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We complete the kinetic theory of two-dimensional (2D) point vortices initiated in previous works.
We use a simpler and more physical formalism. We consider a system of 2D point vortices sub-
mitted to a small external stochastic perturbation and determine the response of the system to
the perturbation. We derive the diffusion coefficient and the drift by polarization of a test vortex.
We introduce a general Fokker-Planck equation involving a diffusion term and a drift term. When
the drift by polarization can be neglected, we obtain a secular dressed diffusion (SDD) equation
sourced by the external noise. When the external perturbation is created by a discrete collection
of N point vortices, we obtain a Lenard-Balescu-like kinetic equation reducing to a Landau-like
kinetic equation when collective effects are neglected. We consider a multi-species system of point
vortices. We discuss the process of kinetic blocking in the single and multi-species cases. When the
field vortices are at statistical equilibrium (thermal bath), we establish the proper expression of the
fluctuation-dissipation theorem for 2D point vortices relating the power spectrum of the fluctuations
to the response function of the system. In that case, the drift coefficient and the diffusion coefficient
satisfy an Einstein-like relation and the Fokker-Planck equation reduces to a Smoluchowski-like
equation. We mention the analogy between 2D point vortices and stellar systems. In particular,
the drift of a point vortex in 2D hydrodynamics [P.H. Chavanis, Phys. Rev. E 58, R1199 (1998)] is
the counterpart of the Chandrasekhar dynamical friction in astrophysics. We also consider a gas of
2D Brownian point vortices described by N coupled stochastic Langevin equations and determine
its mean and mesoscopic evolution. In the present paper, we treat the case of unidirectional flows
but our results can be straightforwardly generalized to axisymmetric flows.

PACS numbers: 95.30.5f, 95.35.4+d, 95.36.4+x, 98.62.Gq, 98.80.-k

I. INTRODUCTION

There exist remarkable analogies between 2D point vortices and stellar systems @ﬁ] This is basically due to
the fact that these systems have long-range interactions M] As a result, they self-organize into coherent structures
such as large-scale vortices (e.g. Jupiter’s Great Red spot) ﬂj, B] or globular clusters and galaxies ﬂa] However,
the relaxation towards these organized states is nontrivial. Systems with long-range interactions experience two
successive types of relaxation. There is first a violent collisionless relaxation to a metaequilibrium state on a very
short timescale of the order of the dynamical time ¢p. The collisionless evolution of stellar systems is governed by the
Vlasov-Poisson equations ﬂﬂ, ] and the metaequilibrium state resulting from violent relaxation can be predicted by
the statistical theory of Lynden-Bell ﬂg] Similarly, the collisionless evolution of 2D point vortices is governed by the
Euler-Poisson equations ﬂﬁ] and the metaequilibrium state can be predicted by the Miller-Robert-Sommeria (MRS)
statistical theory ﬂﬂ, ﬂ], which is the hydrodynamic analogue of the Lynden-Bell theory ﬂ]l These theories rely on
an assumption of ergodicity which is not always fulfilled in practice. This is the difficult problem of incomplete violent
relaxation ] Then, on a much longer timescale, there is a slow (secular) collisional relaxation due to finite NV effects
(granularities) leading, for t — 400, to the Boltzmann equilibrium distribution predicted by conventional statistical
mechanics. For stellar systems, this equilibrium state has been considered by Ogorodnikov ﬂﬂ, @], Antonov HE], and
Lynden-Bell and Wood ﬂﬂ] They showed that an equilibrium state does not always exist, even when the system is
artificially enclosed within a box in order to prevent its evaporation. Indeed, self-gravitating systems may experience
a gravothermal catastrophe ﬂﬂ] For 2D point vortices, the Boltzmann equilibrium state has been considered by Joyce
and Montgomery ﬂE, @], Kida M], and Pointin and Lundgren m, @] following the pioneering work of Onsager
@].2 The relaxation time towards the Boltzmann distribution diverges algebraically with N so that, when N — o0,
the system is always in the collisionless regime. Here, we focus on the secular evolution of the system for large but

I The MRS theory applies either to the 2D point vortex gas in the collisionless regime (when N — 400 with v ~ 1/N) or to continuous 2D
incompressible flows in the inviscid regime (when v — 0). The late time evolution of continuous 2D incompressible flows is dominated
by viscous decay and does not relax towards an equilibrium state.

2 In his seminal paper on the statistical mechanics of 2D point vortices, Onsager ] related the formation of large-scale vortices to the
existence of negative temperature states. Later on, in unpublished notes m}, he developed a mean field theory of 2D point vortices and
derived the Boltzmann-Poisson equation several years before the authors of Refs. @}
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finite values of N.3 We briefly review the case of systems of material particles with long-range interactions (stellar
systems, plasmas, HMF model...) before considering the case of 2D point vortices.

Let us first consider the kinetic theory of spatially homogeneous systems with long-range interactions in dimension
d = 3. The evolution of a test particle in a thermal bath is described by a Fokker-Planck equation of the Kramers
form involving a diffusion term and a friction term. The friction and the diffusion coefficients satisfy the Einstein
relation. At statistical equilibrium, the diffusion and the friction balance each other and the Boltzmann distribution
is established. This approach was developed by Chandrasekhar m@] for stellar systems by analogy with the theory
of Brownian motion [32]. The theory of stochastic gravitational fluctuations was studied in ﬂé—@] If we consider the
evolution of the system as a whole, the kinetic evolution is described by the Landau @] or Lenard-Balescu m, @]
equation introduced in plasma physics. These equations describe the collisional evolution of the system at the order
1/N due to the development of two-body correlations. They conserve mass and energy, satisfy an H-theorem for
the Boltzmann entropy, and relax towards the Boltzmann distribution. The relaxation time scales as Ntp.* The
Lenard-Balescu equation takes into account collective effects ﬂé_ll—@] that are neglected in the Landau approach.
The Landau equation has also been applied to stellar systems by making a local approximation (which amounts to
considering that the system is spatially homogeneous). In the thermal bath approximation, we recover the original
Fokker-Planck (Kramers) equation of Chandrasekhar.® However, self-gravitating systems are spatially inhomogeneous
and the local approximation leads to a logarithmic divergence at large scales. Furthermore, the Landau equation does
not take into account collective effects. Recently, the Landau and Lenard-Balescu equations have been generalized
to the case of spatially inhomogeneous systems by Heyvaerts ﬂﬂ] and Chavanis @] using angle-action variables.
For gravitational systems, the proper treatment of spatial inhomogeneity removes the logarithmic divergence at large
scales. The inhomogeneous Landau and Lenard-Balescu equations conserve mass and energy and satisfy an H-theorem
for the Boltzmann entropy. They usually relax towards the Boltzmann distribution except in the case of unconfined
stellar systems where the relaxation is hampered by the phenomena of evaporation and gravothermal catastrophe
(core collapse). The Landau and Lenard-Balescu equations are valid for all systems with long-range interactions
in any dimension of space d. However, for spatially homogeneous systems in d = 1 (like the HMF model or spins
with long-range interactions moving on a sphere), the Landau and Lenard-Balescu collision terms vanish identically
@, @] In that case, there is no kinetic evolution at the order 1/N. This is a situation of kinetic blocking due to the
absence of resonances. As a result, the system does not reach the Boltzmann distribution on a timescale Ntp. We
thus have to take into account three-body correlations and develop the kinetic theory at the order 1/N?2. An explicit
kinetic equation that is valid at the order 1/N? has been obtained recently by Fouvry et al. @, | for arbitrary
homogeneous 1D systems with long-range interactions in the approximation where collective effects can be neglected.
Remarkably, this equation satisfies an H-theorem and relaxes towards the Boltzmann distribution. This implies that
the relaxation time scales as N%tp for homogeneous 1D systems with long-range interactions.

The evolution of a test vortex in a thermal bath is described by a Fokker-Planck equation of the Smoluchowski form
involving a diffusion term and a drift term. The drift and the diffusion coeflicients satisfy an Einstein-like relation. At
statistical equilibrium, the diffusion and the drift balance each other and the Boltzmann distribution is established.
This approach was developed by Chavanis ﬂﬁ, @] by analogy with the theory of Chandrasekhar m@, @] for stellar
systems and the theory of Brownian motion @] The theory of stochastic fluctuations in the point vortex gas was
studied in @—@] If we consider the evolution of the system as a whole, the kinetic evolution is more complicated.
It is described by a Landau-like @, @—@] or a Lenard-Balescu-like M] equation. These equations describe the
collisional evolution of the system at the order 1/N due to two-body correlations. They conserve circulation and energy
and satisfy an H-theorem for the Boltzmann entropy. The Lenard-Balescu-like equation takes into account collective
effects that are ignored in the Landau-like equation. In the thermal bath approximation, we recover the original
Fokker-Planck (Smoluchowski-like) equation of Chavanis [57, [58]. For general flows that are neither unidirectional
nor axisymmetric, there is a collisional evolution at the order 1/N. The corresponding kinetic equation [see Eq. (128)
or Eq. (137) of @]] approaches the Boltzmann distribution on a timescale Ntp if there are sufficient “resonances”
between the point vortices @] However, for unidirectional flows and for axisymmetric flows with a monotonic profile
of angular velocity, the Landau and Lenard-Balescu-like collision terms vanish identically. Therefore, there is no

3 The kinetic theory of collisionless relaxation for systems with long-range interactions is discussed in } and references therein.

4 In plasma physics and stellar dynamics the relaxation time scales as (N/In N)tp because of logarithmic corrections. In plasma physics,
N represents the number of charges in the Debye sphere (usually denoted A). In stellar dynamics, N represents the number of stars in
the Jeans sphere which corresponds to the typical size of the cluster.

5 Chandrasekhar @, @] also considered the evolution of a test star experiencing gravitational encounters with field stars that are
not necessarily at statistical equilibrium. His work was further developed by Rosenbluth et al. m] If we assume that the system
evolves self-consistently , }, the corresponding Fokker-Planck equation is equivalent to the Landau equation although it appears in
a different form (see @] for the correspondence between the Chandrasekhar and Landau equations).



kinetic evolution for unidirectional flows at the order 1/N. For axisymmetric flows, the system evolves until the
profile of angular velocity becomes monotonic and then stops evolving at the order 1/N. This is a situation of kinetic
blocking @] due to the absence of resonances. As a result, the system does not reach the Boltzmann distribution on
a timescale Ntp. In order to describe the relaxation of the system towards the Boltzmann distribution it is necessary
to take into account three-body correlations and develop the kinetic theory of 2D point vortices at the order 1/N?
like in the work of Fouvry et al. [55, 56].

In the present paper, we focus on the Landau and Lenard-Balescu equations for 2D point vortices at the order 1/N.
In previous works, these kinetic equations have been derived in different manners using the linear response theory
[57], the projection operator formalism f@,@jhe BBGKY hierarchy [63, 69], the Klimontovich equation [63, [66, [68],
the Fokker-Planck equation ﬂﬁ, @, , ,169], and the functional approach ﬂ@] These derivations are rather formal
and technical. In the present paper, we complement the kinetic theory of point vortices in the following manner:

(i) We provide a simpler and more physical derivation of the kinetic equation of 2D point vortices. We compute the
diffusion coefficient D and the drift by polarization Vo by a direct approach and substitute these expressions into
the Fokker-Planck equation written in a suitable form in which the diffusion coefficient is “sandwiched” between the
two gradients in position so that the drift by polarization appears naturally.

(ii) We derive the proper expression of the fluctuation-dissipation theorem for 2D point vortices.

(iii) We consider a multi-species system of point vortices while previous works were mostly restricted to point
vortices with the same circulation.

(iv) We consider unidirectional flows® while previous works were developed for axisymmetric flows. We show that
in the thermal bath approximation the kinetic equation becomes similar to the Smoluchowski equation of Brownian
theory with a Rosen-Morse [71] (or Péschl-Teller [72]) potential and a constant diffusion coefficient. This equation
can be transformed into a Schrédinger-like equation (in imaginary time) which can be solved analytically [73].

(v) We consider a system of collisionless 2D point vortices (or a continuous vorticity field) submitted to a small
external stochastic perturbation of arbitrary origin and derive a secular dressed diffusion (SDD) equation sourced by
the external noise.

(vi) The Landau and Lenard-Balescu equations are associated with the microcanonical ensemble where the system
of point vortices is isolated. In that case, the point vortices are fundamentally described by N-body Hamiltonian
equations HE] We compare these results with those obtained for a gas of 2D Brownian point vortices ﬂﬂ, @] described
by N-body stochastic Langevin equations. We establish a drift-diffusion equation governing their mean evolution as
well as a stochastic partial differential equation governing their mesoscopic evolution. Similar equations are obtained
from the stochastic damped 2D Euler equations.

(vii) Throughout the paper, we mention the numerous analogies between the kinetic theory of 2D point vortices
and the kinetic theory of stellar systems (and other systems with long-range interactions).

The paper is organized as follows. In Sec. [[Il we present the basic equations describing a system of 2D point vortices
submitted to a small external stochastic perturbation and introduce the quasilinear approximation. In Sec. [II we
explain how the linearized equation for the perturbation can be analytically solved with Fourier transforms by making
the Bogoliubov ansatz. In Sec. [V] we determine the linear response of the flow to a small external perturbation. In
Sec. [Vl we relate the dressed power spectrum of the total fluctuating stream function to the correlation function of
the external perturbation and consider the case where the external perturbation is due to a random distribution of
N field vortices. In Sec. [VIl we derive the fluctuation-dissipation theorem satisfied by an isolated system of point
vortices at statistical equilibrium. In Sec. [VIIl we introduce the general Fokker-Planck equation adapted to a gas of
point vortices. In Sec. [VIIIl we derive the diffusion coefficient of a test vortex experiencing an external stochastic
perturbation and consider the case where the external perturbation is due to a random distribution of N field vortices.
In Sec. [X], we derive the drift by polarization experienced by a test vortex traveling in a background flow possibly
created by a smooth distribution of field vortices. In Sec. [X| we consider the evolution of a test vortex is a sea of
field vortices at statistical equilibrium and establish the appropriate form of Einstein relation between the drift and
the diffusion. In Sec. [XI we derive the kinetic equation of 2D point vortices with an arbitrary velocity profile. In
Sec. [XII, we show how this kinetic equation simplifies itself when the velocity profile is monotonic. In Sec. [XIII} we
contrast the kinetic theory of an isolated Hamiltonian system of point vortices to the kinetic theory of a gas of 2D
Brownian point vortices. In Sec. [XIV] we derive the SDD equation describing the mean evolution of a continuous
vorticity field submitted to a small external stochastic perturbation of arbitrary origin. In Sec. [XV] we study the
mean evolution and the mesoscopic evolution of a continuous vorticity field described by the stochastic damped 2D

6 A kinetic theory of Stewart point vortices moving on the background of a shear flow with uniform vorticity has been developed in m}
It is valid in the case of short-range interactions between point vortices making the problem similar to the kinetic theory of gases. This
is substantially different from the problem that we consider here where the evolution of the point vortices is due to long-range collisions
and collective effects.



Euler equations. We recover by this approach the power spectrum and the diffusion coefficient of a gas of point
vortices. In Sec. [XVI we apply the same approach to the case of stochastically forced 2D point vortices. In Sec.
XVII we summarise our results and compare the different kinetic equations obtained in this paper. The Appendices
provide useful complements to the results established in the main text.

II. BASIC EQUATIONS

We consider a system of 2D point vortices of individual circulation « (see Appendix [A]). We assume that the point
vortices move under their own interactions and under the effect of an external stochastic incompressible velocity field
u.(r,t) (exterior perturbation) of zero mean. The equations of motion of the point vortices are

dr;
L= 2 X V(ri) — 2 X Vipe(ri, ), (1)
where 4(r) = —(1/27) > ;vIn|r — ;| is the exact stream function produced by the point vortices. They can

be written in Hamiltonian form as vdr;/dt = —z x V(Hq + H), where Hy = —(1/2m)3_,_, ¥?In|r; — r;| is the
Hamiltonian of the point vortices and H. = ), ytbe(r;, t) is the Hamiltonian associated with the external flow. The
discrete vorticity field wq(r,t) = >, v6(r — r;i(t)) of the point vortex gas satisfies the equations

0
T 4 (ug + ue) - Vg =0, (2)
ot
Uy = —2 X de, Wqg = —A’Q/Jd, (3)
Ue = —2z X Vi), We = —A1/187 (4)

where 14(r,t) is the stream function produced by the point vortices and . (r,t) is the external stochastic stream
function. These equations are similar to the 2D Euler-Poisson equations for an incompressible continuous flow but
they apply here to a singular vorticity field which is a sum of Dirac distributions. The 2D Euler-Poisson equations
for an incompressible continuous flow are the counterparts of the Vlasov-Poisson equations in stellar dynamics ﬂ] and
plasma physics B] and the 2D Euler-Poisson equations for a singular system of point vortices are the counterparts of
the Klimontovich equations m] in plasma physics.

We introduce the mean vorticity w(r,t) = (wq(r,t)) corresponding to an ensemble average of wq(r,t). We then
write wq(r,t) = w(r,t) + dw(r, t) where dw(r,t) denotes the fluctuations about the mean vorticity. Similarly, we write
Ya(r,t) = ¥(r,t)+d(r, t) where dip(r, t) denotes the fluctuations about the mean stream function ¢ (r,t) = (¢4(r,1)).
Substituting this decomposition into Eq. ), we get

Ow 0w
E-}—W—i—(u—i—&u—i—ue)-V(wﬁ-(M)—Oa (5)
u=—zx Vi, w = —A, (6)
ou=—zx Vi, dw = —Ad. (7)

If we introduce the total fluctuations duioy = du + e, U0t = 09 + e and dwioy = 0w + we, which include the
contribution of the external perturbation, we can rewrite the foregoing equations as

Ow  Odw
S+ T (U dttier) - Vw + w) = 0, (8)

0ot = —2z X Vthiot, dwtot = —AdPrtot- 9)
Expanding the advection term in Eq. (§]) we obtain

g—o;—l—6(;5—;}+u-Vw+u-V5w+5utot-Vw—i—éutot-V(Sw:O. (10)



Taking the ensemble average of Eq. (I0) and subtracting the resulting equation from Eq. (I{) we obtain the two
coupled equations

(Z—(: +u-Vw=-V" (dwoue), (11)
ddw
W +u- Véw + (5ut0t -Vw=-V- (5w(5utot) + V- <5w(5utot>, (12)

which govern the evolution of the mean flow and the fluctuations. To get the right hand side of Eqs. ([[Il) and ([I2)) we
have used the incompressibility of the flow V - dugor = 0 (see Appendix [A]). Equations ([I]) and (I2) are exact in the
sense that no approximation has been made for the moment. The right hand side of Eq. () can be interpreted as a
“collision” term arising from the granularity of the system (finite NV effects) and the correlations of the fluctuations
due to the external stochastic perturbation (forcing).”

We now assume that the external velocity is weak and treat the stochastic stream function . (r,t) as a small
perturbation to the mean field dynamics. We also assume that the fluctuation of the stream function 1 (r, t) created
by the point vortices is weak. Since the circulation of the point vortices scales as v ~ 1/N this approximation is valid
when N > 1. If we ignore the external stochastic perturbation and the fluctuations of the stream function due to
finite N effects altogether, the collision term vanishes and Eq. () reduces to the 2D Euler equation

g—i-l—u-Vw:O. (13)
The 2D Euler-Poisson equations (I3) and (6) describe a self-consistent mean field dynamics. It is valid in the limit
e — 0 and in a proper thermodynamic limit N — 400 with 4 ~ 1/N. It is also valid for sufficiently short times.
We now take into account a small correction to the 2D Euler equation obtained by keeping the collision term on
the right hand side of Eq. () but neglecting the quadratic terms on the right hand side of Eq. ([I2). We therefore
obtain a set of two coupled equations

ow

E +u-Vw=-V- <5W5utot>7 (14)
3%0 +u - Viw + duge; - Vw = 0. 19)

These equations form the starting point of the quasilinear theory of 2D point vortices which is valid in a weak coupling
approximation (y ~ 1/N < 1) and for a weak external stochastic perturbation (¢, < 1). Equation (I4]) describes the
evolution of the mean vorticity sourced by the correlations of the fluctuations and Eq. (&) describes the evolution of
the fluctuations due to the granularities of the system (finite IV effects) and the external noise. These equations are
valid at the order 1/N and to leading order in .

If we restrict ourselves to unidirectional mean flows® and introduce a cartesian system of coordinates, we have

u=U(y,t)x, =91, w=wy1l), (16)

% __%%

U= -_o¥
oy’ v oy?’

w=-U'(y,t). (17)

On the other hand, the two components of the fluctuating velocity field read

- 851/)tot _ 851/}tot

(5utot)m — ay ) (5utot)y - O

7 We generically call it the “collision” term although it may have a more general meaning due to the contribution of the external
perturbation. A more proper name could be the “correlational” term.

