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Abstract

The point vortex dynamics in background fields on surfaces is justified as
an Fuler-Arnold flow in the sense of de Rham currents. We formulate a
current-valued solution of the Euler-Arnold equation with a regular-singular
decomposition. For the solution, we first prove that, if the singular part of the
vorticity is given by a linear combination of delta functions centered at ¢, ()

forn=1,...,N, g,(t) is a solution of the point vortex equation. Conversely,
we next prove that, if ¢,(f) is a solution of the point vortex equation for
n = 1,..., N, there exists a current-valued solution of the Euler-Arnold

equation with a regular-singular decomposition such that the singular part
of the vorticity is given by a linear combination of delta functions centered
at ¢,(t). From the viewpoint of applications, the mathematical justification
is of a significance since the point vortex dynamics in the rotational vector
field on the unit sphere is adapted as a mathematical model of geophysical
flows in order to take the effect of the Coriolis force on inviscid flows into
considerations.



1 Introduction

The motion of incompressible and inviscid fluids in the Euclidean plane is
governed by the Euler equation and its solution is called an Euler flow. Since
the fluid velocity and the pressure can be recovered from the vorticity, an
Euler flow is determined from a solution of the vorticity equation. Namely,
assuming w; is a solution of the vorticity equation,

81;&),5 + (— jgrad(GH,wt>- V)wt = 0,

where J is the symplectic matrix and Gy is the Green function for the
Laplacian, we obtain an Euler flow (v, p;) which is defined by

v =—Jgrad(Gg,wy), p = (Gg,div(vy - V)u,), (1)

On the other hand, the formulae () still make sense in the sense of distribu-
tions when we give a time-dependent distribution {2; by a linear combination
of delta functions centered at ¢, (t) for n = 1,..., N. Then, replacing w; by
Q; in (00), we formally obtain a fluid velocity V; and a pressure P;,. However,
we can not define the dynamics of ¢, (t) from the vorticity equation. Instead,
to determine the evolution of ¢,(t) by V;, Helmholtz considered the following
regularized equation for g, (¢) [21].

q—qn

N
- - jgl"ad Z FmGH(Qny Qm> = Un(Qn)

m=1
m#n

It is called the point vortex equation, and the solution of (B) is called the
point vortex dynamics. Then, a natural question arises; How can we inter-
pret (V;, P) as an Euler flow in an appropriate mathematical sense? In other
words, we need to determine a space of solutions of the Euler equation to
which (V;, P;) belongs. Since LP space does not contains 2, a more sophis-
ticated space is to be considered. This is one of problems in the analysis of
the 2D Euler equation as discussed in [I6, 17, 1]].

From the viewpoint of applications, the point vortex dynamics is some-
times considered in the fluid velocity X; € X"(R?) of an Euler flow, called
the point vortex dynamics in the background field X;. Then, the evolution
of ¢,(t) is governed by the following equation.

Gn(t) = Bx Xi(gn(t)) + Puvn(gn(t)), n=1,...N (3)
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for a given parameter (Bx,[.,) € R% An experimental study confirms the
importance of background fields in two-dimensional turbulence [28].

The purpose of this paper is justifying the point vortex dynamics in back-
ground fields as an Euler flow mathematically. To this end, we establish a
weak formulation of the Euler equation in the space of currents, which is
developed in the theory of geometric analysis and geometric measure theory.
Since the notion of currents is defined not only for the Euclidean plane but
also general curved surface, the formulation established here can be natu-
rally generalized for surfaces. The Euler equation is generalized for the case
of surface by Arnold, whose generalization is called the Euler-Arnold equa-
tion. From the viewpoint of applications, it is of a significance to justify
the point vortex dynamics in a background field on curved surfaces as an
Euler-Arnold flow. Since the point vortex dynamics in the rotational vector
field on the unit sphere is adapted as a mathematical model of geophysical
flows in order to take the effect of the Coriolis force on inviscid flows into
considerations [20] for instance.

This paper is organized as follows. In Section B, we reformulate vector
calculus in the plane from the viewpoint of differential forms. In Section B,
we derive the Euler-Arnold equation and investigate steady solutions. In
Section B, we introduce the point vortex dynamics and its generalizations as
another dynamical model of incompressible and inviscid fluids. In Section B,
we review basic concepts of the theory of de Rham currents. Some notions
in vector calculus are reformulated for the application to fluid dynamics. In
Section B, we examine the Euler-Arnold equation for more details from the
viewpoint of currents. We formulate a current-valued solution of the Euler-
Arnold equation on surfaces with a regular-singular decomposition, which
we call a C"-decomposable weak Fuler-Arnold flow. In Section [, our main
results are stated and proved. In the first theorem, we prove that, for a given
C"-decomposable weak Euler-Arnold flow, if the singular part of the vorticity
is given by a linear combination of delta functions centered at g, (t) for n =
1,..., N, gn(t) is the solution of the point vortex equation. Conversely, we
next prove that, if ¢,(¢) is a solution of the point vortex equation for n =
1,..., N, there exists a C"-decomposable weak Euler-Arnold flow such that
the singular part of the vorticity is given by a linear combination of delta
functions centered at g,(t). In Section B, we apply the main results to some
problems in fluid dynamics. As a consequence, the point vortex dynamics in
a background field X; (B) on a surface (M, g) is justified as C"-decomposable



weak Euler-Arnold flow and the pressure p; satisfies
pi =P+ (20x — 1)g(X,, Vi = Xo) + (28, — 1|V, — X, /2,

for some a time-dependent function P, € C"(M) as a C"-decomposable weak
Euler-Arnold flow. The present paper is written as the author’s Ph.D thesis
to make the preprint [25] self-contained.
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2 Vector calculus on surfaces

We review vector calculus in the plane from the viewpoint of calculus of
differential forms. Let us remember that the curl operator curl : X =
(X1, X?) € X"(R?) — curl X € C™Y(R?) and the divergence operator
div: X = T(X! X?) € X"(R?) — div X € C"1(R?) are defined by

curl X = 0; X% — 0, X!, divX =0 X' + 9, X2



In particular, a vector field X € X"(R?) is said to be irrotational (or curl-
free), if curl X = 0. And a vector field X € X"(R?) is said to be incom-
pressible (or divergence-free), if divX = 0. For each X € X"(R?), the
function w = curl X € C"'(R?) is called the vorticity. A vector field
X = T(X' X?) € X"(R?) is called the gradient vector field, if there ex-
ists a function ¢ € C""1(R?) such that X = grad ¢ = "(01¢, D2¢). Then, the
function ¢ is called the potential. A vector field X = (X! X?) € X"(R?) is
called the Hamiltonian vector field, if there exists a function ¢ € C™(R?)
such that X = — Jgrad¢ = "(0s1), —01%), where J is the following matrix.

71 %)

The function v is called the Hamiltonian, or the stream-function. Let us
remember that every irrotational vector field in the plane is a gradient vector
field and every incompressible vector field in the plane is a Hamiltonian vector
field. In addition, the following formula is useful in 2D fluid dynamics.

curl Jgrad ¢ = A, (4)

where A = 9% 4+ 03 is the Laplacian. Hence, every incompressible vector field
X € X"(R?) is written as X = — Jgrad for some ¢ € C™(R?), and the
vorticity w satisfies

w = curl(— Jgrad ¢) = —A. (5)

Let Gy denote the Green’s function for the Laplacian —A. Since the solution
¥ of the Poisson equation (B) is given as ¢ = (Gy,w), the vector field can
be presented by the vorticity as

X = — Jgrad(Gp,w), (6)

where (Gp,-) is the convolution with the Green function Gg. The equal-
ity (B) is called the Biot-Savart law. In particular, since Gy (z,y) = —(4m) ! log(z*+
y?), the equation (B) is written as

X(SUO yo) :/ MW(UC—% y—yo)dxdy.
’ g2 2m(2? + y?) ’

Let us reformulate the fact stated the above in terms of vector calcu-
lus through differential forms. Note that every vector field X € X"(R?) is
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conventionally written as X = T(X! X?2). However, in the theory of man-
ifolds, it is rewritten as X = X'0; + X?0, by using an orthogonal basis
(01,02) of a tangent space of R?. Let us remember that the orthogonal
basis is identified with the partial derivative acting on functions. FEvery
vector field X = X'0; + X209, € X"(R?) is converted to a 1-form X° =
Xtdzt + X?2da? e Q[lT](R2). The operator b : X € X"(R?) — X° € Q[lr](]R2)
is called the flat operator and the corresponding 1-form X is called the ve-
locity form. Conversely, every l1-form o = a;da! + apda? € Q[lr} (R?) is
also converted to a vector field ay = 101 + apdy € X"(R?). The opera-
tor § 1 o € Q(R?) — ay € X7(R?) is called the sharp operator and the
corresponding vector field oy is called the dual vector field. It is clear that
X = (X"); and o = (a3)’. We see that the curl operator and the divergence
operator is written by the differential operator d and the Hodge-* operator
as

curl X =+d X°, divX = +d*X". (7)

To see this, let us remember the following property of the differential operator
d and the Hodge-* operator in the plane. For each p-form a € er} (R?),

p=0,1,2,da € QI[’TTI(RQ) and o € Q[QTTP(RQ) satisfy

(Do d ! + dada?, if p=20,
da =< (O1ay — rap)dzt Ada?, if p=1,
L0, if p=2,
(adz! Ada?, if p=0,
xa = —apdat + oy da?, if p=1,
L 12, if p=2.

