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VISCOUS VORTEX CRYSTALS

MICHELE DOLCE AND MARTIN DONATI

ABSTRACT. We study the solution to the two-dimensional incompressible Navier-Stokes equations arising
from a sum of Dirac masses in a particular co-rotating configuration. This configuration consists of a
polygonal vortex crystal with or without a central vortex. By exploiting the symmetries and stability
properties of the system, we describe and control the solution up to sub-diffusive time scales, prior to the
expected onset of vortex merging.
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1. INTRODUCTION

To understand large-scale atmospheric dynamics, it is essential to characterize the motion and inter-
action of coherent vortices. These vortices can be relatively short-lived and extreme, such as cyclones,
or persistent and somewhat stable, such as Earth’s tropospheric polar vortices. In this paper, we ex-
amine a specific yet not uncommon scenario where a group of vortices organizes into a highly stable
structure, achieving an abnormally long lifetime due to this particular configuration. A striking example
of this phenomenon is currently observed at Jupiter’s poles, where polygonally arranged vortices rotate
collectively in an almost rigid manner around each pole, see [1].

More broadly, relative equilibria of vortices manifest in diverse contexts, including metastable states
in electron plasmas [44], wake structures behind wind turbines, and as outcomes of two-dimensional
turbulence relaxation [19]. In the latter case, the stability of these equilibria is pivotal, as it determines
which structures persist even with turbulent chaos. For a comprehensive mathematical analysis of this
phenomenon, we refer to [17], while [45] provides numerical simulations illustrating the formation
of such vortex structures from turbulence, particularly near the poles of rotating planets. Moreover,
the emergence of large vortex structures following a turbulent phase was explored in [40], where a
finite-dimensional approximation of ideal fluids on a sphere, known as the Zeitlin model, is used. The
authors consistently observed at most four large vortices in the long-time regime (see also [41] for the
mathematical foundations of the matrix hydrodynamic model used in [40]).

Despite the inherent complexity of real atmospheric systems, where multiple physical processes in-
teract, many fundamental stability mechanisms and emergent behaviors can be effectively captured by
even the simplest fluid models. For instance, the point-vortex model pioneered by Helmholtz [29] and
Kirchhoff [31], in which vortices are represented as singularities concentrated at discrete points, pro-
vides an accurate first approximation of the motion of strong, concentrated vortices. Within this model,
polygonally arranged point vortices indeed rotate in a rigid manner. The study of their stability proper-
ties dates back to Thomson’s 1883 foundational result [46]. Since then, the topic has been extensively
studied, with [3, 6] providing modern results and historical accounts.
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2 MICHELE DOLCE AND MARTIN DONATI

Another natural research direction involves the desingularization of the point-vortex model to account
for finite-size effects. In this context, particular exact concentrated solutions can be constructed through
variational methods (e.g. [7, 47]), the study of contour dynamics [27, 28, 30], or the gluing method
introduced in [10], while the control of any non-viscous concentrated solution to the planar incompress-
ible Euler equation can be obtained by the vortex blobs method, e.g. [5, 37]. Furthermore, the second
author [13] proved that non-singular, concentrated vortices also exhibit robust stability properties when
arranged in polygonal configurations. In the present work, we consider these polygonal configurations
in weakly viscous fluid flows.

1.1. Mathematical setting. We consider a two-dimensional incompressible and viscous fluid flow, de-
scribed by a velocity field u with vorticity w = V- - « and viscosity » > 0. This evolves according to
the Navier-Stokes equations in R?, which in vorticity form are given by:

Ow(x,t) + u(w,t) - Vw(z,t) = vAw(z,t), z€R? t>0
1 [ (z—y)?t
u(lxr,t) = — ——w(y,t)d reR2 t>0 1.1
(z,1) 27r/Rz!:v—y!2 (y,t)dy, , t> (1.1)
w|t:0 = winv
where the initial datum w"" has to be specified. We aim to describe the evolution of vortices that are very
concentrated in space around their center of mass. It is well known that, at least over some time interval,

if the viscosity of the fluid is small enough, the motion of those vortices (the motion of their center of
mass) is well approximated by the so-called point-vortex dynamics, or Helmholtz-Kirchhoff equations

N+1 1
Iy (2(t) — &(t)) ,
2(t) = S S A A S S Jd=1,...,N+1, (1.2)
0= s a0r
I#]
zj(0) = z;"
where z1(t),...,zn+1(t) € R? are the positions of the N + 1 point-vortices and I'y, ..., 'y € R

their circulations. Going back to Helmholtz [29], a rigorous proof of this statement was made for a non-
viscous fluid in [37] (see also [38]). For weakly-viscous fluids, it was done in [21] in the case of a sum of
Dirac masses of vorticity (point-vortices) as initial data, where control of the solution was established on
a non-viscous time scale. In the case of concentrated (but not infinitely concentrated) initial vortices, it
was done by [9, 36] with a viscosity depending on the considered initial data, then by [8] with fixed small
viscosity. In [12], the same study as [21] was conducted, but on a particular configuration of vortices:
the translating pair of opposite vortices. In that case, using the specific symmetries and stability of the
configuration, the control of the solution is obtained on a much larger time scale, nearly reaching what
we call the diffusive time, which is the time after which the diffusive effects become so strong that the
vortices cannot be considered concentrated anymore. In the recent contribution [49], the authors treated
the case of two vortices of any given intensity, obtaining the result on the same large time scales reached
in [12]. For details regarding the ODE system (1.2) itself, we refer to [2].

In this paper, we perform the same analysis but on a configuration consisting of equal vortices placed
at the vertices of a regular polygon, with or without a central vortex of given circulation. We thus
consider equations (1.1) with initial datum

N
Wi =T Zaz;n + ~Tdp, (1.3)
j=1
where N > 2, T € R\ {0}, 7 € R, and the z;:” are
. 27j 2]
z;.”:r(cos( ;\Tf]),sin(%)), for j=1,...,N, (1.4)

with r > 0. This initial datum is a sum of equal Dirac masses regularly placed on the disk of center 0
and radius r, with (or without if v = 0) a central vortex, see Figure 1. Note that the cases N = 1,y # 0
and NV = 2, v = 0 are fully covered by [12, 49], which is why we restrict our attention to N > 2. Let us
recall that existence and uniqueness of a solution to the system (1.1) with a measure as initial data were
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FIGURE 1. Two examples of polygonal vortex configuration as described at (1.4), with
N =6and v =1 (left), and N = 5 and v = 0 (right).

proven in [20]. Moreover, the solution of the point-vortex dynamics (1.2) with initial datum (1.4) is well
known (see for instance [3]) to be given by

zj(t):r(cos(%—i—at),sin(%—i—at)), for j=1,...,N
Zna(t) = (0,0), (1.5)
a=p5(N—1+2y).

This configuration is uniformly rotating around the origin. It is a relative equilibrium of the dynamics,
called in this context a vortex crystal. The stability of this configuration was studied in [6]', and the result
is recalled in Section 6.3. In the non-viscous case, for a special value of v and for N > 4, a result of
long-time stability for non-singular vortices concentrated near this initial configuration was obtained in
[13], see also [15] for the same problem on the rotating sphere. In that regard, we now perform a viscous
analysis of this configuration, but we have to first introduce several dimensionless parameters that allow
us to describe the solution precisely. Let Ly = 2rsin(7/N) be the length of the sides of our regular
polygon and define the characteristic distance in the system as

d := min{r, Ly}. (1.6)
Note that Ly = O(rN~!) as N — oo. We then define our adimensional quantities of interest as
Vit v d? d?
t) = — 0= — Ty := —= Tyife := — 1.7
5( ) d 5 Pv adv T 5 diff Py 5 ( )

where ¢(t) is the aspect ratio between the core size of the vortices and their mutual distances, 0 the
inverse circulation Reynolds number, 7,4, the advection time and Tjy;g is the standard diffusive time.
Note that T, 4, corresponds to a time where the point vortex polygon rotates by a fixed angle, so that one
can effectively measure the point vortex dynamics at this time. In fact, to actually observe the inviscid
dynamics described by (1.5) in the viscous problem, we need to work in the high Reynolds number
regime 6 < 1, which implies 7,4y < Tyig. Note that e(Tyi¢) = 1, and we therefore will only consider
sub-diffusive time scales.

1.2. Main result. We aim to describe the solution of equations (1.1) with initial datum given by (1.3)
up to a large time scale. Applying the result of [21], we know that the solution is well approximated by
Lamb-Oseen vortices moving according to the point-vortex dynamics on a non-viscous time scale. Let
us state this fact precisely. Let

I w — 2 (t)|? ||
wpy(z,1) = Aot P ( - 4Vjt ) +olexp ( - H)
=1

J
where the trajectories ¢ — z;(t) are given by (1.5). We have the following.

Proposition 1.1 (Corollary of [21, Theorem 2.4]). Let K > 0 be a fixed constant. Then there exist
constants oy € (0,1) and Cy > 0 such that for every § < 0y, the unique solution w of equations (1.1)
with initial datum (1.3) satisfies

1
m |w($,t) — wPV(x,t)‘dx < Coe?(t), vt € (0, KTav),
R2
where 6,¢(t) and T,qy are defined in (1.7).

11 et us mention that [33] disagrees with the main result of [6] concerning the case N < 6, v < 0.
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Fixing I" and taking v sufficiently small, we naturally expect that not only the control of the solution
becomes better, as it is already visible in Proposition 1.1, but also that it should hold for a longer time, as
the viscous effects that will eventually destroy the structure are less powerful. As remarked in [14], it is
only possible in all generality to adapt the proof made in [21] to obtain the control of the solution up to a
time of order 7, , which is also the result obtained in [8]. So far, to the best of our knowledge, the
only known way to push further in time is to take advantage of stability properties arising from special
vortex configurations. This was done in [12] for the pair of counter-rotating vortices and in [49] for any
pair of vortices. We establish an equivalent result for our configuration of polygonally arranged vortices
with (or without) central vortex. We show that for longer times, the angular velocity of the configuration
of vortices starts changing due to viscous effects. We thus introduce corrected approximate positions as
follows. Forall j € {1,..., N}, let

(1) = R(t)(cos (2%‘7 + a(t)),sin (2]\7] + ot )))7

where with R(0) = r and a(0) = 0. These quantities act as modulation parameters used to precisely
track the center of each Lamb-Oseen vortex. We then define

wpv, (2,) = (Ze p( ‘x_@t() )+7€Xp<—|jj)>,
Wappott (1) = Za (ZQ (%= ))—i-’yﬂm(\/%)). (1.8)

Here, wapp,ar captures higher-order viscous corrections, up to a fixed order M, to the radial profile close
to the vortex cores. Note that these corrections slowly evolve in a self-similar way. The main result of
this paper is the following.

Theorem 1.2. Let o € [0,1) and M > (5 — 0)/(1 — o). Then there exist constants 61 € (0,1),

and Cy > 0 such that for every 6 € (0,01], there exists Q. Qi form = 2,..., M, and modulation
parameters R(t), a(t) such that the unique solution w of equations (1.1) with initial datum (1.3) satisfies

1
IT] Jr2
Furthermore, the radius R(t) and the angular speed o (t) are smooth functions satisfying
R(t) =r(1+ reed(t) + (’)(57(t))), o(t) =a(l+ auet(t) + O(E2(t) + 564(t))), (1.10)

where a(0) = 0 and the exact values of the constants ¢ and oy are given in Proposition 4.15.

|w - (WPVV + wapp,M) ‘ (x? t)d.l‘ < 01552(t)7 Vit € (0, Tadvd_g) . (19)

Naturally, as § — 0, the error in (1.9) is much smaller than that in Proposition 1.1 Moreover,
since Tyoayd ™7 > Taqy and Tygyd~7 > Toqy|Ind|, Theorem 1.2 controls the solution on a significantly
longer time scale than Proposition 1.1. Regarding the radius and angular speed, (1.10) only highlights
the leading-order viscous corrections to the inviscid Helmholtz-Kirchhoff dynamics. The full, rigorous
characterization of R(t) and «(t) is not entirely captured by (1.10) alone. Their precise definition is one
of the central components of our proof and relies on technical constraints that we will carefully detail
later in the paper. Nonetheless, we emphasize that relation (1.10) implies

1160 — (0] = 07 —1). (1.11)

adv

Observing that te*(t) /Thqy < 1is valid only for t < Thq,6 ~2/3_jt follows that the point-vortex dynam-

ics in (1.5) remains a good approximation of the viscous vortices up to a time of order O(T,qv0~ 2/3 ).

Beyond this time scale, the configuration becomes out of phase relative to the inviscid point-vortex
motion, see Remark 4.16 and Corollary 5.10 for more details.

To prove Theorem 1.2, we proceed similarly to [12]. After reformulating the equations in self-similar

variables, the first step is to construct an approximate solution wapp = Wpy,, +Wapp, M that remains close

2In fact, in [21] the final result includes the approximate solution up to order M = 4 with ™7 replaced by the constant
K in Proposition 1.1. The analogue of Theorem 1.2 is proved with de*(¢) replaced by £3(¢), but on the time scale under
consideration, § < £(t) for any ¢t > Toqv and thus the error is still much smaller after the advection time.
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to w over the time interval (0, 754,60~ 7) up to any power of €(¢). The construction of such an accurate
approximate solution is essential for the following reason: the control of the configuration over such
long time scales requires an extremely accurate knowledge of the vortex positions, as any positional
error would accumulate in time and eventually invalidate an estimate like in (1.9). In addition, the
controls are obtained in more refined norms. We observe that for the particular choice of ~ used in
[13] our approximate solution starts at order 3(¢) rather than the standard £2(t) found in all previous
constructions [12, 49], see discussion in the next subsection.

Remark 1.3 (Bounds on the time scale). Note that, in this vortex crystal configuration, it is expected
that vortices merge abruptly at a time of order O(Tq,0 ) = O(Tyi), which corresponds to the regime
where the aspect ratio £(¢) becomes of order one. Therefore, approximating w by wpvy, is only physically
meaningful up to a time of at most toT,q,6 ' for some sufficiently small constant ¢, > 0. By taking
o — 17, we almost reach this limit. However, our method relies on an asymptotic expansion in £(t),
but one cannot completely decouple the parameters £(¢) and 4, as the construction introduces remainder
terms of size O(6~2eM+1(¢)). On time scales of order O(T,4,6~7), these errors can be made arbitrarily
small by choosing M large enough depending on o, but this inherently limits the analysis to the regime
g(t) < 0% for some small but strictly positive s. Therefore, even though we control the solution up
to a time that is arbitrarily close to the maximal time at which vortices remain well separated, we are
mathematically far from reaching exactly o = 1. This limitation is also present in the more structurally
stable configuration of a vortex dipole [12], where no abrupt merging is expected and the dynamics
seem to evolve smoothly for all times [11]. Hence, we believe that reaching the diffusive time scale
is not merely a technical artifact of the proof. Instead, reaching the diffusive time scale requires the
introduction of fundamentally new ideas, as the nonlinearity and the diffusion become of the same order
of magnitude. In essence, prior to the diffusive time, diffusion is treated purely as a perturbative effect
that smoothly changes the shape and position of the vortices.

Remark 1.4 (On the circular vortex sheet limit). If we rescale our initial data in (1.3) as
r &
Wit = NZazj +~T'8, (1.12)
=1
we observe that in the N — oo limit, this sequence of measures converges to the circular vortex sheet
with a central point vortex, given by

woy = 2L7Tr5|x‘:r + vI'dg. (1.13)
The study of the evolution and stability of vortex sheets is a classical problem in the inviscid setting,
where Kelvin-Helmholtz instabilities are commonly observed for both flat and circular sheets [32, 35, 42,
48]. Moreover, a desingularization procedure for more general geometries of these singular structures
was established only recently in [18]. A classical numerical approach to simulate the dynamics of vortex
sheets relies on approximating them with a collection of point vortices [32]. In our setting, due to the
specific choice of the initial data in (1.12) and the fact that the Navier-Stokes equations preserve the
N-fold symmetry, one should not see any instability in a suitable limiting regime. Rather, one expects to
effectively carry out the N — oo limit for any fixed ¢ > 0 on an appropriate time scale. Indeed, with the
initial data given by (1.13), the unique solution to (1.1) is simply the radial function w.(t) = e"*2w™.
This coincides with the solution to the 2D heat equation with data (1.13), which can be approximated by
Wy (t) := e’*Awi for any fixed t > 0as N — oo.
To formalize the limit N — oo in our framework, recall that Ly /r = O(N '), which implies that
the dimensionless parameters defined in (1.7) (with I replaced by I'/N) now scale as

e(t) = O(NVut/r), Ty = O(?/(IN)), Tag = O(*/(vN?)).

Our analysis requires the time scale separation T,q, < Tyifr, Which is equivalent to imposing § < 1/N.
To reach a dynamically relevant conclusion, we must ensure that the upper bound of our time interval,
Toav0d 7, does not vanish as N — oo, so we require 8 < N~'/?. Under these hypotheses, a careful
tracking of the N-dependence of the constants suggests that it is feasible to take the N — oo limit for
any fixed t € (0, Taqyd?) in Theorem 1.2. Specifically, since €2(t) < N1 =7, if § decays sufficiently
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fast with N (for instance, § = min{/N —z , N~ 1=2 1), all the higher-order corrections in (1.8) will
vanish as N — oo. While one must carefully track the /N-dependent constants in the definition of
the approximate solution and the bound in Theorem 1.2, we observe for example that the profile (2o
defined in Proposition 4.8 contains /N-dependent constants that precisely balance out to yield a term
of order O(1) (see Remark 4.9), whereas Qm = 0form = 2,...,N — 1 by the N-fold symmetry.
Furthermore, since the angular speed satisfies a — I'(1 + 2)/(4mr?) as N — oo, Theorem 1.2 implies
that the solution is well-approximated by /N Lamb-Oseen vortices rotating with a constant angular speed.
This describes the evolution of N Dirac masses under the heat equation in a rotating frame. The only
quantitative difference between the Navier-Stokes and the heat equation evolutions then lies in this
rotation of the discrete configuration. However, as N — oo, the limiting measure (1.13) is purely
radial and thus invariant under continuous rotations. This rotational effect therefore becomes irrelevant
in the limiting process, smoothly reconciling the discrete dynamics with the purely diffusive evolution
of the continuous vortex sheet. Consequently, we expect that our analysis can provide a vanishing
viscosity justification for the point-vortex approximation of a circular vortex sheet, and we emphasize
that reaching time scales of order O(T,q,6~7) is a crucial ingredient to carry out this limiting process.

1.3. Non radial viscous corrections. The original proof of Proposition 1.1 in [21] already requires
constructing an approximate solution that takes into account a non-radial deformation of the vortices
due to viscous effects, specifically corresponding to the case M = 4. This phenomenon of vortex defor-
mation is well known by physicists (see for instance [16, 34]), and was also investigated mathematically
in more detail in [14]. Let us discuss and illustrate it briefly in our particular case. There exists a critical
value for 7, which we denote by
N —-1)(N -5

YN = ( i; ), (1.14)
which is a threshold in the behavior of the outer vortices (meaning all except the central one). When
v > vy the outer vortices deform in an elliptical shape with their larger radius pointing towards the
central vortex. When v < «}, the outer vortices deform elliptically with their smaller radius pointing
towards the central vortex. The intensity of this deformation is proportional to £2(¢)(y — 7% ), and in
the critical case 7 = «y}, there is no elliptical deformation of the outer vortices. This can be observed
in the numerical simulations presented in Figure 2. One can still mathematically compute a non-radial
deformation at order £3(¢) in that case, which happens to be 3-fold symmetric. Please note that this
value ~y} is the precise choice of  that leads to the long-time confinement in the non-viscous case as
studied in [13].

The central vortex also deforms due to viscous effects. However, the solution w of the Navier-Stokes
equations (1.1) with initial data (1.3) is /N-fold symmetric at all times. The central vortex thus can
only undergo an N-fold symmetric deformation, at order at least £V (¢). Therefore, unless N = 2,
these effects are very weak, and the instabilities inherent to the numerical simulations will destroy the
symmetries before one can hope to see such a subtle deformation become relevant.

These facts are mostly direct consequences of Theorem 1.2 completed with the explicit computation
of the second-order term of the approximate solution that we construct. More examples, with some
details and numerical simulations, with various choices of parameters (/V,~y) can be found in Section 6.

1.4. Analogies and differences with previous related results. From a technical point of view, the
proof of Theorem 1.2 relies on the techniques developed to obtain the analogous result in the simpler
configuration of a point vortex dipole in [12]. That result itself builds upon the recent revisitation
of Arnold’s variational viewpoint by Gallay and Sverdk [22], which they successfully applied to the
more geometrically involved configuration of a single vortex ring in the 3D axisymmetric Navier—Stokes
equations [23]. The point vortex dipole is arguably the simplest nontrivial configuration to study, in the
sense that it enjoys rigid symmetries that prevent violent instability mechanisms, such as the merging
commonly observed for like-signed vortices [39]. From a mathematical perspective, these symmetries
are reflected in key properties of the operators appearing in the equation governing the dipole evolution.
These properties lead to almost exact symmetries in the approximate solution and crucial cancellations
in the nonlinear problem, which play a fundamental role in justifying the validity of the approximate
solution [12].
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FIGURE 2. Initially radially symmetric concentrated vortices (top) evolve in time (bot-
tom), becoming more elliptical with different orientations in the case v = 10 (left) and
in the case v = —10 (middle). In the case v = ¢ = % (right), the vortices do not
display any clear 2-fold symmetric deformation. The 3-fold deformation happening in
that case, as well as the 6-fold deformation of the central vortices in each case, are too
subtle to be seen here. The bottom pictures are taken in all three cases after the whole
configuration has completed a rotation of angle 27 /3.

