lournal of
athematical
nequalities
Volume 10, Number 2 (2016), 433-443 " doi:10.7153/jmi-10-34

INEQUALITIES WITH CURVATURE AND THEIR
STABILITY ESTIMATES FOR CONVEX CURVES

DEYAN ZHANG

(Communicated by S. Li)

Abstract. In this paper, we deal with a geometric inequality for a closed convex plane curve y
involving the area, the perimeter, the curvature of y. Together with an inequality obtained by
Lin and Tsai in [12], we conclude the upper and lower bound estimates for the integration of the
squared curvature radius of y and show the stability results of the corresponding inequalities.

1. Introduction

There are many inequalities in convex geometry and differential geometry, such as
the classical isoperimetric inequality (see [18]) in R?, given by: p(K)? —4ma(K) >0,
here a(K) and p(K) denote the area and perimeter of the convex domain K, and the
equality holds if and only if K is a circular disc. This fact was known to the ancient
Greeks, and the first mathematical proof was only given in the 19th century by Steiner
in [18]. However, for dealing with the geometric flow problems, geometric inequalities
play a crucial role, especially, geometric inequalities with curvature are very important
in the curve evolution problem (see [3, 4, 5, 6, 12, 14]), such as the well known Gage’s
inequality [3] and so on. In [14], to estimate the isoperimetric deficit of a evolving
curve ¥, Pan and Yang [14] established a reverse isoperimetric inequality:

T 2_
/02 1 0> p(K) 27m(K), 0

1<2(0)d T

where K is a convex domain enclosed by 7y, K, p and a are the signed curvature, the
length of y and the area it bounds, and the equality in (1) holds if and only if K is a
circular disc.

Furthermore, in [12], to study a nonlocal flow of convex plane curve, Lin and Tsai
established a new stronger reverse isoperimetric inequality:

| 2p(K)? — 6ma(K)
— , 2
0o Kk%(0) T
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and the equality in (2) holds if and only if the Minkowski support function of K is of
the form

Hg(0) =ap+a;cos0 +b;sin@ + aycos20 + by sin26, VO € [0,27] 3)
for some constants ag,ay,b;,as,b, satisfying
Hy(0) +Hg(0) >0, V6 € [0,2x].
Here the variable 6 is the outward normal angle of K.

In this paper, we estimate the upper bound of the integration of the squared cur-
vature radius of curve y. Together with inequalities (1) and (2), we obtain the upper
and lower bound estimates for the integration of the squared curvature radius of y. To
discuss the stability of the corresponding inequalities, we have to deal with the equality
cases between (1) and (2) as the following theorem.

THEOREM 1. Let K be a convex domain enclosed by a C**? closed and strictly
convex plane curve y with area a(K) and perimeter p(K). Then

. . ) . o 5 2r
p(K)? —2m (K)+;‘(p(1<) 4ra(K)) <0/K219>d9<p(2? +4ik0/(P(k>(9>>2d9

4)
satisfied for any 0 < € < 1, where x and p are the curvature and curvature radius of
Y respectively, p(k) denotes the k— order derivative of p with respect to 6. Moreover;

i) 0 < & < 1, the equality on the left-hand side of (4) holds if and only if K is a
circular disc; € = 1, the equality on the left-hand side of (4) holds if and only if
the Minkowski support function of K is of the form in (3);

ii) the equality on the right-hand side of (4) holds if and only if the Minkowski support
Sfunction of K is of the form in (3).

The next goal is to deal with the stability of inequalities in (4). Recently, the sta-
bility of geometric inequalities have been extensively investigated, see [1, 2, 7, 8, 9, 10,
11, 13, 16, 17]. Roughly speaking, these investigations focus on the geometric impli-
cations if the inequalities are in a certain sense close equalities. For more information
of the stability problem one may consult [7, 9].

Generally, the stability of inequalities depends on various measures. For convex
domains K, L with respective support functions Hk(60), H.(0), the most frequently
used function to measure the deviation between K and L is the Hausdorff distance

(K1) = max | Hi(0) — Hu(0) |

Another such measure with respect to stability problem is L?-metric, which is defined
by

1
2

ha(K.L) = ( [ 1) - o) P de)
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It is obvious that h; (K,L) =0 (or hy(K,L) =0) ifand only if K = L.

By Hausdorff distance /; and L?-metric h,, we conclude the stability theorems
of inequalities in (4), see Theorems 2—4 below.

