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1. Introduction and preliminaries

In this paper, we investigate the characterizations of closed curves in a geodesic metric
space with curvature bound below in the sense of Alexandrov. We discuss the characteri-
zations for closed geodesic polygons in the space that bound surfaces isometric to regions
bounded by closed convex polygons in the model space R, and we also look at the charac-
terizations for closed spherical curves in the space that bound surfaces isometric to regions
bounded by circles in the model space Ry with the same perimeter.

Alexandrov [1-5, 13] introduced lower and upper curvature bounds on metric spaces
without Riemannian structure, which extended concepts to arbitrary spaces. This led
to the theorems of Riemannian geometry, which defined bounded curvature as bounded
sectional curvature. Examples include the Remannian manifolds with sectional curvature
are not less than K and its convex subset, and Hilbert spaces. Let (X,d) be a metric
space and v : [a,b] — X a curve in X. The length £() of 7 is defined by

k
() =sup > _d(y(ti1),7(t:)),
i=1
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where the supremum is taken over all partitions a =ty < t; < --- < tx = b of [a, b]. Hence,

d*(z,y) := inf{l(vy)| v is a curve from x to y},

for all z and y € X, defines a metric on X with distance values in [0, o0]. If d = d*, then
(X,d) is called a length space.

A geodesic in X is an isometry from R = (—o0,c0) into X. We may also refer to the
image of this isometry as a geodesic. A geodesic path joining two points z and y is a map
¢:[0,a] € R — X such that ¢(0) = z and c¢(a) = y, and d(c(t),c(t’)) = |t — t'| for all
t,t" € [0,a]. Usually, the image ([0, a]) is called a geodesic segment joining = and y, and
if there is a unique geodesic segment joining two points x and y, then [z, y] is denoted the
geodesic segment joining them. The metric space (X, d) is called a geodesic space if each
pair of two points of X is joined by a geodesic segment.

Definition 1. [5] Let K be a real number. The Rk is one of the following spaces, de-
pending on the sign of K: R2, if K =0, the Euclidean sphere of radius 1/\/?, if K >0,
and the hyperbolic plane with curvature K, if K < 0.

We can learn more about the Ry spaces in [4, 7-11]. A geodesic triangle A(p, ¢, r) in X
is a triangle with points p, ¢, as its vertices and three chosen geodesics [p, ¢l, [q, 7], [p, r] as
its sides. A comparison triangle in Ry for the geodesic triangle A(p, ¢,r) in X is a triangle
A(p,q,7) in Ry such that d(p,q) = dx(p,q), d(q,r) = d(q,7), and d(p,r) = d(p, 7). Such
a triangle A(p, ¢, 7) always exists if d(p, q) + d(q,r) + d(p,r) < % and it is unique up to
isometries.

Given a pair of a triangle A(p, ¢, r) in X and its comparison triangle A(p, ¢,7) in Ry,
the comparison point for a point z € [g,r] is the point denoted by Z in [¢, 7] such that
d(gq,z) = d(q, %), and the comparison angle at ¢ of the triangle A(p, g, r) is the angle at ¢
of triangle A(p, ¢, 7). Zp(q,r) denotes the angle at p of A(p,q,r) in X. We let Zp(q, ) or
Z5(¢,7) denote the angle at p of a triangle A(q,p,7) in Rg. Sometimes, for convenience

we let a triangle &(p, q,r) in Rg be a comparison triangle of A(p,¢,r) in X.

Definition 2. [6] Let X be a length space. A locally complete space X is a space with
curvature bounded below by a real number K if every point x € X has a neighborhood U (x)
the following condition is satisfied: N N N

(A) for any four distinct points p,q,r,s € U(x), Zs(q,p) + Zs(q,r) + ZLs(p,r) < 27.

For spaces in which, locally, any two points are joined by a geodesic, in particular for
locally compact spaces, the condition (A) in Definition 2 can be replaced by the condition:
(B) for any triangle A(p,q,r) in U(x) and any point s on the side [g,r]| the inequality
d(p,s) > d(p, 5) is satisfied, where § is the corresponding point of s on the side [g, 7] of
comparison triangle A(p, q,7).

Let X be a space with curvature bounded below by K and a and § be two geodesics
starting at a point p in X. The angle between o and ( is defined by

1 (dz(p, a(s)) + d*(p, B(s)) — d*((a(s), 5(8))>
2d(p, a(s))d(p, B(s)) '

lim cos™
s—0
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The angle at p of a triangle A(g, p, ) is the angle between [p, g] and [p, r].

