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Bifurcations of spherically asymmetric
solutions to an evolution equation for curves

Takeo Sugai

Abstract. We show that a certain non-local curvature flow for planar curves has non-trivial self-
similar solutions with n-fold rotational symmetry, bifurcated from a trivial circular solution.
Moreover, we show that the trivial solution is stable with respect to perturbations which keep the
geometric center and the enclosed area, and that, for n different from 3, the n-fold symmetric solu-
tion is stable with respect to perturbations which satisfy the same conditions as above and have the
same symmetry as the solutions.

1. Introduction

The following evolution equation is known as the curve shortening flow:

ou
T
where u = u(6,t) for 6 € [0, 2r) is a simple closed curve, v is the outward unit normal
vector field, and « is the curvature of u. Moreover, we choose the sign of « so that k < 0
if u is convex.
If u is a solution to (1.1), it is well known that the area enclosed by u decreases at the
constant rate 2. Indeed, by the first variation formula,

Ju

d
_$2 Q,) = — .y = / = -2 s
dt (20) T, at Y T, * T

VvV =k, (1.1)

where £2 denotes the two-dimensional Lebesgue measure, I'; denotes the simple closed
curve u at time ¢, and €2, denotes the domain enclosed by I';; see [14].

It is also well known that the solution u of (1.1), after an appropriate scaling so that
the enclosed area becomes m, approaches the unit circle. These results were originally
obtained by Gage and Hamilton [8] and Grayson [9], and are comprehensively explained
in [3].

In this paper, we consider the parameterized non-local curvature flow

9
a—lz-v=;<+q, (1.2)
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where g = sz%}/?)’ B > 0 is a constant, and 1 denotes the one-dimensional Hausdorff
measure. The non-local term ¢ is introduced to control the rate of decrease in the enclosed
area by I';, as

d _, du 2 — B

gt =[ 5= /Ft(wr J€1(Ft)> = -8,
i.e., the area of 2, decreases at the prescribed constant rate 8. In particular, (1.2) con-
tains the curve shortening flow (8 = 27) and the area-preserving curvature flow (8 = 0)
studied by Chao, Ling and Wang [2] and Gage [7] as special cases. Regarding these flows,
higher-dimensional cases are also studied, and it is known that sphere-shaped solutions are
stable [6, 10].

Unlike these cases, it has been expected from numerical computations by Dallas-
ton and McCue [5] that higher values of B destabilize the circular shape and a variety
of asymptotic shapes other than circles appear. In this paper, we rigorously justify this
numerical observation as the bifurcation phenomena of non-circular solutions to (1.2)
from circular solutions at

Bno :=2m(n*—1), n>2.

Moreover, we clarify the local behavior of the bifurcating solution in terms of the bifur-
cating parameter 3.

In order to state our main result, let us recall that the fractional Sobolev space on the
unit circle S! is defined by

H(SY) = {ao + Z(ak cos(kB) + by sin(kf)) € L*(S1)
k=1

o0
‘ a2 > (1 + k) (@} +b}) < oo}.
k=1
Here, we suppose that s > %, that is, we choose s > 0 so that every element in H*(S?)
becomes C2. Then, the solution u is described by r € H5(S') asu(6,1) = (1 + r(0,1))E,
where £ := (cos6,sin0) € S, as long as Q; is star-shaped with respect to the origin.
Using these notations, we have the following main results:

Theorem 1.1 (Existence of non-trivial self-similar solutions). Forn = 2 or n > 4, there
exists & > 0 such that, for any Bn,o < B < Bn,o + €n, there is a non-trivial self-similar
solution to (1.2) which has symmetry with respect to 27”-1’0tati0n and symmetry with
respect to the x-axis.

Similarly, there exists €3 > 0 such that, for any B30 — g3 < B < B30, there is a non-
trivial self-similar solution to (1.2) which has symmetry with respect to 2T”—rotation and
symmetry with respect to the x-axis.

Moreover, the non-trivial self-similar solutions with respect to ’s near B, can be
expressed by a real variable 0 as (Un o, Pn(0)) where o # 0 is sufficiently small, and
Bn(0) is analytic near 0 and satisfies B, (0) = Bn,0.
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Theorem 1.2 (Stability of self-similar solutions). If0 < 8 < 6, the trivial circular solu-
tion to (1.2) is stable with respect to small perturbations r € H*(S') that do not change
the geometric center of the curve and the enclosed area. In other words, if we suppose
that sufficiently small ro € H*(SV) satisfies £%(Q) = n, Jr,Xx =0 and [, y =0, the
solution

Pl +r0. 0t

u(@,t) =4/1——
b4

with initial curve (1 + ro(6))€ exists fort € (0, %] and satisfies

r(-t) >0 in H*(SY)

ast—>%.