Hence, it follows that

«d X’ =sxd(X'da! + X2da?) = x(0, X2 — X ) dat Ada?
=01 X? — O, X1,
s dx X" = s dx(X'da! + X2d2?) = xd(—X2d 2! + X1 d2?)
= (O X'+ 0, XA dat ANda? = 0 X! + 0, X2

In the same manner, we obtain
grad¢ = (d@)y, Jgrady = (xd)y, (8)
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since
do =0oda! +0pda?, xdip = —0pda + 010 da’.

Owing to xdxd ) = A, the equality (8) is obtained.

Based on the reformulation of vector calculus, we naturally generalize
the above notions to those for the case of curved surfaces. Let (M, g) be a
connected orientable 2-dimensional Riemannian manifold, called a surface,
with or without boundary, which can be compact or non-compact. We extend
the Riemannian metric g on the tangent bundle 7'M to the metric on a vector
bundle E over M. Namely, g is defined as a section of (F ® E)* such that
for all p € M, g, is an inner product on the vector space £,. Hodge-*
operator associated with the metric g and the volume form dVol, is defined
by a A x5 = g(a, f)dVol, for all a, € Q%(M). In particular, * rotates
vectors and covectors by the degree +7/2 owing to dim M = 2. We assume
the existence of the Green function for the Hodge Laplacian A = dd+dé on
(M, g), where 6 = xd x is the codifferential operator. Note that the existence
of a Green function on (M, g) is discussed in [3, 24]. If M is a surface
with boundary, we assume every vector field X satisfies the slip boundary
condition on 0M, that is X|sp € X(OM). We also assume every vector field
has compact support.

We first define the flat operator b : X — X"(M) — X* € Q1 (M) by
X’ = g(X,-). The sharp operator £ : a; € Q[lr](M) — ay € X"(M) is defined
as the inverse of the flat operator. The flat operator and the sharp opera-
tor become isomorphisms between X"(M) and Q[lﬂ(]\/[ ). From this reason,
the flat operator and the sharp operator are also called the musical isomor-
phisms. Based on the equality (@), for the case of surfaces, we next define
the curl operator curl : X"(M) — C"'(M) and the divergence operator
div: X"(M) — C™ (M) by

curl X = «d X”, divX =6X°.

A vector field X € X"(M) is said to be irrotational, if curl X = 0. A vec-
tor field X € X"(M) is said to be incompressible, if div X = 0. For each
X € X"(M), the function w = curl X € C™(M) is called the vorticity. Ow-
ing to the equality (B), we define the gradient operator grad : ¢ € C"(M) —
grad¢ € X" Y(M) by grad¢ = (d¢);. The symplectic matrix J is inter-
preted as the complex structure J : X € TM — (xX°); € TM. A vector
field X € X"(M) is called the gradient vector field, if there exists a function
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¢ € C™(M) such that X = grad ¢. Then, the function ¢ is called the po-
tential. A vector field X € X" (M) is called the Hamiltonian vector field on
the symplectic manifold (M, dVoly), if there exists a function ¢ € C"™(RR?)
such that X = — Jgradt. Then, the equality (@) for the case of surfaces
holds true, since

curl Jgrad¢ = xd(xd ) = 0dy = A,

On the other hand, there is an incompressible vector field which is not
Hamiltonian vector field on the surface as long as M is simply connected
whereas, in the plane, every incompressible vector field is a Hamiltonian
vector field. Indeed, for every incompressible vector field X € X"(M), X" is
closed 1-form but it should be exact 1-form when X is a Hamiltonian vector
field. In the same reason, there is a irrotational vector field which is not a
gradient vector field. Hence, in order to recover incompressible vector fields
from the vorticity, we need to restrict the incompressible vector fields to
certain appropriate vector fields. As a trivial restriction, the incompressible
vector field X is taken as a Hamiltonian vector field — Jgrad . Then, the
vorticity w of X = — Jgrad v satisfies

w=xd(—xdy) =—-A, 9)

which yields that ¢ is determined by a solution of the Poisson equation (9).
Owing to the slip boundary condition for X, i) obeys the Dirichlet boundary
condition with a constant boundary value, since

diy=+X"=0 on dM.

We define Gy € C°(M x M \ A) as the fundamental solution of the above
Poisson problem and call it the hydrodynamic Green function.

Definition 2.1. A function Gy € C®(M x M\ A) is called a hydrodynamic
Green function, if the function Gy is a solution of the following boundary
value problem in Dj(M).

x¢ (o) — m /M¢, if M is closed,

x¢ (o), otherwise,
GH(:U7 IO) = GH('r07 l’),
dGyg =0 on JM.

—AGu(x,w0)[¢] =



Let us recall the existence of Gy is assumed throughout this paper. We
also note that the boundary value of G is arbitrarily fixed as long as the
summation of the flux on each boundary component is equals to 1 and that
the difference of this choice is at most harmonic functions, say 1. There
are several definitions of the hydrodynamic Green’s function according to
the boundary value and asymptotic behavior near ends of surfaces [9, [I1].
In what follows, let us choose a hydrodynamic Green function Gg. Hence,
by solving the Poisson problem (B0), we obtain v = ¢° + (Gg,w) for some
harmonic function 1°, which gives the Biot-Savart law on the surface.

X = —Jgrady = — Jgrad(Gp,w). (10)

As another restriction, for an arbitrarily fixed incompressible vector field
X € X" (M), the incompressible vector field Y € X"(M) is given by YV =
X — Jerad ¢ for some ¢ € C"T1(M). The case stated the above corresponds
to the case of X = 0. Then, we can also recover the vector fields from the
vorticity, since the relative vorticity w = *d(Y — X)’ € Q([)T_u(M ) satisfies

w=xd(— Jgrad )’ = — A1,

which gives Y = X — Jgrad(¢° + (Gy,w)). In this paper, we will use this
restriction to recover an incompressible vector field from a singular vorticity
in a weak sense.

3 Euler-Arnold flows on surfaces

The motion of incompressible and inviscid fluids on a simply connected do-
main U in the Euclidean plane is governed by the Euler equation,

Oy + (v - V)v, = —gradpy, dive, =0, (11)

where (v; - V) = 010, + v20,. We consider the slip boundary condition
v - n = 0 on the boundary of U. The fluid velocity field v, € X(U) and
the scalar pressure p, € C(U) are the unknowns at time ¢t € (0,7]. A
solution of the Euler equation (I) is called an Euler flow. Applying the
curl operator to the Euler equation, we have the following equation for the
vorticity wy, = curlv, = 91v2 — yv}.

8twt + (Ut : V>Wt = 0,



which is called the vorticity equation. By the Biot-Savart law, we have
v = — Jgrad(Gg,wy),
which yields the vorticity equation is rewritten with w; only.
Owwr + —(Jgrad(Gp,wr) - V)w, = 0. (12)

Then, the pressure p, is also presented by wy, since, applying the divergence
operator to ([), we obtain

div(v, - VYo, = — divgrad p, = —Apy,

which implies that p; is determined as a solution of this Poisson equation.
Hence, if w; is a solution of (), the Euler flow (v, p;) is given by

vy =—Jgrad(Gr,wi), pr = (Gu,div(Tgrad(Gu,wi) - V) Tgrad(G, wy))-

(13)
Obviously, when w; = 0 for each time ¢, it is a steady solution of (I2).
Then, the velocity field v; is irrotational and the pressure satisfies the steady
Bernoulli law.

p=—v[*/2.