The condition (B) is equivalent to the following condition: _

(B) for any triangle A(p,q,r) in U(z), Lp(g,r) > Zplg,r), Le(p,7) > Zy(p,7), and
Zr(p,q) > Zr(p, q), where A(p, q,r) is a comparision triangle in Ry of the triangle
A(p, ;7).

Spaces with curvature bounded below were defined above using local conditions. How-
ever, for complete spaces, the global conditions may be deduced from the corresponding
local ones. The metric space X considered in this work is complete. We then call X a
metric space with curvature bounded below in the large.

Theorem 1. [5] If X is a metric space with curvature bounded below by K in the large,
where K > 0, then dim(X) < n/vVK and any triangle in X has perimeter no greater than

271'/\/?.

Theorem 2. [12] Let X be a metric space with curvature bounded below by K in the
large, A(p,q,r) a triangle in X and A(p,q,7) a triangle in Rg. If d(p,q) = d(p,q),
d(p,r) =d(p,7), and Z,(q,7) = L5(q,T), then d(q,r) < d(q,T).

2. Closed geodesic polygons

A closed curve in a metric space X is a continuous map of an oriented circle in the 2-
dimensional Euclidean space. A chain V on a closed curve + is a set of points corresponding
to finitely many parameter values in order. The points in V are called the vertices of the
chain. If v consists of geodesic segments joining adjacent pairs in V', then v and V' form
a closed geodesic polygon with a vertex chain in V. A subset A of a metric space (X, d)
is defined as convex if, for any two points x,y € A, the segment joining z and y is also
included in A. C(A) represents the convex hull of a subset A, defined as the smallest
convex set that contains A. An isometry between two metric spaces (X,d) and (Y, d*) is
a function i : X — Y such that d(x,y) = d*(i(z),i(y)), for all points z,y € X. We will
start by describing a triangle in metric space with curvature bounded below whose convex
hull is isometric to a comparison triangle’s convex hull in model space Ry .

We note that if py,po, ps, pa,p5 = p1 is a closed polygon in X, a metric space with
curvature bounded below by K, and pf, ph, p5, p}y, pk = p} is a closed polygon in Ri with
d(p1,p2) = d(py,p5), d(p2,p3) = d(ph,p4), d(ps,ps) = d(p}, py), d(pa.ps) = d(ply, p5) and
d(p1,ps) = d(py, py then

Zpi(P2,p1) < Zpy (D2, 03) + ZLpy (P4, 13) > Ly (02, P5) + Ly (D P3) > Lo (P, D)

Hence, it is not possible to compare the values of £, (p2,ps) and Ly, (py,p}y). Therefore,
we must suppose that the equation 2, (p2,ps) = Zp, (p2,p3) + Zp, (4, p3) is true in order
to obtain Zp, (p2,p1) > £y (p3, 1Y)

Lemma 1. Let X be a metric space with curvature bounded below by K in the large. Let
A(p,q,7) be a triangle in X and N(p',q',r") be its comparison triangle in Ry, x be a
point on [p,q], and z' € [p/,¢'] be a comparison point of x. If Zp(z,r) = Ly (2',1"), then
d(z,r) =d(@,r").
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Proof. Since X is a metric space with curvature bounded below by K in the large, we
have that d(z,r) > d(2’,7’). Using Theorem 2, we have d(x,r) < d(2’,7"). Hence, we have
the result.

Theorem 3. Let X be a metric space with curvature bounded below by K in the large. Let
A(p,q,7) be a triangle in X and N(p',q',r") be its comparison triangle in Ry . Suppose
that the following statements hold:

(Z) Ar(pa Q) = Ly (p/’ q/);

(Z'i) lp(x[vr)]: ép(%r)f Zq(xvr) = éq(p’r) and ér(p7 Q) = Zr(p,ib) + AT(qVI") Jor any
z € [p, ql.

Then the convex hull of N(p,q,r) is isometric to the convex hull of A(p',q',r").

