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Abstract

In this article, we review the conditional uniqueness property for Navier-
Stokes equation, and follow the paper [ABC22] to develop a non-uniqueness
theorem of 3-dimensional case with source term. We study the linearized
operator of the self-similar equation, then reduce it gradually to a 2-
dimensional Euler equation. The construction of the stationary unstable
velocity field relies fundamentally on Vishik’s unstable profile in [Vis18a]
and [Vis18H], which we then lift into 3-dimensional axisymmetric coordi-
nate.

The main improvement compared to the original paper is that we
compose the proofs in an uniform way, viewing the linearized operators of
perturbations of skew-adjoint operators, and specify the omitted estimates
in the original paper. The case without exterior force is still an open
problem.

1 Introduction

In this article, we are interested in the following Navier-Stokes Equation
System with source term in dimension N = 2,3, which describes the evolution
of local velocity with respect to time of a viscous non-compressible fluid.

u+ (u-V)u —vAu= f — Vp, (t,r) € Ry x RY
V-u=0, (t,z) e Ry x RY (N-S)

’U,‘t:o = Uy, T € RN

Where u : R>g x RV — RY is a N-dimensional vector field, representing
the local velocity field of a give point in time-space, p : R>g X RY — R is the
pressure function, f : R>o x RY — R is the given external force applied to the
fluid, and uo : RY — RY is the given initial velocity field at time ¢t = 0. The
parameter v > 0 is called the viscosity factor, illustrates how much resistance
the fluid produces when being deformed at a given rate, the term —vA gives
the regularity of the system. When there is no viscosity, i.e. v = 0, then we
obtain the Euler equation with source term:



Ou+ (u-V)u=f— Vp, (t,z) € Ry x RY
V-u=0, (t,z) e Ry x RN (Euler)
ul=o = uo, zeRY
Observe that by proper rescaling:
u'(t,x) = vu(vt,z), p'(tx):=vpvt,x), f(t,x):=v2f(vt,x)

To ease the notion, in the following sections, we assume that v = 1, and the
inequality constant may vary from line to line.

Since u is divergence free, we apply the divergence operator to the first
equation of system ﬁ@)

Ap=V-f—V-((u-V)u) (1.1)

This equation draws the dependence of p on u and f, so, we only need to resolve
u in the original equation.
Before starting the main discussion, we have to introduce some notions:

1 For two vectors of the same dimension N,

u<a>=(u§“),u§”‘) ,ug?))eRN, a=1,2

?

We define the tensor product of these two vectors as a N x N matrix :
uM @ u® .= (u(l))T(u(z)) _ (uz(.l)UEZ))lgiijN c RVxN

2 For two N x N matrices
A(a) = (Ag?))lgid'gj\f S RNXN, a = 1,2

We define the contraction product of them:

With the notion above, we observe that for all u € C*®(RM)¥ such that
V -u =0, we have:
(u-Vu=V-(u®u) (1.2)

Finally, for
u € Cy([0,T], L*RY)) n L*([0,T], H(RY))
We define the kinetic energy:

1
Bu(t) 1= ) Bagan) + 7ul3ao g oy YEEDT]  (13)

We follow the approach of Jean Leray’s paper [Ler34], and firstly define the
solution we want to consider:



Definition 1.1 (Turbulent Solution). For all times T > 0, let ug € L*(R™)Y,
such that V-ug = 0, f € L*([0,T], L2(RM)N), we say that u € S'([0,T] x RV)N
is a turbulent solution of equation ) on the time interval [0,T], if:

u € Cy((0, 7, L2(RM)N) N L2 ([0, T], H' (RM)™)
For all functions v € D([0,T] x RY), for all t € [0,T), we have:

/ Vi(t,x) - u(t,z)de =0
RN

And for all function ¢ € C*([0,T), HY (RN)N) such that V - ¢ = 0, we have:
T
/szu(T’ x)o(T, z)dx — /0 /RN u(s, z) - Orp(s, x)dads
T
= 71//0 /RN Vu(s,z) : Vo(s, z)dzds + /RN uo(x)p(0, z)dx

r T
+/O /RN u®u(s,x) : Vo(s, z)dzds +/O - f(s,z) - ¢(s,z)dads

(1.4)
Finally, the solution satisfies the following Energy Inequality:
1 t
E.(t) < 7||u0||%2(RN) +/ / frudeds Vtel0,T] (1.5)
2 0 RN
Remark 1.1. 1 In fact, regarding the space where u belongs to, we could

define turbulent solution for
fe LX[0,1], L2(R™)N) + L*([0,T], H ' (RY)™)

2 The Energy Inequality describes that a part of the kinetic energy is trans-

formed into internal energy by viscosity.

Applying Cauchy-Schwarz Inequality, we have a weaker version of energy

inequality:

Eu(t) St lluolz2@yy + I F 12 0., 02vyy ¥t €[0,T] (1.6)

[Ler34] have provided the existence of turbulent solution:

Proposition 1.1. Let N = 2,3, ug € L2(RM)N, f € L}([0,T], LA RM)N) +
L2([0,T), H-YRN)N), then for all T > 0, there exists a turbulent solution u of
the system ) on time interval [0,T].

Given a turbulent solution u of system (@)7 with initial data ug and source
term f, the pressure p can be derived by formula ([l.1f). For A > 0, we consider
a proper rescaling for the system:

ux(t, ) == (N2t Ax), At ) == N3 fF(\%t, \x)

o o (1.7)
(o)A (%) = Aug(Az) pA(t, x) == A°p(A°t, Ax)



Also gives a solution of the system (@), and the uniqueness of solution relies
fundamentally on its behavior under rescaling. We call the norms which are
invariant under the proper rescaling ([L.7) to be critical norms, these norms
draws a line between the subcritical cases where we work on less weaker norms
and could expect well-posedness results and the supercritical cases where the
norms are more regular, potentially lead to non-uniqueness.

For the uniqueness of the turbulent solution, [LP59] has proved it for dimen-
sion N = 2, which essentially relies on the fact that proper rescaling does not
change the corresponding L{°L2 and L?H} norm of the solution. We will cover
it in the latter section.

The problem for the uniqueness for general turbulent solutions in dimension
N = 3 has remained long open. Leray’s work has proven the ”strong-weak”
uniqueness of the turbulent solution, i.e. if the solution is strong, which satisfies
a certain regularity condition, then all turbulent solutions coincide.

In this article, we consider the equation (@) with source term not regular
enough to admit a strong solution, then, the ”strong-weak” principle cannot be
applied. We follow the lines of [ABC22], to construct a source term which gives
a counter-example for the uniqueness in dimension N = 3:

Theorem 1.1. Assume v = 1, then there exists a time T > 0, an external
source term f € LY([0,T), L>(RM)N), and two distinct turbulent solutions u and
U to the system ) on time interval [0, T] with initial condition ug = 0.

2 Previous Results: A Revisit

In this section, we want to review the uniqueness properties and their con-
ditions of the turbulent solution in dimension N = 2,3. The core difference lies
in the Sobolev embedding and norm invariance under proper rescaling.

2.1 Case 2D: Unconditional Uniqueness

Proposition 2.1. Given initial data uo € L*(R?)?, f € L([0, 1], H'(R?)?),
then there exists an unique turbulent solution u of the system ) defined on
time interval [0,T].

Proof. Assume that there exists two turbulent solution (u, p,,) and (v, p,), where
p denotes the associated pressure function, we define:

wi=u—v e L([0,T], L2(R?)?) N L2([0, 7], H' (R?)2)
Then, w satisfies the system in sense of distribution:

815’LU—AU}:—V'(U®U_U®U)_v(pu_pv>
V-w=0

’LU|t=0 =0



We want to eliminate the pressure term, thus consider the projection operator
onto the divergence null subspace:

P: S'(RM)N — S'(RV)N
DAY 2.1
F=the o (0= Tp) .
ij=1

Where we use the Fourier multiplier convention:

DD\ ¥ . &6\
i — : =F! <5i = J)
(3 |D|2)m-_1f [ I e m-_lfl

Then, applying the projection operator on to the equation, we obtain:

w—Aw=-P(V-(u®@u—v®v))
V-w=0 (2.2)
’LU|t:()EO

Evidently a heat equation with source term and initial condition.
Estimate the norm of the non-linear term, we sightly abuse the notions:

||P(V.(u®u7v®v))||L%H;1 <lu®u—v@v|p2g2
<lu® (u—=v)llpzrz + [(w—v) @vl|r22
< (HU”L;}Lg + ||U||L§L§)Hw||1:;}1:g

<
< Ul 0l )0l

And by interpolation inequality, for any function f satisfying
f € L>=(0,T], L*(R?)) N L([0, T], H*(R?))

We have,

4

T
2 2
11,3 < ( / ||f<s>|L2<Rz>z|f<s>||H1(R2)2ds>

1 1
5 ”fH[ZIOO([o’T]’LZ(]R?)%||f||[212([07T]7H1(R2)2)

Thus, )
P(V-(u®u—v®uv)) e L*[0,T], H '(R?)?)

By examine the remain terms, according to the definition (El),
u,v € L>([0,T), L*(R*)) N L*([0, T, H' (R?)) = L*([0, T}, H' (R?)?)

Thus,
Aw e L3([0,T], H 1(R*)?), w e L*([0,T], H*(R?)?)



Consider the equation (@) we obtain:
dyw € L*([0,T), H Y (R*)?) — L2([0,T], H *(R?)?)
Apply Lions-Magenes Lemma to the space embedding sequence
HY(R?)? < L2(R?)? — H™L(R?)?
We have:
w € C°([0,T], L*(R?)?)