In the case of two point vortices with general circulations recently studied by P. Zhang and Y. Zhang
in [49] (corresponding to the case N = 1, v # —1 in our setting®), one can still construct a very
accurate approximate solution by adapting the methods of [12]. However, it is no longer possible to
reduce the analysis to a single scalar equation (unless v = 1), and the operators in the equations exhibit
a more complicated dependence on the modulation parameters, such as the radius and angular speed.
Although the configuration still enjoys some key structural symmetries, it is less clear how to exploit
them effectively at certain steps. This becomes a serious obstacle in proving that the full solution remains
close to the approximate one on very long time scales, as in Theorem 1.2. Indeed, a key point in [12]
is the use of the vertical position as a modulation parameter to fix the centers of vorticity, whereas the
horizontal position is automatically fixed by symmetry. For two vortices with general circulations, one
can control the vortex centers by passing to a rotating frame and modulating both the angular speed and
the mutual distance. However, unlike the dipole case, neither of these parameters is automatically fixed
by symmetry. As a consequence, potentially dangerous terms appear in the full nonlinear problem that
are not easily controlled by the symmetry arguments. In [49], the authors introduced a new strategy to
bypass the problems given by some of these terms at the cost of constructing pseudo-momenta, which
are needed to replace standard first-order moments commonly used to control the vortex centers. We
note that these pseudo-momenta are related to the presence of elements in the kernel of the leading-order
operator arising from the linearization around the full approximate solution. These kernel elements are
themselves linked to the symmetries of the configuration (especially the invariance with respect to a
rotation around the origin of the whole configuration). Hence, symmetries still play a key role, but their
use is more subtle in [49].

For the more general configuration of vortex crystals with a central vortex, we are in a situation that
is structurally close to that of [49], but the equations are further complicated by nontrivial interactions
among all exterior vortices. Nevertheless, we are able to fully exploit the only robust symmetries avail-
able, namely the V-fold symmetry and the rotational invariance of the total configuration. This allows

3Note that N = 2 and v = 0 1is equivalent to N = 1 and v = 1 up to redefining the center and the distance.
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us to avoid the introduction of pseudo-momenta and instead rely on a key quantity that is directly linked
to these symmetries: the total angular momentum. This quantity varies significantly only on diffusive
time scales (see (2.4)), and it can be used to measure viscous changes to the radius of the polygon.
By constructing an approximate radius Rapp,(t) that precisely follows the vortex centers of the approx-
imate solution, see (4.2), and modulating the angular speed of the full configuration, see (5.3), we use
the almost-conservation of the total angular momentum to show that the centers of the exterior vortices
can only deviate by a factor of size O(de%) at most. This is related to a highly nontrivial property of
the Eulerian part of the approximate solution (namely, the part that approximately solves the inviscid
problem), and it relies on suitable cancellations related to the exact conservation of the total angular
momentum in the inviscid case, see Lemma 4.22. This result is a fundamental building block of our
analysis that allows us to fix the radius R(¢) as the approximate one R,y (t). It highlights how robust
symmetries can be used directly and effectively. At the level of the full nonlinear problem, symmetries
continue to play an essential role at several stages of the argument. One key fact is the self-adjointness
of an operator used to define an energy functional. Another one is that a potentially dangerous term
generated by the modulation of the angular speed belongs (approximately) to the kernel of the opera-
tor naturally arising from the linearization around the approximate solution. Both properties are in fact
linked to the rotational invariance of the whole configuration.

1.5. Plan of the paper. The paper is organized as follows. In Section 2, we write the equations in self-
similar variables and start exploiting the symmetries of the problem to reduce some degrees of freedom.
We also introduce the relevant operators and write the equations in a compact form. In Section 3, we
discuss the important properties of these operators and their associated functional spaces that will be of
use later, setting up the analytic framework for our proof. In Section 4, we construct the approximate
solution w,p, and compute explicitly the first few viscous corrections. Then, Section 5 concludes the
proof of Theorem 1.2 by obtaining the control of the difference |w — wapp| in the relevant norms, from
which we deduce the desired behavior of w. In Section 6 we present a comparison of our results with
numerical simulations made with Basilisk. In the appendices, we give the details of some proofs that
are non-trivial but follow by explicit computations related to symmetries, and we also compute terms
for which obtaining an explicit expression is interesting but not necessary to the proofs.

2. REFORMULATION OF THE PROBLEM

In this section we reformulate the problem and we set up the notation and framework used in the rest
of the paper.

2.1. Notations and conventions. With the adimensional parameters introduced in (1.7), we will work
in the asymptotic regime 6 — 0 and, fixing I" once and for all, this is equivalent to the standard vanishing
viscosity regime v — 0. However, it will be very convenient to perform expansions in terms of €. Since
2 =9 ﬁ, we have that e(t) < 1 <= 0 < 1 uniformly on the time interval ¢ € T,q,6~ 7 for any
o < 1. This leads us to the following notation.

Definition 2.1. Given a map ¢ — f(¢) evolving in a space X, we denote by f = Ox () the fact that for
any given o < 1, there exists a constant C' not depending on ¢ and ¢, and a constant dy > 0 such that for
every ¢ € (0,0¢) and for every t < T,q,0~ 7, there holds that || f(+,¢)||x < Ce(t). When f depends on
t only through &(t), this definition conveniently coincides with considering ¢ as an abstract parameter
and taking the asymptotics € — 0, hence the use of the notation O(e).

Note also that, in the definition of 8, Thqy, Tgifr, Wwe could replace I' with I max{1, |y|}. However, it
would simply change how the parameter v scales in the subsequent analysis; therefore, we prefer to use
the same conventions that have already appeared in [12].

Relative equilibria in the point vortex system are intimately related to conserved quantities in (1.2).
For the dynamics of (1.1), two important quantities are the mean M(w) and the linear momentum
m!(w) = (m}(w), mi(w)) defined as

M(w)—/RQw(x)dx, mjl-(w)—/Rijw(x)d:r, i1,


http://basilisk.fr/

VISCOUS VORTEX CRYSTALS 9

We will perform operations on vectors in R? as if they were complex numbers. For instance, given
a = (a1,a2) <> a; +iaz and b = (b, by) <> by + iby we identify

1
ab < (a1b1 — agby, a1by + agbl) or a ' W(a b, CLL b)

We also identify the rotation matrices

9 _<COS(W) SIH(NJ)>’ forj=1,...,N. 2.1)

sin(577) cos(Nj)

with the complex number !N . For a vector a = (a1,az2) € R? we write Re(a) = a1, Im(a) = as.
Then, with this notation we define the k-th moment vectors as

/g’f £)d¢, for k € N.

As an example, we compute that m°(f) = (M(f), 0) which we will identify with M(f) and
wl(f) = [ (@@ wi = [ (& -g2uerede
R2 R2

Then, we need to make use of the angular momentum that we define through the operator

— [ lePrieae. 22)
R2

- / F(©)g(€)de
RZ

We conclude this section with the introduction of streamfunction and Poisson brackets. The incom-
pressibility condition V - w = 0 implies the existence of a streamfunction v such that u = V-1 and
At = w. To get the expression of ¢ in terms of w, and thus recover the Biot-Savart law in (1.1), one
can invert the Laplacian with the following formula:

We denote the L?(R?) inner product as

1

vlant) = (A7l 010 = 5 [ nle = ylu(y. O 23)

We denote by {f, g} = V£ - Vg = (01f)(02g) — (02f)(019) the standard Poisson bracket of f and
g and then notice, since we will make extensive use of that notation, that the first two equations in the
Navier-Stokes system (1.1) can be changed to (2.3) and

Ow + {¢,w} = vAw.
2.2. Symmetries and self-similar variables. For the 2D Navier-Stokes equation (1.1), it is well known
that the total angular momentum L(w(t)), as defined in (2.2), can be computed explicitly and changes

significantly only after diffusive times. This is related to the fact that the equation is rotationally invariant
and that L(w(t)) is exactly conserved when v = 0. We then recall the following basic fact.

Lemma 2.2. Let w be the solution to (1.1) with initial data (1.3). Then

L(w(t)) = L(w™) + 4vM(w™) = TN (2 + vt (1 + %)). 2.4)

2 we get

OL(w) = —({v,w}, |z*) + v(Aw, [z]?).

Exploiting the identities
(o wh [2]) = (@, {w, [2%}) = =2(¢, puw) = =2(), BpA¢p) = 0
v(Aw, [ef?) = M(@(t)) = 4T (N +7),

the result follows by integrating in time. U
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The initial data (1.3) is /N-fold symmetric and it is well known that the Navier-Stokes equations (1.1)
preserve this symmetry. We can thus decompose the solution of equations (1.1) as

N
w(z,t) =Y @(Q—jz,t)+ b(z,t)
j=1

where @ is the vorticity profile of each exterior vortices and & is the vorticity profile of the central vortex.
Recalling that the mean M (w) and the linear momentum m*(w) are conserved, the N-fold symmetry
has the following consequence on the central blob of vorticity.

Lemma 2.3. For every t > 0, we have that m*(&(t)) = 0.

Proof. By conservation of m!(w(t)), we have that

0:/ xthdx—Z/ ]xtdx—l—/ xo(z, t)dx.
R2 R2

Then, we compute by change of variables that

Z/szw —jz,t)d ZQ] /szth)d x =0,
hence,

/ xw(z, t)dz = 0.
R2

As is usually done in the context of studying solutions arising from Dirac masses in the Navier-Stokes
equations (see [12, 14, 21, 49]), we introduce the rescaled vorticity functions

&(x,t) = %Q (9‘}2(75)75)

O

and

where
Z(t) = (Z1(t), Z2(1))
is a quantity to choose that acts as the position of the N-th exterior vortex. By N-fold symmetry, the
positions of the other exterior vortices are (();Z(t));, and from Lemma 2.3, we choose to define the
position of the central vortex to be 0.
Denoting by ¢ and §A the new variables, namely letting

x — Z(t)

§= Tt (2.5)
and .
§= Nk (2.6)
and letting for 1 < 5 < N
& = M =Q_jE+ Q- Z(t) — Z(t), @7

Vit Vit

we arrive in the end to the following ansatz for w in the self-similar variables:

r & Vo ~
=— > A&+ U, (28)
j=1
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Then, we also decompose the streamfunction as

N
Y(a,t) =T Y (&) +9TU(E ),
j=1
where

2T

For later needs, we observe that we have the following identities to express §; in terms of &; for
1<5,l<N:

U=A"'Q and U =A"'Q, recallingthat A~'f(¢):= 1/ In|& —n|f(n)dn
R2

Q-_1+;2(t) — Z(t)

§ = Q14§ + ot 2.9
& =Q & — 21
vt
~ Z(t
Eo Qi+ ngt( )‘

We then have the following symmetry result for the central vortex.
Lemma 2.4. The functions Qand U are N -fold symmetric.

Proof. We know that w is N-fold symmetric, therefore, for every z € R? and every [ € {1,..., N},
w(z,t) = w(Qjz,t)

and thus
N N
r AT~ ~ r _inx — Z(t) AT~ ~
— > Q —Q&,t) = — oyt Ay —Q t
Vt; 5]7 Ut (57 ) t ( \/> ) + t (Ql£7 )
N
r 01 APSERPN
=— ) O —0 t
thzl (&-1t) + Qi)
with the convention that §_j = {x_j for k € {0,..., N — 1}. By reorganizing the terms we get
N N
T M~ ~ T '~  ~
— Q(&,t) + —Q(&,t) = — QE,t) + —0 t
th; (&) + Q&) th; (&.t) + - QQiE 1)
namely
Thus 2 is N-fold symmetric, and therefore W is too. (]

2.3. Expression of the system in self-similar variables and rotating frame. Since we expect the
system to be rigidly rotating with the unknown angular speed ' (¢), it is convenient to first reformulate
(1.1) in a rotating frame. Thus, with a slight abuse of notation we keep the same notation for w(z, t)
and w(Q_Na() T, t) (With Q_ () defined as @ in (2.1) with j = —Na(t)) and we obtain the Navier-
Stokes equations on a rotating frame with angular speed o which are given by

/
O + {4 — %|x|2,w} — vAw. (2.10)

We will refer to the extra term involving o' as the Coriolis term.

Remark 2.5. Note that the identity in Lemma 2.2 is not affected by the presence of the Coriolis term,
since this term does not contribute to the evolution of L(w(t)) because ({9}, |z|?}, |z|*) =0

To write down the system satisfied by 2, Q, we need to introduce some operators:
e The (rescaled) diffusion operator

1
Lo=Dc+ 56 Vet @2.11)
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e The translation operator

(T.20aD)) = (T2 = €+ 320) @12
e The polygon-center operator
Ve 0 )(E) = Va2 O = 3 (@€ - 532 2.13)
e The polygon-polygon operator -
(Qe(t),z(t),anF)(E) = (Qe,zf)(€ szl f(sz + )d(Q - I)Z(t))- (2.14)

We then have the following.

Lemma 2.6. The vorticity w defined in (2.8) satisfies (2.10) if €2, Q solve the following system

10,0 = £ 5{(I + Q)W+ Teg¥ - =gt 2 - Sle+ Zz)), Q} 2.15)
e T 5, o o~

19,9 = £O — 5{v‘11+VEZ\If— Se/lél Q} (2.16)

Q(£,0) = 0(6,0) = —e €1 we e R2. (2.17)

Proof. We first compute the terms associated to the heat-equation part in (2.10). Hence, we observe that
Ow(x,t) — vAw(z,t) Z t@tQ ro— \/?2’ . VQ)(f'ﬂf)
2 v J

+ ﬁ L (10,0~ £O)(E1).

For the Poisson bracket terms, we compute using relation (2.8) that

{1 = Zﬂ 2,006 (),t)}e + {\'F,ﬁ@(-m}x,

where we interpreted the §; as functions of z. We now want to remove the map composition in the
Poisson bracket, namely express it in terms of the maps {2 and 2 with their natural variable £, applied in
&j and . To this end, we express |z|? in terms of &; using relation (2.7) to get that

1
Then, to complete this change of variable, we compute using relations (2.6) and (2.7) that for 0 < 7 < N,
1
{(5]’)17 (§J)Q}x Ty

and thus, recalling the well-known identity for changing variables inside a Poisson bracket

{£(€()), 960D a() = {&1, &2}a ()L S, 9} (€(2)),

we obtain that

/ O/ N
CU-Powde =2 S 0y (-4 20

0}e(&)

+ g AL P20 0}(©)
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Similarly, keeping the notations compact, we have that

212 R
{waw} ﬂi‘t QtQZ{Z\ijl } gja ) 721;2 {\1/79}5(5775)

ZQI; { Z } 2t2 Z{‘I’ £), Qe(&5,1)-

One should remember that in this expression, ; is seen as a function of {; given by relation (2.9). In
particular, this means that

qu &,t) = W(&,t) +

Mz

¥(Qut4s6y + =(Qrsy ~ DZ(0).2)

NN
Il
S

=z

-1

= 0(g.0+ Y ¥(Quity + =@ - DZ(0).1)

1

!
= ((I + Qc,2)¥)(&), 1)

where we used the definition of the operator Q. 7 in (2.14) and simply reordered the terms in the second
equality. Analogously,

N 1 R
ZW (1) = lDP( LE- s 2(0).t) = )

V() =T (ijj + mQjZ(t),t) = \Tf(sj + \/%Z(t),t> = (T2 29) (&, 1),

where we used that U is N-fold symmetric. Collecting all the identities above, since \/t/v = t/(ed)
and Z' - VQ = {&+ - Z,Q}¢, we find that we solve (1.1) if

N
ot 1
> (00— 20+ {1+ Qv ez - et 2= Saer L) )60
j=1
+ taﬁ—ﬁfnl{ T+y w-ﬁa’m? Q} (& 1) =
7 t 6 ’y 572 2 ? 5 ?

Therefore, when (2, Q satisfy (2.15)-(2.16) we clearly have the identity above. To assign an initial data
to the equations (2.15)-(2.16), we argue as in [12]. By the uniqueness result in [20] we deduce that

(=€) =GO, with  G(§) = eI @.18)

O

We introduce the notation for the initial velocity and streamfunction as

1 2 1
Uo(€) = o ,22 (1—e€PA) wo() = (Eim(gP/4) —qp),  (@19)

where v ~ 0,5772 is the Euler-Mascheroni constant and Ein(z) = [)"s™!(1 — e *)ds is the expo-
nential integral function. In the sequel, we will need to use also the function

VW)
AO = a6 |§|2(|§‘ 0. (220
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2.4. Choice of position and angular speed. In the system (2.15)-(2.16), and already in the definition
of the self-similar variables, we introduced Z and « as given quantities to be chosen later. The key point
in the choice of these modulation parameters is to ensure that the center of vorticity of the blobs remains
centered in our new coordinates, namely that

m!(Q(t)) = m'(Q(t)) = (0,0),  forallt > 0.
This specific choice is necessary for technical needs, but for very concentrated vortices, the center of
vorticity is also a good estimation of the location of most of the mass of the vortex*. Recall that for
the central vortex (), the condition above is automatically guaranteed from the N-fold symmetry with
N > 2, see Lemma 2.3.

We are thus left with the freedom of choosing three parameters Z;(t), Za(t), a(t) to fix only two con-
ditions on €. This is simply because those three variables are linked by a triangular relation. Therefore,
we choose to set

Zs(t) =0 forallt > 0,
which we can do without loss of generality by adjusting the choice of «. The quantity Z; () is now the
distance to the center of the N-th vortex, meaning that it is the radius of our regular polygon and we
thus call it

Z1(t) = R(t), R(0)=r.
Then, in analogy with [12, 23], the choice that fixes the center of mass is given in the following lemma.

Lemma 2.7. Let €, Q be the solutions to (2.15) to (2.17). Define the radius of the vortex polygon and
the angular speed of the solution to be

d ~
tR/(t) = — E(s(t) /11@2 (02(Qc,(r0)Y + VT2 (R0)Y)Q) (&, 1)dE, (2.21)
d -
to/(t) = (1) / (01(Qc,(r0)Y + T2 (R0)V)Q) (&, 1)dE, (2.22)
SR() Jeo

with a(0) = 0 and R(0) = r. Then, for all t > 0 the following moment identities hold true:
M(Q(1)) = M(Q(1)) = 1, m"(Q(t) = m"(Qt)) = (0,0).

Proof. The proof for the mean is straightforward. In the sequel, we need the Poisson bracket identities

{f7g} = _{gvf} and
{f: 93,0 = (f. {9, h}).
Moreover, we have the following identity involving the operator £
1
(L(1), &) = —5mi(f).
Since

alf = {f7§2}> an = _{f>€1}

and 9; commute with A1, it is not hard to verify also that

{AT L&) =0, fori=1,2.
Then, since M(€2) = 1 and Z(t) = (R(t),0), by testing (2.15) with £; and & we deduce that

1 1 ~ tR(t
tomi (Q) = —imi(Q) -5 /2 02(Qe.z¥ + T2,z V)Q dE — ECE) +td/ (Hmi(Q),  (2.23)
R
1 1 ~ R
t0m3(Q) = —5my(Q) + 5 /  01(Qe 2 ¥ + 9Tz 7 W) dE — 1o/ (1) (mi () + —).
R
By the choice of R/, o/ in (2.21) and (2.22), the equation above simplifies to

{9m!(Q) = —%ml(Q) 1o (1) (m ().

“In fact, to determine the position of the vortices, one could decide to follow the maximum of vorticity or the stagnation
point. None of these choices are equivalent in general and we prefer to fix the center of vorticity blobs for later convenience.
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The identity above readily implies that
0y (tm' (Q)[*) = 0 = im*(Q(¢))|* = 0, forallt > 0.
Since clearly m!(Q(0)) = m!(G) = (0, 0) the proof of the lemma is over. O

Remark 2.8. The choice of the modulation parameters R and « as in Lemma 2.7 is fundamental in
the construction of the approximate solution. Indeed, we avoid the iterative construction in [12, 49] by
showing that the choices in (2.21) and (2.22) can be used to fix the first-order moments of the approx-
imate solution. However, in the full nonlinear problem, we do not choose the radius as in (2.21), but
instead fix it to be the one obtained from the approximate solution. This is because the operators depend
in a complicated way on the radius, and a fully nonlinear choice as in (2.21) introduces several technical
difficulties (an issue also present in [49]). Thus, we will drop the requirement that mi (£2(¢)) = 0. From
the proof of Lemma 2.7, it is straightforward to see that one can still fix m3(£2(¢)) = 0 with the choice

de(t)
§(R + edmi(Q))(t) /Rg (01(Qe,(r0)Y + 7Tz (R0) V)0 )&, t)de,

for any R(t). On the other hand, we now have to guarantee that m} (€2(¢)) remains sufficiently small on
the time scale of interest. To this end, we fully exploit a property of the approximate solution related to
the evolution of the angular momentum in Lemma 2.2 (see Lemma 4.22).

ta/(t) =

2.5. Equations in reduced form. In view of the previous sections, we introduce the operator

Bez(0, 3,5 / V(Qesp + 2 TesP)ABE, (2.24)

and by abuse of notation, define
Bez(p, @) = Bez(¢, , ).
We make once and for all the choice that the parameter Z(¢) of the change of variable (2.5) is given
by
Z(t) = (R(t),0),
and we identify (R(t),0) ~ R for notational convenience.
Then, we introduce

R N - d
B (U, ) = U + Q. g U +yTeg¥ + ERe(Be (¥, 0)) — —

s (Be (Y, )| T2 r¢|*2.25)

N N N d N
B p(V,0) =70 + V. g0 — %Im(lgaz(\l’, D)€ (2.26)

When the parameters R, « from the rotating frame are defined by relations (2.21) and (2.22), observe
that
,  &d ~ , ed -
tR = ?Re(B&R(\I!, 0)), ta'(t) = EIm(B&R(\P, U))
with ¥ and U the streamfunctions of the solutions to equations (2.15) to (2.17). Equipped with all the
previous notations, and with this specific choice of parameters, we obtain that ) and €2 are solutions of

the system (2.15) and (2.16) if and only if
1 ~
10,0 = £O — g{cpaﬂ(q/, \I/),Q}, 19,0 = £0 — g{ r(T, D), Q} (2.27)

and in that case, by Lemma 2.7, we have that M(Q(t)) = M(Q(¢)) = 1 and m*(Q(¢)) = m!(Q(t)) =
(O O) Moreover, when there will be no ambiguity, we even use the notation ® = &, p(¥, V) and

)

=3, Rr(Y, \I') so that we arrive to the compact form
1 ~ ~ 1 ~ ~
10y Q) = LO — g{(I), 0}, 10y Q) = LO — g{q), 0}, (2.28)

for the system (2.15) and (2.16). The use of such similar notation in the equations for the vortex at one
vertex (2 and the central vortex €} is made to stress the structural analogies. Indeed, the construction of
the approximate solution follows a rather general asymptotic expansion scheme, in which the differences
are all encoded in the different expansions for ® and ®. Therefore, we will often present detailed com-
putations for {2, which satisfies the most complicated equation, while only highlighting the interesting



16 MICHELE DOLCE AND MARTIN DONATI

differences for €2 when needed. One has to remember that equations (2.28) are coupled since ¢ depends
on €2 and vice versa.