8 In the following, we assume that the system remains unidirectional during the whole evolution. This may not always be the case. Even
if we start from a unidirectional flow wg(y), the “collision” term (r.h.s. in Eq. ([@4)) will change it and induce a temporal evolution
of the vorticity field w(y,¢). The system may become dynamically (Euler) unstable and undergo a dynamical phase transition from a
unidirectional flow to a more complicated flow (e.g., a large scale vortex). We assume here that this transition does not take place or
we consider a period of time preceding this transition.



As a result, Eqs. ([d) and (I3) become

8&) - 8 85¢tot

Oow | pow v _ (20)
ot ox oxr 0Oy
For the simplicity of the presentation, we have assumed that the external velocity field u, is of zero mean. If there is
an external (unidirectional) mean flow U,, it can be included in U by making the substitution U — U + U,. In other
words, U represents the total mean flow including the mean flow produced by the system of point vortices and by the
external perturbation.

Remark: Although we have introduced the above equations for a system of 2D point vortices, they are also valid
for a continuous 2D incompressible flow forced by an external velocity field. In that case, Eqs. [@)- ) are the 2D
Euler equations for a continuous vorticity field w,. and a continuous velocity field u. replacing the discrete vorticity
field wg and the discrete velocity field ug. If the continuous flow is submitted to an external stochastic perturbation
u., we can decompose the vorticity and the velocity into a mean component plus a fluctuation, writing w. = w + dw
and u, = u + du, and obtain the same equations as above with a different interpretation (see Sec. [XIV]).

III. BOGOLIUBOV ANSATZ

In order to solve Eq. (20) for the fluctuations, we resort to the Bogoliubov ansatz. We assume that there exist
a timescale separation between a slow and a fast dynamics and we regard U(y) and w(y) in Eq. (20) as “frozen”
(independent of time). This amounts to neglecting the temporal variation of the mean flow when we consider the
evolution of the fluctuations. This is possible when the mean vorticity field evolves on a secular timescale that is long
compared to the timescale over which the correlations of the fluctuations have their essential support. We can then
introduce Fourier transforms in o and t for the vorticity fluctuations, writing

(2,9, 1) / dk / (k200 55k, 1, ), (21)

w(k,y,o / /dt —ilke=ot) 5o, y, t). (22)

Similar expressions hold for the stream functions §¢(r,t) and .(r,t). For future reference, we recall the Fourier
representation of the Dirac J-function
oo dt
§(o) = ot —, 23
=] g (23)

— 00

Before going further, some comments about our procedure of derivation are required. In order to derive the Lenard-
Balescu equation describing the mean evolution of a system of point vortices under discreteness effects ( “collisions”) at
the order 1/N we usually take w, = 0 in Eq. (@) and consider an initial value problem as described in Sec. 3 of [68] (see
also Appendix [J). In that case, Eq. ([20) has to be solved by introducing a Fourier transform in space and a Laplace
transform in time. This brings a term dw(k,y,0) related to the initial condition in the equation for the fluctuations
[see Eq. ([T3))]. This is how discreteness effects (granularities) are taken into account in this approach. Calculating the
correlation function and substituting the result into Eq. (Id), one obtains a Lenard-Balescu-like equation in which the
diffusion and the drift terms appear simultaneously. This derivation involves, however, rather technical calculations.
In the present paper, we shall derive the Lenard-Balescu equation differently by using a simpler and more physical
(or more pedagogical) approach based on the Fokker-Planck equation (see Sec. [VII). In this approach, discreteness
effects are taken into account in the external perturbation w.. Indeed, we can regard w, either as having an arbitrary
origin (see Sec. [VA]) or as being generated by a collection of N point vortices — the so-called field vortices (see Sec.
[VB). In the presence of an external perturbation, Eq. 20) can be solved by introducing Fourier transforms in space
and time.” We can then derive the dressed power spectrum and the diffusion coefficient of a test vortex by taking

9 In the absence of external perturbation, we need to introduce a Laplace transform in time yielding a term related to the initial condition.
In our approach, the initial condition is rejected to the infinite past but we have to add a small imaginary term 0% in the pulsation o
of the Fourier transform to make the fluctuations vanish for ¢ —+ —co. In a sense, this procedure amouts to using a Laplace transform
in time but neglecting the initial condition.



collective effects into account (see Sec. [VIII). On the other hand, the drift by polarization of a test vortex can be
obtained by determining the response of the background flow to the perturbation that it has caused (see Sec. [X]).
Substituting these coefficients into the Fokker-Planck equation, we obtain the Lenard-Balescu equation (see Secs. [X1I
and [XTI). This formalism also allows us to treat situations in which the external perturbation w, is not necessarily
due to a discrete distribution of point vortices. In that case, we can derive more general kinetic equations. When
N — 400, i.e. when the collisions between the point vortices are negligible, we obtain the secular dressed diffusion
(SDD) equation involving a diffusion term due to the external perturbation (see Sec. [XIV]). For finite N, we obtain
a mixed kinetic equation involving a SDD term and a Lenard-Balescu term (see Sec. [XVTI]).

IV. RESPONSE FUNCTION

Let us determine the linear response of a 2D incompressible flow to a small external perturbation w,(z,y,t). In the
present case, the perturbation is not necessarily stochastic. Since the perturbation is small, we can use the linearized
2D Euler equation ([20). Taking the Fourier transform of this equation in = and ¢, we obtain

dw

00 (k:y,0) = ey Wron (ks ,0). (24)

On the other hand, according to Eqs. ) and (), we have
Aéwtot = —&utot = —0w — We. (25)

Writing this equation in Fourier space and combining the result with Eq. 24]), we get

a2 kg—“’ R
— P4+ —=L 15 = —We. 26
[dzﬂ PRy o | e T 20
The formal solution of this differential equation is

61/;t0t (ka Y, U) = /G(kv Y, y/a O')(:Je(k, y/v U) dy/a (27)

where G(k,y,y’,0) is the Green function defined by

2 kg2
— -k —Y |Gk o)==y —y). 28
[d?ﬂ T | Gk ) = =8l =) (28)

Although not explicitly written, we must use the Landau prescription ¢ — ¢ + 40" in Eq. ([@28). As a result,
G(k,y,y',0) is a complex function which plays the role of the response function (or dielectric function) in plasma
physics and stellar dynamics ﬂa, @] It determines the response of the system &thm (k,y,0) to an external perturbation
we(k,y,0) through Eq. (27). Assuming that the perturbation w.(x,y) is time-independent and taking o = 0, Eq.
([28) reduces to

This equation determines the static response function G(k,y,vy") = G(k,y,y’,0 = 0) of the system to a time-
independent perturbation.

Without external perturbation, the flow would be (by assumption) purely unidirectional, described by w(y). The
external perturbation w.(x,y,t) creates a weak flow . (x,y,t). This flow polarizes the system and induces through
Eq. 20) a small change in the vorticity field dw(z, y, t) producing in turn a weak flow 69 (x,y,t) through Eq. ([@). As
a result, the total stream function acting on a point vortex, sometimes called the dressed or effective stream function,
is 0ot (2, Y, t) = Ye(x,y, t) + 0t (2, y,t). This is the sum of the stream function due to the external perturbation plus
the stream function induced by the system itself (i.e. the system’s own response). Since 4 occurs in Eqs. () and
0)), we have to solve a loop. The total stream function is related to the external perturbation w.(x,y,t) by Eq. (1.
The dressed Green function G(k,y,y’, o) takes into account the polarization of the system due to its self-interaction.
This corresponds to the so-called “collective effects”. The polarization cloud surrounding a point vortex may amplify



or shield the action of the imposed external perturbation. Therefore, the stream function is modified by collective
effects: 0ot = e + 09 # 1. This leads to the notion of “dressed” point vortices.!® If we neglect collective effects
(dw = d1p = 0), we have b0y = Ve with

Ve(k,y,0) = /Gbare(ka y, Y )we(k,y o) dy', (30)

where Gpare(k,y,y’) satisfies the equation

d2 !/ /
<d—y2 - k> Groe (k. 9.') = —6(y — /). (31)

Equations (0) and (BI]) define the bare stream function and the bare Green function. The bare Green function
Grare(k,y,y") is just the Fourier transform in x of the potential of interaction between the vortices (see Appendix
[B). Similarly, the Green function G(k,y,y’,c) can be interpreted as a dressed potential of interaction between the
vortices taking into account collective effects. Neglecting collective effects amounts to replacing the dressed stream
function (or dressed Green function) by the bare stream function (or bare Green function).

Remark: When w, = 0, Eq. (26]) reduces to

d? 2 U"(y) L
d—y2—k ORI 6y =0, (32)

where we have used Eq. (7). This is the celebrated Rayleigh equation @, @] which determines the proper complex
pulsations o of the flow associated with the velocity field U(y). It plays the role of the dispersion relation in plasma
physics and stellar dynamics ﬂa, ﬂ] It can be used to study the linear dynamical stability of unidirectional flows.

V. CORRELATION FUNCTION

We now assume that the external perturbation w.(x,y,t) is a stochastic process and we determine the dressed
correlation function of the total stream function 0w (z, y,t) that it induces. We first give general results and then
consider the case where the external perturbation is produced by a random distribution of N point vortices.

A. General results

We assume that the time evolution of the external vorticity field is a stationary stochastic process and write its
auto-correlation function as

<w8($7 Y, t)we(xla ylv tl)> = 5(y - yl)c(x - :Clv Yt — tl)' (33)

We assume that the fluctuations are d-correlated in y but not necessarily in « and ¢. The function C(z — 2/, y,t — t')
describes a possibly colored noise. The Fourier transform in x and ¢ of the correlation function of the external vorticity
field is therefore

(@e(k,y,0)0e (K Yy, o)) =216 (k + K)o (0 + o) (y — y/)C'(k, y,0), (34)

where C' depends on k and o (for a white noise it would be constant). Similarly, we define the correlation function
P(k,y,0) of the total fluctuating stream function acting on the point vortices by

(0ot (ky 1y, 0)0theor (K, y, 07)) = 276 (k + K)o (0 + ') P(k,y,0). (35)

10 The notion of “dressed” particles (or quasiparticles) has been introduced and developed by Hubbard [44-46] and Rostoker [78-80] in
plasma physics.



We call it the power spectrum by analogy with plasma physics [45].1' Using Eqs. (@7) and (34), we get

(010t (K, 4, 0)8%ros (K, y, 07)) /dy'dy”G(k,y,y’,U)G(k',y,y”,a’)@e(k,y’,a)@e(k’,y”,a’»

276(k + K)o (o + o’) / dy' G(k,y,y',0)G(=k,y,y, —0)C(k,y', o)

206k + K)3(0 + ') [ dy' Gk v, ) PC i), (36)
where we have used Eq. (C6). Comparing Eq. (38) with Eq. ([33]), we obtain

P(k,y,0) = /dy’ G(k,y. v/, 0)*C(k,y, o). (37)

This equation relates the power spectrum P(k,y,o) of the total fluctuating stream function acting on the point

vortices to the correlation function C (k,y,0) of the external stochastic perturbation. The “dressed” power spectrum
P(k,y,0) takes into account collective effects. If we neglect collective effects, we just have to replace G(k,y,y’, o) by
Grare(k,y,v') in Eq. (B1). In that case, we find that the “bare” power spectrum P (k,y, o) defined by

(e(k,y, 0)be (K y, ")) = 208k + k')6(0 + 0”) Poare (k, y, o) (38)

is given by
Pbare(ka Y, U) = / dyl Gbare(ku Y, yl)2é(k7 yla 0)' (39)

We note that C’(k,y, o), P(k,y,0) and Pyare(k,y, o) are real and positive.
Remark: From Eq. ([B8) we easily obtain

<51Z)tot (ka Y, t)(h[)tot(k/a Y, t/)> = 5(k + k/)P(ka Y, t— t/)a (40)
where P(k,y,t) is the inverse Fourier transform in time of P(k,y, o). Therefore, the static power spectrum P(k,y) =
P(k,y,0) is

Plty) = [ Py ) 3. (a1)

B. Correlation function created by a random distribution of N field vortices

We now assume that the external vorticity is created by a random distribution of N point vortices. We allow for
different species of point vortices with circulations {v,}. The discrete vorticity of the field vortices is

JJ Y, L Z% r — xz 6(y yz(t)) (42)

The initial positions (x;,y;) of the point vortices are assumed to be uncorrelated and randomly distributed. The
distribution function of point vortices of species b, with circulation -, is Pl(b) (y). The mean vorticity of species b is

therefore wy(y) = Nb%Pl(b) (y), where Ny, is the total number of point vortices of species b. When N — +oo with
v ~ 1/N, the point vortices are advected by the mean flow U(y) produced by the total vorticity w(y) = >, wp(y)-
Their mean field trajectories are straight lines at constant y:

zi(t) =z + U(yi)t, yi(t) = yi- (43)
As a result, the external vorticity can be written as
JJ yu Z '71 — Iy U(y)t)&(y - yz) (44)

I More precisely, the power spectrum is k2P (k,y, o).
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Passing in Fourier space, we obtain

~ dx —i(kx—0o

aulkoyo) = Yo [ 5 [t 05 -5 — U0 - )

1 —tkx; ,—1 —0

%Z%‘/df@ kim0 W =)t 5(y — )

D vie (kU (y) — 0)3(y — vi)- (45)

The correlation function of the external vorticity field in Fourier space is therefore

(@e(kyy, o)ae (K4 0")) = <Z yivge” e M H (kU (y) — 0)S(KU (') — 0')d(y — yi)d(y' — yj)>

©J

<272 —i k+k/)m¢5(kU(y) _ U)é(k/U(yl) _ g/)(S(y — yl)é(y’ _ yz)>

> Ny / drydy; e FRE (KU (y) — )6 (KU (y') — o)y — y1)6(y' — y1) P (1)
b

=D / daydy, e BT (RU (y) — 0)S(K'U (') = 0')d(y — y1)3(y' = yr)ws (1)
b

> 216k + K)(0 + 0')o(y — v )o (kU (y) — o)wp (y)- (46)
b

To get the second line, we have used the decomposition Zij => —i—zi# and the fact that the terms involving
different vortices (i # j) vanish in average since the point vortices are initially uncorrelated. To get the third line, we
have used the fact that the point vortices of the same species are identical. Comparing Eqs. (84]) and [Gl), we find
that

C(k,y,o Z%a (kU (y) — o)wp(y). (47)

This is the bare correlation function of the vorticity field created by the background point vortices. Using Eqgs.
B7) and {T), we obtain the dressed power spectrum of the total fluctuating stream function created by a random
distribution of point vortices

Pllyso) =3 [ 160,50 PO W) = () (48)

This returns the expression (34) of the power spectrum given in Ref. ﬂ@] which was obtained from the Klimontovich
formalism. The present approach provides an alternative, more physical, manner to derive this result. Using Egs.
1) and (@8], we obtain the static power spectrum

Z% / dy' |Gk, .y, KU (y"))Pan(y)- (49)

If we neglect collective effects, we find that the bare correlation function of the total fluctuating stream function
produced by a random distribution of field vortices is

Pk :0) = 0 [ Gl POV ) = (). (50)

It can be obtained from Eq. (8] by replacing the dressed Green function (28] by the bare Green function (3I). The
same presciption can be used to obtain the bare static spectrum from Eq. (9.
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C. Energy of fluctuations

The energy of fluctuations

&= %/<6Wtot5wtot> dy = %/<(V5wtot)2> dy, (51)

where 0wy = dw~+w,e and o, = 01041 are the total fluctuations of vorticity and stream function, can be calculated
as follows. Decompositing the fluctuations of stream function in Fourier modes, we get

1 / do do’ 1 i(kz—ot) Ji(k'z—o't) /5.7, h / /
E= —5 dy dk dk —2 —2 kk'e (& <6’(/Jt0t(]€, Y, O')Jwtot (k , Y, 0 )> (52)
7T v

Introducing the power spectrum from Eq. (B3] and integrating over k' and o', we obtain

/dy/dk/—k2 (k,y,0) = %/dy/dkaP(kz,y). (53)

The energy of fluctuations is equal to the integral of k2 P(k,y) over the wavenumber k and over the position y. Using
Eq. (1), we can rewrite the energy of fluctuations as

:%/dy/dk/;l_g/dy/k2|G(’“’yvy/vffﬂz@(k,y’,a)- (54)
Y

When the perturbation is due to a distribution of N point vortices, using Eq. (@), we obtain

4W2/dy/dk/dy K2IG K, 3.y kU (') Picny). (55)

We note that £ is constant in time.

VI. FLUCTUATION-DISSIPATION THEOREM FOR AN ISOLATED SYSTEM OF POINT VORTICES
AT STATISTICAL EQUILIBRIUM

A. Fluctuation-dissipation theorem
The fluctuation-dissipation theorem for a gas of point vortices can be written as

Pk, y,0) = —%Im Gk, vy, 0). (56)

yelen

It relates the power spectrum P(k,y, o) of the fluctuations to the response function G(k,y,y, o) of a system of point
vortices at statistical equilibrium with an inverse temperature 3.2 Although the fluctuation-dissipation theorem can
be established from very general arguments M], we shall derive Eq. (B8] directly from the results obtained in the
preceding sections.

We start from the general identity (see Appendix [Cl)

ow'’

WGk y.0,0) = [ dy 6k, )bl ~ KU 57)
If the vorticity field is created by different species of point vortices, it can be rewritten as
8 /
Gk, p.9.0) =73 [ dy' (GOl ot/ 0) ol — KU )i (58)
b

12 Note that Eq. (B8) is valid at positive and negative temperatures.



12

If the point vortices are at statistical equilibrium with the Boltzmann distribution

wb(y) — Ab e_ﬂwa(y), (59)
we have the identity
(%Jb
8—y = —ﬂ%l//(y)wb(y)- (60)

Substituting Eq. (@) into Eq. (G8)), we obtain

a !/
Im G(k,y,y,0) = —sz%/dy |G (k,y,y,0)?0(c — kU(y ))ka—qyb/wb(y’)

= oy [ 1600050080~ WU RO )

- —ﬂMZ%/dy Gl .y )60 — KU (y)
— —BorP(k,y,0). (61)
where we have used Eq. (1) to get the second line, the property of the d-function to get the third line, and the

expression ([@8) of the power spectrum to get the fourth line. This establishes Eq. (G6l).

B. Static power spectrum
At statistical equilibrium, we have the following relation
1
P(k,y) = —BG(k,y,y) (62)

between the static power spectrum P(k,y) = 5= [ P(k,y,0)do of the fluctuations (see Sec. [¥]) and the static
response function G(k,y,y) = G(k,y,y,0) (see Sec. [V]). This relation can be derived directly from the microcanonical
distribution of point vortices at statistical equilibrium. It can also be recovered from the fluctuation-dissipation
theorem (B0 as follows.

Integrating Eq. (B6]) between —oo and 400, we get

1 +”hnG%4h%U)

P(k,y) = do. (63)
ﬁ o
On the other hand, applying at ¢ = 0 the Kramers-Kronig relation @, ]
1 [t Im[G(k !
G(k,y,y,o):P—/ m| (/’y’y’”)] do’, (64)
T J oo o —o
where P is the principal value, we get
1 [T Im[G(k
G(k,y,y,0) = —/ Im [G(k,y,y,0)] do. (65)
T J_oo o

Comparing Eqs. (63)) and (63) we obtain Eq. (G2)).

VII. FOKKER-PLANCK EQUATION

Here, we consider the evolution of a test vortex of circulation « submitted to an external stochastic stream function
Ye(z,y,t). The equations of motion of the test vortex are (see Appendix [Al and Sec. [

de Ddirot dy _651/1tot
7 =V Wt)+ — = (24,1, i 20 (66)
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where 0ot (x,y,t) is the total fluctuation of the stream function. They can be written in Hamiltonian form as
~vdr/dt = —z x V(H + Hyot), where H = ”yfy U(y')dy’ is the mean Hamiltonian and §Hio is the fluctuating
Hamiltonian. The test vortex follows a rectilinear trajectory at constant velocity U(y) on the line level y but it also
experiences a small stochastic perturbation d¢tot = ¥e + 07 which is equal to the external stream function 1 plus the
fluctuating stream function 6t produced by the system itself (collective effects). Eq. (66) can be formally integrated
into

! A ’ ! 851/)t0t ’ A ’ _ ! 851/}t0t / A ’
o) =at [ V@)@ + [ FRE @)y ) =y [ T ) 0). 0 (67)

where we have assumed that, initially, the test vortex is at position (x,y). Since the fluctuations d1o¢ of the stream
function are small, the changes in the position of the test vortex in the y-direction are also small, and the dynamics
of the test vortex can be represented by a stochastic process governed by a Fokker-Planck equation ﬂ,‘l—lﬂ The Fokker-
Planck equation can be derived from the Master equation by using the Kramers-Moyal expansion truncated at the
level of the second moments of the position increment. If we denote by P(y,t) the probability density that the test
vortex is at y at time ¢, the general form of the Fokker-Planck equation is

oP 02 0
E_a—yQ(DP)_a_y(P‘/tot)' (68)

The diffusion and drift coefficients are defined by

D) = lim_L((ylr) - ) = {207, (69)
Vi) = lim_iy(t) -y = 152, (70)

In writing these limits, we have implicitly assumed that the time ¢ is long compared to the fluctuation time but short
compared to the evolution time. As shown in our previous papers @, @], it is relevant to rewrite the Fokker-Planck
equation in the alternative form

oP 0 oP
E = 8_y (Da—y - PVpol) . (71)
The total drift can be written as
oD
Viot = Vpol + 6_y’ (72)

where Vo is the drift by polarization (see Sec. [[X] of this paper and Sec. 4.3 of [68]) while the second term is due
to the variation of the diffusion coefficient with y (see Sec. 4.4 of [53]). The drift by polarization V, arises from the
retroaction (response) of the perturbation caused by the test vortex on the mean flow. It represents, however, only
one component of the total drift Vi experienced by the test vortex, the other component being 0D/y.

