)

1 1
——I%(t < - < ——TI°(t 12
STt o) +5C < <~ I(t,|s]) + 120

for x = (z1,29) with x9 < x;. Here, a useful further simplification is achieved by
comparing I*(t, |z|) with I*(¢,21); under the assumption zo < 1, it can be shown
that

112 (8, [x]) = I°(8, 1) | < Cllw]|zee,

by increasing C' if necessary. Therefore, we have

Vit x)
z1

1 1
——TI%(¢t < — < ——T5(t 14C. 91
o (t,z1) +6C < o (t,z1) + 14C (91)
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The estimate (91) is then used to construct a barrier: we shall take ¢(t), ¢(t) in
a way that the region

R(t) := {(z1,32) : ¢(t) <1 < (t), 32 < 71}

satisfies w(t, R(t)) = —1 for all ¢. Furthermore, we would like to have that the ratio
o(t)/p(t) grows exponentially in time.
To this end, we can simply take

1 d 1

S atH = g e —6C,  9(0) =0

Similarly, we consider the trajectory

1 d-
%%QS@) =

Then, to show that w equals —1 on R(t), it suffices to observe that the “fluid par-
ticles” starting outside of R(0) cannot enter the region R(t) for all ¢. The particles
cannot enter through the diagonal since the velocity on the diagonal is always point-
ing northwest. Next, they cannot enter the lateral boundaries due to (91).

The punchline is that

1
2T

I°(t, ¢(t)) — 14C, ¢(0) = M.

1 S _ 1 S - Q_S(t) . gf_)(t)
—%I (t,o(t) = —%I (t,o(t)) — co IHM =:—a(t) — ¢ lnm

for some absolute constant ¢y > 0 (possibly with some bounded error which we may
incorporate in C'). In other words,
d é(t)
Ingp(t) = —a(t) — ¢l —6C
o n ¢(t) a(t) — cp n¢(t) \

%1115(25) = —a(t) — 14C.
Subtracting the two equations,

iln@:—SC—I—COIDM.

i o(t) (1)

At this point, recall that C' is just some absolute constant and we were free to choose
d and M. We take them in a way that M/§ > 16C/co. Then, using a continuity

argument, it can be shown that
d . ot %o 1p 20

(1)’

In —% >

dat - ¢(t)
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Qo

Figure 5: Kiselev—Sverak “train”

or in other words,

(t)
In Z—= > exp
a(p) = P
This already shows that the velocity gradient in L> grows exponentially in time.
Using a bound on ¢(t), we can show that ¢(¢) converges to 0 double exponentially
in time. Since w(t,(0,0)) = 0 and w(t, (¢(t),0)) = —1, the proof is complete by the
mean value theorem. (All the details can be found in [95].) O

Co

M
2t)ln—

J

3.5.3 Key Lemma for gSQG

Not surprisingly, various versions of the Key Lemma have been obtained for the
gSQG equations and they proved to be very useful for many purposes:

e Singularity formation for carefully designed data
e Infinite growth of certain Sobolev norms in time
o Illposedness in critical and supercritical function spaces.

The key point is to utilize the trivial stability (by area-preserving feature) of the
Bahouri—-Chemin solution, which exhibits an explicit singular behavior on the axes.
One wants to approximate the velocity field with the explicit one coming from the
Bahouri-Chemin solution, and the difficult part is to decide how to control the error.

We state a version of the Key Lemma for generalized SQG equations (gSQG)
with 1 < o < 2. We state the lemma in R? for simplicity, but it holds for also in
T? with minor modifications. The point in the statement below is that the error is
controlled with the critical Sobolev norm, thereby making it useful for the study of
critical problems.
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Lemma 3.5.11. Let 0 € be odd-odd symmetric and signed on the first quadrant.
Let x = (21, x2) satisfy x1 > xo > 0. Then, u = VEA2T9 satisfies

- Ca / [y < B (92)
and
y1y2
where

Q(2x) = [2$1,00) X [2$2,00)
and By, B satisfy
[B1(z)| + [Bz(x)] < C([|0]| grr+e + [10]] o).

3.5.4 Singularity formation

Using a form of the key lemma, one can try to obtain singularity formation for
solutions to the gSQG equations. Assume the following two things:

e One has local wellposedness of a-SQG for a class of functions which allow
0o = 1 in the “train” depicted in Figure 5.

e Simply replace the velocity field by the main term of the Key Lemma.

Then, it is possible to show that the train must hit the origin in finite time, by
proceeding similarly to the proof of Proposition 3.5.9. This is based on a contra-
diction argument: it is assumed that there is a solution in the wellposedness class
in a sufficiently long period of time. It is actually quite difficult to justify each of
the above two requirements. This was done in [97, 94, 64, 138] using several very
clever ideas but the precise setup for local wellposedness is quite complicated to be
described here.

