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Abstract: We offer a new approach for determining Harnack quantities for the curve shortening flow and we show how,

2
following this procedure, one can obtain Hamilton’s Harnack inequality for this flow k: + 2%5 > %, where k is the

curvature of the curve being deformed by the flow.

1. Introduction

Given a family of planar curves v(.,t) and a choice of continuous unit normal vectors N(.,t), the evolution

equation

{g’l = rkNN
7(-0) = ()
defines the curve shortening flow (% denotes the curvature). In other words, this describes the motion of a curve
when each point on the curve moves in the direction of the normal vector, with speed equal to the curvature at
that point. The equation has a unique smooth solution [8] on some time interval [0,T).

Several important techniques that are typical for the field of geometric flows appear in the study of the
curve shortening flow in a less technical and more intuitive way. This is because, for example, this flow is the

1-dimensional version of the mean curvature flow.
Historically, the curve shortening flow was first proposed in 1956 by Mullins to model the motion of

idealized grain boundaries [20]. The study of this flow developed during the 1980s, through the work by Gage
(see [7, 9-14]) and Hamilton (see [8, 17]) on convex plane curves and Grayson (see [15, 16] on embedded plane
curves, at the time when geometers started using geometric flows to study topological problems.

In particular, Gage and Hamilton proved that convex curves shrink to a point in finite time and they
become asymptotically round while approaching that point. Later, Grayson showed that, in fact, any closed
embedded curve in the plane becomes convex eventually, and thus converges to a point. The solution is smooth,
without singularities, in all these results. Later the proof was simplified, using isoperimetric estimates by
Huisken [19] and Hamilton [18]. Moreover, Hamilton’s Harnack estimate for the mean curvature flow in [17]
can be adapted to the curve shortening flow to prove Grayson’s result. Recently, a completely new proof of
Grayson’s theorem, based also on isoperimetric estimates, was presented by Andrews and Bryan [1].

In this paper, we give a new proof of Hamilton’s Harnack inequality involving the curvature . In [17]
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Hamilton proved a Harnack estimate for the mean curvature flow, which when applied to the curve shortening

flow (note that this is just the mean curvature flow in dimension one) becomes the following theorem:

Theorem 1.1 For any closed convex curve in the plane changing under the curve shortening flow, one has that

Kt+%‘%2

1 Iig

K

Here s is the arc-length parameter of the curve and & is the curvature.

The proof of this theorem is based on the maximum principle. One denotes the Harnack quantity
h(s,t) = k¢ + %/ﬁ — i: and after calculating the time evolution of h (which is also a heat-type equation), one
uses the maximum principle to show that h > 0 at all times on a closed curve. The proof does not show,
however, how to actually come up with the Harnack expression.

In the field of geometric flows, finding the precise Harnack quantity is usually the key in proving the
Harnack estimates. Often times there is no algorithm that leads to the desired expression; it is a trial and
error process. For example, Hamilton’s way of obtaining Harnack quantities is to analyze solitons (self-similar
solutions) of the flow and find expressions involving the solitons that are zero.

In this paper, we offer an algorithmic approach for determining Harnack quantities and we also show
how, for a certain choice of constants, one can obtain precisely Hamilton’s expression. The algorithm both
determines the Harnack quantity and proves that it is nonnegative, using the maximum principle. The method
is quite technical, but it has the advantage of being constructive.

