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ON THE CURVE DIFFUSION FLOW OF CLOSED PLANE
CURVES

GLEN WHEELER

ABSTRACT. In this paper we consider the steepest descent H ~!-gradient flow
of the length functional for immersed plane curves, known as the curve diffusion
flow. It is known that under this flow there exist both initially immersed curves
which develop at least one singularity in finite time and initially embedded
curves which self-intersect in finite time. We prove that under the flow closed
curves with initial data close to a round circle in the sense of normalised 2
oscillation of curvature exist for all time and converge exponentially fast to
a round circle. This implies that for a sufficiently large ‘waiting time’ the
evolving curves are strictly convex. We provide an optimal estimate for this
waiting time, which gives a quantified feeling for the magnitude to which the
maximum principle fails. We are also able to control the maximum of the
multiplicity of the curve along the evolution. A corollary of this estimate is
that initially embedded curves satisfying the hypotheses of the global existence
theorem remain embedded. Finally, as an application we obtain a rigidity
statement for closed planar curves with winding number one.

1. INTRODUCTION

Suppose v : St — R? is an immersed closed plane curve of period P and consider
the energy

P
L(y) = / ] dus
0

where v, = 0,7. We wish to deform « towards a minimiser of L, and for this
purpose we shall consider the steepest descent gradient flow of L in H~'. There
are some advantages in choosing H~' instead of L?. One is that for any initial
curve the signed area is constant under the flow, which implies that if the signed
area of the initial curve is non-zero, then the flow is never asymptotic to a lower
dimensional subset of R2.

The Euler-Lagrange operator of L in H~! is

grady -1 L(7y) = ks,

where k = (7,5, V) is the curvature of v, v a unit normal vector field on v, and s de-
notes arc-length. The curve diffusion flow is the one-parameter family of immersed
curves 7 : St x [0,7) — R? with normal velocity equal to —grady—:(L(Y)), that is

(CD) Oy = —kss.
The curve diffusion flow is a degenerate system of quasilinear fourth order parabolic

partial differential equations, and as such it is not expected that a maximum or
comparison principle holds. Indeed, Giga and Ito [25] provided the first example of

2000 Mathematics Subject Classification. 53C44 and 58J35.
Financial support from the Alexander-von-Humboldt Stiftung is gratefully acknowledged.

1



2 GLEN WHEELER

a simple, closed, strictly embedded planar curve which develops a self-intersection in
finite time under the flow. They also gave [26] the first example of a simple, closed,
strictly convex planar curve which becomes non-convex in finite time. Furthermore,
Elliot and Maier-Paape showed [15] that the curve diffusion flow may drive an initial
graph to become non-graphical in finite time. It was eventually shown by Blatt [8]
that non-preservation of convexity and non-preservation of embeddedness is a basic
property of a large class of general higher order hypersurface flows.

It is also known (see Polden [36] for the first example and Escher-Ito [16] for
many others) that the curve diffusion flow can from smooth immersed initial data
develop finite time curvature singularities. In contrast, our goal in this paper is to
demonstrate a new class of initial data (generalising [14, Theorem 6.1]) which gives
rise to an immortal solution converging exponentially fast to a simple round circle.

The curve diffusion flow has been considered for some time in the literature.
The first point to note is that for regular enough initial data 7o : S' — R? there
is a maximal 7' € (0,00] and corresponding solution ~ : S! x [0,7) — R? which
satisfies (CD). Local existence, although technical and sometimes tricky, is by
now standard—in this paper we state a version (Theorem 2.1) which is a combina-
tion of Elliot-Garcke [14] and Dziuk-Kuwert-Schétzle [11, Theorem 3.1], although
similar results appeared earlier, see [6, 9, 14, 39] for example. It is also quite stan-
dard regardless: as mentioned, the evolution equation (CD) is a degenerate fourth-
order quasilinear parabolic system, and local existence can be obtained for example
through the method of semigroups (Angenent [4], Amann [1, 2, 3|, Escher-Meyer-
Simonett [17, 19], and Lunardi [35] are good references), the Nash-Moser inverse
function theorem (see Hamilton [27, 28], and Gage-Hamilton [22]) or through more
classical methods such as can be found in Polden [36] and Huisken-Polden [29] (see
also Sharples [37] and the books [12, 13, 21]). The local existence theorem we use
requires that the curvature of 7 lies in L2. One should note that there are local
existence results which do not require any control of curvature, instead requiring
Lipschitz with small Lipschitz constant or slightly more regularity than C* for the
initial data, see Koch-Lamm [30], Escher-Mucha [18], and Asai [5] for example.

