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Kinetic theory of Onsager’s vortices in two-dimensional hydrodynamics:
Virial theorem and BBGKY hierarchy
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We review our recent work on the kinetic theory of point vortices in two-dimensional hydrodynam-
ics. We first consider statistical equilibrium states and derive the virial theorem of point vortices.
It provides a relation between the angular velocity, the angular momentum and the temperature.
Then, using the BBGKY hierarchy, we derive a kinetic equation for the point vortex gas, taking
two-body correlations and collective effects into account. This equation is valid at the order 1/N
where N > 1 is the number of point vortices in the system (we assume that their individual cir-
culation scales like ¥ ~ 1/N). It gives the first correction, due to graininess and correlations, to
the 2D Euler equation that is obtained for N — +0o0. We discuss the implications of the kinetic
theory regarding the relaxation (or not) of the point vortex gas towards the Boltzmann distribution.
Finally, we consider the relaxation of a test vortex in a bath. It is described by a Fokker-Planck
equation involving a diffusion and a drift.

I. INTRODUCTION

In 1949, Onsager [1] published a seminal paper in which he laid down the foundations of the statistical mechanics
of vortices in two-dimensional hydrodynamics. He considered the point vortex gas as an idealization of more realistic
vorticity fields and discovered that negative temperature states are possible for this system. At negative temperatures,
corresponding to high energies, like-sign vortices have the tendency to cluster into “supervortices” similar to the large-
scale vortices (e.g., Jupiter’s great red spot) observed in the atmosphere of giant planets. If the point vortices all have
the same sign, one gets a monopole. If they have different signs, one gets a dipole made of two clusters of opposite
sign, or possibly a tripole made of a central vortex of a given sign surrounded by two vortices of opposite sign.
Therefore, the statistical arguments of Onsager explain the ubiquity of large-scale vortices observed in geophysical
and astrophysical flows.

The qualitative arguments of Onsager were developed more quantitatively in a mean field approximation by Joyce
& Montgomery [2, 3], Kida [4] and Pointin & Lundgren [5, 6], and by Onsager himself in unpublished notes [7].
The statistical theory predicts that the point vortex gas should relax towards an equilibrium state described by the
Boltzmann distribution. Specifically, the equilibrium stream function is solution of a Boltzmann-Poisson equation.
Many mathematical works [8-12] have shown how a proper thermodynamic limit could be rigorously defined for the
point vortex gas (in Onsager’s picture). It is shown that the mean field approximation becomes exact in the limit
N — +00 with 4 ~ 1/N (where N is the number of point vortices and ~ the circulation of a point vortex).

The statistical mechanics of continuous vorticity fields was developed later by Miller [13] and Robert & Sommeria
[14]. Kuzmin [15] also developed a similar theory but his contribution is less well-known. The Miller-Robert-Sommeria
(MRS) statistical theory is based on the 2D Euler equation which describes incompressible and inviscid flows. It pre-
dicts that the 2D Euler equation can reach a statistical equilibrium state (or metaequilibrium state) on a coarse-grained
scale as a result of a mixing process. Recently, the MRS theory has been applied to geophysical and astrophysical
flows, notably to oceanic circulation [16], jovian vortices (Jupiter’s great red spot) [17-19}, Fofonoff flows [20-22] and
oceanic rings and jets [23]. The MRS theory shares many analogies with the theory of violent relaxation developed by
Lynden-Bell [24] for collisionless stellar systems described by the Vlasov equation. The analogy between 2D vortices
and stellar systems, first pointed out by Onsager in a letter to Lin [7], has been systematically developed in [25].

Another development of Onsager’s seminal paper concerns the kinetic theory of point vortices. We have started this
project in 1998 [26] and regularly worked on this topic since then [27-30]. We have derived a kinetic equation for the
evolution of the smooth vorticity field, taking two-body correlations into account. This equation is valid at the order
1/N and provides therefore the first order correction to the 2D Euler equation obtained for N — +oo. This kinetic
equation was derived by various methods such as the projection operator formalism, the quasilinear theory and the
BBGKY hierarchy. In these works, we focused on (distant) two-body collisions and neglected collective effects. This
leads to a kinetic equation similar to the Landau [31] equation in plasma physics. A kinetic theory of the point vortex
gas had been previously developed by Dubin & O’Neil [32] in the context of non-neutral plasmas under a strong
magnetic field. They used the Klimontovich formalism and took collective effects into account. This leads to a kinetic
equation similar to the Lenard-Balescu [33, 34] equation in plasma physics. Their work was pursued in [35-38] in
different directions. In a recent paper [39], we used the Klimontovich formalism to derive a Fokker-Planck equation
describing the evolution of a test vortex in a bath of field vortices. This Fokker-Planck equation involves a diffusion
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and a drift. In a second recent paper [40], we derived the Lenard-Balescu-type kinetic equation of point vortices
from the BBGKY hierarchy. These works properly take collective effects into account, unlike our previous works on
the subject. Finally, in a third recent paper [41], we derived the virial theorem of point vortices and showed that it
corresponds to the relation empirically obtained by Williamson [42] on the basis of numerical simulations (see also
[6, 43] for alternative derivations). In these Proceedings, we shall provide a summary of our work on 2D point vortices,
presenting in particular the main results obtained in our last two papers. The present paper should be self-contained
although we shall not give all the details of the derivation which can be found in [40, 41].

Finally, we would like to quote the works of [44-48] who also developed kinetic theories of point vortices in different
situations.

II. THE TWO-DIMENSIONAL POINT VORTEX GAS

We consider a multi-species system of point vortices in two-dimensional hydrodynamics described by the Kirchhoff-
Hamilton equations [49, 50]:

Yt = Vi = = 1
dt Oy: dt oz;
where +; is the circulation of point vortex i. The coordinates x and y of the point vortices are canonically conjugate.
In an unbounded domain, the Hamiltonian can be written

H =" yvulr: — rj)), (2
i<j
where u(|r —r’|) = — - In |r — r'| is the potential of interaction that is solution of the Poisson equation Au = —§. For

an isolated system, the energy E = H, the angular momentum L = Zfil v:r? and the impulse P = —z x Zf:l 4T
are conserved (z is a unit vector normal to the plane of the flow). Of course, the total number N, of point vortices of
each species is also conserved (the total circulation of species a is 'y = N,v,). The velocity of a point vortex located

in r; is given by
81/1 u 1 ri —ry
V¢=-z><Er—i(ri)=—z><27j56(|rz—rj|)—EZXZWW, 3
J#i J#i

where ¥(r) = 3=, viu(|r —r,]) is the stream function. The stream function is related to the vorticity w(r) = 3, %d(r -
r;) by the Poisson equation Ay = —w.

Let us introduce the N-body distribution Py(ry, ...,rn,t) of the system. We define the one- and two-body distri-
bution functions by

P@(ry,) = /PN(rl, o TNy E) dra..drn, (@)
Péab)(rl,rg,t) = /PN(rl,...,rN,t) drz...dry. (5)
The average energy, angular momentum and impulse can be written
1
E= 5 3 No(Vs = 6) | {0 (e, thvamulle = ') drd, (©)
a,b

L= Z/Pl(a)(r, t)vardr, P=-zx Z/Pl(a)(r, t)y,rdr, (7)

a a

Finally, the N-body Boltzmann entropy is
S = —kB/PN lnPN Hdl‘i. (8)

Remark: We note that the angular momentum L = )}, +r? is similar to the moment of inertia for material
particles. On the other hand, the conservation of linear impulse P = —z x >, Virs is equivalent to the conservation
of R = 3, vy, which is similar to the center of mass for material particles. The conservation of R for point vortices
implies that the “center of vorticity” is fixed while, for material particles, the center of mass has a rectilinear motion
with constant velocity (galilean invariance).
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III. STATISTICAL EQUILIBRIUM STATE
A. The YBG-like hierarchy in the microcanonical ensemble

We consider the statistical equilibrium state of a system of point vortices in an unbounded domain. In that
case, the circulations of the point vortices must have the same sign otherwise they would form dipoles (4, —) and
ballistically escape to infinity so that no equilibrium state would be possible. The microcanonical ensemble is the
proper description of an isolated Hamiltonian system for which the energy E, the angular momentum L, and the
center of vorticity R are conserved. The microcanonical N-body distribution is given by

Pn(ri,..,tN) = Hﬁ—)a(z — H(ry,...,tn))é (L - ;'nr?) ) (R - Z'nri) . (9)

Since [ Py dr)...dry = 1, the density of states is given by g(E, L) = [ 8(E—H)(L—3, vir?)d(R—3, vir;) dry...dry.
It does not depend on R since this constraint may be absorbed by a shift of origin in the integral [6]. In the
following, we take the origin of the coordinates at the center of vorticity so that R = 0. The entropy is defined by
S(E,L) = kglng(E, L). Then, the temperature and the angular velocity are given by

1 o8 Q 0s

== _— 10
T OE’ 2T oL (10)
As first realized by Onsager (1], the temperature of the point vortex gas can be positive or negative. At negative
temperatures 3(E) < 0, corresponding to high energy states, point vortices of the same sign group themselves in
“supervortices” similar to large-scale vortices in planetary atmospheres.