The method can be summarized as follows: let f > 0 denote the function for which one needs to prove
a Harnack inequality. Usually f satisfies a heat-type equation. Denote with u = log f, then u; = Au + |Vul|?
+ other terms. Inspired by the expression of u;, we define the Harnack quantity H = alAu + b|Vu|?> +
possibly other terms + ¢(z,t). ¢ is a function that needs to be determined and that has to go to infinity as
t — 0. Next we assume that there is a first time when H < 0 and a point (zg,tp) such that min H = 0
(minimum being taken over the space x[0,%y] and attained at xy). Since ¢ is very large at time 0, it means

that lim+ H = 00, i.e. H is positive close to t = 0 and so tg > 0. At this time, H; is thus negative. Since
t—0

H(xo,tp) is a local space minimum, at that time by the maximum principle, AH > 0 and VH = 0. In that
sense, we determine H; — AH — 2VuV H (which has to be nonnegative) and we impose conditions on a,b and
restrictions for ¢ (from which one can build ¢) such that the expression turns out positive, contradicting the
initial assumption. Hence, at the same time, we both determine H (by determining a, b and building ¢) and
show that it is nonnegative.

This method proved to be successful in the study of Ricci flow and other heat-type equations (see, for
example, the work by Cao [3-6] or by the author [2]).

Our main result can be stated as follows:

Theorem 1.2 Let v(.,t) be a family of closed convex curves being deformed under the curve shortening flow.
Let k(s,t) denote the curvature of the curve at point s and time t and let u(s,t) = logk(s,t). Then the
expression
1
h(s,t) := ugs + ** + 5
satisfies h(s,t) > 0 for any time t > 0.
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The paper is structured as follows: in section 2 we present the setting of the problem and various results
related to the curve shortening flow that will be used in our proof. Section 3 shows the above algorithm applied
to this setting and, as a result, the expression of the Harnack quantity is determined. For completeness of
the exposition, we prove the nonnegativity of the expression in section 4 and in section 5 we show how it is

equivalent to Hamilton’s inequality.

2. Background and setting

We consider a family of parametrized immersed curves v(z,t), with ¢ > 0. This means that, for each fixed ¢,
v : I — R? is a smooth map from an interval I C R satisfying the condition: |y/(z)| # 0 for every z € I.
Moreover, the curves are invariant under both reparametrization of the domain R and rigid motions of the
range R2.

The curves are considered to be embedded (i.e. they are homeomorphisms to their images). Intuitively,
it is a curve that does not intersect itself. Another condition we impose on the curves is that they are closed
(the maps are periodic with some period).

We parametrize the curves by arc length (the length of the curve becomes 1 under this parametrization)

and we call the arc length parameter s. The unit tangent vector T is defined as

/

- _7
ds |y
where |.| is the length of the vector.

The vector function T has length one; hence its derivative will be perpendicular to it and thus is a

multiple of the unit normal vector N. This gives the curvature and the Frenet—Serret formulas for planar
curves:

dT

2T kN
ds "
dN

X T
ds P

where k is the curvature at that particular point. Note that for a convex curve k > 0 at every point.
If one wants to deform curves in the plane, a natural choice would be the curve shortening flow, which is

a heat-type equation defined as

Ay (s, 1)
ot

= k(s,t)N(s, 1). (2.1)

with an intial condition (s, 0) := ~o(s). To simplify the notation, we will drop the arguments in the future.
It is not obvious that this is a heat-type equation, but this fact becomes clear when noting that (2.1) is
equivalent to
oy 0%y

ot 0s2’

However, since the arc length parameter is defined using -, the equation is not, in fact, linear (s depends on ¢

also).
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Under this flow, the time-derivative does not commute with the derivative in s; in fact (cf. [8], Lemma
3.1.3):
290 00 5,0

9tos  osot " os

As a result of this, the curvature evolves under the curve shortening flow according to the equation ([8],
Lemma 3.1.6)

Ok 0%k

The significant consequence of this last equation is that if the curve is convex at the beginning of the
flow (k > 0 at time ¢ = 0), then it will stay convex as long as the flow exists.
From now on, we will denote % = K¢, % = Kg, % = d,, and so on.

We also assume that the initial curve is convex.

3. Finding the Harnack quantity

We start with equation 2.2 satisfied by the curvature «:

3
Kt = Kgs + K

We assume that x > 0 at time 0, which implies that the curve will remain convex at all times. This can be

shown by applying the maximum principle to equation (2.2). Hence k > 0 at all times.