The two expressions (G8)) and (1)) of the Fokker-Planck equation have their own interest. The expression (68]), where
the diffusion coefficient is placed after the second derivative 9?(DP), involves the total drift V., and the expression
(1), where the diffusion coefficient is placed between the derivatives 0DOP, isolates the drift by polarization Vjor.
We shall see in Sec. [XI] that this second form is directly related to the Lenard-Balescu equation. It has therefore a
clear physical meaning.

VIII. DIFFUSION COEFFICIENT
A. General expression of the diffusion coefficient

We now calculate the diffusion coefficient of the test vortex from Eq. (69]) following the approach developed in ﬂ@]
The increment in position of the test vortex in the y-direction is

t85 tot / / / /
Ay:—/o A o), (e, ) (73)
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Substituting Eq. ([3) into Eq. (69) and assuming that the correlations of the fluctuating velocity persist for a time less
than the time for the trajectory of the test vortex to be much altered, we can make a linear trajectory approximation

w(t)y=z+Ut, yt') =y, (74)

and write

D= lim —/ dt/dt”<85wmt( + Uyt )awmt( + Ut ,t”)>. (75)

t——+oo 2t

Introducing the Fourier transform of the total fluctuating stream function, we obtain

<—8(2/;°t (:E+U(y)t’,y,t’)—86(;/};0t (x 4+ Ut y,t") > /dk/d”/dk’/

xkk/eik(quU(y)t’)efiot’eik’(m+U(y)t”)efza t"’ <51/)tot (k, v, U)5¢tot (k YO )> (76)

Introducing the power spectrum from Eq. (BB) and carrying out the integrals over k' and ¢’, we end up with the
result

<%£“w+v@ﬂ%m&ﬁf<+v<f’f”> /%/ﬂaﬁ“w PPk, y,0). (77)

This expression shows that the auto-correlation function of the total fluctuating velocity appearing in Eq. (75]) depends
only on the difference of times s = t” — /. Using the identity [68]

/ dt’/ at" f(t' —t") = 2/0t dt’ /t,t at" f(t' —t") _2/Ot dt’ /Ottl ds f(s)
2/Otds/ot_s dt’ f(s) _Z/Otds (t = $)f(s), (78)

and assuming that the autocorrelation function of the total fluctuating velocity f(s) decreases more rapidly than s=1,

we find for ¢ — 400 that!3
e 861/}t0t 851/)t0t
D = /0 < 9z (2,9,0) oz (x+Ul(y)s,y, s)> ds. (81)

Therefore, as in Brownian theory @, 83, 184, o], @] and in fluid turbulence @], the diffusion coefficient of a point
vortex is equal to the integral of the temporal auto-correlation function (V,(0)V,(t)) of the fluctuating velocity felt
by the point vortex [58]:

+oo
D= [ WOV (52)
0

This is similar to the diffusion tensor of a star in a globular cluster which is given b dt where
F(t) is the gravitational force by unit of mass experienced by the star [33, @ é—@ (see also i [100] for
plasmas). Replacing the velocity auto-correlation function by its expression from Eq. ([0), which can be Wr1tten as

W0, (0) = [k [ 2ROk, y,0), (53)

13 This formula can also be obtained by using the identity

_1d . t
= (@) = o) = [ (Ve 0V G).).0) (79)
where Vj, = (dutot )y = —O00tot /Ox. Making the approximations discussed above and taking the limit ¢ — +o00, we obtain
—+oo
D= [ e 0+ U)s ) ds, (80)

which coincides with Eq. ().
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we obtain

e do 5 i(o—kU(y))t
D= ; dt [ dk Eke P(k,y,o0). (84)

Making the change of variables t — —t, k — —k and ¢ — —o, and using the fact that P(—k,y,—o) = P(k,y,0), we
see that we can replace f0+oo dt by (1/2) fj;: dt. Therefore, we get

1 [re do 4 i(o—kU(y))t
D== dt | dk | —Fk°e YIP(k,y,0). (85)
2/« 27
Using the identity (23], we find that

D= w/dk/ g—;k%(a — kU(y))P(k,y,0). (86)

The time integration has given a J-function which creates a resonance condition for interaction. Integrating over the
d-function (resonance), we arrive at the following equation

D= % /dk k2P (k,y, kU (y)). (87)

This equation expresses the diffusion coefficient of the test vortex in terms of the power spectrum of the fluctuations
at the resonance o = kU (y). This is the general expression of the diffusion coefficient of a test vortex submitted to a
stochastic perturbation. When collective effects are neglected, we get

1

Dbare - 5 /dk k2Pbare(k7y7 kU(y)) (88)

Using the relation between the power spectrum and the correlation function of the external perturbation [see Eq.
BD)], we obtain

D=5 [y [ @k .y KU PCOY U W), (59)

This expression shows that the diffusion coefficient of the test vortex depends on the correlation function of the
external perturbation C'(k,y’, o) and on the response function of the flow G(k, y,y’, o) both evaluated at the resonance
frequencies o = kU (y). As a result, the diffusion coefficient D(y) depends on the position y of the test vortex, on the
mean vorticity field w(y) through the Green function G(k,y, vy, kU (y)) defined by Eq. ([28)), and on the mean velocity
U(y). When collective effects are neglected, i.e., when we replace G(k,y,y’, kU(y)) by Goare(k,y,y’) in Eq. ([B9), the
diffusion coefficient reduces to

Diwe = / dy / Ak 12 Craeky 5, ') 2Oy KU (9)). (90)

Remark: Alternative derivations of the general expression of the diffusion coefficient of a test vortex are given in
Appendices [D1] and [D2] (see also Appendix [El where we compute the velocity auto-correlation function of the test
vortex).

B. Expression of the diffusion coefficient due to N point vortices

We now assume that the external noise is due to a discrete collection of N point vortices. In that case C (k,y,0) is
given by Eq. {@7) and we obtain

1
D=3 3w [ [ kR .y @)U W) ~ KU@)anly) (o1)
b
Using the identity

S0) = ﬁé(m), (92)
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we can rewrite the foregoing equation as

D= %;% [ [ ariklGeev.y' UGS W) - U@ty (93)

This is the general expression of the diffusion coefficient of a test vortex of circulation v produced by N field vortices
of circulation {v,}. It returns Eq. (68) of [68]. The diffusion of the test vortex is due to the fluctuations of the field
vortices induced by finite NV effects (granularities). This is why it depends on {~,} but not on .14

Introducing the function

Xy V@) =5 [ IG5/ KU @)P dr, (9)

the diffusion coefficient ([@3]) can be written in the more compact form
D=3 [/ VW)U - Ut (95)

Using the identity

FEEOIN )

T

where the x; are the simple zeros of the function g(z) (i.e. g(z;) = 0 and ¢'(x;) # 0), we can write the diffusion
coefficient as

P=33 Xt T ), (97)

where the y,. are the points that resonate with y, i.e., the points that satisfy U(y,) = U(y).
If the velocity profile is monotonic,'® using the identity
1

= Wé(y -y, (98)

we find that

D= Y g et (99)

For a multispecies gas of field vortices the diffusion coefficient D o 1/|U’(y)| decreases when the shear increases. If
we consider a single species gas of field vortices with circulation ~,, the foregoing expression reduces to

X(,y,U(y))
U ()

To obtain the second equality, we have used the relation wy(y) = —U’(y) from Eq. ([I1).
Remark: An alternative derivation of the diffusion coefficient of a test vortex produced by N field vortices is given
in Appendix [D3 (see also Appendix [E]).

D =y wo(y) = 1wlx(y, v, Uy)). (100)

14 Note, however, that some field vortices may have the circulation -, = 7, i.e., they belong to the same species as the test vortex.
15 When the vorticity w(y) is always of the same sign, the relation w(y) = —U’(y) from Eq. (@) implies that the velocity profile U(y) is
monotonic. This is the case, in particular, when the circulations {73} of the point vortices have the same sign.
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C. Expression of the diffusion coefficient due to N point vortices without collective effects

If we neglect collective effects, the previous results remain valid provided that G(k,y,y’,kU(y)) is replaced by
Grare(k,y,y"). The bare diffusion coefficient of a test vortex is

1
Dbare = 5 Z’Yb/dy//dk |k|Gbare(k7 y7y1)25(U(yl) - U(y))wb(y/) (101)
b
Introducing the function

Xbare(#:¥) /WWMMkyy)% (102)
it can be written as

Dpare = Z%/dy’Xbare(y,y')é(U(y’) —U(y))ws(y)
b

Xbare (yu yr) w

Explicit expressions of the function Xpare(y,y’) are given in Appendix In the dominant approximation, we have

Xbare(y7 y/) ~ (1/4) InA.
If the velocity profile is monotonic, we obtain

Xbarc 1DA
Dyare = Z’Yb |U, Z’yh |U, y) (104)

where we have used Eq. (BI2). If the field vortices have the same circulation, Eq. (I04]) becomes

1 InA

1
Diare = ~7p—2 i (y) = = || In A, 1

where we have used Eq. (I7). In that case, the bare diffusion coefficient is constant.

IX. DRIFT BY POLARIZATION

Let us consider a 2D incompressible flow with a continuous vorticity profile w(y) and let us introduce a test vortex
with a small circulation ~ in that flow. The vorticity profile w(y) may be due to a collection of field vortices with
circulations {73}, in which case it represent their mean vorticity in the limit N, — 400 with 74, ~ 1/Np, but it can
also have a more general origin. We want to determine the drift by polarization experienced by the test vortex due to
the perturbation that it causes to the flow. We use the formalism of linear response theory developed in the previous
sections and treat the perturbation induced by the test vortex as a small external perturbation w.(z,y,t) to the flow.

A. Drift by polarization with collective effects

The Fourier transform of the vorticity of the test vortex is [see Eq. (@3]
e(k,y,0) = e~ "2 5(kU (y) — 0)d(y — yo), (106)

where (29, yo) denotes the initial position of the test vortex. According to Egs. ([21) and (I04]), the Fourier transform
of the total stream function (including collective effects) created by the test vortex is given by

Srot(kyy,0) = /G(k,y,y’,o)@e(k,y’,ff) dy'

:v/Gw%ynk”waumm—way—mmy

VG (k. y, 4o, 0)e” " 5(kU (yo) — o). (107)
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The Fourier transform of the corresponding velocity field in the y-direction Vi, = (dugor)y = —0010r/Ox is

Vty(kv y,0) = _iké"/}tot(ka Y,0)
= —ikyG(k,y, yo,0)e” F05(kU (o) — o). (108)

Returning to physical space, we get
Voo ) = =iy [ d [ 520 kG by a)e 08k o) — o)
- —i% /dk eR@=20=Uo)) 1 Q(k., y, yo, kU (y0)). (109)
The test vortex is submitted to the velocity field resulting from the perturbation that it has caused and, as a result, it

experiences a systematic drift [57]. Applying Eq. (I09) at the position of the test vortex at time ¢ (x = o + U(yo)t,
Y = Yo), we obtain the drift by polarization

Voo = =i [ dkk Gy, UW), (110)
T
Since Vo1 is real, we can write

Voot = / dk kIm Gk, y, y, kU (y). (111)

2

Using the identity from Eq. (CH) we can rewrite the foregoing equation as

ouw’
Vo = 3 [ b [ af BG4/ RO PSRU )~ KU() 55 (12)
Finally, using the identity from Eq. ([@2]), we obtain
Y / / 2 / ow'
=5 [ dk [ dy' |kl|G(k,y,y' kU (y))] 5(U(y)—U(y))ay,- (113)

This is the general expression of the drift by polarization of the test vortex. It returns Eq. (81) of [68].16 The drift
by polarization of the test vortex is due to the retroaction (response) of the perturbation that it has caused to the
mean flow. This is why it is proportional to . The calculation of the polarization cloud created by the test vortex is
detailed in Appendix [El

Introducing the function from Eq. ([@4), the drift by polarization can be written in the more compact form as

ow'
Voo = [ ' . V@)U W) - V) 5 (114)
Using the identity from Eq. ([@8) we get
Xy, yr, U(y)) Ow
pOl = ,7 |U/ 8y (yT)' (115)
If the velocity profile is monotonic, we obtain
x(y,9,U(y)) 0w
Vool = 7o —. 116
P =T )l oy o

The drift by polarization is proportional to the vorticity gradient Vo oc yVw. If v > 0 the test vortex ascends the
vorticity gradient. If v < 0 the test vortex descends the vorticity gradient @]

16 The fact that the drift velocity calculated in this section corresponds to Vpol in Eq. () is justified in Ref. @] by calculating Viot
directly from Eq. (T0).



19

If the vorticity w is due to a collection of N field vortices with circulation {73}, the drift by polarization takes the
form

Vin =3 32 [ [ 1RG0y KOG PAOW) - U T (1)

The other equations remain valid with w = >, wp. If the field vortices have the same circulation v, the velocity field
is monotonic (see footnote 15), and Eq. ([II6]) reduces to

X, y,U(y)) Owp
')l oy

We note the similarity between Eq. (II7) and the expression ([@3) of the diffusion coefficient created by a collection
of point vortices. The main difference is that the drift by polarization involves the gradient of the vorticity instead of
the vorticity itself. In addition the drift by polarization is proportional to the circulation 7 of the test vortex while
the diffusion involves the circulations {~,} of the field vortices.

Remark: The drift by polarization V01 is just one component of the total drift Vi of the test vortex which is given
by Eq. ([@). Substituting Eqs. ([@3) and (I13)) into Eq. ([2) and making an integration by parts, we find that the
total drift is

Vool =7 (118)

=% [t (%a% - 7%) Ao U@)SU) - Uw)). (119)

B. Drift by polarization without collective effects

It is instructive to redo the calculation of the drift by polarization by neglecting collective effects from the start.!”

In that case, the change of the vorticity caused by the external perturbation is determined by the equation

Ow | Ow e dw

W_F W_B:an: ’ (120)
where we have neglected the term 6v in Eq. (20). Written in Fourier space, we get
Qw .
sk, y,a) = ﬁwe(m,@ (121)
Using Egs. (30) and (I0G), the stream function created by the test vortex is
ek, y,0) = YGare(k, v, y0)e ™ 0 5(kU (yo) — 0). (122)
Therefore, according to Eq. (IZI]), the perturbed vorticity field is
A k3, e
ow(k,y,0) = vabare(k, y,yo)e” "(kU (yo) — o). (123)

The Fourier transform of the stream function associated with the perturbed vorticity field is [see Eqs. () and (B2))

5k, y,0) = / Guaro(k, 1,/ )66 (k, o/ ) dyf . (124)

Combining Eqs. (I123) and ([T24), we get
ow’

k& )
5 (k,y,0) =~ / dy' Grare(ky Y, Y') = Ghare (K, ¥, yo)e~F208 (kU (yo) — o). (125)
kUWY') —o

17 We note that we cannot simply replace G by Gpare in Eq. ([II) otherwise we would find Vpol = 0 since Gpare is real. We first have to
use Eq. (CH), then replace G' by Gpare in Eq. (II3)
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The Fourier transform of the corresponding velocity field in the y-direction V,, = (du), = —9d¢/0x is

Vy(k,y,0) = —ikdp(k,y, o)
k@w

WGbarc(k Y yo)e TS (kU (yo) — o). (126)

= —Zk")/ dy/ Gbarc(ka Y,y )

Returning to physical space, we get

. do i(kxz—ot) / ka"" —ikx
Vy(w,y,t) = —iy [ dk 5 € dy kaarc(k,y,y)wiGbarc(k Y yo)e” "8 (kU (yo) — o)

)
Ow'’ .
=y [ [ G2 [ kGl WG RU) = 0) Gl o)™ 54U 4o) )
_ 7 ik(z—z0—U(yo0)t) / "y, 0w’ N /
= 5 [ dke dy kaare(k,y,y)ka ~0(k(U(Y') = U(yo)))Grare (K, ¥, y0)
1k(x—xo— aw
= 3 [ ane e Ly G /) 555U = U 0) Gon ' 30) (127)

where we have used the Landau prescription ¢ — o + i0% and the Sokhotski-Plemelj ﬂm, @] formula (C4) to get
the second line, and Eq. ([@2) to get the last line.

Applying Eq. ([I27) at the position of the test vortex at time ¢ (z = zo + U(yo)t, ¥y = yo) and using the identity
Grare(k, ¥, y) = Goare(k,y,y’) (see Appendix [Bl), we obtain the drift by polarization

ow'’

PR (128)

Vi =3 [k [ ' 1KGroell ot/ POU ) - Ulw)
This is the general expression of the drift by polarization when collective effects are neglected. It can be directly
obtained from Eq. ([[I3) by replacing the dressed Green function G(k,y,y’,kU(y)) by the bare Green function
Ghare(k,y,y") (see footnote 17). Introducing the function from Eq. ([I02)), it can be written in the more compact form

ow’
Vool = / 0 Yo VSV ) = V) 57

M&U( ) (129)

0" (y)| oy "

T

Explicit expressions of the function Xpare(y,%’) are given in Appendix [Bl In the dominant approximation, we have
Xbare(y, ¥') = (1/4)In A. TIf the velocity profile is monotonic, we obtain

are Ow 1 InA Ow
Vool = 7%/7() = : (130)
U] oy~ 10 0y’
where we have used Eq. (BI2).
If the vorticity w is due to a collection of field vortices, the drift by polarization takes the form

Vi =3 32 [t [ Gl o0 0 - U5 (131)

The other equations remain valid with w = ), ws. If the field vortices have the same circulation ~,, the velocity
profile is monotonic (see footnote 15) and Eq. (I31)) reduces to

1 InA Owy

e = DT 0y (152)

X. EINSTEIN RELATION

We consider here the evolution of a test vortex is a sea of field vortices and establish the Einstein relation for a
thermal bath and its generalization for an out-of-equilibrium bath.
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A. Einstein relation for a thermal bath

If the field vortices are at statistical equilibrium with the Boltzmann distribution (&9), the drift by polarization
from Eq. (ITT) can be rewritten as

Voals) =~ w3 [ [y GOk KOGV ) - U)oty
b

—sz:%%/dk/dy’IkIIG(k,y7y’,kU(y))|25(U(y’) —U(y)U(y )ws(y')

63 w03 [ b [ ay K16 FU@)PSU ) - Uy (133)
b

To get the second line, we have used Eq. (7)) and to get the third line, we have used the properties of the d-function.
Recalling the expression ([@3]) of the diffusion coefficient, we obtain

d
Vool(y) = =DByU(y) = —Dﬂvd—j (134)

We see that the drift by polarization Vo1 = =D~V is proportional to the gradient of the stream function (hence
perpendicular to the mean field velocity u = —z x V) and that the drift coefficient is given by a form of Einstein

relation [57, 58
4= Dpy, (135)

like in the theory of Brownian motion @].18 The Einstein relation connecting the drift to the diffusion coefficient is
a manifestation of the fluctuation-dissipation theorem (see the Remark below). We note that the Einstein relation is
valid for the drift by polarization V,e1, not for the total drift which has a more complicated expression due to the term
0D /0y [see Eqs. (2) and ([II9)]. We do not have this subtlety for the usual Brownian motion where the diffusion
coefficient is constant. When g < 0 the drift by polarization is directed towards y = 0 so the point vortices tend
to accumulate at the center of the domain. When S > 0 the drift by polarization is directed away from y = 0 so
the point vortices tend to move to infinity. This is consistent with the results obtained by Onsager ﬂﬁ] from very
general considerations. The drift by polarization therefore provides a mechanism for the self-organization of point
vortices at negative temperatures. The existence of a systematic drift for 2D point vortices in a background vorticity
gradient, and the analogy with Brownian theory, were first discussed by Chavanis ﬂﬁ, @] The drift experienced by
a point vortex is the counterpart of the Chandrasekhar dynamical friction experienced by a star in a stellar system

, , @] They both arise from a polarization process ﬂﬁ, @] The necessity of the drift of point vortices and
the Einstein relation were discussed in Sec. IIT of @] by using very general arguments similar to those given by
Chandrasekhar for stellar systems [27, 28, 31].

