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Abstract

Vorticity plays a prominent role in the dynamics of incompressible viscous flows. In
two-dimensional freely decaying turbulence, after a short transient period, evolution is es-
sentially driven by interactions of viscous vortices, the archetype of which is the self-similar
Lamb-Oseen vortex. In three dimensions, amplification of vorticity due to stretching can
counterbalance viscous dissipation and produce stable tubular vortices. This phenomenon is
illustrated in a famous model originally proposed by Burgers, where a straight vortex tube is
produced by a linear uniaxial strain field. In real flows vortex lines are usually not straight,
and can even form closed curves, as in the case of axisymmetric vortex rings which are very
common in nature and in laboratory experiments. The aim of this chapter is to review a few
rigorous results concerning existence and stability of viscous vortices in simple geometries.

1 Introduction

Since the pioneering work of Helmholtz [24], vorticity has been widely recognized as a quantity
of fundamental importance in fluid dynamics, especially for turbulent flows. According to a
famous quote by Kiichermann [28], “vortices are the sinews and muscles of fluid motions”.
Intuitively, vorticity describes the local rotation of fluid particles at a given point. In the
Eulerian representation, if u(x,t) denotes the velocity of the fluid at point x = (21,2, 23) € R3
and time ¢ € R, the vorticity is the vector w(x,t) = curlu(x,t) = V A u(x,t). Under the
evolution given by the Navier-Stokes equations, the vorticity satisfies

Brw(x,t) + (u(x, 1), VIw(x, t) — (w(x, 1), V)ux,t) = vAw(x,t), (1.1)

where v > 0 is the kinematic viscosity of the fluid, i.e. the ratio of the viscosity to the fluid
density. In the incompressible case considered here, the velocity field satisfies divu(x,t) = 0
and is thus entirely determined by the vorticity distribution up to an irrotational flow. The
Biot-Savart law is a reconstruction formula that expresses u in terms of w, depending on the
geometry of the fluid domain and the boundary conditions. In the whole space R3, if the vorticity
distribution is sufficiently localized, the Biot-Savart formula reads

u(x,t) = —% /R 3 (x _‘}y()_A;‘y’g(y’t) dy . (1.2)

In viscous fluids, vorticity is usually created within boundary layers near walls or interfaces,
or in the vicinity of a stirring device. Once produced, vorticity can be substantially amplified



by the local strain in the fluid, through a genuinely three-dimensional mechanism that is often
referred to as “vortex stretching”. A Taylor expansion of the velocity field at a given point xg
reveals that

u(x,t) = u(xo,t) + %w(xo, £) A (% — xo) + (Du(xo, £)) (x — x0) + O(|% — x0[2)

where Du = %((Vu) + (Vu)T) is the deformation tensor, whose eigenvalues 71,2, y3 are called
the principal strains at xg. Incompressibility implies that vy; 4+ 2 + v3 = 0, so that two generic
situations may occur. If two principal strains (say, 1 and 73) are negative and the third one is
positive, vorticity gets amplified at xg in the direction of the principal strain axis corresponding
to 3. That stretching mechanism can compensate the viscous dissipation and result in the
formation of stable vortex filaments, a typical example being the Burgers vortex [2] which will
be studied in Section 4. In contrast, if two principal strains are positive at xg, the stretching
effect leads to the formation of vortex sheets, which are also commonly observed in turbulent
flows although they undergo the Kelvin-Helmholtz instability at high Reynolds numbers. Vortex
sheets play a prominent role in interfacial motion and boundary layer theory, and the interested
reader is referred to the chapter entitled “The Inviscid Limit and Boundary Layers for the
Navier-Stokes Flows” for further information.

In the present chapter, emphasis is put on vortex tubes or filaments, for which vorticity is
essentially concentrated along a curve with no endpoints in the fluid. In general, the curve will
evolve with time, because it is advected by the flow. According to Helmholtz’s first law, the
total circulation of such a vortex filament is constant along its length, and is also independent of
time as long as the viscous effects can be neglected. This very important quantity, often denoted
by I', can be defined as the flux of the vorticity vector through any cross section of the vortex
tube, or equivalently (in view of Stokes’ theorem) as the circulation of the velocity along any
closed curve enclosing that tube. The ratio & = I'/v of the total circulation to the kinematic
viscosity is a dimensionless quantity, sometimes referred to as the circulation Reynolds number,
which measures the strength of the vortex and plays a crucial role in stability issues.

Since vortex filaments have no endpoints, they must either extend to the fluid boundary,
or to infinity, or form closed curves. In the simple situation, already considered in [24], where
all vortex lines are straight and parallel to each other, the velocity and vorticity fields take the
particular form

ul(xl,wg,t) 0
u(x,t) = | ug(r1,z2,t) | , w(x,t) = 0 , (1.3)
0 w(zy, z2,1)

where x = (z1,29) € R2 and w = djus — dau;. Here the coordinates have been chosen so that
the third axis coincides with the direction of the vortex filaments. The evolution equation for
the scalar vorticity w(x,t) is

Oww(z,t) + u(z,t) - Vw(z,t) = vAw(z,t), (1.4)

where u = (u1,ug) satisfies Oyuj + daug = 0. If the vorticity distribution is sufficiently localized,
the two-dimensional velocity field u(zx,t) is given by the 2D Biot-Savart law

T — 1
w(zt) = - / TV b dy, (1.5)

27 R2 |CU—Z/|2

where 21 = (—x9,71) and |z|? = 22 + 23. Eq. (1.4) is just an advection-diffusion equation for
the scalar quantity w, hence (by the maximum principle) no amplification of vorticity can occur



in the two-dimensional case. As a consequence, all localized vortex structures will eventually
spread out and decay, since there is nothing to counterbalance the effect of viscosity. A typical
example is provided by the Lamb-Oseen vortez, an exact self-similar solution to (1.4) of the form

w(z,t) = %G(\/%_t) u(z,t) = \/%”G(\/%) (1.6)

where the vorticity and velocity profiles are explicitly given by

1

G(§) = % e IeP/e (&) = % é? (1 - e*|£|2/4) , £ €R%, (1.7)
Note that [p» G(£§)d€ = 1, so that [p, w(x,t)de =T for all ¢ > 0, in agreement with the general
definition of the total circulation I'. The Lamb-Oseen vortex plays a distinguished role in the
dynamics of the two-dimensional vorticity equation (1.4), for two main reasons. First, it deserves
the name of fundamental solution, in the sense that it is the unique solution of (1.4) with initial
data wy = 'y, where §y denotes the Dirac measure at the origin. Next, it describes to leading
order the long-time asymptotics of all solutions of (1.4) with integrable initial data and nonzero
circulation [19]. If self-similar variables are used, the Lamb-Oseen vortex becomes a stationary
solution of some rescaled equation, and its stability properties can then be studied using spectral
theory and other standard techniques. This analysis is presented in Section 2 below, and serves
as a model for further existence and stability results in more complex situations.

Another relatively simple and mathematically tractable situation is the axisymmetric case
without swirl, where the velocity field is invariant under rotations about a given axis, and under
reflections by any plane containing the axis. Here all vortex lines are circles centered on the
symmetry axis and normal to it. Using cylindrical coordinates (7,6, z), so that r represents the
distance to the symmetry axis and z the position along the axis, the velocity and vorticity fields
are given by

u(x,t) = up(r,z,t)e, +uy(r,z,t)e,, w(x,t) = wy(r,z,t)eq, (1.8)

where e,, ey, e, denote unit vectors in the radial, toroidal, and vertical directions, respectively.
As in the two-dimensional case, the vorticity vector has only one nonzero component wy, which
satisfies the evolution equation

we

U
Qg+ u - Vwg — —wg = I/(AW@ — —2) , (1.9)
r r
where v -V = 4,0, + u,0, and A = 63 + %ar + (9? denotes the Laplace operator in cylindrical
coordinates. The velocity u = (u,,u,) can be expressed in terms of the axisymmetric vorticity
wy by solving the linear elliptic system

1
8ru7" + —u, + azuz = 07 azur - 87’“2: = Wy, (110)
T

in the half-plane Q = {(r,z) € R?|r > 0, z € R}, with boundary conditions u, = d,u, = 0
at r = 0. Explicit formulas for the axisymmetric Biot-Savart law exist, see e.g. [6, 16], but are
more involved than in the two-dimensional case. The analogue of the Lamb-Oseen vortex for
axisymmetric flows is the solution of (1.9) with a vortex filament as initial data. This means
that wy(-,-,0) = ['d(; z) where d(; 7y denotes the Dirac measure located at some point (7, 2) € €.
Existence of a global solution to (1.9) with such initial data was recently shown by Feng and
Sverdk [6], and uniqueness can be established using, in particular, the approach presented in



Section 2, see [17]. The reader is referred to Section 3 below for up-to-date results on existence
of axisymmetric vortex rings.

The third and final case considered here is a famous model for vortex filaments in turbulent
flows, originally proposed by Burgers [2]. It is assumed that the velocity field has the form
u(x,t) = us(x) + v(x,t), where uy(x) is a stationary straining flow of the form

Y171 v 0 O
us(x) = | vz | = Mx, M=10 » 0], (1.11)
Y33 0 0 s

where v1 + 2 + 3 = 0 and 1,72 < 0, 3 > 0. According to the discussion above, the strain
(1.11) describes to leading order the deformation rate of any smooth, incompressible velocity
field near the origin, at a given time. Burgers’ model is crude in the sense that it assumes that
the strain ug(x) is independent of time and extends all the way to infinity in space, which is
certainly not realistic in turbulent flows. Nevertheless, the model is interesting because it clearly
illustrates the vortex stretching effect, which in the present case produces a family of stationary
solutions that can be compared with observations in experiments.

If u(x,t) = us(x) + v(x,t), the vorticity equation (1.1) can be written in equivalent form
Ow(x,t) + (v(x,t), VIw(x,t) — (w(x,t), V)v(x,t) = Lw(x,t), (1.12)
where L is the linear operator defined by
Lw = VvAw — (Mx,V)w+ Mw. (1.13)

As divv = 0 and curlv = w, the Biot-Savart law (1.2) can be used to reconstruct the time-
dependent velocity field v from the vorticity distribution w. In addition to the Laplacian, the
linear operator £ includes an advection term that depends linearly on the space variable x,
and a zero order term involving the strain matrix M whose main effect is to amplify the third
component w3 while attenuating w; and wo.

The Burgers vortex is a stationary solution of (1.12) which results from the balance between
the amplification of vorticity due to stretching and the dissipation due to viscosity. In the
axisymmetric case where 73 = v9 = —7v/2 and 3 = v > 0, it has the explicit form

w(x) = F%G(ﬂ:ﬁ), v(x) = I’\/va(x\/W), (1.14)

where I' is the total circulation and

0= o s = L (o) (6 (1.15)
G(¢&) = 0 , v7(&) = 1—e" 13 . 1.15
G(&) 2m|¢? 01

The striking similarity with the corresponding expressions (1.6), (1.7) for the Lamb-Oseen vortex
is of course not an accident. Indeed, if the pair w(x,t),v(x,t) is a solution of (1.12) that is
two-dimensional in the sense that dsw = 93v = 0 and w; = wy = 0, then the pair w(x,t), u(z,t)
defined by Lundgren’s transformation [31]

1 z 1 1 x 1
w(z,t) = — w3 (— , — 10g(*yt)> , u(z,t) = — v(— , — 10g(*yt)> , (1.16)

vt vty vt vy
satisfies the two-dimensional vorticity equation (1.4). In other words, the two-dimensional solu-
tions of equation (1.12), which includes an axisymmetric linear straining field, are in one-to-one



correspondence with those of the two-dimensional vorticity equation (1.4), via a self-similar
change of variables. This observation plays a crucial role both in Section 2, where stability
of the Lamb-Oseen vortex is studied, and in Section 4 where the corresponding results for the
axisymmetric Burgers vortex are presented. There is however an important difference between
both situations: although the Burgers vortex is a two-dimensional stationary solution of (1.12),
there is no reason to restrict the stability analysis to perturbations in the same class. Quite the
contrary, the Burgers vortex can be a relevant model for tubular structures in turbulent flows
only if one can prove stability with respect to general three-dimensional perturbations, and this
is a difficult problem that has no counterpart in the two-dimensional case, see Section 4 for a
detailed discussion.