This fact allows us to define u(s,t) =logk(s,t). Note that u satisfies the following equation:
Up = Ugg + ug + e
Next we consider the following Harnack quantity:
h(s,t) = auss + bu? + ce®* + ¢(s,t),

where a,b,c € R. These numbers will be determined later, together with the function .
We will compute the time evolution of A and then we will use the maximum principle to establish the
positivity of h given a particular choice of the function ¢(s,t). The function ¢(s,t) has to be very large at

t =0, in order to dominate the other terms and ensure that at time close to 0 the Harnack quantity is positive.

To find h; we begin by computing (uss); and (u2);. Recall that the vector fields % and % do not

commute; in fact [0y, 0] = k20;.
(uss)t = 0¢0s0su = 0501 0su + gy = 0,050:u + 8s(k2us) + kug, = (up)ss + 2kksus + 2k u s

Further, one can replace u; with wugs + u2 + e** and obtain

2
(ut)ss - @(uss + U;? + eQU)

2 2u 2u, 2
= Ugsss T (US)SS + 2e“ugs + 4de Uy
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Therefore,

(Uss)t = Ussss + (U )SS + 4e®tug, + 662“ 2 (3.1)
Next, we calculate the evolution of u?:
(u2)e = 2usugs = 2ug(ug)s + 267 uT = 2u,(ug)s + 2> U
Using again the relationship u; = ugs + u2 + e** leads to

Qg - (Ug)s = 2us - Os(Uss + U2 + €%%) = 2utgss + dulugs + 4e* u?

= (u?)ss — 2u?, + duug, + 4e* u?

It follows that
(uf)t = (ug)ss - Zufs + 2(u )s - Us + 662" 2 (3.2)
= (u?)ss — 202, + dulugs + 62 u?

We are now ready to determine the evolution of the Harnack quantity. Using the expressions in (3.1) and
(3.2) leads to

he = a(uss); + b(u?)s + 2ce® us 4 @i (s, t)
= a(Ussss + (U2) s + 4€% ugy + 62 u?) + b((u?) s — 20>, + 4uPu,s + 6% u?)
+ 2ce?" (ugs + u? + ) + (s, 1)
= [aussss + b(u?) g + dee® u? 4 2ce® ug, + 9055]
+ 2(augss + 2bugugs + 2ce g + ©s)Us

2u2

— 6ce? u — ss + 2au — 2bu§s + 6bezuu§ — 204U 4 4ae* u s + Gae s+ 2ce™ + ¢,

= hes + 2hgus + 4e*“h + 2(a — b)u?, + (6a + 2b — 6¢)e* u? — 2ce™ — 4pe®t — g + P — 204U

Therefore the Harnack quantity h evolves according to this expression:
he = hgs + 2hsus + 4e?“h + 2(a — b)u?, (3.3)

+ (6a +2b — 60)62"u§ — 2ce*™ — 4pe®t — pgg 4 ©r — 205U

Since the solution is smooth (it is a heat-type equation), h is also smooth. Assume there is a first time
when h < 0. Note that since (s, t) is assumed to go to infinity at time 0, h has to be positive close to the start
of the flow, and so there should be a first time ¢y when minh(s,t) = 0 (minimum taken over the I x [0,¢]).
Assuming h takes that minimum at (sg,to) € I x [0, %], it follows from the maximum principle that at (sg, o)
hiy <0, hg =0 and hgs > 0. Moreover, since h(sg,tg) = 0, assuming that a # 0, at this point

bu? + ce®* + ¢
" .

Uss = —
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As a consequence, at (so,tp) the expression (3.3) becomes

2(a

— b) u
0 ET[buE + ce®™ + ¢ (3.4)

+ (6a 4 2b — 6¢)e* u? — 2ce™ — 4pe®t — g + 0 — 204U
To simplify the calculation, denote e?* = X >0 and u2 =Y > 0, and so the above can be rewritten as

2(a —b)
0>=—[bY +cX + ol?
+ (6a 4 2b — 6¢) XY — 2cX? — 40X — pgs + @1 — 205U

_ 2 _
_20=0) [roya (2 @ ol 4 [0t op - 6o s MO 0] vy
a? a—>b a?

