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On the existence of closed biconservative
surfaces in space forms
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Biconservative surfaces of Riemannian 3-space forms N?3(p), are
either constant mean curvature (CMC) surfaces or rotational lin-
ear Weingarten surfaces verifying the relation 3x; 4+ ko = 0 be-
tween their principal curvatures ki and ks. We characterise the
profile curves of the non-CMC biconservative surfaces as the crit-
ical curves for a suitable curvature energy. Moreover, using this
characterisation, we prove the existence of a discrete biparametric
family of closed, i.e. compact without boundary, non-CMC bicon-
servative surfaces in the round 3-sphere, S*(p). However, none of
these closed surfaces is embedded in S3(p).

[(1__Introduction| 292
2 Biharmonic maps and biconservative immersions 294
[3 Bending-type curvature energy| 297

[4 Characterisation of profile curves as bending-type |
| energy extremals| 301

5l ] CMC r F r

| 3-space forms| 305
6 Proof of Lemma 5.5l 311
[References 317

Work partially supported by Fondazione di Sardegna and Regione Autonoma
della Sardegna (Project GESTA). The second author has been partially supported
by MINECO-FEDER grant PGC2018-098409-B-100, Gobierno Vasco grant [T1094-
16 and Programa Predoctoral de Formacion de Personal Investigador No Doctor
del Gobierno Vasco, 2015. He also wants to thank the Department of Mathematics
and Computer Science of the University of Cagliari for the warm hospitality during
his stay.

291



292 S. Montaldo and A. Pdmpano

1. Introduction

A hypersurface M"~! in a n-dimensional Riemannian manifold N™ is called
biconservative if

25, (grad H) + (n — 1)H grad H — 2H Ricci(n) " =0

where 7 is a unit normal vector field, S, is the shape operator, H =
trace S,/(n — 1) is the mean curvature function and Ricci(n) " is the tangent
component of the Ricci curvature of N in the direction of 7.

The notion of biconservative hypersurfaces was introduced in [7], as we
shall detail in the next section, where the authors classified, locally, biconser-
vative surfaces into 3-dimensional space forms (see also [14]). More precisely,
in [7], it was proved that a biconservative surface of a 3-space form, N3(p), is
either a CMC surface or a rotational surface. Moreover, in the same paper,
a relation between the Gaussian curvature, K, and the mean curvature, H,
of the non-CMC biconservative surfaces of N3(p) was stated. Indeed, these
rotational surfaces verify

(1) K =-3H*+p.

Throughout this paper, we are going to understand a Weingarten surface as
a surface of N3(p) where the two principal curvatures 1 and k9 satisfy a cer-
tain relation ®(k1, k2) = 0. These surfaces were introduced by Weingarten
in [34] and its study occupies an important role in classical Differential Ge-
ometry.

The simplest relation ®(x1,k2) = 0 is the pure linear relation, that is,

(2) K1 =arky, a€R.

Rotational surfaces in Riemannian 3-space forms verifying the relation
between their principal curvatures were geometrically described by Barros
and Garay in [5] where they gave a variational characterisation of the paral-
lels. On the other hand, in [21], the profile curve of rotational linear Wein-
garten surfaces of R® was characterised as a critical curve for a curvature
energy problem.

In our case, relation implies that non-CMC biconservative surfaces
are linear Weingarten surfaces for a = —1/3 in , as it was first pointed
by Fu and Li in [I5]. Thus, we have the following description.
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Proposition 1.1. The non-CMC biconservative surfaces of a 3-
dimensional space form N3(p) are rotational linear Weingarten surfaces

verifying
(3) 3k1 + Ko =0,

where kK1 = —kK 18 minus the curvature of the profile curve. Moreover, let
S C N3(p) be a rotational linear Weingarten surface verifying , then S
s a biconservative surface.

Throughout this paper, we are going to consider the following bending-
type energy problem. More precisely, we consider the curvature energy func-
tional given by

(4) O() = / W4
Y

acting on the space of arc-length parametrized non-geodesic curves v : I —
N3(p), where I is a real interval. Here, x denotes the curvature of 7. In
the Euclidean 3-space, R?, this functional has been studied in [16], where its
critical curves have been used to produce solutions of a generalized Ermakov-
Milne-Pinney equation. On the other hand, in the unit round 3-sphere, S3(1),
it was analysed in [I]. For more details about this functional see §3.

The first main result of the paper is the following characterisation.

Theorem 1.2. Let S be a non-CMC biconservative surface of a 3-
dimensional space form N3(p). Then, locally, S is a rotational surface whose
profile curve verifies the Euler-Lagrange equations for the functional .

A converse of Theorem 1.2 is also true and gives us a way of constructing
all non-CMC biconservative surfaces of 3-space forms, as it will be explained
in Theorem 4.2.

A natural problem is to investigate, using the variational characteri-
sation, the existence of closed (i.e. compact without boundary) non-CMC
biconservative surfaces into N3(p). This problem was raised for the first time
in [27] and then in [10, [11]. In §5 we tackle this problem and solve it. We first
prove, in Proposition 5.2, that there are no closed non-CMC biconservative
surfaces in 3-space forms, N3(p), with p < 0. While, for the case of S3(p),
we prove the following existence result.
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Theorem 1.3. There exists a discrete biparametric family of closed non-
CMC biconservative surfaces in the round 3-sphere, S*(p). However, there
are no closed non-CMC biconservative surfaces embedded in S3(p).