Thus, by convolution, there exists a sequence of test functions w,,, such that,

wn  — w in L([0,T], L*(R?) N L*([0, T, H'(R?))

m——+oo

For all t € (0,T], slightly modify test functions by multiplying a cut off
function supported on [0,7" + ] and equals to 1 on [0,7 — L] and passing to
the limit m — 400, we obtain:

nwomﬂwy+/|m DI
== [ BT =0 © ) (s) (5

t 1 3
SA<mwmﬂawy+m@mHawgwmgmmwmw@w;m%ﬂs
To ease notion, we assume:
Cu,v(t) = HU(S)HH%(RQ)Z + ||U(S)||H%(R2)2

Using AM-GM inequality, absorb the ||w(s )HH1 (r2y2 torm,

1 3
() oy 100 s e

1 1
< 5 (3% g O By + )06 e

Thus,

1 t
3 (1O + [ 0 eyits) [ e s
4

Since ¢

s

» € L([0,TY)), apply Grénwall’s inequality, finally we have:

nwomﬂwy+/Wm s oy =0
It directly leads to u = v. O

Remark 2.1. We could see that in the proof, all the regularity parameters are
“on the edge”, this is tightly associated with the fact that the rescaling of equation
) does not change the norm in the definition )
We could latter see that this is not the case for case 3D.



2.2 Case 3D: Strong-Weak Principle

Proposition 2.2. Gien initial data uo € L*>(R%)3, f € L([0,T], H ' (R?)3),
then if the system @) admits a turbulent solution u defined on [0,T), further-
more satisfies the extra reqularity below:

ue LY([0, 7], H' (R*)?)
Then, every turbulent solution v defined on [0,T)] coincide with w.

Proof. Similarly, we consider the difference of two solutions:
w:=u—v € Cyu([0,T], L2(R®)%) N L2([0, T], H' (R?)%)
Then, we have the following estimate of energy:
1 2 2
Eut) = 5llu(t) = o(8) aqgays + 1w = 0120 1 s ey

= By, (t) + Ey(t) — (u(t), v(t)) 2 (msys — 2/0 (Vu(s), Vu(s)) L2(rs)ods

t
< |luollp2(re)s +/ / [ (u+v) dads
o Jr¥

ult), o(0)) ey — 2 /0 (Vu(s), Vo(s)) L2 gayds
(2.3)

We now examine each of the terms appearing in the weak formulation (Q)

1 For the term u ® u, by Sobolev embedding,
1 3
lu @ ull L2 gsys < llulle@s) S ull 22 gsys el o gsyo
Thus,
:
lu® ullz2o,m), 2oz S ||u||L°0([0’T]7L2(]R3)3)HUHLS([O’T]’HI(RB)S) < oo
2 Similarly, for the term v ® v, we have:
3
lve U”L%([O,T],Lz(RS)s) S ”v”Lw([O:T]’Lz(RBP)HU”LQ([O,T],Hl(RS)?’) < too

The extra regularity of « ® u guarantees that d,u € L2([0,T], H~1(R3)3), by
Lions-Magenes Lemma, we have:

u e CO[0,T], L*(R%)?)



And the equation (@) for u holds in canonical L2([0,T], H~1(R3)3) sense,
thus, we could couple it with v,

¢ ¢
/ Ou-v+ (Vu—u®u): Vo dxds:/ f-vdzds (2.4)
o Jre o Jrs

By prolonging u with ug in [—¢, 0], with w(t) in [T, T + €], € > 0, then apply
convolution in time variable, we could construct a mollified sequences

(én)n € CU([0,T], H' (R)?)

Satisfying:

on —= u in C°(0,T), L*(R*)*) N L*((0, T), H' (R*)?)

Osn, R o in  L2([0,T], HY(R%)?)

Then, apply ¢, to (Q) with respect to v, pass to the limit n — +o00, we obtain:

t
(v(t),u(t)) 2 rsys — / / v- O+ (v®v — V) : Vu dads
o Jr3

t
= ||UOH%2(]R3)3 +/ / f -u dxds
0 JR3
Combining (@)a (@) and (@), we have:

(2.5)

t
E,(t) g/ / u®u:Vv+ov®uv: Vu deds
0 JRrs
Regarding that for any a,b € H*(R?)3, a divergence null, we have:

/a®b:Vbdac:— V~(a®b)~b:—/ b*V-a+a®b:Vbdr=0
RS RS

R3

Thus, we have:

t t
//u@u:Vv+v®v:Vudxds:—//w®u:dexds
0o Jr3 0 Jrs

t
://(w-V)u-wdxds
o Jrs

To estimate the term above, we have:

/Ra(w-V)u-wdx

< Jwl|Fa oye llull g1 rays

1 3
S Wl £z gsys 10l gy 1l 1 esys



Finally, we have a constant C' > 0, apply AM-GM inequality,
¢ 1 3
Bult) < C [ 1000l gy 106 s s Iy 0

1 [t t
< 5/0 ||w(5)||H1(R3)3+C’/0 ()1 31 sys w0 () T2 mays ds

Regarding the definition (E) of E,,

t
o) e S | T oyl s s

Recall that u € L*([0,T], H'(R?)?), we conclude by Gronwall’s inequality.
O

3 Non-Uniqueness: Review and Foreseen

In this section, we are going to briefly review the history of non-uniqueness
problem of Navier-Stokes equation, and give a symmetrical refined version of
the main theorem ([L.1]).

3.1 A Brief History

Non-Uniqueness of Navier-Stokes equation has been a long question in dif-
ferent contexts, less regular the solution is, we could expect more of the non-
uniqueness.

In the weakest sense, Buckmaster and Vicol [BV19] have proven that in
the class of finite kinetic energy distributions, for any given initial datum, the
solution is always non-unique. However, their solution lies in the finite energy
class L$° L2 but is not regular enough to be a Leray solution.

But in the context of Leray’s turbulent solution, the problem remains open.
The method adopted by [[ABC22], which would be presented in this paper, is
partially inspired by Vishik’s study of non-uniqueness of Euler’s equation with
external force in [Vis18a] and [Vis18b]. The main idea is to consider a unstable
steady state, and apply an external force as perturbation in L}L?. We would
utilize his method of constructing an unstable vortex solution.

How about removing the external force? The introduction of external force
has provided us with more flexibility, and it’s still an open problem of the
uniqueness of (N-J) without external force. But in the context of Euler equa-
tion, Bressan, Murray, and Shen have proposed an potential initial data_which
perhaps could lead to non-unique solutions without external force in [BM20]
and [BS21)]. We still need further exploration for similar conclusions on Navier-
Stokes equation.



3.2 Strategy of Refining

We want to work on exactly the critical case, where the amplitude becomes
of vital importance: for a > 0, if

a
ug(z) ~ —
|z|

Then,

a2

|z

We could observe that for a < 1, the viscose term Awg is dominating, which
give us regularity. For a > 1, then the nonlinear convection term is leading,
and we could search for non-uniqueness.

The schema is described below: The term unstable refers that the linearized
operator has an unstable eigenvalue, and the corresponding perturbation term
turns to 0 while evolution backward, it’s hard to treat the question on positive
time R, thus we have to stretch it into R.

Furthermore, we would like to add additional symmetrical structure to the
solution, which we hope to lies in the critical case. A family of this kind of
solutions that is wildly studied are called self-similar solutions, as the name
suggests, are invariant under the rescaling ([L.7).

To realise these two goals in one time, we introduce the similarity variables
to convert the positive time RT to whole real line R with 0 corresponding to
—00:

Aug(z) ug - Vug ~

a
~ T3
|z

T

5:: %7

1
—U(1,§), t,x) =:
7 (1.€), [f(t,x) ;
Here the lower case letters denote the functions in physical space, and the
upper case letters denote functions with similarity variables. The Navier-Stokes
equation becomes:

T:=logteR (3.1)

| =

u(tvx) =: F(Tv 5) (32)

e

1
.U = 5(1+€-VU =AU +U-VU =F VP, (t,z) e R xR’ (3.3)

V.-U=0, (1,6) e R x R?

A self-similar solution to the Navier-Stokes equation (@) is 1-1 correspond-
ing by the change of variables (@) to a steady state of equation (@) with
similarity variables.

We call a solution U to (@) is linear unstable, if the linearized operator
Ly at U defined below has eigenvalue with positive real part.

Lo (U) = %(1+g.v§)U+AU+P(U.VU+U.v0) (3.4)

10



Where P is the Leray projector define in (@) We would study the unstable
manifold associated with the most unstable eigenvalue \g, i.e. the eigenvalue
with the largest real part which we denote as a = R(Ag) € R. Then, the
solutions on this manifold satisfy the following asymptotic behavior:

U=U+Usn+0(¥), 17— -0

Where U™ is a non-trivial solution to the linearized equation §,U" = Ly U™
on R x R? corresponding to an eigenfunction of \g. Since U™ decays at the
rate e7® as T — —o0, thus,
lim U~U
T——00
Since we could view 7 = —oo as t = 0, and by the formula ()7 the corre-
sponding velocity field in physical space satisfies:

Jim. [u()||2®s): = TETEIOOG%THU(T)HL%RW =0 (3.5)

The same holds true for @, this correspond to the non-uniqueness of ¢t = 0 in
time variable with initial value ug = 0.

To sum up all the arguments above, we have the following refined version of
our main theorem (|L.1)):

Theorem 3.1. There exists a smooth, compactly supported stationary real-
valued velocity U which does not depend on self-similar time 7, and a smooth,
compactly supported source term

. 1 - . .
F::—§(1+£-V§)U7AU+U~VU

satisfying the following properties:

1 The linearized operator Lgs defined by (@) has an unstable eigenvalue \
with a non-zero eigenfunction n € H*(R3) for all k > 0. Denote one of
the solutions to the linearized equation 8, U™ = Ly U™ as below:

Ulin(r) == R(e )

2 There exists a time-like upper bound T € R and a wvelocity field UP®,
satisfying the following smallness condition. For all k € N, we have:

IO ()| arr sy Sk €27, V7 € (=00, T]

And in the view_o ), @, a4+ v +uPer gre two distinct turbulent solutions
to the system ) with initial value ug = 0 and external force f.

Furthermore, we could make these observations:

1 Firstly, since we admit an external force in the system, any smooth func-
tion with enough decay could be seen as a potential steady state of the
equation, this gives us a large range of choice.

11



2 Secondly, by simply modifying the amplitude of the steady state U, we
could view the terms arisen from nonlinear convection as the leading term,
and the other terms, including viscosity, acts as a small perturbation.

Thus, it is reduced to find a smooth unstable steady state with enough
decay for the 3-dimensional Euler equation with external force. Since in 3
dimensions, the well-studied steady solutions for Euler equation are sheer flows
and vortex columns, which are constant along one axis, thus do not satisfy the
decay property. Fortunately, it’s natural to impose extra symmetry and lower
the dimension to case 2D.