3. FUNCTION SPACES, OPERATORS AND THEIR ASYMPTOTIC EXPANSION

In this section, following [12, 21, 25], we introduce the function spaces needed to construct the
approximate solution, and state some relevant properties of the operators introduced above. As some
facts are either well-known, or simply coming from explicit computations, some details and proofs are
delayed to Appendix A.

3.1. Function spaces. We first define the weighted L? spaces

{f € L*(R?) : / F(&)2 e/ de < oo} ,
RQ

Z={f:R*>R:¢&mPf(E) e S(RY},

Y

where S, (R?) denotes the space of smooth functions with at most polynomial growth at infinity. Note
that Z is a dense subset of ). The space ) is a Hilbert spaces equipped with the inner product

o)y = [ 1©ae) e, Vhge.

In view of the Fourier transform in the angular variable in polar coordinates £ = (r cos(6), r sin(6)), we
also have the orthogonal decomposition

Y =D n, 3.1)
n=0

where YV, = {f € Y : f(§) = a(r) cos(nb) + b(r) sin(nf) with a,b : Ry — R}. We also denote with
P,, the L2-projection operator onto the n-th angular Fourier mode.
Then, we recall the Og, and Oz notation introduced in [12, Definition 3.4].

Definition 3.1. Let M € N be a positive integer.
1) If g. € S.(R?) depends on a small parameter £ > 0, we say that g. = Og, (aM ) if, for all o € N2
and all m € {0, ..., M} there exists C' > 0 and N € N such that

08079 (6) < C(1+ [¢)NeM—™ V¢ e R,
2) Similarly, if f. € Z, we write f. = Oz (sM) if 6‘5'2/4]”6 = Og, (sM).

Remark 3.2. In the sequel, we will not explicitly verify the conditions on the derivatives in Definition
3.1. Indeed, in the asymptotic expansions of the operators proved in Appendix A, we either have errors
involving tails of explicit integrals or errors arising by truncating a Taylor series. In both cases, it is
straightforward to check the conditions for the derivatives in Definition 3.1.

3.2. Diffusion and advection operators. We now recall properties of the difussion operator £ in (2.11)
and the advection operator arising from the linearization of the Euler equations at the Lamb-Oseen
vortex.

i) The diffusion operator. The diffusion operator £ defined by (2.11) is a linear operator in ) with
(maximal) domain
DIL)y={feY: :AfeY & VfeV}.

It is well known, see [24, Appendix A], that L is self-adjoint in ) with compact resolvent and purely
discrete spectrum o(£) = {—n/2 : n € N}. We have Ker(£) = span(G) where G is the Gaussian
function defined in (2.18). The eigenspace corresponding to the eigenvalue —1/2 is span(d1 G, 02G).
Moreover, it is straightforward to verify that if f € ), N D(L), then Lf € )),,. We also recall the result
[12, Lemma 3.5], telling us the following.

Lemma 3.3. Forany k > 0 and any f € Z one has (k — L)™' f € 2.
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ii) The advection operator. We also need the operator associated to the linearization of the 2D Euler
equation at the Lamb-Oseen vortex. This is denoted by A : D(A) — ), and is defined as

Af:{\IIOaf}+{A_1f7Q0}7 fED(A),

where g, ¥ are defined in (2.18), (2.19). The operator A is considered in its maximal domain D(A) =
{ fey {¥yf}e y} and we also have that A is invariant under rotations about the origin, so that it
commutes with the direct sum decomposition (3.1). Moreover, it is clear that Af € Z if f € Z. In view
of the definition of A in (2.20), we also note that we can write

Af ={(A+A71)f, 2} (3.2)
We then recall the following properties, that are well known by now, e.g. [21].

Proposition 3.4. The following properties holds true:
(1) The operator A is skew-adjoint in the Hilbert space ) with kernel

Ker(A) = Vo @ {$101G + 202G : B1,B2 € R}.

(2) If h € Ker(A) N Z or h € Z with Py(h) = m}(h) = mi(h) = 0 the equation Af = h has a
unique solution f € Ker(A)* N Z, and f is an even (odd) function of the variable &5 if h is an
odd (even) function of &o.

We remark that, in fact, to determine the leading order terms in the construction of the approximate
solution one has to invert A on functions of the type h = {¢, Qo } with ¢ € S.. Since € is radial, there
is the degree of freedom of adding any radial function to ¢, and we therefore fix Pyp = 0 to remove
this issue. Then, thanks to the representation (3.2) and Proposition 3.4, we know that

Af={p, %} <= (A+AHf=0. (3.3)

Properties of the operator A + A~! on the space

x={re’@®@): [ 11OPAE & < oo}
R2
have been carefully studied in [22, Section 2]. For our purposes, observe that Py({¢,2}) = 0 and
therefore
{0, Q} eKer(A)t = (p,0:Q) =0 fori=1,2, (3.4)

namely ¢ is orthogonal to ;€ for i = 1, 2 with respect to the standard L?(IR?) inner product. Moreover,
solving the second equation in (3.3) in the space X is equivalent to the following problem in L?(R?)

([d—A2(—A)'A5)F=¢, with F=A>fand¢= A 2. (3.5)

Having that A is radially symmetric, we can as well introduce the angular Fourier decomposition, mean-
ing that we can solve equation (3.5) mode by mode. The problem is then reduced in proving a bound for

the operator T, := Pn(A_% (—A)_lA_%)Pn : L*(R?) — L?(IR?), which can be represented as
L[ min (5 3)"

Ty JANAQ)

In [22], it was proved that there exists 0 < ¢ < 1 such that

Thl9] g(s)sds, with g € L*(rdr). (3.6)

c L2(rdr) n>2
=, o= . . 3.7)
n {g €L (Td’l”) : <g7 G A2>L2(rdr) = 0} n =1

When n = 1, the orthogonality condition in (3.7) is equivalent to (3.4). This is related to the fact that
T [G’A%] — G'A2 5, meaning that G'Az € Ker(Id — T7). Moreover, one can deduce that 1 is the
largest eigenvalue of 77 on L?(rdr) by Sturm-Liouville theory [22], that is the key point to justify the

3To prove this idendity, recall that in polar coordinates A = — g /Q) with (Orr + r710,) W = Qo. Thus AT, = Qf
and therefore (—A;) Q) = —U{ = AQ{, which proves the desired identity after dividing by A~ 3,
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bound (3.7) above. By taking the projection onto the n-th angular Fourier mode in (3.5), we see that we
can define

PoF = (Id = T,,) ' Pag = 3 T(Pug).
j=0

With these observations, we have actually proved the following reinterpretation of Proposition 3.4 to
invert A on some particular functions.

Proposition 3.5. Let h = {p, G} € Ker(A)* N Z with ¢ € S, and Py = 0. Then, the projections on
the n-th angular Fourier mode of the unique solution to Af = h can be written as

oo
Paf=A"3> TIA 3P.p],  forallneN.
j=0
3.3. Properties and expansions of the configurational operators. As explained in Section 2, we
are only interested in computing the operators 7; 7, V- z, Q- z in Z = (R,0) so we simply write
Te,Rs Ve Ry Qe.R, Be g instead of T (r o), Ve, (R,0) Le,(R,0)> Be,(R,0)-

i) Expansions. We start by introducing the constants

d’n
cor =D = <Z> (—1)”““‘1% forn € N\ {0}, k € N, (3.8)

and

Nl Q;g 27il
Snk = —_ Qe N, 0<k<n. (3.9
We provide in Appendix A.1 details about the values of the constants S,, ;, and we only note that S,, ;. €
R as proved in Lemma A.1. The expansion of the operators is encoded in the following.

Lemma 3.6. Assume that f € Z, let ¢ = A~' f and M € N. Then, the translation operator admits the
expansion

M n n
Torol€) = 2 10g (2) 43007 e e (67w (1)) + 05, (44).

2m n=1 k=0
The polygon-center operator admits the expansion

n

N R M n€ n
Verp(§) =M(f)3-log (=) + N Y (—1)" —canRe(m”(f))

21 = R
M en (3.10)
4+ N Z Z (_1)nﬁcn,nf€NRe (ngmanN(Jq) + OS* (€M+1) )
n=N (eN\{0}
IN<M

The polygon-polygon operator admits the expansion

N-1

M(f) R L e" n—k . k M41
Q. rp(&) = o Z log (57d) + Z_; kzo ﬁcmksn,n_kRe(g m (f)) + Os, (e ).

These expansions are proven in Appendix A, by applying Lemma A.2 in the case Z = (R, 0). Let us
now gather some direct consequences of these expansions that will be of use later.

Proposition 3.7. For any ¢ € A7 Z, the gradient of the operators is always at least of order €:

VQerp =0s,.(6),  VTirp=0s.(g),  VVerp = 0Os,(¢), (3.11)
meaning in particular that for any 0,3 € A~ Z,

Be,r(p, ) = O(e), (3.12)
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and thus that for any f € Z,

{Per(0,0), 1} = {o, [} + Oz(). (3.13)
Moreover, let X.,Y. € C be such that |X.|,|Yz| > ¢ > 0 for a constant c independent of € and
|X. — Y:| = O(eM) for some M € N. Then
(Tex. = Texa)p = Os.(eM71),. (3.14)
The same holds true with 7T . replaced by V. . and Q. .

Proof. Taking the gradient in the expansions of Lemma 3.6 immediately gives (3.11) and thus (3.12).
Applying those relations to the definition of ®. g gives in turn relation (3.13). Instead, the relation
(3.14) follows by comparing term by term the expansions in Lemma 3.6, where we gain at least a factor
of | X. — Y¢| since the constant term vanishes and | X.|, |Yz| > ¢ > 0. O

As a consequence of Proposition 3.7, we have the following.
Corollary 3.8. Let 1, 01, @2, po € A~ Z and let n € N. Then
B r(p1 + ™02, @1 +"32) = Be (1, 51) + O™ ).
Proof. Tt directly follows by the definition of B, g in (2.24) and Proposition 3.7. U

ii) Symmetries, commutators and adjoint. We finally characterize useful properties of our operators.

Lemma 3.9. Let T, V!  and QF , be the L*(R?)-adjoint of Tz g, Ve.r and Q. g respectively.

Then the followiﬁg holds.
(1) T)p = T-c,r and [T r, A] = [Tg, A] = 0. Moreover, if f is even in &3 then Tz g(f) is also

€ €,
even in &o.

(2) The adjoint V p, is given by

N

VErP(©) =D f(Qu¢+

=1
and satisfies [Ve,r, A] = [VI g, A] = 0. Moreover, if f is N-fold symmetric, then
Virl = NTerf.

(3) The operator Q. g is self-adjoint, namely Q:R = Q. g, and [Q: r, A] = 0. Moreover, if f is
even in & then Q. r(f) is also even in &s.
(4) The following identities holds true

(2,0)
ed

), (3.15)

Qe r{|Te.rE1, f} = {|TerEP, Qer S} (3.16)
Ve r{|Te,rEP, [} = {I€1*, Ver 1, (3.17)
Vi p{IEl? £} = I TerEP, VEiRS}- (3.18)

Remark 3.10. The identities in (3.16) to (3.18) reflect the invariance of the vortex polygon with respect
to global rotations. In the shifted frame used for the exterior vortices, the function |7z g€|? acts as the
generating function of rotations around the global origin. Consequently, the first identity states that the
polygon-polygon operator Q. r, describing the interactions between the vortices at the vertices of the
polygon, commutes with the generator of global rotations. Analogously, the second and third identities
show that the operators V. r and V:’ , intertwine the rotation of the central vortex with the global rotation
of the exterior vortices.

The proof of Lemma 3.9 follows by direct computations, and we thus postpone it to Appendix A.4.
Finally, we record a key property of the operator B, (-, ) defined in (2.24).
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Lemma 3.11. If ¢, ¢ are even in £, then

Re(Be,r(p,¢)) = 0. (3.19)
In general, for any v, 9, p € Sy, denoting w = Ap, W = AP and w = Ap, we have the expansion

M n—1
Bon(p.22) =13 (5) Y000 = B (Sunsm(w) +9m¥(@) ) m=F1() + O(1H).
n=1 k=0

(3.20)

The identity in (3.19) is telling us that, with the radius defined as in (2.21), changes on the radius are
only due to the odd-in-£5 part of the solution. In particular, in the approximate solution constructed in
the next section, we will show that the even-in-£ symmetry is lost only through viscous effects, meaning
that one is able to effectively gain a factor O(d) on the right-hand side of (2.21).

Proof. From the definition in (2.24), we know that
Re(Be r(W, W) = —(02(Qe.g¥ + 1Te. g V), AD).

Appealing to Lemma 3.9, since W, T are even in &2, we know that 02(Q. r¥) and 05(Tz, R\Tf) are odd in
& whereas AW is even in &2, meaning that the integral above is zero.

The expansion in (3.20) is a consequence of Lemma 3.6. In fact, we show in Lemma A.3 a detailed
proof that holds for any position parameter Z. U

4. THE APPROXIMATE SOLUTIONS
(M)

The objective of this section is to construct an approximate solution (nggg, ﬁapp) to the system
(2.15)—(2.16) at any desired order of precision M. Our approach follows the systematic asymptotic
framework initiated in [21] and subsequently refined in [12, 14, 23, 49]. The new aspect of our deriva-
tion is the self-consistent coupling of the modulation parameters: we fix the approximate radius and
angular velocity to be those defined in (2.21) and (2.22), evaluated directly at the M-th order profiles
(QQ@Q, Q%@). This technical choice streamlines the construction of higher-order profiles and, more
crucially, leads to improved error bounds in the subsequent nonlinear analysis. Since this specific cou-
pling modifies the recursive hierarchy of the expansion, previous results cannot be applied directly as
a black box. Consequently, while we follow the general strategy established [12], we provide a self-
contained construction to clarify the precise impact of the choice of the modulation parameters in the
full expansion.

4.1. Setting up the construction. We look for approximate solutions of the equations in Lemma 2.6,
using the simplified notation in (2.27). At every order M > 0, we denote the approximate solutions by

Qéﬁ?, Q(pp) and we assume the asymptotic expansion

M
f%?ﬁzzﬁwm& QD) =D F B (©) @.1)
= k=0

where the families of maps (€2 )%~ and (ﬁk) k>0 must be determined. Recall that 2y and (AZO are already
defined at relation (2.18), a choice that ensures in particular that for any M,

QM) (€,0) = QM (£,0) = Qo(),

which coincides with the true solution at time 0, see relation (2.17).

We then denote by
M
Uy = A_lﬁk, Uy = A_le and ‘;[lapp ngqjka ap Z
k=

which, by linearity, satisfy q/%) = A" 19(]1[\)@ and \Ifgp ) = A‘ngpp). It is convenient to expand also in

d as to handle separately viscous effects, since we will be working in the large Reynolds number regime
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0 < 1. We will then expand each approximation at k-th order with the Eulerian and Navier-Stokes
component as

Qp = Qg + 0% NS, Qp = Qg + 00 Ns
and the same expansion for the associated streamfunctions. Accordingly, we also split

nglyp) = Qz(ipp)E + 5Q§1pp)NS7 leyp) = Qz(aupp)E + 5Q£(1pp)NS

Then, we fix the radius and angular speed of the rotating frame associated with each approximate

(M) (M)

solution as the ones given in Lemma 2.7. Namely, we define Rapp , capp through the relation (2.21)
and (2.22) as

t(R(M))’(t):dL(t)Re(B on (P00 w)Y) (4.2)

app 5 e,Ripy \ © app >~ app
de(t)
M M M
(MY (t) = (B, o () GO (4.3)
app
M M
RAD©)=r, aBD(0)=0.

This choice of Répp), agp ) differs from what was done in previous works [12, 49], where the modulation
parameters are constructed iteratively with an asymptotic expansion. One then needs to justify a posteri-
ori that the formulas (4.2) and (4.3) hold up to small enough errors. We believe it is more intuitive to fix
the approximate modulation parameter from the beginning and verify that it is sufficient to proceed with
the inductive construction of the approximate solution. From a practical point of view, it also matches
better the technical difficulties that we face.

To measure how good of an approximate solution we have constructed, we introduce the remainders

R = 0(t0 — L)QGD + {030 oy Ry = 6(td, — £)Q8D + {330 Q0DY, (4.4)
(M) (M)

where @,y , Papp are an abuse of notation for the use of operators (2.25) and (2.26) applied at the
approximate solutions, namely

o)) = R;gg(‘l’%@, M), o0 =0 Rggg(‘l’g%)’ M. 4.5)

We now state the existence of a suitable choice of approximate solution.

Proposition 4.1. There exists two families () >0 and (§k>k20 of functions belonging to the space Z
such that for every k > 0:

CI) m'(Q) = m! () = (0,0) and, for k > 0, M(€)) = M(Q%) =0,

C2) the functions Q. i and $y, g are even in &3,

C3) f\lk is N-fold symmetric.

Moreover, for every M € N, the associated approximate solution defined by (4.1) satisfies:

C4) there exists a constant C' independent of § such that for every t < C Tyog6 ™1,

1 3
5" s R (#) < 3"
where Rg%) is given by (4.2),
C5) the remainders Ryr, Ry defined by (4.4) are of order O z(e™ 1 4-6%22) and satisfy m/ (Ry) =
m! (Rar) = (0,0) for j =0, 1.

The rest of Section 4 is devoted to the proof of Proposition 4.1. The constraints C1) to C3) are
technical constraints ensuring that we can manipulate correctly the functions we construct, and that
the approximate solution has important properties related to symmetries. The constraint C4) is a conse-
quence of the even symmetry of the Eulerian part, and it is necessary to ensure that we can safely expand
our operators. The constraint C5) is the quantitative control of how close to the approximate solution is
the real solution, which is the whole point of the construction.
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Remark 4.2. In the case v = 0, the choice of the family ((Alk)kzo is irrelevant. Therefore, while

computing the f\lk, we will assume v # 0. This assumption does not need to be made to construct the
family (€2x)x>0, hence our construction is perfectly valid for v = 0, even if the expression 1/~ appears

in the formula for 2.

The construction will be done iteratively, meaning that after having constructed o, ..., s, and
Qo, ..., Qur, satisfying constraints C1) to C3), and such that the associated approximate solution Q%D)

and ﬁg@ satisfy constraints C4), C5) at order M, then we construct 257,11 and Q M+1, satisfying
constraints C1) to C3) such that the next order approximate solution ngl\,éﬂ) nd QQ%H) satisfy con-
straints C4), C5) at order M + 1.

The rest of the present section is organized as follows. In Section 4.2 and 4.3 we present the com-
putations of the first orders, giving both insights and numerically exploitable results on the actual de-
formation of vortices. Then, in Section 4.4, we construct iteratively the whole family (€ )rcn, leading
to the construction of an approximate solution at every order. Then we compute the first corrections to
the point-vortex dynamics in Section 4.5. In Sections 4.6 and 4.7, we establish some important proper-
ties of the Eulerian part of the approximate solution such as the existence of an approximate functional
relationship and remarkable relations for its angular momentum.

4.2. The zero-th and first order. We recall that the choice of the zero-th order is dictated by the initial
data, which is the Lamb-Oseen vortex R

Qo =Q =G,
Therefore, Qg%)p = ﬁg%)p = (. Since m'(G) = 0, we have that Qy and Qo satisfy constraints C1) to
C3). Moreover, since G is radially symmetric, ¥, ¥ are radially symmetric as well and thus even in

€. By Lemma 3.11, we readily deduce that t(Rép)p) = 0 and therefore
R;%)p(t) =r.
With those expressions in hand, we can compute and expand the zero-th order remainders.

Lemma 4.3. For any M > 2 we have Ry, Ro = Oz(£?) with explicit expansion

M n
Ro = Z £ n0 (Sn.n +7){Re(£"), G} + Oz(M+),

m
n=2

N Y C“VO{R (™), G} + Oz (M), (4.6)

¢<M/N,
¢eN\{0}

Proof. We start by observing that since G is a self-similar solution of the heat equation, we have (t0; —
L)(G) = 0. Thus, for Ry we see that

~ ed ~
Ro = {0, 0} = { 70, Yo +77_ po Vo — —GrIm(B_ o (Yo, \Ifo))mf\Qﬁo}-
Rapp 2Rapp »Mapp

Since m*(G) = 0 for any k > 1, and R(p)p =, applymg Lemma 3.6, we have

€C1,0

2511 {Re(€) G}+Z 08, n{Re(€"), G} + Oz (M),

{9, o Yo, o}t =

and

ec1y

T, o, B0, 2} = 71722 {Re(€) G}+VZEC"O o(€"), G} + Oz (eMH).