We now give some details of the proof of singularity formation result of [94].
Before describing the statement, let us investigate the kernel for a-SQG, following
the notation of [94]. We begin with

@) = - [ o)y

To clarify, we are going to take € to be non-positive in the first quadrant, and that
is why we put —6 in the Biot—Savart law. As in [94], given y = (y1,y2), write
g = (y1,—y2) and § = (—y1,y2). Then, after symmetrization, we have

Y2 — X2 Y2 — X2 Y2 + T2 Y2 + T2
_ _ — —0(y))dy.
uy () /(]P\)+ [|x— 2t o — gPPre  |o+y2te + |z — g2t (—0(y))dy
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We want u; < 0 and therefore we seek a lower bound on the kernel, which will be
denoted by Kj(x,y) from now on. To this end, one can note that

Y2t Y2 + T2 >0
‘x_{_y’ZJra ’x_g’2+a =

for all z,37 € (R4)?, so that we may neglect these two terms altogether. On the
other hand, unfortunately the sum of the other two terms are not signed:
Y2 — T2 Y2 — T2

— >0 if and only if > 2.
@ —ylP*e  Jo—gPre R e

That is, in Figure 4, the vorticity in the regions A, D pushes the point towards the
x9-axis while the vorticity in the other regions do the opposite. (The fact that this
must be the case can actually be immediately seen from the point vortex idea.) This
led the authors of [94] to decompose u; = u%3? + u?OOd: u?md(:z:) is by definition the
integral coming from the region yo > xs:

W () = - / K)o

Similar considerations give that the regions A, B in Figure 4 are “good” for us. Note
that the region A, which is good for both components of the velocity, is precisely
the one featured in the Key Lemma.

Again, for the initial data 6y, we are going to take it to be odd-odd symmetric
and non-positive on the first quadrant. Furthermore, we may take 0 < |0y < 1.
This gives global L*> and actually also C'~® bound for u for 0 < o < 1, which is
convenient.

Now, one introduces the time dependent “train”

Rt)={z: X(t) <z <1,0<zy <21}

for some 1 > X(¢) > 0, and assume that §p = —1 on R(0). The goal is then to
prove that for some explicitly chosen X (t) which reaches 0 at some critical time
T* > 0, the solution 6(¢) (which is assumed to uniquely exist and belongs to some
function space on [0, 7%*]) contains R(¢) in its support. For such a choice of X (t) to
be possible, two main ingredients are naturally

e an upper bound on the bad part of the velocity
e a lower bound on the good part of the velocity.

To begin with, the bad part is controlled by considering the worst case scenario
where the bad region is fully occupied by the solution. This gives (Lemma 4.3 of
[94])
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and similarly

The constant C' is uniformly bounded near a = 0, which is consistent with the fact
that 2D Euler does not feature a unbounded bad term in the good region. In the
following, we shall only focus on the case 0 < o < 1.

On the other hand, to control the good part, one assumes that the support of ¢
contains a triangle; given = € (R )2, define

Alz)={y:m1 <yp1 <z1+ 1,20 < yo < w2 +y1 — 71}

Then, by calculating the key integral over the region A(x), one obtains for all |z|
sufficiently small (independent of «) the lower bound of the form

and

where ¢ > 0 is a universal constant. We have arrived at Proposition 4.5 of [94],
which is the main tool in the proof of singularity formation.

Proposition 3.5.12. For 0 < a < 1, there are universal constants cg,c1 > 0 such
that for all x € (Ry)?, |z| < co satisfying (—0) =1 on A(x), we have

c
ui(x) < ——133}_0‘ for o < 1y
and
C1 1_q
ug(z) > —ay for 1 < x9.
o

3.6 Long time existence

3.6.1 Convergence between equations

In this section, we consider the relation between gSQG solutions with different ve-
locity kernels and obtain long time existence in some special limiting cases as a
consequence. This type of idea was used in Yu—Zheng—Jiu [134] for the first time,
and it is reminiscent of the so-called shadowing theorem for the Euler and Navier—
Stokes equations [33]. We present a recent result on the long time existence of gSQG
equations from [22].
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Difference equation. Assume that 67 is a solution to
0 + VEPj(A) - VHT =0

for j = 1,2. Let us assume that 62 is relatively more regular. Then, we may write
the equation for the difference:

(0 — 0%) + VP (MO - V(0 — 6?)

+ VLP(A) (B — 62) - Vg + VE(Py(A) — Pi(A))fy - Vb = 0. (54)

Taking the L? inner product with (8! — 62), we obtain that
d
2100 = %2 Sp, 1167 — 0|2 + [V (Pa(A) = PL(A))6sI-

When we derive this estimate, we assume that P is an intermediate operator; namely
Pi(A) < 1. For the last term, we use Fourier series

IVE(Po(A) = Pr(A)02]l 2 S Y |Pa(k) — Pi(k)|[K]|24)
kez?

= > K" Pa(k) — Py(K)| K]0,
keZ?

S k2 1Pa(k) — Pr(k)| e, 1021l s r2)-
Then, we obtain with e := |||k|1 75| Py (k) — Pi(k)|||¢, that

d
10" = 0%l2 o 60 = 62+ e

Integrating in time

10 = 15200 < e (10}~ Bl + [ e
< 0y = 632 + (7" = D)es.
In particular, if the initial data coincide,
16" = 62| L2(1) < (" = D)es.

In these estimates, the constant C' depend on some Sobolev norm of 65, taken supre-
mum in the interval [0, ¢].
Limit to the trivial model. We consider the sequence of solutions
0% + VA9 . Vo™ = 0,
0%(t =0) =6y
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where 0y € C(T?) is fived. We assume, without loss of generality, that fTQ 6o = 0.
We shall compare this to the solution in the case a = 0, which is simply 6°(t) = 6,.
We now compute the error:

= > |kPEIL - [k
k£0,k€Z2

S [P e
[¢]>1,6€R?
whenever s > 2. This gives that
16% = 6ol| 12 (t) < a(e”" —1).