In 2 dimensions, a frequently considered family of steady state functions are
so-called vortices, which write in form of polar coordinate as:

a(r,0) = @’(r)es, (r,0) € Ry x (R\277Z)

Where eg denotes the clockwise tangent vector at (1,6) of unit circle. Vishik has
constructed an unstable vortex with power-law decay as r — 4+00. Our method
is lifting Vishik’s vortex in a axisymmetric without swirl way into 3 dimensions,
of the form

u(r,0,z) =u"(r,2)e, + u*(r, 2)e.

Where e,, e, are respectively the unit vector in the r and z-direction. The
corresponding vorticity and stream function are of following form:
w:=Vxu=—-w(rze o=-A"1w=y¢r 2)es (3.6)
Then, with these variables, apply curl operator on the Euler equation ()
with f = 0, together with the definition of w, ¢, deduces the following system:

I
Btwe—i—u-Vwe—u—we:O
r

1 1
o0 _ (42 )
w’ = (3r +;8r7 1“2) %) (3.7)
0 LY\ o
u=—0,p er+<87.+r>gp e,

As r — +o00, all the terms of order ! and =2 could be neglected, reduce

to the following 2-dimensional Euler-like system:

(3.8)

Oyw+u-Vw=0
w=Ap, u=VXxgp

Hence, we could lift Vishik’s unstable 2D vortex into a 3D hollow vortex
ring with large diameter in order to ease the influence of those higher order
terms. This suggests us a possible way to construct the unstable steady state.

12



4 Instability: From 2D to Axisymmetric Case

In this section, we are going to develop the instability property of the 3-
dimensional axisymmetrical Euler system (@) It relies fundamentally on the
construction of Vishik’s unstable vortex for 2-dimensional Euler’s equation in
[Vis18a] and [Vis18h].

4.1 2D Instability: Vishik’s Vortex

As mentioned in the refining strategy, we recall the unstable vortex con-
structed by Vishik in [Vis18b].

Firstly, we define the following family of m-fold rotational symmetrical
functions:

Definition 4.1. For integer m > 2, define:

L2 :={f € L*(R%,C)|f(Rex) = €™ f(x) for a.e. z € R?}

where Ry : R? — R? is the counterclockwise rotation by angle ¢.

By using Fourier series in 2D polar coordinates (@), for f € L%(R?),

Fr,0) =" f(r)e™

keZ

Then, by the uniqueness of the decomposition above, we have:
fer? < fu=0, Vmitk

Thus, we have the following decomposition of L2 :

2, =@ Ui U= {g(r)e™|g € LRy, rdr)} (4.1)
keZ

where Uy is closed and mutually orthogonal subspaces.
Given a vorticity function, we want to construct its corresponding velocity
profile, the Biot—Savart law stated below provides us with an useful tool:
Consider an compressible 2-dimensional flow u and its vorticity w, satisfying:

V-u=0, Vxu=w
By the first equation, we could introduce a vectorial potential ¢ satisfying:
VXxp=u
Note that the choice of ¢ is not unique, we could further assume that,

V-p=0

13



Thus, we obtain the vectorial Poisson equation:
w=Vxu=Vx(Vxp)=V(V-p)—Ap=—Ap
Formally, we have the identity below:
u=-VxAlw

which is unique up to adding a harmonic function.
Since the flow we consider lies in L%([0, 7], H'(R?)?), we could define the
following operator:

BSy : L2(R?) —  HY(R?)?

4.2
w = VxAlw (4.2)

We could write the image above into the convolution form:
V x A7 'w = Kpg,, *w (4.3)

L . . .
where Kgg,, = i\iﬁ is the convolution kernel of the Fourier operator BSayq,

where for x = (x1,22), v+ = (—29,71). We could easily verify that the image
of an element in L2, is vectorial m-fold rotational symmetrical.

Remark 4.1. Follow the same procedure, we could define the Biot-Savart oper-
ator BSzq : L?(R3)3 — H(R3)3 in 3-dimensional case, where the corresponding
convolution form writes:

1
BS =—— — = X —y)d 4.4
3d[w]($) An R |y|3 W(IZ’ y) Y ( )
with the corresponding convolution kernel
1 =z 3
K = ———— € L2(R® 4.5
50, (®) 1= ~ -y € L) (45)

Let us consider the behavior of linearized operator associated with Euler-like
equation (B.§) around a steady state. Given a smooth, real-valued ,divergence-
free vector field with sufficient decay at r — +o00, with the form:

u(r,0) = ¢(r)eo

Set the corresponding vorticity which is a radial function:
- - 1
w:qu:achr;c

We define the linearized operator of the term @ - V:

14



Definition 4.2. Let:
A :D(A) — L3
w — —(u- Vo + - Vw)
where u = BSy4(w], the domain of definition is:
DA) :={wel?|a-Vwe L} cCL?
In fact, first part of the operator is compact if given V& with sufficient decay:
K:L} — H®R»? - 12
w = u=DBSyw] — u- -V
whose compactness essentially comes from Rellich’s embedding theorem. Thus,

we could view A as a compact perturbation of the operator A—K : w +— @-Vw.
Formally, we have:

(- Vw,d)r2 = (Vw, 0}z = —(w, V- (4g))r2 = —(w, @ - V)2

The operator A — K is skew-adjoint, therefore its spectrum belongs to the
imaginary axis. By the reasoning (E])7 the essential spectrum also lies in the
imaginary axis, and the remainder of the spectrum is consisted of countable
eigenvalues of finite dimensional eigenspace.

We now state a version of Vishik’s unstable vortex constructed in [Vis184]
and [Vis18b].

Theorem 4.1. There exists a symmetric fold number m > 2, and a smooth,
real, radially symmetrical vorticity function & = &(r), with its corresponding
smooth velocity field u(r,0) = ((r)eq, satisfying the following decay property:

|©] + r|or0] < (1 —|—r2)_1

and the corresponding linearized operator A has an unstable eigenvalue A, i.e.
R(A) > 0.

Remark 4.2. By the convolution form of Biot-Savart law @), we have the
decay property of (:
C(r) S (1+r?)72

We would expect the unstable state is still unstable under proper truncation.
Let the truncation ¢ € C§°(R?) be a radical function, satisfying:

?lpy(z) =1, supp(®) C Bo(1)
For R > 0, we use the following notions:
x ~ - ~ ~
or(x) ::(JS(E), UR = ¢rl, Wg:=V X Ug
And consider the associated truncated operator A p which is obtained by change

(4, ) to (ug,wor) in (¢.2).
Here states the instability of properly truncated operator:
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Proposition 4.1. Let w be the unstable vortex in (@), Ao be an unstable
eigenvalue of A, then for all e € (0,R(A)), there exists Ry = Ro(@, Aoo, €) such
that, for all R > Ry, A g has an unstable eigenvalue Ag satisfying |[A\r—Aso| < €.

Proof. Let us make the first observation: every subspace Uy C L2, defined
in (1) is an invariant subspace of A and Ag. Furthermore, the restrictions
A = Aly,, Ag;]f) := Ap|y, are continuous.
In fact, assume w(r,8) = g(r)e~"™*? we have the following calculation:
imk ~\ ,—imkf
A(w) = - (Cg— for@)e
imk ~ N —imk
Ap(w) = W (¢rCg — fOrwR) €
where A™'w = f(r)e"™*® ¢ H2(R?), which is the potential function con-
structed in Biot-Savart law, satisfying:
m2k?

(324 20 = ™5 ) 70y = a0

In fact, we have the following explicit expression:

1 o0 T
firy=—— <ka/ s17mRg(s)ds + rfmk/ sHmkg(s)ds)
r 0
Apply Hélder’s inequality, we obtain:
fr)

r
HT||L°°(R+) Stem 9l 2@y rdry S w22 ®2)

Since ¢ is smooth with ¢(0) = 0, thus <2 € L°(R.), by the L? integrability of

& and @g, we have the continuity of A®*) and A%’f). Furthermore, by the decay

property of ¢ and w, we have the following convergence in operator norm:

A — AW (4.7)

By projection on to the subspaces Uy, the unstable eigenvalue A, could be
associated to a non-zero eigenfunction 7 belonging to Uy,, with kg € Z. Since
A maps every element in Uy to 0, thus ko # 0.

Since A% is a compact perturbation of a self-adjoint operator, thus suit the
reasoning (@) We want to study the behavior of resolvents under truncation.
Let K be a compact subset of res(A) N {R(z) > 0}, for all A € K, we have:

_ (A(k) )1+ (A(k) _ A)—l(A%’f) _ A(k))) (4.8)
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Since K is compact,

sup [[(A® — N) 71| L2 (re) s p2(re) < +00
AeK

due to the operator convergence, we could choose Ry > 0 depending on K, such
that for all R > Ry,

sup [| (A1) = X) 7! (AR = A2 e <
€

N |

Thus, A%) — A is invertible, and its inverse is:
k - _ k _ _
(AR =N = (1d+ (AP ) THAR - A®) AR -y
Furthermore, observe that,

(Id+ (A® —))~1(AF — A®))~1 _1q

6 -1 AB) _ AB))-1A® _ )-t(a® gty Y
=@d+ (A" =X (AR" —A™))TH(AYW = N)TH(ART - AT
we have the following convergence in operator norm uniformly for A\ € K:
(AW — )=t (AW — )t (4.10)

R—o0

Since A\ is a isolated eigenvalue, we could choose a disc C C {f(z) > 0}
centering at Ao, with radius less that e, satisfying C' Nres(A) = {Ax}. Denote
its counterclockwise oriented boundary as ¢ C res(A)N{R(z) > 0} is a compact
subset. Consider the projector onto the eigenspace corresponding to Ao:

1
Prie) = — /()\ — Alh~Lan

211

and we similarly define pr(ko) By assumption, A is an eigenvalue of A (ko)
thus Pr*°) is non trivial, and let K = ¢, by the uniform convergence (), we
have the following convergence in operator norm:

Prgo) R:ZO prko)

Then, for R sufficiently large, depending on A and K, Pr%co) is non-trivial.