We now turn to the term involving B Using Lemma 3.6 combined with the fact that m*(G) = 0

€ R(O) :
sflapp
for every k> O, we get that

ed e2d
—Im(B (\I/(), \I/())) o2

°R —c1,0(511+7) + 0(e™),
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and since

{7, o €. 90} = (I + (1 0P, G} = 2o {61,G} = —-{Re(€), G},

we obtain that

M n
ec
Ro =~ (Sun +7){Re(€"), G} + 0z (M),
r
n=2
where the term of order ¢ has canceled out.

Turning our attention to R, the formula (4.6) directly follows by recalling the definition (2.26), using
Lemma 3.6 and the radial symmetry of G. O

Since, Ry, ﬁo = (’)(52), one can choose, as in [12, 14, 21, 49], the first order to vanish exactly:
Q1 =0 =0,

leading in particular to Qgp)p = Qg))p = Qgp)p = Q(%)p = . Indeed, this choice of £2; and €); satisfies

cAonstrzuEts C1) to C3). In addition, it leads to identical formulas for the remainders: R1 = R( and
R1 = Ry, so by Lemma 4.3, constraints C4), C5) are satisfied at order M = 1, which concludes the
construction of the first order.

Remark 4.4. Note that if y = —Sy » then by Lemma 4.3, Ry = O z(£3), meaning that, as we did for the
first order, one can take {2 = 0 and satisfy all the constraints at order 2. This explains the fact observed
in Section 1.3 that for the special value 7y, = —S22 = w , the exterior vortices do not show

any 2-fold symmetric deformation. By the same argument, 1f N > 2, for any value of ~, the choice
Q =0fork =2,...,N — 1 satisfies all constraints since in that case RN 1= = Ro Oz(eN).

4.3. Construction of the second order. As a propaedeutical way to understanding the iterative scheme,
and in order to get the first non-trivial correction explicitly, we now give in detail the construction of
the second order. The procedure is clearly analogous to the one first proposed in [21] and extended in
[12, 49]. However, here we first need to guarantee some a priori properties of the approximate position

in (4.2). We begin by computing an expression of Rg?))p.

Lemma 4.5. Assume that Qo, ﬁg satisfy constraints C1) to C3). Let T be the first time such that C4)
fails. Then, for every t € [0, T] we have that,
HRE,) (1) = 0(E0(t),  RY, =r(1+0(E(1),  dt(al), —an)(t) = OE(1)).

app app app

Proof. We start by decomposing 2s = {2y g + 0 {22 ns, and the approximate solution as

Qgp)p—Qo—l-E QQE+€ (5921\15

(2)
Qapp E

and similary, ﬁg%)p = Q¥ T (592 Ns- Recalling that B R is actually a map in three variables (see

app,
its full definition (2.24)), linear with respect to the third varlal;)fe but affine with respect to the other two,

we compute that

B o (W2 WD) =B o (02 02 )

e,R(2),\Fapp Fapp e, R\ T app,E? ~ app,E
2 3 @) v® 3@
+¢ 5(BE’R$)D(\I’2,N87 Vons, Vopp,p) + B, p@ (Yapp mr Yapppr Y2,N8)

+e'0°B_ o (Pans, Pans).
»ftapp
Using (3.19) in Lemma 3.11, by the £ symmetry of the purely Eulerian part we get that

2 =(2
Re(B_ w?® g

app, B app,E)) =0.

For the remaining terms we use (3.20) and we observe the following: since mk(QZ ~s) = (0,0) for
k > 0and m!'(Qappr) = (0,0), the associated sum in (3.20) starts from n = 3. Thus, applying that
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expansion with M = 3, we see that

-~

Re(B_ o (243, Q0))) = 0(5¢°)

e, R\ "app> ° “app

from which we infer

de =
HRGL) (8) = = Re(B, o (A, Q) = O().

app

Integrating over time, it yields that
2 6
R@,(t) = r+ O().
To control the angular velocity, we do not have the same cancellations for the Eulerian part, but we
observe that

B o (p? @

87Ri(i%))p( app,E’ ~app,E (‘1’07\1’0)

)= Beng
+é’ (35 12 (Yom, Yo, Wo) + B_ 2 (Yo, Yo, ‘I’z,E)>
s»dlapp »-lapp
1
+e°B, poy (Y2, Y2p).

Thus, by using again (3.20) in Lemma 3.11, we observe that the first term is of order €, whereas for the
other ones we again start from the order n = 3, meaning that

Bé,Ré%)p (Qg))p, Qg))p) = ZR(Z) 0170(5171 +7)+ 0(85).
app
Thus, using the information on R;(l%)p, we infer
de ~
SHa) () = Loy (B, gy (0430, O35 = Bt () + O(E).
app

(]

Please note that the fact that we cannot recover a ¢ factor in (ag%,)p)’ means that the difference |a,%)p -
ap| may become of order 1 after a time ¢t < Tagyd L. The explicit computation of this difference is
delayed in Section 4.5, since it is not relevant to the construction of the approximate solution. We now
infer from Lemma 4.5 that constraint C4) is satisfied at the second order regardless of the choice of

Qo, Qg as long as it satisfies the first three constraints.
Corollary 4.6. Any s, ﬁg satisfying constraints C1) to C3) immediately satisfy constraint C4).

Proof. By continuity of Ré%{), Lemma 4.5 implies that there exists a constant C' independent of § such

that

app

1 R 1/3
> — (=) .
7255 (c)

So there exists a constant C’ independent of § such that for every ¢t < C'6~1,

g _ |R(2) (T) - R| < 056(T) = C(VT)3

hence

1 3
2R7R (t) < 2R

app

(]

Let us compute Ro in terms of {25 and (AZQ to understand how constraint C5) will dictate the construc-
tion. Many terms are involved, and the important thing is to isolate the main contributions as follows.

Lemma 4.7. We have that
Ry = &2 (5(1 L)+ AQ + 7'[2) +Oz(e%),

where

Ho :=

20 (S22 +7){Re(€), G}
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is the error at order O z(?) coming from Rg. Similarly,
Ry = &2 (5(1 — L) + A, + ’HQ) +0z(3),

where

7, .= J2F{Re(€?), G} ifN =2
o ifN > 2,

is the error at order Oz (%) coming from Ry.

Proof. We compute the remainder Ry associated with the second-order approximate function given by
the expression ng}p( 1) = Qo(&) + 2(1)Q20(8):
Ro = 0(t0, — £)QZ, + {23, Q2 ).
We look at the first term. Recalling that t9;e% = €2, we get that
§(t0y — L)(Q + €2Q) = £26(1 — L£)Qs.

For the second term, we isolate the terms already computed (the ones present in the construction of the
previous order) and two different kinds of errors:

{(I)apw app} {(I)app’ app} + 62{(I)app’ Mo} + {(I)app (I)g%v Qg?p
‘We now observe that

{@gp,mop} Ro = *Ha + Oz(?)

as obtained in Section 4.2, then, using Proposition 3.7 we obtain that
2{q)app) QQ} = 62{‘1105 Q2} + 02(83).

The last term involves @g%)p — @gp)p, which we recall that properly written is

2 _ 2) g2 0) (0
q)gp)p - (I)z(mp)p (I) (%)p (\Ilgp)pa \Ij;(zp)p) - (I)€7R;%>I) (\Ila(mp)pv \Ijgp)p)'

Not only are those maps applied in dlfferent functions, but they are also computed at different approx-
imate positions. Beware that ® is not a linear operator (but an affine one), and the following identity
holds:

(I)( ) —_ (I)Sip)p [(I+ Q&R%) )\PQ —I—’)/T Rg%)p\lf2j|
- nge(B e (PR UEL) = B_ e (Yo, Po)) 4.7)
} ﬁ))pf‘ Im(B - R2), ) (T2, 02)) — B&Rg)p(‘l’o,\f’o)) 4.8)
app
® —® o, Up).
+( E,Rg))p E,Rg?))p)( 0, 0)

From Proposition 3.7 we have that
{I+Q_ @ Va2 +7T, B2, Uy, Q2 ) = 2{Wy, Q) + Oz(3).
Then, we compute the last term coming from changing the approximate position:
(@ 1@, = Py (Yo ¥0) = (Q, o, = Q. 0, )0 + (T g, = T, iy, ) Yo
+&Re(B_ e (Yo, Vo) — B, po (Yo, o))

e,k

< ! R<2>§\ B, pe) ) (Wo, Bo) — R(O) 7. Rg;pf! B Rgg)p(‘l’o,%))-

Combining Lemma 4.5 and Proposition 3.7, we get that all the terms involved in the last expression are
of order O(£?) at least. Moreover, for the terms in (4.7) and (4.8) we can apply Corollary 3.8 and see
that indeed

2 — Q) = 2Ty + 05, (7).

app app
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Therefore, we conclude that
Ry = &2(8(1 = L)% + {0, 0} + {¥3, 0} + Ha ) + Oz(e%),

which gives the desired result by recalling that AQ = {Ug, Q} + {A71Q, Qo).
Similar computations, left to the reader, yield the result regarding Ro. ([

With Lemma 4.7, we have a very natural (and, remarkably, somewhat unique) choice of 2o and 5\22
satisfying constraint C5). This choice is made so that all O(¢2) terms in Ry and R vanish. We can
now formulate the construction of the approximate solution up to the second order.

Proposition 4.8. Let )y = Qs g + 022 Ns be defined by the following formulas:
QQ,E = —A_lHQ, QQ’NS = —A_l(l — »C)QQ,E'
Similarly, let ﬁg = QQ,E + 5@271\13 be defined by

~ 1 ~ ~ 1 PN
QQ,E = —aA_ltHg, QQ’E = —;A_l(l — E)QQ7E.

Then, Qs, Q2o and the associated second order approximate solution satisfy all constraints C1) to C5).

Remark 4.9. Note that the dependence on N in the definition of €25 is only through the constant
c2,0(S2,2 + 7). As observed in Remark 1.4, we know that d/r = O(N~1), and therefore, by (3.8),
we have c20/r? = O(N~2). Moreover Sg 2 = O(N?), meaning that the N-dependent constant hidden
in the definition of €25 is indeed of order O(1) as announced in Remark 1.4.

Proof. As explained in Remark 4.4, if v = —S5 o then setting {25 = 0 satisfies all the constraints, and
so does setting ﬁg = 0 in the case N > 3.
Let h(¢) := {Re(£?), G}(€) = —£1£G(€). Since h satisfies that
h € Ker(A)t N Z,
his odd in &3,
h is also two-fold symmetric (hence ”ﬁg is always N-fold symmetric)
M (h) = 0and m!(h) = (0,0),
then, using the properties of A gathered in Proposition 3.4, we have that if v # —S5 5, then {2 i is well
defined, and if N = 2, then ﬁZE is well defined (else, they are well defined by taking them vanishing

everywhere). Moreover, we also get that so are {25 g and £A227Ns, and that 29 and @2 satisfy constraints
C1) to C3). With these definitions, we compute using Lemma 4.7 that

Ry = &2 (5(1 L)+ AQs + Hg) +0z(e%)

=2 (5(1— £)(Q.5 + 69.x8) + Mg ) + Oz(%)
=£26%(1 — £)Qans + Oz (%)
= 0z(e® 4 £%6?).

Similarly, one can compute that 732 = Oz(e® + £26?), and thus constraint C5) is now fully satisfied at

order M = 2. Note that these estimates still hold if one (or both) of {29, {25 is vanishing.

This concludes the proof and therefore the construction of the approximate solution at second order.
(]

Remark 4.10. Observe that, up to an error of order O(g3 4 £262), Lemma 4.7 ensures the existence of a
unique choice of 29 satisfying constraint C5). Furthermore, by defining {25 as a higher order polynomial
in §, namely

K
Qo =p+ Y sk,
k=1
for some K > 1, one can uniquely choose Q2 Ns 1, - - - , 22N ¢ such that Ry = Oz (g% + 255 +1). In-
deed, to define the approximate solution, one could write (A+6(1—L))~! = A~ (Id+8§(1—L)A~1) !
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and then use a truncation of the Neumann series associated with the operator (Id + §(1 — £)A~1)~!
which essentially corresponds to our approach. However, in our functional setting, rigorously inverting
Id + 6(1 — £)A~! presents significant difficulties due to an accumulation of losses in powers of || as
el = oc.

B

Finally, a few other remarks on the construction of the third-order approximate solution can be found
in Section 4.5. However, instead of performing the complete computations of the third order, we now
provide the general procedure to construct every order inductively.

4.4. The inductive construction. Recall from Section 3 that P is the orthogonal projection in ) onto
Yo (the average in the angular direction). We now state how to construct iteratively the approximate
solutions at any order.

Proposition 4.11. Assume that for some M > 1, all the maps Qq, ..., Q1 and QO, e ﬁM_l are
constructed satisfying constraints C1) to C5). Then by hypothesis, there exists Hyr = Hy g + 0H v Ns
such that

Rar-1(6,1) = ¥ ()M (§) + Oz(" (1) + 67 (1)),
and ﬁM = 7:2M,E + 57/'ZM,NS such that
Ru1(t,€) = M (O)Hu(§) + Oz (M (1) + 6°%(1).
Let Qpnr = Qu e + Qug, + 002 Ns be defined by
QuEp = —A_IHME
M

-1
QM,ET = <£ — 2) PO(HM,NS)’

M
QM7NS = A"t <(1 — Po)HMNS + <2 — ,C) QM,E) .

Similarly, let (A)M = QM,E + QM,ET + 5§M7Ns with

~ 1. .~
Qup = —;A Uk

N M -1 .
QuE, == — <2 — E) Po(HrmNs),

~ —~ M ~
QM,NS = A"t ((1 — Po)HMNS + <2 — E) QM,E) .

Then, Qpp, Qar and the associated approximate solution at order M satisfy constraints C1) to C5).

The rest of Section 4.4 is devoted to the proof of Proposition 4.11 and to the proof that it implies
Proposition 4.1. It follows the same plan as the construction of the second order, except for one major
difference which is the need to define a new Eulerian part €2/ g, which is radially symmetric, since H s
does not necessarily lie within (KerA)*, a problem that only appears from the fourth order approxima-
tion onward. N

Let us now begin with the proof of Proposition 4.11. By definition of Rjps—1 and Rpr—1 (4.4), since
all the involved operators and maps can be expanded as series in € and J, then Rj;_1 and R M—1 can
themselves be expanded as series in € and d. Therefore, we have indeed the existence of ;1 and
H M—1 as stated is Proposition 4.11.

Now let us prove that €2j; and Q M given in Proposition 4.11 are well defined and satisfy con-
straints C1) to C3).

Lemma 4.12. We have that M (Hyg) = M(ﬁME) = 0 and m* (HmE) = ml(ﬁME) = 0.
Proof. By definition,
m' (Rag—1) = om' (10, — £)Q57) +m' ({@G5 Y, Q0 Y).

app app 7~ app
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By hypothesis Qg%ﬁl) satisfies constraint C1), hence m (Q%{, 1)) = (0,0). Then, by the defini-

tion (4.5) of the operator ® and the choice of Rg‘)/{)_l) agg) Y itis not hard to check that

m! ({2M=1 oM=-1}) = (0,0).

app app
Note that this identity is exactly what we used to define R(¢), «(¢) in Lemma 2.7. Thus, we conclude
that

m'(Ry—1) = (0,0)
By the separation of orders in ¢, §, the statement of the lemma follows by the identity above. U

Now, we check that the Eulerian part of the remainders are indeed in the kernel of A.
Lemma 4.13. We have that H 1 g, ﬁM,E € (KerA)* N Z and are odd in &.

Proof. From the definition of the operators ®, D in (2.25) and (2.26) and Lemma 3.9, we know that the
only term that does not respect the even symmetry in &5 is the one involving Re(B. r(V, ¥)). However,
this term vanishishes on the purely Eulerian part of the approximate solution thanks to (3.19). Then,

when we set § = 0 to define Hy/ g, ’HME we see that we need to only look at Cbgjl\)/é R @&ﬁé R in

gg) El ), \Ilz(ﬁ) El ), and then take the Poisson bracket with Qgﬁ)—é ), ﬁgﬁ)—é ),

Since by the constraint C2) the Eulerian part is even in {>, we get that H /g, H M,k are odd in &>. This
automatically tells us that Po(Hy ) = Po(ﬁ mE) = 0 and we can conclude that H /g, ﬁM,E S
(KerA)* by using Lemma 4.12. The fact that they are in Z is a trivial consequence of properties of the
approximate solution. U

(4.5) when computed on ¥

By combining Lemmas 4.12 and 4.13 with the definitions of €2, and Q M the properties of the oper-
ators A and £ in Proposition 3.4 and Lemma 3.3, we conclude that 23, and Q2 satisfy constraint C1)
to C3). We now compute the remainder.

Lemma 4.14. With this choice of Q41 and Q M+1 one has that
Rum :(93(5M+1+5252), ﬁM :OZ(EM+1+€252).
Proof. By the definition of R, we have
R = 6(t0, — £)QBD 4 {o(D) (D

app ’ " "app

:RM71+5(t8t_[1)( MQM)—I—{(I) {(I)M 1) Q(M—l)}

app ’ app } app app

app 7 rapp

M _ _
= Rag—1 + ¥ (800, + 5 — £)Qr + {001, Q) + {2 — @3, 90D},
We now compute term by term, only at the required precision. By hypothesis,
Ry—1 = EMHM + OZ(EMJrl + 82(52).
Using Proposition 3.7, we have that
{0, Q) = MUY, Q) + Oz (M) = MW, Qur} + Oz(M ).

Then, using again Proposition 3.7, and Lemma 4.5, proceeding as done for Ry (see the proof of Lemma
4.7), we deduce that

(o) — (D QMDY = MWy, Qo) + Oz(eMH).

app app 7 °“app
Gathering all the previous relations leads to

Rar = M (Har +0(10: + % = L)+ M) + Oz (M 4 62%52),

which is the expression that allows us to determine that the choice made in the statement of Proposi-
tion 4.11 is correct, or if one is searching for such a choice, allows one to find it. Remarkably, this
equation does not depend on 0 M, meaning that we can choose €23, independently of the choice of O M-
The main Eulerian part is killed by the choice of {5/ as

Huve +AQue +QuE,) =0.
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Then, since
M
M2 (t0, + 5 L) ns = Oz(£%6%),

and since 0;Q25r, g = 0, we only need to check that

M
HuyNs + (2 - ﬁ) (QuEe+ QuEe,) + AQuNs = 0. 4.9

By construction, we have that

M
HarNs + (2 — E) QuEe, = (1 —Po)HmNs
and thus relation (4.9) holds true. U

Conclusion of the proof of Proposition 4.1.

Proof. We have constructed the M = 0 order functions €2, (AZO (and actually up to the M = 2 order), so
there only remains to apply Proposition 4.11 iteratively. U

4.5. First non trivial corrections. Although it is not necessary to compute the third order {23, ﬁg maps,
as mentioned in Section 1.3, the third order can be the leading order correction; hence, let us give it
explicitly.

Mostly due to the fact that the zero-th and first order are trivial, the computation of the third order is
actually very similar to the computations of the second order, although estimating all the error terms is
slightly more complicated. One can also directly apply Proposition 4.1 to obtain the expression of the
third-order term {23 and (Alg, but to do so, one has to compute the Oz (53) term in Ro and 7%2. Going back
to the computation of Ry and making finer use of the properties of 23 and the operators Q. . and 7.
one can show that R, contains no other term of order Oz (£?) than the term coming from R, namely

3% {Re(&?),G} if N =3
0 if N £ 3.

?b:=:i¥73&3+Jw{Rd€%,G}, 'ﬁ3F:{

Therefore, Proposition 4.1 gives that
. ~ 1, 1+
Q&E = —A H?,, 937]5; = —§A H3

and

(3 - 1. ,/(3 -
Qgng = —A~! (2 - c) Y, Qgpi=—A 1 (2 - E) Q3.

Things get more complicated at the fourth order, as new non trivial error terms at order ¢* come from
the nonlinear interactions of the second order term with itself. o
One can now wonder what is the first non trivial term for the associated approximate radius Rgpp) and
(M)

angular velocity (aapp ) of the rotating frame.
Proposition 4.15. There exists ¢ € R and oy € R, such that for any M > 5, and any t < C6 ' Thqy,
R (1) = r(1 4 765(t) + O(£7(1)))

app
and

(alpg))'(t) = a1 + ase™(8) + O(°(¢) + (1)),
r

where we recall that a = (N — 1+ 2v) is the angular velocity of the point-vortex polygonal vortex
crystal configuration defined in (1.5). The constant r¢ and oy are given by:

d ~
6= "33 (303,0 (S35 +7)m3(Qans) + c32(S3,1m3(Q2,ns) + ’Ym%(QzNS)))

and
1

Oé = -—
! r2cio(S11+7)

(303,0(83,3 +9)m3(Q2) + c3.2(S31m () + Vm%(?b)))- (4.10)
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Proof. Plugging Lemma B.1 into the definition (4.2) of Ré%,), we have that

6
(M)\/ 4\ _ o4 T6E 7
t(Rapp) (t) = 3r 7(R(M))3 +O(e").
app

Denoting by 7' the maximal time for which |R§LJI\)4P) (t) — r| < e, we have that fort < T,
t(RMY () = 3ree® + O(E7).

app
Recalling that e?(t) = %, by dividing by ¢ and integrating,

(RODY () = r(1 + 76e® + O(T)).