Differentiating Eq. (4) with respect to r; and using the microcanonical distribution (9), we obtain

(a)
82 (r)=- ;(Nb — 8ab) / ;(—Elma% (g(E,L)Péab)(r, r’)) ‘Ya’ngz::(h' —r')dr’
1 0 (a) 1 8 (@)
~sE D a1 OEDPO®) 2vr - opson (9B D) e (11)

This is the first equation of the Yvon-Born-Green (YBG) hierarchy in the microcanonical ensemble [6]. This equation
involves the quantities

19 (ab) (ab) Bstab)
i = —= 12
555 (97™) =P + S, (12)
10 ( @\ _ 1. p@, 0P 18 [ @) _ 9P
gaL(gpl ) = 589P + =5, géﬁ(-"l ) =" (13)
The last terms in these expressions are difficult to evaluate. If we neglect these terms, Eq. (11) reduces to
apP® N a ou a
(1) = ~B (N~ bar) / P (e, Y ram = (v = ©'l) dr’ — B P{ (r)r- (14)
b

This is the equation that we would have obtained if we had started from the canonical distribution [6, 41]. Equations
(11) and (14) are different but they coincide at the thermodynamic limit N — +o00 in which the last terms in Egs.
(12)-(13) can be neglected.

B. Mean field approximation: The Boltzmann-Poisson equation

We consider the thermodynamic limit N — +oco with 4; ~ 1/N [8-12]. This implies E ~ 1, 5 ~ N, L ~ 1
and 2 ~ 1. The total circulation I' ~ Ny ~ 1 and the dynamical time ¢{p ~ 1/w ~ 1 are of order unity. In
this thermodynamic limit, it can be shown that the reduced correlation functions scale like P} ~ (1/N)7~! [6, 29].
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Therefore, when N — 400, the mean field approximation becomes exact and the N-body distribution function
factorizes in a product of N one-body distribution functions

Py(ry,rn) = [[ Pu(rs)- (15)

In particular, we have
P (x,r') = Pl (r) PO (). (16)

In the thermodynamic limit, the last terms in Egs. (12)-(13) can be neglected. Furthermore, we can make the
approximation N, — 1 =~ N,. Therefore, the first equation of the YBG hierarchy in microcanonical and canonical
ensembles can be written [6]:

VPO (r) = =1, P () V(r) — BraQP (r)r, (17)

where ¥(r) = 3, vu(lr —r])) = [ 3, Nb'ybPl(b)(r')uﬂr — 1’|} dr’ is the average stream function. It is related to the
average vorticity w(r) = (3, %d(r —r;)) = 3, Nb'ybPl(b) (r) by ¥(r) = fu(|r — r'|)w(r')dr. This is the solution of
the Poisson equation

AY = —w, (18)

with the Gauge condition ¥ + % Inr — 0 for r — +00. The mean velocity of a point vortex is u = —z x V.
We introduce the number density n,(r) = NaPl(a)(r) of species a, and the total number density n(r) = (3, 6(r —
r;)) = 3., 7(r). Similarly, we introduce the vorticity w,(r) = Na'yaPl(a)(r) = 7aNq(r) of species a, and the total
vorticity w(r) = (37, %0(r — r;)) = 3, w,(r). Equation (17) can be integrated to yield the Boltzmann distribution
e—BYatess(r)

fe—Bwuweff(r) dr’ (19)

wa(r) = Na'YaPI(a)(r) =T,

where Yes7(r) = ¥(r) + £r? is the relative stream function. The Boltzmann distribution (19) is steady in a frame

rotating with angular velocity Q. The vorticity profile decreases at large distances like wa(r) e~ Pragrip il
Because of the factor e=#7% %7 the distribution (19) can possibly be normalized only if

sgn(v)62 > 0. (20)

Summing Eq. (19) on the species and substituting the resulting equation in Eq. (18), we obtain the multi-species
Boltzmann-Poisson equation

e~ Bvatbess(r)

—Ay = ;ra———f O (21)
When 8 > 0, the Boltzmann-Poisson equation (21) is similar to the one appearing in the theory of electrolytes and
when (3 < 0, it is similar to the one appearing in the statistical mechanics of stellar systems [7, 27]. We emphasize that
these results are valid both in microcanonical and in canonical ensembles. Furthermore, these equations remain valid
in a bounded domain D in which case the Boltzmann-Poisson equation must be solved with the boundary condition
¢ =0 on 8D. In a disk, the angular momentum is conserved, as in an unbounded domain, and we get exactly the
same equations (with different boundary conditions). In a bounded domain, there can be equilibrium states even if
the signs of the circulations of the point vortices are different. Of course, if the domain does not possess the rotational
invariance, the angular momentum is not conserved and § = 0.

C. Maximum entropy state

In the mean field approximation, the entropy, energy, angular momentum and circulation of each species can be

written
sz—kBZ/%lnﬂdr, E=%/w¢dr, L=/wr2dr, Faz/wadr. (22)
a a "Va
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The entropy (22) can be obtained by substituting Eq. (15) in Eq. (8). It can also be obtained from a standard
combinatorial analysis starting from the Boltzmann formula S = kglnW, where W is the number of microstates
(complexions) specified by the precise position {ri,...,rn} of each point vortex, corresponding to a given macrostate
specified by the smooth vorticity field {w,(r)} giving the average number of point vortices of species a in macrocells
of size 0 < A < 1. Using the Stirling formula for N > 1, we obtain the expression (22-a) of the Boltzmann entropy
(2, 28]. The energy (22-b) is obtained by substituting Eq. (16) in Eq. (6) and making the approximation Ny —1 =~ Nj,.

In the microcanonical ensemble, the statistical equilibrium state is obtained by maximizing the Boltzmann entropy
S while conserving the energy E, the angular momentum L and the total circulation I'; of each species

S(E,Tq, L) = max {Splw.] | E[w]=E, T4lws] =T,, Llw}=L}. (23)

This maximum entropy principle amounts to determining the most probable state, i.e. the one that is the most
represented at the microscopic level. Introducing Lagrange multipliers to take the constraints into account, and
writing the variational problem in the form 6S/kp — B0E — ﬁ%&L — 3, @0, = 0, we find that the critical points
of constrained entropy are given by the mean field Boltzmann distribution (19).

In the canonical ensemble, the statistical equilibrium state is obtained by maximizing the Boltzmann free energy
J = S/kp — BE — &L (Massieu function) while conserving the total circulation T's of each species

J(B,[,,Q) = max {JBlwa] | Talwa] =Ta,}. (24)

Writing the variational problem in the form §J — Y, 0a6Tq = 0, we find that the critical points of constrained free
energy are also given by the mean field Boltzmann distribution (19). Therefore, the series of equilibria are the same
in MCE and CE but the nature of the solutions (maxima, minima, saddle points) may differ in each ensemble. When
this happens, we speak of ensemble inequivalence [51].

D. The virial theorem

Taking the logarithmic derivative of Eq. (19), we obtain
Vwa(r) = —ﬁ'Yuwa(r)Vweff (l‘) (25)

Dividing Eq. (25) by 7., summing on the species and introducing the local “pressure” [25]:

() = (ks T = kaT 3 225, (26)

we obtain
Vp+ wVibess = 0, (27)

which is similar to the condition of hydrostatic equilibrium for material particles in a rotating frame. This equation
is valid in MCE and CE. We note that the pressure is positive at positive temperatures and negative at negative
temperatures. The equilibrium virial theorem can be derived as follows. Taking the scalar product of Eq. (27) with
r, integrating over the entire domain and integrating by parts the pressure term, we get

2/pdr—V—QL=2PV, (28)

where V = [wr- Vi dr is the “virial of the point vortices” and P = 51‘7 § pr-dS the average pressure on the boundary
of the domain (if the pressure is uniform on the boundary, with value py, then P = p;). Using the isothermal equation
of state (26), we can rewrite the virial theorem as

2NkgT -V - QL =2PV. (29)

In an unbounded domain and for axisymmetric flows in a disk, we can easily show that ¥ = —I'?/(4x) (see Appendix
D). In that case, the virial theorem can be rewritten

PV = Nkg(T - T,) - %QL, (30)



where we have introduced the critical temperature

F2

o (31)

kT, = —
For a single species system, we have kgT. = —N~%/8x. For a neutral system (I' = 0), we find that kzT. = 0. The
relation (30) is valid both in MCE and CE. If the vorticity field is a Dirac peak at r = 0 containing all the point
vortices, then L = P = 0, implying 7' = T,. Let us consider particular cases of the virial theorem.
(i) For an axisymmetric flow in a disk with Q = 0, we obtain the equation of state

PV = Nkg(T - T,), (32)

where P = p(R) = n(R)kgT. If I’ = 0, this equation reduces to PV = NkgT like for a perfect gas. This relation is of
course trivial if the flow is spatially homogeneous. On the other hand, recalling that PV/NkpT > 0, the equation of
state (32) implies that T > 0 or T < T (i.e. B> B.). If P =0 (e.g., if all the point vortices are located at r = 0), then
T = T.. For a single species system, the equation of state (32) can be directly derived from the analytical solution of
the 2D Boltzmann-Poisson equation [41].

(ii) In an unbounded domain, PV — 0 provided that the pressure decreases sufficiently rapidly with the distance.
In that case, Eq. (30) reduces to

%QL = Nkp(T - To). (33)

In the single species case, this relation was empirically established by Williamson [42] on the basis of numerical
simulations and later explained by Kiessling [43] from the Boltzmann-Poisson equation. This relation was also derived
by Pointin & Lundgren [5] from the density of states. Our approach clearly shows that this relation can be interpreted
as “the virial theorem of point vortices” [41]. Let us discuss some consequences of the virial theorem (33) and of
the inequality (20). We assume that all the vortices have a positive circulation. We first start by the microcanonical
ensemble. (i) If L = 0, the vorticity distribution is a Dirac peak at 7 = 0 containing all the vortices: w(r) = I'd(r).
This solution exists only at T = T, (i.e. 8= B.). (ii) If L # 0, statistical equilibrium states can possibly exist only
forT>00r T < T (ie. 8> fB:). We now consider the canonical ensemble. (i) If Q2 = 0, statistical equilibrium states
can possibly exist only at 7' = T, (i.e. 8= 8.). (ii) If > 0, statistical equilibrium states can possibly exist only for
T >0 (ie. 8> 0). (iii) If Q < 0, statistical equilibrium states can possibly exist only for T < T, (i.e. £. < 8 < 0).
IfT =T. (ie. 8 = ), the virial theorem implies L = 0. In that case, the system forms a Dirac peak at r = 0
containing all the vortices: w(r) = I'd(r).