Remark: These results can also be obtained by substituting the fluctuation-dissipation theorem (BG]) valid at
statistical equilibrium into the expression ([III)) of the drift by polarization. This yields

Voo (1) = =630 (w) [ k2P, KU ). (130)

Recalling the expression (B7) of the diffusion coefficient, we recover Eq. (I34). In this sense, the Einstein relation is
another formulation of the fluctuation-dissipation theorem. On the other hand, combining Eqs. (82), (I34)) and (I35)
we obtain the relation

+o0
o=y / (V, (0)V, (1)) . (137)

This is a form of Green-Kubo @, @, ] relation expressing the fluctuation-dissipation theorem. There is a similar
relation in Brownian theory, fluids, plasmas and stellar systems relating the friction coefficient to the force auto-

correlation function @, @, @, @, @—@, M]

18 We note that the temperature arising in this expression can be positive or negative. The temperature is negative in situations of most
physical interest [23].
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B. Generalized Einstein relation

We assume here that the vorticity field w is due to a single population of point vortices with circulation -y, that
is not necessarily at statistical equilibrium. In that case, the velocity field is monotonic (see footnote 15) and the
distribution of field vortices does not change on a timescale of the order Ntp (see Sec. [XII)). It forms therefore an
out-of-equilibrium bath. The diffusion coefficient and the drift by polarization are given by Eqs. (I00) and (II8]).
Combining these relations, we obtain

1D81n|wb|'

V =
Pl T By

(138)
This equation can be seen as a generalized Einstein relation for an out-of-equilibrium bath. If the field vortices are
at statistical equilibrium with the Boltzmann distribution from Eq. (G39)), we recover the expression of the drift by
polarization from Eq. ([34).

Remark: Eq. (I38)) can also be obtained by substituting into Eq. (III]) the out-of-equilibrium fluctuation-dissipation
theorem (H4) derived in Appendix [Hl and using Eq. (7).

XI. KINETIC EQUATION WITH AN ARBITRARY VELOCITY PROFILE

The kinetic equation of 2D point vortices can be obtained by substituting the expressions of the diffusion coefficient
@3) and drift by polarization (IIT) into the Fokker-Planck equation (7I]). This provides an alternative derivation
of the Lenard-Balescu equation of 2D point vortices as compared to the one given in ﬂ@ which is based on the
Klimontovich formalism. In this section, we study the general properties of this equation for an arbitrary velocity
profile.

A. Multi-species systems

Substituting Egs. ([@3) and ([[I7) into the Fokker-Planck equation (I]) and introducing the vorticity w, = NavaPl(a)
of each species of point vortices, we obtain the integrodifferential equation

e Qayz/ [ @k lkIG .y UG PO W) - U ) (wfg’ e ‘2‘;) (139)

where w, stands for w, (y, t) and U (y) stands for U(y,t). The mean velocity U(y,t) is determined by the total vorticity
w(y,t) = >, wa(y,t). Equation ([I39) is the counterpart of the multi-species Lenard-Balescu equation in plasma
physics. When collective effects are neglected, i.e., when G(k,y, v, kU (y)) is replaced by Ghare(k,y, V), it reduces to
the multi-species Landau equation. It can be shown @, @] that the kinetic equation (I39) conserves the total energy
E = 1 [widy, the total impulse P = [wydy and the vortex number N, (or the circulation T'y = Nyya = [ w, dy)
of each species of point vortices, and that the Boltzmann entropy S = — 3", f % In % dy increases monotonically:

S > 0 (H-theorem). Furthermore, the multi-species Boltzmann distribution'?

wel(y) = Age” V), (140)

where the inverse temperature [ is the same for all species of point vortices, is always a steady state of the kinetic
equation (I39]). We note that the Boltzmann distribution of the different species of point vortices satisfies the relation

wel(y) = Caplwp ()], (141)
where Cy; is a constant (independent of y). As discussed in Sec. [XIIl the kinetic equation does not necessarily
relax towards the Boltzmann distribution because of the phenomenon of kinetic blocking [62]. The Lenard-Balescu

19 The Boltzmann distribution is the “most probable” distribution of point vortices. It can be obtained by maximizing the Boltzmann
entropy S at fixed energy E, impulse P and vortex numbers N, by introducing appropriate Lagrange multipliers 8 (inverse temperature),
V (translation velocity) and i (chemical potentials) [63, [73]. In the following, for simplicity, we shall work in a frame of reference
where V' = 0. More generally, we have to replace the stream function ¢ by the relative stream function g =% — Vy ﬂm‘]
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equation is valid at the order 1/N so it describes the evolution of the system on a timescale of the order Ntp. It may
be necessary to develop the kinetic theory at higher order to describe the relaxation of the system of point vortices
towards the Boltzmann distribution.

Remark: Substituting Eqs. (87) and (1) into the Fokker-Planck equation (ZI]) we obtain the kinetic equation

Ow, 10 5 O Yo
_ ., Dag |
ot 2ay/dkk [P(kvyakU(y)) oy e Gk vy, KU W) (142)

Using Eqs. @8) and (Chl), we can check that Eq. (IZ2)) is equivalent to Eq. (I39).

B. Moment equations

Introducing the notation from Eq. ([@4) the kinetic equation (I39) can be written as

Ow, 0 , , , , Owg Ouwy,
D [ v Xt U@)I ) = U] (4 G~ s (143)
Using the identity from Eq. (@), we get
0w, x(y, yr, U - Owg 8wb
ot ay Z |U’ ToWp —— By — YaWa oy, ) (144)
Equation ([43) has the form of a Fokker-Planck equation
Ow, 0 Ow, (a)
ot~ ( By Wanol) (145)
with a diffusion coefficient [see Eq. (@3])]
D= Z/dy’x(y,y’, U)oU) = Uy)]vewy, = /dy’x(y,y’, U)oU) — U(y)]ws (146)
b
and a drift by polarization [see Eq. (II1)]
o ow; ow’
Vil =2 3 [ 3l VOSUG) - U 52 =7 [ a3y VUGN U35 (147)
b

In the second equalities of Eqgs. (I48) and ([I47) we have introduced the total vorticity w = ) wa = >, Nayapl(“)
and the second moment wy = Y, Yawa = D, Na*ngl(a) of the vorticity distribution. As explained previously, the
diffusion coefficient D of a test vortex is due to the fluctuation of all the field vortices so it depends on {v,} through
wo. By contrast, the drift by polarization of a test vortex of species a is due to the retroaction (response) of the
perturbation that this point vortex caused on the mean flow w. As a result, V( ) is proportional to 7,.

The equation for the total vorticity is

ow Ow ow' )

a ! ! ! /
S = 5 [ X T - U] (w452 - (148)

This equation depends on the second moment wy. We can write down a hierarchy of equations for the moments
=Y 7w =, Na%’l‘Pl(a). The generic term of this hierarchy is

ow 0 ow ow’
== = d Uy)slU(y') - U 2 — Wn4lm | - 149
o — o [ 3 U - U] (w5~ 52 ) (119
This hierarchy is not closed since the equation for w,, depends on wy, 1.
Remark: If we neglect collective effects, the kinetic equation (I43)) reduces to
ow 0 Owg ow
a _ Y du’ are /5U /_U wWa b 150
= g 2 0 el VW) U ) (e T st (150)

where Xbare(y,y’) is given in Appendix [Bl In the dominant approximation, we have Xbare(y,y’) =~ (1/4) In A.
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C. Thermal bath approximation

We consider a test vortex?® of circulation « in “collision” with field vortices of circulations {v,}. We assume
that the vorticity w;, of the field vortices is prescribed (the validity of this approximation is discussed below). The
velocity profile U(y), which is determined by w = ), wp, is also prescribed. This situation corresponds to the bath
approximation in its general form. Under these conditions, the Lenard-Balescu equation ([[43]) reduces to

8_P _ g / / / _ /a_P _ dwll)
= 5y 2 | WX U@ 0w (e gy P E).

(151)

Equation ([IZI)) governs the evolution of the probability density P(y,t) of finding the test vortex of circulation v in y
at time ¢. It can be written under the form of a Fokker-Planck equation

w2 (D(Z—]; - pvpol) (152)
with
D= Z/dy’x(%y’,U(y))é[U(y’) —U(y)lnw, = /dy’x(y,y’,U(y))ﬂU(y’) —U(y)]wy (153)
b
and
Voo =13 [ @ X/ UWIOW) ~ UL = [y xtof U0 - V) G (159
b

In this manner, we have transformed an integrodifferential equation of the Lenard-Balescu or Landau form [see Eq.
([I43)] into a differential equation of the Fokker-Planck form [see Eq. (&)

This bath approach is self-consistent in the general case only if the field vortices are at statistical equilibrium,
otherwise their distribution w; evolves in time due to discreteness effects. If we assume that the field vortices are at
statistical equilibrium with the Boltzmann distribution ([B9]), corresponding to the thermal bath approximation, the
Fokker-Planck equation (&) becomes

5 = gy [ W V) - U (vt S+ By PU

= 2 X [ x VW) - Vet (G + SPUG)). (155)
b

where we have used Eqs. (I7) and (59)) to get the first equality, and the properties of the d-function to get the second
equality. Using Eq. (7)) again, we can write the Fokker-Planck equation under the form

or _ o op a
ot oy {D(y) (311 toP dyﬂ ’ (150

where D is given by Eq. ([[53]) with the Boltzmann distribution (E9)). Equation (I56) can also be directly obtained
from Eq. ([I52) by using the expression (I34)) of the drift by polarization valid for a thermal bath (Einstein relation).
The Fokker-Planck equation (I506) conserves the normalization condition [ Pdy = 1 and decreases the free energy

F =E—TS with E = [yP¢dy and S = — [ Pln P dy monotonically: F <0 (canonical H-theorem). It relaxes
towards the Boltzmann distribution

Peg(y) = Ae” P10, (157)

Since the Fokker-Planck equation (I50]) is valid at the order 1/N, the relaxation time of a test vortex in a thermal
bath scales as

Rt Ntp, (158)

20 This can be a single point vortex or an ensemble of noninteracting point vortices of the same species. In the second case, we take into
account the collisions between the test vortices v and the field vortices {75}, but we ignore the collisions between the test vortices.
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where tp is the dynamical time. The Fokker-Planck equation (I56]) for a test vortex is similar to the Smoluchowski
112] equation describing the evolution of an overdamped Brownian particle submitted to an external potential .
The Smoluchowski equation for a test vortex evolving in a sea of field vortices is the counterpart of the Klein-Kramers-
Chandrasekhar equation m—@, 113, M] for a test star evolving in a stellar system. The relaxation of a system of
point vortices towards statistical equilibrium is due to a competition between diffusion and drift m, @] Similarly, the
relaxation of a stellar system is due to a competition between diffusion and friction ﬂﬂ, , @] We note that 2D point
vortices do not have inertia. This is why they resemble overdamped Brownian particles described by the Smoluchowski
equation in configuration space rather than inertial Brownian particles described by the Kramers equation in phase
space.

Remark: In the thermal bath approximation, substituting the fluctuation-dissipation theorem (B8] into the kinetic

equation ([42) and using Eq. (7)), we obtain
oP dz/))

oP 10 )
=5 [ kP U w) <a—y +IPe

This equation is equivalent to the Fokker-Planck equation ([I5G). The diffusion coefficient D is given by Eqs. (@S]
and (8T7) which return Eq. ([I53).

(159)

D. Pure diffusion

When v < 7, the drift by polarization can be neglected (Vo1 = 0) and the test vortex has a purely diffusive
evolution. In that case, the Fokker-Planck equation ([I52) reduces to

opP 0 opP
5 = (75) e

where D is given by Eq. ([I23]). We note that the diffusion coefficient D depends on the circulations {~,} of the field
vortices through the second moment wo. This reflects the discrete nature of the field vortices. On the other hand, the
diffusion coefficient does not depend on the circulation v of the test vortex.

Remark: Since the diffusion coefficient depends on y and since it is placed between the two spatial derivatives 0/0y,
Eq. ([IG0) is not exactly a diffusion equation. It can be rewritten as Eq. (G8]) showing that the test vortex experiences

a drift [see Eq. (2]

oD
Viot = ——- 161
o = G (161)

E. Pure drift

When v > 73, the diffusion can be neglected (D = 0) and the test vortex has a purely deterministic evolution. In
that case, the Fokker-Planck equation ([I52]) reduces to
oP 0
— = — (—PVpa1), 162
at ay ( POI) ( )
where Vo1 is given by Eq. ([I54). We note that the drift by polarization Vo is proportional to the circulation vy of
the test vortex. On the other hand, it depends only on the mean vorticity field w, not on the individual circulations
{1} of the field vortices reflecting their discrete nature. As a result, Eq. ([I62]) remains valid when a test vortex of
circulation 7 evolves in a continuous vorticity field w which is not necessarily due to a collection of point vortices.
Remark: The deterministic motion of the test vortex induced by the drift term can be written as

dy

dt
and we have Vio, = Vo [see Eq. ([@2)]. This equation describes the drift of a point vortex in a mean flow. This
is the counterpart of the sinking satellite problem in stellar dynamics ﬂa] The change of energy of the test vortex
is € = yUVpo1. This relation can be obtained by taking the time variation of E = v [ Py dy, using Eq. (I62), and
integrating by parts. Using the general expression (I12)) of the drift term, we obtain

= Voot (5. 1). (163)

dw’

=2 [k [y HEU GG KU PSRU ) ~ KU () T (164)
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For a stationary flow of the form w = w(v), we find that

2 1

. dw
e= T [k [ ay WUGPIGE .o/ RUGDPSRU ) - KUG) T (165)
Therefore € is negative if dw/di < 0 and positive if dw/dy > 0. In the first case, the test vortex loses energy to the flow
and in the second case it gains energy from the flow. For the Boltzmann distribution (E9), we have dw/dy = —Bws

111)]. Therefore, dw/diy) < 0 corresponds to 8 > 0 (positive temperature) and dw/di) > 0 corresponds to f < 0
(negative temperature).

XII. KINETIC EQUATION WITH A MONOTONIC VELOCITY PROFILE

In this section, we study the general properties of the kinetic equation of 2D point vortices when the velocity profile
is monotonic.

A. DMulti-species systems

If we velocity profile is monotonic, using identity (@), the kinetic equation (I43)) becomes?!
X(,y,U(y)) Owaq Owy
— Wp—— — VaWa—— | - 166
t 8y |U, (/Yb b 8y YaWa 31/) ( )

It can be written as a Fokker-Planck equation of the form of Eq. ([43]) with a diffusion coefficient [see Eq. (@)

x(y,y,U x(y,y,U(y))
D= === 167
K e = X (6
and a drift by polarization [see Eq. (I1G)]
Xy, y,U(y)) Ouwyp X, y,U(y)) 0w
pol = Ya / a = Ya ! a_ (168)
U)oy U'(y)l Oy

Equation (I66) conserves the energy, the impulse and the vortex number of each species, and satisfies an H-theorem
for the Boltzmann entropy. At equilibrium, the currents J, defined by dw,/dt = —9.J,/dy vanish (for each species),
and we have the relation

w(y) = Caplwp ()], (169)

a

where Cyp is a constant (independent of y). This relation is similar to Eq. (I4I]) which was obtained in the case
where the equilibrium vorticity is given by the Boltzmann distribution (I40). However, it is important to mention
that Eq. ([I66) does not relax towards the Boltzmann distribution (see below). Therefore, the equilibrium vorticity
distribution w$4(y) in Eq. (I69) is generally not given by Eq. (I40I).

Equation (I48) for the total vorticity reduces to

Ow
— =0. 170

T (170)
This equation is closed and shows that the average vorticity profile does not change (the total current vanishes). This
kinetic blocking is discussed in more detail in the following section. We note, by contrast, that the vorticity wp, of

the different species evolves in time. Because of the drift term (see Sec. [X]) the vortices with large positive (resp.

21 Tt is possible that, initially, the velocity profile is non-monotonic but that it becomes monotonic during the evolution. In that case, the
evolution of the vorticity is first described by Eq. ([I43)), then by Eq. (IGG).
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negative) circulation tend to concentrate around maxima (resp. minima) of vorticity. The hierarchy of equations for
the moments of the vorticity, Eq. ([49), reduces to

% _ a% [x(y|,Uz//,(yU)(|y)) ( 2%_021 _“n+1%)]' (171)

This hierarchy of moments is not closed (for n > 2) since the equation for w,, depends on wy, 1.
Remark: If we neglect collective effects, the function x(y,y,U(y)) can be replaced by Xbare(y,y) = ilnA (see
Appendix [B]) and the kinetic equation ([I6G]) reduces to

ow, 1 0 1 Owq Owy
el IS WY N Ha w20, 172
o~ 1y 2 ) (w0057 (172

The subsequent equations (I&7)- (1) can be simplified similarly.

B. Single-species systems

For a single species gas of point vortices, the Lenard-Balescu equation ([I43) reduces to

!/
Ow , 0w Ow ) (173)

S =i [ X O - V) (5 - w5

Since the velocity profile of a single species gas of point vortices is monotonic (see footnote 15) we find, using identity

[@]), that

dw D [, 1, dw oW\

We recall that the Lenard-Balescu equation (I'73)) is valid at the order 1/N so it describes the evolution of the average
vorticity on a timescale Ntp under the effect of two-body correlations. Equation (I74)) shows that the vorticity
does not change on this timescale (the current vanishes at the order 1/N). This is a situation of kinetic blocking
due to the absence of resonance at the order 1/N.?2 The vorticity may evolve on a longer timescale due to higher
order correlations between the point vortices. For example, three-body correlations are of order 1/N? and induce an
evolution of the vorticity on a timescale N2 tp.

Remark: The same situation of kinetic blocking at the order 1/N occurs for 1D homogeneous systems of material
particles with long-range interactions such as 1D plasmas and the HMF model above the critical energy ﬂﬁ, @] In
that case, an explicit kinetic equation has been derived at the order 1/N? @, @] This equation does not display
kinetic blocking and relaxes towards the Boltzmann distribution. In that case, the relaxation time scales as N2tp.
The same results are expected to hold for unidirectional or axisymmetric distributions of 2D point vortices. By
contrast, for more general flows that are neither unidirectional nor axisymmetric, the kinetic equation of 2D point
vortices is given by Eq. (128) or Eq. (137) of [58] (see also Eq. (54) in [63] and Eq. (16) in [62]) and the collision term
does not necessarily vanish.?? In that case, the system may relax towards the Boltzmann distribution on a timescale
Ntp. The same situation holds for 1D inhomogeneous systems of material particles with long-range interactions such
as 1D self-gravitating systems and for homogeneous or inhomogeneous systems of material particles with long-range
interactions in d > 2 which relax towards the Boltzmann distribution on a timescale Ntp @, @]

22 For an axisymmetric distribution of point vortices, the angular velocity profile is not necessarily monotonic, even in the single-species
case. As long as the angular velocity profile is nonmonotonic there are resonances leading to a nonzero current (J # 0). However, the
relaxation stops (J = 0) when the profile of angular velocity becomes monotonic even if the system has not reached the Boltzmann
distribution of statistical equilibrium. This “kinetic blocking” for axisymmetric flows is illustrated in IE}

23 This is because there are potentially more resonances at the order 1/N for complicated flows than for unidirectional and axisymmetric
flows. Similarly, resonances appear for inhomogeneous 1D systems with long-range interactions that are not present for homogeneous
1D systems [115].
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C. Out-of-equilibrium bath

The kinetic equation governing the evolution of a test vortex of circulation v in a bath of field vortices with
circulations {75} and vorticities {wp} is given by Eq. ([IEI). If the velocity profile is monotonic, using identity (@8],
this Fokker-Planck equation becomes

Xy, U(y)) oP dwy
- = P2, 175
ot 3y Uy (wa oy "y ) (175)
It can be written as Eq. (I52) with
Xy, U Xy, U(y))
D= - X9 9,V ) 176
U"(y %wb T ()] w2, (176)
and
Xy, U(y)) dwy,  x(y,y,U(y)) dw
SEPNESCAL ARty 177
Voo =12 o)) dy ) 107G dy a7

If we neglect collective effects, the function x(y,y, U(y)) can be replaced by xpare(y,y) = % In A (see Appendix [B]). As
explained in Sec. [XI'C] this approach is self-consistent in the multispecies case only if the field vortices are at statistical
equilibrium with the Boltzmann distribution from Eq. (E9) otherwise their distribution evolves under the effect of
collisions (see Sec. [XI[Al). However, if the field vortices have the same circulation, their distribution does not change
on a timescale Ntp (see Sec. [KITB)). They are in a blocked state. In that case, the bath approximation is justified
(on this timescale) for an arbitrary vorticity field wy, not only for the Boltzmann distribution. The Fokker-Planck
equation (78] can then be rewritten as

oP 0 OP v _dln|wp
oty [D(y) (311 Wy )] (178)
with

D = X T, = X U ) (179)

This equation can also be directly obtained from the Fokker-Planck equation ([I52)) by using the expression of the drift
by polarization given by Eq. (I38) and the diffusion coefficient from Eq. (I00). The distribution of the test vortex
relaxes towards the equilibrium distribution

Peg(y) = Alwp [ (180)

on a relaxation time t2" ~ Ntp.
Remark: In the bath approximation, substituting the out-of-equilibrium fluctuation-dissipation theorem (H4) into
the kinetic equation ([42)), we obtain

oP 10
ot 20y

OP v _dln |wb|) ' (181)

dk k2P (k,y, kU <———P
(k. y, kU (y)) oyl dy

This equation is equivalent to the Fokker-Planck equation (I78). The diffusion coefficient D is given by Eqs. (&)

and (3] which return Eq. ([I79).