In the asymmetric case where 1 # 2, Burgers vortices still exist, but their profiles satisfy a
genuinely nonlinear equation and explicit formulas such as (1.14), (1.15) are no longer available.
Thus even existence of such stretched vortices is a challenging mathematical question, which will
also be discussed in Section 4. More generally, all existence, uniqueness, and stability results
available for the axisymmetric Burgers vortex are expected to remain true in the asymmetric
case too, although rigorous proofs are not always available.

Remark 1.1 Although physical constants are useful for dimensional analysis and important for
comparison with erperiments, they often hinder the mathematical analysis by making formulas
needlessly complicated. In Sections 2 and 4 below, dimensionless variables and functions are
systematically used, and this amounts to setting v = v = 1 in all formulas. In particular, the
total circulation of a vortex coincides with the circulation Reynolds number, and will be denoted
by a.

2 Stability of Lamb-Oseen vortices

This section is devoted to the stability analysis of the family of Lamb-Oseen vortices (1.6). These
are self-similar solutions of the two-dimensional vorticity equation (1.4), and their properties
are most conveniently studied if the equation itself is written in self-similar variables £ = 2/+/1,
7 =log(t) [18]. Assuming v = 1 and setting

X

w(z,t) = %w(% ) log(t)> , u(z,t) = % v(\/g, log(t)) , (2.1)

one obtains for the rescaled vorticity w(&,7) and the rescaled velocity v(£,7) the following
evolution equation

8Tw(§7 T) + U(& T) ’ vw(§7 T) = Lw(§7 T) ’ (22)

where L is the linear operator defined by

L:A—i—g-v—i-l. (2.3)
The change of variables (2.1) coincides with Lundgren’s transformation (1.16), except that it
is used here in the opposite way: starting from the two-dimensional vorticity w(z,t) and ve-
locity u(z,t), one obtains the rescaled quantities w(§, 7),v(§,7) whose physical meaning is not
immediately obvious. In addition, the rescaled equation (2.2) looks more complicated than the
original vorticity equation (1.4) because the Laplace operator A is replaced by the Fokker-Planck
operator L. However, from a mathematical point of view, the rescaled equation (2.2) has several
advantages which greatly simplify the analysis. In particular, the operator L has (partially) dis-
crete spectrum when considered in appropriate function spaces, and that observation is crucial



for the stability analysis of the Lamb-Oseen vortex presented below. Moreover, the associated
semigroup e has nice confinement properties, as a consequence of which it is possible to use
compactness methods to investigate the long-time behavior of solutions to the rescaled vorticity
equation (2.2), see [19].

Due to scale invariance, the Biot-Savart law (1.5) is not affected by the change of variables
(2.1). This means that the rescaled velocity v(§,7) can be reconstructed from the rescaled
vorticity w(§, 7) through the formula

1 &t

v(,7) = Kop xw(-,7) , where Kop(§) = %W

(2.4)
By construction, for any o € R, the Lamb-Oseen vortex w = oG, v = av® is a stationary
solution of (2.2). The dynamical relevance of this family of equilibria is demonstrated by the
following global convergence result.

Theorem 2.1 ([19]) For any initial data wg € L*(R?), the rescaled vorticity equation (2.2)
has a unique global solution w € C°([0,00), L'(R?)). This solution satisfies |[w(T)|| 1 g2y <
|lwoll 1 (m2y for all >0, and

lim |Jw(T) — aG|[L1g2) = 0, where « = / wp(&) d€. (2.5)
T—>00 RQ

Theorem 2.1 shows that Lamb-Oseen vortices describe, to leading order, the long-time be-
havior of all solutions of the two-dimensional Navier-Stokes equations with integrable initial
vorticity and nonzero total circulation «. Similar conclusions were previously obtained for small
solutions [22], and for large solutions with small circulation [3]. The first step in the proof con-
sists in showing that the original vorticity equation (1.4) is globally well-posed in L!(R?), that
the L' norm of the solutions is nonincreasing in time, and that the total circulation o = fRQ wdx
is a conserved quantity [1]. Since the change of variables (2.1) leaves the L' norm invariant,
the same conclusions hold for the rescaled vorticity equation (2.2) too. Then, in view of the
confinement properties of the linear semigroup 7%, one can show that the solutions of (2.2) are
not only bounded, but also relatively compact in the space L!(R?). Finally, using appropriate
Lyapunov functions [19] or monotonicity properties based on rearrangement techniques [8], one
can prove that the omega-limit set in L'(R?) of any solution of (2.2) is included in the family
of Lamb-Oseen vortices. As the total circulation is conserved, the omega-limit set is in fact
reduced to the singleton {aG}, which proves (2.5). The interested reader is referred to [19, 23]
for details.

The global convergence result (2.5) is very general, but the proof sketched above is not
constructive, and does not yield any estimate on the time needed to reach the asymptotic
regime described by the Lamb-Oseen vortex. Explicit estimates of the convergence time can
however be obtained if the vorticity has a definite sign [19] or is strongly localized [15]. In the
rest of this section, emphasis is put on local stability results, for which explicit bounds are also
available.

2.1 Local stability results

Theorem 2.1 strongly suggests, but does not really prove, that the Lamb-Oseen vortex aG is
a stable equilibrium of the rescaled vorticity equation (2.2) for any a € R. Stability can be
established by considering solutions of the form w = aG + W, v = av® + ©. The perturbations
satisfy the evolution equation

0o+ 0V = (L — al)d, (2.6)

(@)



where L is given by (2.3) and A is the nonlocal linear operator defined by
A =% Vi +0-VG,  with § = Kop *w. (2.7)

It is possible to prove that the perturbation equation (2.6) is globally well-posed in the space
L'(R?), and that the origin 1 = 0 is a stable equilibrium, but at this level of generality little can
be said about the long-time behavior of the solutions. However, more precise stability results
can be obtained if one assumes that the vorticity is sufficiently localized in space.

Given m € [0, 0], let py, : [0,00) — [1,00) be the weight function defined by

1 if m=0,
pm(r) = ¢ (1+ )" if 0<m< oo, (2.8)
er/4 if m=o00.

Perturbations will be taken in the weighted L? space

L) = {w e PE) | [wla = [ onl€P(@)P dé <o} (2.9)

which is a (real) Hilbert space equipped with the scalar product

(wr wiagny = [ pm€P)un(©ua(€) de. (2.10)

Elements of L?(m) are square integrable functions with algebraic decay at infinity if 0 < m < oo,
and Gaussian decay if m = co. Holder’s inequality implies that L?(m) < LY(R?) if m > 1. In
that case, it is useful to introduce the closed subspace

L2(m) = {w e L2(m) ( /RQw(g) de = o}, (2.11)

which happens to be invariant under the action of both linear operators L and A.

To study the stability of the origin w = 0 for the perturbation equation (2.6), it is useful
to compute the spectrum of the linearized operator L — oA in the (complexified) Hilbert space
L?(m). In the simple case where a = 0, the spectrum is explicitly known :

Proposition 2.2 ([18]) For any m € [0,00], the spectrum of the linear operator (2.3) in the
weighted space L?(m) defined by (2.8), (2.9) is
1 m k
om(L) {AEC‘Re(A)_z z}u{ 2(keN} (2.12)
Moreover, if m > k + 1 for some k € N, then \y, = —k/2 is an isolated eigenvalue of L, with
(algebraic and geometric) multiplicity k + 1.

It follows in particular from Proposition 2.2 that L has purely discrete spectrum in L?(m)
when m = oo. This is easily understood if one observes that ps(|¢[2) = €l€I*/4 = (4m)~1G(&) 1,
and that

€7

~1/2 /2 _ A _ 1SIT
G LG A 16 +

1

5
The formal relation (2.13) implies that the operator L in L?(co) is unitarily equivalent to the
harmonic oscillator A — [£]2/16 +1/2 in L?(R?), the spectrum of which is the sequence (A )ren,

(2.13)



where A\, = —k/2 has multiplicity k£ + 1. If m < oo, the discrete part of the spectrum persists
because the corresponding eigenfunctions decay rapidly at infinity. In addition, any A € C such
that Re(\) < (1 —m)/2 is an eigenvalue of L in L?(m) with infinite multiplicity [18], hence the
spectrum o, (L) also includes the closed half-plane H,, = {\ € C| Re(\) < (1 —m)/2}.

In the more interesting case where a@ # 0, the spectrum of L — aA in L?(m) cannot be
computed explicitly. However, upper bounds on the real part of the spectrum are sufficient
for the stability analysis, and such estimates can be obtained by combining the following three
observations.

Observation 1: The operator A is a relatively compact perturbation of L in L?(m), for any
m € [0,00]. This is intuitively obvious, because A is a first-order differential operator whose
coefficients decay to zero at infinity, whereas L involves in particular the Laplace operator A.
By Weyl’s theorem, the essential spectrum [25] of L — aA in L?(m) does not depend on «a, hence
coincides with the closed half-plane H,, = {\ € C| Re(\) < (1 —m)/2} by Proposition 2.2. It
thus remains to locate isolated eigenvalues of L — aA outside H,,.

Observation 2: The isolated eigenvalues of L — aA in L?(m) do not depend on m. Indeed,
if w € L?(m) satisfies (L — aA)w = A\w for some A\ € C\ H,,, one can show that w decays
sufficiently fast at infinity so that w € L?(oo) [19]. This means that isolated eigenvalues of
L — aA can be located by considering the particular case m = oo, where the spectrum is fully
discrete and consists of a sequence of eigenvalues (A;(«))ken with Re(Agx(a)) — —o0 as k — oo.

Observation 3: The operator A is skew-symmetric in L?(cc0), namely
(Awy , wa) + (w1, Awz) = 0, for all wy,we € D(A) C L*(c0), (2.14)

where D(A) C L?(00) is the (maximal) domain of the operator A, and (-,-) denotes the scalar
product in L?(co), which (up to an irrelevant factor) can be written in the form

(wi, wa) = | G(&)  wi(§wa(€) dE. (2.15)

RQ

To prove (2.14) one decomposes A = A; + Ay, where Ajw = v¥ - Vw and Ayw = (Kyp *w) - VG.
If wi,wy € L?(00) belong to the domain of A, then

<A1’U)1, w2> + <w1, A1w2> = / Gil <w2 ’UG -Vwy + wy UG . VZUQ) dé
R2

= G~ V(wjwy)dé = 0,

RQ
because the vector field G~ is divergence-free. Moreover using the identity VG = —%gG and
the Biot-Savart law (2.4), one obtains

1

(g, wa) + (wn, Aaez) = = [ ((€-vr)wa+ (& wm)un) e

/]R? /Rg{ € — 77|2l 0 (|Z:§7)|:}wl(n)wz(£)dnd£ =0,

because the last integrand vanishes identically. This proves (2.14). One can also show that the
operator A is not only skew-symmetric, but also skew-adjoint in L?(00), see [34].

The observations above lead to the following spectral stability result for the Lamb-Oseen
vortex in the space L?(m).



Proposition 2.3 ([19]) For any a € R and any m € [1,00|, the spectrum of the linearized
operator L — a\ in the space L?(m) satisfies

om(L—ab) ¢ {re (C‘ Re() <0} (2.16)
Moreover, if m > 2, then
om(L— o) € {0} U {xeC|Re(h) < —%} (2.17)
Finally, if m > 3, then
om(L —ad) C {0} U {—%} U {rec|Re() < -1}, (2.18)

Proof. As before let H,, = {\ € C| Re(\) < (1 —m)/2}. By Observation 1 above, if m > 1,
the essential spectrum of L — aA is included in the half-space H;. Assume that A € C\ H; is an
isolated eigenvalue of L — aA, and let w € L?(m) be a nontrivial eigenfunction associated with
A. Then w € L?(c0) by Observation 2, and using Observation 3 one finds

Re(A)(w,w) = Re((L — aN)w,w) = (Lw,w) < 0, (2.19)

because L is a nonpositive self-adjoint operator in L?(00) and A is skew-symmetric. This contra-
dicts the assumption that Re(\) > 0, hence the whole spectrum of L —aA in L?(m) is contained
in the half-space Hi, as asserted in (2.16).