Remark: In this paper, we have derived the virial theorem of point vortices in the mean field approximation.
Interestingly, when this assumption is relaxed [41], we find that the exact virial theorem in CE keeps the same form
as the mean field virial theorem (33), except that the mean field critical temperature is replaced by the exact critical
temperature

N N
1 1 ) 1,
kle =~ > = &N (Fz - ZV‘*) =gy T ~T2), (34)

a=1 B#a a=1

where I' = 3~ Ny7, is the total circulation and I's = >°_, N,72 the “enstrophy”. In the single species case, we
get kpT, = —(N — 1)7?/(87). We see that the mean field critical temperature only differs from the exact critical
temperature in CE by the replacement of N — 1 by N.

E. Summary

Regrouping the previous results, the equilibrium stream function is determined, in the mean field approximation,
by the multi-species Boltzmann-Poisson equation (21). Then, the distribution of each species is determined by the
Boltzmann distribution (19). These results are valid in the microcanonical and canonical ensembles: In the canonical
ensemble, the temperature and the angular velocity are prescribed. In the microcanonical ensemble, they must
be expressed in terms of the energy and angular momentum that are the relevant control parameters (conserved
quantities) in that case. This is done by substituting the Boltzmann distribution (19) in the constraints (22). In an
unbounded domain, we can use the virial theorem (33) to relate the angular velocity to the temperature:

_2N( B
Q_ﬂL(l ﬂc), (35)

23
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where 3, = —87N/T'2. This equation replaces the constraint on the angular momentum. Then, the temperature is
determined by the energy (22-b). These equations generalize the equations derived by Lundgren & Pointin (6] for
the single species point vortex gas in an unbounded domain. The above procedure just determines critical points of
entropy in MCE and critical points of free energy in CE. We must then study the second variations of these functionals
to select mazima of entropy S and free energy J. In principle, minima or saddle points must be discarded. When
several maxima exist for the same values of the constraints, we must distinguish stable (global) and metastable (local)
states. Finally, phase transitions and ensemble inequivalence must be considered.

IV. TWO-DIMENSIONAL POINT VORTICES: EVOLUTION OF THE SYSTEM AS A WHOLE

A. BBGKY-like hierarchy and 1/N expansion

In order to establish whether the point vortex gas will reach the Boltzmann distribution (19) predicted by statistical
mechanics and determine the timescale of the relaxation, in particular its scaling with N, we need to develop a kinetic
theory of point vortices. Basically, the evolution of the N-body distribution Py(ry,...,rn,t) of the point vortex gas
is governed by the Liouville equation

N
9PN 0Py _
TS +;V, il (36)
where
V ZV(]HZ)— er _rJI2 (37)
Jj#i

is the velocity of point vortex i due to its interaction with the other vortices. Here, V(j — i) denotes the velocity
induced by point vortex j on point vortex i. For simplicity, we shall assume that the point vortices have the same
circulation v and that they move in the infinite plane. The Liouville equation (36), which is equivalent to the
Hamiltonian system (1)-(2), contains too much information to be of practical use. In general, we are only interested
in the one-body or two-body distributions [75]. From the Liouville equation (36) we can construct a complete
BBGKY-like hierarchy for the reduced distributions P;(r1,...,rj,t) = [ Py(ry,...,rn,t) drjiq...dry. It reads [29):

o 3 N forr st 9P
N Z Vik — i)- (N—])Z/V(]-}-l—"l)' S gy = 0. (38)
i=1 :

i=1 k=1,k#i

This hierarchy of equations is not closed since the equation for the one-body distribution P, (r1, t) involves the two-body
distribution P(r;,r2,t), the equation for the two-body distribution Pz(ry,r2,t) involves the three-body distribution
Py(ry,re,r3,t), and so on... The idea is to close the hierarchy by using a systematic expansion of the solutions in
powers of 1/N in the thermodynamic limit N — 4o00.

The first two equations of the hierarchy are

ety + (N - 1)/V(2 -2 e, =0, (39)
1
19P, AP, AP,
2 a: (r17r27t) +V( - 1) : Kf(rl’I?,t) + (N - 2) /V(3 - 1) : 51,—;;(1‘17r21r3st)dr3 + (1 o 2) =0. (40)
We decompose the two- and three-body distributions in the suggestive form
Py(ry,r2,t) = Pi(r1,t)Pi(r2,t) + Py(ry,r2,t), (41)

Ps(ry,ra,13,t) = Pi(r1,t)Pi(r2,t)Pi(r3,t) + P3(r1,r2,t) Py (rs,t)
+P2,(I‘1,!'3,t)P1(l'2, t) + le(l'z,r3,t)P1(r1,t) + Pé(rlar'Z’rSa t) (42)

This is similar to the Mayer [52] decomposition in plasma physics. Substituting Eqs. (41) and (42) in Eqs. (39) and
(40) and simplifying some terms, we obtain

%(l‘l,t) =+ (N - 1) [/V(2 d I)Pl(rz,t)dl‘z] . %rP'Tl(l‘l,t) = —(N — 1)— /V 2 — l)Pz(l'l,l‘g, )dl‘g, (43)



18Pl aPI
3o Corot) (N -2) [/"(3 — 1)Py(rs, ) dm] S eyt

aP; op;
+|V(E2-1)- /V(3 — 1)Py(r3,t) drs| - Ejl'(l‘l,t)Pl(rmt) +V(E2-1)- 8—1,1(I‘1al‘2,t)

OP,
+(N d 2) l: V(3 g 1)P2'(I‘2,I‘3,t) dI‘3J . a—rll(rl,t)

5 [ VO = DR 0RO dr+ (V-2 [VE = DR (o2 =0 (@)
1 1

Equations (43) and (44) are exact for all N but they are not closed. We shall close these equations by expanding the
solutions in powers of 1/N for N > 1. In this limit, the correlation functions Pj(ry, ..., rj,t) scale like 1/N771 In
particular, Pj ~ 1/N and P} ~ 1/N2?. On the other hand, P, ~ 1 and [V(i — j)| ~ v ~ 1/N. We are aiming at
obtaining a kinetic equation that is valid at the order 1/N. Let us consider the terms in Eq. (44) one by one. The
first and second terms are of order 1/N. They represent the transport of the two-body correlation function by the
mean flow. The third term represents the effect of “soft” binary collisions between vortices; it is of order 1/N. If we
consider only these first three terms as done in [29], we obtain a kinetic equation that is the counterpart of the Landau
equation in plasma physics. The fourth term represents the effect of “hard” binary collisions between vortices. This
is the term which, together with the previous ones, gives rise to the Boltzmann equation in the theory of gases. It is
of order 1/N? but it may become large at small scales so its effect is not entirely negligible. For example, in plasma
physics, hard collisions must be taken into account in order to regularize the logarithmic divergence that appears at
small scales in the Landau and Lenard-Balescu equations. In the case of point vortices, there is no divergence at
small scales in the kinetic equation that we shall obtain. Therefore, in this paper, we shall ignore the contribution
of this term (it will be studied specifically in another paper). The fifth term is of order 1/N and it corresponds to
collective effects. In plasma physics, this term leads to the Lenard-Balescu equation. It accounts for dynamical Debye
shielding and regularizes the divergence at large scales that appears in the Landau equation. We shall take this term
into account in the kinetic theory of point vortices in order to obtain a Lenard-Balescu-type kinetic equation from
the BBGKY hierarchy. The last two terms are of order 1/N? and they will be neglected. In particular, at the order
1/N, we can neglect the three-body correlation function. In this way, the hierarchy of equations is closed.

If we introduce the smooth vorticity field w(ry,t) = NyP;(r1,t) and the two-body correlation function g(ry,ra,t) =
N2Pj(ry,12,t), we get at the order 1/N:

dw N-1 Ow e}
8-t(r1’t) + T(V)(rl,t) . %(rl,t) =3 '/V(2 — 1)g(r1,r2,t) drs, (45)

19 7] 1 o
58“5(1‘1,1‘2,0 +{(V)(r1,t) - a%(rl,rmt) + [;/V@ - l)g(rg,r3,t)dr3} 5%(1‘1,'5)

+——15\~’(2 —1)- —a—w(rl,t)w(rg,t) +(1<2)=0. (46)
Y or;
We have introduced the mean velocity in r; created by all the vortices
1
(V)(r1,t) = 5 /V(2 — Dw(rz,t) dry = —z x Vy(r1,t), (47
and the fluctuating velocity created by point vortex 2 on point vortex 1:
- 1
V(EZ—-1)=V(2-1) - (V)(r,0). (48)
We also recall that the exact velocity created by point vortex 2 on point vortex 1 can be written

_ Ouiz
V(2—-1)=—yzx or, (49)

where w2 = u(|r; — rp|) is the binary potential of interaction between point vortices. Equations (45) and (46) are
exact at the order O(1/N). They form the right basis to develop a kinetic theory of point vortices at this order of
approximation.
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B. The limit N — +00: The 2D Euler equation (collisionless regime)

In the limit N — +oo for a fixed time ¢, the correlations between point vortices can be neglected and the N-body
distribution factorizes in a product of N one-body distributions:

N
Pr(r1,.otn,t) = [[ Pi(rist). (50)
=1

Therefore, for long-range interactions, the mean field approximation is exact at the thermodynamic limit N — +oc.
Substituting the factorization (50) in the Liouville equation (36), and integrating on ry, rs, ..., ry, we find that the
smooth vorticity field w(r,t) of the point vortex gas is solution of the 2D Euler equation

% 0100+ (Ve g2 (e1,t) =0 61

This equation also results from Eq. (45) if we neglect the correlation function g(r;,rs,t) in the right-hand side. The
2D Euler equation describes the collisionless evolution of the point vortex gas for times smaller than Ntp. In practice,
N is large so the domain of validity of the 2D Euler equation is huge. The 2D Euler equation is the counterpart of the
Vlasov equation in plasma physics and stellar dynamics. It can undergo a process of mixing and violent relaxation
towards a quasistationary state (QSS) on a very short timescale, of the order of a few dynamical times ¢p. This QSS
has the form of a large-scale vortex. Miller {13] and Robert & Sommeria [14] have developed a statistical mechanics
of the 2D Euler equation to predict these QSSs. The MRS theory is the counterpart of the Lynden-Bell theory for
collisionless stellar systems {24]. The analogy between two-dimensional vortices and stellar systems is developed in
[25].