Similarly, if n # 3 and Bno < B < Bn,o + &n, a non-trivial self-similar solution u, 4
to (1.2) expressed as

=220 40008

b4

is stable with respect to small perturbations r € H*(S') that have reflectional and n-fold
symmetry and do not change the geometric center of the curve, nor the enclosed area.
In other words, if ro € H*(S') sufficiently close to ry g satisfies ro(0) = ro(2w — 0),
ro(8") = ro(0) if 0’ — 6 = 2 mod 27, £2(Q) = T, Jr, X =0, and [, y =0, the
solution

t
u(@,t) =4/1- ﬂ—(l +r(0,1))¢
Fid
to (1.2) with initial curve (1 4 ro(0))§& exists for t € (0, g] and satisfies
r(t) = o in H5(SY)

ast—>%.

2. Preliminaries

2.1. Sobolev space

All eigenvectors of linear operators which appear in this paper are trigonometric func-
tions. For this reason, we define Sobolev spaces on a circle using these functions. In this
subsection, we list some properties of Sobolev spaces that are necessary in this paper.

Let go,0 = 1 on S! and for k > 1, set gx o = cos(kf) and ¢ ; = sin(k6). Then,
{ok,j | 7 =0,...,min{k, 1}} forms an orthogonal basis of H, and

o
U{fﬂk,j | j =0,...,min{k, 1}}
k=0

forms an orthogonal basis of L2(S1).
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Definition 2.1 (Sobolev space). Suppose s > 0. We define the Sobolev space on S! as

oo min{k,1} oo min{k,1}
H(SY) := {f = Z Z ax.jox.; € L*(S') ‘ Z Z (1 +k**ai ; < oo},
k=0 j=0 k=0 j=0

and foreach f =Y 72, Z;T‘:ék’l} ag jok;andg =Y 2o, Z;f({)k’l} bi.jek.j € HS(SV),
we define an inner product of f and g as

(fg)=3"
k=0

m

in{k,1}
> A4k agbr.;.
Jj=0

We regard H*(S!) as a Hilbert space with respect to this inner product.
The next proposition follows from a straightforward calculation.

Proposition 2.2. Suppose s > 1. Then, a linear map H*(S') — H*~1(S') defined by
>k Z_i Ak, jPk,j = 2k Zj kay ik, ; is bounded.

The above definition of the Sobolev space on a circle is different from that on an open
subset of a Euclidean space. However, the Sobolev embedding theorem still holds. We use
the following special case of this theorem in this paper:

Proposition 2.3 ([1]). Let ! > 0 be an integer. Then, if s > | + %, an element of H*(S')
is a C" function.

In addition, H*(S!) is closed under multiplication, and the proposition which follows
also holds for H¥(R). We omit the proof because it is analogous to that of H*(R).

Proposition 2.4. Suppose s > % For each f,g € H%(SY), fg defined as (fg)(§) :=
f(&)g(§) is in H*(S'), and there exists a constant C > 0 independent of f and g such
that

I fgllassy < Clflasesyllglascsty-

2.2. Analytic functions

Definition 2.5. Let X, Y be Banach spaces, and let U C X be open. Then, a function
F : U — Y is called analytic at x¢ if there exist ¢ > 0 and a bounded k-linear map
Fy : Xk — Y for each k > 0 such that the series > reo Il Fr €% converges, and F can be
expressed as

o0
F(x) = ZFk(x —X0,...,X —Xp), VYxe& By (e).
k=0

If F is analytic at every point of U, F is called analytic on U.
Regarding analytic functions, the following holds:



Bifurcations of spherically asymmetric solutions 291
Proposition 2.6 ([13, Lemma 6]). Suppose that F : X — Y is analytic at xo € X and
that G : Y — Z is analytic at F(x¢) € Y. Then, F o G : X — Z is analytic at xy.

Proposition 2.7 ([13, Lemma 7]). Let X be a Banach algebra with the multiplicative
identity. Suppose that xg,ug € X is an invertible element satisfying x% = ug. Then, there
exist analytic functions u — Ju : X — X and u v+ u~' : X — X such that (y/u)?> = u
andu™'u = 1.

3. Transformation of the equation

At first, we show that concentric shrinking circles give a solution to (1.2). If we suppose
that an initial simple closed curve is a unit circle, then by (1),

d(zR(1)*) _
—a - -8, R(0) =1,

where R(¢) denotes the radius of the circle at time ¢. By solving this ODE, we get

nR(t)? = 7w — Bt,

R(t) = ,/1—& 3.1)
T

Proposition 3.1. Suppose that R(t) is defined as above. Then, u(0,t) = (R(t) cos(6),
R(t) sin(0)) is a solution to (1.2).