Since it could only admit discrete spectrum in {(z) > 0}, thus it must have
an eigenvalue Ap in C, and so must Agr. By the choice of disc C, we have
[Ar — Al < €, this conclude the proof. O

Thus, we could construct an unstable smooth profile with compactly support.
Choose € < w and R > Ry, define the truncated smooth vortex

U= Up, w:=Vxu

17



Note that @ is still divergence free due to the truncation function ¢ is radial.
Then by the proposition (@) above, the associated operator A := A has an
unstable eigenvalue.

We want to show that in fact the operator defined above admits an eigen-
function with better property. Consider the restriction of A on a subspace of
L? with sufficient decay, and generalize it to non m-fold rotational symmetrical
case in order to lift it to 3-dimensional axisymmetric case.

Firstly, let us introduce our desire weighted space, where we use coordinate
(r, z) in R? corresponding to the axisymmetric 3D case.

L2 := L*(R? ydrdz) (4.11)

where the smooth weight function v > 0 satisfies:
Yoy =1, 1+ +22)0 Sy S +17+22)% (4.12)

Now we consider the operator L., defined below:

Lo : D(Ly) - L2

(4.13)
w — —(u- Vo + - Vw)

where u = BSg4[w], and the domain of definition

D(Lo) = {w € L2|a- Vw € L2}
._Observe that by the decaying property of w € L,2y,
(@)7 and apply Holder’s inequality, we in fact have

use the convolution form

u = BSy4[w] € L=(R?) N H'(R?)

Using the fact that

supp(u) U supp(w) C Bo(R) (4.14)
Recall the smoothness and compact support of w, the compactness of mapping
w — u -V is directly driven from Rellich theorem. Thus, by the same reason-
ing, Lo, could be viewed as a skew-adjoint operator perturbed by a compact
operator, thus its essential spectrum ess(Lo,) C {S(z) = 0}, and the remainder
of the spectrum is consisted of countable discrete eigenvalues of finite algebraic
multiplicity.
Since L is just a slight modification of A, we could expect similar instability
result in weighted space:

Proposition 4.2. The operator Lo, has an unstable eigenvalue.

Proof. Assume ) is an unstable eigenvalue of A, then, there exists a correspond-
ing eigenvector n € L2, satisfying:

An=X\y

18



By (), we have:

supp(n) = supp(An) C Bo(R)

Since 7|p,(r) = 1, thus n € L2, thus:

Loon= Ay

4.2 Axisymmetric Instability

We want to lift the previous argument to 3-dimensional axisymmetric-
without-swirl case, with coordinate written as (1, z) € Ry x R, the function
u defined on this coordinate is independent of the angle 8, of the form:

u(r’',2) =u"(r', 2)e, +uF (1, 2)e,

with its vorticity:
w:=V xu=—-uw(r z)e

Thus, we could represent the profile and vorticity with a function R>g x R —
R? and R>o x R — R respectively. In the discussion below, we would use
2D Euclidean coordinate to represent 3D behavior, be ware that the
operators are different from the original 2D operators!

As mentioned in the strategy subsection, to ease the influence of r—! and
r~2 term, the lifted vortex should be hollow. To realize “hollowness”, we work
on the shifted variable r :=r’ — | € R>_;, where [ > 2R.

From now on, we use the following convention:

Convention 1. All the operators with subscript | are the 2-dimensional op-
erators induced by the corresponding 3-dimensional operators applied to the
azxisymmetric-without-swirl variable (r',z) = (r +1, 2).

Denote our 2-dimensional unstable vortex in euclidean coordinate (r, z) as:
a(r,z) =a"(r, 2)e, + a°(r, 2)e,

Notice that by the construction, @ is radial and purely swirl, thus divergence-free
in 2D normal coordinate:

V-u=(0,,0,) - u=0

By the discussion above, it could be lifted to a 3-dimensional axisymmetric-
without-swirl profile in the coordinate (r, z), denoted also by .
Notice now, @ is not correspond to a 3D divergence-free profile, since:

1 1
VI . 71(7", Z) = (3T =+ r—|—l> ﬂr =+ 8Z€LZ = mﬂr

Observe that the error term is decaying as | — oo, we would correct the error
with the lemma below with the correction term also decaying:
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Lemma 4.1. For alll > 2R, there exists a real correction v; € C§°(Bo(R), R?),
satisfying:
Vi-(a+v)=0

and the following decay property:
v, — 0 in CF(By(R)) Vk >0
=00
Proof. Observe that the divergence operator associated with shifting parameter

[ could be written into the following form:

Vitu= —(0r,0.) - [(r+ Dul

Thus, the correction term must solve the following equation:
(0r, 02) - [(r + D] = —a"

Recall that u" € C§°(Bo(R)) with [, u"(r, z)drdz = 0 inherited form its rota-
tional symmetry, apply the Bogovskii’s operator (B.2) in case N = 2, we obtain
a solution V for the equation:

(0r,0) -V = —u"

with V € C§°(Bo(R),R?) independent of [. Simply let v; := %_HV, and we
obtain the desire conclusion. O

By the lemma above, for any I > 2R, we could define the corrected back-
ground profile:

U =uU-+v € CSO(B()(R),RQ), w =V Xu € CSO(B()(R))

As the flow is axisymmetric without swirl, we could identify the vorticity with
its angular component as a scalar function:

o =—wleg, @ =-0.a + 0,u}

We consider the linearized operator of equation (@) around the background
profile (@;,w;). Firstly, we have to define the proper functional space we work
on. As before, we could expect that the functions are decaying sufficiently fast:

L2, :=L*Ry>_; x R.,vdrdz)

where 7 is the same weight function defined in (4.19).
Define the linearized operator:

L :DL) — L2,

(4.15)
w — Lw
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where,

ay BS;[w])"
—Ljw = ﬂl-Vw+BSl[w] -V, — T—il-lw_ ( ’I"l—l[—l]) wy (416)

V = (0r, d.) is the normal gradient operator, BS; is the operator induced by 3-
dimensional Biot-Savart operator BS34 applied to the axisymmetric coordinate
(r',z) = (r+1, z), defined by the following process:

1 Firstly, lift the vorticity function to 3-dimensional coordinate (r/, z):
wi(r,2) == w(r’ —1,2)eq € L*(R3,R?)

2 Secondly, calculate the stream function (;:
o= A" = (1, 2)eg € HA(R? R?)

3 Then, apply curl operator to the stream function, obtain the profile:

ug 34 := BSaqlw)] =V x ¢ = ulr’3d(7"’, 2)er + ui3d(7”, 2)e, € Hl(Rs,R3)
4 Finally, reduce it to the coordinate (r, z):
BS;[w](r, z) :== uzgd('r +1,2)e. + uigd(r +1,2)e, : R? - R?

Slight abuse the notion, we could view the function ¢; as a scalar function on
R>_; x R. The functions defined in the steps satisfy the following system of
equations:

1 1
ANy = [ 92 Oy — o2 = in Ry>_; xR
1Pl <T+7"+l (T+l)2+ z)‘pl w m > X
87‘<pl|'l"=—l =0 (4.17)
1

BS = —0pier+ | Or + — z

1] Qe +< +r+l)<pze
Note that the boundary condition is due to the fact that » = —[ is corre-

sponding to ' = 0, i.e. the axis, and ¢ should be axisymmetric.
The domain of definition is:

D(L;) := {w € L2 j|a - Vw € L2 }}
We observe the following decomposition of the operator L;:
L=M+K;+8S

as the names suggest, we have the main skew-symmetric term:

1
—Mw :=u; - Vw + §wV -y
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the compact term:
-Kjw := BSl(w) -V

and the small term:

e _up o (BS(w) 1
Sw:= r—i—lw o wy 2wV vy

Remark 4.3. Note that the additional term %wV - v 18 to make M; a skew-
adjoint operator.

Here are the basic properties of the compact and small operators:

Lemma 4.2. K;,S;: Li‘l — Lil are two bounded operators. Moreover, K; is
a compact operator, and
ISillzz ,sr2, — 0
v 7l =00

Proof. We follow the notion of the process above. Since we are considering the
behavior with [ varying, all the inequality constants are independent of [.
By the polynomial growth property of weight function v, we have:

lealBaquops = 2m [ [+ Diwtr2)Pards S Ul

then, by the standard estimate of BSs4, and apply the Sobolev embedding;:
1
lwr,zalloesys S llursall g gsys S llenllp2@s)s S 2 llwllrz
Thus, by the formulation of BS;[w], we have:

IBS[ 16 (2, (r-t 1ydrdz)

_ /OO/(|ulT(r 1) 4 [l (r + 1, 2)[5)(r + D)drd
0 R

<o .6 6 r 6 (4.18)
5/0 /0 /]R(Sln (0) 4 cos®(0))|uj (r + 1, 2)|
+ul(r+1,2)|%)(r + 1)drddz

S ||Ul,3d||%6(11§3)3

Recall that supp(u) Usupp(@) € Bo(R), for the derivative of BS;[w]:

1
/ |VBS; [w](r, 2)|?drdz < f/ |V za(r +1,2) 2 (r + 1)drdz
Bo(R) N

1 2
S z”ulﬁd”}']l(ksp Sj ”U‘)HLE{J
The Compactness of K; comes from the smoothness of Va; and Rellich theorem.
To give an estimate on S;, firstly we have the estimate on V - v;:
1

—r 1 r . o)
v.vliir_f_lu *m'[}l l:z() in L (RZ_IXR)
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Combine all the estimates above, we have:

uy 1 4 || Lo
w+ -wV- v < | = V- vllpe | ||w
| 5 N( e 9wl ) s,
o
where the bound satisfies:
a2

. o — 0
r+1 +||v UZHL l—oc0

For the remaining term, regarding supp(w;) € Bo(R),

(BS;(w))" _ 1 _
Hr—i-lw - S mHBSl(W)”LG(Bo(R))||leL3(Bg(R))
Y
_T _
S UT8BSH(w) || Lo (rrtydran 191l s (8o (R))
_2 _
S U wliez N@llza(se(r))

In the last step, we apply the estimate ()7 and since the decaying property
of vy, we have that ||@;||Le is uniformly bounded with respect to I, thus give us
the decay property of S;. O