As LG = AG =0, it is clear that 0 is an eigenvalue of L — aA for any m > 0 and any « € R.
If m > 1, one can write L?(m) = RG @ L(m), where L3(m) is the hyperplane defined in (2.11),
and this decomposition is left invariant by both operators L and A. Now, the same argument as
above shows that, if m > 2, the spectrum of the operator L — aA acting on L%(m) is contained
in the half-plane Hs, because L < —1/2 on L3(c0). This proves (2.17).

Finally, it is easy to verify that L(0;G) = —%(%G for i = 1,2, and differentiating the identity
v® - VG = 0 one finds that A(9;G) = 0 for i = 1,2. This means that —1/2 is an eigenvalue of
L — aA for any m > 0 and any « € R. As above, if m > 2, one has the invariant decomposition

L*(m) = {aG|a € R} ® {B101G + 202G | B1, B2 € R} ® L(m) ,

where
L (m) = {w € Li(m) ‘ /2 &w(&)dE =0 for i = 1,2} . (2.20)
R
As L < —1on L%O(oo), the same argument shows that the spectrum of the operator L — aA
acting on LZ,(m) is contained in the half-plane Hj, if m > 3. This proves (2.18). O

The linear operator L — aA is the generator of a strongly continuous semigroup in the space
L?(m) for any o € R and any m € [0, 0] [18]. The following linear stability result is a natural
consequence of Proposition 2.3 and its proof.

Proposition 2.4 ([19]) For any o € R and any m > 1, there exists a positive constant C' such
that

IVl ara < €, for all 720, (220
Moreover, if m > 2, then
€y < Ce™2, for all m > 0. (222)
Finally, if m > 3, then
e = my a1z omy < Ce™7, forall T2 0. (2.23)



When studying the stability of the Lamb-Oseen vortex, there is no loss of generality in
considering perturbations with zero total circulation. Indeed, if w = aG -+ for some w € L?(m)
with m > 1, then defining & = [ w(£) d€ one can write w = (o + &)G + (W — &G), where by
construction w—aG € L3(m). Thus perturbations with nonzero circulation of the vortex aG can
be considered as perturbations with zero circulation of the modified vortex (a+&)G. As the total
circulation is a conserved quantity, the subspace LZ(m) is invariant under the evolution defined
by the full perturbation equation (2.6). By Proposition 2.4, the linear semigroup eT(L—ad) g
exponentially decaying in LZ(m) if m > 2, and using that information it is routine to deduce
the following asymptotic stability result, which is the main outcome of this section.

Proposition 2.5 ([19]) Fiz o € R and m € (2,00]. There exist positive constants € and C
such that, for all Wy € LE(m) satisfying 1@Woll £2(m) < €, the rescaled vorticity equation (2.2) has
a unique global solution w € C°([0,00), L?(m)) with initial data wo = aG + wy. Moreover, the
following estimate holds

lw(T) — Gl r2(my < Cllwo — @G|l 12 (m) e /2 r>0. (2.24)

If m > 2, the codimension 3 subspace L3,(m) is also invariant under the evolution defined
by the full perturbation equation (2.2). As a consequence, if 1wy € L3,(m), the solution of (2.2)
given by Proposition 2.5 satisfies w(7) — aG € L,(m) for all 7 > 0. If m > 3, one can then use
(2.23) to conclude that

lw(7) = aGllp2gmy < Cllwo = aGll2gmye™™, 720

As is shown in [19, 11], if @ # 0, the assumption that wy has vanishing first order moments
does not really restrict the generality, because this condition can always be met by a suitable
translation of the initial data.

Remark 2.6 If m = oo, one can show that the Lamb-Oseen vortex aG is uniformly stable for
all a € R in the sense that the constants € and C in Proposition 2.5 do not depend on o [11].
This is in sharp contrast with what happens for shear flows, such as the Poiseuille flow in a
cylindrical pipe or the Couette-Taylor flow between two rotating cylinders. In such examples,
the laminar stationary flow undergoes an instability, of spectral or pseudospectral nature, when
the Reynolds number is sufficiently large. In contrast, a fast rotation has rather a stabilizing
effect on vortices, as the analysis below reveals.

2.2 Large Reynolds number asymptotics

Proposition 2.3 above gives uniform estimates on the spectrum of the linearized operator L —aA,
which are sufficient to prove stability of the Lamb-Oseen vortex for all values of the circulation
parameter o € R. However, such estimates do not describe how the spectrum changes as the
circulation parameter varies. The most relevant regime for turbulent flows is of course the high
Reynolds number limit where || — oo, which deserves a special consideration. As the essential
spectrum of L — aA in the space L?(m) does not depend on m, it is most convenient to work
in the limiting space X = L?(00), equipped with the scalar product (2.15). In that space,
as was already mentioned, the spectrum of L — aA is discrete, and consists of a sequence of
eigenvalues (Ag(a))ken with Re(Ag(a)) — —oo as k — oo. It follows from Proposition 2.2 that
M:(0) = —k/2, for any k € N, and the goal of this section is to investigate the behavior of the
real part of \g(a) as |a| — oo.
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The starting point of the analysis is the determination of the kernel of the skew-symmetric
operator A. Let Xo C X denote the closed subspace containing all radially symmetric functions.
If w € Xy, the associated velocity field v = Kyp * w satisfies £ - v(§) = 0, and it follows that
Aw = 0, hence Xy C ker(A). On the other hand, it was already observed that A(9;G) = 0 for
i = 1,2. The following result asserts that the kernel of A does not contain any more elements :

Lemma 2.7 ([34]) ker(A) = Xo @ {£10:1G + 520G | 1, B2 € R}.

In view of Lemma 2.7, the subspace ker(A) C X is invariant under the action of both
operators L and A, and the orthogonal complement ker(A)L is invariant too because L is self-
adjoint and A is skew-adjoint. Inside ker(A), the spectrum of L — aA = L does not depend
on the circulation parameter «, and consists of all negative integers in addition to the double
eigenvalue —1/2. In fact, for any n € N, the eigenfunction corresponding to the eigenvalue —n
is the radially symmetric Hermite function A"G. The only difficult task is therefore to study
the spectrum of L, — aA, which is defined as the restriction of L — aA to the orthogonal
complement ker(A)*. That spectrum does depend in a nontrivial way upon the parameter o.
It happens that the real parts of all eigenvalues converge to —oo as |a| — oo, which is of course
compatible with the uniform bounds given by Proposition 2.3. This phenomenon illustrates the
stabilizing effect of fast rotation on Lamb-Oseen vortices.

Two natural quantities can be introduced to accurately measure the effect of fast rotation.
For any o € R, one can define the spectral lower bound

Y(a) = inf{Re(z) ‘ z € spec(—L + OZAL)} )

or the pseudospectral bound

(o) = (sup (L1 — ai —iN)lxox)
AER

In the definition of ¥ (), the sign of the linearized operator has been changed to obtain a positive
quantity. Although the spectral and pseudospectral bounds are of rather different nature, there
is a simple one-sided relation between them :

Lemma 2.8 For any o € R one has ¥(a) > V(o) > 1.

Proof. Fix a € R. By Lemma 2.7, one has ker(A)* C L2,(m), hence ¥(a) > 1 by (2.18).
On the other hand, if (L — aA 4+ A)w = 0 for some A € C and some w € ker(A)* such that
(w,w) =1, then (L — aA + iIm(\))w = — Re(A\)w, hence

Re(\) > (L1 —aA; +iIm\) 7Y™t > W(a).
This proves that X(a) > ¥(«). Finally, the proof of Proposition 2.3 shows that the operator

L, —alA) + 1 is m-dissipative [26]. This in particular implies that ||(LL —aA; — A7l <1
for all A € R, hence ¥(a) > 1. O

The stabilizing effect in the large Reynolds number limit is qualitatively illustrated by the
following result :

Proposition 2.9 ([34]) One has V() — 0o and X(a) — oo as |a] — .

11



The proof given in [34] actually shows that ¥(a) — oo as |a| — oo, but can be easily
modified to yield the stronger conclusion that W(«) — oco. For the stability analysis of the
Lamb-Oseen vortex aG, the divergence of the spectral bound means that the decay rate in time
of perturbations in ker(A)* becomes arbitrarily large as |a| — co. On the other hand, using
the divergence of the pseudospectral bound, one can show that the basin of attraction of the
Lamb-Oseen vortex, in the weighted space L?(c0), becomes arbitrarily large as |a] — oco. It
should be emphasized, however, that the argument used in [34] is nonconstructive and does not
provide any explicit estimate on the quantities ¥(a) or X(«) for large |al.

In fact, there are good reasons to conjecture that ¥(a) = O(|a|'/?) and ¥(a) = O(|a|'/?)
as |a| — oco. First of all, extensive numerical calculations performed by Prochazka and Pullin
[40, 41] indicate that ¥(a) = O(]a|'/?) as |a| — co. Next, the conjecture is clearly supported by
rigorous analytical results on model problems [9]. In particular, for the simplified linear operator
L — Ay where the nonlocal part Ay has been omitted, it can be proved that ¥(a) = O(|a|'/?)
as |a] — oo [4]. The same result holds for the full linearized operator L — aA restricted to
a smaller subspace than ker(A), where a finite number of Fourier modes with respect to the
angular variable in polar coordinates have been removed [5]. The general case is still under
investigation [7].

Assuming that the conjecture above is true, it is worth noting that the pseudospectral bound
U(«a) and the spectral bound 3 («) have different growth rates as || — oo. This reflects the
fact that the linearized operator L — aA becomes highly non-selfadjoint in the fast rotation
limit. Indeed, for selfadjoint or normal operators, it is easy to verify that the spectral and
pseudospectral bounds always coincide.

2.3 Lamb-Oseen vortices in exterior domains

As was already mentioned, the Lamb-Oseen vortex plays a double role in the dynamics of the
Navier-Stokes equations in the whole space R?: it is the unique solution of the system when the
initial vorticity is a Dirac measure, and it describes the long-time asymptotics of all solutions
for which the vorticity distribution is integrable and has nonzero total circulation. The proofs
given in [19] demonstrate that both properties are closely related, due to scale invariance. Now,
if the fluid is contained in a two-dimensional domain 2 C R?, and satisfies (for instance) no-slip
boundary conditions on 952, scale invariance is broken and there is no simple relation anymore
between the Cauchy problem for singular initial data and the long-time asymptotics of general
solutions. Both questions are interesting and, at present time, largely open. In this section, the
relatively simple case of a two-dimensional exterior domain is considered, where a few results
concerning the long-time behavior of solutions with nonzero circulation at infinity have been
obtained recently.

Let © C R? be a smooth exterior domain, namely an unbounded connected open set with
a smooth compact boundary 0§2. The Navier-Stokes equations in  with no-slip boundary
conditions can be written in the following form :

ou+ (u-V)u = Au—Vp, divu =0, for x € Q, t>0,
u(z,t) =0, forz € 002, t>0, (2.25)
u(z,0) = up(z) , for z € Q,

where p denotes the ratio of the pressure to the fluid density. The vorticity w = 0yug — dauy still
satisfies the simple evolution equation (1.4) (with v = 1), but the assumption that « = 0 on 92
translates into a nonlinear, nonlocal boundary condition for w, which is very difficult to handle.
So, whenever possible, it is preferable to work directly with the velocity formulation (2.25).
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If the initial velocity ug belongs to the energy space
Li(Q) = {u € L2(Q)2‘ divu =0in 2, u-n=0on 8(2},

where n denotes the unit normal on 0€2, it is well known that system (2.25) has a unique global
solution satisfying the energy identity

1 2 ! 2 1 2

Il iz () +/0 IVu(, $)llz29)ds = lluollze), — t20.
That solution converges to zero in L2(£2) as t — oo [38], which means that the long-time behavior
of all finite energy solutions is trivial. However, as in the whole plane R?, one can consider flows
with nonzero circulation at infinity :

a = lim (u1 dz1 + ugdzy) # 0,
R—o0 |z|=R
in which case the kinetic energy is necessarily infinite and the long-time behavior may be non-
trivial.