The analysis we present here is direct and geometric in nature, and should be
compared with [7, 10, 11, 28, 31, 32, 33, 36, 40]. It rests on the observation that
the normalised oscillation of curvature

Koe (1)) = L(3(-1)) / (k— F)2ds,

~

where k denotes the average of the curvature, is in many respects a natural ‘energy’
for the flow. The only stationary solutions of (CD) are lines and multiply covered
circles, for which K,s. = 0. Further, for arbitrary smooth initial data fot Koscdr <
L*(v(-,0))/1672 (see Lemma 3.2), that is, Ko € L'([0,7)).

We prove that if K, is initially small and the isoperimetric ratio I = L? /47 A is
initially close to one, then they remain so. This is enough to begin a ‘bootstrapping’
style procedure, in which we use interpolation inequalities as in [11] to obtain
uniform bounds for all higher derivatives of curvature. These observations and
some extra arguments give the global existence result of this paper.
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Theorem 1.1. Suppose vy : S — R? is a regular smooth immersed closed curve
with A(yo) > 0 and

(1) / kds = 2.

There exists a constant K* > 0 such that if

871;)7

then the curve diffusion flow v : St x [0,T) — R? with o as initial data exists for

all time and converges exponentially fast to a round circle with radius @.

(2) Kose(y0) < K*,  and  I(y) < exp (

Remark 1.2. One advantage of our direct method is that we are able to easily
find an allowable choice for the constant K* above; in particular, one may select
Kt 2m +127° —47V3ry/1+37 1
3 18"
Remark 1.3. So long as A(y) # 0, one may always guarantee A(vy) > 0 by
reversing the orientation of v, since (CD) is invariant under change of orientation.

Remark 1.4. As can be seen from the proof of Proposition 3.7, the smallness
condition (2) could be weakened to

Kose(70) + 872 log /I () < 2K* — 6,

for any § > 0. We do not expect this to be optimal, however. At this time, it is not
known if there exists any smooth plane curve satisfying (1) which gives rise to a
curve diffusion flow with finite maximal existence time. Without at least one such
singular example, it is difficult to even conjecture on what an optimal form of (2)
may be.

It is clear that Theorem 1.1 implies k(-,t) — ﬁ, and so after a fixed time

translation we have
k('v t) > \/E >0

for any ¢ € (0, ﬁ) (cf. [31, Lemma 5.5] and [41] for the Willmore flow and surface
diffusion flow of surfaces respectively). In other words, after some finite time the
curvature becomes positive and remains so. This can be thought of as ‘eventual
positivity’, and is reminiscent of the situation considered in [20, 23, 24]. There, using
very different techniques, eventual local positivity and other related qualitative
properties are observed for biharmonic parabolic equations under certain conditions.
To further quantify the size of the ‘waiting time’, we present the following.

Proposition 1.5. Suppose v : S' x [0,T) — R? solves (CD) and satisfies the
assumptions of Theorem 1.1. Then

L{t€[0,00) k(1) % 0} < (L;;Vro))4 - (A(’Yo))z.

™

In the above, k(-,t) # 0 means that there exists a p such that k(p,t) < 0. This
estimate is optimal in the sense that the right hand side is zero for a simple circle.
It is not clear at all from Theorem 1.1 if initially embedded curves remain so, nor
even if we can control the maximum of the multiplicity (the number of times the
curve intersects itself in one point) of the evolving curve. We do have good control
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of the oscillation of curvature however, and in the spirit of [34, Theorem 6] (see
also the monotonicity formula in [38] and appendix of [33]) present the following
theorem to address this issue.

Theorem 1.6. Suppose v : S' — R? is a smooth immersed curve with winding
number w and let m denote the mazimum number of times 7y intersects itself in any
one point; that is

/kds =2wr and m(y) = sup |y ()]
~ z€R?
Then

Kose(y) > 16m? — 4w’n2.
When combined with Proposition 3.7 we obtain the following.

Corollary 1.7. Any curve diffusion flow v : St x [0,T) — R? with initial data
Yo : St — R? satisfying the assumptions of Theorem 1.1 with

K* <64 —4n® ~ 245
remains embedded for all time.