When the flow field is a curved surface, we derive the Euler equation
as the variational equation for the kinematic energy of incompressible flows.
We denote the space of all incompressible vector fields on a surface (M, g)
with compact support by SVect(M) and the space of all area-preserving
diffeomorphisms on the surface with compact support by SDiff(M). Then,
every incompressible vector field v € SVect(M ) generates an area-preserving
diffeomorphism v, € SDiff(M). Conversely, the infinitesimal generator of
¢t el0,T] - & € SDiff(M) is an incompressible vector field 0,9; €
SVect(M). For each path ¢ : ¢t € [0,7] — ¢, € SDiff(M), we define the
L2-kinematic energy E(c) of the path ¢ by

1 T
E(C) = 5/0 /Mg(atct, 3tct)dV019dt.

Let us denote the variation of the path ¢ by ® : (—¢,¢) x [0,7] — ®; €
SDiff(M), in which ¢ = ®°. It follows from the chain rule that the time-
dependent vector field 9,8 € SVect(M), denoted by vy, satisfies

O20(2)]=r = (O, + Viuv) (P ()
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for each x € M and each 7 € [0,7] where V is the Levi-Civita connection
on (M,g). We write the time-dependent vector field 0,9 |s—g € SVect(M)
by wu;, which satisfies ug = uy = 0. For the first variation of E, we obtain

iE((I)S)

T
= / / (8@?, 050, ;| s=0)dVol, d t
ds o Ju

T
:/ /(@t@g,atut)dVOIth
0 JM
{/ (0,9Y, uy)dVol dt] / / (02®Y uy) dVol, dt
M

T
= —/ / (@Ut -+ Vvtvt, Ut)dVOIQ dt.
0 M

Hence, if the path ¢ is a critical point of E, then for every ¢ € [0,7] and
every u; € SVect(M),

/ (at'Ut + Vvtvt, Ut)dV01g = 0.
M

By Hodge-Kodaira decomposition, there exists a time-dependent function
p; € C™(M) such that

Oy + Vo, vy = — grad p;. (14)

The evolution equation (Id) is called the Euler-Arnold equation [0, 2]. The
unknowns, v; and p, are called the fluid velocity and the pressure. The
solution (v, p;) of (I4) is called a (classical) Euler-Arnold flow.

In what follows, we fix an Euler-Arnold flow (v, p;) € X"(M) x C"(M) at
a time t € (0,T). For convenience, we omit the subscript ¢ unless otherwise
stated in what follows. Let us introduce some equivalent formulations of the
Euler-Arnold equation. They are derived from the following dual formula-
tion.

O’ + V,o© = —dp. (15)

Based on the fact that
Vo' = L, —d|v]?/2, (16)
V' =i,dv’ 4 d|v]?/2, (17)
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we obtain two equivalent formulations of (IH),
o0’ + L,v" = —d(p —|0]*/2), (18)
O’ + i, dv’ = —d(p + [v]*/2), (19)

where £ and ¢ are the Lie derivative and the interior multiplication respec-
tively. Applying the operator *d to (IR), we have the vorticity equation.

Ow + L, w = 0. (20)

Hence, the vorticity of the Euler-Arnold flow is also a Lagrange invariance.
If v is a solution of (20), the pressure is determined by v, since, applying the
codifferential operator § = xd * to (IH), we have

div Vv = 6V,0" = —Ap,

which yields
p = (Gy,divV,v).

Moreover, if v is a Hamiltonian vector field, owing to the Biot-Savart law (),
the vorticity equation is written with w only.

Gtw + L_ Jgrad(G g ,w) w=0. (21)
Hence, if w; is a solution of (1), the Euler-Arnold flow (v, p;) is given by

vy = —Jgrad(Gp,we), pr = (Gu,divV_ ggradicywy — Jgrad(Ga,wr)).
(22)
We notice that the equality (IR) contains both v and v*. On the other
hand, the equality (I9) gives a formulation of the Euler-Arnold equation
with v* only. As a matter of fact, let us recall the Riemannian metric can
be extended to the metric on the cotangent bundle, which yields |v"| makes
sense and |v°| = |v| holds. Owing to dim M = 2, we have

iy d1’ = wi,dVol, = (xdv’) x1’,
which yields that the equality (I9) is deduced to

0”4+ (xdv’) x 0" +d|W°]?/2 = —dp.

12



This formulation plays a key role in deriving a weak formulation of the Euler-
Arnold equation.

Let us examine these expressions of the advection term, (I8) and (I7)
in more detail. We will see that each of them leads to a steady solution of
the Euler-Arnold equation. They are derived from the covariant derivative
operator Vv : X € X"(M) — Vxv € X"(M) and its adjoint operator V*v
for each v € X" (M), which is defined by

9(Vu(X),Y) = g(X, Vo(Y))

for every XY € X"(M). In what follows, we fix vector fields v, X,Y €
X"(M) arbitrarily. It follows from the compatibility of the metric that

9(V*0(v), X) = g(v, Vo(X)) = g(v, Vxv) = X[v[*/2 = d [u]*/2(X),
which gives
Vo) =d|vf?/2. (23)

Let us decompose Vv into the symmetric part V¥™v and skew-symmetric
part Vv, that is, for each X € X" (M),

VY (X) = Vo(X) + Vio(X),
V¥u(X) = Vo(X) — V*o(X).

In particular, by (E3), we obtain

<

VY (v)’ = Vu(v)
VSkU(U)b

+ V() = Vo' +d|v)?/2,
Vo(v)’ — Vo(v) = V© —d|v]?/2.

By the definition of the Lie derivative, we have

(Lo g)(X,Y) =0g(X,Y) = g([v, X],Y) — g(X, [v,Y])
=g(V,X,Y)+g(X,V,Y)
—g(V, X = Vx0v,Y)—g(X,V,Y — Vyv)
g(Vxv,Y) + g(X, Vyv)
9(Vo(X),Y) + g(X, Vo(Y))
g(V"(X),Y).

13



Hence, the equality (@) holds true, since

(L, 0")(X) = 00" (X)) = V" ([v, X]) = vg(v, X) — g(v, [v, X])
= (Lo 9)(v, X) = g(V"™0(v), X) = (V0" +d [u]*/2)(X).

Let us compute d ¢’ in the similar manner.

Ao’ (X,Y) = X(*(Y)) = Y (*(X)) = ([X,Y))
= Xg(v,Y) =Yg(v, X) — g(v, [X,Y])
= g(Vxv,Y) +g(v, VxY) — g(Vyv, X)
g(v,VyX) —g(v,VxY — VyX)
=9(Vxv,Y) — g(Vyv, X)
9(Vo(X),Y) — g(Vo(Y), X)
9(VFu(X),Y).

From this, we see that
iy d0’(X) = dv’ (v, X) = g(V*o(v), X) = (V' —d |v]*/2)(X),

which establishes the equality (7). For example, when the flow field is the
Euclidean plane, we have

d |v| /2 = ('Ot + 02010 dat + (v 0! + v?0pv?) d 2?,
= (v' 0! + v2 0t ) d 2! + (v'01v? + v?0pv?) d 22,

iy dv’ = (02000 + v?0") d ! + (v'0w? — v dyet) d2?,
= (2

L, = (20r00" + 0?00t + 0200%) d 2t + (20%0,0% + v' 0?4 v oyt ) d 22

Let us derive steady solutions of the FEuler-Arnold equation from the equal-
ities, (@) and (7). We first examine a vector field v € X" (M) such that
L,g = 0, which is called the Killing vector field. Then, the Euler-Arnold
equation is deduced from (IR) to

d(p —v|*/2) = 0.

Hence, every Killing vector field v € X" (M) is the fluid velocity of a steady
Euler-Arnold flow (v, p) and the pressure satisfies p = |v|*/2 up to constant.

14



For instance, when the flow field is the Euclidean plane, the Killing vector
field has a constant vorticity. Our next concern is a vector field v € X" (M)
such that dv* = 0. Owing to w = *dv”, the vector field is irrotational. In
the same manner as the case of the plane, we conclude every irrotational
vector field v € X"(M) is the fluid velocity of a steady Euler-Arnold flow
(v,p) and the pressure p satisfies p = —|v|?/2 up to constant owing to ().

4 Point vortex dynamics

The point vortex dynamics is another dynamical model of incompressible
and inviscid fluids, which is formally derived from the Euler flow. As we see
in Section B, if a time-dependent function w; is a solution of the vorticity
equation (I2), then an Euler flow (v, p;) is determined by w; as

vy =—Jgrad(Gy,wy), p = (Gy,div(Tgrad(Gy,w;) - V) Tgrad(Gy,wy)).