To construct such solutions, it is convenient to introduce a smooth cut-off function y : R? —
[0,1] such that x vanishes in a neighborhood of R? \  and x(z) = 1 whenever |z| is sufficiently
large. For technical reasons, one also assumes that x is radially symmetric and nondecreasing
along rays. The truncated Oseen vortex

1 zt ( |2

uX(z,t) = 1 e*—4(1+t>)x(x), zeR2 >0, (2.26)

2m o
is a divergence-free velocity field which vanishes identically in a neighborhood of R? \ Q and
coincides with the Lamb-Oseen vortex (with unit circulation) far away from the origin. In
particular uX ¢ L?(f2). The corresponding vorticity distribution wX = duj — dauy reads:

1 _ e 1 1 _ a2
X(z,1) = ——— ¢ D = —<1 - 4<1+t>) v 2.27
and satisfies [, wX(x,t)dz = 1 for all ¢ > 0. Of course the velocity field uX is not an exact
solution of the Navier-Stokes equations (2.25) (unless 2 = R? and y = 1), but the following
result shows that it is a globally stable asymptotic solution.

Theorem 2.10 ([14, 35]) Fiz q € (1,2], and let p = 1/q — 1/2. There exists a constant € > 0
such that, for all initial data of the form ug = auX(-,0)+vo with |a| < € and vy € L2(Q)NLI(Q)?,
the Navier-Stokes equations (2.25) have a unique global solution which satisfies

lu(-,t) = awX (-, )| 20y + 2 Vul(-,t) = aVuX ()]l 2 () = O (2.28)
as t — +o00. Moreover, if ¢ =2, then |lu(-,t) — auX(-,t)[|12(q) — 0 as t — +o0.

Several comments are in order. Existence and uniqueness of global solutions to the Navier-
Stokes equations (2.25) for a class of infinite-energy initial data including those considered
in Theorem 2.10 were established by Kozono and Yamazaki in [27]. The novelty here is the
description of the long-time asymptotics for a specific family of solutions, corresponding to
spatially localized perturbations of the truncated Oseen vortex. Theorem 2.10 is a global stability
result, in the sense that arbitrary large perturbations vg of the vortex can be considered. There
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is, however, a limitation on the size of the circulation parameter a;, which is probably of technical
nature. To remove that restriction it seems rather natural to use the vorticity formulation and
the nice properties of the linearized operator established in Section 2.1, but this is difficult in the
present case because the boundary condition for the vorticity is very awkward. The parameter ¢
in Theorem 2.10 measures the spatial decay of the initial perturbations vy to the Oseen vortex,
and is directly related to the decay rate in time (called u) of the corresponding solutions. If
q < 2, then > 0 and it is shown in [14] that the constant e depends only on ¢, and not on the
domain 2. The limiting case where ¢ = 2 was treated in [29, 35].

The main original ingredient in the proof of Theorem 2.10 is a logarithmic energy estimate
that is worth discussing briefly. For solutions of the Navier-Stokes equations (2.25) of the form
u(x,t) = auX(x,t) + v(x,t), the perturbation v satisfies

O + a(uX, V)v + av, V)uX + (v, V)v = Av + aRX — Vq, dive = 0, (2.29)

where the source term RX = AuX — 0yuX measures by how much the truncated vortex uX fails
to be an exact solution of (2.25). Taking into account the uniform bounds

b K
[VuX(-, )] oo (r2) < T IRXC, )l 2 me) < Tt

which hold for some positive constants b, & depending only on the cut-off x, a standard energy
estimate yields the differential inequality

1d bl

2 2 2
5 IV Olz2 @) + IVU(B)llz2(0) < Tri lo®)72(q) +

Kl

Tri lv@ 22 > (2.30)

which predicts a polynomial growth of the L? norm [[v(t)[|;2(g). This naive estimate can be
substantially improved if one observes that the truncated Oseen vortex uX decays like |z|~! as
|z| — oo, and thus nearly belongs to the energy space. The optimal result is:

Proposition 2.11 There exists a constant K > 0 such that, for any o € R and any vy € L2(R),
the solution of (2.29) with initial data vy satisfies, for all t > 1,

t
[0 + /0 IV0(s) 220y ds < K (Iluol32q +a?log(1 + ) + a?log(2 + Jaf)) . (2.31)

In the proof of Theorem 2.10, the logarithmic bound (2.31) is combined with standard energy
estimates for a fractional primitive of the velocity field to prove that v(-,¢) converges to zero
in L2(Q) as t — oo, see [14, 12]. The optimal decay rate in (2.28) is then obtained by a direct
study of small solutions to the perturbation equation (2.29).

Although Theorem 2.10 is established using the velocity formulation of the Navier-Stokes
system, it is instructive to see what it implies for the vorticity distribution w. Assume for
instance that the initial vorticity wo = 01(ug)2 — da2(up)1 is sufficiently localized so that

/(1+ \x!Q)m\wo(m)IQ dr < oo,
Q

for some m > 1. By Holder’s inequality this implies that wg € L'(Q2). Then denoting vy =
ug — auX(+,0) where o = [, wo(x) da, it follows that vy € L2(€2) N LI(Q)? for any g € (1,2) such
that ¢ > 2/m [18]. In particular, if |a| < €, the conclusion of Theorem 2.10 holds. Moreover,
the vorticity satisfies

/ lw(z,t) — awX(x,t)|de = Ot *logt), as t— 00, (2.32)
Q
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where wX(x,t) is defined in (2.27), see [12]. In both convergence results (2.28), (2.32), one can
replace the truncated Oseen vortex by the original Lamb-Oseen vortex for which x = 1, because
the additional error converges to zero like O(t~!) as t — co.

3 Axisymmetric vortex rings and filaments

When restricted to axisymmetric flows without swirl, the three-dimensional Navier-Stokes equa-
tions bear some similarity with the two-dimensional situation considered in the previous section.
The only nonzero component of the vorticity vector satisfies Eq. (1.9), which can be written in
the equivalent form

Ouso + O, (urton) + O (uzwg) = v((02 + 02wy + 0,22 ). (3.1)

The analogy is most striking if one introduces the related quantity n = wy/r, which satisfies the
advection-diffusion equation
on+u-Vn = An+§8m, (3.2)

where u-V = 4,0, +u.0, and A = 9 + %ar + 2. Equation (3.2) is considered in the half-plane
Q={(r,2z) e R?|r >0, z € R}, with homogeneous Neumann boundary conditions on 9.

It is clear from (3.2) that n(r, z,t) obeys the parabolic maximum principle, and this provides
a priori estimates on the solutions which imply that the Cauchy problem for the axisymmetric
Navier-Stokes equations is globally well-posed, without any restriction on the size of the initial
data. The first results in this direction were obtained by Ladyzhenskaya [30] and by Ukhovskii
and Yudovich [45], for finite energy solutions. Recently, it was shown in [16] that the vorticity
equation (3.1) is globally well-posed in the scale invariant space L(€, dr dz), equipped with the
norm

lwollzr) = /Q|W0(7",Z)|d7"d2 = /Q|77(7“,Z)|Tdrdz.

The proof follows remarkably the same lines as in the two-dimensional case, and in particular
uses very similar function spaces. Solutions constructed in this way have infinite energy in
general, but if the initial vorticity wg decays somewhat faster at infinity than what is necessary
to be integrable, the velocity field becomes square integrable for all positive times.

It is also possible to solve the Cauchy problem for Eq. (3.1) in the more general situation
where the initial vorticity is a finite measure. Global existence and uniqueness are established
in [16] assuming that the total variation norm of the atomic part of the initial vorticity is
small compared to the viscosity parameter. The general case is open to the present date,
but interesting results have been obtained for circular vortex filaments, which correspond to the
situation where the initial vorticity is a Dirac measure. The resulting solutions can be considered
as the analogue of the family of Lamb-Oseen vortices in R%. These solutions cannot be written
in explicit form, but small-time asymptotic expansions can be computed which involve the two-
dimensional profiles G and v“ defined in (1.7). If the circulation parameter I is small compared
to the viscosity v, the results of [16] imply the existence of a unique global solution to (3.1) with
initial vorticity wj) = [é(7,z), for any (7,z) € Q. For larger circulations, the following existence
result was recently established by Feng and Sverdk :

Proposition 3.1 ([6]) Fiz I' > 0, (7,2) € Q, and v > 0. Then the azisymmetric vorticity
equation (3.1) has a nonnegative global solution such that we(t) — I'0(z ) as t — 0. Moreover,
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this solution satisfies, for all t > 0,
/wg(r,z,t) drdz < T, /r2w9(r,z,t) drdz = I'i?. (3.3)
Q Q

Needless to say, the assumption I' > 0 does not restrict the generality, because the corre-
sponding result for I' < 0 can be obtained by symmetry. Proposition 3.1 is proved by a very
general approximation argument, which provides global existence without any restriction on the
size of the circulation parameter, but does not imply uniqueness and does not give any precise
information on the qualitative behavior of the solution for short times. Using more sophisticated
techniques, a more accurate result can be established :

Theorem 3.2 ([17]) Fiz I' € R, (7,2) € Q, and v > 0. Then the axisymmetric vorticity
equation (3.1) has a unique global mild solution wy € C°((0,00), L*(Q2) N L>*(R)) such that

sup [lwg(t)[| L1 < o0, and  wp(t) =Tz ast—0. (3.4)
t>0

In addition, there exists a constant C > 0 such that the following estimate holds :

T r—7) 24 (z—2)2 vt r
/ ‘Wa(r,z,t) - e T drde < CII| Al log L/— ’ (3.5)
Q 4rrvt r vt

as long as /vt < 7/2.

Since the existence of a global solution to (3.1) satisfying (3.4) is already asserted by Propo-
sition 3.1, the main contributions of Theorem 3.2 are the uniqueness of that solution and its
asymptotic behavior as t — 0, as described in (3.5). The first step in the proof is a localization
estimate, which can be established using a Gaussian upper bound on the fundamental solution
of the “linear” equation (3.1) for wy, where the velocity field u = (u,, u,) is considered as given.
It is found that, for any € > 0, there exists a constant C. > 0 such that

Gt exp(_(T_F)2+(Z—Z)2>,

)] <
|(JJ9(T’,Z, )| (4—|—E)Vt

< = (r,z) eQ, t>0. (3.6)

Moreover [, wy(r, z,t) dr dz converges to I' as ¢ — 0. The second step consists in introducing
self-similar variables, in the spirit of (2.1). The rescaled vorticity f and velocity v are defined

by L
wp(r, z,t) = f<7"\/—_r z\/—_z > u(r, z,t) = \/1;_tv<r\/_y_;, ot ,t),

and the following dimensionless quantities are introduced :

r—r z—Z Vit T
R = ) Z = ) €= —, a = —.
Vot Vit 7 v
The evolution equation for the new function f(R, Z,t) reads
thi+ a(Onlens) + 02(020)) = Lf +eon(1-L2) (37)

where as in (2.3)

R A
L= 812%+8%+583+582+1.
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Note that equation (3.7) lives in the time-dependent domain where 1+ eR > 0, but using the
homogeneous Dirichlet boundary condition one can extend the rescaled vorticity by zero outside
that domain and consider it as defined on the whole plane R2. In the small time limit € — 0,
the system formally reduces to the equation for perturbations around Oseen’s vortex, which
was studied in detail in Section 2.1, and the proof of Theorem 3.2 consists in showing that this
intuition is indeed correct. The Gaussian bound (3.6) provides a uniform control on the solution
of (3.7) in the weighted space X; defined by the norm

17D, = /H (RZ0H Rz, 1>,
€n>

which coincides when ¢ = 0 with the norm of the space L?(co) introduced in (2.9). A compactness
argument, as in the proof of Theorem 2.1, can then be invoked to show that f(R, Z,t) necessarily
converges to the Oseen vortex profile as t — 0:

lim |[f(t) ~TG|lx, = 0, where G(R,Z) = — e (R+23)/4 (3.8)
t—0 47

The final step is an energy estimate which shows that, for some positive constants C' and 9,

d
toIF O, < =dlF Ok, + Celogel, (3.9)

when t > 0 is sufficiently small. The differential inequality (3.9) relies on the spectral properties
of the linear operator L in the space L?(00), which were established in Section 2.1. As X; <
LY(R?), it immediately implies estimate (3.5) in Theorem 3.2. Moreover, a similar argument
applied to the difference fi — f2 of two solutions of (3.1) satisfying (3.4) leads to the conclusion
that f1 = fs, which yields uniqueness.