Note that in particular the allowable choice for K* given in Remark 1.2 is smaller
than 64 — 472,

Theorem 1.1 gives a one-parameter family of smooth diffeomorphisms connecting
the initial data vy with a round circle. This implies the following rigidity result.

Corollary 1.8. Let v :S' — R? be a regular closed immersed curve satisfying the
assumptions of Theorem 1.1. Then v is diffeomorphic to a round circle.

This paper is organised as follows. In Section 2 we fix our notation, state the
local existence theorem, and prove some elementary Sobolev-Poincaré-Wirtinger
inequalities. Section 3 contains estimates for the curvature in L? and the isoperi-
metric ratio under various assumptions, which forms the bulk of the work involved
in proving Theorem 1.1. The theorem itself and Proposition 1.5 are proved in Sec-
tion 4. We finish the paper by proving Theorem 1.6 and Corollary 1.7 in Section
5.
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2. PRELIMINARIES

Suppose v : R — R? is a regular smooth immersed plane curve. We say that -y
is periodic with period P if there exists a vector V € R? and a positive P such that
for all m € N

Yu+ P)=~w)+V, and 9]'v(u+ P)=07v(u).
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If V =0 then 7 is closed. In this case « is an immersed circle, v : S' — R2. The
length of v is

P
L(y) = / ] s

and the signed enclosed area is

,
Q0 A =3 [ o huld

where v is a unit normal vector field on . Throughout the paper we keep -~y
parametrised by arc-length s, where ds = |,|du. Integrals over 7 are to be inter-
preted as integrals over the interval of periodicity.

Consider the one-parameter family of immersed curves v : St x [0,7) — R? with
normal velocity equal to —grad;—1(L(7)), that is

The following theorem is standard. The uniqueness below is understood modulo
the natural group of invariances enjoyed by (CD): rotations, translations, changes
of orientation, and so on, as is customary for geometric flows.

Theorem 2.1 (Local existence). Suppose 7o : R — R? is a periodic reqular curve
parametrised by arc-length and of class C*'NW??2 with ||k||2 < co. Then there exists
aT € (0,00] and a unique one-parameter family of immersions v : R x [0,T) — R?
parametrised by arc-length such that

(i) 7(0,) = Wo,
tJW ss;
(111) (-, t) is of class C* and periodic of period L(vy(-,t)) for every t € (0,T);
(iv) T is maximal.

Theorem 2.1 justifies the use of smooth calculations in the derivation of our
estimates. When we use the expression “y : S! x [0,7) — R? solves (CD)” we are
invoking Theorem 2.1 in the special case where the initial data is assumed to be
closed, but not necessarily embedded..

We will need the following elementary Sobolev-Poincaré-Wirtinger inequalities.

Lemma 2.2. Suppose f: R — R is absolutely continuous and periodic with period
P. Then if fOPfdx = 0 we have

P
/ fda < p ol

with equality if and only if f(x) = asm(2x7r/P +b).

Proof. Expand f as a Fourier series and then use Parseval’s identity. O

Corollary 2.3. Under the assumptions of Lemma 2.2,
1% < 5~ ||fo|2

Proof. As f has zero average, there exist pi,py such that f(p;) = f(p2) = 0 and
0 < p1 <p2 < P. Thus, since f is absolutely continuous and periodic,

= [ st [ 1.0
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Therefore

2(E " U) U U i u) (U u.
f()S/ |F(u) fo ()] d g/o |F(u) fo ()] d

p1

Now Holder’s inequality and Lemma 2.2 above implies

P
115 < [ fll2llfzll2 < 27T||fm||2»

as required. [

As most of our analysis is based on integral estimates, it is efficient to first
compute the derivative of an integral along the flow in general.

Lemma 2.4. Suppose v : S' x [0,T) — R? solves (CD), and f : S' x [0,T) — R is

a periodic function with the same period as . Then

d _ _ T
ﬁAfds—Lft+fkkss fs(0, v)ds.

Proof. First note that 7 = 7, /|| = 7s is a unit tangent vector field along . We
compute

D 1ul? = 2 () = 2Du((@ + (O, )
= 207 (0w, [yu| ™) + 2|7 0u0;
= =207 |7ul (klvul ™, 7) + 217000,y
= =2k yul® + 2(0:0) vl
Therefore
9

5705 = Khssds + (050, 7)ds.