(24)
These formula (I2) and (24) are still valid in the sense of distributions when
we give a time-dependent vorticity distribution €); = Zf:[:l I',0,. (1) in which
(T,)2, € (R\ {0})", gn(t) is a given l-parameter family, and d,, ) denotes
the delta function centered at ¢, (t) forn = 1,..., N. Then, a time-dependent
vector field V; € X(U \ {g.(t)}_,) and a time-dependent function P, €

n=1

C(U\ {gn(t)}72,) are given by

Vilg) = = Jgrad Y _TuGulq (1)), P = (Gu,div(Vi- V)Vi).  (25)

n=1

Since (V;, P;) is no longer an Euler flow in a regular sense, we can not de-
fine the dynamics of ¢,(t) from the Euler equation. Instead, to determine
the evolution of ¢, (t) by V;, Helmholtz considered the following regularized
equation for g, (t) [21].

G, = lim [Vi(q) + Terad(Ga, [y ()] (26)

q—qn

N
= - jgrad Z FmGH(qu Qm) = Un(Qn)

m=1
m#n

It is called the point vortex equation, and the solution of (EB) is called the
point vorter dynamics. Since the evolution equation for the vorticity €2, are
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determined in a different way from the vorticity equation, the problem arises
as to whether the point vortex dynamics is an Euler flow in a mathematically
appropriate sense. Although the problem is not well-established mathemat-
ically, the equation (£8) plays a significant role in the application of fluid
dynamics as mathematical models of many fluid phenomena with localized
vortex structures, in which the fluid velocity and the pressure are obtained
by (23). On the other hand, until this problem is solved, it is still unclear
whether qualitative understanding of the fluid phenomena based on the point
vortex dynamics is valid for Euler flows. With this reason, it is of a signifi-
cance to justify the point vortex dynamics as an Euler flow in an appropriate
mathematical sense.

The point vortex dynamics is sometimes considered in the presence of
the velocity X; € X"(R?) of an Euler flow, in which the evolution of g, (t) is
governed by the following equation.

Qn(t) = ﬁXXt(QH(t» + ﬁwvn(Qn(t))v n=1,...N, (27)

for a given (B, B.) € R?. Some experimental studies confirm the importance
of background fields in two-dimensional turbulence [28]. For the solution
qn(t) of (23), a time-dependent vector field V; and a time-dependent function
P, are thus defined by

Vilg) = Xi(q) — Jgrad Y TGl qa(t)), P = (Gu,div(Vi- V)V,). (28)

n=1

As is the case without background field, we are concerned with whether
(Vi, P;) which is defined by (E8) becomes an Euler flow. However, for general
background fields, even if the background field comes from a classical solution
of the Euler equation, any space of solutions containing (V;, P;) has not yet
been established.

When the flow field is a curved surface, in the same manner of the case of
the Euclidean plane, the point vortex dynamics is derived from the fact that,
if w; is a solution of the vorticity equation (1), we obtain an Euler-Arnold
flow (vy, pr) which is defined by

vy =—Jgrad(Gp,w), P = (G, diVvV sgrad(Gyw) Jgrad(Gu, wy)).

Taking a linear combination of delta functions €, = 25:1 04, for (D)0,

and ¢, (t) € M as the time-dependent distribution, we obtain a time-dependent
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vector field Vi € X(M \ {¢,(t)}Y_,) and a time-dependent function P, €
OO {ga(}).

N
n=1

As an analogy of the Helmholtz principle, let us consider the following regu-
larized equation for g, (t).

4o = lim [Vi(q) + Jgrad ', log d(q, ¢,(t))] (29)

q—qn
N
= —Jgrad,, Z LG (ns Gm) + TnR(qn) = vn(an),

=

where d € C*°(M x M) is the geodesic distance on (M, g). The equation (£9)
is also called the point vortex equation, and the solution is called the point
vortex dynamics on the surface. The function R is referred to as the Robin
function [9, [T, which is defined by

R(q) = lim Gy(q,q0) + L log d(q; qo)-
qo0—q 27

Point vortex dynamics on surfaces is originally motivated by the appli-
cations to geophysical fluids [d]. Later, the point vortex dynamics is investi-
gated in the many surfaces: a sphere [[[5], a hyperbolic disc [14], multiply con-
nected domains [27], a cylinder [I9], a flat torus [27], the Bolza surface [I0],
surfaces of revolution diffeomorphic to the plane [I3], the sphere [[7] and the
torus [23]. There are some derivations of the point vortex dynamics on sur-
faces. The derivation stated above is based on the analogy of Helmholtz
principle. Another derivation of point vortex dynamics from the vorticity
equation (E0) and the generalized Newton law has been recently developed
in [IT]. Note that point vortex dynamics on surfaces is formally derived in-
dependently from the Euler-Arnold flows. As is the case of the Euclidean
plane, we can ask whether (V;, P;) is an Euler-Arnold flow. However, there
is no result on the problem for curved surfaces as well as the plane. Besides
the problem as we see in the case of the Euclidean plane, due to the gener-
alization of point vortex dynamics to the case of curved surfaces, the other
problems arise in justifying the point vortex dynamics as an Euler-Arnold
flow. First, in the analogy of the Helmholtz principle, the fluid velocity is
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regularized by the geodesic distance. There is no particular reason why the
geodesic distance should be taken to regularize the fluid velocity. Another
choice of the regularizing function has been recently discussed in [IZ]. Second,
there exists an Euler-Arnold flow such that it is not Hamiltonian owing to
the Hodge decomposition, whereas the point vortex dynamics is formulated
as a Hamiltonian dynamics. Hence, there is a gap between non-Hamiltonian
Euler-Arnold flows and the point vortex dynamics.

For the case of a curved surface, the point vortex dynamics in a back-
ground field is formulated as well as for the cased of the plane by taking an
Euler-Arnold flow as the background field instead of an Euler low. Namely,
the point vortex dynamics on the surface with a background field X; € X"(M)
is defined as a solution of

Qn(t) - ﬁXXt(Qn(t)) + Bwvn(Qn(t))v n=1,... N7

where (8, 3.) € R? is a given parameter and the vector field X; € X" (M) is
the fluid velocity of a given Euler-Arnold flow. For example, in the applica-
tion to geophysical flows, the point vortex dynamics in a background field on
the unit sphere is adopted as a mathematical model of incompressible and
inviscid fluid flows on the unit sphere with Coriolis force [20]. On the other
hand, as is the case with no background field, there is no theoretical result
on the problem whether (V;, P,) is an Euler-Arnold flow.

5 de Rham current

5.1 Basic concepts and properties

We review some basic notions in the theory of de Rham currents, which
are alternatives of the Schwartz distributions in the Euclidean space and
which are required to give a weak formulation of the Euler-Arnold equation
on curved surfaces. Roughly speaking, currents are differential forms with
distribution coefficients in local charts. A good reference of the theory of de
Rham currents is given in [G].

A p-current is defined as a continuous linear functional over R on D*7P(M),
which is the space of all (2 — p)-forms on M with compact support. Let T'[¢]
denote the coupling of the p-current T and ¢ € D?>"P(M). The elements
of DP(M) are often called test forms. The space of all p-currents on M is
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denoted by D, (M). The calculus of differential forms such as the differen-
tial operator d, the Hodge-* operator, the codifferential operator § = *xd *,
Hodge Laplacian A = d d+0 d can be extended to currents via test forms. In
fact, for a given T € D, (M), d and * are defined by dT'[¢] = (—1)P*'T'[d ¢]
for each ¢ € D'P(M) and *T[p] = (—1)PC=P)T[xy] for each ¢ € DP(M).
Thus the notions for differential forms such as (co)closedness, (co)exactness
and harmonicity can also be defined with respect to currents.

For instance, the space Dj(M) corresponds to the space of distributions
on M. For any p-form o € QP(M), it is naturally identified with a p-current
when we define a functional I(a) on D*?(M) as I(a)[¢] = [, A ¢. For
p € M, we define the delta current, say 60, € Dy(M), by 6,[¢] = *¢(p). This
is the counterpart of the delta function in the theory of distributions.

We now introduce x, : v € X" (U) = x,v € D{(M) for a given open
subset U C M and p € U by xpv[¢] = ¢,(v,) for each ¢ € DY(M). It
is characterized as a limit of the mean value for the vector field around a
geodesic circle as follows.