With the decomposition above, we could make the following claim: The
essential spectrum of Ly lies in the left half-plane {R(z) < 0j00(1)}, in the
remaining half-plane, the spectrum is consisted of discrete eigenvalues, with
finite algebraic multiplicity. We could always take [ sufficiently large, such that
0l—>oo(1) < %

Since we are considering [ large enough, as the small term turn to zero, only
need to consider the formal limits of the main and compact term:

K. : L — L2

w — —BSy4[w] - Vo
M, :D(My)C L2, — L2,

w — —u-Vw

where the domain of definition:
D(Mao) = {w € L2|i- Vw € L2(Bo(R))}
We could observe that:
My + Ky =L

which, by the discussion of the previous subsection, has an unstable eigenvalue.
Thus, we could expect that for [ large enough, the operator L; is unstable:

Proposition 4.3. Let A be an unstable eigenvalue of Lo, then, for all € €
(0, R(As0)), there exist ly = lo(@, Ao, €) > 2R, such that for all I > ly, the
operator Ly has an unstable eigenvalue N\; with |\ — Aoo| < €
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Before beginning the proof, we firstly make some observation. Since [ might
vary, it could be more convenient to consider all operators defined on the same
space L% rather than Li,l- Thus, consider the following projection operator:

P : L2 - L%,
w — wlr>_1
By composing with L;, we obtain:
L;P; = MP, + K;P; + S;P; : P [D(Ly)] € L2 — L2
and it’s easy to see that for [ > 2R,

L2 = L*(Rr<—; x R,ydrdz) & L2,

Thus for z # 0, we have:
A O'(Ll) <~z € O'(LlPl) (419)

The original problem could be transformed into the generalized lemma below:

Lemma 4.3. Let (M,)nen, Mo : D(Mo) C H — H closed normal opera-
tors, (Ky)nen, Koo : H — H compact operators, (Sy)nen : H — H bounded
operators, satisfying the following properties:

1 There exist (Mn)neNu{oo} € R, such that lim,, o0 ftnn = loo, and:
o(M,) C{z € CIR(2) < un}, VYneNU{oco}
2 For all f € H,

A=M,)"f — AN=My)'f inH (4.20)

n—oo
locally uniformly on X € {z € C|R(2) > poo}
3 K,, — K, in operator norm.

4 The smallness of {Sy}nen:

lim [|Sy [l =0 (4.21)
n—oo

Let oo be an isolated eigenvalue of Moo + Koo, such that R(Aso) > oo, and let
V C {2z € CIR(2) > poo} such that VN o(Mu + Koo) = {Ac}, then, for n big
enough, there exist an eigenvalue of M, + K,, + S,, in V.

Proof. To ease the notion, denote So, = 0, and for n € N U {oo}, we denote:

C,=M,+K,+8S,
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We start by showing that: for all C' C res(Cs) N {z € CIR(2) > fico}
compact, f € H, we have the following convergence for A € C' uniformly:

A=C,)'f — AN=Cx)'f inH (4.22)

n—oo

For n sufficiently large, such that {z € C|R(z) < p,} N C = &, we have the
following identity:

A-M, - Ko =O\-M,)Id - (\—M,) 'K)

By corollary (@), with the assumption, we have the following convergence
uniformly on C' in operator norm:

A=M,) 'K, — (A—My) 'K

n—oo

By the assumption () we made on A € C, we have:
1 €res((A—My) 'Kuo)
thus, by the same reasoning in (@), for n sufficiently large, we have:
1L eres(A—M,) 'Ky) = C Cres(M, +K.)
and the inversion identity:
A=M, K, ) '=Id—A=M,) 'K )'(A\=M,)™!

By the similar argument of (@), we have the following convergence in op-
erator norm uniformly for A € C:

(Id—A—=M,) 'Ko)™' — Id—(A—My) 'Ky)™!

n—oo

combine the two formulas above and the assumption (), for all f € H, we
have the following convergence for A € C' uniformly:

A=M, —Koo) 'f — A—Mo —Koo)'f inH (4.23)

n—oo

and by (@), we have (A — M,, — K,) ! is uniformly bounded for n large.
Observe the following expression:

A-M, —K,=A-M, - Koo)Id = (A - M, — Koo) (Koo — K,.))

and for the same reasoning as (@), plus the uniform bound of (A—M,, —K,) !,
we have the following convergence in operator norm for A € C' uniformly:

Id-—A-M, —-K,) 'K —K,)) ! — Id

n— oo

thus, for f € H, we have the following convergence for A € C' uniformly:

A=M, —K,)'f — A=—My —K,)'f inH

n—oo
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and (A — M, — K,,)~! is uniformly bounded for n large.
Finally,

A-C,=A-M, -K,)Id - A-M, -K,)"'S,)

by the uniform boundedness of (A — M,, — K,,)~! and assumption (), we
have for n large enough, A— C,, is invertible, and we have the following inversion
formula:

A=C) '=Td-\A-M, -K,)'S,)'(A-M, - K,) !

Apply again the argument of (@), we have the following convergence in operator
norm for A € C:

Id—\A-M, -K,)'S,) — Id

n—roo

Combine the result above, we obtain the claim ()
Let T' C V be a counterclockwise contour containing A, for n € NU {oo}
sufficiently large, consider the Riesz projectors:

1
Pr=(C,) = — [ (A=C,) tdx
1p(Cn) 1= g5 JoA = Cn)
By hypothesis, the operator Prp(Cs) is non-trivial, and by the convergence we
have proven just before, for any f € H

Prs(Cn)f — Pri(Coc)f inH

Thus for n large enough, Pri(C,) is non-trivial, 0(C,) NV # @. The only
thing left to study is the spectrum of M,, + S,
For R(A) > py,, we have the following identity:

A=M, +S,=0N-M,)Id - (\—M,)"'S,)

by the norm estimate (@), we have:

_ Sn||H—>’H
- M 1 < ||

Thus, we have:
oMy, +8Sn) C {2 € CIR(2) < pn + [|Snlln—n}

Thus, by the reasoning (@), the essential spectrum of C,, also lies in the
half-plane defined above, thus there is a eigenvalue of C,, in V. O

diction. If proposition ) fails to be true, then, there exists € € (0, R(Aoo))
and a sequence of (I,,)nen — 00, satisfying the operator L;, has no eigenvalue
in B)\oo (6)

We apply Lemma (@) to the contradicting triplet (M, , K; , S, ), it
remains to verify the hypotheses.

Proof. To complete the proof of the original proposition, we proof by contra-
i
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Directly deduced by the skew-adjointness of (M;P;);>oz and My,

We consider a series of auxiliary operators:
~Mjw =1, - Vw
then, by the calculation done in (@), we have:
Jim (M — M|z oz =0
For A € C, satisfying $(\) > 0, we have the following identity:
A —=MiP; = (A= M)(Id — (A = MP;) ' (Mg — M;)Py)
since M;P; is skew-adjoint, thus normal, by proposition (@)7 we have:
[(Id = (A = MyPy)) Iz e = RO
thus, the bound is uniform for A € C. As a consequence,
o(MjPy) C {z € CIIR(=)] < | (My — M)yl 22}
and for A € C, such that R(A) > [|(M; — M)Pi[[ 12,12, we have:
A=M/P)" ' =Id - (A= MP)"'(M; — M)P;) ' (A = M)~ *

By the same argument of (@), we have the following convergence in
operator norm for A € C uniformly:

(Id — (A = M;P)) "' (M; — M))P;)~* 2 1d (4.24)
So we have:
(A =MP) ™ = (A= MPy) "2 52 =0
To ease the notion, we denote
U =1 MuPs =ML

For | € (2R, 00], MP; are operators of the form w + —1; - Vw, we could
give a explicit formula of (A — MjP;)~1:

Consider the flow X;(¢,z) induced by vector field 4;, satisfying:

0 Xi(t,z) = w(X,(t, x))
X;(0,2) ==z

Then, by the property of transport equation, we have:

XXi(t,x) = w(x) - Vo Xi(t, )
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Then, for | € (2R, 00|, f € L%, define the following integration:

ADf(a) = — / TN (Xt )

then, we have the following computation:

SMPAL @) = [N a T )

= /OOO e My - Vo X (t, )V (X (t, x))dt
= /OO e MO, X (t, )V f (X (t, z))dt
0

N /ooo e MAf(X,(t, 7)) = flz) — AAV f(x)

where in the last step we apply integration by parts.
Thus, for A € res(M’.P;), we have:
RV —1 _ A
(A=MpP)™" = A}
by the explicit expression of 4;, we have X;(t,z) = x, thus:

I = MLP) ™ = (A = Moo) 722

o0
< / e ROV £(X7) = F(Xoo) | L2 (3ot

By the smallness of v; in lemma (@), we have X; converges locally uni-

formly to X on [0,00) x Bo(R) as I — oo, thus the right hand side
converges to zero uniformly for A € C'. Combine with (@), we obtain
hypothesis 2.

To ease notions, for p > 1, R > 0 we denote:
11y, = f e (so(r))
Since we have Vi, € C§°(By(R)), only need to prove that for all w € L2,
BS2alw] — BS;[Piw]l| 2 < 0100 (1) |wllzz

We follow the notion of (), observe that if [ = oo, it is identical with
the normal 2-dimensional Biot-Savart operator BSo .

Recall that the images satisfy the following equations:

BSou[w] = —0. e, + Orpe,

)ez

1
BSi[w] = —0.pier + (Orp1 + paid
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and the supporting functions satisfy:

1 1
Al@l: (83+T+lar (7"+l)2 +a§> Y = w, ar¢l|7’:—l:0

Ap=(2+02)p=w
Thus, we have:

1
r+1

BSzalw] = BSi[Piwll[r2 < [[—=willr2 + V(e —@i)llpz, =T + 11

Now we estimate the term I and I separately.

For the term I, recall that the 3D Biot-Savart kernel defined in (@),
apply Young’s inequality for weak LP norms (B.1]), for p € (1, 3), we have:

1(0r, 02) il Lo (R2,(r+1)drdz) Sp ||W||LP(R2,(r+l)drdz)

1

where =5 % And apply Sobolev embedding, we have:

1
P
ol Lare,(r4iydraz) Sp Wl Le @2, (r1)drdz)

where £ =1 — 2,
q P 3

Observe that for p € (1, 2], due to the decay of -y, apply Holder’s inequality,
we have:

1
lwll e ®2,(r+1)drdz) Sp 17 w22
Thus, take p = g, q = 6, we have:

1
r+41

1 _z 1
| Pl SUE el ro@e rrpyaraz S 1 Il

<
SDZHL% S

Thus we obtain the control for the first term.