4b(a —b)

a2

2(a—0) o

4e(a — b
+ <() ()OY_()OSS—’_(JDt —2805Us+7<,0

2 —4) X +

We now proceed to analyze each term and impose conditions on a,b,c and ¢ in order to make the
expression on the right positive (the goal is, in fact, to produce a contradiction). We will assume each term is
nonnegative, and at the end, after we have analyzed all the conditions, we will set one value to be positive, thus
making the whole expression positive.

1) For the first term, let us start by assuming a > b > 0. This will assure that 2(a — b) is positive. Next, we

need

2
2 ca

a—2>b

>0

This is equivalent to ¢ (c — %) > 0, and so either ¢ <0 or ¢ > aa—jb > 0.

a
2) Since both X,Y are nonnegative, the nonnegativity of the second term is satisfied provided that

4(a — b)be

6a + 2b — 6c + ————— > 0,
a

which is equivalent to

(3a + b)a?
©=302 " 2ab+ 202

Note that both the numerator and the denominator are positive (3a? — 2ab + 2b* = 2a% + b* + (a — b)?);

therefore if ¢ < 0 we get this condition for free.

3) For the third term, as X is positive and ¢ will be chosen to be positive, we need @ —4 > 0. This

gives ¢ > aa—jb, which is consistent with 1). Therefore from the analysis of the first three terms we obtain

2 2
@ (3a+b)a
a—0b~ T 3a%—2ab+ 2b?

(3.5)
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4) We group the last four terms into one expression

4b(a — b 2(a—0b
( 2 )(PY — Pss + ¢ — 28057143 + %@2 (36)
a a

We will find a positive function ¢(s,t) of two variables, which would turn the above expression positive.

Proceeding as in, for example, [4], by Cauchy—Schwarz one obtains that
4b(a — b) 4b(a —b) 4 a’p?

Y -2 sUs — —— s 2 slUs Z -

a7 pstl 2 pst 4b(a — b)yp

effectively getting rid of the term —2p,ug, which is harder to deal with on its own.

Therefore, the expression (3.6) is greater than

a?y? 2(a—b
%05 +( )2

LT s 4b(a — b)p a7 (87)

There is one more condition that needs to be imposed on ¢: as (¢,s) — (0,0), ¢ — co. This assures

that the Harnack quantity h(s,t) is very large at time 0 and so it is positive at the beginning of the flow.

A reasonable ansatz is ¢(s,t) = ¢ + fz with o >0, >0 (to be determined later). This means that

_oz+ﬁ o«
gp_t 82 Yt = t2
2B _ 68
s—_573 SOSS—ST

Note that ¢ > S%; hence

2 2
s _ 487 _ 4P

o s = st
Denoting A = @ and B = Wib), (3.7) becomes
o2
Pt — Pss — Bj + A@z (3.8)

We plug the expressions of ¢, ¢ss, and ¢; into (3.8):

2 2 2

Ps 2 « 6 Ps o ﬁ

—pes— B A= -2 BT p (S 2
43 @ © + ¥ t2 84 + (t+82>

2
>_a_65_4BB_|_A<a+6)
t o s?

Aa? — 24 ApB? — 68 —4BB
_Ae® o 2408 AF 6345

12 ts? 54 (3.9)

By choosing « and S large enough (in particular o > % and 8 > % and at least one of them being

strict), all the terms in the above expression are positive, which would give that

ap? 2(a —b
Ps +( )2

0<%_<pss_4b(a—b)gp a2 7
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contradicting the expression in (3.4). This means that there is no point where h(s,t) < 0 and since 71111(1) (s, t) =
—

oo it means that h(s,t) always stays nonnegative.