C. The order O(1/N): An exact kinetic equation (collisional regime)

If we want to describe the collisional evolution of the point vortex gas, we need to consider finite NV effects. Equations
(45) and (46) are valid at the order 1/N so they describe the evolution of the system on a timescale of order Ntp.
The equation for the evolution of the smooth vorticity field is of the form

N - w
& ey + T (V)0 5 (r0,1) = Clutes ), (52)
where C(w) is a “collision” term analogous to the one arising in the Boltzmann equation in the theory of gases. In
the present context, there are no real collisions between point vortices. The term on the right-hand side of Eq. (45) is
due to the development of correlations between vortices. It is induced by the two-body correlation function g(r1,r2,t)
which is determined in terms of the vorticity by Eq. (46). Our aim is to derive a kinetic equation that is valid at the
order 1/N and that gives the first correction to the 2D Euler equation.
The formal solution to Eq. (46) is

t
g(ry,ry,t) = —% /dr'l /dr'zfo dt'U(ry,ry,t —t'YU(re,rh,t —t')
N F:) ~ )
x [V(2’ - 1) o +V(@' -2 5;9_,2} w(ry, tw(ry,t'), (53)
where the propagator U(ry,r},t — t') satisfies the equation
a—U(rl,r’l,t —t') + (V)(r1,t) - i-U(rl,r'l,t -t + /V(Z — 1)U(rq,r},t —t')dr; 132(rl,t) =0, (54)
ot ory or;

with the initial condition U(ry,r;,0) = (r; — r}). Equation (54) can be viewed as a linearized version of the 2D
Euler equation (see Appendix A). Indeed, if we make the replacement w — w + éw in Eq. (Al) and linearize it with
respect to dw [see Eq. (A2)], we obtain Eq. (54) in which U plays the role of dw. Consequently, the propagator U
obeys the linearized Euler equation.
Substituting Eq. (53) in Eq. (45), we obtain a kinetic equation
Ow N-1

Ow 190 t
—a—t(rl,t)+T<V)(I‘1,t)- a—rl(rl,t) = ;51_—1/\(11‘2/(11"1/(1!‘5‘/0 dTU(!‘l,l‘Il,T)U(rg,l"Q,T)

xV(2 1) V(@2 -1 —8,— +V(1' >2)- o w(r],t — 7)w(ry, t — 1), (55)
or} or,



that is exact at the order 1/N. If we neglect collective effects, we recover the generalized Landau equation (C6) that
was derived in our previous articles [27, 29, 30]. Equation (55) is a complicated non-Markovian integrodifferential
equation. It is furthermore coupled to Eq. (54) which determines the evolution of the propagator. In order to
resolve this coupling, it is necessary to consider the timescales involved in the dynamics. We shall argue that, for
a given vorticity profile w, the two-body correlation function relaxes to its asymptotic form on a timescale short
compared with that on which w changes appreciably. This is the equivalent of the Bogoliubov ansatz in plasma
physics. It is expected to be a very good approximation for N > 1 since the two-body correlation function relaxes
on a few dynamical times ¢p while the vorticity field changes on a collisional relaxation time of the order Ntp or
larger. Therefore, it is possible to neglect the time variation of w(r,t — 7) in the calculation of the collision term and
extend the time integration to +co. This amounts to replacing the two-body correlation function in Eq. (45) by its
asymptotic value g(ry, rg, +00) for a given vorticity profile w. After the correlation function has been obtained as a
functional of w, the time dependence of w can be reinserted. With this Bogoliubov ansatz (or adiabatic hypothesis),
the kinetic equation (55) can be rewritten

Ow N-1 Ow 190 p ,/+°° , ,
-y t ar M- = -5 ) U 9 3
5y (10 S (V) (e ) 52 (0, 0) = 2 / drz / dr! / ey [ e, U, )

_ o - 9
i ! e ! —_ / . — ! ’ .
xV(2—1) [V(Z — 1) P + V(1 2) 01"2] w(ry, tw(rs, t) (56)
Similarly, the equation for the propagator takes the form
oU b7 Ow
E(n,r’l,r) +(V)(r1,t) - Er_IU(rl’rll’T) + [/V(Z — 1)U(rs,r], 7) dl‘g} -ér—l(rl,t) =0, (57)

with the initial condition U(ry,r},0) = §(r; — r}). The two equations (56) and (57) are now completely decoupled.
For a given vorticity profile w(r,t) at time ¢, one can solve Eq. (57) to obtain U(r;,r},7) and determine the collision
term in the right-hand side of Eq. (56). Then, the vorticity profile w(r,t) evolves with time on a slow timescale
according to Eq. (56).

The kinetic equation (56) is valid at the order 1/N and, for N — +oo, it reduces to the (smooth) 2D Euler equation
(51) which describes the collisionless evolution of the point vortex gas. Interestingly, the structure of the collision
term in Eq. (56) bears a clear physical meaning in terms of generalized Kubo relations [29]. The kinetic equation
(56) is, of course, equivalent to the pair of equations

Ow N -1 Ow 1%}
% (F1t) + v V(1) a—rl(l‘l,t) = o '/V(2 — 1)g(r1,r2,400) dry, (58)

+oo
g(ry,ra,+00) = —%/drﬁ/dr;/ drU(ry, vy, 7)U(rs,rh, 7)
0
x V(2 =17 2 +V(1 -2 9 w(ry, t)w(rh, t) (59)
or) ory| T TERRED

which correspond to the first two equations of the BBGKY-like hierarchy at the order 1 /N within the Bogoliubov
ansatz. These equations, supplemented by Eq. (57) for the propagator, provide the formal solution of the problem in
the general case. In order to obtain more explicit expressions, we have to consider particular types of flows.

V. EXPLICIT KINETIC EQUATION FOR AXISYMMETRIC FLOWS
A. Laplace-Fourier transforms

We consider an axisymmetric distribution of point vortices that is a stable steady state of the 2D Euler equation.
Therefore, the vorticity field evolves in time only because of the development of correlations between point vortices
due to finite N effects (graininess). In that case, an explicit form of the kinetic equation can be derived.

For an axisymmetric flow, introducing a system of polar coordinates, the vorticity field and the two-body correlation
function can be written as w(ry,t) = w(r1,t) and g(r1, v, t) = g(r1, 72, 61 —6s,t), and the mean velocity as (V)(ry,t) =
(V)e(r1,t)ep. On the other hand, according to Eq. (49), the radial velocity (in the direction of r;) created by point
vortex 2 on point vortex 1, is

Ou T
Vu@—1) = 1out = -V (1 - 2), (60)
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where w3 = u(ry, 72, 0; — 62) is symmetric in 7, and 7, and even in ¢ = 6, — 6, (see Appendix B). In that case, Egs.
(58) and (59) take the form
21

Ow 8 [t 2
E(let)“_ Ea—rl_,/(; ra2dry A db

o

(T11T2)91 - 02)9(715 T2101 - 92a +OO), (61)
96,

g(r1,72,01 — 62, +00) = 1 /r'dr’ldﬁi /réd‘réd@é /+°o dr—%(r;,ré,ﬁi - 83) 10 19 w(ry)w(ry)
v ! 0 86, ry O] T 0ry
xU(ry, 15,0, — 607, 7)U(ra,mh, 60 — 03, 7). (62)
For convenience, we have not written the time ¢ in the vorticity field w(r,t) appearing in the correlation function.
As we have previously explained, the vorticity profile is assumed “frozen” on the short timescale that we consider to
compute the asymptotic expression of the correlation function and the collision term (Bogoliubov ansatz). The time

t will be restored at the end in the kinetic equation.
We now expand the potential of interaction in Fourier series

u(r, 7,0 —0') = Zei"(o_a’)ﬂn(r, ), (63)

and perform similar expansions for g(ry,ro,0; — 82) and U(ry,71,6; — 0{,t). In terms of these Fourier transforms,
Eqgs. (61) and (62) can be rewritten

Ow . o1 0 +oo . .
E(Tht) = 2imy Ha—ﬁ./o T2 drz;nun(rl,rz)gn(ﬁ,rz,-FOO), (64)

~ ,(2”)2/+o° I oo ’ ,/+oc o ’ 1 0 1 9 ’ B
’ ) == d T a7 ad
Gn (1,72, +00) t o A rdry A T20T3 A dr nia(r], ry) v o] 14 or w(ry)w(rs)
xUn(r1,71, TVU_n(r2, 75, 7).  (65)
Introducing the Laplace transform of U,(r;,7},7) (see Appendix A for the definition of Laplace transforms) and
integrating on time 7, we get

gn(r1, T +oo)-—l/+°or’dr’ /+°or’dr'/da/da’ ! iy, (1], 75) 10 19 w(r)w(ry)
GnlT1,72, = v Jo 110 22C A o+o n\'1>"2 7"'{6’!‘; T‘éaré 1 2

xUn(r1,71,0)U_n(r2,75,0"), (66)

where C is the Laplace contour in the complex o-plane. The integration over ¢’ can be performed by closing the
contour by an infinite semicircle in the upper half-plane. Since U_,(ra,75,0’) vanishes for |¢’| — +oo, the only
contribution of the integral comes from the pole at 0’ = —o. Using the residue theorem, we obtain