Here, C' > 0 only depends on the initial data 6y. In particular, we see that for any
fixed T' > 0, ||0* — 0| 12(T) — 0 as a — 0, with some rate.

Time rescaling and the Ohkitani model. We may rewrite the equation (95) as

AT
O go + vt <a) 0% . Vo™ = 0.

e
Therefore, if we introduce the time rescaling
0%(1,z) := 0%(1 /v, ),
then
9:0% + VLT ,0% - Vo~ =0, (96)
where I'y, := % We may compare this with the solution to the Ohkitani model,
0,0 + V4T V0 =0
with the same initial data and
I'(A) =—InA.
Applying the previous L? estimate for the difference,
16 = Bl 2 (r) < es(eC7 —1).

In this case,

2

R DL ] LY
s 1o
k#£0,kez?
—a_q 2
< / [ L +1In[¢]| d€ ~s
|€]>1,6€R? o

141



again when s > 2. That is, [|§* — 0||;2(7) <s a(e®T — 1). Therefore, we can take
7" > 0 depending only on C' and s and obtain that

||9~°‘—§||L2(7') < Cra, o<r< 71"

Higher-order difference estimate. We may rewrite (94) as

(0 — 0%) + VP (A) (0 — 62) - V(0* — 6%
+ VEP(A)O? - V(0 —6?) (97)
— V162 VP (M) (0 — 62) + V(P (A) — Pi(A))6* - V% =0,

For small time, we have for ¢ := 0! — 02 the L? estimate
ol z2(t) Ss est.

For a sufficiently large s. For m > 3, we can perform H" estimate for (97):

d
Zlellam S lelzm + 0]l llellrm + 1162 ]17-es

with a larger s > 0 depending on m. Therefore, with a bootstrap argument, we can
conclude a similar estimate for H™

@l (1) Ss €st-

One just needs to keep in mind that s depends on m, s > sg + m. For m > 3, H™
is a blow-up criterion for intermediate gSQG.

Based on the above considerations, one can obtain long-time existence of smooth
solutions for the gSQG equations in the intermediate regime ([22]).
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4 Illposedness results

In this section, we collect several situations where the generalized SQG equations
are illposed in the strongest sense of Hadamard. It is worth spending some time to
clarify the definition of illposedness. For this, let us recall the Hadamard’s notion
of wellposedness for a given PDE, from a space X to another Y;

e Existence: for any 6y € X, there exist a solution € Y such that (¢t = 0) = 6,.

e Uniqueness: there is at most one solution that belongs to Y with the prescribed
initial data 6.

e Continuous dependence: the solution map (which is well-defined when the
previous two conditions are satisfied) is continuous.

Then, we simply say that a PDE is illposed if at least one of the above three re-
quirements do not hold:

e Non-continuous dependence: even if the solution map is defined from X to
Y, it is not continuous.

e Non-uniqueness: for some initial data 6y € X, there are at least two solutions
belonging to Y corresponding to 6.

e Non-existence: for some #y € X, there does not exist a solution # € Y such
that 6(t = 0) = 6.

Note that these items are written in reverse order compared to the wellposedness
case. This is intentional as one may argue that the non-continuity of the solution
is the weakest sense of illposedness and so on. Next, it is worth emphasizing again
that the notion of illposedness highly depends not only on the data space X but
also on the solution space Y. It is natural to take of course Y = L*°([0,T]; X)
for the equations we consider. In this concrete case, we shall say that a PDE has
nonexistence in X, if there is some 6y € X such that for any T > 0, there are no
solutions 6 € L*°([0,T7; X) for the PDE satisfying 6(t = 0) = 6y. (It is assumed
that the space X is not too rough so that 6(t = 0) is well-defined at least in the
weak sense.) We also introduce the notion of norm-inflation, which is stronger than
non-continuous dependence. For simplicity, assume that the 0 function is a solution
to the given PDE. We say that there is a norm inflation from X to Y if for any ¢ > 0
there exist ¢ > 0 and a data 0y € X with ||fy]|x < € and |||y > ¢ where 6 is an
associated solution.

This section is organized as follows. In Section 4.1, we consider the question of
illposedness when the multiplier is singular. Then, Section 4.2 gives illposedness in
the presence of the physical boundary. This shows that when the boundaries are
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present, the active scalar is required to vanish on the boundary, unless we work with
a very well-prepared class of solutions.

4.1 Illposedness in the very singular regime

The goal of this section is to sketch the proof of the fact that gSQG equations in the
singular regime are illposed in the sense of Hadamard. More precisely, no matter
how regular the initial data is, in the scale of Sobolev spaces, the same regularity will
not propagate in time for gSQG dynamics. While the gSQG equations are nonlinear,
under the contradiction hypothesis that the equations are wellposed, one may argue
that the linearized dynamics gives a good approximation to the nonlinear solution,
at least for a small time interval. This requires that we are looking at solutions which
are close to a specific known solution at the initial time. For the specific solution,
we take steady states which are degenerate in a precise sense that will be described
below. Then, the main work goes into proving that the linearized dynamics near
degenerate steady states are illposed in Sobolev spaces.