For the term II, recall that the 2D Biot-Savart kernel Kgg,, € L2 (R?),
thus for p € (1,2), we have:

107 92)¢ll Lo 2y S IwllLe g2y Sp llwllzz

where 1% = % = % Then, apply Sobolev inequality, we have:

el -2 S llwllzr@2) Sp llwllzz

where || - ||CQ, 2 denotes the homogeneous Holder norm. Since ¢ is defined
p

up to a constant, and adding a constant does not change the value of term
11, thus, we could assume that ¢(0) =0, and for R >0, ¢ > 1, p € (1,2),
we have:

2242
el LaBory) Sp R4 w2
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To estimate V(p; — ¢), we introduce a cutoff function to extend the region
into whole space. Let x € C§°(R?), satisfying:

o =1 Xlsg1) =0
For | > 8R, take x;(z) := x(%), then:

1

Al(pr—w)xi] = IR

G Oroixi+2V (1 —p)-Vxi+(o1—9)Axi

1
r+1
By Holder’s inequality and Sobolev embedding, we have:

V(e = @)z, S IV — e)xallle @2y S 1AL — e)xalll 3

and since Vy; S %, Ax; S l%, we have:

~

1ALer = )xalll 3
l
2
< mlledl 3+l )+ 7l 5 +16] )
~ 2 Pi L% ¥ L% I Pl L% 2 L%
2 2 2 2
Thus, we apply the estimates above,
z 3
H<Pz||L% S ol Lae (rrtydrdz) S 2 llwllez
2
Let p= %7 q= %a
3
Il 5 S 1ol
2
Similarly,
_1 2
||V<Pl||L% S U sVl Le e (rriydrdz) S 12 ||W||L2,
2
8 8
196l 5 <IEIVel 5 <1l
1 1
2 2
thus, we obtain the decay with respect to [ for term I1.
4 Directly from Lemma (@)
Thus, Lemma (@) yields Proposition (@) O

5 Instability: From Euler to Navier-Stokes

As mentioned in the strategy part, the linearized operator of Navier-Stokes
equation formally approaches the linearized operator of Euler equation while
the amplitude of the velocity profile is sufficiently large. In this section, we will
give a rigorous statement of the idea above.
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5.1 Vorticity Instability

For [ sufficiently large, we fix U to be the 3-dimensional axisymmetical-no-
swirl velocity profile associated with @; with respect to coordinate (r/, 2):

Ulr',2) ==a] (v =1, 2)e, +aj(r' —1,2)e,

and € is its corresponding vorticity field
Let L2 . denote the set of L? integrable axisymmetrical-pure-swirl vector
field on R”:
L2 ={Q%(, 2)eg|Q’ € L*(R?)}

aps
We consider the base profile with relative amplitude f, i.e._the operator is

linearized around SU, take curl on the operator Lg, defined in (B.4) and restrict
it on the set of L2 __, we obtain the following operator:

aps?
L@ DALY — L3
1 _ _
Q - 5(2+5'V§)Q+AQ—B([U,Q]+[U,QD

where the domain of definition:

D(L{Y) = {Q € L2, N H2(R®)[¢ - VeQ € L*(R%)}

vor aps

the lifted velocity field U := BS34[?], and the bracket:

[figl:=(f-V)g—(9-V)f

We could decompose the operator into the following terms and a multiplica-
tion by constant:

_ 3¢ _ 7
DQ=(5+3 VO +AQ MQ=-U-VQ 5.)
SQ=0Q-VU+Q-VU KQ=-U-VQ

D is the diffusion term, M is the main term, S is the small term, and K is
the compact term. Observe that D — A is a skew-adjoint operator.
Finally, we define:

1 1 1
Tp = BD+M+S+K=6(L5§3_4)

and we could define the formal limit when 8 — oo:
T =M+S+K
where the domain of definition is

D(Tw)={Qe L2 |U-VQe L?}

aps
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We could view T, as a lift of L; into 3-dimensions, and the part S is exactly
a part of S; whose smallness could be obtained by slightly modifying the proof
of Lemma (K.2). Thus, we could fix [ sufficiently large, such that:

o= sup R(A)>p:=|S[rz —r2(re) (5.2)
A€o (Too)

From now on, we consider [ and U as fixed and satisfying the estimate (@)
Now we state the instability of self-similar Navier-Stokes equation:

Theorem 5.1. Let Ao be an unstable eigenvalue of T, such that R(A) > w1,
then for all € € (0,R(Ao) — 1), there exists By > 0, such that for all B > Bo,

Tps has an unstable eigenvalue Ag such that |A\g — Aso| < €, and L) has an
unstable eigenvalue defined by

~ 1
Ag = PAg + 1

We could see that the theorem above is analogous to Proposition (@), also
of type (K.3), thus, we need the following lemma concerning the resolvent set
and pointwise convergence to ensure condition (1) and (2):

Lemma 5.1. For all 8> 0 and A € {R(\) > u}, we have:

[A=B"'D-M— S)71||L§ps—>L2 <(RA) —p)

aps

and for all Q € L?

apss We have:

A=BD-M-8)"10 — A-M-S8)"'Q in L*(R?)

B—o0
locally uniformly on A € {R(A) > u}.

Proof. Consider Laplace transform to give the explicit formulation of resolvent:
Given Q € C§°(R?)3 N L2, consider the Cauchy problem below:

aps’
3 _
8793—6_1 (A+4+§V§> Qg+ U-VQg—SQ=0
Qﬁ (Oa ) =
Since all U, € and the initial value  is smooth and compactly supported, the

solution is smooth with sufficient decay in space, and satisfies the equation in
classical sense. by the standard energy estimate, we have:

1 _
01972 + 8712017 < 1I8Q(N)22[195(7) 22 < plls(7)IIZ:
Use Gronwall’s inequality, we have:

1925(7)[| > < €7 ||| 2
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Then, the following integral is well-defined. By integration by parts , we have:
A-p'D-M-8)"'Q= /OOO e M Qg(r, - )dr
apply Minkowski inequality, we have:
(A= 67'D — M - 8)71Q| 12 < / T e () [ padr < (RO — )

To examine the convergence, we consider similar schema for the non-diffusion
case 8 = oo:

0:Qo0 + U - VQso —S0s =0
Q(0,) =Q

which could be viewed as a transport equation whose coefficient function is

smooth and compact supported, with a compact supported perturbation term,

thus the solution 2 is compactly supported in space and smooth in time and
space. Similarly, we have the same energy inequality, and:

A-M-8)"'0= / e Qoo (7, )dT
0
The error function Qg — 2. satisfies the following equation:
(37—5_1 (A—ki—kf-Vg) —l—U-V—S) Qs — Q)
—1 3 -1
=p A+Z+§v§ Qoo =27 F

where F' is smooth and compactly supported in space. Then, standard energy
estimate tells us:

1 ~
5071125 — Qoo [72+871 125 — Qo7
< ulls = QoollF2 + B7HE, Qs — Qo) 12

_ 1
< 925 = el + 57 (19— Ol + JIFTE )
absorb the || - || 41 term, we have:
1 2 2 1 2
501 = Qecllze < 125 = QeollZe + 7511

by Gronwall’s inequality, we have:

Qs — Qoo —> 0 in L2 (R4, L*(R?)?) (5.3)
B—o00
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Split the integral into two parts, and apply Minkowski inequality:

IA=B7"D-M-8)"'0— (A-M-8)"'Q|

T oo
S/O e (95 — Qoo)(T)lledTvL/% e (1(28) (P22 + [1(Qe0) (T) | £2)dT

The convergence of first part comes form (@), and the smallness of second part
comes form the energy estimate for A € {f(\) > u} locally uniformly. O

By the reasoning (@), we have that:
ess(Tp) € {R(A) < p}

and the remainder of its spectrum is consisted of discrete eigenvalues with finite
algebraic multiplicity.
Now we set ourselves in the setting of Lemma (@), let:

MBZﬁ_lD—‘rM—‘rS, Kz =K, S[g:O

by the similar argument of extracting subsequence by contradiction, we get the
conclusion of theorem (b.1).

5.2 Return to Velocity Form

In the following discussion, it’s more convenient to work on the original

linearized operator (B.4) which acts on the velocity fields, we introduce the

amplified operator Léf )

L) : D(Lg)

SS

- L2
U . %(1+£-V§)U+AU—6P(U~VU+U-VU)
where
L2 ={ue L*(R*?V u=0}
and the domain of definition is:
D(Lg) = {U € L2 N H2(R?)3|¢ - VU € L*(R?)*}

The following corollary identifies the unstable eigenvalue of Lg,ﬁz and L

Corollary 5.1. In the setting of Theorem @), for B > By, the unstable
etgenvalue 5\3 18 also an unstable eigenvalue of Lgf).

Proof. By choose §y sufficiently large, we could assure that §R(5\ﬂ) > 1, denote

the corresponding eigenfunction as 25 € D(L\(,@), then we have:

(3= 1) = 5 Vel — A = (0,0 + (U5, 2 = (54)

34



we could see that BS34[Q23] is the eigenvalue corresponding to 5\5 of Lgf ) as long

as BSs4[Qs] € D(L{).