. oni [t +oo +oo . , 1 0 1 0
inriorartoe) = =220 [ rtart [ty [ danintrt ) | (7r o - o) et
" xUp(r1, 71, 0)U_n(re, 5, —0). (67)

Finally, substituting Eq. (67) in Eq. (64), the kinetic equation takes the form

OHw 2 1 8 +00 +oo , +o0 +o00 ,
_— = —_— i / !’ gt N
Fn (r1,t) = (2m) L= 8r1/0 rodry E,, nun(rl,rg)/o Tldrl./o rzer/ do niin(r],73)

19 1 0
X [(Ea—ri - Eé?é-) w(ri)w(r’z)] Un(r1,71,0)U—n(r2, 75, —0). (68)
On the other hand, for an axisymmetric vorticity distribution w(r), the Laplace-Fourier transform of the propagator
is explicitly given by (see Appendix A):

i §(r—r") . G(n,r, ', 0) 18w

oc—nQr) 2nr ¢ (o0 = nQ(r))(o - nQ(,,.;))n; E(T). (69)

Up(r,r',0) =
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The first term on the right-hand side represents the advection by the mean flow, i.e. it corresponds to a pure rotation
with angular velocity Q(r). The second term takes collective effects into account.

Before going further, some technical details must be given. Since U, (r1,7}, ) is obtained as the Laplace transform
of the propagator U, (r1, 71, 7), this function is analytic in the upper half of the complex ¢ plane. It is then continued
analytically into the lower half-plane where it generally has singularities. The contour of ¢ integration in Eq. (68)
sees all singularities of U, (r, 7], o) from above. On the other hand, the function U_,,(ry,7,, —o) which is the complex
conjugate to Uy, (71,71, 0) is an analytic function in the lower half-plane and is continued analytically into the upper
half-plane where it generally has singularities. The integration contour in Eq. (68) sees all the singularities of
U_n(r1,71, —0) from below. In order to take these boundary conditions into account, we shall write o + i0* in place
of o for the functions which are well defined and analytic in the upper half-plane and we use o — i0* for the functions
well defined and analytic in the lower half-plane.

B. Without collective effects: Landau-type equation

Before solving the general case, we first derive a Landau-type equation obtained by neglecting collective effects. In
that case, the propagator (69) reduces to
i o(r—r')

o—nfr) 27r (70)

Un(r,7’,0) =

)

and the kinetic equation (68) becomes

8w(r £) = l.?./ﬂo d +°°d E 2t ( )? :
5 ("1 _’learl A 2 r2/_oo o . N Un(ry, T2 (0 — nQ(r) +40%) (o — nQry) — i0F)
19 1 8
% ( ) w(ry)w(rs). (71)
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The integration on ¢ may be carried out by closing the contour with an infinite semicircle in the lower half-plane.
Only the pole at o = n§)(ry) contributes. Using the residue theorem, we obtain

1 (18 1 9

Ow 1 9 [t 2 2
ow = —omin— 2 S n%a -2 _1°2 (72
5 1Y) 27”77*1 ory /0 r2dry — " n(r1,72) nQ(ry) —nQ(rg) — 0+t \r1 0ry 1o 67"2) wlr)w(ra). (72)

Then, with the aid of the Plemelj formula

1 1
- = - i 73
x40+ P (z) ¥ ind(), (73)
the foregoing expression can be rewritten
Ow o 1 8 [*= 2 5 19 1 0
= = —_—— E : i _ - -z . 4
ot (r1,t) =27 71'1 B /0 rodry 2 n*@n(r1,72)*0[n(Q(r1) — Q(r2))] 7O s Org w(ri)w(rz) (74)

Finally, using the identity 6(Az) = ﬁé(w) and putting back the (slow) time dependence in the kinetic equation, we
get

Ow s 1 8 [t ) 9 10 19
bt = -2 E : _ -z _- <2 t).
5 (r1,t) =2m 'yr1 a1 /(; 7o dry 2 |n)@n (1, 72)26[Q2(r1, E) — Q(r2, t)] (7‘1 o 61'2) w(ry, t)w(ra,t). (75)

Using Eq. (B4), the series can be explicitly calculated and we obtain the alternative form

Ow , 1 8 [t 19 19
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where 75 = max(ry,r) and ro = min(r,72). This kinetic equation, which neglects collective effects and takes only
two-body encounters into account, is the counterpart of the Landau (31] equation in plasma physics. It was derived
in [27, 29, 30] from different formalisms. In plasma physics, the Landau equation presents a logarithmic divergence
at large scales. Therefore, collective effects which lead to Debye shielding are crucial because they regularize the
logarithmic divergence at large scales. This is essentially what the works of Lenard [33] and Balescu [34] have
demonstrated. Since the kinetic equation (75) does not present any divergence, the neglect of collective effects may
not be crucial for point vortices.

C. With collective effects: Lenard-Balescu-type equation

If we take collective effects into account, the kinetic equation is obtained by substituting the expression (69) of the
propagator in Eq. (68) and carrying out the integrations. The calculations are similar to those developed by Ichimaru
[53] in his derivation of the Lenard-Balescu equation from the BBGKY hierarchy. They are detailed in [40]. The final
result is

Aw . 1 8 [* 2
STt =27 ’Y;I—/ radry Y [nl|G(n, 1, 72,nQr1, 1) 28(Qr1, 1) — Qrz, 1))
0 n

Brl
1 8 1 6
X (Ea_rl - ;;6—”) w(ry, thw(rs,t). (78)
This can be rewritten
Ow ;2 1 8 [t 19 18
E(Tl,t) =27 77167;/0 ng’f‘g X(Tl,'l‘g, Q(’I‘l,t))é [Q(Tl,t) - Q(TQ,t)] (;E{ hed Eé’r_z) w(’l‘]_,t)w(’l‘z, t), (79)
with
x(r,m2) = Y InllG(n, 1,72,nr1, ). (80)

n

This kinetic equation, which properly takes collective effects into account, is the counterpart of the Lenard-Balescu
equation in plasma physics. It was derived in [32, 39] from the Klimontovich formalism. We have here provided an
alternative derivation of this equation from the BBGKY hierarchy. Note that the Lenard-Balescu-type equation (78)
differs from the Landau-type equation (75) only by the replacement of the “bare” potential of interaction iy, (r1,72)
by the “dressed” potential of interaction G(n,r;,72,nQ(r1,t)) [defined by Eq. (A13)] taking the contribution of the
polarization cloud into account. This is similar to the case of plasma physics.

D. Numerical resolution of the kinetic equation: No relaxation towards the Boltzmann distribution

The kinetic equation (79) is valid at the order 1/N so it describes the “collisional” evolution of the point vortex
gas on a timescale of order Ntp. This kinetic equation conserves the circulation I', the energy E and the angular
momentum L. It also monotonically increases the Boltzmann entropy in the sense that Sp > 0 (H-theorem). These
properties are proven in [28, 32]. The change of the vorticity distribution in r; is due to a condition of resonance
(encapsulated in the d-function) between vortices located in r; and vortices located in 7 # ry which rotate with
the same angular velocity Q(rg,t) = Q(r1,t) (the self-interaction at ro = r; does not produce transport since the
term in parenthesis vanishes identically). Of course, this condition can be satisfied only when the profile of angular
velocity is non-monotonic. The collisional evolution of the point vortices is thus truly due to long-range interactions
since the current in r; is caused by “distant collisions” with vortices located in r, # r; that can be far away. This is
different, from the case of plasma physics and stellar dynamics where the collisions are assumed to be local in space.
The mean field Boltzmann distribution (19) is a particular steady state of Eq. (79) but it is not the only one: The
kinetic equation (79) admits an infinite number of steady states. Indeed, all the vorticity profiles w(r) associated
with a monotonic profile of angular velocity (r) are steady states of the kinetic equation (79) since the é-function is
zero for these profiles. Therefore, the collisional evolution of the point vortex gas described by Eq. (79) stops when
the profile of angular velocity becomes monotonic (so there is no resonance) even if the system has not reached the
Boltzmann distribution. In that case, the system settles on a QSS that is not the most mixed state predicted by
statistical mechanics (see Fig. 1) [28]. On the timescale Ntp on which the kinetic theory is valid, the collisions tend
to create a monotonic profile of angular velocity. Since the entropy increases monotonically, the vorticity profile tends
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FIG. 1: Evolution of the profile of angular velocity obtained by solving numerically the kinetic equation (76) [28]). Time
increases from bottom to top. The horizontal line shows the resonance between point vortices in 71 and ro which rotate with
the same angular velocity. The evolution stops when the profile of angular velocity becomes monotonic so there is no resonance
anymore. The final profile does not correspond to the Boltzmann distribution (19). The kinetic equation (76) is valid on a
timescale N¢p. Therefore, on this timescale the vortex gas does not reach statistical equilibrium but remains “blocked” in a
QSS with a monotonic profile of angular velocity. The Boltzmann distribution (19) may be reached on a longer timescale (due
to higher order correlations) but this timescale of relaxation is not known. It is not even clear whether the point vortex gas
will ever relax towards the statistical equilibrium distribution (19) in the axisymmetric case.