The contents of this paper are as follows. In section 2 we give some preliminaries
about convex domains. We prove Theorem 1 in section 3 and conclude the rest theorems
in section 4 by Fourier series of the support function.

2. Preliminaries

In this section, we recall some basic facts about plane convex geometry, which will
be used later. In this paper, we always assume that K is a convex domain in the plane
and is enclosed by a C¥*2, closed and strictly convex plane curve y with area a(K)
and perimeter p(K) such that the curvature of 7 is positive everywhere and the Fourier
series needed in the proof converges uniformly. The details can be found in [13].

We assume that the origin o of R? lies in the interior of K. Let Hk(6) denote
the Minkowski support function of K (or y), where 0 is the angle between x-axis and
pointing outward normal vector # along curve y. It is clear that Hg(0) is a continuous
27 -periodic function. Then the curvature kK and the curvature radius p of y(60) are
given by

1 "

() = gy = He(0) + Hy(0) >0, )
where ' denotes the derivative with respectto 6. p(K) and a(K) can be calculated by
2n

p(K) = A Hg(6)do, (6)
and
1 27 2 ’2
a(K) = 5/0 (HZ(0) — Hy (6))d6. (7)

The support function Hg(6) of K has a Fourier series of the form

oo

Hk(0) =aog+ Y, (ancosnd + b, sinnb), ®)

n=1

where - )
v

p
= — H = —
ap 271_/0 K(G)de 7
and
1 2n 1 21
W= Hk(0)cosn6d0, b, = = Hk(0)sinn0d6, neZ*.
0 0

Differentiation of this with respect to 6 gives us

oo

H%(G) =— n(aysinn6 — b,cosnd), H;(G) =— 2 n*(a, cosn + b, sinn@).

n=1 n=1
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From (5) and (8), it follows immediately that

=3

p(0) =ao+ Y (aycosn6 +b,sinn®) — Y n?(ancosn® + b, sinnb), 9

n=1 n=1

and

" (—I)k%l E n*(n? —1)(ay,sinn® — b, cosn@), k is odd,
k n=2
p™(6) = = (10)
(=127 3 nF(n? —1)(a,cosn® + b, sinnd), k is even,
n=2

o

where k € ZT . By the Parseval equality, one can get

b4 ol
/ HE(0)d0 = 2@+ 10 Y (@ +B?),
0 n=1

=

2m ;2 > 2m n2
Hy (0)d0 =1 Y n*(al+b2), | Hy (0)d0 =7 Y n*(al+b7)
n=1 n=1

and
a(K)znag—g2(n2—1)(a3+b3). 11

The steiner disc of K, denoted by S(K), is the circular disc with radius % and

center at the steiner point which can be defined in terms of the Minkowski support
function

1 2r
S(K) = —/ (6)H (6)d6.
0
From (8) and the definition of the Fourier coefficients, we have
S(K) = (a1,b1). (12)

The steiner disc will play a role in our stability statement in section 4 below. For more
information on the steiner point of a convex body one may consult [16]. Let S,(K) be a
convex domain enclosed by a closed and strictly convex plane curve, and its the support
function is of the form

HS;(K)(O) =ag+a;cos0 +b;sinO +aycos20 + brsin20. (13)

3. The proof of Theorem 1

In this section, we prove Theorem | by using Fourier series.
Proof of Theorem 1. By (9), one can easily get

w1 _ 2, LS 2 22 2
/0 Wd9_2n<a0+§£(n—1) (an+bn)>. (14)
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It follows from (10) that
2n 0
[ (00120 =7 3, w2~ 12(e3 + ). (15)
0 n=2

From (14) and (15), we can get

2 21 21
Pty 0o [T s

o0 2 (16)
= ¥ (P =17 ((5) —1) @+,
n=2 4
Hence, 27[ f T(p®(6))2do — fzﬂ Kl d® > 0. Clearly, the equality on the

right hand in (4) holds if and only if a, = b, = 0 n>3,n € NT, then the Minkowski
support function of K is of the form in (3), which completes the proof of inequality on
the right hand in (4).

On the other hand, let

o 2(K) —2ma(K 2(K) —4ma(K
)= [ go P2 ) )

It follows from (11) and (14) that

f(K,e) = { i(n—l (n* — 1)) (a+b3) 27182 a+b2)}

=7 2@2 —1)(n* —2(1+¢))(az +b2),
7)
observing that f(K,€) is a linear function with respect to € such that

i (n* = 1)(n* = 4)(a; + by) >0, (18)

thus for any 0 < € < 1 we have

f(K.e) = f(K,1)=0.