The bootstrap assumption is therefore satisfied for as long as ¢ is small enough, namely for ¢ < cd~T,qy

for some small constant c. Plugging this into Lemma B.1 and the definition (4.3) of ag%)) gives that

2
6t(a(M))'(t) = d%CI,O(Sl,l + ’y) (1 + Oé466 + 0(87 + (566)> . (4.1 1)

app

Recalling that £2 = § ﬁ, we conclude that

(@BDY(t) = a(1 + aue + O(® + de?))

by noticing that a = #(N 14+2y) = drg c10(S11+ 7). u

Remark 4.16. Please note that, by integrating in time the formula in Proposition 4.15 we get that

|ag]£ (t) — at| < ate*(t). In particular, defining

M 2nj . (2m)
Copm®) = RGD @) (cos (S +al0(®)).sin (5 + ol ).
we have that
INGY
CIC0L6) = (0] S TIRGD() — o]+ b (0) — at] £ <5(0) + ate' (1)

Then, since 5(t) < ate*(t) whenever v/d? < T'/r?, for ¢ sufficiently small we arrive at
v t
’ngpp),]( )_Z](t) :O(Td 64(t))’

aav
where we also used that a is proportional to 1/T,4,. The error above is of order O(1) as soon as ¢
becomes of order O(T,q,d~ 2/ 3). This means that although our solution remains a sum of concentrated
vortices for a time of order T,4,0 7, its angular position is completely out of phase with respect to the
point vortex dynamics after a time (’)( Toqyd 2/ 3).

Moreover, the constant o can be easily computed numerically®. When N = 2 and y = 0, we observe
that ooy ~ 8.7362 which is in agreement with the corresponding correction to the vertical speed for a
dipole computed in [26] (and in agreement as well with the numerical value found in [12]). This is
not surprising because the second order correction for the dipole and two equal co-rotating vortices are
exactly the same except for a sign, meaning that the dipole slows down whereas the likely signed vortex
pair increase their angular speed. In the case N = 6, v = 10 (and v = —10) in Figure 2 we get that
a4 ~ 513.496 (and oy = —1011.1373). R

For the special value of v = ~}3 in (1.14) and N > 2, we know that Q23 = Q> = 0 and therefore
the correction to the Helmholtz-Kirchhoff angular speed starts at order £°, meaning that ay = 0 and the
next coefficient a5 can be explicitly defined with the formulas provided in Lemma B.1.

Finally, when N — oo, we know that ¢, = O(L%) = O(N~") whereas S3; = O(N?) and
S11 = O(N), meaning that oy = O(N~!) in view of Remark 4.9. For general N > 3 and v = 0, see
Figure 3.

OBesides the definition of the constants, we only need to compute numerically m?(Qs i) as in Proposition 4.8. To define
Qar = —A~'H, we make use of the considerations leading to Proposition 3.5. Namely, looking at Hs in Lemma 4.7, it is
enough to solve (A + A™1) fo = Re(£?). To do so, we discretize the integral operator 7% in (3.6) and cut the integral in its
definition, invert the matrix associated to Id — 7% and obtain an approximation for f5.
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FIGURE 3. Values of the distance parameter d in (1.6) and «4 in (4.10) computed for
N = 3,...,10 (left) and plot of a4 as a function of N (right). For N = 5, we have

4% = 0 and note the behavior iy = O(N 1) for large values of N.

Finally, let us conclude this section with the following remark on the direction of deformation.

Remark 4.17. As observed in Figure 2, we expect that the direction of deformation changes depending
on the sign of v — 3, = v + S2,2. Gathering the expressions of {2, and H2 obtained in Section 4.3, one
can compute (similarly to what was done in [12, 14, 21]) that there exists a map w : Ry — R such

that
0 (S22 + 7)w(r) cos(20),

Q2(8) = R2

where (7, 0) denotes the polar coordinates of £&. With that expression, we see that (2o changes sign with
the quantity v — ~3; and that it results in Qg + £2Q)5 changing its direction of deformation with the sign

of )5 (since it is a w-periodic map in 6).

4.6. The functional relationship. A key point to justify the validity of the approximate solution, is
the construction of an approximate functional relationship between vorticity and streamfunction for the
Eulerian part of the solution, arising when setting § = 0 in the expansion done in the previous sections.
In particular, this will be a crucial property that allow us to apply the Arnold’s energy method in the
nonlinear problem. In order for that Eulerian part of the solution to make sense in itself, we consider in

this section ¢ to be a parameter independent of ¢, and to define Qg@,@ and ﬁ%@ through formulas (4.1)

as a series in this parameter €.
First of all, by construction (constraint C5)), we know that

M

lim Qgg@ =0l =00+ 20 p (4.12)
k=2

lim QM) =00 =0+ > 2y . (4.13)
k=2

Then, we recall that by (2.25) and (2.26) that

(Dg];\ﬁ)) (I + Q R(M>)\I’gpp + ’YT R(M)‘Ilapp + §2Re( e, R{Y M) (‘Ilg];\)/{o)? (I}z(ijl\)lp)))
de M
- QRSI\)/Q Im(B&ngp) (q/g,pp)a \Ijapp ))‘T Réﬁéﬁ‘
=~ de
M M M) (M 2
(I)gpp) :7\11( ) +V RSJI\,/{))\I’( 2R(M) Im(B Rg}‘ﬁ) (\Ilz(xpp ’ \Dapp)))|§‘

app
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In the expression above, we now keep only the Eulerian part of the approximate solution but we keep
the radius Rgpp) fixed. By Lemma 3.11 and the constraint C2), note that

RG(B R(M)(\I/(M) \/I}(M) ))ZO.

app | app,E’ T app,E

Hence, by also shifting the streamfunctions by a constant (that will not be seen in the Poisson brackets),
we define

M
(I)gPP)E (I+Q R(a%)))\pépp)E + 77— JREM) \Ijz(ipp)E (4.14)
ed m g
- Wlm(lg R;g,)(\llgpp),E’ app, E))|T R(M)§| ? log(¢)
app
WM M) (M) ed () ,
(I)app E - V\I/app E +V Rggé) \Ijapp E QR(M) Im(B Réﬁ? (\IjaPP,E’ app., E))|§| il IOg( )
app
4.15)

Then, by following the same proof of Proposition 4.11 with § set to 0 in the definition of the errors
Rar, Ras, it is not hard to show inductively that

_ QM) y _ M+1 %) — M) M) y M+1
RME {(I)app E» app,E} - 03(6 )7 RM,E — {q)app,E’ Qapva} = 03(6 )
Hence, from the identities above we are very close to being an exact solution of the Euler equation in a
moving frame, for which one can expect that there is (at least locally) a functional relationship between

M
Qgpp) p and @;pp) B

Remark 4.18. Once the even symmetry in £» is guaranteed, the modulation parameter Rg%) is actually

“free”, in the sense that m% (Rm,e) = 0 being Rysr odd in &. Thus, Rg\,@ enters in the construction
of the Eulerian part only as a multiplicative constant. This reflects a scaling symmetry of the Eulerian
configuration, where a change in the radius corresponds to a scaling of the angular speed.

(M) _

Unfortunately, it is not possible to justify an exact functional relationship up to errors like ® app.E =

—F (QSQE) + Os, (eM*1). Nonetheless, in [12] the authors introduced a way of defining an approxi-
mate functional relationship that suffices for the scope of the result. The key idea is to define everything

as a Taylor expansion around the Lamb-Oseen vortex 2y. Indeed, at leading order M = 0 we know

that Qép)pE Q(O) b E = Qo and <I>( ) b E = 7_1<I>(p)p = W, where g, U are given in (2.18), (2.19)

respectively. Moreover by the deﬁnltlon in (2.18) and (2.19) we also deduce that
Vo + Fo(€20) = 0, Yo + Fp(Q) =0
with

1 1 ~ 1
Fy(s) yy (’YE Ein(log (471'5))’ Fo(s) = vFp(s), 0<s< -

Note that A([¢]) = F{(20(]€])) with A being defined in (2.20). The functional relationship at leading
order is then our starting point to construct an approximate relationship inductively at order M. To
accomplish this task, we proceed as in [12] and we introduce the following definition.

Definition 4.19. We say that a smooth function F' : (0, +00) — R belongs to the class K if F'() €
S« (R?).

This class is introduced because it contains all the necessary information we can hope to propagate
from Fp, since we clearly have Fyy € K. Then, a useful property that we need for functions in this class
is contained in the following lemma, whose proof can be found in [12, Lemma 3.19].

Lemma 4.20. Let F': (0,+00) — R be in the class K. Then, for all k € N, the k-th order derivative of
F has the property that F*)(Q0)Qk € S.(R?). Moreover, if H € S.(R?), there exists an F € K such
that F(Q) = H if and only if {H,Qo} = 0, namely H is radially symmetric.
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Note that the solvability of F'(€2y) = H is not contained in [12, Lemma 3.19], but this is a straightfor-
ward consequence of the change of variables s = y(r). In addition, since H may grow polynomially
at infinity, F' can have logarithmic singularity at s = 0 (which is the case for Fy).

We finally introduce the Taylor polynomial up to order M associated to a given smooth function
f(e,8):(0,1) x R — Ras

ek dr f
Harf = Z k! dek |

This allow us to find a functional relations in the form FM ) = Fy+e2Fy +...eMFy, with F; € K,
for which the functional relationship holds for the associated Taylor polynomial at order M, safely
computed at £2g. Note that it is important to compute everything at {2 since it is not true that Q. £ is
always positive in the whole domain (but this is true locally), which is a condition required to work in
class K. We now have all the ingredients to conclude the construction of the functional relationship and
obtain the desired properties.
Proposition 4.21. Given any integer M > 2, let Qgﬁ))E, ﬁ;(ﬁ))E and @gpp)E, @;@E be given as in
(4.12), (4.13) and (4.14), (4.15) respecnvely Then, there exists { F;, E WM, € K such that for F (M) —
F0+Zk o EF Y, and FM) = Fo—i-zk 9 E k. one has

M
115} (‘13( ) Bt F(M)(Q(pp)E)) =0, 15, ((I)s(ipp)E + F(Qgpp)E)) =0

Moreover, there exists o1 € (0,1), C > 0 and NeN depending on M such that, for € > 0 sufficiently
small, the functions

M M M
@(M) - (I)z(aupp)E + F(M) (Q;pp),E)7 @(M) (I)(p )E + F( )(Qz(mpp),E)

are well defined for all |§| < 2e~71 and satisfy the bound
VoM (&)| + [VOM (¢)| < CeMHP (1 + [¢)N,  forall || < 2677 (4.16)

Proof. The proof can be reduced to the same arguments done in [12, Proof of Proposition 3.20]. Indeed,
first of all we observe that the construction for the “hats” - variables is the same and we avoid detailing
this case. Then, we know that by Proposition 4.11 that we can expand

M+1 M
QgpijE) - Qégpp)E +e M e,

Thus, in view of the definitions in (4.14) and (4.15), we can expand the Eulerian streamfunction as

(M+1) _ (M) M+1
(I)app,E =P ppE T € Prr41,8-

Dropping from now on all the subscripts “app, E”, by construction we know that
{@(M+1)7 Q(M+1)} — OZ(€M+2)'

We can then proceed by induction on M as done in [12, Proof of Proposition 3.20]. The case M = 0 is
covered, M = 1 is trivial and we can assume by induction that we are given

M
FM = Fy+> eF e K
k=2
for some fixed M > 1. To construct the function F(M+1) = (M) 4 M+1py 0 we take Q(M+1) and
®(M+1) a5 defined before. We can then run the same arguments in [12] (just based on Poisson bracket’s
identities and properties of Taylor polynomials) to deduce that there exists a function Hys11 € S« (R?)
such that the following holds true:

Mg (@AY 4 FAEQIHD)) — MHL(H 1 4+ Bar g+ Fy(Q0) Q41 +Fargr ().

Eni

and

0= {Hr+1,} +{Par11,} + {Po, Qnrr1} = {Enry1, o} 4.17)



34 MICHELE DOLCE AND MARTIN DONATI

where in the last identity we used that &9 = —Fy(Qp) and {F{(Q0)Qnr+1, Q0 = {Qar+1, Fo(Q0) }-
The identity (4.17) guarantees that we satisfy the solvability condition in Lemma 4.20 to define F;41 €
K such that Fr41(Q0) = —Ear+1, so that we obtain HMH(@(MH) + F(MH)(Q(MH))) = 0 as
desired.

The proof of the property (4.16) is the same of [12]. This directly follows by a Taylor expansion in €
of ©M) at )y, since by definition we know that IT,,©) = 0. Thus, cutting the Taylor expansion with
the integral remainder it is not hard to prove (4.16). U

4.7. Eulerian approximation and total angular momentum. To end our analysis of the approximate
solution, we need to deduce a property of the Eulerian part of the approximate solution related to evolu-
tion of the total angular momentum, which is defined through the operator (2.2). First of all, in analogy
with (2.8) we define

~

N
wipy (z,1) = ;(ZQ%)(&( ),t) +7Q8D (€(2), )) (4.18)

Then, by the definition of R 3z, R M in (4.4), following the derivation of the equations for €2, Qin Lemma
2.6 it is not hard to see that wéﬂ@ solves the following forced 2D Navier-Stokes equations

(M
8twapp T {wapp - ( app) [, wap )} =vAw+ fur,
Wapp |t=0 = W™

where w™ as in (1.3) and
Far(a, 1) (ZRM &(@),1) + TRar(E(@),1)). (4.19)

Then, as in the proof of Lemma 2.2, a direct computation shows that

L(w{M)(t)) = TN (r* + vt (1 + %)) + /tL(fM(T)) dr. (4.20)
0

Using this exact evolution, we are able to deduce the following property that will be crucial in the
nonlinear section.
Lemma 4.22. Let Q%{)), Q;pp) be the ones constructed in Proposition 4.11. Then
M
(Rgpp)) —r
2

Remark 4.23. Note that, by Proposition 4.15, (R\a9)2 = r2(1 + O(c%)). Moreover, since L(g) =
L(Poyg) for any function g, where Py denotes the angular average, the explicit form of the second

and third-order approximations defined in Sections 4.3 and 4.5 implies that L(Po(Qgpp)E — Qp)) and

L(Po(Qgpp)E — Qo)) are of order O(g*). Thus, the left-hand side of (4.21) consists of terms of order

O(e%) and higher, indicating exact cancellations at each order up the ones needed to validate (4.21).
One could directly verify this condition by hand, but this would be tedious given the number of terms
involved in the iterative construction. Instead, we deduce the identity (4.21) from the exact evolution of
the total angular momentum in the 2D forced Navier-Stokes equations and the fact that our approximate

+ (L — Qo) + L(ng}E — Q) = O M3 4 5ty 4.21)

radius fixes m} (Q%@) = 0.

Proof. We omit the superscript (M) in this proof. By (4.18) we know that
I _
Loapnlt) = 3 (3 [ 10P (€ @)1+ [ P Rupy(Ela). 1)) e
j=1

Then, by the definition of {; in (2.7) and E in (2.6) we can change variables in each integral as

x—Qa(\ﬁfj + (Rapp(t), 0))7 x:\/ﬁg
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Since |Qjv| = |v| for any vector v, the integrals of each term in ; are equal and we therefore rename
the dummy variables ;, £ as £, to obtain that
1 I
L(wapp(t)) = FNmt(/ € + —=(Rapp, 0)|*Qapp (&, t)dE + lL(Qapp(t))>. (4.22)
R2 Vot N
Note that
1
16 = (Bapp )" Qg (. 1)
1 1 Ripp
= L(Qapp(t)) + 2ﬁRapp(t) my (Qapp(t)) + o M(Qapp (2))- (4.23)

Hence, since M(Q,pp) = 1 and m}(Q,pp) = 0, combining the identity above with (4.20) and (4.22), we

see that
t

1 ~
2+ vt (1 + %) iy ) LT = vt (L(up(0) + %L(Qapp(t))) +R2,,.

Considering only the Eulerian part, since {2y = ﬁe"g /4, we have
L(Qapp,e) = L(€20) + L(Qapp,e — Qo) = 4+ L(Qapp.e — Qo)

and analogously for ﬁapva. Thus, the term 4vt(1 4+ v/N) cancels out with the Lamb-Oseen part of the
approximate solution and we arrive at

B2~ 4 (ed) (L(Qupp — Q) + %L(ﬁapp,E ~ Q)

1 , N
— FN/O L(fa)dr — 6(ed)” (L(Qapp,Ns) + NL(Qapp,NS))~

By the definition (4.19) of fys, since M(R ;) = M(Ras) = m}(Ras) = mi(Ry) = 0, following the
same computations in (4.22) and (4.23) we deduce that

t t N
piv/o L(fyr)dr =vo~! /0 (L(RM) + %L(RM))dT = (ed)2O(57 1M 4 522,

where in the last identity we used that Ry, R = Oz(eM+1 4 §2¢2). Having that Q,pp Ns, Qapp,NS =
Oz(?), we finally get
Faw =7 210 Q) + L1 — ) = OF 1M 4 52
2 + € (L(Qapp,E — 0)+N (Qappr — Q) = O3 ¢ + d¢e”),
which proves the desired result. O

5. THE NONLINEAR CORRECTIONS

The goal of this section is to show that the approximate solutions constructed in Section 4 are close to
the solutions €2, € in (2.15), (2.16) with initial data (2.17). With the simplified notation in (2.25), (2.26)
and (2.28) the equations we need to study are

1 = ~ ~ 1 fa e ~
10 = LO = S{Oop(W,0), 9}, 198 = L2~ {8..2(V, ¥),0}.

We then split the solution as

M O _ oM ~

Q= Qgpp) + dw, Q= Qgpp) + dw, (5.1
M 3 — oM ~

U= \I'gpp) + d¢, U= \Ifgpp) +0p.

The main objective is to control the solution on a time interval [0, 754,07 ) for a given fixed o € [0, 1).
To ensure that the remainders R p/, R 1 are small enough, we will assume that on the whole time interval
[07 Tadv(S_U)

5—o0

S2EMH () < 2(t) = M>1_U.

(5.2)
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Therefore, given any o € [0, 1), the order of the approximate solution is fixed as a number M € N
satisfying the condition above. We will think to ¢ and therefore M as fixed parameters from now on.
Thus, we will always omit the superscript (M) in the rest of this section.

5.1. Preliminary considerations on the moments. Before writing down the nonlinear system, we
need to specify the radius and angular speed. Unfortunately, given the complicated dependence of the
operators with respect to changes in the radius, we are not able to fix exactly the first order moments
with the choices made in Lemma 2.7. Thus, we choose

R(t) = Rapp(t)
with Rapp(t) defined in (4.2). Since this is fixed, from now on we avoid tracking the explicit dependence

on all the operators on R, .

Remark 5.1. With the choice of R(t) = Rapp(t), in view of Proposition 4.15 we automatically satisfy
the expansion provided in (1.10).
Then, as announced in Remark 2.8, we slightly modify the definition of (2.22) to
de(t)
0(Rapp +edmy(2))(t)
where we need to guarantee that mi(§2(¢)) remains sufficiently small on our time-scale. As one can
directly see from (2.23), we know that the choice above guarantees that

md(Qt) =0 = ml(w(t))=0, forallt>0,

ta/ (t) = Im(B-(¥(t), U(t))), (5.3)

where we used that m*! (Q,,,(t)) = (0, 0). Another consequence of the zero first order moment condition
for the approximate solution, is that m1(2(t)) = dm?(w(t)) and we can thus rewrite (5.3) as

~

ta/ (1) = tayp (t) + be(Vapp, Yapp, , §)(t) (5.4)
where, suppressing the explicit ¢ dependence, we define
~ - de -~ ~
b= (Vapps Vapp: ¢, 7) 1= 710 (Be(Wapp, Dapp, ¢)) + Be(p, &, Wapp + ) (5.5)
app
edm}(w)

~ B (U 5o, U )
Rapp—i—é&?dm%(w) e(Wapp + 09, Wapp + SO))

Having lost one modulation parameter, we can only hope to obtain some bound on the first order
moment mi(w). To this end, we crucially use the property of the Eulerian part of the approximate
solution stated in Lemma 4.22 to obtain the following.