Proof. By Lemma 1, we have that d(z,r) = d(2/,7") if € [p,q] and 2’ € [p/, ¢] such
that d(z,p) = d(2/,p’). Let j be the map from the convex hull C(A(p',¢',r')) in Rk to
the convex hull C(A(p, ¢, r)) in X which, for every 2’ € [p/, ¢], sends the geodesic segment
[r’, 2] isometrically onto the geodesic segment [r, x]. We claim that j is an isometry onto
its image; it then follows that the unique geodesic joining any two points of the image of j
will be contained in the image, so j maps C(A(p', ¢/, 7)) onto C(A(p, q,7)). Consider two
points o’ € [r',2'] and ¥/ € [, ] in C(A(P',q',7")), where 2',y’ € [p/, ¢'] and 2’ is between
¢ and y'. Let z = j(2'), y = j(/), a = j(a’) and b = j(¥'). Since d(r,z) = d(r',2'),
d(r,y) =d(r',y") and d(x,y) = d(2’,y'), we have that A(r',2',y') is a comparison triangle
of A(r,z,y). Since X is a metric space with curvature bounded below by K in the large,
we have d(a,b) > d(a’, V). As Z.(a,b) < Zp(z,y) = L (2',y) = Z(d',V), applying
Theorem 2, we get that d(a,b) < d(a’,V’). Therefore, d(a,b) = d(a’,V'), as required.

We then describe that the convex hull of a closed geodesic polygon in a metric space
with curvature bounded below is isometric to that of a polygon in the model space Ry.

Theorem 4. Let X be a metric space with curvature bounded below by K in the large.
Let o be a closed geodesic polygon with ordered vertices p1, p2, p3, Pa, P1 with perimeter less
than 7/VK in X and let o' be a convex polygon with ordered vertices p\, ph, s, Py, Py in
the model space Ry . Suppose the following statements hold:

(i) C({p1,p2,p3}) and C({p1,p3,pa}) are isometric to C({p}, ph, ps}) and
C({ph, 5. p4}), respectively;

(ii) the geodesic [p1, ps] intersects the geodesic [p2,p4] at a point p;

(iit) 4p2 (P, p3) = 23 L (0,05), Zps (By01) = Ly, (0 91), Zpa (B, 1) = £y (P, 1) and 2, (P, p3) =
ps) for all D € [p2,pa] and p' is the intersection of [pl,p3] and [py, p};

Ly (P,
(iv) Zp (p2,p4) = p1 (p2,D) + Zp, (D, pa) and
Zps(p2,P4) = Lps(p2,D) + Lps (P, pa) for all p € [p2,p4].
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Then the convex hull of o is isometric the convex hull of o’.

Proof. First, we shall prove that the point p is a corresponding point under both
isometries to the point p’. Let p* be a point on the geodesic segment [p1,ps] such that
d(p*,p1) = d(p',p}) and let p” € [p!, ps] be a corresponding point of p under both isome-
tries. Thus,

d(p1,p) + d(p,p3)

<d(p1,p*) +d(p*, ps)
=d(p,p') +d©', ps)
= d(p}, ps

3),

d(p1,p3) =

3

and

d(py,p5) = d(@},p') +d@', ps)
d(py, ") +d@®", p)
d(p1,p) + d(p,p3)
= d(p1,p3),

IN

and hence, d(p1,ps3) = d(p},ps). So we have p = p* and p’ = p”, as required.

By (iii) and (iv), we employ Theorem 3, C'({p2,p3,pa}) is isometric to C({ph, p5, P} })
and C({p1,p2,psa}) is isometric to C({p}, s, p}}). The next step is to confirm that C(o)
and C(o’) are isometric to each other. By the definition of convex hull, C(o) exists
and is distinct, as we have noted. Let i; : C({p1,p2,p3}) — C({p},ph,p5}) and iy :
C({p1,p3,p1}) — C({p1, P35 P4}) be such that i1(p;) = p, 7 = 1,2,3 and ia(pr) = pj,
k =1,3,4. Let i be a map from C(o) to C(c') = C({p},ph,p5}) U C({p}, 5, p}}) such
that i[c((p; pops}) = 91 AN i|({p; ps,pay) = f2- We must demonstrate that 7 is an isometry
from C(o0) to C(0’) by verifying that

(*) i is an isometry onto its image, and

(+%) C(o) = C({p1,p2.3}) U C({p1.ps,p1}).

