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Theodore D. Drivas and Francisco Torres de Lizaur

ABSTRACT. V.I. Arnold viewed ideal incompressible fluid motion as geodesic on its configuration space of
volume preserving diffeomorphisms with respect to the L? metric [1, 2]. When the underlying manifold M
is the flat 2-torus or a simply connected planar domain with smooth boundary, Ebin [3] showed that these
geodesics cannot have any transverse self-intersections: if a flow revisits its state from a prior time, then the
flow is time periodic. In this note, we show that the result of Ebin [3] applies in far greater generality to
essentially any setting. We prove it explicitly for for surfaces of any genus, or planar domains with any number
of boundary components. The result is also true in higher dimensions, which can be seen as an application of
the Hodge theorem.

Let M C R? be abounded planar domain with smooth boundary M (possibly with multiple connected
components) and exterior unit normal n. The incompressible Euler equations governing the motion of a fluid
which is ideal and confined to M read

Owu +u - Vu = —Vp, in M, (1)
V-u=0, in M, (2)
ul=0 = uo, in M, 3)
u-n=>0, on OM. 4)
The pressure above is determined by the incompressibility condition via
—Ap=V@V:(u®u), 5)

with trivial projection onto harmonics (the fluid is at equilibrium without external driving forces). To un-
derstand the resulting dynamics, a useful quantity to introduce is the vorticity, a two-form related to the
antisymmetric part of the velocity gradient tensor. This object is Lie transported in any dimension. Here we
will work in two dimensions in which the vorticity can be identified with a scalar field w := V= - « with
V+ := (—0y,01). The the vorticity evolves according to

Ow—+u-Vw=0 in M, (6)
w|t:0 = Wwo, in M. (7)
In fact, (6)—(7) can be closed entirely in terms of the vorticity. This is a well-known fact if the domain is

simply connected (has trivial homology), or if the homology is time invariant (the flat 2-torus). For more
discussion on the evolution of the harmonic part of the velocity, see [4]. With this, Ebin proved

Theorem 1 (Ebin [3]). Let M be flat 2-torus or a simply connected planar domain with smooth boundary.
Then D, (M) has no self-intersecting geodesics. That is, if ®(t) is a geodesic, then either ® : (t1,t2) —
D, (M) is injective or ®(t) is periodic.

However, in fact, the result holds in full generality no matter the topology. We have

Theorem 2. Let M C R? is a bounded smooth domain. Then D, (M) has no self-intersecting geodesics.
That is, if ®(t) is a geodesic, then either ® : (t1,t2) — Dy (M) is injective or ®(t) is periodic.

This is an immediate corollary of the following lemma

Lemma 1. Let M C R? is a bounded smooth domain. The connected components of M are denoted
To,T'1,...Tn with Tg bordering the unbounded connected component of R?\ M. Given a smooth function
w : M — R and constants vy;, there exists a unique smooth u satisfying

Vi ou=w, V-u=0, u-nlogpr =0 %u-dﬁzw, for i=1,2,... N. (8)
T
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Remark 1. In view of Kelvin’s circulation theorem, the circulation on the connected components of the

boundaries are invariant in time
yf u(t) -dl = 55 ug - dl. )
T; r;

3

As such, recovering u from (8) is determined completely by the vorticity and the initial data of the velocity.

PROOF OF THEOREM 2. If for some times ¢; < to, we have equal vorticities w(¢;) = w(t2), the according
to Theorem 2, we have also equal velocities u(t1) = wu(t2). As the flowmaps are equal at the intersection
®(t1) = ®(t2) and so are their tangents ®(¢1) = P(t2), the flowmap ®(¢) must be time periodic with period
T =ty — 1. 0

Remark 2. The system (8) is equivalent to the following “modified Biot-Savart law”: Given a smooth
vorticity function w on a bounded domain M, a streamfunction 1 is determined as the solution of

AYy=w inM, (10)

¥, =0, (1)

op|l, =0 fori=1,2,...,N, (12)

55 oppdl =~; fori=1,2,...,N, (13)
r;

where 0,, the outward normal derivative to the domain and 0- is a tangential derivative. The velocity field is
represented as u = V1. Provided w is sufficiently regular, there exists a unique smooth solution 1 on Q.
The velocity field is then completely determined by u = V1. We remark that the outer circulation (along
I"p) is not specified as it is determined from the others by the divergence theorem.

Next, we prove the same result for surfaces

Theorem 3. Let M be a genus g closed surface with area form p. Then D, (M) has no self-intersecting
geodesics. That is, if ®(t) is a geodesic, then either ® : (t1,t2) — D, (M) is injective or ®(t) is periodic.

This follows immediately from a similar lemma

Lemma 2. Let M be a genus g closed surface with area form p. Denote N = 2g independent homologically
non-trivial loops by I'1,...,T'n. Given a smooth function w : M — R and constants vy;, there exists a
unique smooth divergence-free vector field u satisfying

Viiu=w, V-u=0, ygu.dz:%, for i=1,2,...,N. (14)
r;
PROOF. By Hodge decomposition theorem, any smooth vector field v in the closed surface can be uniquely
written as

v=Vf+ViY+ug

with f, ) functions and the surface and vz an harmonic vector field (V - vy = 0, V1 - vy = 0). For what
follows, it is useful to recall as well that an harmonic vector field is completely determined by its circulations
along a basis of homologically non-trivial loops.