to approach the Boltzmann distribution (the system becomes “more mixed”) but does not attain it in general because
of the absence of resonance. This is particularly obvious if we start from an initial condition with a monotonic profile
of angular velocity that is non-Boltzmannian. In that case, the collision term vanishes, so that Ow/Ot = 0 meaning
that there is no evolution on the timescale N¢p. The Boltzmann distribution may be reached on longer timescales,
larger than Ntp. To describe this regime, we need to determine terms of order N =2, or smaller, in the expansion of
the solutions of the BBGKY hierarchy for N — +o0. This implies in particular the determination of the three-body,
or higher, correlation functions, which is a formidable task. At the moment, we can only conclude from the kinetic
theory that, for an axisymmetric distribution of point vortices, the relaxation time satisfies

tr > Ntp. (81)

The collisional relaxation towards the Boltzmann distribution (19) is therefore a very slow process. In fact, up to
now, there is no rigorous proof coming from the kinetic theory that the point vortex gas will ever relax towards
the Boltzmann distribution predicted by statistical mechanics. Indeed, the point vortices may not mix well enough
through the action of “collisions”. Therefore, the relaxation (or not) of the vorticity profile towards the Boltzmann
distribution (19) for ¢ — +oo0 still remains an open problem. This is at variance with the Landau [31] and Lenard-
Balescu [33, 34] equations of plasma physics which always converge towards the Boltzmann distribution (it is the
unique steady state of these equations). Therefore, in plasma physics, it is sufficient to develop the kinetic theory
at the order 1/N. The kinetic theory of point vortices is more complicated since it requires to go to higher order
in the expansion in power of 1/N. This is similar to the case of spatially homogeneous one-dimensional systems
with long-range interactions, such as one-dimensional plasmas [54, 55] and the HMF model [56, 57), for which the
Lenard-Balescu collision term also vanishes at the order 1/N. Therefore, tp > Ntp for these systems. For spatially
homogeneous one-dimensional plasmas, the relaxation time is found numerically to scale like g ~ N2¢p [58, 59] which
is the next order term in the expansion of the BBGKY hierarchy in powers of 1/N (here N represents the number of
charges in the Debye sphere). For the spatially homogeneous HMF model, the scaling of the relaxation time with N is
still controversial and different scalings such as tg ~ N%tp [60] or tg ~ ety [61] have been reported. An interesting
problem would be to determine numerically the scaling with N of the relaxation time of an axisymmetric distribution
of point vortices. If the collision term does not vanish at the next order of the 1 /N expansion, this would imply a
timescale scaling like N2¢p, but this scaling has to be ascertained (this project is currently under way).

Note, finally, that the above results are only valid for axisymmetric distributions of point vortices. Non-axisymmetric
distributions are described by a more complex kinetic equation (56) which may present new resonances allowing the
system to reach the Boltzmann distribution on a timescale of the order ¢z ~ Ntp (the natural first order of the kinetic
theory). A linear Ntp scaling is indeed observed numerically for the relaxation of a non-axisymmetric distribution of
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point vortices [62]. However, very little is known concerning the properties of Eq. (56) and its convergence (or not)
towards the Boltzmann distribution. It could approach the Boltzmann distribution (since entropy increases) without
reaching it exactly. New resonances also appear for spatially inhomogeneous one dimensional systems with long-range
interactions [30, 63]. This may explain the linear Ntp scaling of the relaxation time observed numerically for spatially
inhomogeneous one dimensional stellar systems [64-67] and for the spatially inhomogeneous HMF model [68]. On
the other hand, for the HMF model, Yamaguchi et al. [69] find a relaxation time scaling like Nitp with § ~ 1.7.
In their simulation, the initial distribution function is spatially homogeneous but the collisional evolution makes it
Vlasov unstable so that it becomes spatially inhomogeneous. This corresponds to a dynamical phase transition from
a non-magnetized to a magnetized state as theoretically studied in [70]. In that case, the relaxation time could be
intermediate between N2tp (permanently homogeneous) and N¢p (permanently inhomogeneous). This argument
(leading to 1 < & < 2) may provide a first step towards the explanation of the anomalous exponent é ~ 1.7 reported
in [69]. The same phenomenon (loss of Euler stability due to “collisions” and dynamical phase transition from an
axisymmetric distribution to a non-axisymmetric distribution) could happen for the point vortex system.

VI. RELAXATION OF A TEST VORTEX IN A BATH: THE FOKKER-PLANCK EQUATION

In the previous sections, we have studied the evolution of the system “as a whole”. In that approach, all the vortices
are treated on the same footing. We now consider the relaxation of a “test” vortex (tagged particle) evolving in a
steady distribution of “field” vortices. If the field vortices are at statistical equilibrium, described by the Boltzmann
distribution (19), their density profile does not evolve at all. In that case, they form a thermal bath. However, we shall
also consider the case of an out-of-equilibrium (i.e. non-Boltzmannian) bath corresponding to a vorticity distribution
w(r) that is a stable steady state of the 2D Euler equation with a monotonic profile of angular velocity. As we have
previously seen, this distribution does not change on a timescale of order Ntp. Since the relaxation time of a test
vortex in a bath is of order (N/InN)tp (see below), we can consider that the distribution of the field vortices is
“frozen” on this timescale. They form therefore an out-of-equilibrium bath.

Let us call P(r, t) the probability density of finding the test vortex at position r at time ¢. For simplicity, we consider
axisymmetric distributions (some results valid in the general case can be found in [29]). The evolution of P(r,t) can
be obtained from the kinetic equation (79) by considering that the distribution of the field vortices, described by the
vorticity profile w(ry, t), is fized [76]. In the BBGKY hierarchy, this amounts to specializing a particular point vortex
in the system (the test vortex described by the variable 1) and assuming that the other vortices (the field vortices
described by the running variable 2) are in a steady state. If we replace w(ry,t) by P(r,t) and w(rz,t) by w(r'), we
get

aP 18 [*>, , , ) (18 1d ,
E(T, t) = 27(27;5:/0 r'dr X(T‘,T ,Q(T))D(Q(T) - Q(T )) (;5 — F&F) P(r,t)w(r ) (82)

This procedure transforms the integrodifferential equation (79) describing the evolution of the system “as a whole”
into a differential equation (82) describing the evolution of a test vortex in a bath of field vortices. Equation (82) can
be written in the form of a Fokker-Planck equation

8P 19 opP
z - bt pol
o ror HD o PV )] (83)
involving a diffusion coefficient
2"27 oo I ’ ' ’
D(r)=—3 r'dr'x(r, v, Q(r)) 8(Q(r) - Q(r'))w(r'), (84)
0
and a drift term due to the polarization
2 +o00
Ve = 0 [T a0 8(00r) - 2 ) (85)
0

Physically, the diffusion coefficient is due to the fluctuations of the velocity field produced by a discrete number of
point vortices; it can be directly derived from the Kubo formula {27]. On the other hand, the drift arises from the
retroaction of the perturbation on the field vortices induced by the test vortex, just like in a polarization process; it
can be directly derived from a linear response theory [26]. In the present case, the coefficients of diffusion and drift
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depend on the position 7 of the test vortex. Hence, it is more appropriate to write Eq. (82) in a form that is fully
consistent with the general Fokker-Planck equation

P _18[ 8 (((arn?) \] 18 /[ (Ar)
o “Q}'E[’E( a T)ra\"Par ) (86)
with
((Ar)?) {Ar) arift _ 4D pol
= —_— = T = — 0! . 7
ar D ar = TV (87)

Substituting Eqs. (84) and (85) in Eq. (87), and using an integration by parts, we find that the total drift term is
given by

+oo lﬁ 1

VARt () = 2m2y /0 ridrw(r) <; - FE%) X(r, 7, 2(r) 6(9r) - ) 5. (88)

The two expressions (83) and (86) of the Fokker-Planck equation have their own interest. The expression (86) where
the diffusion coefficient is placed after the second derivative BZ(DP) involves the total drift Vgr;5; and the expression
(83) where the diffusion coefficient is placed between the derivatives @DAP isolates the part of the drift Vo due to
the polarization. This expression is directly connected to the form of the Lenard-Balescu-type equation (79). It has
therefore a clear physical interpretation. The Fokker-Planck equation (82) and the expressions (84), (85) and (88) of
the diffusion coefficient and drift term can also be obtained directly by calculating the first and second moments of
the increment of radial position of the test vortex using the Klimontovich approach [39].

If the profile of angular velocity of the field vortices £(r) is monotonic, we can use the identity §(Q(r) — Q(+)) =
o(r —7")/IS¥(r)| and we find that

D(r) = 27727%4&, (89)

and

olf x(r,r, Q(r)) dw
v l(’") = 27"27‘—'2(7)’—%(7")7 (90)

where Z(r) = rQ'(r) is the local shear. If we neglect collective effects, we can replace x(r, 7, 2(r)) by

1 X1 1
x(r,r) = Z [n|@2 (r,r) = 225 =52 InA, (91)
n n=1
where InA = :{: % is a Coulomb factor [77] that has to be regularized with appropriate cut-offs as discussed in
[26, 28, 38]. Tt is then found that InA ~ In N in the thermodynamic limit N — +00. We note that the diffusion
coefficient and the drift due to the polarization are inversely proportional to the shear. Furthermore, the diffusion
coeflicient is proportional the vorticity profile of the field vortices while the drift is proportional to its gradient.