Proposition 5.1. Fiz an open subset U C M, p € U and v € X"(U). Then
for any ¢ € D'(M), we have

Xpv[¢] = lim lg(v, Jgradlogd(p, q))p,-

Proof. Let us take a complex coordinate (z) centered at p with z(p) = 0.
Since g is presented as g = A?|d z|? for some A\ € C*(U), the distance d(p, q)
is written as d(p,q) = A(0)|z| + O(g). Writing v = v*0, + v*0;, we deduce
from *dz = —idz and *d z =1id Z that

g(v, Jgradlogd(p, q)) = *dlogd(p, q)[v] = * dlog |z|[v] + O(e)
<—% + %) [v*0, + v*05] + O(¢)

z z

Ea

z

OIS

DN | =
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By the residue theorem, we conclude that

v: o v*

. .
/ —g(v, Jgradlogd(p, q))¢ = —21 (—— + —) (p-dz+ ¢zd2) 4+ O(e)
0B:(p) T 8B.(p) 2T z z

= v7(0)¢:(0) +v7(0)¢=(0) + O(e)
— va[¢]'

]

Let Q’fr ]1oc(M ) denote the space of all p-forms on nonempty open subset

U C M, which are called local p-form. In the same manner as LY (M), the
topology of (M) can be defined. For each local p-form o € Qp, (M),
there exists a maximal open subset U such that a € Qﬁ](U ). Then, the
closed subset S"(a) = M \ U is called the singular support of a. A p-current
T € D, (M) is said to be C", if there exists a local p-form ar € Q) (M) such
that for every ¢ € D> P(M\S"(ar)), T[¢] = I(ar)[¢]. Let D}y (M) denote the
space of all C" p-currents. For each T' € D (M), the subset S"(T') = S"(ar)
and the local p-form ar is called the singular support of T" and the density
of T. Owing to the fundamental lemma of calculus of variation, the density
is uniquely determined. Thus, the map K : T € D) (M) — K(T) = ar €
er]loc(M ) is well-defined and called the derivative. For example, for each
p € M, the delta current ¢, is C'* since §, = I(0) in M \ {p}. We thus
obtain $S*(d,) = {p} and K(9,) = 0. In this paper, all currents are C" and
the singular support consists of a finite set of points.

In Definition 2711, we state the definition of the hydrodynamic Green func-
tion in the sense of distribution. Let us restate the definition in the sense
of currents. For each zo € M, we define G, € Dy°(M) as K(G,,)(x) =
Gp(z, ). Then, the definition of the hydrodynamic Green function Gy €
C®(M x M\ A) is rewritten in terms of the current G, as follows. For each

(r,m9) € M x M\ A and each ¢ € D*(M),

1
- if M is cl
x¢(z0) Avea(M) /Mqﬁ, i is closed,

*P(20), otherwise,
Gxo = G$7
dK(Gy) =0 on OM.

_AGQSO [(b] =
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Let us remember that Q[lr](M ) is identified with X" (M) by the musical
isomorphism § : a € Q (M) — oy € X"(M), satisfying a[X] = g(ay, X)
for all X € X"(M). Every C" l-current T generates a vector field allowing
singularities in S(7'). For each T' € DY (M), we define Ty € X" (M \ S"(T))
by T; = K(T);. As an example, for each ¢ € Df (M), we define Jgrady €
XYM\ S"H(dv)) by Jgrady = K(xdw);. The vector field Jgrady
stands for the Hamiltonian vector field induced from the Hamiltonian
with singularities in S(0). We will use this notion when we take a vector
field generated by point vortices. In what follows, for a given 17" € D} (M),
we abbreviate S"(T") to S(T"). Moreover, we denote K (7T') briefly by 7" as long
as no confusion arises. In particular, for a given 7" € DY (M), when we write
|T'|? , it stands for not the multiplication of currents but the multiplication
of the local 1-form |ap|%. Similarly, (xdT) * T means the multiplication of
the local O-form * d cp and the local 1-form xaq. This treatment is sensitive
when we formulate the nonlinear term in the sense of currents.

We define the principal value p.v.: T'€ Q7 (M) — p.v.T € D, (M) by

[r]loc

p.v.T[¢] = lim TA¢
e=0 Ja\B.(S(T))

for each ¢ € D?>7P(M) if the limit exists. The domain of p.v., say Dom(p.v.),
is defined as the space of p-currents in which the limit exists for every ¢ €
D*P(M).

We apply the calculus of currents to the derivation of the Biot-Savart
kernel in the Euclidean plane (C,|d z|?). First, let us consider a 0-current
= (Gy,dy) € Dy(C). Since v = I(Gy(z,0)) on C\ {0}, we deduce that ¢
is C* and that S(¢) = {0}. We next compute u = — * dy) € D°(C). For
each ¢ € D}(C),

) = dvlso] = —vidsd) = - [ Gulz,0)dso
C\{o0}
:/ —d(Gg(z,0) % ¢) + dGp(z,0) A *x¢
C\{o}
:/ — % dGy(z,0) A d = I(—+dGylz,0))[g],
C\{o0}

which yields u = I(— * dGg(z,0)) in C\ {0}. It follows from xdz = —id z
and xdz = idz that — x dGg(2,0) = i(0.Gy(2,0)dz — 0:Gy(z,0)d 2).
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Therefore we obtain the Biot-Savart kernel as follows.
—Jgrady = (—*xdGg(z,0)); =1(20.Gy(2,0)0; — 20;Gu(2,0)0,)
1 1 ]
—i <_ 0- + 0 ) ;(zﬁz — 205)

27z 21z 7 ) T 2nfz]?
1
= (—y0, y).
27T(a:2+y2)< yOu + 20y)

Remark 1. We compute the vorticity of — Jgrad ), in which p.v. plays a
key role in the computation by the density of ¢. Indeed, since u = I(— x
dGp(z,0)) in C\ {0}, xdu=I(—*xd*xdGg(z,0)) = I(—AGu(z,0)) = 1(0)
in C\ {0}. On the other hand, we have xdu = —xdxd¢ = =AY = w = .
This indicates that we need to take the singular behavior into account in
order to calculate the vorticity by the density. For each ¢ € D?(C), owing to
—xdGpg(2,0) € O, (C), we see that

[r]loc

xdp.v.ulp] = p.v.uld*¢] = liné —xdGp(z,0) Adx*¢
€70 Je\B:(0)

= lim d(x¢ * dGg(z,0)) — *x¢pdxdGy(z,0)
e—0 (C\Bg(O)

= lim — x¢x dGg(z,0)
e—0 dB-(0)

— lim *xpANGp(z,0)dzAdz
e—0 C\B.(0)

= lim x1(0,Gy(2,0)dz — 0:Gp(z,0)d 2)

= x¢(0),

which yields xdp.v.u = dp in Dy(C). Therefore, in order to recover the
vorticity from the density, we need to consider xdp.v.u instead of xd u.

Let us introduce the operator £ by £ =dp.v. : T € QY (M) — £T €

[r]loc

D, (M), which is called the localizing operator. For each ¢ € DPHY(M), we

have
£T[p] =dp.v.T[¢] = (=1)PT pv.T[d ¢)].

The domain of £, Dom(£), is the space of p-currents 7" in which p.v.T'[d ¢]
is well-defined for every ¢ € D'"?(M). If T € Dom(£) satisfies dT = 0 in
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M\ S(T), then we obtain

LT[¢] = (=1)P pv. T[d¢] = (—1)P™ lim TAdg
=20 Ja\B.(s(T))

= —lim TN ¢,
e0JaB.(s(1))

since (—1)P'TAd¢ = —d(T A ¢) +dT A ¢. Hence, £T is determined by
the asymptotic behavior of T' near the singular support S(7"). The name of
localizing operator is named after this property.

5.2 Weak formulation of vector fields

Based on the fact that X"(M) is isomorphic to Q[lr](M ) through the musical
isomorphism b : v € X"(M) — v’ = g(v,-) € Q[lr](M), we can extend the
notions associated with vector fields such as the divergence, the vorticity
and the slip-boundary condition in the sense of currents. We will use these
notions to formulate the Euler-Arnold equations in the sense of currents.