Lemma 5.2. Let €, Q be as in (5.1). Then, there exists a constant C > 0 such that

Il (w(t)] < C(62eM2 4 &% 4 e(L(w) + %L(@)))(t) (5.6)

Proof. We proceed as in the proof of Lemma 4.22, but now our w(t) solves the 2D Navier-Stokes
equation (2.10) without external force, meaning that Lemma 2.2 holds true. Thus, arguing as done to
obtain the identities (4.22) and (4.23), we see that
gl 718
@+ 4t (14 L) = vt (L) + L)) + 2V Rapp m} (1)) + R

Since mi () = ém}(w), using Lemma 4.22 we get

d2 r2 _ R2 ol N
1 _ app 2 _ T _
my (w) = 255dRapp< P2 € (L(Qapp,E G) + NL(Qapp,E G)))
ed YA ~
- m (L(Qapp,NS +w) + ﬁL(QaprxNS + w))

ed Yo,
_ Ey- (L(w) + NL(w)),

where in the last identity we also used that ., = r by the constraint C4) and €2,,p, ns = Oz (52). U

=00 2eMT2 1 &%)
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5.2. The nonlinear system. Having fixed R = R, and « as in (5.3), we are ready to write down the

nonlinear system for w, w. To simplify the notation, we avoid keeping track of the subscripts «, R since

are fixed from now on, and we will write b, to actually denote the integral operator defined in (5.5).
Then, we observe that

~ ~ R 0
O (W, W) = Dc(Vapp, Vapp) + 0(( + Q:) () +77:(?)) — §bs|72£|2,

~

~ - R 5
6(\1/, \Il) = q)e(qjappa \Ilapp) + 6(790 + VE(‘P)) - §b€|£‘2

)

recalling the definitions of ®,,p, @app in (4.5) and @, 1, @app,E in (4.14) and (4.15) we get

o (‘I’app (I} ) = Papp = Papp,E + 0Papp,Ns;
a’ (¥ app» ‘T’ ) = a)app = (/I;app,E + 5$app,NS-
Moreover, by construction @, NS, ‘I)app,NS = Os, (52). Finally, recalling the definitions of Ry, R M
in (4.4), by a direct computation we find that w, w satisfy
1 N 1 _ ~
(t0; — L)w + 5(Aapp(w) + Yapp (D)) = %ba{mﬂ?, Qapp.2} + 0 *Ras + N(w, @) (5.7

D -~ . 1 A 95 TP
(tat—£)w+g(Tapp(w)+Aapp(w)) = %bg{\gﬁ,ﬂappﬂhé Ry + N(w, @)  (5.8)

where we define:

(1) The linear operators arising from the linearization at the Eulerian approximate solution are
Aapp( ) = {Papp.s [} + {(I + Qo)A f, Qupp i},
pp(f) = W{EA_lfa Qapp,E},
7\ op(f) = {Papp.s, £} +H{ATf, Qupp},
T ) = {VEA_lf7 ﬁapp7E}~

(2) The errors associated to the Navier-Stokes part of the approximate solution and the nonlinear
interactions for the outer vortices are

Tapp(f

3
w, @) =Y Nj(w, D) (5.9)
Ni(w, @) = —{Pappns, W} — {(I + Qe)p + VTP, QappNs} (5.10)
No(w, @) = —{(I + Q) + Tz 3, w} (5.11)
1
N3(w, @) = ibg{mgﬁ QappNs + W} (5.12)

For the central vortex we have
3 A~
— Z/\/j(w,@) (5.13)
i=1

-/vl(waﬁj\) = _{EI\)&PP,N& fv\} - {7$+ Ve, ﬁapp,NS}

N2(w7ﬁ;) = _{7@—’_ VE@? {D}
o~ R 1 ~ N
Ng(w,w) = iba{mzv Qapp,Ns + W}

The equations (5.7) and (5.8) are solved with zero initial data. Indeed, (app, ﬁapp — Qpast — 0and
therefore, by the uniqueness of the solution [20], we know that w,w — 0 as ¢ — 0. Regarding the first
order moments, it is straightforward to see that

M(w(t)) = M(@(t)) = 0, forall t > 0.
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Then, the N-fold symmetry of (AZ, (A)app ensures that
W(Q€) = () foranyl =1,...N, = m!(@w(t)) = (0,0) forall t > 0,

where in the last identity we used NV > 2. The choice of the angular speed guarantees that m}(w(t)) = 0
whereas by Lemma 5.2 we have the a priori bound (5.6) for m} (w(t)). We are then ready to state the
main theorem of this section, which implies the main result of the paper Theorem 1.2 as we explain
below.

Theorem 5.3. Fixo € [0,1), let M € N be such that (5.2) is satisfied and w, W be the solutions to (5.7)
and (5.8) with zero initial data. Then, there exists positive constants C' > 1,0y € (0, 1) such that for
any U, v satisfying v/T" = § < 0y the following holds true:

lw(®)|lx. + H@(t)H)?E < Csz(t) forallt € [0, Tag0 7), (5.14)
where €, T,qy are defined in (1.7), and the functions spaces X, )?5 < LY (R?) are defined in (5.25).

The proof of this theorem follows the strategy put forward in [23] and adapted to reach time-scales
arbitrary close to the diffusive one in [12]. The main ideas and difficulties in the proof are explained in
Section 5.3 as a preparation for the technical proof, which is the content of the rest of the paper.

During the proof, we need to propagate a control of the first order moment m}(w) that depends on
w as well. Thus, we are going to prove Theorem 5.3 under the bootstrap assumption that there exists a
maximal time T < T,4,0 7 such that

[w()|lx. + @) 5 < 2Ce3(2) forall t € [0,7), (B)

where C, > 0 is a constant fixed during the proof ’. This hypothesis can be easily verified by a short
time estimate for 7" = 1 and with 2 replaced by 1/2. By continuity, we can assume that (B) holds true
up to some time 7" > 1. If under the bootstrap assumption (B) we are able to show that

lo()llx. + [@(t)] g < Cue?(t)  forallt € [0,T),

then by a standard continuity argument we can take 7" = T,4,0 7 and thus prove Theorem 5.3. Then
the proof of Theorem 1.2 readily follows.

Proof of Theorem 1.2. Assume that the result in Theorem 5.3 holds true. By rescaling, the bound (5.14)
readily implies (1.9) in Theorem 1.2. The proof of (1.10) is then a consequence of Remark 5.1 and
Corollary 5.10 below, which combines the bounds on w, @ with the definition of o’ in (5.4) and the
expansion for a;pp established in Proposition 4.15. (]

Further conventions and notations. In this section, we introduce the following conventions. Given an
L?(IR?)-based Hilbert space X, we denote

X = {f € X : fis N-fold symmetric}.
Then, for f € X and J?E X we write

f=(f,f)eXxX=2X, (5.15)
VE=(Vf,Vf), (5.16)
Lf = (Lf,LF), (5.17)
(f.8)x = (f.9)x + (£.9) %, (5.18)

)- (5.19)

mf(f) = (mf(f), m}(f)
f;

For a given N-fold symmetric function g, we write gf = (g
the subscript in the inner products and norms.

gf). When X = L2(R?), we do not write

TWe can take C, = v KC with K in Proposition 5.11 and C in Proposition 5.15.
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5.3. Main difficulties and key ideas. Looking at the equations (5.7) and (5.8), we isolated explicitly
the most dangerous terms containing a factor 6. The key idea to control those terms, is to exploit the
Arnold’s strategy in the viscous setting as recently revisited in [22], which was first applied to control a
viscous vortex ring over a very long-time scale in [23] and then in 2D situations in [12, 49]. To apply
this strategy, one has to understand properties of the operator

A, T.
Taon = <A PP pp> . 5.20
P Tapp  Aapp (20
In particular, one would like to solve the following problem:
Find a functional space where the operator 7y, is skew-adjoint.

For our purposes, it is in fact enough that the operator J.pp is skew-adjoint up to errors of order
O(eM+1). Here, we have to crucially exploit Proposition 4.21, that provides us with an approximate
functional relationship between ®,,, & and ,pp, 1 in the region || < 2¢771. This allow us to heuristi-
cally approximate

{(F'(Qapp,e) + (I + Q) A1) (), Qappe } HTAT), Qappe }
Japp ~ ~ ~ PN :
{V€A71(')7 QappyE} {(F/(Qapva) + VAil) (), Qapp,E}
(5.21)

Then, exploiting the fact that @ is N-fold symmetric, we can restrict our attention to the action of the
second column above to N-fold symmetric functions. Appealing to Lemma 3.9, we know that

1
—1 _
TAT f = N

To construct a functional space where 7., is skew-adjoint, looking at its structure we define

™ (F/(Qapp,E) + (I +Q.)A! LTVrA-l )
app — _ ~ _
FV.AT L(F' (Qapp.p) + A,

By Lemma 3.9, we know that M, is self-adjoint in L2. Moreover, from the definition of Mpp, One
has that Japp is approximately skew-adjoint with respect to the L? inner product

(£, Mapp(g))-

Namely, if we assume that (5.21) holds up to errors of order &
<‘-73«pp(f)7Mapp(f)> ~ O(€M+1)_

Therefore, if M, is a positive operator, we would have a nice inner-product space where we can work
(since Mpp, is self-adjoint). Unfortunately, M, can have non-trivial elements in its kernel or even be
negative on some functions. Indeed, even by formally setting € — 0, one has that M, reduces to

(F)(Q0) + A1 0
Mo "( 0 ’ﬁ(Fé(ﬂoHA—l).)

V*A™lf  for any N-fold symmetric f.

M+1 by a direct computation we get

For the operator above, one has that 01 {2, J2€)g are in the kernel®, from which one can deduce that Moy
is at most non-negative (see [22]). This implies that we cannot use M to define an inner-product space.
On the other hand, one can avoid problems related to these elements in the kernel by assuming that the
first order moments are sufficiently small. Indeed, from [22] it is possible to deduce that

(£, Mo(£)) > sl F'(Q) fII72 + IV F () £l[72) = CIME)* + [my(F)* + [my(£)*)  (5.22)
where k, C > 0 are fixed constant. Therefore, if we can impose the zero first order moments condition,
we would indeed have a nice inner-product space defined through M. Moreover, once things are well
behaved for M, following [12, 23] one can essentially see M, as a perturbation of Mj. Regarding
the first order moments, one possibility is to exploit the modulation of some parameters to set them to
zero. The modulation can however bring new error terms that can be very large on long time-scales,
and usually one has to exploit symmetries to handle them [12] in the time-scale of interest. To avoid
issues related to the modulation parameters (as the radius in our case), the bound (5.22) is enough if

8This is also why 0;Q0 = 0;G are in the kernel of A as stated in Proposition 3.4
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one is able to propagate the smallness of the first-order moments by some other arguments, as done for
instance in [23] by using some approximate conservation law in the system or in [49] by controlling
pseudo-momenta.

In our case, we have seen in Lemma 5.2 that with a good enough approximate position we can
guarantee the smallness of m}(w) (provided w, @ decay sufficiently fast an infinity). However, the

modulation of the angular speed used to guarantee m3(w) = 0 is generating the potentially dangerous

term
[ <{|7252 Q,Afzapp,E}> 523
26 \ {l¢I% Q<'nt1f>137E}-

The element above is related to the rotation of the Eulerian part of the whole approximate vortex polygon
around the center, because the derivative {|7.£|2, -} is just an angular derivative with respect to the global
origin in the reference frame of an exterior vortex. But the whole Eulerian approximate configuration
is symmetric with respect to rotation around the global origin. This symmetry is reflected in the fact
that the element (5.23) is approximately in the kernel of M. Namely, as we show more precisely in
Lemma 5.8, we expect that

{‘ﬁf‘QaQapp E}> M+1
M, ~ ~ O ) 5.24
P ( (€. Qupppy ) ZOE ) 524

This is also a consequence of the existence of the functional relationship between ., 15, Qapp e and

~

D.pp,E>» Papp,E and the commutation properties in Lemma 3.9 (themselves related to symmetries in
the problem). We note that a property analogous to the one above was in fact the starting point in the
construction of the “non-trivial pseudo-momenta” in [49].

The rest of this section is devoted in making the arguments above rigorous, which requires the intro-
duction of many technical tools developed in [12, 23, 24]. In particular, we will use some of the results
in [12] as a black box and we only focus on the novelties and difficulties of our problem.

5.4. The functional setting and basic properties. We introduce two parameters and a constant as

follows
o1 € (0,1), o9 > 1, ¢=21 <1
02

Here o, is a sufficiently small parameter, depending only on the order M, that is implicitly updated
during the proof. A first condition on this parameter is that Proposition 4.21 holds true (namely one can
start with o as the parameter introduced in Proposition 4.21). Instead, oo > 1 is sufficiently large, used
to exploit the decay at infinity of some parts of the solution. Then, by Proposition 4.21 in the region
|€] < 2677 we have the existence of the functional relationship between 2y, £ and @y, 5. Therefore,

for the exterior vortices we define three time-dependent (through the parameter ¢) regions
I ={£ € R?: [¢] <2679, F'(Qapp.p(€)) < exp(e~271/4)}
I.={¢eR?: £¢1,, || <e 2}
1L = {€ € R? : [¢] > 772},

For the central vortex, we define Tg, IAI6 by replacing F'(Qapp,p) With F (ﬁappE). The weight functions
are then defined as

F/(Qapp,E(g)) in Isa N ﬁ/(ﬁapp,E(f)) ian,
A (&) = { exp(e271/4) inlL, A (&) = { exp(e7291/4) inllL,
exp(|¢|*/4)  inIlIL. exp(|€*/4)  inIIl..

We introduce the weighted L? space
Xe={f e L’(R%) : | fla. = V[, Acf) < o0}, (5.25)

The space AA’S is defined as A, with A, replaced by //1\5 and restricted to N-fold symmetric functions.
Note that when defining & as a function space acting only on N-fold symmetric functions, we are
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implicitly using the N-fold symmetry of (AlappE. Then, we denote
A.w = (A€f7 ;{Ef)v X=X X ‘5(\57 (5.26)
111, = 113 + 1F11% - (5.27)

Moreover, since as ¢ — 0 we formally have A (§) — Ao(§) = Fj(Q0) = A() and A& — ﬁ(’)(Qo) =
~vA(§) with A defined in (2.20), we denote

Xy = L2(A(£)d¢) Xo={f € X : fis N — fold symmetric}.
The important properties of these spaces are summarized in the following.
Lemma 5.4. For any € > 0 sufficiently small, the following holds true:
i)Y — X, X — LP forany p € [1,2].
ii) exp(€[*/4) £ A(€), A-(§) < Ao(&) forall € € R,
iii) ||Ae — Aoller ) + HEE — A\OHCl(TE) S et Ag forany 1 < 2.
These properties can be proved as in [12, Proposition 4.4], and we thus omit the proof here.

Remark 5.5. By the exponential growth of A, we know that for a function f € X we can bound any
moment at a fixed order n € N since

I+ 1ED" Fller < M1
Therefore, under the bootstrap hypothesis (B), we know that for any 7' < T,4,0 7 we get
lmi (w(t))| < e3(t) foranyt < T. (5.28)
We also recall the following estimates.

Lemma 5.6. Let f € X. be such that ,|V f| € X and let ¢ = A™1f. Then, for all ¢ € (2,00) there
exists a constant C' > 0 such that

I+ 1@l + 1L+ ollze + (1 +1-)*VllLa < Clf||x. (5.29)

I+ [-1)°Vole < CUIV IR, + IFIZ)IFIZ. -
Moreover, if M(f) = mi(f) = 0and |Z| > ¢ > 0 then
117220 lla + e AL (L + |- NTIVT 28l < Celell fllae + [mi(f))). (5.30)

The statements remain true true with (X, 1.) — (.i’;,/l\g) and Tz.z — Ve z, Qe z (possibly with a
different constant C > 0).

The proof with m}(f) = 0 can be found in [12, Section A.4], and the extension to mi(f) # 0 is a
straightforward consequence of that proof.

Finally, following the discussion in Section 5.3, we modify the definition of the operator M, and
we introduce

(As +(I+Q)A™! ALY ) 531
E = o~ . .
%VeAil %(As + ’YAil)
Note that M, = M, in the interior region I.. It is also often convenient to isolate the “lower-order
entries” of M. given by
Q. A" LyrA~l
K. = : ) NTe , (5.32)
%VEA* 0
so that we have the following splitting
A+ A7 0
M. = - . + K. (5.33)
0 F(A+yA)

We can then exploit Lemmas 5.4 and 5.6 to obtain the following useful properties.
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Lemma 5.7. Let M., K. : X. — X be the operators defined in (5.31) and (5.32). Then, M., K. are
self-adjoint with respect to the standard L*-inner product. Moreover, under the hypotheses of Lemmas
5.4 and 5.6, there exists a constant C' > 0 such that

(g, Mc(£))] < CIf || x.[|glx.
(g, Ke ()] + &~ [(g, VE(F))| < Celelfll. + Imi(f))lgllx., (5.34)

foranyg € X.and any f = (f, f) with M(f) = mi(f) = 0 as in Lemma 5.6.

Proof. The fact that M., K. are self-adjoint in L? is a direct consequence of Lemma 3.9. To prove the
bound (5.34), we first observe that by Lemma 5.6 and the Holder inequality with exponents 1/p+1/q =
1 and g > 2, we have

(g, A7) S llgllee A s S 1]l 2. llgll.
where in the last inequality we used also Lemma 5.4 since p < 2. Thus, by the splitting (5.33) we get
(g, Mc(D))] S lIfllx.[Igllx. + (g, K(E))].

It remains to control the term involving the operator /C.. Let us consider for instance the term involving
Q.A!, since the others are analogous. Splitting the domain and applying the Holder inequality, observe
that

1 _1
(9, QeAT )| S 1. gllze |1, Qe AT fll o + |11z A2 g || 1re Ac > QAT £,

where 1/p 4+ 1/q = 1 with ¢ > 2. To bound the first term on the right-hand side above, we use (5.30)
and Lemma 5.4. For the second term, we bound Q. A~! f in L® thanks to (5.29) and we use the fast
1

decay properties of AZ! to get that Lie A- % (£) < O(e>)(1 + |¢])~2 . Overall, we have

(9. Q:AT )] S ellglla (ell fll . + [mi(H)]) S ellgllallfllx..

where in the last bound we used Remark 5.5. For the other terms in X, we can perform analogous
estimates and therefore we deduce that (5.34) holds true. To prove the bound involving VI, observe
that

(g, VAT /) S (14 |- Dalleo N1 (1 + |- ) ' VQAT £l a
1 _1
+ || L A2 g|| | L1 As 2V Q. AT .

In the first term, we gain an extra factor of ¢ thanks to (5.30). For the second term, it is enough to
1
apply Holder inequality with 1 /¢+1/p =1 / 2 in the term involving A ? and combine the properties in

Lemma 5.6 with the exponential decay of A.  outside the inner region. Hence, it is not hard to conclude
that (5.34) holds true. U

Finally, to end this section let us formalize the property claimed in (5.24) as follows.
Lemma 5.8. Let M. be defined as in (5.31). Then, for any f € X,
e (e o) =< (efs))- (e
{I€1%, Qapp, 5} Ig. f {l¢I%, 0}
where O, O are the functions defined in Proposition 4.21.

Proof. We check the identity component wise for the term involving M. Since we are looking at the
first component in the interior region I. and the second on I., we know that A, = F'(Qqupp r) and
A. = F'(Qapp,r). Thus, on the support of the integral we can write

{‘Tef|27 Qapp,E}>
M, N
( {1€1%, Qapp,}

_ (UTeEP F@upp.)} + (1 + Q)AMITEP, gy} + FVEAMIEP, Dup i}
IER. F(Qup )} + % ATIER Qupp, i} + VoA {IT2E[ Qi)
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Appealing to Lemma 3.9 and using (3.16) to (3.18), we have that
(I + Qo) A™HITeE], Qapp,p} + FVEATHIEP, Qapp, i}
FATHIEP, Qapp £} + FVATHITEP, Qapp i}
_ ({mgﬁ (I + Qo)A Qi + ;@vsAlﬁapp,E}>

~

TP A Qapp. e + VAT Qi £}

Recalling the definition of @, 1, Papp.k in (4.14) and (4.15), since LA Quppp = N VA Q00 B,
we get that on the support of the integral

M. ({’7;5|27A9app,E}> _ <{|7Z§|2;F£Qapp,E) +A(I)app,E}> )
{\5’27 Qapp,E} {15‘27 F(Qapp,E) + (I’appE}

The proof of the lemma is then a direct consequence of the definition of O, Oin Proposition 4.21. [

5.5. Bound on the angular speed correction. Our first task is to bound the correction to the approx-
imate angular speed b, defined in (5.5). This bound is reminiscent of what was done in [12, Lemma
4.7], since in that case one fixes the moment m}(w) by a nonlinear correction to the vertical speed of the
dipole. In our case, we can obtain better estimates compared to [12, Lemma 4.7] because the approxi-
mate angular speed is exactly the one given by the approximate solution. This is reflected in the fact that
for w = w = 0 we get b. = 0, whereas in the dipole case in [12] there are errors left due to the iterative
construction of the approximate vertical speed.

Lemma 5.9. Let b.(-) be defined as in (5.5). Under the bootstrap hypothesis (B), there exists a constant
C > 0 such that for all t € [0,T)

16:(Vapps Wapps 0, @) (1)] < C (3 (Jmi (w)| + el w| . ) (1 + 8|w]| x.)) () S ().
Proof. We bound the term in bracket in (5.5). To this end, note that
Im(B.(h, h, h)) = Im(B:(h, h)) = (8;K-(Ah), (Ah,0)). (5.35)
Then, by Lemma 3.6 we can expand 91 K (Qapp) and use m*(Q,pp) = (0, 0) to see that
(B (Papps Tapps )] S eIM(w)] + e[ (w)] + 8w,
< & (jmi (w)] + ellw]lx,).
For the second term in bracket in (5.5), we directly combine the identity (5.35) with Lemma 5.7 to get
LB (9, @, Yapp +69))| < (|Imi (w)] + e wlla) (1 + 8]|wllx.)-
Finally, for the last term we observe that by the constraint C4) and (5.28) we get
| Rapp + dedmi (w(t))] 2 r
Since also | B: (Vapp, ‘/l\lapp)| < e, arguing as for the other terms it is not hard to get
ed|m} (w)
| Rapp + dedmi (w)|

B (Wapp + 0, Wapp +69)| S &2 (|my(w)] + el wlx. ) (1 + 8]w]x.).

Hence, the proof follows by plugging the bounds above in (5.5) and the bound with £* is a consequence

of the bootstrap hypothesis. U
As a corollary of the bound in Lemma 5.9, we can verify the formula for the vertical speed in (1.10).

Corollary 5.10. Under the hypotheses of Lemma 5.9, the formula for o in (1.10) holds true.

Proof. Combining the identity (5.4) with (4.11) in the proof of Proposition 4.15, note that

2
ota! = d%61,0(5171 + ’)’) <1 + 04456 + 0(67 + 556)) + 0b..