Firstly, we have BS34[Qs] € H'(R?)?> N H3(R?)? and V - BS34[Qs] = 0,
thus we only need to prove that BS34[Qs] € LP(R?)? for some p < 2, then,
by interpolation argument, we could obtain that BS34[Qs] € H?(R3)?, and
€ - VeBS34[Qs] € L?(R?)3 comes from the equation

(;5 _ % _ g Ve A> BS34[25] = BS34[F]

and the fact that F' € L*(R3)3 is compactly supported, thus BS34[F] € L?(R?)3.
By Sobolev embedding W1 (R3) < L2 (R?), it is reduced to prove that
Qp € L*(R?). We apply the inversed self-similar transform:

h(t,x) := tS““lQB (;) , g(t,z):= tro2p (xl)

ta
then, we have the following heat equation:

Oh(t, ) + Ah(t,z) = g(t, z)
h(t,z) =0

the initial data comes from the fact that
. — R(s)—}% +
1At )l 2 @sys =t 71|92l L2 e)2 = 0

we could represent g in the following Duhamel form:

1
Qs =h(t) = /0 =92 g(s)ds
notice that
19(s) |1 msys = XD 72| F(s)|| 1 msys < |F(s)||iqmsys Vit € [0,1]

and for ¢ > 0,

=2

etAf _ .7:71(67“5‘2) * f = (47Tt)7%67 i x f

is a convolutional operator whose L' — L' norm is uniformly bounded by 1,
thus Qg € L'(R3)3. O

6 Nonlinear Instability: Conclusion
In the previous chapters, we have studied the instability property of the

linearized operator Lgs defined in (B.4) with a given background real, compactly
supported velocity profile SU with § sufficiently large. Now, we want to apply

35



this property into our self-similar equation (@), and obtain the asymptotic
behavior when 7 — —o0.

We use the notion introduced in (@) and (@) to separate the physical
space and self-similar space.

We would like to have the following schema:

given a real compactly supported velocity profile U for which the associated
linearized operator Lgs has an unstable eigenvalue . We would like to choose it
to be the eigenvalue with largest real part.

Choose U'M (1, 1) = R(e N n(x)) # 0, where n is the corresponding divergence-
free eigenfunction associated with X\, with non-degenerate real part. Then, we
have:

aTUlin — LSSUlin

we could write it into U = eTLe=[Un| _]”, where e

will study later on.
we would expect the perturbed solution of the self-similar equation (@) s of
the form

ss is the semigroup we

U= U+ Ulin + prer

where the perturbation term UP" is small of order o(e®(\)T) as T — —oo. The
extra smallness ensures that U and U are not identical
We formulate the argument as follows:

Theorem 6.1. Given U € C5°(R3 R?) to be a real, smooth, compactly sup-
ported, divergence free velocity profile. Suppose that the associated linearized
operator Lgs : L2 — L2 has an unstable eigenvalue X\, then, \ could be chosen
to be mazimally unstable, that is,

R(A)= sup R(z) >0

z€0(Lgs)
and statement (2) in theorem @) holds.

In the following sections, we will introduce the semigroup generated by the
operator Ly and finally construct UP®" via fix point argument.

6.1 Study of the Linearized Operator

In this subsection, we study the spectrum of the linearized operator Lgs :
D(Ls) — L2, which is closed and densely defined. In the light of Lemma
(@, the spectrum of Lgs is bounded in the right and the norm of its resolvent
is of order O(R(z)~1). Apply Hille-Yosida’s theorem, the operator generates a
semigroup el : [2 — L2. For detailed proof, please refer to [JS13, Chapter 2].

We define the right spectral bound of Lgs as:

$(Lgs) :=sup{R(A)|A € 0(Lgs)} > 0
and the growth bound for the semigroup:

wo(Lgs) == inf {w € RIAM > 0, [[e7"

L2z < Me¥T}
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Proposition 2.2]. In fact, by [Kat66, Corollary 2.11] and [JS13, Lemma 2.7], we
have $(Lgs) = wo(Lss)-
We conclude the spectral property by the proposition below:

It is intuitive that s(Lss) < wa(Lss), for detailed proof, please refer to [ENO1,

Proposition 6.1. We have s(Lys) < 00, and there exists an eigenvalue A =
$(Lgs)+1ib € o(Lgs) and its corresponding eigenfunction n = n +ing, 1; € D(Lgs)
such that Lgsn = .

Moreover, for § > 0, there exists M(6) > 0, such that:

TLgs

e 12rz < M(5)6(<9(Lss)+6)7

As there is a dispersion term in the formula of Lgs, we could expect parabolic
regularity:

Proposition 6.2. For any integer oo > o1 > 0 and 6 > 0, then there exists
M = M(oy,02,6), for all Uy € L2 N H(R3)3, we have:

||erLss Uoll o> < e(S(LSS)+6)T||UO||HC,1

92—91
2

T

Proof. To ease notion, we denote U(7,-) := e"L=Uy € C(R,, L2). Instant to see
that for small 7, 7~ 2 is dominating, for large 7, e(*(Ls:)+9)7 i5 dominating.

We start by studying its short-time behavior, since the linearized equation
is more neat, we return to the physical space, starting at 7 = 0:

1 T 1 — T
- — U
Vi+1 Vit+1 Vit+1 (\/t—|—1

Observe that u(0,z) = U(0,z) =: Up(x), then, we have the following equation:

u(t,z) = U(log(t +1),

), alt,x):

)

{Gtu —Au=—P(@-Vu+u-Va), (tx)€]0,00)xR3
u(0,z) = Up(x)

We observe that for ¢ € Ry locally, @ is smooth and uniformly compact
supported, thus the source term lies in C (R, H~1). Thus there exists a solution
in C(Ry, L2)NL? (R, H'(R?)3), by the uniqueness of Duhamel’s formulation,
we have that u lies in this space also.

Here we apply an bootstrap argument, for almost everywhere tg € R, we
have u(tg) € H'(R?)3, then, consider solving the same equation with initial

condition at ¢, since the source term lies in L? (R, L?(R?)3), deducing that:

u € C([to, +00, H)) N L2 .([to, +00), H?*(R?)?)

let tg — 0, we have:
u € C((0,+00), H'(R*)?)

Thus, we write the solution into the following Duhamel form:

t
u(t) = et2Uy — / eU)AP(4 - Vu + u - Vi)ds
0
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recall the parabolic regularity for the heat semigroup, which could be easily

deduced form the convolution form by induction:
t5 e fllgre < 1 fze

Thus, for ¢ € [0,T] we have:

t
[u®llze < [Gallze + CO.1) [ (Jus)lzs + (¢ = 5)Hus)] ) ds
0
since t72 is locally integrable, apply Gronwall’s inequality, we have:
lu(®)llz2 < C(U, D)ol

Similarly, for H' norm,

t
s < ¢ 40z + OO ) [ (e + =) H )]0 )
apply again Gronwall’s inequality,
% [u(®)l g < CW0,T)|Voll»
By differentiating the equation, we could similarly prove that, for k € N,
12 @)l s < O T 0)|[Uol

for k > m € N, dividing the time interval [0, t] into k —m pieces of same length,
apply the estimate above to each sub-interval, we have:

k—m —
7 [lu(?) HHk <CU,T,k, m)HU(]HHm
which yields that, in self-similar variables, for 7 € [0,log(T + 1)],

(eT _ 1) k—zrn _
) T W@lan < OO, Tk m) Vol
We restrict ourselves to T = e? — 1, then, by Taylor series, (e” — 1) 2" ~ 772",

and the denominator is bounded, thus

k—m

T2 UM g < OO k,m)|Uoll g 7 €10,2]

then, by a simple interpolation argument, we could replace H* norm with H*
norm.
Then, we study the long-time behavior: for 7 > 2, k > m, we have:

U@ ax = [l (T VE) Vgl g < CU, k)| e VEUp| 2

< C(U,k,8)elm D@+ 1170
_ eT(s(Lss)+9)

S C(U, k,m,d)j||Uo\|Hm
where the second last inequality is deduced from Proposition (@), and the last
one comes from the fact that exponential is growing faster than any polynomial.

Combine the two cases above, we obtain the desire conclusion. O
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As a corollary of the proposition above, we have the eigenfunction 7 corre-
sponding to \ satisfies € H*(R3)? for all k € N, and,

[0 ()l = R m) e = €[ R(E ) s ~ 7 (6.1)

6.2 Construction of the Nonlinear Profile

In this subsection, we study the equation satisfied by the perturbation term
in the self-similar variables:

0, UPT + L U = —P[(UP + U™) - V)(UP + U™)] (6.2)
and the initial condition is formally:
UP*(—o0) =0
We state the existence and decay of UP®" as the proposition below:

Proposition 6.3. Assume that N > g is an integer, then, there exists lifespan
T =T(U, UM N)€R, eg = €o(s(Lss)) > 0, such that ) admits a solution
UP € O((—o0, T], HN (R3)?), and we have the following estimate:

TP () | < eCEeITOT yr <

To ease notion, we assume all constants depend on U, U™ and N, which
are now fixed. Let T € R and ¢y > 0 to be two undetermined constants.
Consider the norm with desired decay in time:

U]l x := sup e~ et |17 10
7<T

and the associated Banach space:
X :={U € O((—o00,T], HY (R*)*)||U | x < +00}
We study the following functional:
TU(T) := _/T TILPI((U + UM) - V)(U + U™)(s)]ds
We want to show that the map is indeed a contraction:

Proposition 6.4. There exists T = T(U,U"™ N) € R and ¢y = ep(s(Lgs)) > 0,
such that:
T {U e X||U|lx <1} > {U € X||U|x <1}

is a contraction.

Proof. Recall that for M > %, HM(R3) is a Banach algebra, i.e. for f,g €
HN(R?), we have:
1 gllmar Sar 1f 1 llgll pras

use the inequality above, we estimate the Duhamel form term by term:
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1 The quadratic term:

e LB [(U () ¥

~—

U(s)]ll
(r — 5) " 2o+ (U (5) - VYU (5)] -1
(r = 8) 72 @)= 7 (5) | U (5) | prv -
( —3e(s@a)te)(T49) | 7|12

AR ZANRIA

T —35)

2 The linear terms:
e E=P(U(s) - VYU (s) + (U(s) - VIU™ ()] | gy
e(s(LSS)J"EO)(T_S)

Y (r—s)3

< (T o s)—%e(s(Lss)-&-eg)r-&-s(Lss)sHUHX

H(Ulin(s) -V)U(s)+ (U(s) - V)Ulin(S)HHN—l

3 The constant term:

He(T—s)Lss]P)[(Uhn( ) )Ulin( )] ||HN
(1 — 5)7 2l H) T (U (5) - V)T (5)] | prov s
(T—s)" % (Lus)+€0) 7+(5(Lss) —€o) s

w\»-t

IZANRZA

Thus we could simply choose ¢y = %S(LSS), and we could choose T sufficiently

small such that
T s(LSQ)s'
/ 7d8 <1
o (T— )}
then we have 7 maps the unit ball of X to itself.
Similarly, for the contraction, assume that U,V € X, we have the following
estimate:
[eT=IEPU(s) - V)U () = (V(s) - VIV ()] v
S (7= s) 72l T (|| x + || V][x)|U = V| [x
S (1= ) 2t T — V||

and,

le= BB () - VYU = V)(5) + (U = V)(s) - VU (3)]l 71

(5 (La) 0 (1) 5 (Liss) s
~ 1 HU - V”X
(T—s)2

Then, we could choose T sufficiently small such that 7 is a contraction. [
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Apply fix point theorem, Proposition (@) is a direct corollary of the con-
traction property.
Indeed, repeat the norm estimate, we have:

sup e T (7) g < o0
TE(—00,T]

Since UP" is a fixed point of T, it satisfies the same estimate, thus the decay
rate of |[UP|| g~ is actually O(e?*(L=)7).