Comparing Egs. (89) and (90), we find that the drift velocity is related to the diffusion coefficient by the relation [27}:

dlnw
). (92)

This can be viewed as a generalized form of Einstein relation for an out-of-equilibrium distribution of field vortices.
Combining the previous results, we find that the Fokker-Planck equation (83) can be written

oP 190 oP dlnw
5?_;5{TD(T)(—6—1‘——P ar )], . (93)

vE(r) = D(r)

with a diffusion coefficient. given by Eq. (89).
If the field vortices are at statistical equilibrium (thermal bath), their vorticity profile is the Boltzmann distribution

w(r) = Aye=P1¥ess () (94)
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where Yes¢(r) = ¥(r) + 2r? is the relative stream function (see Sec. IIIB). We have denoted by €2, the Lagrange
multiplier associated with the conservation of angular momentum in order to distinguish it from the angular velocity
Q(r). We first note the identity

D (1) = ~Bmolr) L (1) = Bvar) (') - A, (95)

where we have used Q(r) = —(1/r)dy/dr. Substituting this relation in Eq. (85), using the é-function to replace Q(r’)
by Q(r), using Q(r) — Qp = —(1/r)dess/dr and comparing the resulting expression with Eq. (84), we finally obtain

Vpol(r) = -D(r)ﬂqﬂ/’dirf—f(r). (96)
The drift velocity Vo = —DBvV4bess is perpendicular to the relative mean field velocity (Vess) = —2 X Vbes;.
Furthermore, the drift coefficient (or mobility) satisfies an Einstein relation £(r) = D(r)B3y. We recall that the drift
coefficient and the diffusion coefficient depend on the position 7 of the test vortex and that the temperature is negative
in cases of physical interest. We also stress that the Einstein relation is valid for the drift V. due to the polarization,
not for the total drift Varise which has a more complicated expression. We do not have this subtlety for the usual
Brownian motion where the diffusion coefficient is constant. For a thermal bath, using Eq. (96), the Fokker-Planck
equation (83) can be written

P 1 /] P dipess
= o [rD(r) (-a—r + ﬂ"yP—dr )] , (97)
where D(r) is given by Eq. (84) with Eq. (94). Of course, if the profile of angular velocity of the Boltzmann
distribution is monotonic, we find that Eq. (93) with Eq. (94) returns Eq. (97) with a diffusion coefficient given by
Eq. (89) with Eq. (94). Finally, we note that the systematic drift Vo = —DBYVibess of a point vortex [26] is the
counterpart of the dynamical friction Fpo = —DySmv of a star [71]. Similarly, the Smoluchowski-type form of the
Fokker-Planck equation (97) describing the relaxation a point vortex in a “sea” of field vortices [26] is the counterpart
of the Kramers-type form of the Fokker-Planck equation describing the relaxation of a star in a globular cluster [71].
This is an aspect of the numerous analogies that exist between two-dimensional vortices and stellar systems [25].
The Fokker-Planck equations (93) and (97) have been studied for different types of bath distribution in [28]. The
distribution of the test vortex P(r,t) relaxes towards the distribution of the bath w(r)/T" on a typical timescale

N

t?—g’ch ~ mtp, (98)
where the logarithmic correction comes from the scaling with N of the Coulombian factor In A. However, the relaxation
process towards the steady state is very peculiar and differs from the usual exponential relaxation of Brownian particles.
In particular, the evolution of the front profile in the tail of the distribution is very slow, scaling like (Int)}/2, and the
temporal correlation function {r(0)r(t)) decreases algebraically, like Int/t (for a thermal bath), instead of exponentially.
This is due to the rapid decay of the diffusion coefficient D(r) for large . Similar results had been found earlier for
the HMF model [56, 72].

Finally, we stress that the evolution of the system “as a whole” is very different from the evolution of a test vortex
in a bath. We have seen in Sec. VD that the relaxation time of the system as a whole is strictly larger than Ntp
(for axisymmetric distributions) while the relaxation time of a test vortex in a bath is of order (N/InN)tp. In
particular, a steady state of the 2D Euler equation with a monotonic profile of angular velocity does not change
on this timescale. This justifies our procedure of developing a bath approximation for out-of-equilibrium (i.e. non-
Boltzmannian) distributions of the field vortices.

VII. CONCLUSION

We have developed a kinetic theory of 2D point vortices, taking two-body correlations and collective effects into
account. The theory is valid at the order 1/N. An important conclusion of our study is that the relevance of the
Boltzmann distribution is not established by present-day kinetic theories. More precisely, we have shown that, if
the point vortex gas ever relaxes towards the Boltzmann statistical equilibrium state, this takes place on a very long
time, larger than Ntp (for axisymmetric distributions). The collisional relaxation of point vortices is therefore a very
slow process and requires to take into account three-body, four-body... correlations, of order 1/N2, 1/N 3..., that are
ignored so far in the kinetic theory. It is also possible that mixing by “collisions” is not sufficient to drive the system



towards the Boltzmann distribution. We emphasize, however, that the point vortex gas can rapidly reach a QSS as
a result of a “collisionless” violent relaxation. However, this QSS is described by the Miller-Robert-Sommeria, or
Lynden-Bell, distribution, not by the Boltzmann distribution.

To make the presentation simpler, we have developed the kinetic theory of point vortices in the case where the point
vortices have the same circulation . However, it is straightforward to generalize the formalism of the kinetic theory
to a multi-species system. The implications of the kinetic theory for a multi-species system are relatively interesting.
This is discussed in detail in [28, 38, 44].

APPENDIX A: THE LINEARIZED 2D EULER EQUATION

The 2D Euler equation can be written

Z;—‘;-I-u-Vw:O, (A1)
where u = —z x V4 is the velocity field (z is a unit vector normal to the plane of the flow). The stream function
¥(r, t) is related to the vorticity w(r, ) by the Poisson equation A = —w. The potential of interaction u(r,r'), which
is the Green function of the Laplacian operator A, is defined by Au(r,r’) = —6(r — r’). In an unbounded domain,
u = u(|r—r’[) only depends on the absolute distance between two points and is given by u(|r—r'|) = —(1/27) In|r—r'|.
This corresponds to a Newtonian (or Coulombian) interaction in two dimensions. Therefore, the stream function is
related to the vorticity field by an expression of the form ¥(r,t) = [u(jr — r'|)w(r’,t) dr. This can be written as a
product of convolution ¥ = u * w.

Let us consider a small perturbation dw(r,t) around a steady state w(r) of the 2D Euler equation. We write
w(r,t) = w(r) + dw(r, t), ¥(r,t) = P(r) + 61(r,t) and u(r,t) = u(r) + du(r,t). Substituting these decompositions in
Eq. (Al) and neglecting the quadratic terms, we obtain the linearized Euler equation

86
S+ Vow+du- Y =0. (A2)
If we restrict ourselves to axisymmetric mean flows, then u(r) = u(r)es with u(r) = —glr(r) = Q(r)r, where

Qr)=% for w(r')r’ dr’ is the angular velocity (see Sec. 6.1 of [28]). In that case, Eq. (A2) becomes
Odw w106y Ow
bt et Wl ho Y ) A3
o Tt 5e o O (A3)

To solve the initial value problem, it is convenient to introduce Fourier-Laplace transforms. The Fourier-Laplace
transform of the perturbation of the vorticity field dw is defined by

~ g o[t ~i(nf—ot)
dw(n,r,0) = — dte dw(B,7,t). (A4)
o 27 Jg

This expression for the Laplace transform is valid for Im(c) sufficiently large. For the remaining part of the complex
o plane, it is defined by an analytic continuation. The inverse transform is

+oo
dw(@,rt) =Y /C g%e““'”)a@(n,r,a), (A5)

n=-—oo

where the Laplace contour C in the complex ¢ plane must pass above all poles of the integrand. Similar expressions
hold for the perturbation of the stream function §%. If we take the Fourier-Laplace transform of the linearized Euler
equation (A3), we obtain

—8&(n, r,0) — icéw(n,r, o) + ind(r)dw(n,r, o) + inéz—jéi(n, r,0) =0, (A6)

where the first term is the spatial Fourier transform of the initial value

27
8(n,r,0) = i e~ "5w(8,r,0). (A7)
0 27
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The foregoing equation can be rewritten

10w ~
near - dw(n,r,0
—L9_gh(n,1,0) — _‘#)_,
o —nQ(r) i(o — nQ(r))
where the first term on the right hand side corresponds to “collective effects” and the second term is related to the

initial condition. The perturbation of the stream function is related to the perturbation of the vorticity by the Poisson
equation

(A8)

dw(n,r,0) =

10 86y 1 6%6y
290 L T sw. Al
rarr or 12 062 S (A9)

Taking the Fourier-Laplace transform of this equation, we obtain

1 8 n?]._-
e — = = —0& . Al
[T 5" 1"2] oY(n,r,0) = —b&(n,r,0) (A10)
Substituting Eq. (A8) in Eq. (A10), we find that
1 0 n? nige . 5&(n,7,0)
e, ety _Trar = \mnY All
[r aror 2 oo nQ(r) 69(n,r,0) i(o — nQ(r)) (A11)

Therefore, the Fourier-Laplace transform of the perturbation of the stream function is related to the initial condition
by

é&(n,r’,0)

+00
n - ] ] A
dY(n,r,0) /0 2nr’' dr' G(n, 1,7 ’a)_——_i(a — )’ (A12)
where the Green function G(n,r,r’,0) is defined by
18 8 n? nlge , 5(r—r")
_____ —rdr =—— Al13
[r ar or 12 taT nQ(r) Gln,m,r',0) 27r (A13)
If we neglect collective effects in the foregoing equation, we obtain
1 8 n? , 8(r—1')
————— re(n,ry ') = — L Al4
[rarrar 1"2]Gba () 2nr (A14)

Therefore, Gpare(n, 7, 7) = iy (r, ') is the Fourier transform of the “bare” potential of interaction u that is solution
of the Poisson equation Au = —4, while G(n,r,7’,0) is the Laplace-Fourier transform of the potential of interaction
“dressed” by its polarization cloud, i.e. taking collective effects into account.