Theorem 3.2 shows that the two-dimensional Lamb-Oseen vortex naturally appears in the
axisymmetric case too, where it describes the short time behavior of solutions arising from vortex
filaments as initial data, see (3.5). However, the long-time asymptotics are very different in both
situations, as can be seen from the following result:

Proposition 3.3 ([16]) Assume that the initial vorticity wy € L'(2) is nonnegative and has
finite tmpulse :

I = /r2w0(r, z)drdz < oo . (3.10)
Q
Then the unique global solution of (3.1) satisfies
l 2 ( \/— ) Z r2+z2 ( )
im sup [|[t“we(rvi,zvVit,t) — ———=re 4 =0. 3.11
t—o00 (T,Z)EQ 16ﬁ

In particular ||wy(t)|| g (@) = Ot2) ast — oo.

Proposition 3.3 applies in particular to the vortex rings constructed in Proposition 3.1 and
Theorem 3.2. It shows that the long-time asymptotics are described, to leading order, by a
self-similar solution of the linearized equation obtained by setting v = 0 in (3.1). This is in
sharp contrast with what happens in the two-dimensional case.
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4 Existence and stability of Burgers vortices

As was mentioned in the introduction, the Burgers vortex is a simple but important model in
fluid mechanics, describing the balance between the dissipation due to the viscosity and the
vorticity stretching through the action of a background straining flow. By rescaling variables in
a suitable manner (see, e.g. [20]), one can assume without loss of generality that the rates of
the linear strain in (1.11) have the following form

4! :_¥, 72:_¥5 73:1 (41)
Here A € [0,1) is a free parameter that represents the asymmetry of the strain, and the case A = 0
corresponds to an axisymmetric strain. The Burgers vortex with circulation o and asymmetry
A is a two-dimensional stationary vorticity field of the form wy , = (O,O,WA,Q)T. In view of
Eq. (1.12)-(1.13), this means that the third component w) , depends only on the horizontal
variable x = (1, z2) € R? and satisfies the following elliptic problem in R?:

Lyw— (v,V)w = 0, v = Kop*w, / wdr = «, (4.2)
R2

where Kop(z) = 21 /(27|z|?) and Ly is the two-dimensional differential operator defined by

14+ A 1—-A
x101 +

Ly =A+ To0o +1 = L+ AM, M:%al—%ag. (43)
When A = 0, Eq. (4.2) has the explicit solution w = aG, which is the classical axisymmetric
Burgers vortex [2] with circulation «. Note that aG is in fact the unique solution of (4.2) in
the space L!(IR?), as can be deduced from Theorem 2.1. Due to its simple explicit expression,
the axisymmetric Burgers vortex is often used for comparison with experiments. However, the
vortex tubes observed in real flows or numerical simulations usually exhibit an elliptical core
region, rather than a circular one, because the local strain due to the background flow is not
axisymmetric in general. It is therefore important to propose a model which takes into account
the asymmetry of the strain in an appropriate way, and allows one to understand its influence
on the shape of the vortex tubes. This motivates the study of the Burgers vortex in the general
case where the asymmetry parameter A is nonzero [39, 41, 42]. In that situation, solutions of
(4.2) cannot be written in explicit form, and have to be constructed by a rigorous mathematical
argument. The aim of this section is to give an overview of the mathematical results available
by now about the existence of asymmetric Burgers vortices (Section 4.1) and their stability with
respect to two or three-dimensional perturbations (Sections 4.2 and 4.3).

4.1 Existence and uniqueness of asymmetric Burgers vortices

Since an explicit representation is no longer available for asymmetric Burgers vortices, existence
of such solutions is the first question to address. One of the key observations is that, as the
asymmetry parameter A in (4.1) is increased, the localizing effect due to the linear strain becomes
weaker in the 9 direction. This phenomenon is illustrated by the shape of the function
V1—)\2 A Y
Or(z) = e trel—tgted e R2, (4.4)
47

which solves the equation L Gy = 0 in R? with fRQ Gydz = 1. The form of Gy indicates that
asymmetric Burgers vortices, if they exist, still have a Gaussian decay at infinity, but with a

18



rate that becomes slower as A increases. Therefore, the function space L?(co) defined in (2.9)
has to be modified in an appropriate way to allow for a general asymmetry parameter A € [0,1).
In view of (4.4) it is rather natural to introduce the function

1—-A

Gal(z) = =~ Tl L e R?, (4.5)
and the weighted L? spaces
dx
I2(00: \) — I2(R2 2, ::/ 2 4
(0013) = {F € L) | 17 agoeny = [ TP g5 < o0} (4.6)
L2(00; \) = {f € L2(c0; \) ‘ fdx:O}, (4.7)
R2

together with the associated weighted Sobolev space W12(oco; \) equipped with the norm

1
1 lwrzoony = Iof 2oy + IV 2oy, plz) = 1+ |z*)=. (4.8)

When A = 0 these spaces are simply denoted by L?(00), L3(c0), and W12(00), respectively.
In the analysis of the Burgers vortex, the linear operators Ly in (4.3) and Ay defined by

Apw = (K2D * f, V)w + (K2D xw,V)f (4.9)

play essential roles. The operator A; naturally appears as the linearization of the quadratic term
(v, V)w in (4.2) around a given vorticity profile f. Note that Ag is nothing but the operator A
defined in (2.7), but in the present section the general notation Ag will be preferred in order to
emphasize the dependence upon G. The operators Ly (when A = 0) and Ay (when f is radially
symmetric) are invariant under rotations about the origin in R?. It is thus natural to use polar
coordinates (r,6) in the plane and to expand all functions in Fourier series with respect to the
angular variable 6. In this way, one can introduce the projections P, (n € Z) defined by

1

(Png)(ra 9) = gn(r)eme, gn(r) = %

2m
/ g(rcosf,rsinf) e dg, (4.10)
0

and the projected spaces P, X = {P,g|g € X} for any function space X such as L?(co0; \). By
construction the projections P, commute with both operators L and Ag.

As long as the asymmetry parameter A lies in [0,1), the linear strain (4.1) localizes the
vorticity in the horizontal directions, because y; < 0 and v < 0. Starting from this observation
and relying on numerical calculations, Robinson and Saffman [42] conjectured the existence of
asymmetric Burgers vortices, i.e., solutions to (4.2), for all values of the parameters A € [0,1)
and a € R, at least in the regime where 7 +’\‘a| is small enough. This fundamental question has
been settled by now as follows.

Theorem 4.1 (Existence) For all A € [0,1) and all o € R, there exists at least one asymmet-
ric Burgers vorter wy o € L*(00; \) satisfying (4.2).

This existence result is established in [21] when 0 < A < 1 and o € R, in [20] when
A €10,1) and |a| < k(\) < 1, and in [32] when X € [0,3) and |a| > R(\) > 1. Here x())
and R(\) are positive numbers satisfying x(A) — 0 as A — 1 and R(\) — co as A — 1/2. The
proofs in [20, 21, 32] are based on a detailed analysis of some linearized operators, and existence

of solutions to (4.2) is established using the Banach fixed point theorem, which also provides
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uniqueness in a suitable class of functions, see Theorem 4.3 below. In contrast, the general
existence result for all A € [0,1) and all & € R established in [33] relies on the Leray-Schauder
fixed point theorem, which does not give any information about uniqueness.

Since Burgers vortices are used to model tubular structures in turbulent flows, it is highly
interesting to study their asymptotic shape as |a| — oo in the presence of asymmetric linear
strains. Numerical calculations by Prochazka and Pullin [40, 41] and by Robinson and Saffman
[42] indicate that a large circulation o has a symmetrizing effect on the vortex, so that the
leading order of the flow in a bounded fluid region is the axisymmetric Burgers vortex aG, even
when A\ # 0. Using formal asymptotic expansions, Moffatt, Kida, and Ohkitani [39] explained
this phenomenon analytically and obtained for the Burgers vortex wy o an expression of the form

Wra = aG+ W+ Ry 4, as |a| — oo, (4.11)

where W), is independent of o and Ry, = O(|a|™!) as |a| — co. The second order term W)
in (4.11) is especially relevant, since it describes how the asymmetry of the background flow
modifies the shape of the vortex.

Inserting the formal expansion (4.11) into (4.2) and using the cancellation (Kyp*G, V)G = 0,
one obtains the relation

Ly(aG+ Wi+ Ryo) = aAgWy + O(1), as |a|l = o00. (4.12)

Since Ly\G = (L + AM )G = AM G, the terms proportional to « in both sides of (4.12) are equal
if and only if W) = Aws,, where w,, satisfies

Ag weo = MG. (4.13)

Eq. (4.13) is derived and studied numerically in [39], and discussed in [21] within a rigorous
functional framework. More precisely, it is shown in [21, Proposition 3.1] that there exists a
unique weoo in PaW12(00) + P_sWh2(c0) solving (4.13), while the expansion (4.11) has been
mathematically verified as follows.

Theorem 4.2 (Large circulation asymptotics) For any A € [0,1), there exists Ry(A) > 0
such that, for all a € R with |a| > Ro(X), there exists an asymmetric Burgers vortex wy o €
PeL%(oc0; \) solving (4.2) and satisfying

AC (A
”w)\,a —aG — )‘wOO”W1’2(oo;)\) < ( )

. 4.14
14| ( )

Here P¢ is the even projection defined by P¢ = @®,czPay, and the constants Ry(X\), C(\) satisfy
li = li = 0.
lim Ry(N) lim C(\) = o

The conclusion of Theorem 4.2 was first established in [21] assuming 0 < A < %, in which
case estimate (4.14) holds in the stronger norm of W12(co) and not just in W'2(co;A). The
result was then extended to the larger range A € [0, 1) in [32], using again the space Wh%(c0),
and the general case where A € [0,1) was finally settled in [33]. The basic strategy in [21, 32, 33]
is to construct a solution of (4.2) as a perturbation of the leading order approximation aG+Awe,
in such a way that estimate (4.14) holds. To explain this idea more precisely, it is convenient to
introduce the perturbation wl®) = wx,a — @G — Mg, which has to solve the system

(L)\ —alg — )waoo)w(l) = (Ksyp * wb, V)w(l) + Afir, / wPdz =0,
RQ

(4.15)
f)\ = —Lyws + A(K2D * Weo, v)woo .
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To show that w(!) is of order O(Ja|™!) as |a| — oo, the key observation is that the source term
fx in (4.15) also belongs to the range of Ag. Indeed, a similar argument as in [21, Proposition
3.1] implies the existence of a unique hy € (I — Py)P*W12(c0) satisfying Aghy = fx. Then f
is decomposed as

1 1
Ix = Aghy = —E(LA _aAG_)\Awoo)hA+E(L)\—>\Awoo)h)\a

and Eq. (4.15) can thus be reduced to the following system for w(®) = w®) + %h)\ :

[e3

A
(Lx — alg — )\Awoo_im)w(z) = (Kop *w® , V)w® + ZFy / w?dzr =0,
\ @ R? (4.16)
F)\,a = (L)\ — )\Awoo)h)\ + E(KQD * hy, V)h)\ .

It is clear that the source term 2 F) ,, is of order (’)(Fi‘ll) in L3(c0;0) as |a] — co. Since 27y, is
a lower order perturbation that becomes small in the regime where |a| > 1, the crucial step to
establish (4.14) is to prove the invertibility of the operator

Ly —alg — My, in the space Li(oo; \), (4.17)

together with a uniform estimate for its inverse when |a| > 1.

This is an easy task if A € [0, %) is small, because one can then work in the space L3(00)
instead of L3(oco;A), and consider the operator in (4.17) as a small perturbation of the more
familiar operator L — aAg, which has been thoroughly studied in Section 2. As was mentioned
in (2.14), the operator A is skew-symmetric in L?(occ0), namely

(AGf.9)12(00) + (f,AGO) [2(00) = 0,  forall f,ge W?(c0).

Moreover, it follows from (2.13) that —L is a self-adjoint operator in L*(co) with compact
resolvent, which satisfies the lower bound —L > 0 in L?*(c0) and —L > £ in L(c0). These two
observations yield the uniform lower bound

((~L+0AG)F ia = 51T ey, FEL30)ND(E),  (418)

which in turn implies that ||[(—L + O‘AG)_luLg(oo)—wg(oo) < 2 for all @ € R. A straightforward
perturbation argument then gives a uniform estimate on (—Ly + aAg + Ay, ) 7! in L3(00) if A
is sufficiently small, see [21, Proposition 2.1].