D. Thermal bath

In the thermal bath approximation, using Eq. (B9), the Fokker-Planck equation (I78) reduces to

2o
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in agreement with Eq. (IB0). When the field vortices have the same circulation 43, the equilibrium stream function
can be calculated analytically (see Appendix [G)) yielding

- {cosh (W)} (8 <0). (183)

The equilibrium distribution of the test vortex is given by [see Eq. (IE7)) with Eq. (IZ3))]

P =

A
COSh’ZY_z ( |ﬂh4bfby> ’

Peq(y) = (184)

where A is a constant determined by the normalization condition f j:oo P.q(y) dy = 1. On the other hand, if we neglect
collective effects, the diffusion coefficient (I79) has a constant value given by

1
D = Xpare(¥, ) || = ZI%I In A, (185)

where we have used Eq. (BIZ2). When the diffusion coefficient it constant, it is possible to transform the Smoluchowski
equation ([I82) into a Schrédinger equation with imaginary time [73,[91]. Indeed, making the change of variables

Py,t) = B(y, t)e” 27100, (186)

we obtain after simplification the Schrédinger-like equation

%—f = 227? - V(y)® (187)
with the effective potential
Loa @0 1 (dg)?
V(y) = —5Dﬁ7d—y2 + DB (d—y) : (188)

When the stream function is given by Eq. ([I83) we explicitly obtain

Yo
1-|-V

1
V(y)= —DB*~*T2 11— — ¥
W)= 1gPF T cosh? (12L3Tar

(189)

This is a Rosen-Morse [71] (or Péschl-Teller [72]) potential. Interestingly, the Smoluchowski equation (I82) with the
potential from Eq. (I83) can be solved analytically [73].

XIII. 2D BROWNIAN POINT VORTICES

In the previous sections, we have considered an isolated system of 2D point vortices described by N-body Hamilto-
nian equations (see Appendix[A]). This is the Kirchhoff m] model. It is associated with the microcanonical ensemble
where the energy E of the system is conserved. When N — 400 with v ~ 1/N, the collisions between vortices are
negligible and the evolution of the mean vorticity is described by the 2D Euler-Poisson equations (@) and (I3]). These
equations generically experience a process of violent relaxation towards a quasistationary state (QSS) on a few dynam-
ical times tp.?* On a longer timescale ~ Ntp, the evolution of the mean vorticity is governed by the Lenard-Balescu
equation ([I39)), which is valid at the order 1/N. This equation takes into account the collisions between the vortices.
For general flows that are not unidirectional or axisymmetric, the kinetic equation of point vortices [see Eq. (128) or
Eq. (137) of @]] is expected to relax towards the Boltzmann distribution with energy E on a timescale tgp ~ N tp.
For unidirectional flows and for axisymmetric flows with a monotonic profile of angular velocity, the Lenard-Balescu

24 This metaequilibrium state, which is a stable steady state of the 2D Euler-Poisson equations, may be an unidirectional or axisymmetric
flow (as considered in this paper) or have a more complicated structure.
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equation (for a single species system of point vortices) reduces to dw/0t = 0. This leads to a situation of kinetic
blocking E] In that case, the relaxation towards the Boltzmann distribution (B9) with energy FE is described by a
kinetic equation valid at the order 1/N? but the collision term of this equation is not explicitly known (see, however,
Refs. @ @ in the case of material particles with long-range interactions). It is expected to relax towards the
Boltzmann distribution on a timescale tg ~ N2tp.

In Ref. ﬂﬂ] we have formally introduced a system of 2D Brownian point vortices described by N-body stochastic
Langevin equations?®

dr; T i —T '7] r,—r
— =z X D
a - 27T|I‘ —r|2+6 %Z -—rj|2

+V2DR,(1), (190)

where ¢ = 1,...,N label the point vortices and R;(t) is a Gaussian white noise satisfying (R;(t)) = 0 and
<Rf‘(t)R?(t')> = 0;j0a30(t —t'). As compared to the Kirchhoff model (first term), this Brownian model includes
a drift velocity (second term) and a random velocity (third term). This corresponds to the canonical ensemble where
the temperature T is fixed. This Brownian model could describe the motion of quantized 2D point vortices in Bose-
Einstein condensates and superfluids, where the fluctuations and the dissipation (drift) are caused by impurities. When
N — 400 with v ~ 1/N, the collisions between the vortices are negligible and the evolution of the mean vorticity is
described by a mean field Fokker-Planck equation which has the form of a system of 2D Euler-Smoluchowski-Poisson
equations

Z—L: +u-Vw=V-[D(Vw+ fywVv)], (191)

w=—Ay. (192)

These equations relax towards the Boltzmann distribution (B9)) with temperature T" on a diffusive (Brownian) timescale
tg ~ L?/D, where L is the system size. When D — 0, these equations first experience a process of violent relaxation
towards a QSS on a few dynamical times tp before slowly relaxing towards the Boltzmann distribution (B9), as
discussed in [119] in the context of the BMF model.2

The 2D Euler-Smoluchowski-Poisson equations ([[91]) and ([[92]) associated with the canonical ensemble are struc-
turally very different from the Lenard-Balescu equation (I39) associated with the microcanonical ensemble. They are
also very different from the Smoluchowski equation ([I50) describing the evolution of the mean vorticity of a system
of noninteracting test vortices in a thermal bath of field vortices at statistical equilibrium. In that case, the stream
function ¢ (y) is determined by the equilibrium distribution of the field vortices whereas in Eqs. (I91) and (I92)
the stream function ¥(r,t) is self-consistently produced by the distribution of the point vortices itself. Furthermore,
the 2D Euler-Smoluchowski-Poisson equations (I91) and (I92) are valid when N — 400 while the Lenard-Balescu
equation ([I39) and the Smoluchowski equation ([50]) are valid at the order 1/N.

The 2D Boltzmann-Poisson equations may admit several equilibrium states.?” The 2D Euler-Smoluchowski-Poisson
equations describe the evolution of the mean vorticity towards one of these equilibrium states which is stable in the
canonical ensemble. Following ﬂﬁ, ], if we consider the evolution of 2D Brownian point vortices on a mesoscopic
scale, we have to add a stochastic term in the kinetic equation. This noise term arises from finite IV effects and takes
fluctuations into account (note that we are still neglecting the collisions between the vortices). This leads to the

25 We have similarly introduced a system of self-gravitating Brownian particles in Ref. ] and a system of Brownian particles with a
cosine interaction, called the Brownian mean field (BMF) model, in Ref. [11§].

When N is finite and N2 < 1/D, the system may first achieve a QSS on a timescale tp, followed by a microcanonical equilibrium state
at energy F on a timescale tg ~ Ntp or tg ~ N2tp (depending on the structure of the flow), itself followed by a canonical equilibrium
state at temperature T on a timescale tg ~ L2/D (see Ref. }) When the fluctuations are taken into account, the phenomenology
is even richer as discussed at the end of this section and in Sec. XVI}

This is the case in a shear layer where the statistical equilibrium state may be either unidirectional (jet) or have the form of a large
scale vortex Im] This is also the case when the point vortices have positive and negative circulations. In that case, the statistical
equilibrium states have the form of monopoles, dipoles or even tripoles , ] In the present section, we write the equations for a
single species gas of point vortices, but these equations can be straightforwardly generalized to a multi-species gas (see e.g. Iﬁ, m}
and Appendix [I).

26

27
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stochastic 2D Euler-Smoluchowski-Poisson equations m]%

g—i +u-Vw=V":[D(Vw+ BywV)] [\/ 2DywR(r,t) } (193)

w=—Ay, (194)

where R(r,t) is a Gaussian white noise such that (R(r,¢)) = 0 and (R;(r,t)R,(x',t)) = 0;;0(r —r')5(t —¢'). When the
2D Boltzmann Poisson equations admit different equlhbrlum states, Eqs. (II%I) and ([I94)) can be used to study random
transitions from one state to the other (see Ref. _ in a s1m1lar context). The probability of transition is given
by the Kramers formula, which can be established from the instanton theory associated with the Onsager-Machlup
functional [124, [127].

The equation for the velocity field corresponding to Eqs. ([33) and (3] reads [75)]

Ou 1
i +(u-V)u=—-VP+ DAu — pwu + /2Dywz x R(r, t), (195)
p
where p = Dfv is the drift coefficient. Since 8 < 0 in the most relevant situations, the term —puwu represents a
nonlinear anti-friction (forcing) proportional to wu that opposes itself to the diffusion term DAu.

For unidirectional flows (possibly resulting from a process of violent relaxation), the stochastic Smoluchowski-
Poisson equations ([I93]) and ([[94) become

Ow 0 Ow 81/1 8

2
we _g—yf. (197)

Using Eq. (), they can be combined into a single equation for the velocity field

ouU 02U ou
Frie Da—y2 + uUa—y —/—2DyU'(y)R(y,t). (198)

If we set v = —uU, the foregoing equation may be rewritten as

ov ov
— = D— \/2D ,t)R(y, 199
ot Yoy + pyv'(y, ) Ry, ¢ (199)

It can be viewed as a stochastic (noisy) viscous Burgers equation for a pseudo “velocity” field v(y,t) with a viscosity
D. If we neglect the noise, it reduces to the viscous Burgers equation

v v 0

— — =D—;. 200

ot "oy~ Vo (200)
This analogy allows us to solve the 1D Smoluchowski-Poisson equation analytically by using the Cole-Hopf transfor-
mation [73]. We note that the stationary solution of Eq. 200) is [see Eqs. (G7)]

1 r
v = §ul" tanh <|m#) (201)

Remark: Equations (I93) and (I94)) or Eqs. (I96) and ([I97) take into account finite N effects (y ~ 1/N) which
are responsible for the noise term (fluctuations) but they ignore the collisions between the point vortices that would
lead to the Lenard-Balescu collision term, as well as the correlations arising from the noise term. The correlations

arising from the noise term induce an additional nonlinear diffusion of the mean vorticity (on a timescale Ntp) which
is discussed in Sec. XVII

28 The evolution of the discrete (exact) vorticity field wq(r, t) = 1 ~:i0(r—r;(t)) is also determined by stochastic 2D Euler-Smoluchowski-
Poisson equations of the form of Egs. (I93) and ([I94) with w and 1 replaced by wg and g Iﬁ @] Taking the ensemble average of
these equations and making a mean field approximation (N — +oco with v ~ 1/N), we obtain Egs. (I3I) and (I92). Keeping track of
the fluctuations at a mesoscopic scale, we obtain Egs. (I93) and (I94).
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XIV. SECULAR DRESSED DIFFUSION EQUATION

In this section, we consider the case where a continuous incompressible 2D flow?? is submitted to an external
stochastic velocity field u. [see Eqgs. (@)-)]. We consider a rather general situation where the external forcing is
not necessarily induced by point vortices. We show that, under the effect of the external forcing, the evolution of
the mean flow satisfies a SDD equation. We derive the SDD equation from the Klimontovich equation and from the
Fokker-Planck equation and analyze its main properties.

A. From the Klimontovich equation

Under the assumptions of Sec. [l the basic equations governing the evolution of the mean vorticity w(y,t) of a
unidirectional flow3" forced by an external perturbation are given by Eqs. (IJ) and @0). Introducing the Fourier
transforms of the fluctuations of vorticity and stream function, these equations can be rewritten as

/’/ /W/M k) el ko=t iK' a =o' (56 (k. y, ) 6o (K, y, o)), (202)

Ow
Sk, y, o) = %&M(k,ym, (203)
and they can be combined into
do , [ do’ z(km ot) yi(k z—0't) kg—iﬁ 7 N / /
_t 8y/ / /dk / m<5¢tot(kay70)5¢tot(k 1Y,00)). (204)

Introducing the power spectrum of the fluctuations from Eq. (B5]) we obtain

/ /2w W) —o! o). (205)

Recalling the Landau prescription ¢ — o + i0% and using the Sokhotski-Plemelj formula (C4)), we can replace
1/(kU(y) — o —i0") by +ind(kU(y) — o). Accordingly,

E —F—/dk/—k2 )—O')P(k,y,d)(;—(;. (206)

Integrating over the d-function (resonance), we get

o _10
ot 20y

ow

dk k*P(k, vy, kU(y))a—y. (207)

Therefore, the secular evolution of the mean vorticity w(y,t) sourced by the external stochastic perturbation is
governed by a nonlinear diffusion equation of the form

ow o ow
S — 5 (w3 (205)
with a diffusion coefficient
1
Dlysw] = 5 [ dkk2P(h, KU W), (209)

29 This could be an intrinsically continuous flow (see the Remark at the end of Sec. [[)) or a gas of point vortices in the mean field limit
N — 400 with v ~ 1/N where the collisions between the point vortices are negligible.

30 This configuration, which is a steady state of the 2D Euler equation, may be imposed initially or result from a process of violent
relaxation.
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Using Eq. 37), we can express the diffusion coefficient in terms of the correlation function of the external vorticity
field as

Dlyl =5 [y’ [ dbIIG Uy, KU )PC R U W) (210)

The diffusion coefficient depends on the correlation function of the external perturbation C’(k:,y’,a) and on the
response function G(k,y,y’,0) of the flow evaluated at the resonance frequencies o = kU(y). As a result, the
diffusion coefficient D[y, w] depends on the position y and on the vorticity w(y,t) itself through the response function
G(k,y,y', kU (y)) defined by Eq. [28)). It also depends implicitly on w(y,t) through U(y,t). Equation (208) with the
diffusion coefficient from Eq. (2I0) is therefore a complicated integrodifferential equation called the SDD equation.
This is the counterpart of the SDD equation derived in Ref. ﬂﬁ for homogeneous systems of material particles with
long-range interactions forced by an external stochastic perturbation.?® When collective effects are neglected, i.e.,

when we replace G(k,y, vy, kU (y)) by Gbare(k,y,y") in Eqs. ([2I0), we obtain

Dbarc ZJ7 /dy /dkk Gbarc k » Ys y) C(kvylka(y)) (211)

In that case, Eq. (208) is called the SBD equation.

Remark: If our system consists in a gas of point vortices with individual circulation v ~ 1/N and N > 1 (large but
finite), the SDD equation describes the diffusive evolution of this near-equilibrium system caused by the fluctuations
of the stream function induced by the external perturbation. The evolution timescale is intermediate between the
violent collisionless relaxation time ~ tp and the collisional relaxation time ~ Ntp or ~ N2tp.

B. From the Fokker-Planck equation

The SDD equation (208]) can also be derived from the Fokker-Planck equation (7I)). If our system is a continuous
vorticity field or an ensemble of point vortices with circulation v ~ 1/N in the collisionless limit N — 400, the drift
by polarization, which is proportional to v (see Sec. [[X]), vanishes

Vool = 0. (212)

Indeed, the perturbation on the system caused by the test particle is negligible. In that case, the Fokker-Planck

equation ([{I)) reduces to
ow 0 ow
—=—\(D— . 21
5= (75) (213)

The diffusion coefficient can be calculated as in Sec. [VIIL Alreturning the expression from Eqs. ([209)-(@2I1)). Therefore,
the Klimontovich approach and the Fokker-Planck approach coincide.

Remark: We note that, in Eq. [213), the diffusion coefficient is “sandwiched” between the two spatial derivatives
d/0y in agreement with Eq. [208). As explained in Sec. [VIIl this is not the usual form of the Fokker-Planck equation
which is given by Eq. (G8]). Therefore, the test vortex experiences a drift [see Eq. (T2)]

oD

‘/tot = a_ya (214)

arising from the spatial inhomogeneity of the diffusion coefficient.?? Using Eqs. (€3) and (ZQ), the relation ZI4) can
be written as

(Ay) 19 ((Ay)?)
ol = s (215)

9
oy At

31 A similar, but different, equation is derived in Refs. , ] See Ref. ] for a comparison between these two approaches.
32 This formula is established by a direct calculation in Sec. 4.4 of [68].
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C. Properties of the SDD equation

Some general properties of the SDD equation (208) can be given. First of all, the circulation of the system ' = [wdy
is conserved since the right hand side of Eq. (208)) is the divergence of a current. By contrast, the energy and the
impulse of the system are not conserved, contrary to the case of the Lenard-Balescu equation @], since the system
is forced by an external medium. Taking the time derivative of the energy

E= %/wz/}dy, (216)

using Eq. (208), and integrating by parts, we get
/ Dly a‘“ 81/’ (217)
In general, F has not a definite sign. However, for w = w(1) we find that E = — [ W' (¥)D (0 /0y)* dy > 0. When

w'(1)) <0, the energy is injected in the system and when w’(1)) > 0 the energy is absorbed from the system. For the
impulse P = [wydy, we find that P = — [ Dg—‘; dy. Finally, introducing the H-functions

_ / Cw) dy, (218)

where C'(w) is any convex function, we get

s= [ pply (‘2—;’) dy. (219)

Because of the convexity condition C” > 0 and the fact that D is positive (see Sec. KIVA), we find that S > 0.
Therefore, all the H-functions increase monotonically with time. This is different from the case of the Lenard-Balescu
equation where only the Boltzmann entropy increases monotonically @]

D. Connection between the SDD equation and the multi-species Lenard-Balescu equation

Let us discuss the connection between the SDD equation (208)) with Eq. ([ZI0) and the multi-species Lenard-Balescu
equation (I39). The Lenard-Balescu equation governs the evolution of the vorticity w,(y,t) of point vortices of species
a under the effects of “collisions” with point vortices of all species “b” (including the point vortices of species a) with
vorticity wy(y’, t). The dressed Green function is given by Eq. ([28) where w(y, t) denotes the total vorticity >, wy(y,t)
and U(y,t) is the corresponding velocity field. The set of equations (I39), in which all the vorticities w,(y,t) evolve
in a self-consistent manner, is closed.

We now make the following approximations to simplify these equations. The point vortices of circulation =y, with
vorticity wq(y,t) form our system. They will be called the test vortices. The vortices of circulation {7}y, with
vorticities {wy(y, t) }p£q form the external — background — medium. They will be called the field vortices. We take into
account the collisions induced by the field vortices on the test vortices but we neglect the collisions induced by the
test vortices on the field vortices and on themselves. This approximation is valid for very light test vortices v, < s
or, more precisely, in the limit N, — 400 with v, ~ 1/N, (see Sec. XID). Finally, the vorticities {wy(y, t)}sq of the
field vortices are either assumed to be fixed (bath) or evolve according to their own dynamics (i.e. following equations
that we do not write explicitly). Under these conditions, the kinetic equation (I39) reduces to

&ua awa

= gy 30 7 [ ARG KPS U e (220)

This equation can be interpreted as a nonlinear diffusion equation. The diffusion arises from the discrete distribution
of the field vortices which creates a fluctuating velocity field (Poisson shot noise) acting on the test vortices. For
that reason, the diffusion coefficient of the test vortices is proportional to the circulations {v;} of the field vortices.
The diffusion coefficient has no contribution from vortices of species a. The condition v, < 7, justifies neglecting
the fluctuations induced by the test vortices on themselves. On the other hand, the drift by polarization vanishes
(Voor = 0). Indeed, since the circulation v, of the test vortices is small, the test vortices do not significantly perturb
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the vorticity of the medium, so there is no drift by polarization (no retroaction). As a result, the circulation v, — 0
of the vortices of species a does not appear in the kinetic equation (220]).
Equation ([220) can be written as a SDD equation

ow 0 ow
5 (w3 (221)

with a diffusion tensor
1
Dlyl =5 Y [ dy' [ ab b6k vy K@)V ) Ul (222)
b

where we have droped the subscript a for clarity. The expression ([222]) of the diffusion coefficient is consistent with
Eq. @I0) where C(k,y,0) is the bare correlation function of the vorticity field created by a discret collection of field
vortices of circulations {74} given by Eq. {@T). To exactly recover the SDD equation ([208) with Eq. (2I0), we have
to replace w(y,t) + >, wy(y) by w(y,t) in the dressed Green function. This assumes that the external medium — field
vortices — is non polarizable (i.e. collective effects can be neglected) while our system — test vortices — is polarizable
(i.e. collective effects must be taken into account).?® As we have already mentioned, the SDD equation (221 is a
nonlinear diffusion equation involving a diffusion coefficient which depends on the distribution function of the system
w(y,t) itself. Tt is therefore a complicated integrodifferential equation.