Let us summarize all the conditions on a,b, c, and ¢:
e a,b,c>0
e a>b>0

a’ __(Batb)a®
a—>b scs 3a2—2ab+2b2

c pst)y=2+4

2
a
A e

a®(a?46b(a—b))
s B2 2b(a—b)2

Focusing on the restrictions on ¢, one will note that

a? (3a +b)a?
< )
a—>b = 3a% — 2ab+ 2b?

which is equivalent to
3a* — 2430 + 2a2b* < 3a* + a®b — 3a3b — a?b?
or
3a%b* <0
The only possibility for this to be true is if b = 0 (recall that a > b > 0), which forces ¢ = a and a > §.
For 8 one has to choose 8 = 0; otherwise it would be undefined (note that this actually makes sense, since the
expression in (3.9) still remains positive provided that « is slightly larger than a/2, i.e. a =a/2+ ¢).

Putting all these together allows us to conclude that a reasonable choice for the Harnack quantity following

this procedure is

1
h(s,t) = augss + ae®™ + (g + e) n

for some positive a and €. We can rescale the quantity and pick a = 1, therefore the Harnack quantity is
1
t

1
h(s,t) = ues + € + <2 + e)

for an arbitrarily small ¢ > 0.

Discussion about the choice of ¢(s,t) Note that the choice of ¢(s,t) is not unique. We made the
ansatz ¢(s,t) = ¢ + Sﬁz because it is the simplest function that goes to +oo as (s,t) approaches (0,0). If the
reader wonders why s2 was chosen, instead of s, the answer is that this came from the fact that we needed
to estimate %? and relate it to @ss. It is by no means the only solution. The author has tried other possible

formulas for the time component ¢, but none has given a better inequality. In fact, other conditions for a,b,
and ¢ have been investigated, but these values have proven to be optimal. It is worth investigating what kind

of inequalities one gets by changing the expression of ¢.
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4. The proof

With the choice of h(s,t) from the previous section, we will prove theorem 1.2. This is done for completeness

of exposition and as a check-up for the expression found following the procedure.
Let h(s,t) := uss+e*+ (3 + €) + be the Harnack quantity. Assume there is a time such that h(s,t) < 0.

Since }ir% h(s,t) = co and h is smooth, there has to be a time to > 0 when miny h(s,ty) = 0. Let (sg,to) be
—

the point where h achieves this minimum.

Computing the time evolution of the Harnack quantity at ty, we obtain that

hit = hss + 2hgus + 4e2%h + 2u§8 — et — Ze2u

We can now apply the maximum principle to the above expression: at the point (sg,tg) the following
holds: h(sp,to) =0, hy <0, hs =0, and hss > 0. Therefore, at the point (sg,to),

1 1 1 1
O>2U§s_2€4u_4<2+6> ¥€2u— (2+6> ?
Since at (so,t9), h = 0, it means that uss = —e?% — (% + e) %; therefore the above inequality becomes
1 11? 1 1 1 1
2u 4u 2u
0>2[e +<2+6> t] —2e —4<2+6> P (2+6)t2
1 S|
_ [2 <2+e) - (2+e)

which is clearly a contradiction, since € > 0 and t > 0.

1 1
t72 = (262 +€)t72

Therefore there does not exist any time when h is negative; hence h(s,t) > 0 for all times ¢ > 0. This

holds for any € > 0, and so by taking ¢ — 0 we obtain the conclusion of theorem 1.2.

5. Hamilton’s Harnack inequality

From the above, we have that
1 1
S8 2u a - > 0
Uss + € +<2+6>t )
where u = logk
2

By replacing ugs with u; — u? — e?*, this is equivalent to

1
ut—u3—62“+e2“+<2+6>

This is true for any € > 0 and so by taking the limit ¢ — 0 we obtain as a corollary, Hamilton’s Harnack

inequality in theorem 1.1.
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