That ¢ is surjective is obvious. Additionally, 7 is injective due to the circumstances of
intersecting geodesic segments and isometric convex hulls. To prove (x), let x1,z2 € C(0),
2} = i(x1) and zf, = i(xe). We shall verify that d(zq,22) = d(2],2%). There is nothing
to prove if 1,29 € C({p1,p2,p3}) or x1,z2 € C({p1,p2,p4}) or 1,22 € C({p1,P3,P4}) OF
x1,x2 € C({p2,ps,ps}). Without loss of generality, we assume that z; is in C(p1,p2,p)
and x9 is in C(ps, p4,p), where p is the point at which the geodesic segments [p1, ps] and
[p2,pa) cross. Let z} and zf, be corresponding points of z1 and x9, respectively. We
suppose that the segment [, 2] meets the segment [p), p5] at a point z§ and meets the
segment [ph,p}y] at a point z) such that a4 € [2],x}] (if 2 € [x}, 2] we can prove in the
same manner). Let x3 and x4 be two points such that 2% = i;(x3) and 2} = iz(z4). In
Ry, we have [z, 2] = [z, 25] U [2%, )] and [z}, 25] = [x4, 2] U [z)y, 25]. Due to the fact
that C'({p1, p2, pa}) is isometric to C({p}, ph, P} }) and [2], 2} is in C({p}, ph, p}}), we have
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that [z1,z4] = [x1, 23] U [23,24] is in C({p1,p3, pa}) which such that d(x1,x3) = d(z], z5)
and d(z3,z4) = d(a%,2}), and then,

d(z1,74) = d(x1,73) + d(x3, 24) = d(2), 25) + d(25, 7)) = d(2), 7).

Because C'({p1,ps,psa}) is isometric to C({p}, p5,p}}) and [z5, z4] is in C({p}, p5,p}}), we
have [z3, xo] = [x3, x4] U [24, x2] is in C({p1, p3,pa}), which such that d(xs,z4) = d(z}, z))
and d(x4,x2) = d(2)), x}), and thus,

d(w3,3) = d(w3, x4) + d(wa, v2) = d(2, 7)) + d(wy, 23) = d(a3, 75).

]
1,23) + d(x3, x4) + d(z4, x2)
= d(x7, 25) + d(x5, 7)) + d(x), v5)
/
5)

We now demonstrate (xx). For convenience, we set A = {p1,p2,p3} and B = {p1,ps, ps}.
First, we must establish the convexity of C'(A) U C(B). Let z1,x2 be two points in
C(A) U C(B). The geodesic segment [z1,z3] must be declared to be in C'(A) U C(B).
It makes no difference if 1, x2 are both in C'(A) or C(B). We assume, without loss of
generality, that z;1 € C(A) and z9 € C(B). Let z} and zf, be corresponding points to
x1 and z9, respectively, and ' the point of intersection of the two segments [z, x5] and
[P}, p5] and let ¢’ = i(¢). Thus

d(z1,22) = d(a}, x3) = d(@7, 1) + d(t', 25) = d(z1,1) + d(t, 22).

This suggests that geodesic segments [z1, t] and [t, 23] form a geodesic segment connecting
points z1 and xg. That is [z, z2] = [z1,t] U [t,22] C C(A) U C(B). Accordingly, C(A) U
C(B) is convex. We obtain that C(AU B) C C(A) U C(B), because C(A U B) is the
smallest convex set containing A U B. We also obtain C'(A) U C(B) C C(A U B) because
both C(A) and C(B) are subsets of C'(AU B). Therefore, C(AU B) = C(A) UC(B).

It is important to note that Theorem 4 depends on the intersection of two geodesics.
We consider the space R? with usual metric as a metric space with curvature bounded
below by 0 in the large. Let X be a triangle with points (—1,0,0), (1,0,0) and (0, 1,0)
and Y be a triangle with points (—1,0,0), (1,0,0) and (0,0, 1). In Ry space, we let X’ be
a triangle with points (0,—1), (0,1) and (1,0) and B’ be a triangle with points (0, —1),
(0,1) and (—1,0). Thus, we have that X’ and Y’ are corresponding triangles of X and
Y, respectively. It is evident that C(X') is isometric to C'(X) and C(Y”) is isometric to
C(Y) but that C'(X'UY”) is not isometric to C(X UY") since the segment connecting points
(—1,0,0) and (1,0,0) do not meet the segment connecting points (0,1,0) and (0,0, 1).

The following theorem can be proven using the concept of the proof of Theorem 4

Theorem 5. Let X be a metric space with curvature bounded below by K in the large.
Let o be a closed geodesic polygon with ordered vertices p1,p2,ps, ..., Pn,P1 With perimeter
less than 7/VK in X and o’ be a convex polygon with ordered vertices py, ply, Py, .., Dy, D}
in the model space R, for n > 4. Suppose that the following statements hold:
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(i) C({p1,p2,-.-,pt}) is isometric to C({p,ph,....pi}) and C({pt;pt41,...,pn}) is iso-
metric to C({p}, Piy1s P });

(it) the geodesic segment [p1,p:] intersects the geodesic segment [p;,p;] at a point for
somei € {1,2,..,t—1} andje{t+1,t+2,....,n—1}.