Using this we differentiate the integral to find

d d (f
dt[deS_dt/O f|7u‘du

P P

0 0
:/ft“‘fkkss_fs(a;’y)ds

v

We obtained the last equality using integration by parts and the periodicity of ~y
with the identity

0/ y(u,t) = Oy (u+ P(t), 1) = [yu(u, 1) P'(t),

which in turn follows from the definition of v. (Note in particular that the tangential
velocity 9,7 is not periodic.) O
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3. CURVATURE ESTIMATES IN L? AND THE ISOPERIMETRIC RATIO

The evolution equation (CD) is particularly natural as solutions decrease in
length while keeping enclosed area fixed. This is only necessarily true for curves
immersed in R?, and in fact this is the chief reason why we consider plane curves
as opposed to curves in R™ or immersed in a manifold.

Lemma 3.1. Suppose v : S x [0,T) — R? solves (CD). Then

d d
—L= —/ k2ds, and —A=0.
dt - dt

In particular, the isoperimetric ratio decreases in absolute value with velocity

—I— ——/des

Proof. Lemma 2.4 with f =1 gives

iL:/kkssds:—/kgds,
dt ¥ ¥

where we used integration by parts and the periodicity of the curve. For the area,
we first note that

(4) Ts=kv, vs=—kT, v =kt — (0/7)kT

The first two relations are immediate from differentiating (7,v) = 0 and using the
definition of the curvature. For the third, we first compute the commutator of the
arc-length and time derivatives:

Ors = 8t(|7u|716u) = |’Yu|7latu - |’Yu|72(ath’u|)au
= st + k(01) s — (9:0,7) 0
(5) = 6st - kkssas - (393;’7) as-
Using this and the first two equalities in (4) we compute the evolution of the unit
tangent vector field 7.
O = D5y
= 0s((B)v + (9/1)7) — Kksss — (9:0/7) 7
= _ksssy - kssys + (8:’7)’785 - kkssVs

(6) —ksssv + (8:'7)755-

Noting that |v|> = 1 implies v; has no normal component, we obtain the final
equality in (4) by differentiating (v, 7)

(O, T) = — (1, 047) = — (U, —ksssv + (9] 7)7Vss )
= kyss — k(87).
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Returning to the area functional, we can now directly evaluate the derivative.
d 1d
—A=——— d
dt 2dt J, (v} ds

/ o (30 1) (1) Ko — (B7) (7, ) dis
Yy

<’73 ksssT - k(at—r’Y)T> + <77 V> kkss - (at—r’Y) <’7a _kT> ds

= N~ N

S~ 55—

—kss — {7, Ts) kss + (7, V) kkssds

:07

where we used Lemma 2.4 with f = (v,v) in the second line and integration by
parts, the periodicity of v and the formulae (4) throughout.
(]

We now turn our attention to the scale-invariant quantity

Koo = L / (k —%)%ds,
ol

Ezi/kds.
LJ,

Note that we have (and will continue to) suppressed the dependence of K, and L
on (-, t). When we must indicate the dependence of K,y and L on (-, t), we shall
use the notation Kos(t) = Kose(v(:,t)) and L(t) = L(y(-,t)).
A fundamental observation is that Lemmas 3.1 and 2.2 together imply K. €
L1([0,7).
Lemma 3.2. Suppose v:S' x [0,T) — R? solves (CD). Then
[ Kosell1 < L*(0)/167>.

where

Proof. Applying Lemma 2.2 with f = k — k and recalling Lemma 3.1 we have

L3 1 d
Kosc < — ks 2= — —I*
= 472 I Iz 1672 dt™
SO ‘ 4
L
/ Kosedr < (0) [l
0 1672

The above lemma holds regardless of initial data, and appears to indicate that
the quantity K, is a natural ‘energy’ for the flow.

Remark 3.3. A similar argument as above also shows that || k;||3 € L'([0,7)) with
the estimate ||||ks]|3]]; < L(0). Although we will not need this fact, it does suggest
that ||ks||2 is another well-behaved quantity under the flow.

There exists an w € R satisfying

(7) / kds

In the case where the solution is a family of closed curves, w is the winding number
of v(-,0). Since the solution is a one-parameter family of smooth diffeomorphisms,

= 2wm.
t=0
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and the winding number is a topological invariant, the winding number of the curves
v(+,t) remains constant. This can also be directly proven as in the lemma below.