Proof. Since the curvature « and the unit normal vector field v of the curve are

K= —ﬁ, v = (cos(6), sin(6))

respectively, the right-hand side of (1.2) is

1 2 — B B
" R(t) ' 27R(t)  27R(1)

On the other hand, the left-hand side is

ou
v =Rt

and for R'(z),

27R()R'(1) = =P,

B

RO == Ry

by (3.1). Therefore, u (0, t) is a solution to (1.2). [ ]
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Next, we change the scale by using R(¢), that is, if u is a solution to (1.2), we derive
an equation which v := R(#)~'u satisfies. Since Rv is a solution to (1.2), by substituting
it for u, we obtain

d(Rv)
o V7K ta
d
(R’v—i—Ra—v)-v —k+4q,
,8 v
R ) b= . 3.2
(Zegt* R3) v =+ 62)
Defining 7 as t := —log(l — %), we have
d_r = p_1 = R—2é.
dt w18t bid
Substituting it into (3.2) and using g = glr’ ‘3; , we have
B B Bv) B
( ZnRv+ Roc) T Kra
0 2
2 s TRt g, (3.3)
at B

Define ¥ as the curvature of v and g (¢) := L(v(t)) Then, they can be expressed as
K= Rk, q()=Rq.
Therefore, (3.3) can be expressed as

28—v~v=v-v+2—ﬂ(ﬁ+5[). 3.4)
at B

Finding a self-similar solution u to the original equation (1.2) is the same as find-
ing a solution v(7) to (3.4) satisfying g—g = 0. For this reason, we consider a solution
v:S! - R?to

2
v-v+§(%+§):o. 3.5)

If a curve v is close to a circle, by using a function r : §' — R which represents the
gap between v and the circle, the curve can be expressed as

v =E+rE EeSh (3.6)

Note that if r is sufficiently small in the C2 sense, the curve expressed by (3.6) is a simple
closed curve. In particular, we have the following proposition:

Proposition 3.2 ([13, Lemma 5]). Suppose s > % Then, £ — & + r(§)§ is a homeomor-
phism of S — {£ +r(§)E | £ € S') for every r € H*(S!) satisfying r > —1.
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Substituting (3.6) for (3.5), we obtain
I +7rE)E-v(r)(E) + 2Fﬂ(/?'(r)(é) +4q(r)) =0, (3.7

where v(r)(§) is the unit outward normal vector of v(§) at &, k¥(r)(§) is the curvature
of v(§) at &, and ¢(r) is a product of 2w — B and the reciprocal of the length of a curve
defined as £ + r(§)E(£ € S1).

4. Differentiation of the equation

We regard the left-hand side of (3.7) as amap r : S! — R with a parameter 8 > 0, and
we define

F(r©).p) = 1 +r@)s-v(r)E) + 2%(E(f’)(é) +4(r)). (4.1)

This map is smooth if the domain and the target set are specific spaces, which we now
show.
At first, regarding v and ¥ in (4.1), the following holds:

Proposition 4.1 ([13, Lemma 16]). Suppose s > % Then,
(1) 7+ v(r) is an analytic map from a neighborhood of 0 in H*(S1) to (H*~1(S1))?,
(2) r +— K(r) is an analytic map from a neighborhood of 0 in HS(S1) to H*72(S1).

Since a product of two analytic maps to H*~1(S!) is analytic by Proposition 2.4,
r(£)€ - v(r)(£) is analytic from a neighborhood of 0 in H5(S') to H*~!(S1!). By consid-
ering this together with the smoothness of &, (4.1) is analytic from a neighborhood of 0 in
HS(S') to HS2(S1), except for g.

Regarding §, we consider the length of £ + r(£)& (for £ € S1). Let this be denoted
by L(r). We shall use the formula of the length of a curve expressed in polar coordinates,

i.e.,
2w

L(r) = V(1 +r(6))2 + (r'(6))2d6. 4.2)
0

The argument of the square root in this expression is an analytic function H*(S!) —
HS~1(S!) by Proposition 2.2 which implies that r > r’ is a bounded linear operator
of H5(S') — H*~!(S') and by Proposition 2.4 which implies that (£, g) — fg is a
bounded bilinear operator of the form H*(S') x H*(S') — H*(S'). Moreover, the inte-
gral of the square root of this is analytic by Proposition 2.6 and Proposition 2.7. In other
words, L(r) is an analytic map from a neighborhood of 0 in H*(S') to H*~!(S!). Fur-
thermore, L(r) € R, and the product of 2t — B and the reciprocal of L(r) is analytic as
a map from a neighborhood of 0 in H*(S') to H*'(S') for all s’ > 0 by Proposition 2.6.
Consequently, we get the following:
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Theorem 4.2. Suppose that s > % Then, F in (4.1) is an analytic map from a neighbor-
hood of 0 in HS(S') to H*72(S1).