(iit) Zp,(P",p0) = Zp(0'0h), Zpi(P"sp1) = Ly (0'01), ZLp; (07 01) = Ly (0, Ph) and
ij (p*apt) - épj (p 7pt) f07” all p* € [pwp]];

() Zp, (pi, ) = Zpy (pi, D) + £y, (P*, pj) and
Pt(pupj) Pt(p’m ) + épt(p*vpj) for all p* € [Pi,pj]

Then the convex hull of o is isometric the convex hull of o', that is the totally geodesic
surface bounded by o and the region bounded by o’ are isometric to each other.

3. Spherical curves

If there is a point p in the metric space X and a positive real number r such that
d(xz,p) = r for all z in v, the curve 7 is said to be spherical. The radius of v is the actual
value r. For example, a circle of radius r > 0 in the model space R is a closed spherical
curve at a distance r from its center. In the subsequent discussion, we define v, as a
spherical curve in a metric space with curvature bound below with endpoints a and b, and
7 as a subarc of a circle in the model space Ri with endpoints a’ and b'.

We describe a closed spherical curve bounding a surface isometric to a region bounded
by a circle in the model space Ry .

Lemma 2. Let X be a metric space with curvature bounded below by K in the large. Let
v be a spherical curve at a distance r < 2\/”? from a point p with endpoints a,b in X

and ~' be a subarc of a circle of radius v centered at a point p' in Rx with endpoints
a', b such that d(a,b) = d(a’,b'). If that ¢ € v is between a,b and ¢ € ~ is between
a', b with conditions d(a,c) = d(d’,') and d(b,c) = d(V,c), then the geodesic segment
[p, c] intersects the geodesic segment [a,b] at a point q which corresponds to the point ' of
intersection of [p', ] and [d’,V'].

Proof. We shall prove that the segment [a, b] intersects the segment [p, ] at a point.
Suppose that ¢’ is the point of intersection of the segments [d/, '] and [p/,c/]. Let ¢ be
a point on the segment [p,c] such that d(p,q) = d(p',q’). Thus, ¢’ is a corresponding
point of ¢ in two triangles A(p,a,c) and A(p,b,c), and hence, d(a,q) = d(a’,q") and
d(b,q) = d(V,q). Consequently,

d(a,b) < d(a,q) +d(q,b) = d(d',q) +d(¢, V) = d(a',b') = d(a,b),

that is, the point ¢ is the intersection of [a, b] and [p, c|.
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Lemma 3. Let X be a metric space with curvature bounded below by K in the large. Let

v be a spherical curve at a distance r < 2\/7% from a point p with endpoints a,b in X and

~' be a subarc of a circle of radius r centered at a point p' in Ry with endpoints a’,b'.
Suppose that ¢ € 7 is between a,b and ¢ € v is between a’,b'. Assume that the following
statements hold:

(i) L) = 00V) < T
(i) d(a,b) = d(d',V);
(iii) d(a,c) = d(a’,¢) and d(b,c) = d(¥,);
(iv) Zp(a,b) = Zy(a', V) and Ze(a,b) = Zo(d',);

(v) for any triangle A(u,v,w) in X, Zy(v,x) = Zy(v,w) and Ly (w,x) = ZLy(w,v) for
all x € [v,w];

(vi) for any triangle A(u,v,w) in X, Zy(v,w) = ZLy(v,x) + ZLy(x,w) for all x € [v,w];
Then C({p, a,c,b}) is isometric to C({p',d’,c,V'}).

Proof. By (ii) and (iii), we have that triangles A(a’,¥’, ') and A(a’,V/,p’) are corre-
sponding triangles of A(a,b,c) and A(a, b, p), respectively. By (iv) and (v), and applying
Theorem 4, we get that the convex hulls of triangles A(a/, ¥, ) and A(d',V,p’) are iso-
metric to the convex hulls of triangles A(a,b,c) and A(a,b,p), respectively. By (vi), we
obtain

La(psc) = Za(p,q) + Lalg,¢) = La (P ¢) + L (¢, ) = Zu (P, )
and
Zy(p,c) = Zp(p,q) + Lo(g,¢) = Ly (0, ¢') + Ly (¢, ) = Ly (P', ),

and using (iv) and Theorem 3, we have that the convex hulls of triangles A(ad/,p’, )
and A(V,p', ) are isometric to the convex hulls of triangles A(a,p,c) and A(b,p,c),

respectively. We prove, as the same proof of Theorem 4, that C({p,a,c,b}) is isometric
to C({p',d’,c,b'}).