2. Biharmonic maps and biconservative immersions

Harmonic maps ¢ : (M, g) — (N, h) between Riemannian manifolds are the
critical points of the energy functional

1
B(e) = 5 | ldglv,.

Their corresponding Euler-Lagrange equation is given by the vanishing of
the tension field

(5) 7(p) = trace Vdyp .

In [9], Eells and Sampson suggested to study biharmonic maps, which are
the critical points of the bienergy functional

(© Bae) = 5 [ Ir)Fv,.

The first variation formula of the bienergy was derived by Jiang, [19]. More-
over, he showed that the Euler-Lagrange equation for Fs is

(1) 7(p) = —J(1(p)) = ~Ar(p) — trace R (dp, 7(10))dip = 0,

where J is the Jacobi operator of ¢. The curvature operator of (N,h) is
denoted by RN and it can be computed as

RY(X,Y)=VxVy - VyVx — Vixy],

for any vector fields X and Y in N, where V denotes the Levi-Civita connec-
tion. Finally, the symbol A in represents the rough Laplacian on sections
¢ 1(TN), which, for a local orthonormal frame {e;}™, on M, is defined by

A= —i (veve - vey.).
i=1 1

The equation 72(p) = 0 is called the biharmonic equation. Since the Jacobi
operator J is linear, it is easy to check that harmonic maps are always
biharmonic.
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If ¢ : M — N is an isometric immersion the decomposition of the biten-
sion field with respect to its normal and tangent components was obtained
with contributions of [6, B, 22 B1] and for hypersurfaces it can be sum-
marised in the following theorem.

Theorem 2.1. Let p: M" ' — N™ be an isometric immersion with unit
normal vector field n and mean curvature vector field H = Hn. Then, the
normal and tangential components of T2(v) = 0 are respectively

AH + H|S,|* — HRicci(n,n) = 0,

28, (grad H) + (n — 1)H grad H — 2H Ricci(n)? = 0,
where S;, is the shape operator and Ricci(n)T is the tangent component of
the Ricci curvature of N in the direction of the vector field n.

Remark 2.2. Let v:I — N be an arc-length parametrized curve from
an open interval I C R to a Riemannian manifold N. In this case, putting
T =+, the bienergy functional, @, reduces to

3) Ea() = / 2.

Then, the Euler-Lagrange equation for the bienergy when it acts on the
space of all maps between I and IV, can be written as

9) T2(y) = VAT + R(V¢T, T)T =0,

and its solutions are called biharmonic curves. Take into account that har-
monic curves, that is, arc-length parametrized solutions of the tension field
7(7), , are just geodesics. Moreover, as mentioned before, harmonic maps
are also biharmonic maps and, therefore, biharmonic curves represent a gen-
eralization of geodesics.

One can also study the bienergy functional Fs, (8], acting on the space
of curves immersed in N. That is, in this case, the problem consists of seek-
ing critical curves among arc-length parametrized curves and it is usually
referred as bending energy problem, while its critical curves are called elastic
curves.

We point out that the Euler-Lagrange equation for this last variational
problem over curves is

VAT + ;vT (x*T) — R(VoT,T)T =0,
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which, in principle, is different from @D However, geodesics are also elastic
curves, which means that this is another way of generalizing the notion of a
geodesic.

2.1. Biconservative immersions

As described by Hilbert in [I7], the stress-energy tensor associated with a
variational problem is a symmetric 2-covariant tensor & which is conservative
at critical points, that is, with divS = 0.

In the context of harmonic maps ¢ : (M, g) — (N, h) between two Rie-
mannian manifolds the stress-energy tensor was studied in detail by Baird
and Eells in [3] (see also [4] and [33]). Indeed, the tensor

1 *
S = §Id<p|2g— ©*h

satisfies divS = —(7(p), dp), where 7(¢) is given by (). Therefore, we have
that divS = 0 when the map is harmonic. Moreover, when ¢ is any isometric
immersion, the condition divS = 0 is always satisfied, since the tension field
7(¢) is normal to the submanifold.

The study of the stress-energy tensor for the bienergy @ was initiated
in [I8] and afterwards developed in [23]. Its expression is

Sa(X,Y) = %|T(@)‘2(X, Y) 4 {dep, VT () (X, Y)
— (dp(X), Vy7(p)) = {dp(Y), Vx7(p)),

and it satisfies the condition

(10) div Sy = —(12(p), dp),

where 75(¢) is the bitension field given in (7). Due to (10)), we have that S,
is conforming to the principle of a stress-energy tensor for the bienergy.
Now, if ¢ is an isometric immersion, reads

(11) (divS2)* = —ma(p)",

where ff denotes the musical isomorphism sharp.

An isometric immersion is biconservative if the corresponding stress-
energy tensor Ss is conservative, that is, if div Sy = 0. From , biconser-
vative isometric immersions correspond to immersions with vanishing tan-
gential part of the corresponding bitension field, that is, using Theorem 2.1,
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an isometric immersion ¢ : M"~! — N™ is biconservative if and only if
satisfies the condition

(12) 25, (grad H) + (n — 1)H grad H — 2H Ricci(n)” = 0.