We showed that F' is smooth in a neighborhood of the origin. Next, we consider the
Fréchet derivative of F at 0.
First, regarding the derivative of k(r) at 0, the following is known:

Proposition 4.3 ([13, Lemma 33]). The function DK(0) : H*(S') — H72(S1) is given
by % + . Here, S is parameterized by 6 — (cos(8), sin(®)), and I denotes the inclu-
sion map H5(S') — H*2(S1).

Next, we consider the Fréchet derivative of ¢ at 0. The next proposition follows from
a straightforward calculation.

Proposition 4.4. Suppose that s > % Then, regarding L in (4.2), we have

2w
L) = L) = [ )] = ollr s

In other words, DL(0), which denotes the Fréchet derivative of L : H*(S') — R atr =0,
satisfies

2w
DL(0)[h] = / h(6)dé.
0
By this proposition, the Fréchet derivative of g(r) at 0 equals

w—B
-~ L(0)?

27_[_13 2n

he e

DL(0)[h] = h(6)do.

Summarizing the above, we get the following proposition:

Proposition 4.5. Suppose that B > 0. Then, F(-, B) : H5(S') — H*72(S!) is analytic
at 0, and

2 (¢ d? 2r—pB 7
DF(0, B)[h] = h + 7{(@;1(9) + h) ~ et |, h(e)de}

is its Fréchet derivative at 0.

5. Existence of solutions

First, we consider 8 such that no solutions to F(r, 8) = 0 other than 0 exist. If § > 0
cannot be expressed as B = B,,.0 = 27(n? — 1) for any natural number 7, then the Fréchet



Bifurcations of spherically asymmetric solutions 295

derivative DF(0, B) : H5(S') — H*72(S"') is bijective. It is because DF (0, B) satisfies
1= 2,

cos(k) > (1 + %T(—k2 + 1)) cos(k@) #0, keN,
sin(k6) > (1 + %T(_k2 n 1)) sin(k@) £0, keN,

and these form an orthonormal basis of H*(S!). Then, by the implicit function theorem,
there exist a neighborhood of 8 denoted by U, a neighborhood 0 € H*(S!) denoted by V,
and a unique map U — V denoted by r(B) such that F(r, ) = 0 implies r = r(f). Since
the constant map O satisfies the condition to be r(8), r(8) = 0. Therefore, under this
condition, no solutions other than 0 exist in a sufficiently small neighborhood of 0.

Next, we consider the case that 8 > 0 can be expressed as B = B0 = 27(n? — 1)
for a natural number n > 2. We use the following theorem to show the existence of the
non-trivial solution to F(r, 8) = 0:

Proposition 5.1 ([4, Theorem 1.7]). Let X, Y be Banach spaces and 2 be a neighbor-
hood of 0 € X. Let (A1, A2) be an open interval in R and let V = (A1, A;) X Q. Let
f 1V =Y bea C" map that satisfies f(A,0) = 0. In addition, suppose that f satisfies
the following conditions:

(1) fix exists and is continuous on 'V,

(2) the dimension of Ker( fx (Lo, 0)) equals 1,

(3) the codimension of Range( f (19, 0)) equals 1,

(4) there exists xo € Ker( fx (L9, 0)) such that f) (Ao, 0)xo ¢ Range( fx(Lo,0)).
Let Z be a complementary space of Ker( fx (Lo, 0)). Then, there exist a neighborhood
of (Ao, 0) in V denoted by Vy, an open interval I containing 0, and a continuous real-

valued function A = A(c) (0 € 1) such that a set consisting of all (A, x) € Vy satisfying
f(A, x) = 0is a union of the curves

It = {(A(0).0x0 + z(0) | 0 € I},
Ty = {(1,0) | (,0) € Vo},

where z = z(0) is a Z-valued continuous function defined on I satisfying z(o) = o(0).
Moreover, if f is CP (p > 3)onV, we can choose A, z to be CP~2.

Since the dimension of the kernel of DF(0, 8,,0) equals 2, we cannot apply this theo-
rem to F directly. However, restricting F to a specific subspace, we become able to apply
it. To prove this, we show the following:

Proposition 5.2. The function F in (4.1) keeps symmetry with respect to the x-axis. More-
over, F keeps symmetry with respect to 2T”-rotation. In other words, if a function r on S!
. U . . _ 2
satisfies r (0) = r(—0), so does F(r, B). In the same way, if r satisfies r(0) = r(6 + =F),

so does F(r, B).