For larger values of A, the term AA,,__ is not a small perturbation anymore, and the invert-
ibility of the operator Ly —aAg— Ay, in L%(oo; A) is not known for arbitrary o € R. However,
if |o| is sufficiently large (depending on \), one can exploit the stabilizing effect that was already
discussed in Section 2.2 for the simpler operator L — aA¢g, see Proposition 2.9. For the modified
operator Ly — aAg with A € [0,1), one has the following estimates

‘0{1|1an H(I —Po)(—Lx + aAG)il]P)eHL%(OO;A)—)L%(OO;)\) =0,

lim_[|Po(—Lx + aAc) ™ (I = Po)P°[| 13 (0o L3 (sorn) = 0

|or] =00

(4.19)

which are proved in [32] for A € [0, 3) and in [33] for arbitrary A € [0,1). Roughly speaking, this
means that the non-radially symmetric elements of P°L?(0o; \) are strongly attenuated under
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the action of (—Ly + aAg)~! when |af is large. In addition, since the function ws, belongs to
PyL?(c0) + P_oL?(c0), one has the identity

POAwOOPOf =0 hence P()Awoof = POAwoo(I_PO)fa (420)

for all f € PW12(c0;\). Combining (4.19) and (4.20), it is possible to show that AA,__ is a
relatively small perturbation of Ly — aAg in P¢L3(o00; \) if | is sufficiently large (depending on
A), and this implies the invertibility of Ly — aAg + A, in P¢L2(00;0) and provides a uniform
bound for the inverse when |a| > 1.

When A € [0, 3), the resolvent estimates (4.19) also hold in the smaller space L3(c0), instead
of L3(c0,)), and are substantially easier to prove because one can then use the convenient
property that Ag is skew-symmetric, see [21, 32]. However, when \ € [%, 1), the Burgers vortex
does not belong to L?(00) anymore, as can be seen from the shape of the function Gy in (4.4).
One is then forced to work in a wider space such as L?(oo;\), where the operator Ag is no
longer skew-symmetric. The key idea in [33] to overcome this difficulty is to construct explicitly
a bounded and invertible operator T" so that AgT, the right action of T" on Ag, becomes skew-
symmetric. With this skew-symmetrizer T, the equation (L) — aAg)w = f is written in the
equivalent form

(Ly — aAgT)Ttw = —Ly\(T — DT w4+ f.

Using the skew-symmetry of AgT, one can show that the operator L) —aAgT satisfies resolvent
bounds similar to (4.19), and the additional term L(T" — I) can be considered as a relatively
small perturbation. This implies the invertibility of Ly —aAgT + Lx(T —I), hence of Ly —al¢.
The argument also yields uniform estimates on the inverse (Ly —aAg) ™!, which in turn make it
possible to treat AA,,__ as a relatively small perturbation when |a/| is sufficiently large (depending
on \), thus concluding the proof of Theorem 4.2.

The uniqueness of asymmetric Burgers vortices in a suitable class of functions is also available
for some range of parameters (A, a).

Theorem 4.3 (Uniqueness) (i) Case 0 < A < 5 and a € R: There ezist Ay € (0,3) and
7o > 0 such that, if A € [0, o] and a € R, there exists at most one asymmetric Burgers vortex
Wxa i the set {f € L?(c0) | ||f — aGllw12(ae) < 70}

(ii) Case 0 < A < 1 and |of < 1: For all A € [0,1) there exists ko = ko(X) > 0 such that, for
any o € R with |a| < ko, there exists at most one asymmetric Burgers vortex wy o in the set
{f € L?(c0) | If — aGxllr2(o0) < Ko}

(iii) Case 0 < A < 1 and |a| > 1: For all A € [0,1) and all T > 0 there exists R'(X\,7) > Ry(\)
such that, for any o € R with || > R'(A\,7), there exists at most one asymmetric Burgers
vortex w o in the set {f € PCL*(c0,\) | [|f — aG — Musollwr2(sony < 7). Here Ro()) is as in
Theorem 4.2, and R'(\,T) satisfies Tli_)r& R'(\, 1) = oo.

The statement (i) of Theorem 4.3 is proved in [21] using the uniform estimate (4.18) for the
inverse of L — aAg in L3(co), while (iii) is established in [32, 33] using the stabilization effect
at large circulations described in (4.19). The uniqueness in the case (ii) is obtained in [20] in
the more general framework of the polynomially weighted spaces L?(m). The key point in the
proof of (ii) is an estimate for the inverse L;l in L3(m) when m is large enough, which enables
to apply the Banach fixed point theorem when || is sufficiently small. Remark that existence
of asymmetric Burgers vortices is also established in [20, 21, 32, 33] for all three cases (i), (ii),
and (iii) above, whereas uniqueness for the parameter regions not covered by Theorem 4.3 is an
interesting but difficult question, which is essentially open.
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4.2 Two-dimensional stability of asymmetric Burgers vortices

In the parameter regions where existence and uniqueness have been established, the next im-
portant issue is stability. Since the Burgers vortex itself is a two-dimensional vorticity field, it
is possible to study its stability within the class of purely two-dimensional flows, and this is
the point of view adopted in this subsection. The axisymmetric case where A = 0 was already
discussed in detail in Section 2, hence the main focus here will be on the asymmetric case A # 0.

The evolution equations for the perturbations are obtained from system (1.12), where v =1
and ~y1,72,73 are as in (4.1), by expanding the vorticity vector w(x,t) around the stationary
Burgers vortex w) o(x) = (0,0,wx (7)) ". When the vorticity field w(x,t) = (0,0, w(x,t))" of
the perturbation is two-dimensional, the problem is reduced to the following equations for the
scalar function w:

atw—(L,\—Amya)w%—(v,V)w:0, v = Kop*xw, t>0,

(4.21)
wli—o = wo, / wodz = 0.
R2

Here the operators Ly and Ay are defined by (4.3) and (4.9), respectively. As can be expected,
the properties of the linearized operator Ly — A, , play a crucial role in the stability analysis.
It is not difficult to show that Ly generates a Cp-semigroup in the polynomially weighted space
L?(m) for m < 0o, and an analytic semigroup in the Gaussian weighted space L?(oo; \). In fact,
the semigroup e has the following explicit representation

t 9 9
et £ () = e / ox (_ lz1 — 1] _ |zo — yo > e%t, e%t dy.
(e f)(2) P NOTENOD. p T Ja () S Y2 ) dy

where ag(t) = (1 — e~ 9% /(1 + 0). Since A, is a relatively compact perturbation of Ly,
the full linearized operator Ly — Ay, , is also the generator of a Cy (or analytic) semigroup, and
the main concern is the long-time behavior of that semigroup. The following results have been
established in (essentially) the same parameter regions as in Theorem 4.3.

Proposition 4.4 (Linear stability) (i) Case 0 < A < 1 and o € R: There exists A € (0, 3)
such that, for all A € [0,\1] and all a € R,

_1=Ay

e A2 n0) fll 2y S Cllflzeey e 2 6 20, (4.22)

for all f € LE(o0). Here C is a universal constant independent of X € [0, \1] and a € R.

(ii)) Case 0 < XA < 1 and |of < 1: For all X\ € [0,1) there exists k1(\) > 0 such that, if
la] < K1(A), then

e Rena) £l oy < Ol flzgme” 2 6, £20, (4.23)

for all f € LE(m), m > 3. Here C depends only on A € [0,1) and m.
(iii) Case 0 < A < § and |a| > 1: For all X € [0, 3) there exists Ri(\) > Ro()\) such that, if
la| > Ri(A), then
“AL _1-a
[ e fll ey < Cllfllizeoe™ 2t £20, (4.24)

for all f € Li(co). Here C depends only on A and o, while Ry()\) is as in Theorem 4.2.
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The statement (i) of Proposition 4.4 is proved in [21], where L) — A, , is regarded as a
small perturbation of the simpler operator L — aA¢ for which, as recalled in (4.18), the stability
estimate is obtained uniformly in o using the skew-symmetry of Ag in L?(c0). The case (ii)
follows from the analysis developed in [20]. In fact, as is mentioned in the next subsection, the
three-dimensional stability is the main concern of [20], but the class of perturbations considered
there includes purely two-dimensional flows. In case (ii) the asymmetric Burgers vortex wy o is of
order O(|al) in L?(oco; \), and the operator Ly — Ay, , is handled as a small perturbation of Ly,
for which complete information on the spectrum and the associated semigroup is available. Case
(iii) is treated in [32], using in an essential way the stabilizing effect at large circulations described
in (4.19). The restriction A € [0, %) in (iii) is due to the fact that, when A > %, the operator
Ly — Ay, , has to be analyzed in the space L?(00,\), where Ag is no longer skew-symmetric.
So far this difficulty could not be overcome for the stability problem, although existence and
uniqueness of Burgers vortices were established by constructing a suitable skew-symmetrizer, as
explained in Section 4.1.

It should be emphasized here that, in all cases (i), (ii), and (iii), the temporal decay estimate
for the semigroup et Ir=Rer ) involves the exponent —%, which is known to be optimal.
Indeed, by differentiating the identity Lywy o — (K2p * wxq, V)wre = 0 with respect to zo,
one observes that daw o is an eigenfunction of Ly — A, , for the eigenvalue —%. Numerical
results due to Prochazka and Pullin [41] indicate that —% is actually the largest eigenvalue
of Ly — Aw, , in L§(oo,A) for any A € [0,1), but a mathematical proof of this conjecture is still
missing, except in the three cases stated in Proposition 4.4.

The semigroup etIrAwy o) has standard parabolic smoothing properties. Nonlinear stabil-
ity with respect to small initial perturbations can thus be obtained by analyzing the integral

equation associated with (4.21):
t
w(t) = e A Aea )iy —/ e(tfs)(kaA“aA)(KQD xw(s), V)w(s)ds, (4.25)
0
and applying the conclusions of Proposition 4.4. This gives the following result :

Theorem 4.5 (Local 2D stability) (i) Case 0 < A < % and a € R: There ezists € > 0 such
that, for all A € [0,\1] and all o € R, the following statement holds. For all initial data wy €
L§(00) such that |Jwoll[2(00) < €, Eq. (4.21) admits a unique solution w € C°([0,00); L§(c0)),
which satisfies

1—X
[w(t)l|z2(00) < Cllwollrzeeye” 2", t>0. (4.26)

Here the constant C' is independent of X € [0,\1] and o € R, while Ay is as in Proposition 4.4.

(ii) Case 0 < A < 1 and |a| < 1: For all X\ € [0,1) there exists € = ¢(\) > 0 such that, for
any o € R with |a| < k1(N), the following statement holds. For all initial data wy € L3(m),
m > 3, such that ||wol|r2¢ny < €, Eq. (4.21) admits a unique solution w € C°([0,00); L§(m)),
which satisfies
_1-a
lw®)llr2emy < Cllwollzgm e 2", ¢>0. (4.27)
Here C depends only on X\ and m, while k1 () is as in Proposition 4.4.
(iii) Case 0 < A < % and |a| > 1: For all A € [0,3) and any a € R with |a| > Ri(\), there
exists € = €(\, ) > 0 such that the following statement holds. For all initial data wy € L3(c0)
with [[wol|r2(00) < €, Eq. (4.21) admits a unique solution w € CY([0, 00); L§(00)), which satisfies
_1-a
lw(t)l|z2(00) < Cllwollrzeeye” 2", t>0. (4.28)

Here C depends only on A\ and o, while R1(\) is as in Proposition 4.4.
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As in Proposition 4.4, the statement (i) of Theorem 4.5 is proved in [21], while (ii) follows
from the results of [20]. The case (iii) is obtained in [32]. It should be emphasized here that the
basin of attraction in the case (i) is uniform in the circulation number «, as a consequence of
the linear estimate (4.22) in Proposition 4.4.