An hypersurface M"~! immersed in this way is usually called a biconserva-
tive hypersurface.

Notice that, in the particular case when the ambient space is any space
form of dimension n and constant sectional curvature p, N™(p), the tan-
gential part of the Ricci curvature vanishes, and therefore equation
simplifies to

25,(grad H) + (n —1)H grad H = 0.

The theory of biconservative hypersurfaces is developing very rapidly and
we refer the reader to the papers [12] 13| 24H26] and the references therein.

2.2. Invariant surfaces

We end this section recalling that a surface S into N3(p) is said to be an in-
variant surface if it stays invariant under the action of a one-parameter
group of isometries of N3(p). The one-parameter group of isometries of
N3(p) is determined by the flow of a Killing vector field of N3(p). Take
® € Isom™ (N3(p)) an orientation preserving isometry of N3(p) and assume
that ® is a rotation whose axis is a given geodesic (. The group of all
isometries in Isom™ (N3(p)) with the same axis is isomorphic to SO(2) = S!
and acts naturally on N3(p). A rotational surface, S C N3(p), is an SO(2)-
invariant surface, where SO(2) is considered to be the subgroup of isome-
tries, Isom™ (N 3(p)), acting as explained before. The group SO(2) fixes all
the points of the rotation axis ¢ and rotates an everywhere orthogonal curve
v (the profile curve) around ¢ sweeping out a rotational surface which will
be denoted by S, from now on.

3. Bending-type curvature energy

Let us denote by 7 an arc-length parametrized curve immersed in N3(p).
If v(s) is a unit speed non-geodesic smooth curve immersed in N3(p), then
v(s) is a Frenet curve of rank 2 or 3 and the standard Frenet frame along
v(s) is given by {T, N, B}(s), where N and B are the unit normal and unit
binormal to the curve, respectively, and B is chosen so that det(T, N, B) = 1.
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Then the Frenet equations
(13) VrT(s) = k(s)N(s)

(14) VrN(s) —k(s)T(s) +7(s)B(s),
(15) VrB(s) = —7(s)N(s),

define the curvature, k(s) (we will always consider k(s) > 0), and torsion,
7(s), along v(s) (do not confuse the notation with the tension field 7(¢)
defined in ().

In a Riemannian 3-space form any local geometrical scalar defined along
Frenet curves can always be expressed as a function of their curvatures and
derivatives. Notice that, even if the rank of  is 2 (i.e, 7 = 0), the binormal
B =T x N is still well defined and above formulas (13)-(15) still make sense.
Moreover, in a 3-space form, N3(p), a curve verifying 7 = 0 can be assumed
to lie in a totally geodesic surface N?(p). Curves whose torsion vanishes are
called planar curves. From now on, we are going to deal with planar curves,
unless the opposite is said.

Let us consider the following curvature energy functional

o(y) = / Sy ") ds,

where, as usual, the arc-length or natural parameter is represented by s €
[0, L], L being the length of 7. Then, we consider ® acting on the following
spaces of curves, satisfying given boundary conditions in (N%(p), (-,-)). We
shall denote by Q5 ,, the space of smooth immersed curves of N2(p), joining
two given points of it, that is:

O o =1{8:10,1] = N?(p); 6(i) = pi,i € {0,1}, ‘Cll—f(t) #40,Vt € 0,1]},

where p; € N2(p),i € {0,1}, are arbitrary given points of N2(p).

For a curve «: [0,1] — N?%(p), we take a variation of v, I' = T'(¢,?) :
[0,1] x (—&,¢) = N?%(p) with ['(¢,0) = ~(t). Associated to this variation we
have the vector field W = W (t) = %(t,O) along the curve ~(t). We also
write V =V (t,8) = Z(¢,1), W = W(t, 1), v = v(t, 1) = |V(t,1)], T = T(t,1),
N = N(t,t), B = B(t,t), etc., with the obvious meanings and put V (s, 1),
W (s,t) etc., for the corresponding reparametrizations by arc-length. Then,
the following general formulas for the variations of v and k in ~, in the
direction of the variation vector field W can be obtained using standard
computations that involve the Frenet equations (13)-(15) (see, [2], [20] and
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references therein)

(16) W) = ofVeW,T),
(17) W(k) = (ViW,N)—=2x(V7W,T) + p(W,N).

Next, after a standard computation involving integration by parts and for-
mulae (16) and (17), the First Variation Formula is obtained:

d

L
@6(1/)“%: /0 <5(’Y)7W>ds+6[wy,y]g'

Here, £(y) and B[W, ’y}g denote the Euler-Lagrange operator and boundary
term, respectively. These are given by

E()=VrJ = R(K,T)T =VrJ +pK,
BW,Alg = [(K, Ve W) — (T, W)]g

where
18 K = 1 N
( ) (’Y) B
1
(19) J) = VTIC—?&/“T.

We will call critical curve or extremal curve to any curve v C Qb ,,
such that £(v) = 0. Notice that this is an abuse of notation, since proper
criticality depends on the boundary conditions, as it is clear from the First
Variation Formula. However, under suitable boundary conditions, curves
verifying £(y) = 0 are going to be proper critical curves. Therefore, since
for our purposes we just need to consider curves satisfying £(y) = 0, for the
sake of simplicity, from now on, we are going to use the name critical curve
(or, extremal curve) to denote any curve v C Qf ., verifying £(y) = 0.