T. Sugai 296

Proof. The function F(r, ) can be expressed as
2 NI 2
F(r,p) = (1 +7)*+(")?) *(1 +71)

" %,{_((1 P2 ) (P 207 — (1))

Q- ﬂ)(/Sl NET ) (r’(0))2d0)_1}. (5.1)

We can check this as follows: first, if a simple closed curve is parameterized as
S — R2, 0+ (1 + r(0))(cos(d), sin(d)), the velocity vector can be expressed as
0 — r'(0)(cos(0), sin(0)) + (1 + r(0))(— sin(0), cos(h)). Therefore, the outward unit
normal vector field can be expressed as

6 ((1+7r(0)* + (r'(9))2)_% (r'(8)(sin(6). — cos(6)) + (1 + r(8))(cos(0), sin(9)))-
Hence,
(147 E)E - v(®) = ((L+r©)P + (7)) (1 + @)
Next, regarding « (0), by using the expression of the velocity vector above, we get
(14 r(9)* +2(r7(0))> — (1 + r(9)r"(0)
((L+r©0)2 + (7(0)?)* |

Moreover, since the norm of the velocity vector equals ((1 4+ r(6))? + (' (9))2)%, the
length L(r) of the curve can be expressed as

k() =

2w 1
L(r) = /0 ((1 +r(0)* + (r’(@))z)ide.

Substituting these expressions into (4.1), we get (5.1).
Because of this expression, if r is an even function with respect to 6, so is F(r, §). In
the same way, if r is invariant under the change of variables 6 — 6 + 27” sois F(r,). =

Defining a Banach space X} as

X5 = {Zak cos(knb) € HS(SI)},

k=0

we can regard F(-, f) as a map X5 — X372, Then, we can check the four conditions
necessary to apply Theorem 5.1 at 8 = 8, 0. First, condition (1) follows from the analyt-
icity of F. Next, since Ker(DF (0, B,,0)) = Range(DF (0, B,.0))* = {acos(nf);a € R},
condition (2) and condition (3) hold. Finally, condition (4) holds since

Fpr (0, B0) (cos(n6)) = —ﬁzT”(—nz + 1) cos(n6) ¢ Range(DF(0, y0))
n,0

for cos(n), which spans Ker(DF (0, B, ,0)).
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Summarizing the above, we get the following:

Theorem 5.3. Letn > 2 and X;, be defined as above. Then, there exist an open interval I ;
a real-valued function B, such that B,(0) = Bno; and a Xz_z-valued function z, such
that z,(0) = 0(0), z, is orthogonal to cos(nf), and

F(ra(0).Bn(0)) =0, o€l

where ry(0) = o cos(nf) + z, (o).

Note that the same argument holds even if we replace X} with a space consisting of
functions which are symmetric with respect to the x-axis. Moreover, such solutions have
symmetry with respect to rotation because of uniqueness of the solutions.

Rough sketches of self-similar solutions are given in Figure 1. They are smooth,
symmetric with respect to the x-axis and with respect to 2T’T-rotation for certain n. More-
over, if a self-similar solution to (1.2) is sufficiently close to a circle, it is convex since
the sign of the curvature is constant. For more accurate figures of self-similar solutions
to (1.2), see [5].

y n=2 y n=3 y n=4

Figure 1. Rough sketches of n-fold symmetric self-similar solutions for n = 2, 3, 4.

6. Behavior near bifurcation points

In the above discussion, we showed that there exist 8, sufficiently near B, o =27 (n? — 1)
(n > 2) and r,, sufficiently close to 0 such that 8, and r, satisfy F(ry, 8,) = 0. In this
section, we derive the sign of 8, (0) — B0 for B, (o) sufficiently near 8, .

First, we transform expression (5.1). By considering the Taylor expansion at 0 of each
term in F, we divide F into two parts: the part which is at most third order with respect
to ||7 || grs(s1y and the remainder term 0(||V||f21s(51))-

Regarding the first term in the right-hand side of (5.1),

(U +12+ ) 20+ = (1 +2r + 02+ (D) 20 +2r +72). (6.1)
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Since (1 + x)~2 can be expressed as (1 + x)"2 = 1 — 1x+2x2 = 23+ 0(|x|*) for
|x] <1,

RHS of (6.1) = (1 — %(Zr +r*+ (")) + %(2}" +r? + (r’)2)2

5
_E(Zr—i-r —|—(r)) +0(”r”;1s(sl))>X(1+2r+r2)

1, 3
= (1 —r + (}"2 — E(V )2> + (—r3 + Er(r )2) + 0(”7'”;15(5.1)))
x (14 2r +71?%)
1, 1,
=l+r—c0 )? + S )2+ O(I7llgs(sh)) 6.2)

for functions r for which the uniform norms of it and its first derivative are sufficiently
small.

Next, regarding the term ((1 + M2 4+ (7)) 73 ((1 + )2 + 2072 — (1 + r)r’)
in (5.1), by using (1 +x)™2 = 1 — 3x 4 2xr =353 + 0(|x]*), we get

(L2 + 2) 2 (A + )2 4207 = L+ 1))

=1 +2r+(r*+ (r’)z))fg(l +@r—r"y+ (r* —rr” +2()?))