Lemma 3.4. Suppose v:S' x [0,T) — R? solves (CD) and

/kds

y
/kds = 2w.
y

In particular, the average curvature increases in absolute value with velocity

= 2wr.
t=0

Then

d

—  2wm 9
SF =2k B

Proof. Differentiating |v|? = 1 and |7|? = 1 gives that (14, 7,) = 0 and (v, 74,) = 0.
Using this and (4), (6), we compute the evolution of the curvature as

0
—k= at <V7 'yss> = <8tVa '755> + <I/u 8t758>

ot
= (v, Oy7s)
= (1,057 — kkss7s — (050, 7)7s)
= —k?kss — k(0:0/7) + (v, 057¢)
= —Kkas — (v, 0s(ksss?)) + (07) (v, Ysss)
(8) = —kysss — k2kgs + (O77)ks.

Therefore, applying Lemma 2.4 with f = k we have

d
o kds = — / kgsss + k2kgs — k2kgs + (0, 7)ks — (8, 7)ksds = 0,
Y Y

using integration by parts and the periodicity of 7. This completes the proof. [

We now compute the evolution of K.

Lemma 3.5. Suppose v: S x [0,T) — R? solves (CD). Then

LA
5, tYosc Kosc
@i et I

:3L/(k:—E)2k:§ds—|—6EL/(k—E)k?ds+2E2L\|ks||§.
Y Y

+ 2L | ksslI3
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Proof. This is a direct computation.
iKOSC =— / kzds/(k —k)%ds + 2L/(k — k) (= kssss — K?kss + (0] 7)ks)ds
dt Y Y v
4L / ks (k — F)2 — 2k (k — B)(O7)ds
vy

[1%s13
L

- L/(k —k)?%k2ds — 2L/ k(k —k)k2ds
vy vy

= _Kosc

~ 2Lkl 2L [
Y

k2k2ds + AL / k(k — &)k2ds

~

ks3 —
— _Kmm — 2L k13 +4L/ k2k2ds — 2kL/ kk2ds
L ¥ ¥
) /(k T)2k2ds.
gl
Rearranging, we have
d ||ks||§ 2
@Kosc + Kosc L + 2L||kss||2
= 4L/ k2k2ds — QEL/(k — F)k2ds — 2E2L/ k2ds — L/(k — %)2k2ds
gl gl gl gl

= 3L/(k —F)2k2ds + 6EL/(/< —B)k2ds + 2E2L/ k2ds.
vy v vy
This proves the lemma. (]

Although K. is a priori controlled in L', we need much finer control on K. be-
fore we can assert control on other curvature quantities and deduce global existence.
(Indeed, global existence is not true in the class of solutions given by Theorem 2.1.)

While K, is small, we do have the desired control. The following proposition
gives us a pointwise estimate.

Proposition 3.6. Suppose v : S' x [0,T) — R? solves (CD). If there exists a T*
such that fort € [0,T*) we have

47 + 2472%w? — 87v/3mVw? + 3wt B
3 —

Kosc(t) < 2K*a

then during this time the estimate

k 2
| zHQdT < Koo (0) 4 8w?m? log L(0)

t
Koo + 8w?m?log L + / Koo
0
holds.
Proof. Lemma 3.4, Corollary 2.3 and Holder’s inequality implies

_ 3L
3L/(k — k)?k2ds < —= Kose||kss|[3,
. 2w

and

GEL/(k — k)k2ds < 6wl Kose||kss|3-
Y
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Thus, by Lemma 3.5

d ||k5||§ 3 2 7.2 2
*Kosv Koec (2 - Koeci - Kosr )L kes < Qk L ke .
7 Kose + Kosem = + s — 0V Kosew | Lilkss|l < (LAE
Now from Lemmas 3.1 and 3.4 we know
—2 S22 d
2k L||ks|5 = 7 |ks||2 = —8w27r2alogL.
Using the smallness of K, and integrating finishes the proof. O

It is clear that even with K, initially small, the estimate given by Proposition
3.6 is useless if we can not also exert good control on the ratio L(0)/L(t). In
particular, we require that it remains only slightly larger than one. This is easily
achieved in the case we are interested in, that of closed curves with w = 1, by an
application of the isoperimetric inequality and Lemma 3.1. Observe

LO) . _LO) _ LO) _
L(t) = /anA(t) /47 A(0)

and this can be made arbitrarily close to one.

1(0),

Proposition 3.7. Suppose v : St x [0,T) — R? solves (CD) and satisfies (1).
Then

K*
K,u(0) < K*, d 10 ( )
(0) < an (0) < exp 52

implies
KOSC S 2K*
for allt €10,T).