Now, using the Frenet equations (13)-(15), we can see that £(+) has no
component in T', nor in B, while its normal component can be expressed in
terms of the curvature of . Thus, after long straightforward computations,
E(v) = 0 reduces to

2
(20) (LY g2, _
ds? \ g3/4 p ’

which is the Fuler-Lagrange equation for the curvature energy functional @,
(), acting on Q) ,, and agrees with formula (30) of [7].



300 S. Montaldo and A. Pdmpano

Non-geodesic critical curves with constant curvature are given by the
only planar curves (up to isometries) whose curvature verifies

(21) K2P=kK2="1

which is only possible in the case of the round 2-sphere, that is, if N?(p) =
S*(p).

On the other hand, for critical curves with non-constant curvature, let
us now define the following vector field Z along ~

I=TxK,

where x denotes the cross product and K is defined in (18). Combining the
Frenet equations (13)-(15) and (18), we see that Z is given by

1
Then, a direct long computation using the Frenet equations (13)-(15), for-
mulas (18) and (19), and the Euler-Lagrange equation, (20), shows that the
derivative of the function (J,J) + p(Z,Z) along the critical curve is zero.
Thus,

(23) (I, +rT1) = 4

with d a real constant, represents a first integral of (20). Notice that substi-
tuting the values of 7, (19), and Z, , in above formula we get

16
= §m2 (16d/{3/2 —9k? —p) .

(24) K

We point out that, in principle, the constant d may be arbitrary. How-
ever, as we will see later, for our purposes it will be restricted to be positive.

Finally, to end this section, we are going to see that critical curves for
o, , have a distinguished vector field along them. A vector field W along
v, which infinitesimally preserves unit speed parametrization, is said to be a
Killing vector field along vy (in the sense of [20]) if v evolves in the direction
of W without changing shape, only position. In other words, the following
equations must hold

W(v)(s,0) = W(k)(s,0) =0,

(v=1]1]= ]Z—Z\ being the speed of v) for any variation of v having W as
variation field.
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It turns out that extremals of ©, ([4)), have a naturally associated Killing
vector field defined along them, as we summarise in the following proposition
(for a proof, see [2] and [20])

Proposition 3.1. Assume that ~y is an immersed curve in N2(p) which is
an extremal of ©, . Consider the vector field

1
127453/4B’

defined on v, B being its Frenet binormal vector field. Then I is a Killing
vector field along .

4. Characterisation of profile curves as bending-type energy
extremals

Throughout this section we are going to assume that .S is a non-CMC bicon-
servative surface of a Riemannian 3-space form, N3(p). Then, as mentioned
in §2, S is locally rotational. We denote by v the curve everywhere orthog-
onal to the rotation, then S can be locally parametrized as

(25) (s, t) = ¢i(v(s)),

where ¢; denotes the one-parameter group of rotations. Usually, v is called
the profile curve of S, C S.

Profile curves of rotational surfaces are planar and, furthermore in this
case, they have a nice geometric property, as stated in Theorem 1.2. We
prove this theorem in the following subsection.

4.1. Proof of Theorem 1.2

Let S C N3(p) be an isometrically immersed non-CMC biconservative sur-
face in any Riemannian 3-space form N3(p) with local orientation deter-
mined by the normal vector . Then, by Proposition 1.1, it is a rotational
surface verifying the relation between its principal curvatures. We will
denote by ¢ the Killing vector field which is the infinitesimal generator of
the rotation that leaves S invariant. Then, locally on S, we can choose Fermi
geodesic coordinates (U, z), z : U — S, x(s,t), so that £ = % and s measures
the arc-length along geodesics orthogonal to £. Thus, calling y(s) := z(s, 0),
we have that z(U) := S, C S is parametrized by where ¢; € Gg, the
one-parameter group of isometries generated by £. Observe that v(s) and
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all its copies by the action of G¢, 7:(s) := ¢¢(7(s)),t € R, are arc-length
parametrized geodesics of S, which are orthogonal to £, so that S, is foli-
ated by geodesics having k(s,t) as curvature in N3(p). Furthermore, they
all have vanishing torsion. If ~;(s) were also geodesics in N3(p), V¢, then S,
would be foliated by geodesics of the ambient space what would make it a
ruled surface. In this case, we have that from relation , S, is minimal,
since k1 = —r(s) = 0, which is not possible. Hence, we assume that the or-
thogonal curves to the Killing field &, v.(s), are not geodesics of the ambient
space. Then, 7;(s) are Frenet curves and defined over them we have a Frenet
frame {T'(s,t), N(s,t), B(s,t)} satisfying (13)-(15).

At this point, after long straightforward computations, one can see that the
Gauss and Weingarten formulae and the simplicity of the curvature ten-
sor in N3(p), lead to a PDE system to be satisfied (see, for instance, [2]).
The compatibility conditions for this system are given by the Gauss-Codazzi
equations, which in our case, since ¢; are isometries, can be shown to boil
down just to

(26) 0 = (i«%y+am?+m0 — kG,

S

where G is the length of the Killing vector field &, that is, G2(s) = (x4, 7).
Moreover, not only G(s), but also all the involved functions depend only
on s. Now, k1(s) = —k(s) and ka(s) = haa(s), the second coefficient of the
second fundamental form given by (for details, see [2])

1 (G
h22—l€< e +P>a

and, therefore, the relation becomes

(27) Gss =G (3% — p) .