(1 - %(2r +r2 4+ (r)?) + g(zr +r2+ ()2 - %(m + 24 ()
+ O(IFlsgsny)) % (14 @r ="y + (7 = rr" 4+ 20)%))

= (1=3r+ (62 ;(r 1)+ (-10r* + 12—5r(r’)2>) x (14 @r —r")
+ % =" +2(1)%))

= Uk r =) 4 (P2 2 1 S 00) (< =32 = e

3
+ 5E") + 01 lreqsn)- 63)

Moreover, we transform (fg; v/(1 + r(8))% + (r'())2d6)~" in (5.1). In the follow-
ing, for convenience, let f r denote f 51 r(6)do for every function r Then transform-
ing the integrand of [ /(1 4+7)%+ ()2 by using v/T+x =1 + 2x — 1x? + Ex3
+ O(|x]*), we get

VI +1)2+ )2 = V142 + (2 4 (r)?)
=1+ %(2r +r2 4 ()?) - %(2r +r2 4 ()’
16(2r + 12+ (2) + O(Irlssny)
= L7 0 = 3 + Ol
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Integrating this, we get

/ U+w2+wﬁ=2n+/r+%/OY_%/}WV+Omw%wM~

Taking the reciprocal of this, we have
1 1
/ r _ /(7‘/)2 _ / r(rl)Z)

C2n
“al[reaforz o)
Gl rrzfer-z 7))

(/ (+r)2+ (r’)2)_l

+ O s1)
LN S AU S I L/ 2
C2nm 4An? " 87r2/(r)+8n3< r)

+ [ 001rlyus0) + O s (6.4)

Substituting (6.2), (6.3), and (6.4) in (5.1), we obtain
2r — B

F(r,,B):r—i-%T(r—i-r”— —l(r/)2

g fore [ )

r(r N2+ 3 (r +3r2r" + r(r N? — (r’)2r”)

+/mwmwy+mwmm@. (65)

Solutions of F(r, f) = 0 near (0, B,,0) can be expressed as (00, + 2, (0), Bx(0))
where p,(0) = cos(n6), ,(0) = Br0,0 € I, I contains 0, z, is orthogonal to p,, and
zy(0) = o(0). By substituting this into F, taking its inner product with specific functions
and differentiating them with respect to o, we obtain derivatives of 8, with respect to o
at 0.

In the following, we consider 8,(0) F (00, + zx(0), Bn(0)) = 0 instead of F(op, +
zy(0), Bn(0)) = 0 to make some calculations regarding differentiation slightly easier.

First, we take inner product with % pn of both sides of B,(0)F(op, + zx(0),
Bn(0)) = 0. Then, second-order terms with respect to o vanish, and

o (Bn(0) +27(1 —n?)) + 0(0?) =0 (6.6)
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holds. From this expression, we can see that 8, (0) = 27 (n? — 1), and we obtain

Bn(0) =0,

where ,3,, denotes derivatives with respect to o.

Next, we calculate some derivatives of coefficients of the Fourier series of z, (o) that
are necessary later to calculate the second derivative of .

By integrating both sides of B,,(0) F(0pn + zx(0), Bn(0)) = 0 on S! and dividing
them by 27, we get

27 — B 2
(o) + 27 (1= TN 06) g, 507
2 2 2
+ 271(—% +n%0% — %02 + 2n — ,Bn(a))%oz) +0(0?) =0,

where z,(,o) (0) = % z (o). By differentiating twice with respect to o and substituting 0
into both sides, we have

. n2 nz _n2
Zﬁn,oz,(lo)(o) - 7ﬁn,0 + ZN(—I +2n? — 5 + Q2nr — ﬁn,O)H) = 0.

Substituting B,.0 = 27 (n? — 1), we obtain
. 1

Moreover, taking the inner product with % p2n of both sides of 8, (o) F(op, + zm(0),
Brn(0)) = 0, we have

2
{Ba(0) +27(1 = 4n*)}2 " (0) + " ()0
2 2
+ 271{—% +n%0? + %02} +0(c?) =0,
where we define Z,(,Z")(U) = % [(z(0) cos(2n6)).
By differentiating twice as above and substituting in 0, we have
2

. n? n
{Bro +2m(1 = 4n*)}227(0) + oo + 271{—1 +on? 4 7} —0.