Proof. From Theorem 2.1 and the smallness assumption there exists a maximal
T* > 0 such that K,.(t) < 2K* for t € [0,T*). Suppose T* < T. Applying Propo-
sition 3.6, Lemma 3.1, the isoperimetric inequality and the smallness assumption

we have
*

3K
Kosc < Kosc(o) + 8772 10g \ﬁ < 5

for all ¢ € [0,T*). Taking ¢t — 0 we arrive at a contradiction, and so § = T'. This
finishes the proof. O

4. GLOBAL EXISTENCE

We shall first prove Theorem 1.1. There are two parts to this theorem: long
time existence (T' = oo) and convergence (y(S') approaches a round circle expo-
nentially fast). Given Proposition 3.7 and the blowup criterion from [11], it is rather
straightforward to conclude the first part of Theorem 1.1.

Corollary 4.1. Suppose v : St x[0,T) — R? solves (CD) and satisfies the assump-
tions of Theorem 1.1. Then T = occ.

Proof. Suppose T' < oo. Then by [11, Theorem 3.1], ||k||3 — oo as t — T'. However
Koo = L [ (k= Bds = LK - L°F° = L|KJ} - 4%,
8!

and since 24/7A(v9) < L < L(v), this means K, — oo as ¢ — T. This is in
direct contradiction with Proposition 3.7. (]
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It remains to classify the limit. First observe that if we can show K, — 0
then we will obtain the desired convergence result (in a weaker topology), as curves
with constant curvature in the plane are either circles or straight lines. Lemma 3.2
and Corollary 4.1 imply K,s. € L'([0,00)), and since K s > 0, to conclude this a
sufficient condition is that K/, is uniformly bounded.

Proposition 4.2. Suppose v : S! x [0,T) — R? solves (CD) and satisfies the
assumptions of Theorem 1.1. Then there exists a constant ¢; € [1,00) depending
only on o such that

Iksl3 < 1.

Proof. Let us assume there exist 6y > 0,8 < d; such that ||ks]|3 > 1 for ¢ € [dg, d1].
(Note that dp = 0 is allowed.) Outside of such intervals we may take ¢; = 1. We
apply Lemma 2.4 to k2 to obtain

d

a kzds _ / (K2), + Khaok? — (k2)o(0)ds
Yy

Now the interchange formula (5) and the evolution of the curvature (8) imply

kst = ks — kkgsks — (917) ks
= (—Kssss — K?kss + (0] 1)ks)s — kkssks — (9/7)sks
= —kgssss — 2kkskss — Kkgss + (0]7)sks + (0/7)kss — kkssks — (9] 7) ks
= —Kgssss — 2kkskss — K2 ksss + (0075 — kkssks.

Therefore
d 2 2 2
o k:sds = k 2); + kkgok2ds
=-2 / kskgssss + 2kk2kgs + k2 kkggsds — / kk2kyods
8l y

5
:—2||ksss\|§+f/k;‘ds—Q/kasksssds
3 v v

(9) —2||ksss|l3 + 3/k4ds+2/k2k2 ds+4/kk kysds.
v ol

1
/k;*ds: —3/kk§kssds < —/k“ds—i— /k2k2 ds
v 2l 2 2 ol

5
g/k4ds+4/kkik:ssds < 27/k2k§sd5-
;

~

Since
we have

Combining this with (9) gives

d
7/;@3615 < f2||ksssug+27/k2k3§d5.
i )" R,



ON THE CURVE DIFFUSION FLOW OF CLOSED PLANE CURVES 13

Rewriting the second term, integrating by parts, and using Lemma 2.2 we have

/k2k2ds—/(k’ k)? ds+2k/kkssds—k: /des

2/(k—%)%§sds+2E /kﬁsds
2l il

Kos _2
;SC”ksssH% +2k ||ks||2||ksssH2
]<LSC

IN

IN

1 —4
[Ksssll3 + o Fssall3 + 54K 113

K. 27k VI Ko
Vi

IN

1
ksss 5 A ksss 5 ksss
sssllz + 27 1Ksssll2 + [[Ksss 2

-8
1 Ko 273k LK,s
SHksssH%(*“v‘ OC)“F 271_2 OC-

Noting that Ko < 55 by Proposition 3.7 (in fact Ko < 0.106) we find

d 73k LK
k2ds + [|ksss -
i R sl < T

Observe that Lemma 3.2, the isoperimetric inequality, and ||ks||3 > 1 imply
t 5-37.8 t 5-37.8
27k LK, 27°k LK,
/ 2N S Bowe / 208 MRose < o)l Kpuells < e,
do 27T ‘|k5||2 do 27T

where ¢ = ¢(7p) is a universal constant. Lemmas 2.2, 3.1 and Proposition 3.7
combined with the above and integrating now gives

167r4
2 — 74 (t—50)
/ksds <ce L*O ,
v

where t € [dg, 01]. O

As Proposition 4.2 gives us good control over a quantity so long as it is larger
than one, we name it a dissipation estimate. With this in hand, convergence to a
round circle now follows quite easily.