As we see in Section B, the divergence and the vorticity of v € X"(M) is
defined by 6v° € Q?Tfl](M) and *d v’ € Q?PH(M). Hence, it is reasonable
to define the divergence and the vorticity of a l-current o € Dj(M) by
da € Dy(M) and xda € Dy(M). Owing to dim M = 2, the slip boundary
condition v|gy € X(OM) is written as the condition that *v” = 0 on OM. By
analogy, we define the slip boundary condition for a C" 1-current o € Dy (M)
with OM NS(a) = 0 by *K(a) = 0 on 9M. Next, we reformulate the notion
of the Biot-Savart law on surfaces in the sense of currents. As we see in
Section B, for a given incompressible vector field X € X"(M) and a given
Y € C™(M), the incompressible vector field Y = X — Jgrad+y € X"(M)
can be recovered from the vorticity ¥ = X — Jgrad(Gy,w), where w =
xd(Y — X) € Q([)r—l](M)' Let us extend this formulation with respect to
vector fields to currents by replacing Y’ € Q[lﬂ(M ) with o € Dj(M). That
is to say, for a given incompressible vector field X € X"(M), we consider
a l-current o € D} (M) such that o — X is coexact, or equivalently there
exists 1 € Dj(M) such that @ = X’ — xd ). Defining the relative vorticity
w € DL(M) to X € X" (M) by w=x*d(a — X*) € Dy(M), we obtain

—Atp = —6dyp = xd(a — X°) = w, (30)
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which yields ¢ = ¢° + (G, w) up to harmonic function 1 since the kernel
of the Laplacian —A consists of harmonic functions. In the present paper,
we consider a special form of a singular vorticity as follows.

Definition 5.2. Fir N € Z, (T,,))_;, € R\ {0})Y and (¢.)Y_, € Qn =
(Int MM\ {(g.)2; € (IntM)N|3i, 4, ¢ = q;}. A O-current w € D)(M) is
called a singular vorticity of point vortices placed on {q,}Y_, C M, if for
each ¢ € D*(M),

olé)= Y Tuxola) +< [ o

where
1 N
——E | f M is closed,
c= Area(M) — if M is close
0, otherwise.

Then every solution ¢ € Dy°(M) of the Poisson problem —AY = w is
presented by

N
=140+ TG,
n=1

up to a harmonic function °, since for each ¢ € D*(M),

N

—AP[g] = —Difo[¢] + Y Tu(—AG,,)

Identifying the delta function with the Dirac measure, we see that

KEw)=c, K@)p) =v¢"0)+> TuGup, ),

n=1

which yields S(w) = S(v) = {g.} ;.
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Let us now fix N € Z, ([',)Y_, € (R\ {0})" and (¢,)Y_, € Qn. For

n=1
each n € {1,..., N}, a vector field v,, € ¥*(B,(¢,)) with sufficiently small
r € Ryq is defined by

N
L,
vn(q) = — Jgrad, [Z LnGr(Gm. q) + 7 log d(qn, q)] :

m=1
It follows from the regularity theorem for a linear elliptic operator [3] that
v, is O, Note that, in particular,

N

m#n

Un(qn) = — Jgrad,,

Since ZZ# LG (Gms @) + T R(g,) is smooth on Qn, v : (g,)Y_, € Qn —
(vn(q0))_, € TQy is a smooth vector field on Q. The point vortex dynam-
ics is defined by a solution of the following ordinary differential equation,

Gn(t) = va(qn(t)), n=1,...,N.

For a given Euler-Arnold flow (X;, ;) € X"(M) x C"(M) and (Bx, f.,) € R?,
the point vortex dynamics in the background field X; is defined as a solution
of the following ordinary differential equation,

qn(t) = ﬁXXt(Qn@)) + ﬁwvn(Qn(t))7 n=1,...,N, (31>

called the point vortex equation.

6 Weak Euler-Arnold flows

As we see in Section B, the Euler-Arnold equation on surfaces is presented as
0”4+ (xdv’) x 0" +d[0°]?/2 = —dp. (32)

Before we replace differential forms in (B2) with currents, we need to deal
with the nonlinear term carefully in order to avoid multiplication of currents.
Based on the fact that multiplication of local p-forms is still valid and a local
p-form is converted to a current by taking the principle value, the Euler-
Arnold equation is reformulated for oy € Dy (M) and p; € Q?T]IOC(M ) as
follows.

opv.as +pvi(xday) * a; +d|oy|’/2} = —pv.dp, in Dy(M), (33)
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if each of terms is contained in Dom(p.v.), where we abbreviate K(oy) to
a;. When we focus on evolution of vorticity, the vorticity equation is useful
rather than the Euler-Arnold equation. Let us remember that the vorticity
equation is obtained by applying the differential operator d to the Euler-
Arnold equation. Hence, applying the differential operator d to (B3), we
obtain the vorticity equation corresponding to (B3) if each density in (B3) is
contained in Dom(d p.v.) = Dom(£).

Definition 6.1. A pair of time-dependent currents (o, p;) € DY(M) X
Q?T]IOC(M) 1s called a weak Euler-Arnold flow, if the following conditions are
satisfied:

~

a; € Dom(L) and (xd o) * ay + d |ay|*/2 € Dom(£);

2. dp; € Dom(£);

3. 0y Loy + L{(xday) *ay +dlay|?/2} = — Ldp;  in Dy(M);
4. 6oy =0 in DY(M);

5. OM N S(ay) =0 and xa, =0 on OM.

In particular, we call the third condition the weak Euler-Arnold equation and
ay the velocity current.

We decompose a weak Fuler-Arnold flow into a regular part and a singular
part, thereby discussing the decomposition of each term of the weak Euler-
Arnold equation. As we see in Section b2, for a given X € X"(M), a 1-current
o € D}(M) is recovered from the relative vorticity w = * d(a—X?), if a — X?
is coexact. Based on this fact, we assume that, for a given weak Euler-
Arnold flow (ay,pr) € DY (M) x Q([)r]lov:(M ), there exists a time-dependent
vector field X; € X7(M) such that u; = ay — X} is coexact for each time ¢,
that is, there exists ¢); € Dj(M) such that a; — X} = u; = — * de);. The
vorticity of X is denoted by wx = *d X?. In other words, we consider a
weak Euler-Arnold flow such that the singular part of o can be described by
a Hamiltonian system on the surface in the sense of currents. Then, ¢ and
u are determined by the relative vorticity w = *d(a — X”) and a harmonic
function ¢° as follows.

¢:¢0+<GH7W>7 u:_*d(¢0+<GH7w>)'
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For the corresponding densities, it follows from

hLa—0,LX =0 Lu
Lxda)xa— Lwx * X” = L(w +wx) * (u+ X") — Lwx * X
= &{(wx +w) xu+wx X"},
gdla)? — £d|X]P=L£dg(X° 4+ u, X" +u) — £dg(X’, X
= £dg(2X" + u,u)

that, if (X, P) € X" (M) x C"(M) is a classical Euler-Arnold flow,
X +wxy* X' +d|XP=—dP,
the weak Euler-Arnold equation (Definition B1-3) is reduced to
O Lu+t L{(wx +w)xut+ws X +dg(2X° +u,u)/2} = — £d(p— P). (34)

We shall compute the advection term and the pressure term when w
is a singular vorticity of point vortices. To get insights on this calcula-
tion, let us compute these terms in the case where (M, g) is the Euclidean
plane (C,|dz|?) as an example. Let us take a weak Euler flow (ay,p;) €
DY (C) x Q?T]IOC(C). We also suppose that there exists a classical Euler flow
(Xy, P,) € X"(M)xC"(M) such that u; = a;— X, € Dy (C) is coexact for each
time t, and its relative vorticity is given by 22[:1 I',,0,, for a given N € Z>4,
(TN € (R\{0})" and {z,}_, € R% Notice that S(u) = S(w) = {z,}2_,.
Then, let us compute each terms of the weak Euler-Arnold equation (Defini-
tion B1-3). It follows from w = I(0) that

Lwx(ut+X")=0(L*u+£X°) =0.