4.3 Three-dimensional stability of Burgers vortices

The stability analysis becomes more complicated when the perturbations are three-dimensional,
because the vorticity field is no longer a scalar quantity, and vortex stretching terms already
appear in the linearized operator. The problem is highly nontrivial even in the axisymmetric
case A = 0, where Rossi and Le Dizes [43] have shown that the linearized operator does not have
any eigenfunction with nontrivial dependence upon the vertical variable. Numerical evidence
of linear stability with exponential decay of the perturbations was obtained by Schmid and
Rossi [44], but their analysis also reveals the occurrence of short-time amplification for generic
solutions. A mathematical understanding of the underlying mechanisms, leading to a rigorous
explanation of these observations, is an important and challenging question, for which significant
progress has been made in recent years.

Starting from the vorticity equation (1.12), with v = 1 and 71, 72,73 as in (4.1), it is easy to
write the evolution equation for perturbations w = w — w) o, where wy o = (0, O,WA,Q)T is the
Burgers vortex with circulation a. The result is

oW — ([,)\—Aw)\’a)w—i-(V,V)W—(W,V)V =0, v=Kspxw, t>0,

(4.29)
Wli—0 = Wo, V- -wyg=0, / wos(xz,z3)der =0, x3€R,
]RQ

where K3p is the kernel of the Biot-Savart law (1.2). Here the operator £y is given by (1.13)
with v = 1, namely

L)\+(9§—$383—%
Ly =|Ly+ 832) — 1303 — % s (4.30)
LA+8§ —$383

and L) is the two-dimensional differential operator (4.3). On the other hand, the operator A
is defined by

W o

Au, W = (K3p * W, V)W + (K3p * W, V)w) o (4.31)
— (W, V)K3p *wx o — (Wra, V)K3p xW. .

The divergence-free condition as well as the zero mass condition [p. w3(x,x3)dz = 0 are pre-
served under the evolution defined by (4.29). Note that, at least formally, a divergence-free
vector field w = (wy,ws, w3)! always satisfies the identity dimg Jge w3(z, x3) dz = 0. This means
that the condition fRQ wo,3(z, z3)dr = 0 in (4.29) is a natural requirement on the initial data,
which does not restrict the generality; see [13, Section 1] for a detailed discussion.

Since the Burgers vortex itself is essentially a two-dimensional flow, it is natural to choose a
functional setting that allows for purely two-dimensional perturbations, and more generally for
perturbations which do not decay to zero as |z3| — oo. For this purpose, the following function
spaces are introduced in [20, 13]:

X(m) = BOR;L2(m)),  Xo(m) = BC(R; Li(m)), (4.32)
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as well as X(m) = X(m) x X(m) x Xo(m). Here BC(R;L?(m)) denotes the space of all
bounded and continuous functions from R into L?(m), which is a Banach space equipped with
the norm [|¢|| x(m) = super [|0(+ 23) || L2(m), and BO(R; L2(m)) is the closed subspace defined
in a similar way. Since the leading order term Ly in the evolution equation (4.29) contains
the dilation operator —z303, one cannot expect that the solutions will be continuous in time
in the uniform topology of X(m). To restore continuity in time, it is convenient to work in
Xioc(m), which is the very same space X (m) equipped with the weaker topology induced by
the countable family of seminorms [[¢[|x, (m) = SUP|z,j<n [|9(-; ¥3)[|L2(m), for n € N. For vector
valued functions, the space Xj,.(m) is defined in a similar way by endowing X(m) with the
localized topology.

Using these notations, the local stability results available so far can be summarized as follows.

Theorem 4.6 (Local 3D stability) (i) For all A € [0,1) and all p € (0,52) there erist
e =€(X) > 0 and ko(\, 1) € (0,k1(XN)] such that, for any o € R with || < ka(A, p1), the following
statement holds. For all initial data wo € X(m), m > 3, with V-wqo = 0 and ||[wol[x(m) < €, Eq.
(4.29) admits a unique solution w € L™ (R, ;X(m)) N C?([0,00); Xjoe(m)), which satisfies

1w () ||5ctm) < Cllwollsmy e t>0. (4.33)

Here C' depends only on «, and k1(\) is as in Proposition 4.4.

(ii) Let A = 0. For all m € (2,00] and all o € R there ezists ¢ = e(m, ) > 0 such that the
following statement holds. For all initial data wo € X(m) with V - wo = 0 and ||wo|x@m) < €,
Eq. (4.29) admits a unique solution w € L (R ;X (m)) N C%([0,00); Xjoe(m)), which satisfies

_t
W (t)llsc(m)y < Cllwollxmy e 2, t>0. (4.34)

Here C depends only on m and «.

L

The statement (i) of Theorem 4.6 is proved in [20], using estimates on the semigroup e!
generated by the operator £y. In view of (4.30), one has the representation

T
_34A _3=A
erw = (e Tttty e e,y etSAw?,) ) (4.35)

where Sy is the differential operator defined by Sy = Ly + 03 — x303. Since the operators Ly
and (9§ — x303 act on different variables, it is possible to obtain the following explicit formula

x3e !t — 2
(5 1) () e~ sl <€t“f 8 y3>) (@)dys,  (436)

_ ! / (
T A ) Je P day (1)

where a1 (t) = (1—e~2!)/2 and €' is the two-dimensional semigroup encountered in Section 4.2.
Useful estimates for the semigroup e** in X (m) are established in [20], together with elementary
spectral properties of the generator Sy. Note that it is possible to take u = % in estimate

(4.33), as can be shown using some arguments borrowed from [13].

The statement (ii) of Theorem 4.6 is established in [13]. Remarkably, as in the two-
dimensional case, the local sttability holds for all values of the circulation number «, and moreover
the rate of convergence e™ 2 is uniform in a. Although the result of (ii) is stated only in the
purely axisymmetric case A = 0, by a standard perturbation argument it is also possible to
prove local stability of the asymmetric Burgers vortex w) , if the asymmetry parameter A is
sufficiently small, depending on |a|. The proof of (ii) in [13] is based on the analysis of the
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linearized operator £ — aAg and its associated semigroup, where £ and aAg are shorthand
notations for the operators £, and A, , respectively, when A = 0. Since Ag is a lower order
perturbation it is not difficult to construct the semigroup e“#~*AcG) in X(m), but the main
problem is to control the long-time behavior. The following result is the key achievement of [13].

Proposition 4.7 (Axisymmetric linear stability) For all m € (2,00] and all « € R one
has

Het(ﬁ_aAG)fHX(m) < Ce_% HfHX(m) ) t>0, (437)
for all £ € X(m), where C' depends only onm and . Moreover, if V-f =0 then V.ellL—a)f — 0,
The proof of Proposition 4.7 in [13] is based on two important observations:

(I) As an effect of vortex stretching, the vertical derivatives of the velocity and vorticity
fields decay exponentially as t — 0o, so that the long-time asymptotics are governed by a
two-dimensional vectorial system.

(IT) When restricted to two-dimensional solutions, the linearized operator £ — aAg has sym-
metry properties which imply uniform stability for all values of the circulation parameter.

In the rest of this section both mechanisms are explained in some detail for the more general
semigroup etwk*A“’%a), where 0 < A < 1. Proposition 4.7 is stated and proved in [13] in the
axisymmetric case A = 0, but the arguments are robust and can be used to establish linear
stability in the asymmetric case too.

Property (I) above is due to a very specific dependence of the operator £ — A, , upon the
vertical variable z3. Indeed, using the definition in (4.30), it is straightforward to verify that
[05, L)] = —03, where [A, B] = AB — BA denotes the commutator of A and B. Moreover, since
the Burgers vortex w) , is a two-dimensional stationary solution, one has [03, Ay, ,] = 0. At
the level of the semigroup, these identities imply that

b lEr—Aera) = okt et(ﬁk_A“Na)aéf, t>0, (4.38)
for all integer k € N. Since the semigroup lEr—Awy ) grows at most exponentially in time, at a
rate that depends only on A and «, Eq. (4.38) shows that the Eth order vertical derivative of any
solution to the linearized equation Oyw = (L) — Ay, Aﬂ)w decays exponentially as t — oo, if k € N
is large enough. By a simple interpolation argument, it follows that any expression involving at
least one vertical derivative of the solution becomes negligible in the long-time regime, which
means that one can restrict the analysis to the two-dimensional vectorial system obtained by
disregarding the vertical dependence of all quantities under consideration. More precisely, in
view of (4.31), the operator A, , can be decomposed as

1) 3

W = Ac(n,aw + Agi’aw —AY w-AY) w

Ao WA )

A

WA, o

where, with the notations Vj, = (91,02)" and wy, = (w1, ws) ",

Al ow = (Kap sena Viows  ADLw = (Kapsw Dhwnas o0
Agi’aw = (Wh,Vh)K3D * WA o Agli’aw = WA70483K3D * W .
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The discussion above motivates the following decomposition of Ay, , into 2D and 3D parts:

A

WA o

W — <(u>\,a,vh)wh - (Wh,Vh)UA,a> L Ryaw,

A"J)\,awg

(4.40)
Ry oW = <(K3D * W), — Kap * ws, Vh>wA,a - Ac(fi’aw

To derive (4.40) one uses the fact that wy o = (0,0, w)\@)—r is a two-dimensional vorticity field,
so that K3p * wy o = (Uxas 0)", with ux o = Kap * Wy . The operator Ay, , defined in (4.9),
is artificially produced by adding and subtracting the term (Kap * w3, Vj)wy o in the right-
hand side. As is shown in [13, Proposition 4.5], all terms in the operator R, , involve at least
one derivative with respect to x3, and hence play a negligible role in long-time asymptotics.
Therefore, the problem is now reduced to the analysis of the simpler operator £y , defined by

E,\,aw = Low — ((u)\,omvh)Xh _?(ﬂv;’havh)u)\,oz> _ ./4)\704W + (632) —$363)W,
WX,

where

1 (Lx — E2)w1 — (una, Vi)wi + (Wh, Vi)ur a1

o hW

AxaW = (Ai\ ngtl) = | (Lx = 52) w2 — (wr 0, Vi)wz + (Wi, Vi)tra | - (4.41)
o (L)‘ - Awk,a)wg

3+A

The crucial observation here is that the (vectorial) operator A, , acts only on the horizontal
variable, so that the semigroup et“*. generated by £ ra = Axa+ (9% — 2303 can be expressed in
terms of the 2D semigroup e***o in the same way as in (4.36). As a consequence, the long-time
behavior of the semigroup el ErAera) in X(m) can be deduced from the spectral analysis of the
two-dimensional operator A) , acting on L?(m) := L%(m)? x L3(m). This leads to the following
criterion [13]:

Stability criterion: Let A € [0,1), o € R, and m > 2. If the stability estimate
HetAA’O‘ H]L2(m)~>]L2(m) < Ce M, t>0, (4.42)

o= Rer o) |y xmy < Cle™ ™ holds for all t > 0.

holds for some pu € (0,152], then ||e

The key observation (II) concerns the structure of the 2D operator Ay . From the definition
(4.41) it is apparent that the horizontal component wj, = (wy,ws)" and the vertical component
ws are completely decoupled under the action of A, ,. Furthermore, the third component
Axas = Lx — A, , acting on ws is exactly the linearized operator at the Burgers vortex
considered in Section 4.2, when only two-dimensional perturbations are allowed. Proposition 4.4
(iii) thus provides the desired stability estimate for the semigroup generated by A, 3, uniformly
for all a € R if the asymmetry parameter A is small enough.