Using the previous formulae, we can now relate the Laplace-Fourier transform é&(n, 7, ) of the perturbation of the
vorticity to the initial condition 6&(n,7,0). Substituting Eq. (A12) in Eq. (A8), we obtain

nide +oo dir(n,r",0) & (n,r,0)
- _- ——Tor 2 1" " " 2 * _ L) . A15
8(n,r,0) =~ T 0am /0 mrtdr” Gn,n " 0) s )~ o — nor)) (AL5)
If we consider an initial condition of the form dw(r, 6, 0) = ¥6(8 — 8')é(r — ') /r, implying
- _ Y _—ine o

é(n,r,0) = i 8(r —1'), (A16)
we find that

10w o / —ing’ !

S, 7, 0) = ——"20E__pgminy’ Claniri0) e O(r = 1) (A17)

o —nf(r) e i(o —nQ(r)) T onr i(oc —nQ(r))’
As shown in Sec. V, this equation gives the expression of the propagator U, (r, ', 0) [see Eq. (69)]. This operator is
also called the resolvent operator as it connects éw(n,r,0) to its initial value:

+00

sa(n,r,0) = Un(r,r",0)60(n, r",0) 27" dr”. (A18)
0
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APPENDIX B: AN INTEGRAL EQUATION
The perturbation of the stream function is related to the perturbation of the vorticity by an expression of the form
dY(r,t) = /u(|r —1'|)éw(r’,t) dr. (B1)

The potential of interaction can be written

u(le —r'])=u (\/7“2 + 72 — 2rr’ cos(f — 0’)) = u(r,r’, ¢), (B2)

where ¢ = 0 — 6'. We note that u(r,r’'¢) = u(r’,r,¢) and u(r,r’, —¢) = u(r,r’,$). Due to its ¢-periodicity, the
potential of interaction can be decomposed in Fourier series as

27
u(r) le ¢) = Z eimbﬂn (T‘, 1’"), ﬁn("'a T’) = /(; g’j‘:u(rv ’l", (:b) cos(n¢). (B'?’)

For the Coulombian potential u([r — r’|) = —(1/2m) In [r — r'|, satisfying u(r,7’, ¢) = —(1/47) In(r? + 7’2 ~ 2r1’ cos ¢),
the integrals in Eq. (B3) can be performed analytically [30]. We find that

o, 1 (re\™ L, 1 B4
un(r,r):Flnl ~ , uo(r,r)=—-2—ﬂ_-lnr>. (B4)

Therefore, the potential of interaction can be written
1 T< Il ing
u(r,7,¢) = —5-Inr >+4 Zlnl e'n?, (B5)

which is just the Fourier decomposition of the logarithm in two dimensions. Taking the Fourier-Laplace transform of
Eq. (B1) and using the fact that the integral is a product of convolution, we obtain

+oo
dp(n,r,0) = 27r/ r’'dr’ i, (r, 7" )o0(n, r', o). (B6)
0
If we substitute Eq. (A8) in Eq. (B6), we obtain the equation
- +oo nt Ow ( /) 00 50.)(71 ' 0)
_ (BT n e 57 _ [T ’ ) B7
0p(n,r, o) 27r/0 r'dr’ dn(r,r )———Q(r,)ét/:(n r' o) = 27r/0 r'dr’ i (r,r )—_—_———(a— 20 ()) (B7)

which is equivalent to Eq. (A12). This implies that the Green function G(n,r,7’,0) satisfies an integral equation of
the form

+oo nt Gw
Gln,r,r',0) ~ 27r/ r'dr" G (r, 7’ )/—a((—)G(n, r v o) = An(r, '), (B8)
0

2
which is equivalent to Eq. (A13). If we neglect collective effects, Eq. (B7) reduces to

+o0 5
69(n,r,0) = —271'/0 r'dr’ i, (r, T,);)Z;_(T:;_gg;' (B9)

Comparing Eq. (BQ) with Eq. (A12), we see that the bare Green function Gpgre(n,7,7’) = 4, (r,7’) is the Fourier
transform of the potential of interaction u.

APPENDIX C: GENERAL KINETIC EQUATION WITHOUT COLLECTIVE EFFECTS

If we neglect collective effects, the first two equations (45) and (46) of the BBGKY-like hierarchy reduce to

T+ Wm0 2,0 = v [V = Dol e, e, (©
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B0 ruurant) + [(V)E10) - o + (Vhlen )| atevea,t)
=L [ve-n g-+va-y. ] wles hotes, 0. (€2

Equation (C2) is just a first order differential equation in time. It can be written symbolically as

dg _
2 + Lg = Sw), (C3)

where £ is an advection operator and § is a source term: The correlation function is transported by the mean flow
(Lh.s.) and modified by two-body collisions (r.h.s.). This equation can be solved by the method of characteristics.
Introducing the Green function

G(t,t) =exp{—/ L',(T)dr}, (C4)
t
constructed with the smooth velocity field (V), we obtain
(r1,52,t) = l/td Gitt—1) V@ =1) 2+ V(1 - 2)- 2| wien,t = rwlra,t = 1) (C5)
g\r,ra, = 72 o T 3 T 31‘1 arz wir, T )wir2, [

where we have assumed that no correlation is present initially so that g(r;,rz,t = 0) = 0 (if correlations are present
initially, it can be shown that they are rapidly washed out). Substituting this result in Eq. (C1), we obtain

Ow N-1 Ow o t
bt o Rl =2 u _
22 )+ T W) g tent) = 5 [ ar [dravi2 = 1@ - )
-y a . 1o} W _
X [V 2—- 1)-67‘—g +V¥(1 2)61"5] w(ry,t ‘r)’y(rg,t T). (Ce)

In writing this equation, we have adopted a Lagrangian point of view: The coordinates r; following the Greenian must
be viewed as r;(t — 7) = r;(t) — fOT ds (V)(r;(t — s),t — s) ds. The generalized Landau equation (C6) which is valid for
possibly non-axisymmetric flows and which takes non-Markovian effects into account has been derived in our previous
papers from the projection operator formalism [27], the BBGKY hierarchy [29] and the quasilinear theory based on
the Klimontovich equation [29]. The generalized Lenard-Balescu equation (55) can be viewed as an extension of this
equation taking collective effects into account. Note that the Markovian approximation may not be justified in every
situation since it has been found numerically that point vortices can exhibit long jumps (Lévy flights) and strong
correlations {73, 74].

If we implement the Bogoliubov ansatz and extend the integration on time 7 to infinity, which amounts to making
a Markovian approximation, we get

8 +oo

=5
ot Jo

0 N -1
—w(rl,t)+~—N—-

a0 dT/dl'gV"(? - 1L,H)G@E,t—T)

Ve e (e1,0)
x [V"('z - 1)5?? +V'(1 - 2)6%,] w(rl,t)‘;i(m, 1), (C7)

where, now, r;(t — 7) = ri(t) — [y ds(V)(ri(t — s),t)ds. If we consider axisymmetric flows, this equation can be
simplified [27, 29, 30] and we obtain the Landau-type equation (75). If we take collective effects into account, Eq.
(C7) is replaced by Eq. (56) which reduces to the Lenard-Balescu-type kinetic equation (78) for axisymmetric flows.

If we assume right from the beginning that the mean flow is axisymmetric, Egs. (C1) and (C2) can be rewritten as

+o0 27
a_w(rlat) = - 21 9 T2 dT‘z/ do, éi(leT%GI — 02)g(r1,72,01 — 02, 1), (C8)
Bt b, 56,

™ 6?"1 0

bs) 1)
99 (71, 72,61 — O2,8) + [Ur1, t) — Q(ra,t)] o (11,72, 61 — O2,t)
ot 86,

(r1,72, 61 — 62) ( Lo 1 i) w(ry, Deo(ra, 1) (C9)

du
™ 61"] T2 87"2

86,



Introducing the Fourier transforms of the potential of interaction and of the correlation function, we obtain

Ow 1 8 [T

ot (Tlv ) = 21#7258_7'1 r2dra Znﬁn(rlvrz)gn(rli"'%t)a (CIO)
0 n
In . R i 19 18
&n - _L -2 . 11
g 170 im0 ) = v, ) = ~nin(rra) (e - o )l Oelrat). (€1

With the Bogoliubov ansatz, Eq. (C10) becomes Eq. (64). On the other hand, the asymptotic value of the corre-
lation function can be obtained by taking the Laplace transform of Eq. (Cl11) and considering the limit ¢ — +oo.
Equivalently, it is obtained by making the substitution

djn S
‘(%‘(7’1,7"2, t) — JL%L €gn(r1, T2, +00), (C12)
in Eq. (C11). This yields
~ 1 nﬂn(T‘l,T‘z) 1 8 1 8 ) ‘
== _-— . C13
gn(rlvTZ’ +OO) Tn [Q(Tl) — Q(’l‘g)] _ 10+ (Tl 87'1 T (97'2 LL)(T'])LU(Tz) ( )

Substituting Eq. (C13) in Eq. (64), we obtain Eq. (72) which finally leads to the Landau-type equation (75).

APPENDIX D: THE VIRIAL OF POINT VORTICES

The virial of point vortices is V = [wr - Vi dr. In an unbounded domain, the stream function can be written

Y(r)=—5 [In ]r ~r'lw(r’) dr’. Therefore, V = —3- [w(r)w(r’)r- (r —r')/|r — r'|? drdr’. Interchanging the dummy
variables r and r’ and adding the resultlng equatlon to the initial one, we get V = —I'?/ (47r) On the other hand,
for an axisymmetric flow in a disk, the Gauss theorem yields dz/)/dr = —I(r)/2nr where [(r) = [ w(r')2nr’dr' is
the circulation within the disk of radius . In that case, V = - fo L) (r)dr = —Fz/(47r) like in an unbounded
domain.
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