Theorem 6. Let X be a metric space with curvature bounded below by K in the large.

Let v be a spherical curve at a distance r < 2\;? from a point p with endpoints a,b in X

and 7' be a subarc of a circle of radius v centered at a point p' in Ry with endpoints a’,b’.
Suppose that ¢ € v is between a,b and ¢ € v 1is between a’,b'. Assume that the following
statements hold:

(i) L) = (V) < Jg
(ii) d(a,b) =d(a’,V);

(i11) C({p,a,c}) is isometric to C({p',d’,'}) and C({p,b,c}) is isometric to C({p’, v, '});
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(iv) Ze(a,b) = Lo (d', V') and Zp(a,b) = Ly (d',b');

(v) la(ﬂ?c

) = Za(byc), Zp(z,c) = ZLp(a,c) and Z.(a,b) = Zc(a,z) + ZLo(x,b) for any
x € la,b];

(vi) Za(?p)]: Za(b,p), Zp(x,p) = Zp(a,p) and Zy(a,b) = Zy(a,x) + ZLy(x,b) for any
T € |a,b].

Then C({p, a,c,b}) is isometric to C({p',d’,,b'}).

Proof. By Lemma 2, the segment [a,b] intersects the segment [p,c] at a point ¢ and
using Theorem 4, we get that C'({p, a, ¢, b}) is isometric to C({p’,d’,,V'}).

By Theorem 6, we have the following corollary.

Corollary 1. Let X be a metric space with curvature bounded below by K in the large. Let

s

v be a spherical curve at a distance r < NI from a point p with endpoints a,b in X and ~'

be a subarc of a circle of radius r centered at a point p’ in Rg with endpoints a’',b’. Suppose
that a = c1,c¢a,...,cn, = b € 7y are consecutive points on v and a' = ¢}, cy,...,c,, =V €~
are consecutive points on v'. Assume that the following statements hold:

. _ / T .
(i) ) = £7') < 2
(i) d(a,b) = d(a’,b);
(i1i) C({p,c1,ca,...,ct}) and C({p,ct, Cit1, ...y cn}) are isometric to
CH{p' el ¢y, ¢}) and C({p', ¢}, ¢l yqs s - Cn}), Tespectively, for somet € {2,3,...,n—
1};
() Ze,(a,b) =2,

(v) Za(x,c) = Za(byer), Lo(x,cr) = Lp(a, ) and L, (a,b) = Ze(a,z) + Ze,(2,b) for
any x € [a,b];

(vi) la(?p)]: ZLa(b,p), Lp(x,p) = ZLp(a,p) and Ly(a,b) = ZLy(a,x) + Ly(z,b) for any
x € |a,bl.

(a', V) and Zy(a,b) = Zy(d',V);

/
t

Then C({p,c1,ca,...,cn}) is isometric to C({p, |, ch,...,c),}).

Proof. First, we will demonstrate that the segments [a,b] and [p, ¢| cross at a specific
location. Assume that the intersection of the segments [a’,'] and [p/, ] is at ¢/. A point
on the segment [p, ¢] with the property d(p,q) = d(p',¢’) is called ¢q. Because ¢ is a point
that corresponds to ¢, d(a,q) = d(d’,q") and d(b,q) = d(b',q’). Consequently,

d(a,b) < d(a,q) +d(q,b) = d(d',q) +d(¢, V) = d(a',b') = d(a,b),

that is the point ¢ is the intersection of [a, b] and [p, c|.

We can see from (iv), (v), and (vi) that A(a,b,c) and A(a,b,p) are isometric to
A b, ) and A(d, b, p'), respectively. We proceed in the same way as Theorem 4,
having established that C'({p, a, ¢,b}) is isometric to C({p’,d’,,V'}).
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Theorem 7. Let X be a metric space with curvature bounded below by K in the large,

and v be a spherical curve at a distance r < 2\7/TE from a point p with endpoints a,b in X.

Let ~' be a subarc of a circle of radius r centered at a point p' in Ry with endpoints a’, V.
Suppose that the following statements hold:

. _ / T .
(i) L) = () < T
(ii) d(a,b) = d(da’,V');
(iii) L(Vay) = L(Vpr,y) if and only if d(x,y) = d(z',y") for all z,y € v and 2',y" € +';
(iv) Zp(a,b) = Ly (', V) and Zo(a,b) = Lo (d',V);

(v) for any triangle N(u,v,w) in X, Zy(v,2) = Zy(v,w) and Ly(w,x) = ZLy(w,v) for
all x € [v,w);

(vi) for any triangle A(u,v,w) in X, Zy(v,w) = Zy(v,z) + Ly(z,w) for all x € [v,w];

Then Ueey[p, €] = C({p}U~) and C({p}U~) is isometric to C({p'} U~'), that is the totally
geodesic surface bounded by v and the region bounded by ' are isometric to each other.