Combine all the conclusions we have obtained, the proof of Theorem (@)
is done.
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A Appendix: Preliminaries in Spectral Analysis

We recall some properties in spectral analysis for unbounded operators, for
detailed proof, please refer to T.Kato’s book [Kat66].
Here are the useful facts of the spectrum:

Proposition A.1. For all linear operator L, o(L) is closed, and the following
operator-valued function is holomorphic.
Ry :res(T) —  L(H)
z = (T —2)""

Proposition A.2. For a bounded linear operator L : H — H, we have:

1
sup{|zl|z € o(L)} = lim_[L"],_,,,

Proposition A.3. For a closed normal operator L : H — H, i.e. LL* = L*L,
for X € res(L) we have:

[ = L) Hlpon = d(A, o (L)~

Proof sketch. Firstly, we recall that, for a normal operator L,

1
lim (L7139 = [1Lll—n

n—r oo

For A € res(L), we have (A — L)~! is a bounded and normal operator, and
observe that for z € Z,

z2—A=L)'=0\-L)"'(2A - 1—-zL)

thus, we have:

_ 1
o(A=L)7) = {2 € o(L)} U {0}
Apply the proposition (@)7 and we obtain the conclusion. O

The following spectrum structure theorem for compact operators is useful:

Proposition A.4. Let H be a infinite-dimensional Hilbert space, K : H — H
i$ a compact operator, then we have:

1
0€o(K)

o(K)\{0} = 0p(K)

and zero is the only cluster point of o,(K).
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3 0,(K) is consisted of countable isolated eigenvalues with finite algebraic
multiplicity.

From the structure theorem above, we could easily obtain the following corol-
lary by projecting onto eigenspaces:

Corollary A.1. FEvery compact operator is a limit in operator norm of a se-
quence of finite-ranked operators.

[Kat66, Chapter 4] has provided us with some powerful tools:

Proposition A.5. Given a closed linear operator L on a Hilbert space H and
T a compact operator, then:

1 0ess(L) C C is closed, in each connected component z € A of C\oess(L),
either L — z is not invertible everywhere in A, or L — z is invertible except
isolated points.

Oess (L + T) = UeSS(L)

Remark A.1. Thanks to the proposition above, we are going to use frequently
the following reasoning:
Consider a closed linear operator L define on H, and assume that:

Oess(L) C {zx € C|R(z) <1}

Then, we perturb L with a relative compact operator T, and a priori, we have
that L + T — z s invertible for large z € R, which remains true when L is a
bounded perturbation of a asymmetrical operator. Then,

ess(L+T) C {z € CIR(z) <7}

and the remaining spectrum of L + T consists of isolated points of finite order

in {x € C|R(z) > r}.
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B Appendix: Technical Tools

B.1 2D Radial Fourier Series

Since in polar coordinate, (r,6) € Ry x R\27Z, we could apply the Fourier
series to the angular variable, to obtain a decomposition of L?(R?) with rota-
tional symmetry:

Theorem B.1. For f € L*(R?), writing in polar coordinate (rf), we have:

f(r,0) = Z fe(r)e™™*0 in L*(R?)

kez

where,
1 27

fr(r) = by ; fr, 9)eik0d9 € L*(Ry,rdr)

And further satisfies the Plancherel identity:

111722y = 27 Y el 2 e, ran)
kez

Proof. For ¢ € L*(T,C) where (T = R/Z), we define
1 .
Ok :/ o(t)e 2™kt ke Z
0

wg is called the k—th coefficient of the Fourier series and Z ©re? ™kt the

keZ
Fourier series.

If ¢ € C°(T,C), and if Z lor| < oo, then the function series Zcpke%’”“t

kEZ kez
converges uniformly to ¢ on T.

Moreover,

1
¢ € C¥(T,C) = o} = —4k’n’p, = o1 € O(z) = > k| < o0
kEZ

Thus, the restriction of the linear map (p € L*(T) — Z ore’ ™t ¢ LX(T))
kezZ
on C?(T) is the identity.
Because of the uniqueness of a continuous extension

L2(T) () C*(T) = L*(T)
we have

p(t) =Y pre”™ Vo € L*(T)
kEZ

44



Finally, for f € L?(R), we have f(r,2r-) € L*(T) for almost all r, so,
Fr,0) =" fulr)e™™ € L*(R)

keZz

B.2 Generalized Young’s Inequality

In this subsection, we want to consider the behavior of convolution product
of the form |z|~% * f in dimension d with 6 > 0, which the normal Young’s
inequality could be applied to, since 2~¢ doesn’t belong to any LP space.

But we could see that |z| =% satisfies the Markov inequality, thus it is ”almost”
in the space L% . We consider the weak LP space defined with this intuition:

@)= {7 e MELE Bz 0 0 mllf 2 < 5 B)

where M(RY,B,m) denotes the set of measurable functions with respect to
Borel g-algebra, and m is the Lebesgue measure. Define the norm:

Hf”Lﬁ,(Rd) := inf {C >0

C
o m({lf] 2 b < 1 |

We have the following generalized Young’s inequality for weak LP norms:
Proposition B.1. Let p,q,r € (1,00), satisfying + + 1 = % + %, then there
exists C > 0, for f € LP(R?), g € L9 (R?), we have:

I * gllzr@ay < CllfllLe@allgll, @e
For detailed proof, please refer to [Grald][Theorem 1.4.25].

B.3 Bogovskii’s Operator

We want to solve the equation
V-f=g
Bogovskii has developed an operator in [Bog80] to treat this problem under

certain constrains, now we give a brief state for the general N-dimensional case:
Firstly, we fix p € C5°(RY ), to be non-negative smooth function with com-

pact support, such that
/ p(z)dz =1
RN

It will serve as a local convolution kernel.
For f € C5°(RY), we define the following operator:

B = [ s [Tl (e 2 ) ary

lz —y|NV lz -yl

We have the following proposition:
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Proposition B.2. The operator above defines a linear mapping:
B:CRY) — CE@RNRY)
f = Bf

and satisfying the following identity:
VeBf=f-p [ flays
RN

Furthermore, for all R > 0 we could choose proper p € C§5°(RY), such that:
feCF(Bo(R)) = BfeC5(Bo(R))

Proof. Observe that the integral is not well-defined directly, since the function
ﬁ has a singularity at point z = y.
For x fixed, since the integral in r only take place in a line of finite length,

thus there exists a constant M > 0, such that:

| o= +n¥ ( Lty ) dr < M, Vy € supp(f)\fa}
0 |$ —y|

as a consequence,
zT—Yy > N-1 r—Yy 1 N
|l‘—y|N 0 (‘l’—y‘—‘r?”) p x+r|x—y| dTeLloc(]R )

since f € C§°(RY), the integral is absolutely integrable.
We then prove that Bf is compactly supported. By change of variables, we
could write Bf in the following form:

B/ = [ -0)f) [ oyt rle -y taray

Note that the integrate of variable r take place on a half-line I, , starting
at = with direction  — y in RY. Thus, for |z| sufficiently large, we have:

y € supp(f) = I, Nsupp(p) =0

concluding that B f is compactly supported.

Furthermore, we could choose that supp(p) € Bo(g), apply the same argu-
ment, we could also obtain that supp(Bf) € Bo(R).

The smoothness of Bf comes from the following facts: by change of variables
y—x—y,

_ N N-1 Y
Bf(z) = RNf(@" y)|y|N/0 (ly| +7) p<x+r|y|>drdy

since f,p € C5°(RY), by the interchangeability of integration and differentia-
tion, Bf is smooth.
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It remains to prove the property of V-Bf. By direct computation, we have:

Vi) = [ il [T+ (a4l ) aray

/ flz—=y)lyl™ N/ (y|+T)N1y-Vp<m+r|y|>drdy

observe that the integral above has a singularity at y = 0, we cut away a ball
By(€) centered at y = 0 with radius €, and finally we would let € — 0.
Firstly, for the remainders, since the integral above is well-defined,

i [y Vi)l [yl p<x+r>drdyo
€=0./By () 0 |yl
i [ -l [ <|y|+r>N-1y~v,o(x+r)drdy—o
€0 JBo(e) 0 |y

Apply divergence theorem to the first term outside the ball:

oo Tre =l [l 0¥ (40 LY aray

:/ e‘N“f(rc—y)/ (lyl +m)N"1p <w+7") drdy
By (e) 0 lyl

b0 [ gl [Tl 2 (e L) ary
BN\ Bo(c) 0 lyl

and integration by parts to the second term:

Jesmo =™ [l +0)% -9 (x + T||> drdy
0

[t [ o (o) aray
RN\Bo(e) 0 [yl

——(N-1 — N [T ( 7’>dd
N [ sl [l 2 (e ) dry

— p(x) /RN\BO(E) flz —y)dy

For the behavior of the terms, we have:

iy [N = S [ ( ¥ ;) drdy = 0

e—0 BB() (E)

o0
/ e_N'H/ (|y|+r) p(x—i—r > drdy
9Bo(e) 0 |yl

= / / (e + ’/‘)N71 (x + yr)drdy — ply)dy =1
B()(l

e—0 RN
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Combine all the computations, we obtain the desired result.
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