Let us assume first that v has constant curvature x(s) = k, in N3(p). We
combine (26) and (27) to obtain that G(s) must be a positive constant and,
therefore, S, should be a flat isoparametric surface which contradicts the
fact that S has non-CMC. Consequently, it is out of our consideration. Even
though, in this case, equation (27) implies that

3K2 =p,

o

that is, 7 is also a critical curve with constant curvature for @, (4)), (see

formula ([21))).
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Finally, suppose that x is not constant. Locally, by the Inverse Function
Theorem we can suppose that s is a function of x and calling G(x) = P(k),
where the upper dot denotes derivative with respect to x, we have that (26)
and (27) can be expressed in the following way

(28) Py +P(k2+p)—w(P+N) = 0,
(29) Py —P(3:*—p) = 0,

for some A\ € R. Now, equation (28) is the Euler-Lagrange equation for
f,y(P(K,) + A)ds in N3(p) (see for instance, [2]). Moreover, substituting it
in equation (29) we get an ODE in P which can be solved obtaining

P(r) = kM* = X.
Thus, v must be a critical curve for O, , proving the result. O

In fact, as mentioned in the introduction, the converse of Theorem 1.2
is also true and gives us a way of constructing all non-CMC biconservative
surfaces of 3-space forms after binormal evolution of extremal curves, as we
will explain in what follows.

From Proposition 3.1, we know that the vector field along ~, Z, , is
a Killing vector field along the curve. Therefore, using an argument similar
to that of [20] we can extend T to a Killing vector field on the whole N3(p).
Let us denote it by T again. Since N3(p) is complete, we can consider the
one-parameter group of isometries determined by the flow of Z, {¢;; t € R},
and define the surface Sy := {¢¢(7(s))} obtained as the evolution of v under
the Z-flow. Observe that S, is an Z-invariant surface, which is foliated by

congruent copies of v, y(s) := ¢i(v(s)).
Moreover, since ¢; are isometries of N3(p), we have

x(s,t) = B(s,t),

4r3/4

k(s) being the curvature of v(s), and B(s,t) the unit Frenet binormals of
Y¢(s). Thus, S, obtained as the flow evolution of v, z(s,t) = ¢¢(y(s)), is
a binormal evolution surface with velocity V(s) := (zy, 2,)2 = (Z,Z)2 (for
more details see, [2]).

Now, if S, denotes a binormal evolution surface all whose filaments sat-
isfy 7 = 0, then, as proved in [2], the fibers of .S, have constant curvature and
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zero torsion (if they are not geodesics) in N3(p). In particular, if the curva-
ture of the filaments, (s, t), is also constant, then S, is a flat isoparametric
surface.

For the case where the filaments have non-constant curvature, the fol-
lowing proposition was proved in [2].

Proposition 4.1. Let S, C N3(p) be a binormal evolution surface all
whose filaments have zero torsion. Then, if they also have non-constant cur-
vature, Sy 1s a rotational surface.

Thus, using these facts together with equation , we can prove the
converse of Theorem 1.2.

Theorem 4.2. Let v be a planar extremal curve with non-constant curva-
ture of the energy O(vy) = fy kM4 and let S, denote the -invariant surface
in N3(p) obtained by evolving ~y under the flow of the Killing field T which
extends to N3(p). Then, Sy is a rotational linear Weingarten surface
of N3(p) verifying , that is, Sy is a non-CMC biconservative surface.

Proof. Take any planar extremal curve of ©, , then as explained above, we
can locally define the Z-invariant surface Sy = {¢¢(v(s)}, where {¢;; t € R}
is the one-parameter group of isometries determined by Z. Furthermore, the
square of the length of the Killing vector field Z is given by

1

(30) V3(s) =(T,T) = 57

Then, as the evolution is made by isometries, v and all its congruent copies
are planar extremals of ©, . Now, from Proposition 4.1 we have that S,
is a rotational surface. Finally, any ~; verifies the Euler-Lagrange equation
(20), which is, using , equivalent to

Vas _

% 3%2—p.

Thus, using that k1 = —~ and Ky = haa we get 3k1 + ko = 0. That is, S, is
a rotational linear Weingarten surface verifying . O

Notice that Theorem 4.2 gives a way of constructing non-CMC biconser-
vative surfaces of N3(p). In fact, together with Theorem 1.2, it characterises
non-CMC biconservative surfaces as the binormal evolution surfaces gener-
ated by a planar extremal of @, . This characterisation also allows us to
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analyse global properties of the binormal evolution surfaces based on topo-
logical facts about the profile curves. In [27], [28] and [29], the existence of
complete non-CMC biconservative surfaces has been proved for both R? and
S3(p). Moreover, in [5], the authors have proved the existence of complete
non-compact rotational surfaces verifying the linear relation between
their principal curvatures when p < 0. In §5, making use of our characteri-
sation of the profile curve, we are going to study the existence of non-CMC
closed biconservative surfaces.