E. SDD equation with damping

Let us add a small linear damping term —aw on the right hand side of the SDD equation (2I3)) in order to account
for a possible dissipation. This yields

Oow 0 ow
o oy (D[y,w]a—y) — aw. (223)

The general behavior of this nonlinear equation is difficult to predict because it depends on the correlation function
of the external potential. Furthermore, since the diffusion tensor is a functional of w, the SDD equation presents a
rich and complex behavior. It may relax towards a non-Boltzmannian steady state determined by

0 ow
gy (Plilgy ) —ew=0 .

or exhibit a complicated (e.g. periodic) dynamics. Using Eq. (), we can rewrite Eq. [223]) in terms of the velocity
field U(y,t) as

ou 0%U

The stationary solution of this equation is a jet profile U(y) determined by

Q2U U
bl V. S 226
dy?> ~ "Dy, U] (226)

Since D generically depends on U (the diffusion coefficient is a functional of U), this equation is a very nonlinear
equation that has nontrivial solutions. If we assume that the external noise is due to N point vortices and if the
velocity field is monotonic we have (see Sec. [VIITBI)

B X(y:9.Uy))
D= ; T |U/(y)| b(y)a (227)

33 In the present case, Eq. ([2ZI) with Eq. (22) is more accurate than the SDD equation (Z08) with Eq. (ZI0) because it takes into
account the polarizability of the external medium.
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where we have assumed that U(y,t) is produced by w(y,t) only. If we neglect collective effects and assume that ws(y)
is uniform, we find that D ~ 1/|U’(y)|. On the other hand, when D is constant,* Eqs. [225) and ([2286]) reduce to

oU 0*U
2 _pl = _ 22
5 52 alU (228)
and
0%U
Da—y2 —alU =0. (229)

In that case, Eq. [229) leads to an exponential jet: U(y) = e~ Y.

Remark: These results are similar to the results obtained for zonal jets in the context of forced 2D turbulence
M] This connection is not unexpected since these approaches are based on the quasilinear theory of the
2D Euler equation (see an early work in Ref. [141] in the context of the theory of violent relaxation). The fact
that the diffusion coeflicient is generically inversely proportional to the local shear, D ~ 1/|X|, with ¥ = —U’(y)
for unidirectional flows and ¥ = r(d/dr)(Uy/r) for axisymmetric flows, was pointed out in [57, 58]. Therefore, the
diffusion is generically reduced as the shear increases. However, the forcing that we consider in this section is different
from the forcing considered in Refs. [129-1140]. Therefore, the approaches and the results are substantially distinct
and complementary to each other.

F. SDD equation with drift

By analogy with the Smoluchowski equation (I56) or (I91]), we can heuristically add a drift term on the right hand
side of the SDD equation (2I3)). This leads to an equation of the form

ow 0 Ow oY
- (D[y,w]a—y ; Mwa—y) | (230)

where 1) is either a given external stream function or the self-consistent stream function produced by the vorticity
field w. In this latter case, using Eq. ([IT), we can rewrite Eq. ([230) in terms of the velocity field U(y,t) alone as

ou 02U ou
— =D — —_—. 231
If we set v = —pU, we get
v v 0*v
— — =D —. 232
5+ = Dlvvlgg (232)

This equation is similar to a viscous Burgers equation with a viscosity D[y, v] which is a functional of the pseudo
“velocity” v(y,t).> The stationary solutions of Eqs. [230) and [@231) satisfy

0 Ow oY

" <D[y,w]a—y n uwa—y> —0. DU

02U oU
57 tHUg, =0 (233)

G. Stochastic SDD equation

The SDD equation ([230)), which is a deterministic partial differential equation, describes the evolution of the mean
vorticity w(y,t). If we take fluctuations into account, by analogy with the results presented in [75], we expect that
the mesoscopic vorticity w(y,t) will satisfy a stochastic partial differential equation of the form

0w 0 N TR IS
ot oy (D[y""]a_y +Hwa—y) + 6_y(y’t)’ (234)

34 This is the case, for example, when the external perturbation is created by a random distribution of point vortices with equal circulation
W when collective effects are neglected, and when U(y,t) in the diffusion coefficient is produced by wy(y,t) only (see Sec. [VIITC).
35 When (y) is a given external stream function, vOyv is replaced by vg0yv with vy = —pdy/dy.
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where ((y,t) is a noise term with zero mean that generally depends on @(y,t). When D is constant and when the
fluctuation-dissipation theorem is fulfilled so that ;= Dfy, as in the case of 2D Brownian vortices (see Sec. [XIIII),
the noise term is given by [75]

C(yvt) =V ZDWEQ(yvt)a (235)

where Q(y,t) is a Gaussian white noise satisfying (Q(y,t)) = 0 and (Q(y,t)Q(y',t")) = d(y — v/)6(t — ¢'). This
expression can be obtained from an adaptation of the theory of fluctuating hydrodynamics M] When D[w] is a
functional of @, the noise term may be more complicated.?® When the deterministic equation (230) admits several
equilibrium states, the noise term in Eq. ([234)) can trigger random transitions from one state to the other (see, e.g.,
(124, 124, 127, 143 [145) in different contexts).

Remark: Similarly, we can introduce a stochastic term (noise) in Eq. (223) to describe the evolution of the system
on a mesoscopic scale. This leads to the stochastic SDD equation

do 0 ow ¢
- L (D@ ) — o+ = (y, 1) 236
2 -2 (owaE) - am+ Fwn (236)
Using Eq. ([I@), it can be written in terms of the velocity field as
ou _0’U

The comments made previously also apply to these stochastic partial differential equations.

XV. STOCHASTIC DAMPED 2D EULER EQUATION

In this section, we consider the stochastic damped 2D Euler equation

dwe
(;jt +u. - Vw, = —aw. + /2yaw,: Q(r, 1), (238)
where wc(r,t) is a continuous vorticity field, Q(r,¢) is a Gaussian white noise satisfying (Q(r,¢)) = 0 and

(Q(r,t)Q(r', ")) = d(r — r")é(t — '), « is a small damping coefficient, and 7 has the dimension of a circulation
(we will ultimately take the limit @« — 0 and v — 0). We introduce this equation in an ad hoc manner but we will
show below that the stochastic term generates a power spectrum that coincides with the power spectrum produced
by an isolated distribution of point vortices of circulation v ~ 1/N < 1. This approach therefore provides another
manner to determine the power spectrum of a gas of point vortices. This is an additional motivation to study Eq.
[23]) in detail. The calculations of this section are inspired by similar calculations on fluctuating hydrodynamics
performed in [123].

When o — 0, the mean vorticity w(r,t) = (w.(r,t)) rapidly reaches a QSS which is a steady state of the 2D
Euler-Poisson equations. This process of violent relaxation takes place on a few dynamical times. If the evolution is
ergodic, the QSS can be determined by the MRS statistical theory ﬂl_lL ﬂ] The kinetic theory of violent relaxation
is discussed in , . On a longer timescale, the mean vorticity evolves through a sequence of QSSs sourced
by the noise. Adapting the procedure of Sec. [[Il to the present context, and assuming that the mean flow (QSS) is
unidirectional, we obtain the quasilinear equations

ow 0 06
dow U(%_w _ 9o _ —adw + /2yaw Q(z,y, t), (240)

ot Ox or oy

where Q(z,y,t) is a Gaussian white noise satisfying (Q(z,y,t)) = 0 and (Q(z,y,t)Q(x’,y',t")) = d(x — 2")do(y —
y')o(t — t’). Introducing the Fourier transforms of the fluctuations of vorticity and stream function, we can rewrite
these equations as

Ow

d d ! : : ’ ’ ~
o = oWt (%/dk/%/dk’/%(ik’)ez(km*”t)ez(k 2= (56 (kyy, o) (K, 07)), (241)

36 A general approach to obtain the noise term and the corresponding action is to use the theory of large deviations @}
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ke ~ 14/ 2vaw A
sw(k,y,0) = k[](y)_ﬁ(w(kayﬁ) - w(yﬂ_%@(k,y,a), (242)

where Q(k,y,0) is a Gaussian white noise satisfying (Q(k,y,0)) = 0 and (Q(k,y,0)Q(K',y', o)) = 6(k + k')d(y —
y')0(o + o’). Substituting Eq. 242) into Eq. @241]), we get

ow 9 do / do’ . N i(kz—ot) i(k'z—o't) kg_(’:j 7 (1! /
E = —ow + 6_y d/{,‘ —_— d/{,‘ E(Zk )e e My—<51/1(k7 Y, U)éw(k y Y, 0 )> (243)

27 ) — o0 —ia

In writing Eq. [243) we have only considered the contribution of the term (54 (k,y, o0t (k’,y,0")) which leads to a
diffusive evolution. The other terms will be investigated elsewhere ﬂﬁ]

Let us study Eq. ([242) for the fluctuations and determine the power spectrum P(k,y, o) of the fluctuating stream
function defined by

(0p(k,y, 0)8 (K, y,0")) = 2n6(k + k)6 (o + o’ ) P(k,y, o). (244)

The fluctuations of vorticity and stream function are related to each other by the Poisson equation

Adp = —dw. (245)
Writing this equation in Fourier space, we get
(d—2 - k2> 6 = —86. (246)
dy?
Substituting Eq. ([242) into Eq. (240]), we obtain
dw .
[j_; e ]My)k_%] Sib(k,y, ) = M%Q(k,y,a). (247)

The formal solution of this differential equation is

Ny
kU(y') — o — i

50 (k,y,0) = — / dy Gk, g,y o) Ok, o), (248)

where the Green function G(k,y,y’,0) is defined in Eq. (28). The correlation function of the fluctuations of the
stream function is therefore

6Dk, g, )5D(K g, ")) = — / dy'dy” Gk, y, ', )G .y, o)

2yay/w(y)w(y”) A ’ YN
RO — 0 — i) (RO () — o —ia) ‘2o ¥ - )R 47 0), (249)

1
For a Gaussian white noise, we get

2y0u(y)
(U(y) =0 +?

00k, y,0) 50 (k' y,0")) = /dy’ Gk,y. v/, o) 5(k+K)s(o + o), (250)

where we have used Eq. (C6) to simplify the expression. Taking the limit & — 0 and using the identity

lim —~— = mo(a), (251)
we finally obtain
0k, y, VDK, 0')) = 7 / dy |Gk, o/ ) 229w ()5 (U () — 0)3(k + K)3(o + o), (252)

leading to

P(k,y.0) =~ / dy' |Gk, y, o/, PO (RU (') — )eoly). (253)
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This returns the power spectrum (@8] produced by a random distribution of field vortices.
Substituting Eqs. (244) and 253) into Eq. ([243) and repeating the calculations of Sec. [XIV] we obtain the

nonlinear diffusion equation

ow 0 ow
5 = W + o <D[y,w]a—y> (254)
with a diffusion coefficient
1 1
Dly,w] = Q/dkk2P(k,y7kU(y)) = 57/@//dkIkIIG(k,y7y’,kU(y))|25(U(y’) ~U(y)w(y), (255)

which coincides with the diffusion coefficient of a gas of point vortices (see Sec. [VIII). Using Eq. ([IT), we can write
Eq. (254) in terms of U(y,t) as in Eq. (225). If w(y) is of constant sign, U(y) is monotonic (see footnote 15) and we
get

Dl = 7 [ Ak WGy UG s = 51l [ db Gk KU )P (256)

If we neglect collective effects, we find that the diffusion coefficient is constant (see Appendix [B)):
1 1
D= §|’y| /dk |k|Grare (B, y,y)* = Z|”y| InA. (257)

In that case, the equation for U(y,t) coincides with Eqs. ([228) and [229]). The term —aw describes the damping of
the system on a timescale 1/« and the diffusion coefficient D[y, w]| ~ 1/N describes its evolution on a timescale Ntp.
On a mesoscopic scale, we can keep track of the fluctuations in the evolution of the vorticity and write

0 ow
5= F g (D[y,w]a—:) + 1207w Q(y, t), (258)

where Q(y,t) is a Gaussian white noise satisfying (Q(y,t)) = 0 and (Q(y,t)Q(y',t')) = d(y — v')o(t — t'). Equation
([258) without the noise term may have several equilibrium states. The noise term allows the system to switch from one
equilibrium state to another one through random transitions (see, e.g., , 125, [127, ] in different contexts).

Remark: The power spectrum of a gas of point vortices can be obtained in different manners. It can be obtained
from the linearized Klimontovich equation by solving an initial value problem (see Eq. (34) of Ref. @]) It can also
be obtained by considering the dressing of the bare correlation function of a random distribution of point vortices
viewed as an external perturbation (see Eq. @) of Sec. [VB)). Finally, in this section, we have determined the power
spectrum [see Eq. (253)] directly from the stochastic damped 2D Euler equation (238) in the spirit of fluctuating
hydrodynamics [123].

XVI. STOCHASTICALLY FORCED 2D POINT VORTICES

In this section, we consider a stochastic model of 2D point vortices described by the N coupled Langevin equations

dri 1 r, —ry
== — L VoUR,(t), 259
dt 27TZX;’YJ|I‘Z'—I‘]‘|2+ v () ( )

where ¢ = 1,...,N label the point vortices and R;(t) is a Gaussian white noise satisfying (R;(t)) = 0 and
<Rf‘(t)R?(t’)> = 0;;00p0(t —t’). The variable v can be interpreted as a diffusion coefficient or as a small viscos-
ity (we will ultimately take the limit » — 0). This stochastic model of 2D point vortices was introduced by Marchioro
and Pulvirenti ﬂﬂ] It also corresponds to the model of 2D Brownian point vortices introduced in ﬂﬁ] with 8 =0

(see Sec. [XIIII).

The exact equation satisfied by the discrete vorticity field wq(r,t) = Zi\il Yid(r — (1)) is [79]
0
% +uy - Vwg =vAwg+ V- [\/2V7w R(r, t)} ; (260)

where R(r,t) is a Gaussian white noise such that (R(r,t¢)) = 0 and (R, (r,t)Rg(r’',t)) = 0480(r — r')d(t — t'). For
simplicity, we consider a single species gas of point vortices but the generalization to multiple species of point vortices
is straightforward.
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In this section, we neglect the collisions (finite N effects) between the point vortices that would lead to a Lenard-
Balescu collision term (see Secs. [XIl and [XTI) and focus on the effect of the noise. In that case, the mean vorticity
w(r,t) = (wa(r,t)) satisfies the equation

o +u-Vw=rvAw (261)
ot
and the mesoscopic vorticity satisfies the equation
0
8_01;) +u-Vw=vAw+ V- [\/21/7w R(r, t)] . (262)

When v — 0 the mean vorticity w(r,t) rapidly reaches a QSS which is a steady state of the 2D Euler-Poisson
equations. On a longer timescale, the mean vorticity evolves through a sequence of QSSs sourced by the noise. This is
similar to the problem discussed in Sec. [XV]l Adapting the procedure of Sec. [l to the present context, and assuming
that the mean flow (QSS) is unidirectional, we obtain the quasilinear equations

Ow w0 061

o~ Vo T oy <‘5“a—x>’ (263)
ddw dow  96Y Ow 0%6w 0
TR e i el A N ] (264)

where Q(z,y,t) is a Gaussian white noise satisfying (Q(z,y,t)) = 0 and (Q(z,y, t)Q(z, vy, t")) = d(x—2")d(y—y")d(t —
). Repeating the calculations of Sec. [KIV]with only minor modifications, we obtain the nonlinear diffusion equation

ow 9w o ow

with the diffusion coefficient D[y, w] from Eq. (258) which coincides with the diffusion coefficient of a gas of point
vortices (see Sec. [VIII). The diffusion coefficient v describes the evolution of the system on a diffusive timescale L? /v
(where L is the size of the system) and the diffusion coefficient D[y, w] ~ 1/N describes its evolution on a timescale
Ntp. We should also take into account the collisions between the point vortices, leading to the Lenard-Balescu current
from Eq. ([I39), which develop on the same timescale.

At a mesoscopic level,3” we can keep track of the forcing in the evolution of the vorticity and write

Oow 0w 0 Oow 0
ET Va—yg + oy <D[y’w]6_y> + oy {\/ 2vyw Q(yvt):| ; (266)

where Q(y,t) is a Gaussian white noise satisfying (Q(y,t)) = 0 and (Q(y,t)Q(v/,t)) = 6(y — v/)dé(t — t’). Using Eq.
(@), we can rewrite Eq. ([266) in terms of the velocity field U(y,t) as

2
X — v+ Dl U])(ZTZ —VZDAU )Ry, ). (267)

XVII. SUMMARY OF THE DIFFERENT KINETIC EQUATIONS

In this section, we recapitulate the different kinetic equations derived in our paper.

A. Lenard-Balescu equation

The Lenard-Balescu equation (I39) governs the mean evolution of an isolated system of 2D point vortices due to
discreteness effects (“collisions”).

37 We stress that there are several levels of description. The mesoscopic description leading to Eq. (266) takes place at a higher scale than
the mesoscopic description leading to Eq. (262]).
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It can be derived from the Klimontovich formalism by taking u. = 0 in Eq. (2 and considering an initial value
problem as explained in Sec. 3 of ﬂ@] In that case, Eq. (20) with ¥, = 0 has to be solved by using a Fourier transform
in space and a Laplace transform in time. This introduces in Eq. (24)) a term related to the initial condition [see Eq.
(23) in ﬂ@ instead of the term related to ¢.. We can then compute the collision term in Eq. ([[9) with ¢, = 0 as in
Sec. 3 of [68] and obtain the Lenard-Balescu equation (I39).

Another approach is to start from the Fokker-Planck equation (G8) or (7I) and compute the diffusion and drift
coefficients individually.

(i) To compute the diffusion coefficient from Eq. ([69) leading to Eq. (81), we have to evaluate the power spectrum of
the stream function fluctuations created by a random distribution of field vortices. This can be done in two manners.

(a) The first possibility is to take ¥, = 0 in Eq. (@) and solve Eq. ([20) with 1. = 0 by using a Fourier transform
in space and a Laplace transform in time as mentioned above. This leads to the expression (23) of Ng] for the
fluctuations, which involves the initial condition. The power spectrum is then given by Eq. (34) of [68] and the
diffusion coefficient by Eq. (68) of [68].

(b) Another possibility is to introduce a stochastic perturbation ¢, in Eq. (@) and solve Eq. (20) by introducing
Fourier transforms in space and time. This leads to Eq. (24) for the fluctuations, which involves the external
perturbation. The power spectrum is then given by Eq. &1). If we assume that the external perturbation is due to
a collection of field vortices, we can use Eq. [@) to obtain the expression ) of the power spectrum. The diffusion
coefficient is then given by Eq. ([@3)).

(ii) We can compute the drift in two manners.

(a) The first possibility is to compute the total drift (Z0) arising in Eq. (G8) by proceeding like in Secs. 4.3 and
4.4 of [68]. This leads to Eq. (102) of [68]. We then find that the total drift splits in two terms: a term interpreted
as a “drift by polarization” (see Sec. 4.3 of [6§]) and another term related to the gradient of the diffusion coefficient
(see Sec. 4.4 of [68]). Substituting the diffusion coefficient (Eq. (23) of [68]) and the total drift (Eq. (102) of [6])
in the ordinary expression (G8) of the Fokker-Planck equation, and using an integration by parts, we obtain the
Lenard-Balescu equation (I[39). This is the approach followed in Sec. 4.5 of [68].

(b) Alternatively, we can compute the drift by polarization arising in Eq. (ZI]) by considering the response of the
mean flow to the perturbation created by the test vortex (see Sec. [X]). This leads to Eq. ([II3)). This calculation
convincingly shows that V1 can be interpreted as a drift by polarization. Substituting the diffusion coeflicient ([@3))
and the drift by polarization (II3]) in the expression (7)) of the Fokker-Planck equation, we obtain the Lenard-Balescu
equation (I3T). This derivation is simpler (less technical) and more physical that the one given in [68].

B. SDD equation

The SDD equation ([208) with Eqgs. (209) and 2I0) governs the mean evolution of a gas of point vortices submitted
to an external stochastic perturbation in the limit where the collisions between the point vortices are negligible, i.e.,
in the limit N — 400 with v ~ 1/N — 0. In that case, we can solve Eq. (20) by using Fourier transforms in space
and time. This leads to the expression ([B7) of the power spectrum. The SDD equation can be derived from the
Klimontovich formalism (see Sec. [XIVA) or from the Fokker-Planck formalism (see Sec. [XIVBJ). Since there is no
drift by polarization (v — 0), the Fokker-Planck equation (1) reduces to Eq. 2I3)). Using Eq. (8), the diffusion
coefficient ([87) can be written as in Eq. ([89). Substituting Eqs. &7) and (89) into Eq. [ZI3]), we obtain the SDD
equation (208) with Eqs. (209) and 2I0). The SDD equation also describes the mean evolution of a continuous
vorticity field submitted to an external stochastic perturbation (see the Remark at the end of Sec. [I)).