4.1.1 Steady states and Linearization

In what follows, we use the notation (z,y) for a point in R?. Recall that functions
depending only on one spatial coordinate defines steady states to (gSQG), which
are shear flows: setting 0(z,y) = f(y) forces that (—A)_l"'%é =: I is again a pure
function of y and hence @ = (—F’,0), giving @ - VO = 0. Since F' = (—d,,) T2 f,
we see that the linearization takes the form

0+ (—0,)* 1 f0,0 = =9, fO.(—A) 120 (98)

For the simplicity of presentation, we shall focus on the local case; that is, when
a € 2N. (The analysis in this case is much simpler and rather elementary; the
general case is handled in [23]. See [84, 83, 82] for further developments.) However,
the case a = 2 is not interesting at all, and it turns out that the analysis for @ > 6
can be done in a parallel way with the case a = 4. Hence we will focus on the
o = 4 case. For the linearized equation, the H 2~ norm of the solution is still
under control; assuming that 6 is a sufficiently smooth solution to (98), we have
that

d
gilOlgs—1 S 100 g1

Based on the above estimate, one can obtain without much difficulty the existence
of a solution to (98). However, for higher Sobolev norms, one cannot obtain such
an estimate, and at least for very specific profiles f, illposedness can be seen just
based on the H™-estimates.
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4.1.2 Main result for the linear dynamics

The main result for the linearized equation is stated as follows. We take the y-domain
to be T for simplicity.

Theorem 4.1.1 (Linear illposedness: sharp norm growth). Consider stationary
solution of the form 0 = f(y), where f is any smooth function on T satisfying

fyo) = f'(yo) = f"(y0) = 0, f"(yo) # 0

for some yy € T. Then, there exist y; > 0 and profiles

G(y) € COO(Z/O? Yo + yl)a

and

- 1 2
9(y) € C(yo + §y1, Yo + §y1)

satisfying the following: for any A > 1, if we consider the initial data
6o := Re {e“‘(HG(y))} 9(y)

then any H'-solution to (98) with initial data 0y defined on some [0,T) satisfies

V6ol

V6ol o

IVO@) 2y < (1 — CoAt)e 3N
2374

te€0,7) (99)

for 2 < p < oo with some absolute constants cg, Cy > 0 depending only on f, where
1/p+1/p=1.

Remark 4.1.1. The statement of the above theorem is not vacuous as it can be
shown that there exists at least one global H'-solution for (98) with any H' initial
data. One can achieve by mollifying the equation and passing to a weak limit; see
forinstance [84, Appendiz A]. Of course, the lower bound in (99) is meaningful only
for0<t <AL

As a corollary, we obtain the linear illposedness in high Sobolev spaces. Concep-
tually, this is simple thanks to the superposition principle.

Corollary 4.1.2 (Linear illposedness: nonexistence). Under the same assumptions
on f as in Theorem 4.1.1, there exists an initial data 8y € C°°(T) such that any
H'-solution to (98) with initial data 0y defined on [0, T) escapes H'T¢ for any € > 0;
that is, ||0(t)|| g1+e = +00 for any t > 0.
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4.1.3 Main results for nonlinear dynamics

As we have mentioned earlier, by combining linear illposedness with a contradiction
argument, one can actually obtain nonlinear illposedness for gSQG equations in the
singular regime. We shall focus on the case P(A) = A? = —A.

Theorem 4.1.2 (Nonlinear illposedness: unboundedness). Assume that for some
€,0,r,8 > 0, the solution map for (gSQG) exists as a map

B(0; H") — L*([0,d]; H®).
Then the solution map is unbounded for s > 4.

Remark 4.1.3. The above statement in particular tmplies norm inflation: indeed,
we can show that for any € > 0, there exists C*°(T?) initial data satisfying

8ol <€ sup [16(0)]]z= > e,

t€(0,4]
assuming that a solution ewxists in L{°H?.

Theorem 4.1.3 (Nonlinear illposedness: nonexistence). Assume that s > 4 + %
For any €,0 > 0, there exists initial data 0y € H® satisfying ||0o||ms < € such that no
corresponding solution can exist in L>°([0,d]; H®).

The proof of nonlinear illposedness results are firmly based on the linear illposed-
ness mechanism that we are going to discuss in detail below.
4.1.4 Linear illposedness

The goal in the remainder of this section is to prove the linear illposedness statement;
the proof of nonlinear statements can be found in [84, 23]. We now proceed to the
detailed study of linear dynamics. The linearized equation is given by

00 + 1" (1),0 = f' ()0, A0, (100)

Previous discussions show that the H'-norm of # should be (formally) under control.
Indeed, a straightforward computation shows the following

Proposition 4.1.4. Let 0 be a sufficiently smooth solution to (100) in the time
interval [0, T) with initial data 6y € H'(T?). Then, for 0 <t < T, we have

1d

5 VoI == [ 10,000,

In particular, we have
IVO(®)] 2 < [[VOo 12 exp(CT)

for 0 <t < T, where C > 0 depends only on f.
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Proposition 4.1.5 (Generalized energy identity). Let 6 be an H!-solution to (100)
and 0 be a sufficiently smooth solution to

0,0 — f'(y)0, A0 = e.

Then, we have that

%(ve, V) = — (0.0, " 02:0) + (9,0, f" 0,0,0) + (V6, Ve). (101)

Note that when 6 = 6 and € = — 9,0, we recover Proposition 4.1.4 from (101).