5. Closed non-CMC biconservative surfaces of 3-space forms

The main purpose of this section is to study the existence of closed (compact
without boundary) non-CMC biconservative surfaces in 3-space forms. To
fulfill this objective, we are going to use the characterisation introduced in
the previous section. First of all, we need the orbits of the rotation to be
closed, that is, euclidean circles. Notice that the value of the constant of
integration d plays an essential role, as proved in [2]. In fact, the orbits of
the rotation are euclidean circles if and only if d is positive. Therefore, we
need to constraint the constant of integration and, after that, we have two
options in order to obtain closed surfaces. On one hand, if the critical curve
cuts the axis of rotation sufficiently many times, then the rotational surface
will be closed. On the other hand, closed critical curves also give rise to
closed surfaces.

Observe that a critical curve 7 is completely determined (up to rigid
motions) by its curvature, k(s), which must be a solution of the first integral
of the Euler-Lagrange equation . Now, we need the right hand side of
equation to be positive. For notation convenience we write u = x'/2
and, therefore, equation reads

S

(31) u? = §u2 (16du3—9u4—p).

Then, the following polynomial must be positive for some values of u

(32) Q(u) =16du® —9ut —p > 0.

We have that Q(u) tends to —oo, whenever u tends to either +o00 or —oco.
Moreover, u = 4d/3 represents a (local) maximum for Q(u). Therefore, con-

dition is verified for some values of v if and only if Q(4d/3) > 0, which
gives an extra constraint on the parameter d.
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Figure 1. Plot of the polynomial Q(u) for p =1 and d = 1.

To be more precise, this extra constraint only appears when p > 0 (since
for p < 0 is always true), and in this case we have

N

(27p)

(33) d>d, = 1

Notice that this argument also shows the existence of just two roots of
Q(u) (see Figure 1). Let us call « and (3 these roots, where § < a. Revers-
ing the change of variable u = x'/2, they will become the maximum and
minimum curvatures of the profile curve ~, respectively. Indeed, we have
B < u < « for any u that verifies .

If the profile curve v happens to cut the axis of rotation, then there
will be some fixed points in the evolution under the Z-flow. However, from
Proposition 3.1, we have that the Z-flow has fixed points along ~ if and only
if the curvature, k(s), tends to infinity, which is not possible since u (and,
therefore, the curvature) is bounded. Thus, the only option to find closed
surfaces is that the profile curve is closed.

Observe that a necessary, not sufficient, condition for a curve to be
closed is to have periodic curvature. Let us assume for a moment that there
exist critical curves for O, , with periodic curvature, then we can obtain
conditions for both v and S, to be closed. Indeed, adapting the computations
of [1], if we define the function

A ] /<L7/4
34 d) =12 ———d
(39 @) =12 [ s,

where p is the period of k(s) and d > 0 is the constant of integration given
by (23), we have the following sufficient condition.

Proposition 5.1. Lety C N3(p) be a planar critical curve for ©, , with
periodic curvature k(s), then y(s) is closed if and only if the function A(d),
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, vanishes for p <0, or it is equal to nf%, for some integers n and m,
when p > 0.

Now, making use of Proposition 5.1, the following result is clear, since,
for p <0, the integrand of is always positive and, therefore, A(d) never
vanishes.

Proposition 5.2. There are no closed non-CMC' biconservative surfaces
in 3-space forms, N3(p), with p < 0.

We point out that Proposition 5.2 can be also deduced from [30] by using
a different approach.

If N3(p) = S3(p), we will prove the existence of closed non-CMC bicon-
servative surfaces. We begin by checking that there are critical curves of
O, , in S?(p) whose curvature is periodic. What is more, we have the
following proposition.

Proposition 5.3. When defined in the whole real line, all critical curves
for ©, , in S?(p) have periodic curvature.

Proof. Let ~(s) be a critical curve for ©, (4). Then, the non-constant
curvature of 7(s) must be a solution of the first integral of the Euler-
Lagrange equation , where d > d,, see . To simplify notations we
put z = v = k'/? and y = x,. Then, can be rewritten as (see (31)))

4 4
y? = §x2 (16dw3 — 9zt — p) = ngQ(aﬁ).

This is an algebraic curve which, by the standard square root method of
algebraic geometry and above analysis of the polynomial Q(z) (see Figure
1), it is closed for any d > d,. Thus, the curve c(s) = (x(s),y(s)) is included
in the trace of the compact regular curve y? = (4/9)22Q(x) and it can be
thought as a bounded integral curve of the smooth vector field

X(s.2) = (572 [52+ 220

defined in {(x, z) € R%: k > 0}. This implies that ¢(s) is smooth and defined
on the whole R. Finally, since the vector field X (k,z) has no zeros along
the curve ¢(s) when d > d*, we conclude, applying the Poincaré-Bendixon
Theorem, that ¢(s) is a periodic curve. O
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Remark 5.4. Of course, since the profile curve has periodic curvature, the
binormal evolution surface generated by it is complete. Moreover, using the
differential equation satisfied by u = x!/2, it is easy to check that when
u =« or u = (3 the vector field J has only component in T, that is, the
profile curve v is parallel to the integral curves of the Killing vector field
J in that points. Therefore, our curve is bounded between those parallels.
What is more, in those points the length of J is never zero, since, both «
and S are positive. This means that v does not cross over the pole of the
parametrization. In fact, since the component in 7" of the Killing vector field
J is a non-zero multiple of u!/2 and wu is always positive (it varies from «
to 3, which are, in the spherical case, positive since Q(0) < 0), we get that
~ is never orthogonal to the integral curves of J, that is, v is always going
forward. Consequently, it does not cut itself in one period of its curvature,
unless it gives more than one round in that period.