C. General kinetic equation

We now present a kinetic equation that generalizes the Lenard-Balescu equation (I39) and the SDD equation (208)-
[I0). We consider a collection of point vortices of circulation v submitted to a stochastic perturbation that can be
internal or external to the system (or both). The test vortices experience a diffusion due to the stochastic perturbation
and a drift by polarization due to retroaction (response) of the mean flow to the deterministic perturbation that they
induce. The evolution of their density (mean vorticity) is thus governed by a general Fokker-Planck equation of the
form of Eq. (1)) where D is given by Eq. [87) and V,o1 is given by Eq. (III)). Explicitly,

ow 10

ot 20y

0
[ ani? | Pl k@) 52 - o2 Gk kU 0))|. (268)
dy wk
Alternative expressions of this kinetic equation can be obtained by using Eqgs. [89) and (II3)) instead of Eqs. (87)
and ([[II). This kinetic equation is more general than the Lenard-Balescu equation (I39) because the noise is not
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necessarily due to a discrete collection of point vortices. It is also more general than the SDD equation (208)-(210)
because it takes into account the drift by polarization of the test vortices. If we neglect the drift by polarization (i.e.
~v — 0) we recover the SDD equation. If we assume that the external perturbation is only due to field vortices and use
Egs. @3) and ([IIT), we recover the Lenard-Balescu equation. If we assume that a part of the stochastic perturbation
is due to point vortices and another part is due to an external noise, we get an hybrid (mixed) kinetic equation with
a Lenard-Balescu term and a SDD term (see Sec. XVIID)).

D. Hybrid kinetic equation and its subcases

In order to be as general as possible, we consider a system of test vortices of circulation ~ in “collision” with field
vortices of circulations {v,} and submitted in addition to an external noise. The evolution of the mean vorticity of
the test vortices is governed by a mixed kinetic equation of the form3®

(Z_w = Cig + Cspp, (269)
t
with a Lenard-Balescu collision term Cpp due to the collisions between the point vortices (finite N effects) and a
collision term Cspp due to the external noise. This corresponds to Eq. (268) with a power spectrum P = Prg+ Pspp.

Let us consider particular cases of this equation:

(i) When v — 0, we can neglect the drift by polarization and we get a diffusion equation with two terms of diffusion
DLB and DSDD-

(i-a) In the absence of external noise, we recover the diffusion equation ([[60) with Eq. (I53)).

(i-b) When ~, — 0 we can neglect the diffusion induced by the field vortices and we recover the SDD equation (208])
with Egs. (209) and (210).

(ii) When v, — 0, we can neglect the diffusion induced by the field vortices and we get a Fokker-Planck equation
of the form of Eq. ([268) with a diffusion term Dgpp due to the external noise and a drift by polarization.

(ii-a) In the absence of external noise, we recover the deterministic equation (I62) with Eq. (I54).

(ii-b) When v — 0, we can neglect the drift by polarization and we recover the SDD equation ([208) with Eqs. (209)
and (210).

(ii-c) In the case where the field vortices are at statistical equilibrium, we can simplify the drift by polarization and
we get an equation of the form of Eq. (230).

(iii) In the absence of external noise, we recover the Lenard-Balescu equation (I39]).

(ili-a) When v — 0, we can neglect the drift by polarization and we recover the diffusion equation (I60) with Eq.

(ili-b) When 7, — 0, we can neglect the diffusion induced by the field vortices and we recover the deterministic
equation ([I62) with Eq. ([I54).

(ili-¢) In the case where the field vortices are at statistical equilibrium we can simplify the drift by polarization and
we recover the Smoluchowski equation (I56]).

XVIII. CONCLUSION

In this paper, we have completed the kinetic theory of 2D point vortices initiated in previous works. We have
proposed a new and more physical derivation of the kinetic equation for a multispecies system of point vortices.

We started from the Fokker-Planck equation written in the form of Eq. (1) and we computed the diffusion
coefficient D and the drift by polarization Vj,o of a test vortex.

In order to take collective effects into account, we considered the response of the system to a small perturbation
of arbitrary origin. We showed that the response function of the flow is determined by the dressed Green function
G(k,y,y’,0) defined by Eq. ([23).

To derive the diffusion coefficient D, we assumed that the perturbation is a stationary stochastic process char-
acterized by a bare correlation function C'(k,y,0) and we determined the dressed power spectrum P(k,y, o) of the
total fluctuating stream function experienced by the test vortex [see Eq. [B7))]. The diffusion coefficient is then given
by Eqs. ) and ([89). We considered the case of an arbitrary external perturbation and the case of a perturbation

38 For simplicity, we assume that the test vortices of circulation « evolve in a bath of field vortices of circulations {7,}. We can then treat

the test vortices as representing a particular species “a” and write self-consistent kinetic equations for all the species.
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produced by a collection of NV point vortices. In that latter case, we explicitly determined the bare correlation function
[see Eq. ([@T)], the dressed power spectrum [see Eq. [8])], and the diffusion coefficient [see Eq. (@3))].

To derive the drift by polarization V01, we used the fact that the test vortex induces a small perturbation on the
flow and we determined the response of the flow to that perturbation. The drift velocity of the test vortex then
corresponds to the velocity produced by the perturbation that it has caused [see Eqs. (III)) and ([II3))].

It is interesting to contrast the origin of the diffusion and drift by polarization of the test vortex. The diffusion of
the test vortex is due to the stochastic perturbation caused by the field vortices or, more generally, by an external
random potential. The drift by polarization of the test vortex is due to the retroaction (response) of the perturbation
that it causes on the mean flow. This is a purely deterministic process. This is why the drift by polarization is
proportional to the circulation ~ of the test vortex while the diffusion coefficient is proportional to the circulations
{1} of the field vortices.

Substituting the expressions of the diffusion coefficient and drift by polarization into the Fokker-Planck equation
(1) we obtained the general kinetic equation ([268). When the collisions between the point vortices are neglected
(N — +00), and when the system is subjected to an external perturbation, it reduces to the SDD equation (208)) with
Egs. (209) and ([2I0). When the system is isolated and the noise is due to the system of point vortices itself (finite N
effects), it reduces to the Lenard-Balescu equation (I39). In that latter case, we discussed the phenomenon of kinetic
blocking that occurs when the velocity profile is monotonic. In the present paper, we considered unidirectional flows
but similar results can be obtained for axisymmetric flows @, @, é] On the other hand, when collective effects are
neglected, a general kinetic equation can be derived for an arbitrary distribution of point vortices [see Eq. (128) or
Eq. (137) of [5g]].

The previous results are valid for an isolated Hamiltonian system of point vortices. We also considered the case
of 2D Brownian (stochastically forced) point vortices in the canonical ensemble and we established the mean field
Fokker-Planck equation (91 and the stochastic Fokker-Planck equation (I93)). This last equation can describe
random transitions between different equilibrium states caused by finite- N fluctuations. We showed furthermore that
the fluctuations induce a nonlinear diffusion of the point vortices [see Eqs. ([265]) and (264))].

Another goal of the paper was to emphasize the fluctuation-dissipation theorem for 2D point vortices. The velocity
of a test vortex moving in a sea of field vortices can be decomposed in two components. There is a mean field velocity
due to the average distribution of point vortices and a “microscopic” velocity due to the discrete interaction between
vortices (collisions). In turn, this microscopic velocity can be decomposed in two parts. There is a random part giving
rise to a diffusion and a deterministic part giving rise to a systematic drift. The drift velocity and the random velocity
must be related at statistical equilibrium because they both come from the same origin (finite N effects). This internal
relationship between the systematic drift and the random part of the microscopic velocity is of a very general nature
which is manifested in the so-called fluctuation-dissipation theorem @] A similar relationship between the friction
and the random part of the microscopic force arises in the theory of Brownian motion and in the kinetic theory of
systems with long-range interactions (self-gravitating systems, plasmas, HMF model...). The fluctuation-dissipation
theorem states a general relationship between the response of a given system to an external perturbation and the
internal fluctuations of the system in the absence of the perturbation. Specifically, it provides a relation between the
response function of the system, the correlation function of the fluctuations, and the temperature. In the case of 2D
point vortices at statistical equilibrium it takes the form of Eq. (B6]) between the power spectrum and the imaginary
part of the Green function. This implies a relation between the drift velocity and the diffusion coefficient given by the
Einstein relation (I35) or by the Kubo formula (I37). These equations involve the temperature of the point vortex
gas which may be positive or negative.

In a companion paper ﬂﬁ], we shall study in more detail the kinetic equations derived in the present contribution
and complement further the kinetic theory of 2D point vortices. Our results can also be exported to other systems
with long-range interactions such as self-gravitating systems.

Appendix A: The point vortex model

We consider an incompressible and inviscid flow described by the Euler equations

ou 1
V-u=0, E—i—(u-V)u——;VP. (A1)

For a 2D flow, the incompressibility condition becomes d,u, + Oyu, = 0. In that case, we can introduce a stream
function (r,t) such that u, = 0y¢ and u, = —0,%. The velocity field can be written as

u=—zx Vi, (A2)
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where z is a unit vector normal to the plane of the flow. The vorticity is defined by V x u. For a 2D incompressible
flow, the vorticity is parallel to z and related to the stream function through the Poisson equation

w = —A1. (A3)
Using the identity (u-V)u = V(u?/2) —u x (V x u) and taking the curl of Eq. (AT, we obtain

0
a—L:—i—u Vw=0. (A4)

This equation expresses the advection of the vorticity by the flow. It can be written as Dw/Dt = 0, where D =
/0t + u -V is the material derivative (Stokes operator). Equations (A3) and (A7) define the 2D Euler-Poisson
system. In an infinite domain, the Poisson equation (A3]) can be integrated into

P(r,t) = —% /1n|r —1'|w(r’,t) dr, (A5)

leading to the velocity field

u(r, zx/lr_r ! t)dr. (A6)

r —rf?

For a system of N point vortices with circulation ; the vorticity field can be written as

t) = Z i6(r —r(t)). (A7)

The discrete vorticity is a sum of Dirac §-functions. Substituting this expression into Eq. (A4)) we find after straight-
forward manipulations (see below) that the velocity of a test vortex is given by

dl‘i

(0= w0 (A8)

From Eqs. (AR)-(AT), we get
P(r,t) —LZ In|r —r; u(r,t) Z X Z S (A9)

) - 2 - ,71 K2Rl ) 2 - ,71 |r —r |2 )
and
vi= I, ) Z (A10)
z—dt— Y4 i) — ’YJ|I‘Z—I‘|2

The velocity of a point vortex is induced by the other point vortices. This is different from the case of material
particles where the interaction between the particles produces an acceleration (or a force), not a velocity. In a sense,
a point vortex does not have inertia. The equations of motion of the point vortices can be written in Hamiltonian
form as

i = ; i = - ; All
¥ dt 8yl " dt 6:51- ( )
with the Hamiltonian
1
H= 5 E ~ivj In|r; —rjl. (A12)

i<j
These are the so-called Kirchhoff equations [116]. We note that the coordinates (z,y) of the point vortices are
canonically conjugate. We can also write the equations of motion of the point vortices under the form

dri

’%% = —zx VH. (Al?))
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Proof of Eq. (A8): From Eq. (A7) we have

ow dI‘i
=" > 7iVi(r - ri(t)) - — (Al4)

and

u-Ve = u(r,t)-Z%V5(r—ri(f))
= D20V 0w 1)
— Z%v (6(r —ri(t))u(r;(t), 1))
_ Z%u ri(t), 1) - Vo(r — r4(t)), (AL5)

where we have used the incompressibility of the flow to get the second line of Eq. (AIH). Substituting these expressions
into Eq. (A4), we obtain Eq. (Af)) and the Kirchhoff equations (AT1]) and (A12). Inversely, starting from Eq. (AS]) or
from the Kirchhoff equations (A1) and (A12)), we find that the discrete vorticity field defined by Eq. (A7) satisfies Eq.
(A4). The discrete 2D Euler equation ([Ad]) expressed in terms of d-functions is the counterpart of the Klimontovich
equation in plasma physics.

Appendix B: Green function without collective effects

The stream function 1) produced by the vorticity field w is determined by the Poisson equation ([A3]). Introducing
a system of cartesian coordinates and taking its Fourier transform in the z-direction, we obtain

d21/)
— k%) = Bl
dy 1/} (B1)
The general solution of this equation is given by
b(k,y,0 / Grare(k, y,y" )0 (k,y', o) dy, (B2)

where Gpare(k, y,y’) is the bare Green function determined by the differential equation

d2 Gbare

dy? - k2Gbarc = _5(y - yl)- (B3)

In an unbounded domain, this equation can be solved analytically as follows. For y # 3, we have

d?>Gh,
——— — k*Gpare = 0. B4
This equation can be integrated into
Gbare(kayuy/) = Ae_lklly_y/‘7 (B5)

where we have selected the solution that decays to zero at infinity. To determine the constant A we integrate Eq.
([B3) between —co and 400, giving

+oo d2Gb “+oo
2 dy — k2 Grare dy = —1. B6
| S # [ Guedy (B6)

— 00 — 00

Since Grare(k,y,y") and its derivatives vanish at infinity, the foregoing equation reduces to

—+o0
21&4/ e 1kl gy =1, (B7)
0
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yielding

1
A= (BS)

Therefore, the bare Green function in an infinite domain is given by

1 /
Ghare (K N = _— o~ lklly=y'| B9
b ( Y, Y ) 2|]€| € ( )
Introducing the function
1
Xouse0) = 5[ 1HGrel /)2 (B10)
and using Eq. (B9), we get
“+o0 1 ,
Xvare(y,y') = / —e Myl g, (B11)
When y" = y, this integral reduces to
1 [t>dk 1
are\Y, = = —=-=1 A, B12
Xbare(y,y) = 7 /0 L = (B12)

where In A = f0+oo dk/k = In(Amax/Amin). We note that Xpare(y, y) involves an integral that diverges logarithmically
at small and large scales. It can be regularized by introducing appropriate cut-offs (see Refs. ﬂﬁ, 54, @] for more
details) leading to a logarithmic factor In A similar to the Coulomb logarithm in plasma physics. When y’ # y, the
integral from Eq. (BIJ)) is convergent at small scales (k — +oc) but divergent at large scales (k — 0). In the dominant
approximation, we can write3?

1
Xbare(Y, y') = 1 InA. (B13)

In order to regularize the large-scale divergence in Eq. (BII)) we can replace the Poisson equation (A3]) by the
screened Poisson equation

A — k2ip = —w, (B14)

and ultimately take the limit kr — 0 @] Equation (BI4) can be introduced in an ad hoc manner but it is interesting
to note that it also corresponds to the quasigeostrophic (QG) model describing geophysical flows M] In that context,
k' is the so-called Rossby radius. The bare Green function corresponding to Eq. (BI4) is obtained from Eq. (BJ)
by making the substitution k% — k? + k%. This yields

1 /
Ghare (k. y,4) = o —pmmmrme™V Kk vyl (B15)

NGCES:

The function defined by Eq. (BIQ) takes the form

1 +oo k ,
V== e VR =Y g B16
Xbarc(ya Yy ) 4 /0 12 T k%{e ( )

It can be written as

1
Xbare(¥,y') = ZE1(2kR|y - '), (B17)

39 Collective effects are usually negligible when y' — y. In that case, x(y,y,U(y)) can be replaced by Xpare(y,y) = (1/4)InA. More
generally, in the dominant approximation, x(y,y’, U(y)) may be replaced by (1/4)In A with good accuracy.
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where
+o0 et
is the exponential integral. For 2 — 0, we have the expansion E;(x) = —yg —Inz + ..., where yg = 0.57721 is Euler’s
constant. Therefore, for kg — 0, we get
1
Xbare (y,4') = 7 [=75 = In(2krly —y'])], (B19)

which is perfectly well-defined for 3’ # y. When 3y’ = y, the integral (BIf) converges at large scales (k — 0) but
diverges logarithmically at small scales (k — +00).

Remark: The previous results can be generalized to an arbitrary potential of interaction of the form w(|r —r’|) such
that ¢(r) = [u(|r —r'[)w(r’) dr’. For the 2D Euler equation in an infinite domain we have u(jr —r'[) = —5- In |r — 1’|
and for the QG equations in an infinite domain we have u(|r — r'|) = 5= Ko(kg|r — r'[), where Ko(z) is the modified
Bessel function of zeroth order. We note that Guare(k, |y —4'|) = (k, |y —y’|) is the Fourier transform of the potential
of interaction u(|r — r’|) with respect to the variable z. Using Eqs. (B9) and (BIH), we find that

. N1 ’
Injr — 1’| = —w/elk(w_w )me_lk”y_y | dk, (B20)

. ’ 1 ’
Ko(kglr —r'|) = w/e““H P A ) (B21)

VE2 + k%
Appendix C: An important identity

The Green function G(k,y,y’,o) introduced in Sec. [V]is determined by the equation

d>G k5
— PG+ — G=—b6y—y C1

with the Landau prescription o — o + i07. Multiplying Eq. () by G(k,y,y’,0)* and integrating over y between
—o0 and +o0, we get

/+OO dG
oo | dy

where we have integrated the first term by parts. Taking the imaginary part of this equation, we find that

’ 2 [T 2 e kg—Z 2
dy — k d —_ dy = -G(k,y',y ,0)* 2
y= [ IGRay+ [ Gy = ~Glkyy )" (©2)

—00 —

Jw

—+oo
/A o oy 2 /

Using the Sokhotski-Plemelj formula

ﬁ =P (é) Find(x), (C4)
we obtain the important identity
oo g,
Im G(k,y,y,0) = ﬂ—/—oo ka—ylé(kU(y') —0)|G(k,y,y,0)* dy’. (C5)
We also mention the identity
G(=ky,y,—0) = G(k,y,y',0)", (C6)

which can be derived from Eq. (CI)) by using the Landau prescription.
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Appendix D: Alternative derivations of the diffusion coefficient
1. General expression of the diffusion coefficient using Fourier transforms in position and time

The change in position (in the y-direction) of a test vortex due to the total fluctuating stream function is

dy 851/’tot

Integrating this equation between 0 and ¢, we obtain

taéwtot / /! / /
By = = [ T () ).

t
- [ Bt vt ar, (D2)
0

where we have used the unperturbed equation of motion (7)) in the second equation (this accounts for the fact that
the point vortex follows the mean field trajectory at leading order). Decomposing the stream function in Fourier

modes, we get
t
0 do " —iot' ¢ 7
- [ g [ [ SR e s,

t
/dk/ kaéwtot(k y, o )/ ei(kU(y)—g)t/ dt’
0

Ay

da kUm0t _ 1
= dk M 1oy (, : D
The diffusion coefficient is defined by [see Eq. (@3]
2
D= 1im {897 (D4)
t—+oo 2t

Substituting Eq. (D3) into Eq. (D4]), we obtain

- 1 do’ ) eenye ci(EU(W)—0)t _ | iK' U(y)—a")t _ 1
D = tLIeroo /dk/ / / kk <51/)tot(k Yy,o )5¢tot(k Y,o )> z(kU(y) _0,) z(k’U(y) —U/) :

(D5)
Introducing the power spectrum from Eq. [33]), the foregoing equations can be rewritten as
(kU (y)—o)t _ 1|2
im [k [Py, o) . D6
e / / V) T = o) (D6)
Using the identity
Tl P 5( (D7
e )
we find that
do 4
D=nx [ dk 2—k P(k,y,0)0(kU(y) — o). (D8)
T
Integrating over the d-function (resonance), we get
1
D [Py W), (D9)

which returns Eq. ([87). Then, using Eq. (7)) we obtain Eq. (89).
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Remark: If we do not take the limit ¢ — +oo in Eq. (D8], we obtain a time-dependent diffusion coefficient of the
form

t) = ﬂ'/dk/ Z—;kzP(kz,y,J)A(kU(y} —o,t) (D10)

with the regularized function

1 |e®t —12 1 - cos(xt)
Az, t) = — = . D11
(%) 2rt a2 mta? (D11)
When ¢ — 400, we can make the replacement A(z,t) — §(x) corresponding to the diffusive regime. When ¢ — 0, we

have A(x,t) ~ t/27 corresponding to the ballistic regime.