Proof. We simply compute

%(va, V) = (f'0,AV0,V0) + (V0, f0,AVE) + (f"0,A0,0,0) + (3,0, f" 0. A0)
+ (—f"0,V0,V0) + (V, Ve).
Combining the first, second, and fifth terms on the right hand side, we get
(f'0.AV0,V0) + (VO, f'0,AVE) + (- "0, V0,V0) = —(V0,2f"D,0,V).
Then, we compute that the third and fourth terms add up to
(f"0.00,0,0) + (0,0, £ 0. A0) = (V0,2f"9,0,V0) + (3,0, f"0:0,0) — (0.0, " 00).

This finishes the proof. O

4.1.5 Degenerating wavepackets

Now we shall write down an approximate equation for (100) with a specific choice
of f near y = 0 and solve it approximately. Namely, we pick

in the region |y| < % It turns out that this particular function simplifies the

computations below significantly. (However, what one just needs is that the profile
f is vanishing at least of second order at some point.) The approximate solutions
we construct will be denoted by degenerating wavepackets, as their W1'P-norms
degenerate with an exponential rate in frequency for 1 < p < 2. To this end, we
propose

00 = f'(y)02(Dreb + 0y)0). (102)

The goal of the following sections is to establish the key statement in this paper;
namely
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Proposition 4.1.6 (Construction of degenerating wavepackets). There ezists a pro-
file g(y) € C*(0,00) such that for any A € N, there is a linear map

ho = ) (¢, 2, 53 ho) = XTIt y)
defined on functions hg € C°(0, 1—10) satisfying the following properties:
1. (initial data) N (0, z, y; ho) = ePEHIW g (y);
2. (regularity) for any k,£ >0 and t > 0,
IA200) " (A1) VON (8)]| 2 S [lholl s
3. (degeneration) for any 1 <p <2 andt >0,
~ _(2_ 2
VOV D)2y < ™% hollwras
4. (error bounds) fort > 0,

le@llzr < 1ol s

In the following, 6N will be denoted as the degenerating wavepacket solution
associated with hg at frequency A. The proof of this proposition is carried out in
4.1.8 with ingredients from 4.1.6-4.1.7; we first derive the form of #V) after a suitable
renormalization in 4.1.6 and obtain estimates for this solution in the renormalized
coordinates in 4.1.7.

Remark 4.1.7. In view of Proposition 4.1.4, it is natural to rewrite the equation
in terms of VO:

" 0 Y 0
and reformulate the equation in terms of the second component; setting v := 0y0

gives that
O + [ 0uv + 0,0, v = f'0:Av + f" 00020y v + 0,040 (103)
One can then proceed with the associated approximate equation
O 4 Oz (f'Oyy + [0y)0 — ['Opza® =0

instead of (102) and arrive at the key proposition 4.1.6 as well. While this form has
the advantage that the L? norm is conserved in time (rather than the H'-norm),
computations are somewhat more complicated and one needs to work with the oper-
ator O L.

Y
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4.1.6 Renormalization

The goal in this section is to derive the form of an approximate solution of (102).
Given A € N, we make the change of variables

n=Iny, 1=\t

In the following we are only concerned with the region {0 < y < 1} and hence 7
takes values in (—o00,0). Furthermore, we may separate x-dependence completely
by writing

0(t, =, y) = €PNt n(y)).
Then
D10 = X2, ¢,
Y20, (020 + 0y 0) = iXe™ (= N0 + yy (yDy ) — ydy o)
so that (102) turns into
Ord = iINTH(=A2e¥1p + Oyyp — Oyd) =: L[9)].

We look for an approximate solution ¢ to [0, — L]¢ = 0 of the form

¢ _ )\_lei)\@(T’n)h(T, ,’7)

where ® and h are smooth functions independent of A to be determined. (The
prefactor A™! was inserted to normalize the corresponding € in H' rather than in
L? as A — +00.) We now compute

Ord = A [iNO,Bh + 0,h] 2,
0y = AV [iAD,Bh + D) €,
87m<73 =\"! [_)\2(87@)2}@ + 2000, POy h + iINOp, Ph + &mh] ez’)\@’
so that

0- — L]¢ = ™ [i (0-® + (0,®)* + €*") h
+AT (0-h + 20,0, h + (9yy® — 0y ®@)h) — iN2(Dyyh — Oph)] .

Matching the terms of order 1 and A~!, we obtain the equations

0:® + (9,0)* = —e*" (104)
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and
Orh + 20,®0,h + (0yy® — 0,®)h =0 (105)
respectively. Given ® and h solving (104)—(105), we have that
0y — L]p = —ix"1e??(,,h — Dph).
Taking the ansatz ®(7,7) = —7 — G(n) for some G > 0, we have that G must satisfy
(G2 =1—e™.

We then simply take the solution

n

A

—0o0

[m - 1} drf (106)

for (104); then (105) reduces to simply

e2n

-h — 21— e210,h —_— 1—e?)h=0. 107
0. V e210, —|—(m+ e > 0 (107)

In the regime n < —1, we have approximately
Or-h —20,h+h =0
whose solution is given explicitly by
h(t,n) = e "ho(n+ 27). (108)
The goal in the following is to show that the actual solution h behaves essentially
like the “ideal” one given in (108). Indeed, the form of ® in (106) is chosen in a

way that the characteristics for h proceeds to the left, so that (107) reduces to the
simple one above in the limit 7 — 4-oc0.