We can see Lwy *xu = L£xu = 0. Let us fix ¢ € D(C) and sufficiently small
e > 0. Defining v, € X*(C\ {gm}4,) by v}, = u— ([y/27) x dlog |z — z,],
by the Stokes theorem, we deduce

N
/ xsuNdo= —d(¢*u)+¢d*u:2/ O *u
C\B:(S(u)) C\Bc(S(u)) n=1 7 9Bc(2n)

N

r
= gb(vi——ndlogz—zn):Oe,
S [, o (g desl =) =00

n=1
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which yields £ xu = 0. Since

/(C\BE(S(“))

it follows from £ xu = 0 that Lwx *u = 0. In contrast, Proposition b yields
that

/ wWx * UAd¢‘ < HWX‘suppdngoo
C\Bc(S(u))

£dg(X°,u) ZF dx., X, £dg(u,u)/ ZF d X2, Un,

n=1

since

g, u) A = / u)do
/C\BE(S( )) Z 8Bs(zn
Iy
. Z / ( )+ oY, Tgradog2) )
OB (2n) 27
%—ZFndxan[gzﬁ] as € — 0,

and

g(u/2,u) Ndop = — / g(u/2,u)d ¢
/(C\BE(S( )) Z OB (2zn)
2 L'y
= —Z val*/2 + 5= g(vs, Tgradlog z]) ¢ d
OB (zn) 27

I 2
—Z/ —(—"|*dlog|z—zn||) d
OB:(zn) 2m

— — ZrndinUn[¢] as € — 0.

n=1

This illustrates that the leading terms in the advection term consists of
£dg(X° u) and £d|u|?/2. This fact will be generally confirmed to hold
true for every surfaces in Lemma [Z3. Based on this, we introduce a model
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for the pressure that £p is killed out with a linear combination of singular
terms £d g(X”, u) and £d |u|?/2, that is

p=P+(28x — 1)g(X’,u) + (28, — Dul*/2

for some (Bx,,) € R?. This mathematical model can be interpreted that
the singular behavior of the pressure is balanced with the interaction energy
density g(X”,u) and the kinetic energy density |u|?/2 with a growth rate
(Bx, B,). Summarizing the above, we propose the following regular-singular
decomposition of a weak Euler-Arnold flow.

Definition 6.2. A weak Euler-Arnold flow (cy,p,) € DY (M) X Q?T]IOC(M) is

said to be C" decomposable (r > 1), if there exists a classical Euler-Arnold
flow (X, P,) € X"(M) x C"(M) and (Bx, B.,) € R? such that the following

conditions are satisfied for each time t.
1. ay — X! is coezact;
2. pr =P+ (28x — Dg(X}, w) + (28, — Dwf*/2,

Then we call X; a background field of oy, oy — X; a relative velocity current
and (Bx, Bw) a growth rate of p;.

Let us note that the C" decomposability of the weak Euler-Arnold flow
guarantees the existence of the decomposition but there is no mention of the

uniqueness of the decomposition. Hence, when we study a C" decompos-
able weak Euler-Arnold flow (ay,p;) € DY (M) x Q2. (M), we need to fix

r]loc
a classical Euler-Arnold flow (Xy, P;) € X"(M) x C[”]"(M ) and a parameter
(Bx, B.) € R? such that the velocity field X; is a background field of a; and
the parameter (S, f,) is a growth rate of p;. If a weak Euler-Arnold flow
(v, py) is C" decomposable (r > 1), the equation (B4) is written without the

pressure term as follows.

O Lu+ &{(wy +w) xu+wx* X* +dg(28x X"+ Bou,u)} = 0. (35)

7 Main results

Let us fix N € Zsy, ()2, € (R\ {0})" and a C" one-parameter family @ :
t €[0,T] — ®; € Diff"(Qx) in what follows. Let us denote by (g,(t)))_, =
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®4((¢.(0))N_,) an orbit of ®. We first prove that for a given C"-decomposable

n=1
weak Euler-Arnold flow, if the relative vorticity is given by a singular vorticity
of point vortices placed on {q,(t)}2_;, ¢,(t) is a solution of the point vortex

equation (BI), which defines the point vortex dynamics in a background field.

Theorem 7.1. Let (ay,p) € DY (M) % Q?T]IOC(M) be a C"-decomposable weak
Euler-Arnold flow (r > 1). Fiz a background field X, of oy, a growth rate
(Bx, By) of pi. Suppose the relative vorticity wy is a singular vorticity of point
vortices placed on {q,(t)}N_,. Then, q,(t)(n =1,...,N) is a solution of the
point vortex equation (B1).

Conversely, we next prove that if ¢,(¢) is a solution of the point vortex

equation (BT), there exists a C"-decomposable weak Euler-Arnold flow such
that the relative vorticity is given by a singular vorticity of point vortices
placed on {q,(t)}_,.
Theorem 7.2. Fiz a classical Euler-Arnold flow (X, P;) € X"(M) x C" (M)
and (Bx,B.) € R%. Let wy € Dy(M) be a singular vorticity of point vortices
placed on {q,(t)}Y_,. Define a time-dependent current u; € DP°(M) by
u = — x d(Gy,w). Suppose q,(t)(n = 1,...,N) is a solution of the point
vortezx equation (BI). Then, the following pair of time-dependent currents oy
and p; defines a C"-decomposable weak Euler-Arnold flow.

Qp — th +uy € D/{(M),
bt = Py + (QBX - 1)g(Xf>ut) + (zﬁw - 1)’ut‘2/2 S Q?THOC(M>'
The following lemma plays a key role in the proofs of Theorem 1 and [2.

Lemma 7.3. Fix a time-dependent vector field X, € X" (M), r > 1 and
(Bx,B,) € R%  Let w; be a singular vorticity of point vortices placed on

{g.()}_,. Define a time-dependent current u, € DP(M) by u, = — x
d(Gy,wi). Then, we have
N
0 Lu=Y Tndxgdn, (36)
n=1
L(wx +w)xu+wx X'} =0, (37)
N
{dg(28x X" + Bou, )} = = > Tndxg, (BxX + Buvn).  (38)
n=1
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Proof. In what follows, since we fix ¢ € [0,7], we may omit the subscript ¢
unless otherwise stated. We decompose u into the regular part vﬁb and the
singular part *d,(I',,/27) log d(q, g,) as follows.

r,
u = v,bl + *d, o log d(q, qn)- (39)

Without loss of generality, a geodesic polar coordinate (p,0) = (d(q,qn),0)
can be taken in the neighborhood of ¢,, satisfying

xdlogp=do+O(p). (40)

Let us fix ¢ € D°(M) and sufficiently small € > 0. We remember the relation
aAde = —d(¢a) + ¢da for each a € Q'(M). To show (BB), we see that
L£u = w. By the Stokes theorem, we have

/ uNdgo= —d(¢u) + ¢du
M\B.(S(uw)) M\ Be(S(u))

N

8B£(Qn) M\BE(S(UJ))

n=1

It follows from (BY) and (#0) that the first term becomes
b Iy
Pu = (0(q) — ¢(gn) + d(an)) | v, + xdg 5—log p(g)
9B. (ar) 9B: (an) 2
Ly
= 526(0) / 46+ O(e) = Tu(ga) + O().
@ aBE(Qn)
Regarding the second term, we have

/ W= c/ *Q.
M\B:(S(w)) M\B:(S(w))

Thus we obtain
N
- Fn n = )
sufg =3 oan) +c [ x6=ald

which yields (BB). We compute each term in (B4). Owing to w = I(c), we
have Lw* X” = c£+X” = 0. Since Lw *u = cL+u and | Lwyx * u[¢]| <
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||wx |suppd o|loo| £*ul@]], if we prove £xu = 0, the assertion (B7) follows.
Indeed, we have

£ xuf[p] = lim xu A do = lim {—=d(¢ A *u) + ¢d xu}
=70/ M\B(S(u)) =20/ M\B=(S(u))
al r
= lim/ ¢*xu= hm (*vf1 —d, = log p(q)) =0.
— e—0 9B:(qn) s—>0 9B (qn) q 2

It is easy to check (B8) by Proposition 6. We see from (89) that

N

dg(28xX° u) Ad g = —
/M\BE(S(u)) Z

n=1

/ 9(26x X, u)d 6
8B€(qn)

T
_ _;%/8 9(28x X", dlogd(q,.)) d 6 + O(e)

Be (Qn)

_ Z o /8 9(28x X, Tgradlog d(g, .)) d 6 + O(c)

Bs Qn

N
— =Y Thdx, (BxX)[¢] ase—0,

n=1
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and

N
/ dg(ﬁwu,u)/\dgb:—Z/ g(Bou,u)d ¢
M\ Bc(S(w)) n=1 0B:(qn)
YT
—= 325k [ gl sdlogd(g.a) dé+ O
n=1 @ 0Bc(qn)
N
T, / r, )
- 5 ——|*dlogd(q,q.)|"d ¢+ O(e)
nz:l 2T OBe(qn) 27

N
L,
- _ZQ_/ 9(28,v,, Jgradlogd(q, q,)) d ¢ + O(e)
’VLZI T 835(‘]77.)

N
e Z Ly dxg, (Buvn)[9] ase — 0,
n=1

which completes the proof. O]
We now show the two main theorems by using Lemma [/=3.