2. General expression of the diffusion coefficient using a Fourier transform in position

We can make the calculations of the previous section in a slightly different manner. In Eq. (D2)) we decompose the
total fluctuating stream function in Fourier modes in position but not in time. In that case, we get

t
Ay = _/ dt’3/dkeik(”U(y)t,)&/;tot(kayvt/)
0 ox

t
= — / dt' / dk ke @O §ih (K y, 1), (D12)
0

Substituting Eq. (DI2)) into Eq. (D4)), we obtain

D=— lim _/ dt’/ t”/dk/dk’ kk! etk iU W) ik U(y)t" <51/)tot(k Y t))0tor (K, y,t”)> (D13)

t—+oo 2t

Introducing the inverse Fourier transform in time of the power spectrum from Eq. ([@0Q), we can rewrite the foregoing
equation as

= lim —/ dt’ / dt”/dkk2 RUGE Pk y ¢! — ). (D14)

t—+oo 2t

Using the identity (8], we get

1 2 ikU(y)s
D= tilgrnoo g/o ds (t — s)/dkk P(k,y,s). (D15)
Assuming that P(k, vy, s) decreases more rapidly than s~!, we obtain
—+o0
D= / ds /dk E2eFU WPk y, s). (D16)
0

Making the change of variables s — —s and k — —k, and using the fact that P(—k,y, —s) = P(k,y, s), we see that
we can replace fo ds by (1/2) f+oo ds. Therefore,

1 [t ,
:5/ ds/dkkz‘elkU(y)SP(k,y,s). (D17)

Finally, taking the inverse Fourier transform in time of P(k,y, s) we find that
1
D=3 [akEP(ykUW), (D1s)
which returns Eq. (). Then, using Eq. 1) we obtain Eq. ([89). We note that P(k,y, s) is complex while P(k,y, o)
is real. They satisfy the identities P(—k,y,s) = P(k,y,s)* = P(k,y,—s) and P(k,y,0) = P(k,y,0)* = P(—=k,y,—0)

which can be directly obtained from the definition of P(k,y,s) and P(k,y,c) in Sec. [Vl
Remark: If we introduce the temporal Fourier transform of P(k,y,t) in Eq. (DI4) we get

d " "
=, lim —/ dt' / dt” /dk/ 29 g2eRUWE ") g=icW =) p(f o o), (D19)
—+o0

which is equivalent to Eq. (78] with Eq. (7). If we integrate over ¢’ and ¢/, we recover Eq. (D).
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3. Diffusion coefficient created by N point vortices

According to Egs. ([21) and (@&, the total fluctuating stream function created by a collection of N point vortices is

Sron(k,y, 0 Z% (k,y,yi,0)e” % 6(a = kU (). (D20)

Substituting this expression into Eq. (D3)) and integrating over o, we obtain

1 e €FU @U@ .
=g 2 [ ik Sy G A e (D21)

The diffusion coefficient from Eq. (D4)) is then given by

k(U =Uyi))t _ 1 k" (U(y)=Uly;))t _q

1 1 ; /
D=— lim —(— ; -/dk/dk’ k! et Btk Z .
Ao < T 2 EU) ~ V() *UG)~ Ul,)

xG(k,y,vi, kU (y:))G(K', y, y;, k’U(yj))efikziefik,zj > (D22)

Since the point vortices are initially uncorrelated, and since the point vortices of the same species are identical, we
get (see the similar steps detailed after Eq. (@8] in Sec. [V B))

1 1 _ s etk (UW)=UW Nt _ 1 ik Uy)-U' Nt _ q
D=— lim —Y — [do [ dy | dk [ dk' kK e'FTF)=
LY Z i / ! / Y / / ‘ k(Uy) - U@y)) K Uy) - Uy))

xG(k,y, o', KUY )G(E  y, o KU (y))e 7y 00 (y). (D23)

Integrating over x’, then over &', and using the identity from Eq. (C6)), we get

T 1 2|ezk U(y)=Uy' )Nt _ 1|2 ) ,
Finally, using Eq. (D), we obtain
1
D=3 [af [ aris U - UGN Gyt UG P (s (025)
b

which returns Eq. ([@]). Integrating over the d-function (resonance) with the identity from Eq. (@2), we recover Eq.

@3).
Remark: If we do not take the limit ¢ — 400 in the foregoing equations, we obtain a time-dependent diffusion
coefficient

=53 [y [ bR kU ) - UG Gyt U )Pl (D26)
b

where the regularized function A(z,t) is defined in Eq. (DIT)).

Appendix E: Velocity auto-correlation function and diffusion coefficient with collective effects

The y-component of the velocity of a test vortex is
66¢tot
ox ’

where 0ttt (, y, t) is the total fluctuating stream function acting on the test vortex. Introducing the Fourier transform
of the total stream function, the velocity auto-correlation function of the test vortex accounting for collective effects
can be written as

do do’ G - R .
<th}($7 Y, O)VU(‘T + U(y)t7 Y, t)> = - / dk/ % /dk’ / Ekk/edcmelk (1+U(y)t)e—w' ¢ <6wtot(k7 Y, 0)5wtot (klv Y, U/)> .
(E2)

v, = - (E1)
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To define the correlation function, we have used a Lagrangian point of view and we have used the fact that the test
vortex follows the mean field trajectory from Eq. () at leading order. Using the expression (BH]) of the correlation
function of the total fluctuating stream function (power spectrum), we get

do 5 o
Vil 0V, o+ Uty t) = [ dh [ SZR D Pk, y.) (63)

Recalling the relation ([B7) between the dressed correlation function of the total fluctuating stream function and the
bare correlation function of the external vorticity field, we obtain

d - N
Vil OV + Ut = [ dy [k [ 521 HOIGlE g,y )PC Ry o). (1)
7T

If the external vorticity field is created by N point vortices then, using Eq. (@), the foregoing equation becomes
dg i(o—
Vil V(o + Ut 0) = Yo [y’ [ i [ 520606 k. 0) POHUG) - oen(y)
b
b i A
=25 / dy’ / dk k2 UV G ks y, ', KU ()P (y)- (E5)
b

Explicit expressions of the velocity auto-correlation function of a point vortex are given in @, @] Using Eq. (&),
we find that the diffusion coefficient of the test vortex is

D= 5T [ [ amr1G v RO @DPSRU ) = KU (s)
= 53 [y [ kIGE .y U DPU) - Ul (E6)
b

This returns the result from Eq. (@3)).

Appendix F: Polarization cloud

In this Appendix we determine the polarization cloud created by a test vortex moving in the flow.

1. With collective effects

If we take into account collective effects, the change of vorticity of the flow due to an external perturbation w, is
given in Fourier space by Eqs. (24) and (27)). We assume here that the perturbation is caused by a point vortex of
circulation . The Fourier transform of the vorticity created by the point vortex is [see Eq. (0]

@e(k,y,0) = e~ "5 (kU (y) — 0)d(y — yo), (F1)

where (z0,y0) denotes the initial position of the test vortex. From Eqs. 24), Z17) and (EI)), we get

6’¢Ajtot(k7 Y, U) =7 G(ku Y, Yo, U)e_ikmo(s(kU(yO) - 0) (F2)
and
~ _ Yy —ikxo o
(SUJ(IC,’y,O’) - ’YkU(y) — O_G(kvyay07g)e 5(kU(y0) U)' (F3)

Returning to physical space, we obtain

dg 3 —o ka_“" —ikx
duw(z,y,1) = / @k | 2 € 1) o Ok Y ¥o,0)eT 00 RU (30) — )
Ow
- T % / dk e (@=20=Uo)H) ¢y (J; kU F4
o0 U(y) — U(yO) ( > Y5 Yo, (yO)) ( )
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If we measure the position = with respect to the position of the test vortex at the instant ¢, writing X = x—x¢—U (yo)t,
we get

dw

dw(X,y) = %W/dkeika(k,y,yo,kU(yo)). (F5)

If we neglect collective effects, we just have to replace the dressed Green function by the bare Green function. This
yields

Jw

_ T dy ikX
G X,1) = G s [ AR ™ G (.. 0) (F6)

Using the expression (B9) of the bare Green function in an infinite domain, we find that
Sw(X,y) = LR A /dk kX L lklly-yol F7)
’ 2m U(y) — Ul(yo) 2|k '
The integral displays a logarithmic divergence when k£ — 0. In the dominant approximation, we can write
dw

_ Ay
w(X,y) = 2 Ul9) = Uloo) In A. (F8)

For y — yo, we obtain the equivalent

Lo W)
bw(X.9) 27 U’ (y0)(y — o) A (9)

provided that U’(yo) # 0.

2. Without collective effects

If we neglect collective effects from the start, the change of vorticity due to the external field is given by

dw

5(‘D(k7y70) = Wa)y_o_’t/;e(k,y,d) (FlO)

with Eq. @0). If the external vorticity is created by a point vortex, using Eqgs. ([30), (EI) and (FI0), we obtain

ek, y,0) = Goare(k, y, yo)e ™0 5(kU (yo) — o) (F11)
and
g_w
~ _ Yy —ikxg _
do(k,y,0) = VikU(y) — UGbare(k, Y, Yo)e 0(kU (yo) — o). (F12)

Equations (ET1I) and (F12) correspond to Eqs. (E2) and (E3]) with the dressed Green function replaced by the bare
Green function. They finally lead to Eqs. (EG)-(E9).

Appendix G: Solution of the Boltzmann-Poisson equation

We consider a distribution of N point vortices with equal circulation v at statistical equilibrium in an infinite
domain. We assume that the mean flow is unidirectional. The equilibrium vorticity is given by the Boltzmann
distribution (E9) coupled to the Poisson equation ([A3]). This leads to the Boltzmann-Poisson equation

d?e

F =W = Ae*ﬁ’y’lﬁ' (Gl)
Y



93

The constant A is determined by the circulation (or vortex number) I' = N+ and the inverse temperature S is
determined by the energy of the flow E (see below). The vorticity can be written as

w=wpe™® with ¢ = By(e — vo), (G2)

where wy and g are the vorticity and the stream function at the origin y = 0. Equilibrium states exist in an infinite
domain only for 3 < 0. Introducing the rescaled distance & = (|3]ywo)*/?y, we can write the Boltzmann-Poisson

equation (GI)) as

d?¢

_ o9

with boundary conditions ¢(0) = ¢’(0) = 0. This equation is similar to the Emden equation in astrophysics , ]
It is also similar to the equation of motion of a particle of unit mass moving in a potential V (¢) = e~?, where ¢ plays
the role of the position and & the role of time. It has the analytical solution (see, e.g., @])

1
cosh (ﬁ)
Computing the total circulation I' = fj:oo w(y)dy = —2¢'(+0), we find that the central vorticity is given by

wo = |B|YI?/8. We can then write the equilibrium vorticity profile as

_|Bhr? 1
w =

. G5H
8 cosh? (|ﬂ\zry) ( )
Taking 19 = 0 by convention, we obtain the equilibrium steam function
2 BTy
w:——ln{cosh( . G6
181y 4 (G5)
The corresponding velocity field is
1 T
U(y) = —=T tanh (m) . (G7)
2 4
Finally, the inverse temperature 3 is related to the energy by
1 /+°° ' [T In[cosh(x)] r
E=- w(y)y d:——/ ————— >~ dr=——-(1—-1n2). G8
2/ o Whily) dy 1Bly Jo  cosh®(x) |ﬁ|7( ) (G8)

Appendix H: Out-of-equilibrium fluctuation-dissipation theorem

In this Appendix, we consider an arbitrary distribution of point vortices with a monotonic velocity profile (see Sec.
[XTI) and we establish a form of out-of-equilibrium fluctuation-dissipation theorem.

If the velocity field is monotonic, we have the identity [see Eq. (@)

1
S(kU(Y) — 0) = meer—70(y" — 1), (H1)
KU ()

where y. = U~ (o /k) is the (unique) root of the equation kU(y.) = o. Substituting Eq. (HI) into Eq. (C3), we
obtain

Ow 1
Im G(k,y,y,0) = th—(y:) ———|G(k, ys, y, 0)|*. H2
(k,y,y,0) ay((y)mU,(y*)'I (k,Yury,0)| (H2)

Similarly, Eq. [ 8)) can be written as

P30 = 5wl e ) o (13)
b *
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For a single species system of point vortices with circulation 73, combining Eqs. (H2) and (H3]), we obtain the
out-of-equilibrium fluctuation-dissipation theorem

7wk O 1n |wp|

ImG(k,y,y,0) =
(ksysy,0) = =5

(Y ) P(k,y,0). (H4)
In the case where the field vortices are at statistical equilibrium with the Boltzmann distribution (B9) we recover the
usual fluctuation-dissipation theorem (56)).

Appendix I: A simplified kinetic equation

In this Appendix, we propose a simplified kinetic equation that may approximately describe the dynamical evolution
of a Hamiltonian system of 2D point vortices in certain cases. To obtain this equation, we make the thermal bath
approximation in the Lenard-Balescu equation ([[43), leading to Eq. (I&4), but we assume that ¥ (y,t) evolves self-
consistently with time, being determined by the total vorticity w(y,t) = >_, wa(y,t) through the Poisson equation (@)
instead of being prescribed as in Sec. XKTCI4° This gives

Owg _2 Ow, o
W—ay |:-D(8 +0 awaay)]a (Il)

=—> wa, (12)

where D is given by Eq. . This equation does not conserve the energy contrary to the Lenard-Balescu equation
(I43). However, following |, we can enforce the energy conservation by allowing 8 to depend on time in such
a way that F = [ Y& dy = 0. Th1s yields

Ow O
sy — S Doy (13)

| Dw, (aw) dy

Equation ([I)) with Eqs. (@) and (I3)) conserves the circulations of each species, the energy, and increases the entropy
(H-theorem) m 41 Tt relaxes towards the Boltzmann distribution of statistical equilibrium on a timescale Ntp. This
equation is Well-posed mathematically and interesting in its own right. It can be seen as a heuristic approximation
of the Lenard-Balescu equation (I43]) providing a simplified kinetic equation for a Hamiltonian system of 2D point
vortices. However, since the approximation leading to Eq. () is uncontrolled, the solution of this equation may
substantially differ from the solution of the Lenard-Balescu equation ([[43). For example, in the case where there is
no resonance, Eq. ([I)) gives a non-vanishing flux (Gw/dt # 0) driving the system towards the Boltzmann distribution
on a timescale Ntp while the Lenard-Balescu flux vanishes (Qwrp/0t = 0) and the Boltzmann distribution is reached
on a longer timescale N%tp.*? More generally, the relevance of Eq. ([I)) should be determined case by case by solving
this equation numerically and comparing its solution with the solution of the Lenard-Balescu equation (I43]) or with
direct numerical simulations of the N-point vortex system.

In principle, the diffusion coefficient D is a functional of w, but we shall assume D = cst for simplicity. We also
take 3 = cst in Eq. () like in the case of 2D Brownian vortices described by the canonical ensemble. In that case,
Egs. () and (I2)) conserve the circulations of the different species of point vortices and decrease the free energy
F = FE —TS. With this setting, we can take fluctuations due to finite N effects into account by adding a noise term
in the kinetic equation like in Sec. [XIIIl This leads to*?

Ow,
ot

U Vwe = V- [D (Vg + Brawe V)] [\/QD%W,IR r,t) } (14)

40 Tn Sec. [XIQ 9(y) is determined by the vorticity >, wp(y) of the field vortices assumed to be independent of time.

41 We can also conserve the linear impulse by introducing a relative stream function 1eg = 1 — V (¢)y instead of ¢ and proceed like in Ref.
[113).

42 This timescale discrepency could be corrected by empirically changing the value of D in Eq. ([ to make it of order 1/N?2.

43 Tt is also possible to take into account fluctuations in the more general equations ([I)-(3) and in the Lenard-Balescu equation ([43) but
the expression of the noise is more complicated [142).
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A== w,. (15)

Interestingly, Eqs. () and ([8) apply to arbitrary flows (with the limitations about their validity mentioned previ-
ously). These equations are interesting in their own right. They could be used to describe random transitions between
different equilibrium states as discussed in Sec. [XIIIl

Appendix J: Lenard-Balescu equation for 2D point vortices

We consider an isolated system of IV point vortices with identical circulation y. We assume that the mean flow is
unidirectional. We want to determine the kinetic equation of 2D point vortices due to finite N effects by using the
Klimontovich approach. The derivation is similar to the one given for axisymmetric flows in Refs. ﬂ@, |@3], We start
from the quasilinear equations ([I9)) and ([20) without the external potential (). = 0) that we rewrite as

dw D ). 06
at By <6w Oz >’ (J1)

Odw déw  00Y dw

Taking the Fourier-Laplace transform of Eq. ([J2)), we find that

dw

kg .
6(k,y,0) = == 8 (k. 0) +

dw(k,y,0)
i(kU — o)’

(J3)

where 6w (k,y,0) is the Fourier transform of the initial vorticity fluctuation caused by finite N effects. Combining
this relation with the Poisson equation Ady) = —dw written in Fourier space [see Eq. (BI)], we get

d2 2 k??_w T 5@(]“79,0)
[d_y2 R kU(y)y— a] == i(kU —0) (74)

The formal solution of this differential equation is

N /
w%%w:/Gw%mw“%ymd’

o) (5)

where the Green function is defined in Eq. ([28) and U’ stands for U(y’). Taking the inverse Laplace transform of this
equation, using the Cauchy residue theorem, and neglecting the contribution of the damped modes for sufficiently
late times,** we obtain

6t(k,y,t) = /dy’G(k,y,y’, kU6 (K, y,0)e U (J6)

On the other hand, taking the Fourier transform of Eq. ([J2)), we find that

dow o 0w
r +ikUdw = zka—y&/}. (J7)

This first order differential equation in time can be solved with the method of the variation of the constant, giving

t
6 (k,y,t) :5w(k,y,0)e—im+z'k‘2—°y’ / dt' §ip(k, y, t')e*VE =), (J8)
0

44 We only consider the contribution of the pole o — kU’ and ignore the contribution of the proper modes of the flow which are the solutions
of the Rayleigh equation (B2)). See Ref. ] for general considerations about the linear response theory of systems with long-range
interactions.
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Substituting Eq. (I6) into Eq. ([I8]), we obtain

t
sk, y,t) = 5w(k,y,0)e—“f‘”+z'kg—: / dy' Gk, y, v, kU 6w (k,y',0)e~ Ut / dt’ e U=UIY (J9)
0

Eqs. (8) and (@) relate 6¢)(k,y,t) and 6@ (k, y,t) to the initial fluctuation 6w (k, y, 0).
We can now compute the flux

<5 ?—¢> = / dkdk ik’ e e*' T (50 (e, y, ) 5D (k' y, 1)) (J10)

X

From Eqgs. (J6) and (J9) we get

(60 (k, y, )sD (K y, 1)) = /dy’G(k’,y,y’,k'U’)e‘ik/U/te_ikUt<&D(k,y,O)6o§(k’,y',0)>

t
+ / dy/ G(k}/, v, y/, k/U/)efik’U’tZ-kg_‘; /dy” G(k, v, y//, kU”)<5(f}(k, y//7 O)(S(ZJ(k/, y/, O)>67ikUt/ dt' eik(UfU”)t"
0

(J11)
The correlation function of the initial fluctuations in Fourier space is given by (see, e.g., Appendix D of @])
(80 (k. y, 0)06(K /', 0) = 5-5(k +K)o(y — 3/ )w(v). (712)
Eq. (J1I) then reduces to
(50 (k, 60K 1)) = =G~k kU )y (y)o(k + )
+% / dy/G(—k,y,y’,_kU')ikg—:G(k,y,y’,kU’)a(k+k’)w(y’) /O t ds e FU=UDs, (J13)

where we have set s = ¢ — /. Substituting this relation into Eq. (JI0), and taking the limit ¢ — +o0c, we obtain

o\ 1 .
<5w B >— —%/dksz(—k,y,y,—kU)vw(y)

1 ) +o0 , ,
—%/dkik/dy’G(—k,y,y’,—kU’)ika—ZG(k,y,y’,kU’)yw(y’)/ ds ek U=Us, (J14)
0

Making the transformations s — —s and k — —k we see that we can replace f0+oo ds by % fj:oo ds. We then get

00 1 .
(852 ) = == [ arikG(—k.p kU (o)
_i . T I LT Ow / / / 1 oo 1 ik(U=U")t’
5 dkik | dy' G(=k,y,y",—kU )zkayG(kz,y,y kU ) yw(y )2 dt' e . (J15)
T

— 0o

Using the identities (23) and ([@2]), we obtain

oY 1
(850 ) = 5= [ arikGlkp. kU to)

/dk|k|/dy Gl—k,y. 1/, kU)gy Gk, g,y KU Yyo(y o (U — U"). (J16)

Finally, using Eq. (CGl), we can rewrite the foregoing equation as

500N o L / di kT Gk, y, y, KU) yeo(y) + - / dk K] / dy' 221Gk, . of KU Py )S(U — UY). (317)
Ox 21 2 oy

The first term is the drift term and the second term is the diffusion term. Using the identity (CH) and substituting
the flux from Eq. (Dj:ﬂ) into Eq. (II)), we obtain the Lenard-Balescu-like equation

, 0w ow' )

=T [ [ kIGO0 (5 - 113)
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We recall that for a unidirectional flow made of a single species system of point vortices, the Lenard-Balescu flux
vanishes (see Sec. [XII)). We can easily extend the derivation of the Lenard-Balescu equation to the multispecies case,

leading to Eq. (I39).
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