Proof. We will first demonstrate that Ueey[p,e] = C({p} U~). By the definition of
C({p} U~), we have that Uecey[p,e] C C({p} U~). The next step is to confirm that
Ueey[p, €] is convex . Let my, mo € Ueeq[p, €]. Therefore, m; € [p,e1] and mo € [p, e2] for
some e1,es € 7. If e; = eq, there is nothing to prove; hence, we can assume that e; # eo
without losing generality. Let e/, €5 be two points on 7 such that £(v) rer ) = £(Vae,) and
0, ,8,2) = {(Vaey)- Assuming without loss of generality, that €] lies between a' and €.
Since é(’ya,el) = g(’ya/,e’l) and é(lya,w) = K(%/,eg), we have that 6(76162) = 6(76/16/2)' By (iii),
d(a,e1) =d(d,e}), d(er,er) =d(e),ey) and d(ea,b) = d(€),b), and hence we have those
triangles A(p',d’,€}), Ap, e}, eh) and A(p, e, b') are comparison triangles of A(p, a, eq),
A(p,e1,e2) and A(p,es2,b), respectively. As X is metric space with curvature bounded
below, Zp(a,e1) > Zy(d',€)), Zp(er,e2) > Zy(€), e5) and Zp(ea,b) > 2, (€h,b). Since

lp’(alv v') = Zp/(a’, e) + ép’(ellv es) + lp’(eéa v)
< Zy(a,er) + Zy(er, e2) + Lp(ea, b)
= Zp(a,b)
=Ly (d,V),

we get Zp(e1,e2) = Zy(e),e5). Because d(p,mq) = d(p',m}), d(p,m2) = d(p’,m5) and
Zp(e1,e2) = Zp(mi,ma), by using Theorem 2, d(mi,ma) < d(mj,mb). As £(Veye,) =
£(Yerey ), by (ili), we have d(e1,e2) = d(e}, e3). Now we have that a triangle A(p', e}, €3)
is a comparison triangle of a triangle A(p,e1,e2). As a result, X is a metric space with
curvature bounded below, d(m1, ma) > d(m}, m}). Consequently, d(m1, ma) = d(m/, m}).
That means that for any point on [mq,ms], lies on a segment [p,t], for some ¢t € 7. We
may infer that, the geodesic segment [m, ms] is contained in Uee[p, €].
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We will then prove that C({p’'} U~') is isometric to C({p} U~) . Define a map i from
C{p'} U) to C({p} U~) in such a way that every geodesic segment [p’,w'] from p’ to
a point w’ on 4 is sent isometrically onto the segment [p,w] where w is a point on =
with €(7Yaw) = £(Yarw)- The fact that i is a bijection is evident. Simply confirming that i
maintains distances between points will demonstrate that ¢ is an isometry from C({p'}U~")
onto C({p}U~). Let 2} and 2/, be two points on segments [p’, y}] and [p/, y}], respectively,
for some y},v5 € /. On corresponding geodesic segments [p,y1] of [p/,y;] and [p, ya] of
[P/, yh], we let 1 and xo be the points corresponding to x) and xf, respectively. We can
verify d(z1,x2) = d(a, %) similarly as above, the result is completely proven.

We describe characterizations of a closed spherical curve in a metric space with curva-
ture bounded below by K in the large and having the same length as a circle in the model
space Ry in the last theorem.

Theorem 8. Let X be a metric space with curvature bounded below by K in the large,

and v be a closed spherical curve at a distance r < QJ? from a point p. Let " be a circle

of radius r centered at a point p' in Ry . Suppose that the following statements hold:
(i) £(y) = £();

i) L(yap) = () iff d(a,b) = d(d', V) iff Z,(a,b) = Ly (d', V), for all a,b € v and
a’b p P
a, b eq;

(iii) for any triangle A(u,v,w) in X, Zy(v,z) = Zy(v,w) and Ly (w,z) = Zy(w,v) for
all x € [v,w];

(i) for any triangle A(u,v,w) in X, Zy(v,w) = Zy(v,x) + Zy(z,w) for all x € [v,w].

Then C(7) is isometric to C(v'), that is, the totally geodesic surface bounded by v and the
disk bounded by ~' are isometric to each other.