Corollary 4.3. Suppose v : St x[0,T) — R? solves (CD) and satisfies the assump-
tions of Theorem 1.1. Then v(S') approaches a round circle with radius / @.

Proof. Corollary 4.1 implies T = oo, and Lemma 3.2 gives K,s. € L'([0,0)), so
if K!_. is bounded, we shall be able to directly conclude K,, — 0 and obtain the

osc
desired statement. Recall Lemma 3.5 and estimate

*Kosc
dt

< 3L/(k —F)2k2ds + GEL/ |k — Flk2ds + 2% L| ks |12
vy vy

3L2(0) L(0)
< 2kl + 120my | 2 g3+ G /om ACO) s
< cw, L(0), A(0))(e1 + ),
where we used Proposition 4.2. This finishes the proof. O

Combining the convergence result with a short computation allows us to estimate
the measure of the set of times during which the curvature is not strictly positive.
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Proof of Proposition 1.5. Rearranging ~ in time if necessary, we may assume that
k(-,t) # 0, for all ¢ € [0,19)
k(-,t) > 0, for all ¢ € [to, 00)

Lo)\* A(0)\?
where ty > <?) — (T) , otherwise we have nothing to prove. However in
this case we have

d 4t
L=kl < kg < 2
where we used the fact that - is closed and that the curvature has a zero. This

implies

for t € [0,10),

L*(t) < —16t7* + L*(0), for t € [0,10),

and thus L*(ty) < 16m2A2(0). This is in contradiction with the isoperimetric
inequality. O

In the spirit of classical interpolation, we now obtain exponential decay of the
L? norm of kg,.

Proposition 4.4. Suppose v : S* x [0,T) — R? solves (CD) and satisfies the
assumptions of Theorem 1.1. Then there exists a constant co € [1,00) depending
only on vy such that

_ _4ant
”kssH% < Cco€e L4ﬂ(0)t.

Proof. We compute and estimate

d
k2 ds = — /kfmds+3/k2kf“ds+2/k ksskssssds
dt
Y Y Y

< [ Kot +3IbIE [ s + INIE [ Ks
Y v
1
<~ [ B+ TIRIL | s
121 k
S /kssss H ||OOKOSC

16L

4
After a fixed time translation we have ||k[|S, < 2(%) < c and so

d 4t
E2.ds < ——— [ k2.ds + cKpee,
dt/ 5 < L4(O)/7 ssds t+ ¢

where we also used Lemma 2.2. Since K, € L'([0,0)), we apply Gronwall’s
inequality to obtain

_4xd
/kisds < cge IO
5
as required. O

We finish by giving uniform estimates for the higher derivatives of curvature.
For this there are two obvious approaches. With the previous estimate in hand, we
have in fact shown that ||ks|lcc — 0 along a subsequence of times t; — co. This
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allows us to employ classical methods to obtain the exponential convergence; see
[14] for example.

However, the desired decay estimates also follow by combining our work here
with the powerful interpolation inequalities in [11]. Although not as transparent
and elementary as our analysis above, it is very efficient.

Proposition 4.5. Suppose v : S' x [0,T) — R? solves (CD) and satisfies the
assumptions of Theorem 1.1. Then for each m € N there exist constants cp,,c, €
(0,00) depending only on ~yy such that

107|123 < cpe™m, and |07 k|lce < \/L(0)cmpre 2Cmi.
Proof. Recall equation (3.2) in [11]:
d

(10) G [orerds s [ @rnrds < iy,
v v

/
m

where c¢ is a constant depending only on m. Noting that Proposition 4.2 and
Corollary 4.3 imply ||k||3 is uniformly bounded, we combine (10) with the simple
interpolation inequality

107 K3 < c(1072k13 + IIK]13)

to obtain
g/(éﬁnk)%ls + c/((‘?;”k)st < ¢y,
dt J,

ol
where ¢ and ¢y are absolute constants depending only on m and m, 7y respectively.
Therefore

/(agnk)st < cpe”
~
and the L estimates follow immediately. O

The proof of Theorem 1.1 is now complete.