4.1.7 Estimates on the degenerating wavepackets

We define the n-characteristics by

d

Y () = =2V1 =2, Y (0,m) =n (109)
-

for n < —1. Interestingly, this ODE can be integrated explicitly, with the solution

Y(rm) = %m (1 — tanh®(27 + a(n))), (110)
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where

a(n) = —n+1In(1 + /1 — e27) = tanh ™! (\/ 1-— e277) ) (111)

which is valid for any n < 0. While it is not necessary at all to have the explicit
solution to carry out the necessary analysis, let us take advantage of it for simplicity.
Note that from (110), we have

27 + a(n) = a(Y).
For later use, we compute

(0-Y)(7,n) = —2tanh(27 + a(n)) = =21 — €2V,
and

(O,Y)(rm) = tanh (27 + a(n)) 1 —e2Y

tanh(a() | V1o

Now rewriting (107) along the characteristics, we have

d €2Y
—h Y)=— 1 — e2Y — A Y
ThrY) = ~(V1= e + D h(r.Y)

so that

T 62y(7_/’,'7)
h(7,Y (7,m)) = ho(n) exp —/ 1—e2Y('m) 4 —— 47 |.
0 1— GQY(T/J])

Note that by integrating (109) in 7,
0

Moreover, differentiating (109) in 1 gives

i(877}/) = ﬂ(any)
dr V1 —e2Y
so that
% In(9,Y) = \/%
and integrating in 7,
T 9p2Y
In((0,Y)(7,n)) = ) \/ﬁfh/



since In((9,Y)(0,1)) = 0. From the previous computations, we conclude that

T 2Y (7',m) (r,m)—
exp —/ l—emp £ g = (&]Y)_%ey o
0 1— eQY(T'f’I)

Denoting the inverse of Y (7,-) by Y. 1,

n—Y,

-1
> ho o Y (n).

h(rn) = (0,Y) 72 (r, Y7 Ve
Now to simplify the above expression, recall
27 +a(n) = a(Y),

which gives

Using the formula for a(-) in (111),

”_YT_I_ll 1++1—e2n

n =
2 2 1—{—’/1—62)/;1

-7

and
oy oyt tamha(n) VI
7T tanh(a(Y7 YD) V1 - e "
we obtain
-7 -1 A(n)
h(r,m) = e ThooY; (U)A(Yr‘l(n))’
where

Note that A(n) ~ 1 for all n < —1. In particular we have Ao Y,"! ~ 1 as well.

4.1.8 Proof of Proposition 4.1.6
We are now ready to proceed to the proof of key Proposition.

Regularity. Note that the case k = ¢ = 0 is covered by the statement for de-
generation with p = 2, which will be proved below. Moreover, the case £ > 0 is
straightforward from the explicit form of 6(¢). The prove the statement for k& > 0,
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it suffices to note that (0fh) satisfies the same equation with h since the coefficients
are independent of time. We omit the details.

Degeneration property. We now establish the degeneration property. Beginning
with

8,8 = 19,0V 1 \~LeiNa+®)g b
we have
10,0l 2y < 1Oy @Al + A~ 1yhll p-
Switching to the n-coordinates,
18y @)Pl7 = /(3n¢)p\hlp6(1p)”d77
<e P / |hg o Y, 1P =P ap
S [ o),y
< e 7@7P),
We have used the simple bounds
OY (1) S 1, [0p®[ S 1
and the fact that the support of hgoY,~! is contained in the interval [T —¢, —7 — ]

for some absolute constants ¢ > ¢ > 0 to replace ¢?”~P) inside the integral with
e~7(1=P)  Similarly, we first write

lo,hll, = [ 1o,nirett=1ay

and
A A
—r -1 -1 -1
Oh = e {(377}10 o Y)0y Y, Aoy 1T ho o Y7 a"(AoY;l)] ‘
From the simple bounds
A A
oYt <1 < 0 <1
n+r ~ ) ‘AOYTI ~ ) n(AOYTil) ~

we deduce that

oyhlf, < e TP / |OyholP + [holPdn < e=™2P)

P~
Ly
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similarly as in the above. From these we conclude that

7] — 2B )2
10,00 1325 S €7 ol

Error estimate. Recall that
[0; — L] ¢ = —iX"2(0ynh — Iyh)e?.
Switching back to the (¢, z,y)-coordinates,
e(t) == [0 — L]0(t) = —ie™® |(Byyh — Oyh)e™®| (t,y).

It suffices to prove the following global-in-time bounds for h:

Lemma 4.1.8. For all 7 > 0, we have the estimates
|’87(7m)h||1;2(5n/2d77) N eicmTHhOHH;n
for some ¢y, > 0 and

105kl p2(e-nr2any < ol

)

with implicit constants independent of T > 0. Here &gm denotes the m-th order

derivative in n and we have defined

0
Hf”%?(e:tnﬂdn) :—/ (f(n))2€ind7’]

Assuming the bounds stated in the above lemma for the moment, it is easy to
estimate €(t): to begin with,

Dpe(t) = A [(am,h - anh)e“ﬂ (t,y)
and
10se(®)122 < ABanillzz + 19yhlz3)
S ANOmhll L2 e-n/2am) + 10nhll L2(e-nr2dy)) S Allhollr2-
Next,
Bye(t) = Ae™ [(8,,,7h — 8,1)8,2™| (t,y) — ie™ [(8,8,h — 0,0,h)e™®] (£, )
and note that
10,90, 112 + 1, 8y,hll 12 = 10,80,h] 12 + 9y De "0,h]| 2

S ”87777h”L2(e*n/2d77) + HanhHLQ(efnmdn)
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where we have used |0,®| < 1. Similarly,
18y Ol z + 10y Onhll Lz S |Opmnhil| L2 e=nr2ay) + 10mmhll L2(e=nr2an)
so that

10ye®)ll 2 < (1 + N UBnmmhll 2 (e=n/2any + 10mmhll L2 c—nr2ay) + 107l L2 (e=n/2an))
S (L4 A)[|Roll 13-

This gives the desired error estimate.