Substituting B,.0 = 27(n? — 1), we have

n* 4+ 4n%? -2

B0 = — 3
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Finally, we divide o(c?) in (6.6) into the parts greater than o(c3) and o(c3). Taking
the inner product with % pn of both sides of 8, (o) F(op, + z,(0)) = 0 again, we have

0=0(Bn(0) + 27(1 —n?)) — ﬂ;—;o) / (r")? cos(n6)de
S1

1 2 1
+ 271{—— / r? cos(nf)dg — = [ rr’ cos(nf)dg — — / (r')? cos(n@)d@}
T Jsi T Jsi 2w Jst

n2g3 303 9n%0® 3n%03  3n*o? 3
T Ba(0) +2m{ T - = T+ T 0(0). ©6.7)

+

Then,

i/‘ (r")? cos(nb)d6 =/ (—no sin(n@) + (zx(0))")? cos(n6)do
T Js1 S

—l/ 210 (z,(0)) sin(nh) cos(n)dé + O(s*)
T Jst

1 / 10 (zn(0)) sin(2n6)dé + O(0*)
7w Jsi

1
—/ 2n%0z,(0) cos(2nh)dé + O(c*)
T Jst

= 2n202,(,2”)(0) + 0(c*). (6.8)
In the same way,
1 1
—/ r? cos(nh)df = —/ (0 cos(n80) + z,(0))? cos(nf)dd
T Jst T Jst
= l/ 20 cos2(n6)z,(0)do + O(c*)
T Jst
= l/ o (1 4 cos(2n6))z,(0)dd + O(c*)
T Js1

=0(2z9(0) + 2%V (0)) + 0(c*) (6.9)

and

l/ rr” cos(n6)do l[ (0 cos(n0) + z,(0))(—on?cos(nh)
T Jst T Jst
+ (zn(0))”) cos(n6)do

1 {—n20 c0s?(n0)z, (o) + o cos*(nb)(z, (0))”}d9
T Jst

+ 0(04)

n%o
= —nzaz,(,o) (o) — TZ,(IZ”)(U) — 2n262,(,2")(0) + 0(c%)

2 _(0) 5n%0 (o 4
=-n“o0z,’(0) — TZ" (o) + O(c7). (6.10)
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Substituting (6.8), (6.9), and (6.10) into (6.7), we have
0 =0 (Ba(0) +21(1 = n%)) = n*Bu(@)oz" (0)
+ Zn{—a(ZZ,(,O) (0) + 2" (0)) — 2( n?oz9 (o) — — (2")(0))
— n202(2”) (0)}
n2 303 9n?03  3n%0% 3ntod

ﬂn(o)+2n{T— T+ }+o(a3).

Moreover, by dividing this by o, differentiating twice, and substituting O for o, we get
0 = fu(0) = n*Bn027" (0)

5 2
+ 27 {250 (0) — 2 (0) - 2(-n?E? - %25,2")(0)) — 530 (0)

+2,B o {3 9n? +3n2+3n4}
Tl - — 4+ — 4+ 1
0 2 2 4 4
Substituting B0 = 27(n? — 1), £ (0) = 5. and £2M0) = %, we obtain
6 2
. B n 4 49m 2
ﬂn(O)—ﬂ(?_Sn + 5= —3—3”—2). (6.11)

If n = 2, the right-hand side equals Z 5. If n = 3, the right-hand side equals —488
Moreover, if n > 3, we can check that the right-hand side is positive. Therefore, ﬁ,, S for
which the original equation (equation (1.2)) has non-trivial self-similar solutions other
than circles are as shown in Figure 2. For example, if 8, is sufficiently close to 67, 85 is
greater than 67, and if B3 is sufficiently close to 167, 83 is smaller than 16z7.

stable
o e stable under symmetric perturbations
————— unstable
\
\

(Vs 167 : 30z 481 B(c)

Figure 2. A graph depicting the values of B for which non-trivial self-similar solutions exist and the
stability of self-similar solutions.
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7. Stability of solutions

This section is concerned with stability of stationary solutions to (3.4). In terms of r, (1.2)
can be expressed as

3
2560 (§) = F(r.B). .1
Defining G(r (£), B) := gg(rv((i))é;, we have
g_r = G(r, B). (7.2)
T

Note that the Fréchet derivative of G at 0 equals a half of that of F.

At first, to show stability of non-trivial self-similar solutions with respect to symmetric
perturbations, we need to exclude positive eigenvalues of DG. For this reason, we consider
a set consisting of r satisfying [ % — m = 0. Note that r corresponds to a simple
closed curve whose enclosed area equals 7.

Define ¢ : X, — R x P X, as

o(r) = ([ % —n,Pr),

where P denotes a projection X3 — {r € X3 | [r = 0}.

The inverse function theorem implies ¢ is a homeomorphism from a sufficiently small
neighborhood of 0 to its image. Therefore, ¥ := ¢! is well-defined near 0.

Let (rn,o, Bn.o) = (rn(0), ,Bn(UD and é\;‘n,a ;=P oG(. Bno)oy(0,): PX; —
P X572, Note that the spectrum of DG,,¢(0) consists of elements of the form

1 bg

2 B ,Bn,O

n%k2—1), k> 1.