In particular, case i). when 0 < € < 1, the equality on the left-hand side of (4)
holds if and only if f(K,&) =0, i.e.

=

S (n* —1)[n* —2(1+¢)](ap+b;) =

n=2

which leads to a, = b, = 0,n > 2, n € N, then the Minkowski support function of K
is of the form
Hg(0) =ap+ajcos®+bsinb,
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which implies that K is a circular disc.

Case ii). when € = 1, the equality on the left-hand side of (4) holds if and only if
equality holds in (18), which leads to a,, = b, = 0,n > 3, n € NT, then the Minkowski
support function of K is of the form in (3). This completes the proof of Theorem 1. []

From (15), it is not difficult to obtain the following corollary.

COROLLARY 1. Under the same assumptions as in Theorem 1, we have that

2r
4%/0 (p®(6))%d6 > %(p(l()z—mra([()),

with equality if and only if the Minkowski support funtion of K is of the form in (3).

4. The stability results

In this section, we use the Hausdorff distance /; and the L?-metric /i, to build
stability estimates of inequalities in (4), see theorems 2—4 below.

THEOREM 2. Let K be a convex domain enclosed by a C* closed and strictly
convex plane curve y with area a(K) and perimeter p(K). Then

/M 1 46 p(K)? —2ra(K) +e(p(K)?> —4ra(K))
0o k2(0) T 19
N { e (K S(K))?, 0 < e < 1;
T MR (K, SH(K)) e =1,

where K is the curvature of y and

Cle) = 1 3 n 1—\/2(1+£)ncot(\/2(l+£)n).

(1+2¢)2  4(1+2¢) 4(1+¢€)(1+2¢)

Moreover, when
i) 0< e < 1, the first equality in (19) holds if K is a circular disc;

ii) € =1, the second equality in (19) holds if the Minkowski support function of K is
of the form in (3).

Proof. Without loss of generality, we may assume 5(K) = 0, then H, sx)(8) = ao
and H, (k)(0) = ap + axcos26 + bysin26, where ap = pz—f). Since it is easy to see

that
| Hx (8) — Hg(x)(0) |
< . < . < (20)
=] (ancosnb +b,sinn6) |< Y. | (aycosnb + by,sinnb) |< Y, /a2 + b
g’ " " 2 " " n=2 ! 8

n=2 n=2
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and

| Hi(6) — Hi, (1) (0) [< X /a2 + b3 Q1)

n=3
case i) When 0 < € < 1, by (20) and Holder’s inequality, we find

mK.SK) < 3 (/a2 + 02

n=2
<<°_°2 (”2—1)(n21—2(1+8))> (i(”z‘1>(”2—2(1+8>>(a3+b3)> :
hence,
(K, S(K))” < i(;ﬂ— l)(n21—2(1+8)) i(”z— D(n* =2(1+€))(a, +b;). (22)

Recall that if p is not an integer, by Fourier series calculation we have

1 i 1
mcotpmr = ——2p .
p Z‘lnz—lﬂ
Together with 0 < € < | then we can calculate that
i 1 1 n 1 V2(14¢&)meot(y/2(1 4 €)m)
Sn2—2(1+¢) 1+2 4(l1+e¢) 4(1+e¢) ’
Moreover,
i 1
S (P2 re)m—1)
1 & 1 1
_1+28r§‘2(n2—2(1+8) 1)
1 - 1 1 > 1 1 23)
:1+28r§’2n2—2(1—|—8) _2(1+28)n§‘2(n—1_n+1)
1 3 1 —+/2(1+€)mcot(y/2(1 +&)m)
C(1+2¢)2 4(1+2¢) 4(1+¢)(1+2¢)

By (17), (22) and (23), we finally get

/zn 1 p(K)? = 2ra(K) + £(p(K)* — 4ma(K))
-~ —
0o k*(0) T

32— 1)~ 2(1 + ) (@ + )
n=2

>%h1(K7S(K>>2,
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i 1—+/2(1+€)meot(+/2(1+€)m)