Now, in order to assure closure, we have seen that a binormal evolution
surface of S?(p) whose profile curve v has periodic curvature, x(s), and
vanishing torsion is a closed surface if and only if the function A(d), ,
verifies

7/4

e K 2nm
35 A(d) =12 ds =
(35) (@) /o 16dk3/2 —p § m+/pd’

for some d > 0 and some integers m and n with gecd(m, n) = 1. The integer n
represents the number of rounds the curve gives around the pole in order to
close up, while m is the number of lobes the curve has, that is, the number
of periods of the curvature. In particular, a closed curve - is simple if and
only if it closes up in one round, that is, if it verifies the closure condition
forn = 1.

To check the closure condition , we need to study the image of the
function I(d) = v/pd A(d) as d varies in the domain . For this purpose,
first we are going to state the following technical lemma (for the proof see

56).

Lemma 5.5. The function I(d) = \/pd A(d) is strictly decreasing in d. Fur-
thermore, for any d € (d.,+00), it is bounded by

7 <I(d) =+\/pdA(d) < V2r.

Summarising our findings we obtain the proof of Theorem 1.3 as men-
tioned in the introduction.
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5.1. Proof of Theorem 1.3

Let m and n be two integers such that ged(m,n) =1 and m < 2n < V2m.
Then

2
7T<ﬂ<\/§7r.
m

Now, from Lemma 5.5, the function I(d) = v/pd A(d) varies from 7 to v/27
as d decreases from +o00 to d.. Thus, there exists a d,, , > ds, such that the
relation is verified and, therefore, the corresponding associated non-
CMC biconservative surface is closed.

Furthermore, the corresponding surface is embedded if the profile curve is
simple. Now, using Remark 5.4, the profile curve is simple if and only if it
closes up in one round. Therefore, when n = 1, we need that the closure
condition is satisfied for some integer m. That is, we need the existence of
an integer m such that

2
<t < \or.
m

However, the above relation is not possible and, therefore, there are not
closed non-CMC biconservative surfaces embedded in S3(p), as stated. [

From the proof of Theorem 1.3 we deduce that there exists a discrete
biparametric family of closed non-CMC biconservative surfaces in S3(p).
In fact, we have a closed non-CMC biconservative surface for any couple
of integers m and mn such that m < 2n < V/2m. The first one corresponds
to n =2 and m = 3, that is, the binormal evolution surface with initial
condition a critical curve for ©, , which has 3 lobes and needs 2 rounds
around the pole to close up. We explain this in Figure 2. The green part
of the curve corresponds with the part of the critical curve covered in one
period of the curvature. Notice that, as the curvature is the same for each
period of it, our critical curve is nothing but congruent copies of the green
part, that is, the whole curve can be constructed by gluing smoothly m
copies (in these particular cases m = 3 and m = 5 copies, respectively) of
the trace covered in one period of the curvature.
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Figure 2. Closed critical curves for ©, (), in S?(p) for m =3 and n =2
(Left) and m =5 and n = 3 (Right).

Furthermore, as proved in previous sections, all non-CMC biconserva-
tive surfaces are binormal evolution surfaces with initial condition a planar
critical curve for @, @) In the round 3-sphere, these binormal evolution
surfaces S, C S3(p) can be parametrized, up to an isometry of the ambient
sphere, as:

x(s,¢) = m (\/ﬁcos ®,+/psin ¢,

\/16d k2 — psinip(s),\/16d k2 — pcos fg/)(s)),

where k(s) represents the curvature of v, which is a solution of the Euler-
Lagrange equation (20), and v(s) is given by

L T/4
’(]D(S) =—12 \/pd/mds.

Finally, notice that (s) = z(s,0) is a parametrization of the profile curve.
In Figure 3, by using the above parametrization we show a plot of the
stereographic projection of the closed non-CMC biconservative surface in
S3(p) for m =3 and n = 2.
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Figure 3. Stereographic projection of the closed non-CMC biconservative
surface in S3(p) for m = 3 and n = 2.

Remark 5.6. Note that, from , we deduce immediately that the mean
curvature H of S,, along the profile curve +, coincides with the curva-
ture k. Moreover, the parametrization x(s, ¢) is obtained by the action on
~v(s) = z(s,0) of the one-parameter group of isometries generated by the
Killing vector field of S3(p) given by Z = v/d(yd/0z — 0/dy). Then a point
Y(80) = x(s0,0) generates a geodesic orbit of Sy, under the action of Z, if
so satisfies Vi(s,) = 0 where V(s) is the norm of Z along ~(s). A straight-
forward computation gives Vi(s) = —3k,/(16x7/*). We conclude that the
points where the derivative of the curvature of the profile curve v vanishes
determine closed geodesics on the surface and grad H vanishes along those
geodesics.

6. Proof of Lemma 5.5

Throughout this section we will prove Lemma 5.5. For this end, observe that,
with the notation introduced in previous section and taking into account the
symmetry, A(d) can be written as

A 0/2 u7/2
d) =24 —d
(d) /0 16du —p %
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Now, since in a half period of the curvature the function w is increasing, we
can use equation (31]) to make a change of variable, obtaining that

U2

o
36 A(d :36/ du.
(36) (@) s (16dud —p)\/16dud —9ut —p

At this point, we divide our proof in three different parts.