Proof. Let z,y € v and 2/,y € 4/ be such that {(ygy) = B(’y;,y,) < \/“7 We can
conclude from (i) that d(z,y) = d(2’,y’). We establish a map ji from C({p'} U~,/,)
to C({p} U yzy) such that each segment [p’,z’] from p’ to 2’ on 7, is transferred on to
the geodesic segment [p, z] from p to a point z on 74y, where z is the point such that
U(Vez) = L(vy,) and a map jo is defined from C({p'} U~,,/) to C({p} U ys) similar
to j1. Lemma 3 indicates that j; and jo are isometries. We will now demonstrate that
C(v') and C(v) are isometric to each other. By the definition of convex hull, we observe
that C(y) exists and is unique. Let i be a map from C(y) = C(v,,,,) U C(y,,y) to
C(v) in such a way that the function ¢ on C(yy,,) is j1 and on C(v,/) is j2. We
must demonstrate that 4 is an isometry from C(v') to C(v), we must show that 7 is an
isometry onto its image and C(v) = C(vzy) U C(Vye) = C(Yay U Yya). It is clear that
1 is surjective. Additionally, as we shown in Lemma 3, ¢ is injective as a result of the
requirements of intersecting geodesics and isometric convex hulls. Let ) and u) be in
C(v') and uy = i(u)) and ug = i(uh). We will demonstrate that d(uy,us) = d(u},u)).
If uy,uy € C(v,,,) or uj,uy € C(v,,,), neither case can be proven. We assume that
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uy € O(v,,,) and uy € C(v,,,/). Let uj € [p',v}] and ujy € [p, v5] for some vy € C(v,,,)
and vy € C(v,,,/). On X, we let [¢,v1] be the geodesic segment containing u; and let
[q,v2] be the geodesic segment containing us where vi € C(7gy) and va € C(vya). If
6(71’)1%) < £(v")/2, we then have 7:/11/2 = %iy’ u 7;’1);' By (ii), C(%/;gy/) is isometric
to C(Yuy) by j1 and C(’y;éy,) is isometric to C(Vy,y) by j2, we thus get that C(’y;,lvé)
is isometric to C(yy,0,) by i. Consequently, we get d(ui,us) = d(uf,u)). Additionally,
we also have d(u1,us) = d(uj,ul) if E(’ygévi) < 0(%)/2. We will now demonstrate that
C(v) = C(Yay) U C(vya) = C(Yay U vya). It is necessary to demonstrate that the set
C(Vay U Yyz) is convex. Without losing generality, we suppose that z1 is in C(7v;y) and
xg is in C(yye). Let [¢, w1] and [g, wa] be the segments containing x1 and x2, respectively,
where [¢,w;] is the segment containing 1 and [g, w2] is the segment containing zs. Since
Ji is the isometry from C(v,,,,) to C(yzy) and j is the isometry from C(v,,,/) to C(vya),
we let two points w] and w) in Rx be the points corresponding to w; and ws, respectively,
and let two points 2} and 24 in R be the points corresponding to 1 and x4, respectively.

If E(%/u’lw’2> < {(v")/2, then 71/u’1w’2 = 'yl’u,ly, U'yg’/,w,2 is the result. As C(’y;},ly,) is isometric
to C(Yu,y) by j1 and 0(7;/2;/) is isometric to C'(Yu,y) by j2, we thus obtain that C(v{uiwé)
is isometric to C'(Yuwyw,) by i. Consequently, d(z1,x2) = d(z},x}) is what we have. Let
2" be the point where [z}, 2%] and [2/,y/] intersect, and let & = ji(2”) = jo(2”) = i(a”).
Hence,

d($17$2) = d(x/hx/Q) = d(xllvx//) + d(l‘”, x/2) = d(x,b@) +d(%, xl2)v

50 [z1, 2] = [1,2] U [Z,22] C C(vay) U C(Vyz). Therefore, C(vzy) U C(vyz) is a convex
set. If E(’y{ﬂéw,l) < 4(v")/2, we proceed in the same proof to have that C(vzy) UC(7yz) is a
convex set as in the case £(v, / wé) < 4(v")/2. Accordingly, we can conclude that C(v') is
isometric to C(y). The theorem’s proof is now complete.

4. Conclusion

™

2VK
from a point in a metric space with curvature bounded below by K is isometric to the

region bounded by a circle of radius r in Ry, provided that The closed spherical curve
and the circle possess identical lengths, and the angle properties in this metric space have
similarities to those in R.

The totally geodesic surface enclosed by a closed spherical curve at a distance r <
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