Then, by virtue of (6.11), we can calculate signs of eigenvalues of Dén,g (rn,o) near O,
which is important for stability of the non-trivial stable solution 7, o := Py, . Actually,
the following proposition holds by the Crandall-Rabinowitz theory:

Proposition 7.1. Suppose that n > 2 is an integer satisfying n # 3. If 0 # 0 is sufficiently
small, there exists § such that the intersection between the §-neighborhood of the origin
and the spectrum of DG, ¢ (7o) consists of a single point whose real part is negative.

Proof. This proposition is a corollary of the Crandall-Rabinowitz theory (see [12,
Lemma 3.6.1, Theorem 3.6.2]), that is, since O is a simple eigenvalue of DGO(O), the
intersection of the spectrum of D@n’o (7n,5) and a sufficiently small neighborhood of 0
consists of a single point w, (o) for sufficiently small o, by [12, Lemma 3.6.1].
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Moreover, by [12, Theorem 3.6.2] and (6.11),

(o) 7
Mn(0) ,312,,()

for sufficiently small . Hence, u,(0) < 0. |

n>—1) <0

We remark that by replacing the word “negative” with the word “positive”, the above
proposition holds for n = 3.
Furthermore, applying [15, Lemma 4.1], we have the following:

Proposition 7.2. Suppose o # 0 is sufficiently small. Then, Dén,g (Tn,0) generates an
analytic semigroup on P X5~2 with the domain of definition P X3. Moreover, the supre-
mum of the real part of the spectrum of DG, (¥, is negative for n # 3.

Proof. First, D@n,O(O) generates an analytic semigroup, since the resolvent of DG,,,O(O)
equals C \ {% — ﬁ(nzk2 —1)| k> 1},and

1 1

<
— g5 (n?k? — D) |~ sine|A|

A=(3
holds for every angle o € (3, ) and every A € {z | —a < argz < a}. Moreover,
Dén,g (7n,0) also generates an analytic semigroup for sufficiently small o by continuity
of 0 Dén,a (7 ,0) near 0.

Second, regarding the spectrum of Dén,g (7n,0), we can apply the same argument as
[15, Lemma 4.1]. u

Consequently, we can apply a stability argument for evolution equations ([11, Theo-
rem 9.1.2]) to G, & at 7 ¢, that is, the following holds:

Proposition 7.3. Suppose that 6 # 0 is sufficiently small. Then, the initial value problem
of the equation

ir =
E = Gn,a(;;) (7.3)
is uniquely solvable on t € [0, 00) if the initial value 7o € P X, is sufficiently close
10 T . Moreover, if n # 3, there exist A > 0 and M > 0 such that

[7(2) = o las sty < Me ™7 |[Fo — Fuo | s (s1y- (7.4)
If 7(t) is a solution to (7.3), r(t) := ¥ (¥ (7)) is a solution to

ar
3_ = G(r, Bn,o)- (7.5)

T
Moreover, the same inequality as (7.4) holds for r, since the constant part of r can be
controlled by the P X -component of r because of the implicit function theorem. As a

result, we obtain the following:
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Theorem 7.4. Suppose that o # 0 is sufficiently small. Then, the initial value problem
of (7.5) is uniquely solvable on t € [0, 00) if the initial value ro € X, is sufficiently close
10 Iy o and satisfies [ % — = 0. Moreover, if n # 3, there exist A > 0and M > 0
such that

I7() = rnols(sty < Me™*¥liro = rnollmscsy-

At last, we show the stability of circular self-similar solutions (for 0 < 8 < 67) with
respect to all perturbations in H*(S1).

The discussion is almost the same as above.

Define ¥ C H*(S!) as

Y = {r e H'(SY) ( /r - 0,/r(9)cos(9)d9 - 0,/r(9)sin(9)d9 - o}.

Moreover, we redefine P as the projection H¥(S') — ¥* and redefine ¢ : H*(S') —
R3 x Y* as

¢(r) = (/ % —n,/r(@) cos(@)de,/r(e)sm(@)ae,Pr).

Then, the inverse function theorem implies that ¥ := ¢! is well-defined in a small neigh-
borhood of 0 in R3 x ¥*(S1).

Suppose that 0 < 8 < 67 and define éﬂ ;=P oG(-B)oy(0,00,): Y — Y52,

Then, the spectrum of Délg (0) consists of elements of the form

ToTw2_ny, k=2

2 B ’ -
Since all of these are negative, we can apply the same argument as before, and obtain the
stability of trivial circular solutions.

Notice that we showed the stability of the self-similar solutions only with respect to
perturbations that do not move the geometric centers of the solutions. Therefore, whether
the stability holds for perturbations that move the geometric centers of the solutions still
remains unsolved. It is possible that the difficulty regarding stability with respect to such
perturbations is not essential. However, it is difficult to overcome the problem as long as
we scale curves with respect to a certain fixed point, such as the origin.

Acknowledgments. The author would like to thank the two anonymous referees for their
suggestions and comments.
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