Now let ¢ be the unique function satisfying 1) = A~'w, and let v be the unique harmonic vector field

satisfying
/ vH.dez—/ V- de+
Fi Fi

Then the vector field u = V1) +vy satisfies (14), and by Hodge decomposition, it is the unique divergence
free vector field that does so. ]
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Remark 3. The argument above translates, mutatis mutandis, to higher dimensional manifolds. The only
difference is that the role of the vorticity function w is now played by an exact 2-form, and one should apply
Hodge decomposition to the 1-form dual to the velocity field u. More precisely, since w is exact, let o be
any primitive 1-form, da = w. Then by Hodge decomposition

a =08+ Qclosed = 0B +df +apy

with a7y harmonic, f a function, and 3 a 2-form. We see first that 65 (but not /3) is uniquely determined by
w, since any two primitives o and o/ must differ by a closed 1-form, and any closed 1-form is the sum of an
exact 1-form and an harmonic one.

Now if we want the primitive « (or strictly speaking, its dual vector field) to be divergence free, we must
have df = 0; so the only freedom left in the primitive is in the choice of the harmonic part ccz7. And this is
the part that is fixed by the circulations: choosing the unique a7 such that

/ Oéi:—/ 5ﬁ+’}/¢.
T; r;

So there is a unique divergence-free 1-form with the required circulations. We set u as the dual vector field.

1. Proof of Lemma 2
Existence. We shall construct the velocity field as follows
u=v+ Vi + Ve (14)
where
e 1) is built to match the vorticity and have trivial harmonic projection. It is the unique solution of
Ay = w in M,
Py =0 on OM

e v is harmonic and fixes the circulations, defined by

N
v(z) = Z (% — y§ 8nz/10d£)K(1: — ;) (14)
i=1 L
_ 1zt
27 |z|2"
Note that, provided = # y, K is divergence and curl free in the variable x, so v is harmonic in M.
Indeed, if C'is any closed curve encircling a point y exactly once, since K (z) = —5-V+log 2|,

where z; is any points outside M encircled by the component I';, and where K (z) :=

1 1
/ K(,y) - = —/ Vtlog|z(C(s)) —y| - v ds = / —Vlog|z(C(s)) —y|-nds
C 2 C C 2
1
= / —Alog |l —y|dz =1
o 2m
where C is the interior of C' and we used V* - K = Alog |z| = §(2).
e ¢ is harmonic and fixes the non-tangent boundary velocity. It is the unique solution of
Ap=0 in M,
Ot = —n-(v+Vigy) on OM

Note that the velocity defined in this way satisfies all the conditions in (8).
To show uniqueness, we argue that the system (8) is equivalent to the system (10)—(13).

e One direction is trivial, if u = VLY/J where v satisfies (10)—(13), then w satisfies (8).
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e For the other direction, we must show the existence of a stream function. Fix any p € 0M. For
any x € M, let C, , be a simple curve connecting p to x. Let

Yo(z) = —/ ut - dl (14)
Cpz
We claim this formula does not depend on the connecting curve C), ;.. Indeed, let C'p,x be another
connecting curve homotopic to Cj, ... Let D be the (oriented) region between C), ,, and Cp, ;.

wc(:r):—/ ul-dﬁz/ u-ﬁds:/~ u-ﬁds—l—/v-udx
C, C, Cpz D

P,z P,xT
= / u - nds = Pa(v)
Cp,x

Now suppose that C’p,x is another connecting curve that wraps multiple times along the boundary.
Then, repeating the above calculation will result in additional boundary integral terms of the type

/uL-dﬂz—/u-ﬁds:O (13)

As such, the formula (1) being well defined (independent of the connecting curve), means that
u = V1. But then conditions (11),(12) are satisfied by the fact that « is tangent to the boundary
and conditions (10) and (13) are also immediately checked.

Uniqueness. Finally we show uniqueness. Suppose their were multiple streamfunctions satisfying (10)—
(13). By linearity, their difference, call it v, satisfies

Ay = in M,

Ol =0  fori=1,2,...,N,
%anqzdﬁzo fori =1,2,...,N.
r;

Note that 77; can apriori take different (constant) values, c;, on different connected components of the bound-
aries. We aim to show that 1) = 0. Suppose for contradiction that 1) # 0 and, without loss of generality, that
1) > 0 inside the domain. By maximum principle, ¢ achieves its maximum and minimum on the boundary
OM . Suppose its maximum is attained on some I';. Then, by the Hopf boundary—point lemma, 8n1;|1“i >0
But this contradicts the normal derivative being mean zero on each component of the boundary. Thus 12 = 0.

References

[1] Vladimir Igorevich Arnol’d, Sur la géométrie différentielle des groupes de Lie de dimension infinie et ses applications a
I’hydrodynamique des fluides parfaits, Ann. Inst. Fourier (Grenoble), 16 (1966), fasc. 1, 319-361.

[2] Vladimir Igorevich Arnol’d and Boris A. Khesin. Topological methods in hydrodynamics. Annual review of fluid mechanics
24.1 (1992): 145-166.

[3] David G. Ebin, Integrability of perfect fluid motion. Communications on Pure and Applied Mathematics 36.1 (1983): 37-54.

[4] Theodore D. Drivas and Tarek M. Elgindi, (2022). Singularity formation in the incompressible Euler equation in finite and
infinite time. arXiv preprint arXiv:2203.17221.

DEPARTMENT OF MATHEMATICS, STONY BROOK UNIVERSITY, STONY BROOK, NY, 11794
Email address: tdrivas@math.stonybrook.edu

DEPARTAMENTO DE ANALISIS MATEMATICO & IMUS, UNIVERSIDAD DE SEVILLA, 41012 SEVILLA, SPAIN
Email address: ftorres2Qus.es



	1. Proof of Lemma 2
	References