Using Lemma 5.9, we can include the factor Jb. in the O(5¢%) term and proceed as in the proof of
Proposition 4.15 to prove (1.10) and (1.11). U
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5.6. Energy and dissipation functionals. In view of the discussion in Section 5.3 and the definition of
the operator M. in (5.31), we introduce the energy functional that mimics the Arnold quadratic form,
given by

E.(w) = %<w,Ms(w)>, we X, (5.36)

where we have used the notation (5.15) and (5.18). In the formal limit € — 0, thanks to Lemma 5.4 note
that M. — M. In view of (5.22), we then expect that Fy defines a norm equivalent to X', provided
that mf(w) = (0,0) fork =0,1and j = 1,2. Asin [12, 23], we are able to extend this property to any
sufficiently small € > 0, as stated below.

Proposition 5.11. If ,01 > 0 are sufficiently small, there exist a constant K > 1, independent of ¢,
such that the following holds true: let w € X . be such that M(w) = mi(w) = (0, 0) and m}(w) = 0.
Then

Iwl%. < K(E(w) + [mj(w)]?) (5.37)

Remark 5.12. In the bound (5.37), one cannot hope to easily get a small constant in front of mi (w).
This is the reason why we need to bound a priori mi(w) with Lemma 5.2.

Proof. We first estimate the quadratic form associated to the operator (5.32). In view of Lemma 5.7, we
have

[(w, Ke(w))| < e(|mj(w)] + el wllx.) W] x..
‘We then have to control
(W, (M = Ko)w) = ([[w]lx. + (p,w)) + ([|@0]l 5 + (7, D).

For these terms we can argue exactly as done in the proof of [12, Proposition 4.9] (see the bounds for
El(w) in [12, Proposition 4.9]) and easily adapt the proof to include the case where m}(w) # 0. We
omit these details and therefore the proof is over. (]

With this proposition at hand, we know that it is enough to control E.(w(t)) to improve our bootstrap
hypothesis (B) and consequently prove Theorem 5.3. Before proceeding with the estimates for E., we
introduce the diffusive quadratic form

Deo(w) = _%< (t&;)AE ,“@tgt &) w,w> —(L(w), Mo (w)). (5.38)

where we have used the notation (5.15), (5.17), (5.18) and (5.26). To state its properties, we define the
radially symmetric function

[3F if [§| < e
pe(§) = et ife™ 7t <|¢] < e 2,
ISN if [§] > e,

Then, in analogy with [12, Proposition 4.13], we have the following result.

Proposition 5.13. Ife, 01 > 0 are sufficiently small and o4 is sufficiently large, there exist kp,C > 0,
independent of ¢, such that the following holds true: let w € X be such that p.w € X, |Vw| €
X., |V| € X, M(w) = m}(w) = (0,0) and m} () = 0. Then

De(w) > kp([[VWl%, + lp-wl%, + [Wl%.) — Clmi(w)[”

Proof. Using the notation in (5.32), observe that

1
~ 5 w,€ V(K (w)).
Hence, appealing to Lemma 5.7 and using properties of the weights in Lemma 5.4, we deduce that

(L(w), Ke(w))] < *(Imy(w)] + el|wllx.) (IVwell 2. + [wellx.).

(L(w), Ke(w)) = —(Vw, V(Ke(w)))
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For the operator

1/ (to,A 0
1 t4le
Ds(w) = _§< < 0 ]’\y[tatA;) W7W> - <£(W)7(M€_K:€)(W)>

we can argue as in the proof of [12, Proposition 4.13] (specifically the control of their terms Dy, [w]
and D .[w])), and the arguments are straightforward to adapt to the case where m}(w) # 0. Thus, we
obtain the desired lower bound provided ¢ is sufficiently small. U

5.7. Energy estimates. We now have all the ingredients to prove a priori bounds on the energy defined
in (5.36). Before proceeding with the arguments, we remark that we will be heavily using the notations
in Egs. (5.15) to (5.19), (5.26) and (5.27) in this section. In particular, recalling the definition of 7, in
(5.20), we rewrite (5.7) and (5.8) as

{|7;§|27/\Qapp,E}
{I€1%, Qapp. 5}

where Ry = (Ras, Rar) and N'(w) = (N (w, @), N (w, @)) as defined in (5.9) and (5.13).
We are now ready to compute the time-derivative of E.(w(t)).

(toy — L)w + %japp(w) = % ( ) + 0 *Ry + N(w) (5.39)

Lemma 5.14. Ler w = (w, w) with w,w solving (5.7) and (5.8) with zero-initial data and E.(w) be
defined as in (5.36). Then

toyE-(w)+ D.(w)=F+A+N
where D.(w) is defined in (5.38) and we define:

o The forcing term

. E {|7::‘§’27/\Qapp,E}> _9
= 25< < (€12, Qapp.rs} ’ME(W)> + 07 (R, Mew). (5.40)

o The advection term
1
A= —g<japp(w),./\/lg(w)>. (5.41)
o The Navier-Stokes and nonlinear error term

N = (N (W), Me(w)) + 3w, 101, K] (w)) (5.42)

Proof. Since M. is self-adjoint on L? x L2, one has that

10, (F. (w)) = %(t@tw,/\/lg(w» + é(w,t@t(/\/lg(w)»
= (100w, Mo (W) + 5w, 101, M| (w)
Notice that
A, 0
[t@t,ME] - ( 0 ]'\Y,ték&) + [tat,lCa].

The first term on the right-hand side is included in the definition of D.(w), and the other one in the
definition of N. All other terms simply arise by using the equation (5.39) to replace the ¢t9,w, and notice
that the term with £ is included in the definition of D, (w). O

The goal is to estimate each of the terms in (5.40) to (5.42). In view of the key property related to
symmetries in Lemma 5.8, the proof is similar in spirit to [12]. Here we slightly simplify the exposition
and we highlight the structural properties that one can exploit in a system rather than the scalar case
handled in [12]. The strategy in [12] was in fact already adapted in [49] to handle systems, but in
their case they need to decompose the solution to make full use of the pseudo-momenta and choose
appropriately the modulation of the angular speed.

Overall, our objective is to prove the following proposition which is at the core of this section.
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Proposition 5.15. Fix o € [0,1), let M € N satisfying (5.2) and w be the solution to (5.39) with
zero initial data. Then, for 0,01 > 0 sufficiently small and oo > 1 sufficiently large, there exists a
positive constant Cy > 1 such that the following holds true: under the bootstrap hypothesis (B), for any
t €[0,T) with T < Togqv0~ 7, the quantities (5.40) to (5.42) satisfy

(IF] +1A] + IND(®) < (Cie* + L De(w) (1), (5.43)

In the proof of this proposition, it is not hard to deduce that the constant C can be explicitly related
to || Ras||x. (see in particular the bound (5.44)). We can now finally prove Theorem 5.3.

Proof of Theorem 5.3. Combining the bound (5.43) with the energy identity in Lemma 5.14, we deduce
that

1
to B (w) + §D€(w) < Cyet.
Dividing by ¢ and integrating in time, we see that
1
EE(W) S 50154.

Then, by Proposition 5.11 and Lemma 5.2, since on the time-scale under consideration § ~2eM+1 « ¢2,
we get

1
Iwll%, < K(E-(w) + jmy(w)[) < SKCie' + C(e° + &%|wlx.),

for a suitable constant C' > 0 independent of ¢ and €. Therefore, if § is sufficiently small, we can
conclude that

Iwl%, < KCiet,

where we recall that C, K are the constants in Proposition 5.15 and Proposition 5.11 that do not depend
on the bootstrap hypothesis (B). It is then enough to choose C;, = /K7 in (B) and we see that
indeed (B) holds true with 2 replaced by 1. Thus, by a continuity argument this imply that we can take
T = T,qv0~ 7, thus concluding the proof of the theorem. O

The rest of the paper is then dedicated to the proof of the bound (5.43), which we divide into three
steps below.

Step 1: bound on the forcing term. To handle the forcing term F in (5.40), we use the fact that M. is
self-adjoint and we split F' = F; 4+ F5 where

Fy = 02 (MR, w),

. E {|7::‘§|27/\Qapp,E}>
F2 - 0 <M8 < ﬂéP)Qapp,E} ’W>.

To bound F1, by Lemma 5.7, the bound for R 5; in Proposition 4.1 and using Proposition 5.13 we readily
get
1
Fi| S (572" + 2)llwllx, < Cet 4 o (De(w) + il (w) ),
where we used that 6 ~2eM+1 < 2 and C' > 0is a constant independent of 6, € and C, in (B). Appealing
to the bootstrap hypothesis (B), combining the inequality above with Lemma 5.2 and (5.28), we conclude
that for ¢ sufficiently small, there exists a constant C'; > 0 independent of 4, € and C in (B) such that
~ 1
Fi| < Cie' + —D.(w). 5.44
‘ 1‘— 1€ +100 a(W) ( )

This bound is consistent with (5.43).
For the term Fo, from Lemma 5.8 we get

by ({ITE2, 01 (1w be {72612, Qapp.e} [ Liew
r=5((eey) (1n)) + (e (e amms)). (ﬂg@) )
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In the interior region, we can combine the properties of O, O in Proposition 4.21 with properties of the
weight in Lemma 5.4 to see that

{|7252>@}) (]ll w> >‘ P y
~ y € —~ 5 g A 2 1 + 5 VG X€ W XE S g W Xs
‘<< {|¢2,0} I; @ [A:2(1+ [E)VO| x.[|w] [wl|
Outside the interior region, we can exploit the fact that ., g, Qapp £ € Z and argue as in the proof of

Lemma 5.7 to exploit the exponential decay of AZ! and handle the terms involving A~! in M.. Overall,
we obtain that

[Fa| S [belo ™™ [[wll.
Appealing to Lemma 5.9 and the bootstrap hypothesis (B), we see that
|Fo| <6 1eMH8 < 56,

where in the last bound we used that in the time-scale under consideration § 2¢™*1 < £2. This bound
is consistent with (5.43) upon choosing ¢ sufficiently small.

Step 2: bound on the advection term. To handle this term, we make rigorous the arguments sketched
in Section 5.3. To highlight some crucial cancellation, we split

Ma:Md+Mnlu japp:jd+\7nl

where we define the “diagonal” terms as

_ Ac 0 _ {‘I)appEa'} 0
Ma = ( 0 X,A) ’ Ja = < 0 {@app,Ev }

and the “nonlocal” terms as

(I+Qo)A™ FVrpA™
Mnl = 0l —1 ’}/2’ -1 ’
WVg}RA A
Tl = <{(I + Qe)Ail('/)j Qapp,E} %{V:,RAil(;\)y Qapp,E}>
" {VE,RA_I(')a Qapp,E} ’Y{A_l(')a Qapp,E}-

Hence
A = 5 (M (), Toa () + (M), Ta(w)) + (Mafw), T () + (Moa(w), Tu(w)))
Then, since ({f, g}, f) = 0and ({f, g}, h) + (f,{h,g}) = 0 for any f, g, h, note that
(Mu(w), Tu(w)) = 0. (5.45)
Similarly, since ({f, g}, hf) = 1({g,h}f, ) we have
(Malw), Ta(w)) = 5({Aes Papp} w,0) + (Ao Bupp} B,0). (546)

The bound for this term is analogous to the term A in [12]. However, we have to be a bit more careful
for the treatment of the exterior region in view a potentially problematic term related to {|¢|2, -} and the
fact that p. only controls |¢|” for v < 1. This problem is easily solved thanks to the radial symmetry of
the weight A. in the exterior region.

We claim that

[(Ma(w), Ta(w))| < "7V | w%, + 772 p-w . (5.47)

Indeed, consider the first term on the right-hand side of (5.46). Thanks to Proposition 4.21, in the interior
region one has

1 {As, Pappe} = ﬂlg{F,(Qapp,E)» Papp,p}t = 11 {F,(Qapp,E)a O} = 1.{4.,0}.
In view of Proposition 4.21 and Lemma 5.4, we know that there exists N such that

L {A:, 0} S L (1 + [¢))VeMTlA S MHimniag,
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meaning that
(L1 {Ae, Rapp,e} w,w)| S M7V w13,

In region II. the weight A, is constant and therefore {A., ®a,p £} = 0 here. Thus, it remains to study
the exterior region I11.. Since the weight A, is radially symmetric in this region, note that

2Rapp
Ae,
o {Ae, 61}

Therefore, from the definition of ®,,;, g in (4.14) and since Lyy |V A:| < 1. | |21 A, we have

I, [{Ae; Papp.e} S ]11115|€\2§_1A5(!V(1 + Q) Vapp.E| + ’V’vlrﬁj\i\lapp,E‘ + [B(Yapp,E, \/I}app,E)D-

L { A, |76} = 1,

Since |B:(Yapp,E, \Tlapp,E)] = O(e) and |¢]7! < €2 in region III., appealing to Lemma 5.6 we can
control the terms involving the approximate solution and deduce that

‘<HIIIE{A€7 (papp,E}wa w> H S 502 ||:06w||gc's

Thus, the desired claim (5.47) is proved since for the second term in (5.46) one can repeat exactly the
same arguments above.
It remains to handle the mixed terms. Integrating by parts, note that

(M), Ja(w)) = ({(I + QA w+ V2 pA™'D, Bapp i}, w)
+ o {({VerA w0+ AT D, o}, )
On the other hand
(Ma(w), Tua(w)) = ({(I + Q)A™ w + LV: pATYD, F(Qupp) }, L. w)
+ %<{VE7RA_1U) +9ATD, F(Quppp) }, 17 @)
+ (e Ma(w)1, lngd<W)2)7 Tni(w)).
Thus, by adding the mixed terms we get
Ma(w), T (w)) + (Mni(W), Ta(w))
=({T+Q)a  w + %V;RA‘%, O}, lLw) + %({VE,RA—%U +yA™'D, 8}, 1; ©)
+{T+ Qo)A w+ %V;RA_IE, Papp,Bf, Lizw)
+ %HV&RA_HU +yAT D, (iapp,E}? ﬂfg@>
+ {(LigMa(W)1, I Ma(W)2), Tni(W)).-

We see that from the functional relationship we gain smallness thanks to the presence of ©, ©. Outside
the interior regions, we can always gain smallness by the fast growth of the weight A.. Therefore,
appealing to Proposition 4.21 and Lemma 5.6, it follows that

[(Ma(W), T (W) + (M (w), Ta(w))| < e wl[%,. (5.48)
Collecting the bounds (5.45), (5.47) and (5.48), we arrive at
Al S 6 (MY wlF, + e pew %)

Choosing o sufficiently small and o9 sufficiently large such that o7 < (M + 1)/(2N) and o9 >
(M — 1)/2, in the time-scale under consideration the bound above and Proposition 5.13 imply that

Al < C8°(D:=(w) + [my(w)[?),

where C' > 0 is a large constant and s € (0, 1) is a sufficiently small constant. Hence, in view of (5.28),
the bound above is consistent with (5.43) if § is sufficiently small.
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Step 3: bound on the Navier-Stokes and nonlinear term. We finally present the bound for the term
N in (5.42). First of all, we control the term involving [t9;, K.|. By the definition of K. in (5.32),
we know that this operator involves only translations and rotations composed with A~!, where the time
dependency is only through the functions €(¢) and Rapp(t). Therefore, when computing the commutator,
we get terms of the type f(t)Q(VTz) o Q where f(t) is related to td; derivatives of £(t) and Rapp(t),
Q, Q are rotation matrices and there is a shift related to rotations of (Rapp,0). Thus, we can appeal to
properties of Ry, Lemma 5.7 and use the bootstrap hypothesis (B) to deduce that

[(w, [t0r, Kelw)| < e(Jmi(w)| + ellwllx) w2, < e

In the time scale under consideration, this bound is consistent with (5.43) when ¢ is sufficiently small.
Then, let us control for instance the term arising from A (w, @) defined in (5.9), since the one in
(5.13) can be treated in a completely analogous way. Namely, we aim at controlling

3
Z <'/\/’J (’UJ ’UJ Z N] )
j=1
where N7, N5, N3 are defined in (5.10) to (5.12). The term N1 is similar to the Navier-Stokes error

handled in [12]. Indeed, it is enough to combine ®,,, ns = Os, (€2) QappNs = O z(£2) with Lemma
5.6 and Proposition 5.13 to infer that

IN1| S Wiz, (Iwlx. + VW) < * \/D w) + [my (w)[?
<%+ eX(De(w) + [mi(w)[?) S €° + 2 De(w),

where in the last bound we used the bootstrap hypothesis (B) (and Remark 5.5). This is again in agree-
ment with (5.43) if ¢ is sufficiently small.
For the nonlinear term N, note that

No=—({(I + Q)o+ +

1 ~
= S{U+ Qe+ Vi Ayw,w).

L y:3)

V:(/ﬁ, w}: Acw + (I + QE)SO + N

Now, we can argue as in the treatment of the nonlinear term in [12] and deduce that

[Na| £ \/Ee(w) + Im} (w) E(De(w) + [} (w)]?)  e(Da(w) +<°),

where we used the bootstrap hypothesis (B) in the last inequality. Finally, for N3 we have to be a bit
careful for the term involving w. We write

({17267, w}, (Me(w))1) = ({ITe€ P, wh, Acw) + ({ITe€, wh, (1 + Qo)A w + %VJA”@

= SUITEER, Ay, w) — {ITeeP, (T + QA w + Lv:A~a}, w) (5.49)

For the first term, we see that since Ay is radially symmetric, we can write

2R

7€, Ay = 1L {I€P, Ae — Ao} + 1. =P 02 Ac

ed

By Lemma 5.4, since || < 77! in I, we deduce that

1 {7262 A} S T (eAe + e EAS) S T (e + e p) e
Similarly, since A, is constant on II. and radial on III., we have
2Rapp

e |{|T2€)%, A} = Tpe 09 Ac| < e Ny po A

For the remaining terms in (5.49) (the ones 1nV01V1ng the A~1) we can combine (5.28) in Lemma 5.6
with Holder’s inequality and the fast growth of A, to get that

({17267, wh, Me(w)))] S e wlla (Iwlla + llp-w]2.)
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For the terms in N3 involving the Navier-Stokes part of the approximate solution, we can simply use
Qappns = O z(£2). Thus, appealing to Lemma 5.9, Proposition 5.13 and using the bootstrap hypothesis
(B) we finally see that

IN3| < [bel(ellwllx. + e Hiwllx ([wlx. + llo-wllx.))
<4 T\ De(w) + [ml(w)[2 £ & + 2D (w).

This bound is also in agreement with (5.43) if ¢ is sufficiently small. Therefore, recalling that the terms
involving A/ (w, @) can be handled similarly, we conclude that the whole N satisfy a bound consistent
with (5.43) and therefore the proof is over. |

6. NUMERICAL SIMULATIONS

The aim of this section is to present numerical simulations with various combinations of parameters
N and « and check that the behaviour of the deformation of vortices matches what is predicted by the
computation of €2y and ﬁg.

All the following simulations, as well those presented in Figure 2 are made using the centered Navier-
Stokes solver of the free software Basilisk. We use § = 2-107%, and instead of Dirac masses, we consider
the initial vortices to be concentrated Gaussian functions, so that at time O we have that, depending on
the exact choice of parameters for each simulation, 0.02 < £(0) < 0.05 (except when N > 10 where d
becomes small, increasing the value of £(0)). Let us recall from [14] that it is expected that the solution
of the Navier-Stokes equation with such initial data relaxes quickly to the solution of the problem with
Dirac masses as initial datum. Except for the initial time, where vortices are radially symmetric, the
pictures shown below are always taken after that transient process is completed.

6.1. Different situations when N = 2. We start with displaying the simulation of the pair of co-
rotating vortices, corresponding to N = 2 and v = 0, in Figure 4. The expected two-fold symmetric
deformation is visibly clear.

FIGURE 4. The pair of initially Gaussian vortices rotates and deforms.

Taking now v = 1, we see a similar behaviour, with the central vortex also deforming heavily due to
the strain, see Figure 5.

FIGURE 5. Three identical vortices rotate and deform.

Let us recall that only when N = 2 can fAZz be non-vanishing. Moreover, unlike (22, no value of
can ensure ﬁg = 0 either (except v = 0). This means that for N = 2 and v # 0, we expect the central
vortex to always display 2-fold symmetric deformation. For the outer vortices, the deformation changes
direction at the critical value v5 = —%. All three cases are displayed in Figure 6.
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e O o ) 0 o] e O o
®
e O o . e O o
®
FIGURE 6. Initial configuration (top) evolves in time (bottom). In the cases v = —3
(left), v = v5 = —% (middle) and v = 3 (right), after half of a rotation, we see the

deformation of the outer vortices in the non-critical cases (left and right) with different
orientations depending on the case, and a less visible but present deformation of the
central vortex. In the critical case, after just a fraction of rotation, the central vortex has
largely deformed while the outer vortices have not.

6.2. The N = 5 case. An interesting particular situation is taking N = 5, as in that case the critical
value 75 = 0. This means that we expect the pentagonal vortex crystal, without central vortex, to not
display any clear 2-fold symmetric deformation. This is visible in Figure 7. Even after a full rotation of
the configuration, and although the diffusive effects have significantly spread the vortices, they remain
mostly radially symmetric. Only after the third, and last before vortex merging, rotation the next order
deformation becomes clearly visible.

FIGURE 7. The pentagonal vortex crystal does not display any clear 2-fold symmetric
deformation. After a very long time, close to the beginning of vortex merging, the 3-fold
symmetric deformation starts to be visible. Each picture is taken after a full rotation of
the configuration. It is interesting to compare the shape of these vortices with the ones
found in [16] for a pentagonal configuration.

6.3. Stability of the polygonal vortex crystal. Before going further, let us quickly discuss the stability
of these polygonal vortex crystal. For general details on how to compute the stability properties of
configurations of point-vortices, we refer the reader to [43]. The stability of our particular vortex crystal
of interest has been studied in [6], which states the following result.