5. CONTROLLING DENSITY WITH K,

We first treat a self-intersection as a singularity and ‘pull’ information from it
in a manner analogous to the proof of Simon’s monotonicity formula [38]. See also
Theorem 6 in [34] and the appendix of [33].

Lemma 5.1. Suppose v : St — R? is a smooth immersed curve with x € ~v(St).
Then

8y ()| = / (k2 — k)| \ds

where

ko = 2‘ ( 1;>
[l
Proof. The right hand side of the equality above is translation invariant, so we

may assume without loss of generality that = (0,0) is the origin. Let € > 0 and
consider the test function 1 : S' — R defined by

n(s) = min{é, ﬁ}

o
°|
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Note that
1 L
2
/Wnsds</ |4ds<€—4<oo7
and so
(11) /775 (v 7s) ds = —/n(vm)sds'
¥ ¥
Computing, we have
(7,7s)”
/773 v,7s) ds = — —e—d
Y v 1({izep ]
and

1+k 1+k
*/n<%%>ds:—/ + <7’”>d57/ 1tk(yv) o
Y v1({rl<e}) € - i{lzey 1

Inserting these into (11) and simplifying gives

L 1 . 2 1
M+,/ k<%y>d82/ <%m3> 14k
€ € Jy-1({Inl<ep) v1{zey 7]
2
:/ _<%V3> e
Y 1{yzey) N il

, k2 1
= 7/ ((’y Z> + > |v|ds + Z/ k2 || ds.
y1({yizen \ 1P 2 IS

Since k (7y,v) = (7, 7vss) we have

Lihl<e) | 1/ ki (y,v) ds = (r,7s)
“L({hvl<eh

€ e la(lyl<e)
Thus
4{v,7s
(12) 10.7) -/ (K2 — K2 ds.
€ lolhl<e)  Jy1({yIzeh)
Noting that v is C! in (0,0) and taking e — 0 finishes the proof. O

Remark 5.2. The above proof requires only that v € W22 as then (using Corol-
lary 2.3 for example) v € C! and the L? norm of k and kg is well-defined.

We shall also need the following well-known inequality for the i-th elementary
symmetric functions

(L oy 1) = S kel

1<k1 < <ki<n

Lemma 5.3 (Newton’s inequality). Letl € R™ be a vector of positive real numbers.
Then

H.
iy 2(1)
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Proof of Theorem 1.6. Since 7 is compact, there exists an zg € R? such that

m(y) = sup [y~ (z)| = |y~ (z0)].
rER2

Applying Lemma 5.1 in 2y we have

(13) s = 8 (wo)] = [

Wf%mms/Wmm
:

Y

We now decompose ~ into m closed arcs 7;,...,Vm, each smooth outside of the
point zg. Let I; denote the length of the arc 7;. Our goal is to apply (13) to each
arc y;, however these curves are not regular enough at xy. To ameliorate this point,
consider an associated curve ¥; : [0,1;) — R?, also with length [;, which is without
self-intersections, smooth outside xy and satisfies

i(0) = 7:(0) = xo
lim ds7i(e) = lim Dsi(e)

/

This is realised for example by reflecting ~y; across the line

I%2|ﬂds§/ k|| ds.
2!

xo + 7 10ty /2 (55%‘(0) + 55%‘(10)7 reR.
We now consider the extension 7; of each arc ; : [0,1;) — R? defined by

~ o 71(8) for s € [07 lz)7
71(5) N {’%(S — ll) for s S [li721i)~

Note that m(%;) = 2, and |%;| < I;/4. Applying (13) to 4; we have

. I;
8 < | E*Aulds < 2/ E?|yi|ds < —'/ k%ds.
g Vi 2 vy

Yi

k3

Therefore

(14) /k2ds = i/

i

| PN (P
M (lyy .oy lm)

1
Kds>16) — =16

Iterating Lemma 5.3 (m — 1)-times over gives the estimate

Hm—l(lla .. alm) m2
(b))~ (o lm)

Since Iy (11, . . ., L) = L, combining this estimate with (14) implies

L / k2ds = K,g + 4m2w? > 16m?,
Y

as required. (I
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