Proof of Theorem [7-1. Since the background field X and the relative velocity
current u satisfy the assumptions of Lemma [33, the equalities (B8)-(B88) hold
true. Since X and u come from a C"-decomposable weak Euler-Arnold flow,
they satisfy the equation (B3). Substituting (B8)-(B8) into (B3), we obtain

N
Zrnqun {Qn - (BXX + Bwvn)} = 07
n=1

which is the conclusion as desired. O

Proof of Theorem [7.3. We first prove that (oy,p;) is a weak Euler-Arnold
flow. Owing to Lemma [3, it is easy to check that a; and p; satisfy the
conditions in Definition Bl except for the weak Euler-Arnold equation. In
addition, we see that

N
0 La=0, (X" +u)=0,dX"+> TodXg.dn,

n=1
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£{(xda)xa} = {(*d X") * X"} + &{(wx +w) *u+w* X’}
=d{(*d X") x X"}

and

£d(laf*/2+p) = LA(X°P/2+ P) + £{d g(26x X" + fou, u)}
N

== Tudxg, (B X + Buvn).

n=1

Since (X, P) is an Euler-Arnold flow and ¢, is a solution of the point vortex
equation (BI), we deduce

N
0 Lt &{(xday)xa}+L£d(Jae]*/24p) = > Trndxg, {dn — (BxX + Bova)}
n=1

which yields (a4, p;) is a weak Euler-Arnold flow. By definition, it is obvious
that the weak Euler-Arnold flow (o, p;) is C"-decomposable. O

8 Applications

As applications of these theorems, we now discuss two examples of point
vortex dynamics in a background field: two identical point vortices in a
linear shear in the Euclidean plane (C,dzdZz) and N-point vortices on a
surface in an irrotational flow.

Let us first check that the point vortex equation without any background
field in the plane is obtained from our results as a special case. Let us set
Bx = 0 and (5, = 1. Then, the point vortex equation (BT) is deduced as
follows.

Qn(t) = Un(Qn)' (41)

When the flow field is the plane, it follows from Gg(z, 29) = —(1/27) log |2z —
20| that for a given singular vorticity w of point vortices placed on {z,}\_, C
C,

N
u=—*xd(Gg,w) =1 (-*d% — *dZFnGH(z,zn)>

n=1
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for some harmonic function . We can choose ¥y = 0 without loss of
generality. From xd z = —id 2z we deduce that

— k dGH(Z,Zn> = ELGH(— * dZ) + GEGH(— * df)
= 182GHdz — lagGde

Therefore, the dual vector field of u, denoted by uy = w0, +u*0; € X>°(M \
S(u)), can be written as

N

Wi (z) = Zrn(—QiagGH(zu Zn)) = % Z

n=1 n=1

Iy

— —
Z— Zn

since uz = u*dz 4+ u*dz. In the same manner, denoting v,(z) by v,(z) =

z z 3
v: 0, + v} 0z, we obtain

Y i LT
’UZ(Zn) = Z Fm(—QIagnGH(Zn,Zm)) = % Z #
m=1 1 °n m
m#n m#n

Hence, we deduce from the point vortex equation (EI) to the following equa-
tion.

Two identical point vortices in a linear shear Two identical point
vortices in a linear shear is used as a model of the vortex merger in [28].
The vortex merger is characterized as a fundamental process of the inverse
cascade in 2D turbulence. In the process, vortices with similarly small scales
are affected by the shear flow induced from the surrounding vortices. As a
result, small vortices combine to form a vortex with large scale. As a simple
model for the vortex merger, two identical point vortices in a linear shear is
adopted. To use the notations of this paper, let us set N =2, I'y =y = v
and the linear shear X = (cy,0) where y = (z — 2)/2i. Based on [2], the
evolution equation of two identical point vortices in a linear shear placed on

{gn(t)}2_, is given by

Qn(t) = X(Qn) + Un(Qﬂ)'
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Let us apply the main theorems to this fact. First, Theorem [ shows that
there exists a C'*°-decomposable weak Euler flow (o, p;) such that the relative
vorticity is a singular vorticity of point vortices placed on {g,(t)}>_,. This
guarantees the dynamics in [28] comes from a weak Euler flow even though
the evolution equation is formally derived with no relation with Euler flows.
Second, as an application of Theorem [, let us take a C'*°-decomposable
weak Euler flow (ay,p;) such that the background field is the linear shear
X and the growth rate is (8x,3,) € R? and relative vorticity is a singular
vorticity of point vortices placed on {q,(t)}?>_, with I'; = I'y = 7. From The-
orem [, we can deduce that ¢, (t) satisfies the point vortex equation ().
It has been established in [28] that vortex merger is determined by the pa-
rameter u = c&2/v where & € R is the initial distance between two point
vortices and it occurs if ;4 < 0. In the similar argument, we obtain the pa-
rameter 4" of the criterion for our case, which gives ' = pfSx/B,. Moreover,
the same criterion is valid, that is the vortex merger occurs if y/ < 0. The
difference between the parameters ;' and p is whether it contains the growth
rate (Bx, f.) of the pressure. Whereas the criterion by u does not states
the relation between the vortex merger and the pressure, the criterion by u’
tells us that the vortex merger is determined not only by the vorticity of the
background field and the circulation of point vortices but also by the growth
rate of the pressure relative to interaction energy density and kinetic energy
density. Therefore, Theorem [0 provides further physical insight into the
2D turbulence that vortex merger is governed by the sign of the growth rate
of the pressure py.

N-point vortices on a surface in an irrotational flow. In the last case,
let us take a C'*°-decomposable weak Euler-Arnold flow (o, p;) such that the
background field is an irrotational field X € X*°(M) and the relative vorticity
is a singular vorticity of point vortices placed on {q,(¢)}?_,. As we see in
Section B, the irrotational field is the fluid velocity of a steady Euler-Arnold
flow (X,P) € X*°(M) x C*°(M) and the pressure P € C*(M) satisfies
P = —|X|?/2. Let us fix the growth rate (8x, 8,) € R? and the parameter
(T,)M_, € (R\ {0})". For simplicity, we ignore the interaction between the
background field and point vortices, that is we can assume Sy = 0. Then
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owing to Theorem [, ¢, (t) and p; satisfy

Qn - Bwvn(Qn)a ) ) (42)
pe = —| Xy + wl® + Bolw].

Let us focus on two cases 5, = 0 and 1. In the case [, = 0, it follows from
dn(t) = 0 that each of point vortices does not move. Hence, we deduce that
(v, py) is a steady solution. Moreover, the pressure is a type of the steady
Bernoulli law p = —|X + u|?/2 = —|a|?/2. On the other hand, for 3, = 1
we obtain the conventional point vortex equation and p = —|a|?/2 + |u|?.
This formula of the pressure is equivalent to the Bernoulli law with point
vortices for the unsteady solution. As a corollary, a generalization of steady
and unsteady Bernoulli law with N-point vortices to the case where the flow
field is a curved surface can be obtain as follows.

Corollary 8.1 (Generalized steady Bernoulli law with point vortices). If a
C*®-decomposable weak Euler-Arnold flow (oy, p;) on a surface satisfies that
the background field of oy is an irrotational field X € X°°(M) and that the
pressure is given by p; = —|a|?/2 and that the relative vorticity is a singular
vorticity of point vortices, then (ay, py) is a steady solution of the weak Euler-
Arnold equations.

Corollary 8.2 (Generalized unsteady Bernoulli law with point vortices). If
a C*-decomposable weak Euler-Arnold flow (ay, pr) on a surface satisfies that
the background field of o is an irrotational field and that py = —|a|?/2+ |ug|*
and that the relative vorticity is a singular vorticity of point vortices placed
on {g,(t)}\_,, then for everyn € {1,..., N}, q.(t) is a solution of the point

vortexr equation:

Let us finally discuss the role of the growth rate 5, in the motion of point
vortices and the pressure given in (B2). Denoting @Q,(t) by the solution of
Qn = va(Qy), the solution g, (t) in (E2) can be written as ¢,(t) = Qu(fut).
Letting 38, — 0, we see that ¢, moves very slowly on the orbit of @),,. In
this sense, [, stands for the flexibility of the motion of point vortices as well
as the growth rate of the pressure relative to the kinetic energy density. We
notice that as f, — 0 the pressure p, converges to —|a,|*/2 in Q. (M),
which is consistent with the generalized steady Bernoulli law. From this we
can observe that point vortices are frozen if the pressure p; is sufficiently
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close to the generalized steady Bernoulli law. As a consequence, we conclude
that [, describes the the flexibility of the motion of point vortices and the
growth rate of the pressure and that point vortices are slower to move as the
pressure is sufficiently close to the generalized steady Bernoulli law.
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