Proof of Lemma 4.1.8. To estimate high order norms of h, it is better to return to
the equation:

Orh + 20, B0, + (9yy® — 9,®)h = 0.

Indeed, multiplying both sides of the above by he” and integrating, we see immedi-
ately that

1d
3 2o Baiornagy =2 [ 12T <~ M oy

SO
17llrz = 1Bl L2 ens2any S €7 lhollr2
for some ¢y > 0. On the other hand, using the weight e /2, we see easily that
17l 2(e=nr2dyy = lholl L2 e=nr2am) S 1ol z2-
Differentiating the equation in 7,
0r(0ph) + 20,90, (0yh) + 30, POyh — 0y POk + (Oyyy® — Opy®)h =0

and proceeding similarly as above,

1d
5E||8,7h||§2(6,7/2d,7) + 2/877n<1>(8,7h)2e” - 2/877(I)(anh)26n =— /(amn@ — Oy ®)hOyhe.
Using

Om® =0, H® < —co, |Omy®— @[ S 1,

we obtain

1d
5 Ol Lo (enrzany S —IOnhll L2 enrzamy + 17Nl L2 (enr2an)
2dr ( )
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after canceling a factor of |0,k 12(en/2gy)- From the decay of ||Al|p2(en/2qy) in 7, we
obtain this time

10uhz2 = 10uhlp2enr20) S e~ llholly

for some ¢; > 0. Using the weight e~"/2, we have this time

1d _ -
5%”&7}1”%2@—?7/2@) + 2/6nn@(anh)2e T=- /(ammq’ — O ®)hOyhe ™.

This time, we need to observe the pointwise decay of 9,,® and 9,,,® on the support
of h(7); for the former, we have

e2n
V1—e2n

but the denominator is bounded uniformly away from 0 while n < =27 + Cy for n
belonging to the support of h(7). In particular we have |0,,®| < e~47. Indeed it is
easy to observe that the same bound holds for any higher order derivatives of ® in
1. Therefore, we conclude that

d —4aT
Oyl (errzany S € TR0 (o724

Oy ® =

which gives
10yhll 2 = lI0nhll L2 e=nr2any < 1ol

with the implicit constant independent of 7 > 0.

So far we have established the statements of the lemma for m = 0,1. The case
m > 2 can be proved inductively on m, and let us just sketch the proof for m = 2:
differentiating the equation for A twice in 7,

Or(Omh) + 20,90, (9pyh) — Oy ®(Opyh)
= —40,, ®Opnh — 20, POy h — 20, (0yy® — 0,P)0yh — Oy (Oyy® — 0y P) R — 0y POy .
We have reorganized the terms in a way that each term in the right hand side of

the equation has ® with at least two n derivatives, which decay exponentially in 7
pointwise on the support of h(7). Therefore,

1d
‘2d7_||67771h||L2(ein/2dn) -1+ 1)/&,@(&7}1)2@*’7

e (”annh”m(ein/mn) + H&?h”L?(ein/?dn) + ”hHLQ(Si"/Qd”)) '

From this it is straightforward to conclude the statements of the lemma for m = 2.
We omit the details. O
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4.1.9 Proof of Theorem 4.1.1

We are in a position to complete the proof of Theorem 4.1.1. Recall that f(y) = %

on the support of h(7(t)) for all ¢ > 0. Hence, taking some A > 1 and hg € C°(0, &)
and applying (101) gives

d _ _ N
Z(V0,V0) = ~2(0,6,0,,6) +2(0,0,0,0,6) + (V6, Ve).

Using the error estimate from Proposition 4.1.6, we bound the right hand side as
S (MYl + [ Vellz2) V0112 S AIV6o|22.
Therefore,
(VO(t), VO(L)) > (1 — CoAt)[|[ V|2

for some absolute constant Cy > 0 and then using the degeneration estimate,

~ - —2=p 2y
(V6(2), VO(0)) < V00 25 IVOE) 1y S €7 IV 80l 1 V60 115,
Combining the bounds, we conclude that

_2 V90H22
vt > (1 - Conyeti=pee IVoollz:

2774

This completes the proof. [J

4.2 Illposedness with physical boundaries

It is a rather well-known fact that the two-dimensional Euler equations is wellposed
in domains with boundary, even when the vorticity is not required to vanish on the
boundary. In this section, we shall demonstrate that this property is a rather special
feature of the Euler, and does not carry over to the case of gSQG. Namely, in the case
of (gSQG), there is strong illposedness when the advected scalar does not vanish
on the boundary. For simplicity, we shall take the case of the upper half-plane,
Ri = {(.731,1‘2) X2 Z O}.

4.2.1 Euler case

In the case of the two-dimensional Euler equations, we have the following classical
result. The domain ]R%r can be replaced by any sufficiently nice domains with a
boundary.
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Theorem 4.2.1. The two-dimensional Euler equation is wellposed in the space

C(R2).
Proof. The key technical lemma is as follows:

Lemma 4.2.1. Ifw € C¥(R2), then Vu € C*(R%), where u = VlAﬂéw.