One of the main contributions of [13] is the analysis of the horizontal component Ay 4,
which also has a nice structure that allows to obtain a stability estimate for all a € R, at least
if A = 0. The argument is as follows. Since the operator wj, — (Wp, Vi)ur o — (Ura, Vi)Wh
is a relatively compact perturbation of the second order operator Ly, a standard perturbation
argument reproduced in [13, Proposition 3.4] shows that the long-time behavior of the semi-
group eten in L2(m)? (with m > 1 sufficiently large) is determined by the eigenvalues of the

generator A, o in a Gaussian weighted space such as L?(oo; A)2. As usual, when X\ € [0, %),
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one can use L%(00)? instead of L?(co;A)2. To locate the eigenvalues of Ay 4 p, the following
identities play a crucial role:

xIp - A>\7a,hwh = (L)\ — 2)xh -Wp — QVh cWp — )\(.%'1?1}1 — 1‘211)2)
— (ura, Va)Th - Wy + (Wp, Vi)ap - un g, (4.43)
Vi AxanwWn = (Lx = 1)Vp - Wi, — (ura, Vi)V - Wi
Here the notation zj, = 2 = (x1,29)" is used. When A = 0 the two-dimensional velocity field
Urq = av® satisfies xp-uy o = 0, hence the first identity in (4.43) becomes substantially simpler.
If wy, € L%(00)?> N D(L) is a nontrivial eigenfunction of A, ., with eigenvalue u € C, one has
the obvious relations

Ewh = Ax a0 hWh pxp - Wi, = Tp - Ax o hWh uVh Wy = Vi - Ax o, hWh »

which can be combined with (4.43) to obtain valuable information on p. Indeed, assume for
simplicity that A = 0. If Vj, - wj, # 0, the identity

Mvh cWp = (L - 1)Vh cWp — OC(UG, Vh)Vh *Wp

implies that Re(u) < —3/2, in view of the spectral properties of L established in Proposition 2.2
and the fact that the operator w ~ (v, V)w is skew-symmetric in L?(c0), see (2.14). If
Vi -wp =0 and xp - wp, # 0, one has the relation

pzp Wy = (L —2)xp - wp, — (v, Vi)z, - Wy,

which implies that Re(u) < —2 by the same argument. Finally, if z; - wp = 0, the eigenvalue
equation reduces to

1 _lepl?

(1_6 4 )7

pwy, = (L — 3wy, — a(v, Vi)wy, + awih, h(zp) = S
and a simple energy estimate leads to the conclusion that Re(u) < —3/2 in all cases. As a
consequence, when \ = 0, one has the desired stability estimate

_3
Het.A/\,a,hwh”LQ(m)Q < Cmae QtHWhHLQ(m)Qa t>0, (4.44)

for all & € R, if m > 1 is sufficiently large. Note that the constant in (4.44) depends on « and
becomes large as |a| — oo, which may be related to the short time amplification phenomenon
observed numerically by Schmid and Rossi [44].

By a perturbation argument, it is easy to show that the stability estimate also holds if the
asymmetry parameter X is nonzero and small, but it is unclear whether the smallness assumption
on A is uniform with respect to the circulation parameter o. This interesting question is answered
affirmatively by Theorem 4.5 if the perturbations are restricted to purely two-dimensional flows.
In the general case what is missing so far is a precise information on the eigenvalues of the
two-dimensional operator A) , p, especially in the regime where |a| > 1.

5 Conclusion
As can be seen from the results reviewed in the previous sections, the mathematical theory of

viscous vortices has reached a certain level of maturity, but many interesting questions remain
open to the present date. In the simple case of a single, axisymmetric, straight vortex tube, there
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are explicit formulas for the vorticity and velocity profiles, and the stability with respect to two-
dimensional perturbations is fully understood for all values of the total circulation (Section 2.1),
including the large Reynolds number limit where additional stabilization occurs (Section 2.2).
In presence of a non-axisymmetric strain, existence of stretched vortices is known for all values
of the circulation and asymmetry parameters (Section 4.1), but uniqueness and stability results
are not completely satisfactory, except perhaps in the large circulation limit where asymptotic
symmetrization and stabilization are observed (Section 4.2). When arbitrary three-dimensional
perturbations are allowed, local stability of the axisymmetric Burgers vortex is well understood
for all values of the total circulation (Section 4.3), but less is known in the asymmetric case,
and the question is essentially open for the self-similar Lamb-Oseen vortex, due to the lack of
stretching in the vertical direction.

In real fluids, however, one usually observes the interaction of several vortex tubes, none of
which is perfectly straight, and vorticity is also created near the boundaries. All these discrep-
ancies from the ideal situation considered above give rise to difficult mathematical questions,
which are essentially open. The rigorous theory of curved vortex filaments in viscous flows is
still in its infancy, except perhaps in the axisymmetric case without swirl where existence and
uniqueness of vortex rings can be established (Section 3). Interaction of vortices has been stud-
ied so far only in the weakly coupled regime where the distance between the vortex centers is
much larger than the size of the vortex cores [10, 36, 37]. Stronger interactions, such as vortex
merging (in two dimensions) or reconnection of vortex tubes (in three dimensions), play a crucial
role in the dynamics of turbulent flows, but a rigorous description of these phenomena seems
completely out of reach. Finally, there are no mathematical results yet concerning the interac-
tion of viscous vortices with rigid boundaries, although the existence of self-similar vortices in
two-dimensional exterior domains can be established at least for small values of the circulation
parameter (Section 2.3).

Cross references

e Self-Similar Solutions to the Nonstationary Navier-Stokes Equations
e Large Time Behavior of The Navier-Stokes Flow
e Models and Special Solutions of the Navier-Stokes Equations
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References

[1] M. Ben-Artzi, Global solutions of two-dimensional Navier-Stokes and Euler equations, Arch.
Rational Mech. Anal. 128 (1994), 329-358.

[2] J. M. Burgers, A mathematical model illustrating the theory of turbulence, Adv. Appl.
Mech. 1 (1948), 171-199.

[3] A. Carpio, Asymptotic behavior for the vorticity equations in dimensions two and three,
Comm. Partial Differential Equations 19 (1994), 827-872.

[4] Wen Deng, Resolvent estimates for a two-dimensional non-self-adjoint operator, Commun.
Pure Appl. Anal. 12 (2013), 547-596.

[5] Wen Deng, Pseudospectrum for Oseen vortices operators, Int. Math. Res. Not. IMRN 2013
(2013), 1935-1999.

30



[6]

[19]
[20]
21]
[22)

[23]

[24]
[25]

[26]

H. Feng and V. Sverdk, On the Cauchy problem for axi-symmetric vortex rings, Arch.
Rational Mech. Anal. 215 (2015), 89-123.

I. Gallagher and Th. Gallay, Resolvent estimates for rapidly rotating Oseen vortices, in
preparation.

I. Gallagher, Th. Gallay, and P.-L. Lions, On the uniqueness of the solution of the two-
dimensional Navier-Stokes equation with a Dirac mass as initial vorticity, Math. Nachr.
278 (2005), 1665-1672.

I. Gallagher, Th. Gallay, and F. Nier, Spectral asymptotics for large skew-symmetric
perturbations of the harmonic oscillator, Int. Math. Res. Notices 2009 (2009), 2147-2199.

Th. Gallay, Interaction of vortices in weakly viscous planar flows, Arch. Ration. Mech. Anal.
200 (2011), 445-490.

Th. Gallay, Stability and interaction of vortices in two-dimensional viscous flows, Discr.
Cont. Dyn. Systems Ser. S 5 (2012), 1091-1131.

Th. Gallay, Long-time asymptotics for the Navier-Stokes equation in a two-dimensional
exterior domain, comptes-rendus des Journées EDP 2012, Biarritz.

Th. Gallay and Y. Maekawa, Three-dimensional stability of Burgers vortices. Comm. Math.
Phys. 302 (2011), 477-511.

Th. Gallay and Y. Maekawa, Long-time asymptotics for two-dimensional exterior flows with
small circulation at infinity, Anal. PDE 6 (2013), 973-991.

Th. Gallay and L. M. Rodrigues, Sur le temps de vie de la turbulence bidimensionnelle,
Ann. Fac. Sci. Toulouse Math. 17 (2008), 719-733.

Th. Gallay and V. Sverdk, Remarks on the Cauchy problem for the axisymmetric Navier-
Stokes equations, Confluentes Mathematici 7 (2015), 67-92.

Th. Gallay and V. Sversdk, Uniqueness of axisymmetric viscous flows originating from cir-
cular vortex filaments, https://arxiv.org/abs/1609.02030.

Th. Gallay and C. E. Wayne, Invariant manifolds and the long-time asymptotics of the
Navier-Stokes and vorticity equations on R?, Arch. Ration. Mech. Anal. 163 (2002), 209
258.

Th. Gallay and C. E. Wayne, Global Stability of vortex solutions of the two dimensional
Navier-Stokes equation. Comm. Math. Phys. 255 (2005), 97-129.

Th. Gallay and C.E. Wayne, Three-dimensional stability of Burgers vortices: the Low
Reynolds number case”, Physica D 213 (2006), 164—180.

Th. Gallay and C.E. Wayne, Existence and stability of asymmetric Burgers vortices, J.
Math. Fluid Mech. 9 (2007), 243-261.

Y. Giga and T. Kambe, Large time behavior of the vorticity of two dimensional viscous
flow and its application to vortex formation, Comm. Math. Phys. 117, (1988) 549-568.
M.-H. Giga, Y. Giga, and J. Saal, Nonlinear partial differential equations. Asymptotic be-
havior of solutions and self-similar solutions, Progress in Nonlinear Differential Equations
and their Applications 79, Birkh&user, Boston, 2010.

H. von Helmholtz, Uber Integrale der hydrodynamischen Gleichungen, welche den Wirbel-
bewegungen entsprechen, J. reine angew. Math, 5 (1858), 25-55.

D. Henry, Geometric Theory of Semilinear Parabolic Equations, Lectures Notes in Mathe-
matics 840, Springer, 1981.

T. Kato, Perturbation Theory for Linear Operators, Grundlehren der mathematischen Wis-
senschaften 132, Springer, 1966.

31



[27]

[28]

H. Kozono and M. Yamazaki, Local and global unique solvability of the Navier-Stokes
exterior problem with Cauchy data in the space L™, Houston J. Math. 21 (1995), 755~
799.

D. Kiichermann, Report on the I.U.T.A.M Symposium on concentrated vortex motion in
fluids, J. Fluid Mech. 21 (1965), 1-20.

D. Iftimie, G. Karch, and C. Lacave, Self-similar asymptotics of solutions to the Navier-
Stokes system in two-dimensional exterior domain, J. Lond. Math. Soc. 90 (2014), 785-806.

0. Ladyzhenskaya, Unique solvability in the large of the three-dimensional Cauchy problem
for the Navier-Stokes equations in the presence of axial symmetry, Zap. Nauchn. Semin.
Leningr. Otd. Mat. Inst. Steklova 7 (1968), 155-177 (in Russian).

T. Lundgren, Strained spiral vortex model for turbulent fine structure, Phys. Fluids 25
(1982), 2193.

Y. Maekawa, On the existence of Burgers vortices for high Reynolds numbers, J. Math.
Anal. Appl. 349 (2009), 181-200.

Y. Maekawa, Existence of asymmetric Burgers vortices and their asymptotic behavior at
large circulations, Math. Models Methods Appl. Sci. 19 (2009), 669-705.

Y. Maekawa, Spectral properties of the linearization at the Burgers vortex in the high
rotation limit, J. Math. Fluid Mech. 13 (2011), 515-532.

Y. Mackawa, On asymptotic stability of global solutions in the weak L? space for the
two-dimensional Navier-Stokes equations, Analysis 35 (2015), 245-257.

C. Marchioro, On the inviscid limit for a fluid with a concentrated vorticity, Commun.
Math. Phys. 196 (1998), 53-65.

C. Marchioro, Vanishing viscosity limit for an incompressible fluid with concentrated vor-
ticity, J. Mathematical Phys. 48 (2007), 065302 (1-16).

K. Masuda, Weak solutions of Navier-Stokes equations, Tohoku Math. J. 36 (1984), 623
646.

H. K. Moffatt, S. Kida and K. Ohkitani, Stretched vortices—the sinews of turbulence;
large-Reynolds-number asymptotics, J. Fluid Mech. 259 (1994), 241-264.

A. Prochazka and D. I. Pullin, On the two-dimensional stability of the axisymmetric Burgers
vortex, Phys. Fluids. 7 (1995), 1788-1790.

A. Prochazka and D. I. Pullin, Structure and stability of non-symmetric Burgers vortices,
J. Fluid Mech. 363 (1998), 199-228.

A. C. Robinson and P. G. Saffman, Stability and structure of stretched vortices, Stud. Appl.
Math. 70 (1984), 163-181.

M. Rossi and S. Le Dizes, Three-dimensional temporal spectrum of stretched vortices, Phys.
Rev. Lett. 78 (1997), 2567-2569.

P. J. Schmid and M. Rossi, Three-dimensional stability of a Burgers vortex, J. Fluid Mech.
500 (2004), 103-112.

M. Ukhovskii and V. Yudovich, Axially symmetric flows of ideal and viscous fluids filling
the whole space, J. Appl. Math. Mech. 32 (1968), 52-61.

32