_ 1 3
where C(&) = 57 — aag) ATre)(1128)
circular disc, the first equality in (19) holds clearly.
case ii) When € = 1, by (21) and Holder’s inequality, we obtain

| Hg () — H,(x)(6) |

. Furthermore, if K is a

11 & 1 1 1 & 1 1 >
<=| - — ) — = — —1 b>
3(423(;1—2 2 2 2 G n+1)>n§3(” " = 4) (@ +b3)
5 =
=11 ;(”2 —1)(n* —4)(ay + b;),
(24)
From (17) and (24) it follows that
S 2p(K)* —6ma(K 2,2
/0 a0 _ —nZn 1) 4) (@ bD)
(25)
1447‘c
hi(K,$2(K))>.
Clearly, by (25), the second equality in (19) holds if K is S»(K). O
THEOREM 3. Under the same assumptions as in Theorem 2, we have that
/2,, 1 p(K)? —2ma(K) +£(p(K)? — 4na(K))
do —
0o k2(0) T
(26)

o 6(1 —&)hy(K,S(K))>,0< e < 1;
40hy(K,S>(K))?, e = 1.

Moreover, when
i) 0< e < 1, the first equality in (26) holds if K is a circular disc;

ii) € =1, the second equality in (26) holds if the Minkowski support function of K is
of the form in (3).

Proof. As in the proof of Theorem 2, we use (8), (13) and Parseval’s equality to
deduce that

hg(K,S(K))zz/Ozn|HK( ) — Hy(x)(6 )|2de—nz2a +b2), (27)
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and
hz(K7S2(K))2:/02ﬂ\HK( ) — H,x)(6 )\2d9—n2 (> +1?). (28)

case i) when 0 < € < 1, together with (27) and (17) we have

| de_p(K)2—27ra(K)+£(p(K)2—47m(K))
/0 k2(0) T

= i(# —1)(n* —2(1+¢))(ap +b7) = 6(1 — €)ha(K,S(K))*.

It is clear that the equality in (26) holds if K is a circular disc when 0 < € < 1.
case ii) when € = 1, together with (28) and (17) we get

m ] 2p(K)? — 6ma(K)
/0 1<2(9)d9_ b

=13 (7 — 1)(n? —4) (@ + B2) > 40hs(K, S,(K))*.

It is clear that the second equality in (26) holds if the support function of K is of the
form in (3). We complete the proof of Theorem 3. [

REMARK 1. By the proof of Theorem 3, it is clear that the equality in Theorem 3
holds if and only if the support function of K is of the form

Hg(0) =ap+ajcos0 +bysin0 + arcos260 + by sin20,0 < € < 1;
or
Hg(0) =ap+a;cosO +b;sinO + aycos20 + by sin20 + azcos360 + bzsin360, € = 1.

THEOREM 4. Let K be a convex domain enclosed by a C?, closed and strictly
convex plane curve y with area a(K) and perimeter p(K). Then

p(K)?* 1 > o o hi (K, 82(K))?,
2 +4—1/o (b (9))2d9_/<) Wd(D{ é(())hz(KSz(K)). 29

and equalities holds if the Minkowski support function of K is of the form in (3).

Proof. As in the proof of Theorem 2, by (21) and Holder’s inequality, we find

(K, S2(K i—i ”—— (2= 122 +3).  (30)
i (=2 —1)2 5 4
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By a direct calculation, one gets

1 1 1 1 1
T36(nis2) 36(n+1) 36(ni—1) 120+17? 12(n— 1)2)

A >< ~ 17
g<
10—

9 )
(€29)
From (16), (30) and (31) it follows that

p(K)? 1/2ﬂ o /ZH 1 o 5
- — [ ——d0 > ———h(K,S(K))?,
TR 0 (p(6))°a6 0 1<2(9)d6 10 — x2 1(K,52(K))

we complete the proof of the first inequality in Theorem 4.
From (16) and (27), one gets

21 2r 1
- (0 2de—/ 46 > 80hy (K. S, (K))2.
el MCIOIRUR = 2(K,5:(K)
It is easy to see that equalities in (29) hold if a, = b, =0,n >3, n € Z™.
complete the proof of Theorem 4. [

REMARK 2. By the proof of Theorem 4, it is easy to see that the second equality
in Theorem 4 holds if and only if the support function of K is of the form

Hg(0) =ap+aycos +bysinO + arcos26 + b, sin20 + a3z cos 360 + b3 sin 36,

where ay, by, a3, bz are small in comparison with ag .

REMARK 3. Obviously, when € = 1, Theorems 2 and 3 are stability estimates of
the inequality (2). Meanwhile, the above three stability theorems are looked as stronger
versions of inequalities in (4).
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