It should be emphasized that this lemma is not trivial. The way the operator

Aﬂggl is defined is that we first extend w as a function @ defined on R? by the odd
+
extension in xg, namely

O(z) = —w(z1, —x2)

if 29 < 0. In particular, this extension is not really defined on the boundary OR% =
{29 = 0} unless w vanishes there. That is, & is not a C® function on R? and therefore
the standard Schauder estimate VZA~!: C* — C® from R? is not applicable.

The key point in the above lemma is the half-moon computation, which explicitly
shows that if we take the transform VZA~! to the function 1;,/<1sgn(z2), the result
is C*° smooth in the ball {|z| < 1/2}. This computation boils down to the special
property of the kernel o(-) for V2A~™! which is that its angular integral in any
interval of length 7 vanishes.

Equipped with the lemma, propagation of C'°° regularity is straightforward: from

Oww +u-Vw =0,
we obtain
d 2
Zlwllon < Call Vall e Jwlion < CallwliZa.
For higher derivatives, we can start with one:
00w +u - Vow = —0u - Vw,
and we again obtain
d 2
gil0wlice < CalVulica|dwlice < Calldwlice.
Next, to estimate w € C%®, we need to obtain uniform Hélder regularity of V2u up
to the boundary. Here is a cute argument. We already know that x;-derivatives are
bounded, since the odd extension @ is a C*° smooth function of x1;. We can also
exchange the order of the derivatives. Therefore, it only remains to consider 8%2%

But

a’EQ (85E2u2) = _al“l (83;211,1)
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by the incompressibility condition, and
8902 (8902“1) = a961 (6121@) —w

which is again smooth. Continuing this way, we obtain local in time propagation of
C regularity. For the global regularity, we need to carry over the log estimate

IVullzee S flwllzee log(10 + [|wl|ce)

to the case of ]R%r, which can be done similarly as in the R? case, once we have the
half moon lemma. ]

Problem 4.2.2. Let w = 1¢p be a smooth vortex patch, namely O C R? is a bounded
open set with C° smooth boundary. Prove that the corresponding velocity u =
VA~ w belongs to both C®(0) and C=(R?>\0O). Show that the same holds if
w = f1lp where f € C®(R?).

Problem 4.2.3. Prove the following “quarter moon lemma,” if w is C& in the
quadrant (Ry)? and vanishes at the origin w(0,0) = 0, then we have

Vu € C°((R1)?).

4.2.2 Alpha-SQG case

Let us now consider more singular case than Euler, and describe the work of [81, 138].
Assume that the kernel is given by

wie) = [ b=y ne ~ yalu)dy.

Here, @ is the vorticity defined on R? by the odd extension in z3. We are assuming
that the modified kernel is slightly more singular than the FEuler one, so we require
that h(r) — co as 7 — 0.

We first perform some explicit computations in the a-SQG case, to get a hint of
what happens to the velocity. Namely, we take

b(z) = / & — 4@ (y)dy

with a > 0 small. Since we are assuming that w is smooth on the upper half-plane,
taking x; derivatives are allowed as many time as we want. Now we compute

(@) = ~Oay(a) = C / & — g2 (s — )5y dy.
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We are not going to precisely track the multiplicative constants which are irrelevant
for our purpose here. Here, a trick is to perform an integration by parts after
splitting the integral into two regions,

3m2¢:/8m2(‘$—y_a)@:/ +/ = T+1I,
y2>0 y2<0

where

1:/ —fﬂ—y!‘“(?m@Jr/ |z —y|"w(y)dy.
y2>0 y2=0

A similar computation can be done for the other term [I. The first term on the
right hand side of the above is smooth, and we shall neglect it. Therefore, we obtain
that

w(x) = C /R & — (41, 0)[ e (y, 0)dys.

Now, instead of taking another zo derivative, we first specialize to points x = (0, z2):
when x9 = 0 we have

1
u1(0,0) = C | ——w(y1,0)dy:.
R |y1]

This is to be compared with

1
u1(0, 2 —C’/aw ,0)dy1.
10, =C [ 0,

We now look at the scaling of the difference D(2) := u1(0, 2) — u;1(0,0):

D(z):C/R

For a fixed z, we make a change of variables y = z§, so that

D(z) = C'/Rzl—a [(1 +1£2)g B (521)3] w(z€, 0)dE.

1
(y? +22)2

Here, the point is that

. D(z) ) 1 1
Zl—l>%l+ Zlma Czl—l>%l+ R |:(1 +§2)% B (52)3] W(Zf,O)df

1 1
= (C lim = — - | w(0,0)d
H0+/R [(1+£2)2 (52)2] (0.0

by the dominated convergence theorem. Therefore, we obtain the conclusion that
in the o SQG case, the velocity is at best C'~® and not better. Advection by such
a velocity field will immediately destroy C' regularity of w, unless it is locally a
constant. This leads to the following result.
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Theorem 4.2.2. The initial value problem for the a-SQG with any 0 < a < 1
on the upper half-plane is illposed for smooth data. To be more precise, there exist
initial data 0y € C°(R2) such that there is no solution in L*>([0,T]; C1(R2)) for
any T > 0 corresponding to the initial data 0.

Even when the kernel is only “slightly” more singular than the Euler case, it is
expected that the dynamics is still illposed in the upper half-plane in the sense that
C®° initial data will instantaneously lose C'*° regularity with time.
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