Theorem 6.1 ([6, Theorem 5.1]). If the intensity of the central vortex satisfies that
N2 —8N +38 <(N—1V

16 <7 1 if N is even,
N? — 8N N —1)?
53+7<7<(11)meau
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then this equilibrium is nonlinearly stable to perturbations that preserve A.

We mention that according to [33], the equilibrium is nonlinearly stable only under the additional
assumption to the hypotheses of Theorem 6.1 that v > 0, which makes a difference in the case N < 6.
Notice that changing + changes the angular velocity of the configuration, so in general this equilibrium
can only be orbitally nonlinearly stable. If v+ = 0, then the Theorem 6.1 states that the equilibrium is
nonlinearly stable only for N < 6. The case N = 7 is a degenerate equilibrium (see [6, Section 7])
and for V > 8, the configuration is unstable. See also the results in [3, 4] for other interesting relative
equilibria with N 4 1-vortices.

In Theorem 1.2, which is the main result of the paper, we prove in particular that the vortices remain
close to the point-vortex solution at least for times ¢ < TadV5_2/ 3 (see Remark 4.16), and orbitally
close for times t < 4,07, for any value of 7. The mechanism that prevents possible point-vortex
instabilities from appearing is the N-fold symmetry. With the additional assumption that the perturbation
should preserve the N-fold symmetry, the point vortex stability problem is completely trivialized, and
the configuration is always orbitally stable, for any value of . However, this means that Theorem 1.2
strongly relies on the N-fold symmetry, and necessarily fails to be true when ~y is outside of the stability
range, if for instance one changes the initial position of the vortices in an unstable 2( N + 1)-dimensional
direction.

6.4. Larger values of V. The result and behaviour does not change in principle for larger values of N.
For N = 10 for instance, we compute that 7}, = 3, and thus for various values of v compared to 7},
we see the deformation of the outer vortices changing direction, see Figure 8. However, one has to be
more careful with instabilities. Recall from Theorem 6.1 that for N = 10 one has a threshold vy, = %,
which does not leave much room to observe the deformation for v < 77, without triggering instabilities.
In particular, for v = 0, we see in Figure 9 that the instability kicks in very early, the symmetry is broken
and vortices start merging by pairs. Taking even larger values of N, the same applies, and in particular,
we recover the vortex sheet instability as discussed in Remark 1.4.

FIGURE 8. With N = 10, in the case v = 5 (right) the deformation towards the center
is well visible, more than in the case v = % which is close to v* = 3, but already below

the stability threshold vy, = %.
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FIGURE 9. For N = 10 (top) or N = 18 (bottom) with v = 0, the expected de-
formation happens, then the typical vortex sheet instability develop very fast. Taking
more concentrated vortices would delay this instability, and this is related to the joint
N — oo and § — 0 limit discussed in Remark 1.4, corresponding essentially to the first
two columns above. However, fixing 6 while taking N — oo the Kelvin-Helmholtz
type instability, visible in the third and fourth column above, is the expected behavior
assoonast > 0.

APPENDIX A. FUNCTION SPACES AND OPERATORS

In this appendix we give the details of the proofs in Section 3.

A.1. Preliminary: relevant constants and roots of unity. We first establish formulas to compute the
constants Sy, ;. explicitly, which we recall are defined in (3.9).

Lemma A.1. Forany 0 < k < N, there holds that

So0 =N —1, Sno = — - 1 (p(z)’)(nl)

1—2zN

11—z~

and

where p(z) =

and thus

Differentiating, we have that

, _
(p(z) )(m) _ (—1)"m) R
p(2)
Therefore, for n > 1, we have
N-1
Sno = (=1)"
=1

1 —
1-Qy)"  (n—1)!
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Moreover
So,o =N —1.
To compute the value of S,, ., we first observe that for 1 < k£ < n,
N-1 Q N-1 Q N-1 k 1
Snk = = + =Sp-1k-1+ Snk-1-
= G T L @ o T S+

We recognize a Pascal S trlangle—type formula, and one can prove by induction that forevery 0 < k < n

bk
Sn,k’ = Z <]> Sn—k+j,0~

5=0
U

In view of Lemma A.1, we can compute recursively every value of S, ;. for 0 < k < n. Let us give

the result for some relevant values.

g PO __N-1
T ) 2
Siq = Nl
(N2 p"(1) (N —1)(N —5)
0= () S - B

1— N2
S2.1 = S1,0 + 520 = D

S22 = So,0 +251,0 + S2,0 = S2,0-

A.2. Expansion of the configurational operators. Recall the definition of 7; 7, V. 7 and Q. 7 defined
in (2.12) to (2.14). We then prove a more general version of Lemma 3.6.

Lemma A.2. Let f € Z, 0 = A7 f, 0 < zmin < |Z] and M € N. Then, the translation operator

admits the expansion

M n n—
Tezp(€) = M(ﬁf) log (EZd‘) +> Zencn,kRe(éz

2
n=1 k=0

k
m*( f)) + O, (M)

The polygon-center operator admits the expansion

M
Ve,z¢(€) :M(Q)%log (’Zd‘> + NZ(—I)”E"cnvnRe<%m"(f)>
M ég
+N Z Z (=1)"e"cpp— UVRe(Zn m”*ZN(f)> + Os, (EMH).

n=N (eN\{0}
IN<M

The polygon-polygon operator admits the expansion

Qs,Z@(f) :MZ <| l|) Zzg ansnn kl{e<€

2T
=1 n=1 k=0

(f)) + Os, (M),

Proof. By (2.3) and the definition (2.12), we have
1 1 1
Tozol§) = 8¢+ 252) = 5- [ tog|(€+ 252) —nl fm

:M2(7‘Tf)log(|jl|)+/ a(|1+ e —n)|) sy an.

We thus have to study the last integral. Since 7: ,¢ € Si(R?
with r. := |2min|/(4ed). Indeed, for & € By the function is automatically of order ¢

follows because for any f € S,(R?) we know that there exists an N such that for all |£| > r. we have

), it is enough to consider £ € B,
M1 This
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IF(O)] < (1 +|EDN < (1 4 |€))N+M+1p=M=1 wwhich implies that flBe, = Os. (eM+1), Similarly, we
can restrict the domain of integration so that € B,_, up to negligible errors. Hence, if £, € B,_, we
have |(ed/Z)(¢€ — n)| < 1. We can then use the expansion

= (gt
log |1+ x| = Relog(l + ) = Z ———— Re(z") valid if || < 1,
n
n=1
to get
M

_1\n—1 ed)™ n
Teol€) = 20) 10 (@) +> (D" (ed) /B Re(Z7 (& —n)" f(n) dn+ Os. (M)

2w ed n 2w

n—=
Since f € Z, |Z|7' < 1/zmin and € € B,_, we can replace fBr with fRQ up to an error of size
Os, (eM*1), thus completing the proof for the translation operator by expanding the n-th power in the

integral.
By the definition of V; 7z and the expansion in Lemma 3.6, we have

aZ‘P ZTaZ Ql§

n

N n—
D (1), kRe((ng) ' k(f)) +Os, (M)

v og<|Z|>+§[: >

2T
n=1k=0 I=1
(A.1)

Then, we rewrite a part of the sum as

ZRe( QO™ k(1) - <§M ZQ )

By the properties of the roots of unity, we know

N N .

Zank _ Ze%(n_,ﬂ _JO ifn—k#0 mod N '

P ! P N ifn—k=0 modN.
Therefore, we can first simplify the sum in (A.1) by isolating the case k = n, which gives the second
term on the right-hand side of (3.10). Then, we need 0 < n — k = (N with / € N\ {0} since

0 < k < n — 1, meaning that we have a nontrivial contribution only for n > N. Thus, summing in ¢
instead of k, we finally get

M n—1 N (Q f) M é‘EN
ZZZ e cnkRe( lZn k(f)) =N Z Z (—=1)"e"cpm— gNRe<ﬁm” EN(f)>,

and the proof for the polygon-center operator is over.
We finally consider the operator Q. 7, which is more convenient to rewrite as

N-—1
Qz(f) =Y HQ&+—2), Zt)=@Q -1z
=1

1
e(t)d

Using the expansion of 7; 7z, we get that

Q. z(¢ Zl (|Zl|>+z:zzzz5 e, Re( Ql&) k(f))+03*(5M+1).

n=1k=0 [=1
Recalling that Z; = (Ql — 1)Z, in view of the properties of S,, ;, in Lemma A.1, we readily find that

n k n—k N-1 n—k n—k
Z Re ( ng k(f)) Re<gzn mk(f) (Qll—l)"> = Snm,—kRe(an mk(f)>7

wh1ch concludes the proof.
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O

A.3. Expansion of the integral quantities. We now compute expansions of integral quantities involv-
ing the operators 7. 7 and Q. 7. Indeed, in view of the definitions of the radius and angular speed, these
computations are necessary to rigorously establish their asymptotic expansions as stated in (1.10). The
following lemma also establishes the expansion (3.20).

Lemma A.3. Let f, h € Z, o = A~ f and assume that 0 < zpiy < |Z|. Then, for all M € N one has
the expansions

n—1

V- Tzohae - ZE , Z,Q ot Z<n— B)ea s ((mnE1() + O+ (A2)
=0

and

n—1

/ v+ (Qezp)hdg = Z&“ |Z|2 et Zo(n— k)Cn kSpn_pmF(f)mn—k=1(h) +O(MTY,

Proof. Appealing to Lemma A.2, we know that

VL'EVZ@ ZZ& cn iV Re<f

n=1 k=0

<f>) 1 05, (M),

To compute the orthogonal gradient, we pass to polar coordinates ¢ = 7'’ (keeping the complex number
notation) and we note that

, 1
V= i(0) +idy) — i€ (0, + i=p).
r
Then, denoting
Z=|zle"%,  mt(f) = [m"(f)le"",

we get

5n_k k |mk(f)| n—k ( i(n—k)0+i(¢pr—ndz) —i(n—k)0—i(pp—nopz)
Re( Zn 0 f)) — oz (e +e ).

Thus, applying the V- we see that the right-hand side becomes

k
in— k) |m (f)|rnfkfl(ei(nfk+1)0+i(¢kfn¢z) 4 e ink-Dp=i(0rno2))

k
—i(n — k)l Nk (@i DO 4Gnz) _ giln—k-1)0-i(0x-n02))

k
—i(n— k) Im (f)|Tnfkflefi(nfkfl)Q*i(st*n¢Z).

1z
Going back to Cartesian coordinates, note that
T,n—k—le—i(n—k—l)e s fn_ﬁ, ]mk(f)\e_w’“ N mk(f)
and
1
z’Z‘ne —Z‘Z‘H_HG — ZE 7T

Therefore, we have computed that

n—k 1 -
VLRe<fzn Hﬂf(f)) =(n— k)gpzj_lmk(f)gnkl‘

Since h € Z, we then easily deduce that

n—1

1
/R2<V e zp)hd = ZE |Z|2 i Z(:)(n — k)ep pm (f)mn—F=1(h) + oM+,

which proves (A.2). The proof for Q. 7 is now straightforward using the same arguments. U
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A.4. Commutators and adjoints. We now prove Lemma 3.9. Most of the properties hold for any
vector Z, but we rely on the specific choice Z = (R,0) to prove the preservation of parity in &, for
Q. 7. Therefore, we present the proof for a general Z, explicitly restricting to Z = (R, 0) only when
necessary.

Proof of Lemma 3.9. The identity for 7, is a direct computation using the definition of 7. 7. Regarding
the commutation property with A, we simply exploit that a translation commutes with spatial derivatives.
By the definition of V; z, since (J; are rotation matrices we have

V.29, f) = Zg Qi - —Z)f(ﬁ)dﬁ

L

= [ ol (Zf i+ 7)) )€ = (g, V2.2 f)

The commutation properties with A follow by the fact that V; 7, V; , are compositions with a rotation
operator (Rf)(&) = f(Q;€) and translations T(f) = f(& + 2) for a fixed vector z € R2. Indeed, since
clearly [R,A] = 0 and [T, A] = 0 then also [RT,A] = [TR, A] = 0 as desired. The property about
N-fold symmetric functions is a direct consequence of the first identity in (3.15).

For Q; 4, it is enough to observe that

1 1
—Z: f— = _ —Z_
Q&+ Z1=n §=Q-m+ 2,

which readily imply that Q. 7 is self-adjoint in L?(R?) by the identification of Q_; = Qx—;. The com-
mutation property with the Laplacian follows since Q. 7 is a combination of translations and rotations.
Finally, the property for even functions can be seen as follows: identify (&1, —&2) with the complex
conjugation &, Z with the real number R and Q; = exp(27il/N). Then, observe that

Qn—i€+ (ed) T (@Qn-i — DR = Qi€ + (ed) Q-1 — )R = Qi§ + (ed) " (Q — )R
Hence, if f is even we can combine the identity above with the fact that we are summing over | =

1,..., N — 1 to conclude the proof.
It remains to show (3.16) to (3.18). First of all, we denote Z. = Z/(ed) and we introduce

m(€) = Q€+ Z) — Ze.

In this way, we can rewrite

N—-1
Q.zf(&) =) f(m()
=1

Then we observe that

ST sEP, ) = (6 + 2" V5.
Thus

r

S AT 2P DO = 3 (&) + 22" (V) (©))

=1

N—-1
= > (QuE+Z2)" - (V(m(€)), (A3)
1=1
where in the last identity we used the definition of 7;(£). On the other hand
N
AT o€, Qe nf) = (€4 2" V(Qurl) = 36+ Z) - V(I ((e)))
=
N 1
= 6+ 2" QI (VH(m(€). (A4)

=1
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Then, by the property of the dot product v - (M7 w) = Mv-w and Qv = (Qv)™* since Q; is a rotation
matrix, we see that indeed (3.16) holds true by combining (A.3) with (A.4).
To prove (3.18), we denote y; (&) = Q;(& + Z. ) and, in view of (2.13), we have that

fv;R {I€2 1) = Zyl (V) wi(€)).

Instead
N

N
AT Vinl} = S 2" = S (6 + 2" QT (VA wl©)

=
y N
D (QuE+ Z)) - (VHwW(€) =D u© - (VHw(E)),
=1 =1

meaning that (3.18) is proved. Finally, (3.17) directly follows by taking the L? adjoint of the identity in
(3.18) (or it can be proved directly as before). U

APPENDIX B. VISCOUS DEVIATIONS FROM THE POINT-VORTEX DYNAMICS

Let the family of approximate solutions be constructed as in Section 4. We establish the following
result, which provides the necessary tools to compute the first-order perturbations to R%{,) and aé%)

relative to the point-vortex dynamics.

Lemma B.1. For every M > 5 and € small enough, there holds that

g
Im(Bnggy)(\I!g%), ‘I’z%)))) R(M) c1,0(S1,1 +7)
app

e

s (3e50(83 +7)m (©2) + €5.2(S5,1m3 () + m (D)) ) + O + 52%)
app

and
Re(B&R(M) (\I’&\Q’ @g%)))
B .
_ _5(R(M)) (303,() (S5 +7)m3(Q2.Ns) + c3.2(Ss1m3(Q.ns) + Vm%<QQ,NS))> + O(8€%).
app

Proof. We first split the Euler and Navier-Stokes part, with the cross-interactions being denoted with the

three-variable definition of BB R(M)
app

B R(M)(\I/(M) \T/(M)):B R(M)(\I/(M) g )+5B R(M)(\I/(M) gD gD )

\hg N\ app T app app © app,E’ ~app,BE app © aPP;E’ T app,E> T app,NS
gWM G (M) 2 (M) GM)
+ 685,1—2;22( appNS? YappNss Yappp) +0°B e,R(D) (Papp,ns: Papp,ns)-

We recall the expansion (3.20) to be:

M Nn—1
B_ pon (0,8, 9) —ZZ (R(g )> > (n=k)en i (SnnpmF(w) +ymF (@) ) W FT(@)+O0(M ),

app
app k=0
(B.1)

Now, we recall from the construction of the first orders that
M (M
Qgpp)NS = 0(52)7 Q;pp),NS = 0(52)7
(M) _ (M) _
M(Qapp,NS) - M(Qapp,NS) - 07

M M AWM (M
ml(Qépp{NS) - ml(Qgpp),E) - ml(Qgpp),NS) - ml(Qgpp)E) =0.
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We deduce from plugging these identities into the expansion (B.1) that

M = M
2B (W W ) ) = O(62(° + M), (B.2)

since to produce no vanishing terms, it must hold that n — &k — 1 > 2 and k£ > 2. This can happen only

(M)

app,NS itself. Following the same reasoning, since

if n > 5, while we also have two factors £2 from )
M > 5, we have that

M) (M M M) (M M
oB RéﬁQ(\I’gpp)E"I’é(mpp),E’\I’;pp)Ns) O(s<%), o8B dep( ?(ipp),NS’\I];pp),NS7\Ijz(1pp)E) O(6e%)
(B.3)

OM)
app,NS*

(M)
app,N

We now compute the imaginary part of the purely Eulerian part B R<M>(

with 3 powers of € coming from " and 2 from 2 gor{)

\I/gi\)? B @;JI\Q ). To obtain

an expansion of this expression, we plug into (B.1) the fact that Q( )E and Q( )E are even in &, by
construction (constraint C2)), meaning that for every k > 1,

M (M
mb Q) = mb Q%)) = 0. (B.4)

This gives the following expansion:

M (M
Im(B R(M)(\I}gpp)E’\Il;pP)vE))

Nn—1
- Z (R ) Z(n—k)cn,k (Snn kml(Qgﬁ)E)+7m1 (QSJ;\QE))m1 kil(Qz(a,pp)E)—‘l_O( M),
app k=0

We now compute the first terms in that expression. The n = 1 term is non vanishing, equal to ¢ o (S 11+
~y) since

M A(M
M(Q;(Lpp),E) = M(Qe(lpp),E) = 17

and is the term giving the point-vortex dynamics angular velocity as the first-order value. The n = 2
terms vanish due to the facts that the first moments vanish, as in that case, eitherk = lorn—k—1 = 1.
We now turn to the case n = 3, computing for each value of & the terms in the sums:

k=0 — 3c3p0 (83,3 + ’7) m?(Q(M) )

app,E
k=1 — 0

k=2 — C3,2 <S371m%<92pp)1«:) + ’le(Qg;\)?,E)) .

Since m%(Q;ﬁ)E) = O(£?) and m? (Q;];\f;))]a) = O(g?), these terms give rise to terms of order O(e?)
M) g (M)

- (
in Im(BE’ RO (Voppps Yapp.p))- Let us now observe that there are no other lower-order terms. For

n = 4, since we already have 4 powers due to €”, to obtain a term of order 5 or less it would require
a contribution from the moments of order at most 1. However, Qgpp)E = Qo + O(£?) and € has only
vanishing moments except M(€)). Since £ = 0 and n — k — 1 = 0 can not be realized at the same

time, no such term can exist. The same applies to the terms n = 5, and higher terms are at least of order
™. In conclusion, we have shown, using in addition that m%(Q(M) ) = e2m?(Qy) + O(e3 + 6¢2) and

app,E
m}(Q00 ) = e2m? () + O(? + 6¢?), that
M M €
Im(BE’Rgng(\pgpp)E7 v L)) = Wcl,o(sl,l +7)

app

ed

0 (30370(8373 + V)m%(ﬁg) + 6372(8371m%(92) + ’ym%(ﬁg))) + 0(86 + 565).

_l’_
M
(RGpD)?
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Gathering this expansion with the estimates (B.2) and (B.3), gives that

Im(B_ R<M>(‘I’%>), vMY)) = R(M) —anco(S11+7)

app
app

e

+ -

(Bipp)*

Notice that applying the expansions for M > 5 is actually necessary to conclude with that precision,
although all terms of order < 5 are induced only by (25 and €25.

We now turn to the real part of BE RO (\1/5%), \Tlgg). By Lemma 3.11, the purely Eulerian term
»-app

<363’0(S3’3 + ’)/)HI%(QQ) + 0372(8371m%(92) + 'ym%(ﬁg))) + (’)(56 + 555).

has no real part. To compute the first terms of the expansion, one thus has to look to a more precise
expansion of (B.3). Using again relation (B.4) into (B.1), we compute that

)

Re (B R(M) (\I’(M) \I’(M) \I/(M) ) +B R(M) (\II(M) app,NS» \Ijé(l]p\i)),E)>

DD app,E’ ~ app,E> ~ app,NS DD app,NS»
Np—1
M n— M
== ( M)> D _(n = ke [(S”’”kmlfm;pp)li) oy (@) m ™ () )
i=1 app k=0

AWM n— M
+ (S” n—kIMy (Qgpp)NS) + ’Ymg(ﬂg‘pp),NS))ml i I(Qz(ipp),E):| + O(6M+1)'

To produce non vanishing terms, one needs in the first part of the sum that n —k —1 > 2, namely n > 3,
and in the second part that k > 2, which again, requires n > 3. We thus compute the terms n = 3,
which are of order £°:

M
k=0 — 3c3 0(53 3+ ’Y) mQ(Qgpp)NS)
k=1 — 0
M M
k=2 — c32 <S3,1m%(gépp)7NS) + Vm%(Qépp{NS))
Terms with n > 4 are of order at least €% due to the presence of Navier-Stokes pieces. In conclusion,

Re(BaR M)(‘I’(M) \IJ( )))

A0\ Fapp s Fapp
e’ 2 2 2.0 6
B 6(R(M))3 (363,0 (S33 +7)m3(Qa,ns) + e32(S3.1m5(Q2.Ns) + 7m2(QQ’NS))) +0(%7).
app

O
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