6.1. Part (i)

We begin by considering the limit of I(d) = \/pd A(d) when d tends to d.
(see the definition in (33)). We will compute this limit with the aid of the
Dirac’s delta, §(u — @), since the limit of the integrand is zero everywhere
but at u = 4d, /3, where it goes to infinity. This suggests that the integrand
is a multiple of §(u — w) with w = 4d, /3. Therefore, we first recall that any
general Dirac’s delta d(u — w) can be represented by the limit

. e
ou—w) = lim o o

Let us multiply and divide the integrand of A(d), (36), by this limit for
e =d — dy. That is,

lim I(d) = dlirill vV pdA(d)
—d.

d—d.
a dus
— 36 lim/ Voo du
d=d. Jg (16du3 — p)\/16du® — 9u* — p

5 1\2 2
™ pduzX(ﬁ,a)(u) ((u_(§)4) +(d_d*)>
:36/ lim
rd—=de  (d—d,) (16dud — p) \/16du3 —9ut — p
P\
><5<u—<3) )du

Moreover, we recall that a nice property of these distributions that will be
essential in this first part of the proof is the following

/R £(w) 6(u — @) du = f(w),

for any function f and any constant w. Notice that since we have taken € =
d — d,, the limit € — 0 changes to d — d. Indeed, this is quite convenience,
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since whenever d is close to dy, o and 3 converge linearly in d to (p/3)1/ 4

that is, precisely to 4d,/3. Thus, by using this property we have
mV/pd (§)°
16d (5)* —p) \/9 (8)> +3p (1 +2(%)

lim I(d) = 36 lim
d—d, d—d, (

=V2m.

™

)

This limit can also be computed using Lemma 4.1 of [32]. For our par-
ticular case, when d = d,, the only root of the polynomial Q(u), (32), is
u = 4d, /3. Furthermore, as explained before, 4d, /3 is a local maximum of
Q(u) for d = d,. Therefore, the result of this lemma can be summarised as
follows

36/pd, (2)%°
lim I(d) = pd-(5)" = =V,

d—d, (16d* (5)3/4—p) \/_ Q’/<(§)1/4)

obtaining the desired result.

D=

6.2. Part (ii)

Let us now consider the limit of I(d) = v/pd A(d) when d goes to infinity.
For this purpose, we need to work in the complex plane C. We begin by
defining the complex function

h(z) = —i (V=2)" (a - 2) Z_i\/g (z —w1) (z — @)
where wy and @; are the two pure complex roots of Q(u), and the square
root symbol denotes the principal branch of it.

U, ={xz+iyeC;y=0, 8 <z<a}, then the Moebius transforma-
tion 2;_5 maps U; to the set of positive real numbers RT. Now, U =
{r+iyeC;y=0, 2 <0} and we obtain that v/—z is well-defined and an-
alytic in C — Us. Finally, \/(z — w1) (2 — @1) is also analytic far from w; and
w1. That is, the complex function

36+/pdz°

(37) fz) = (16425 — p)h(z)

is well-defined and holomorphic for any

z2€C— (U Ul UA{0, B, o, wi, w1, wa,wa})
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where wo and @y represent the pure complex roots of 16dz3 — p.
Moreover, notice that we have the following limits

hm\/ (x4ie)/(x+ie—w)(z+ie—d)

=iz (z —w) (z — @),
. r4+ie—p z—pf
lim — = ,
e—0+t Y a—x —1de€ a—x

. r+ie—p z—pf
lim {/ ——— = —4/ .
e—0- Va—x—ie a—

And, therefore,

lim h(x +ie€) (\/5)5 Q(x),

e—0t

lim h(x +ie€) (\/5)5 Q(x).

e—0—

Now, we define the curve ¢ such that it surrounds all the singularities of
the function f(z), , and having the shape of a big enough square being
sufficiently close to the imaginary axis (see the green curve in Figure 4).
We are going to denote by o, the circle of radius € around w, where w may
be either u, = % (2%)1/3, w1, W1, we or wy (see the blue paths in Figure 4).
Finally, o, is the curve that surrounds 8 and « such that it is formed by two
parts of circles of radius € centered at 8 and «, respectively; together with
the segments joining them (see the red curve in Figure 4). We can assume
that all the curves are positively oriented. Then, due to previous limits it is

easy to check that

I(d)=—=1
s [ e

If we call U to the region whose boundary is o, o, and o, for all w as
above (the enclosed region, see Figure 4) we have that f(z) is holomorphic
in U and, as a consequence,

/f(z)dz:/ f(z)dz.
o o.Uoy,Uoy, Uog, Uo,,Uog,

Moreover, denoting g(z) = (z — u,) f(z) we have that in the region sur-
rounded by o,,,, g(z) is analytic. Thus, we apply Cauchy’s Integral Formula
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Figure 4. Representation of the curves o (in green), o, for each w (in blue)
and o, that surrounds the singularities 5 and « (in red).

to compute

J.

Furthermore, arguing similarly we can check that the sum of the following
path integrals vanishes

(1 9(2)
f(z)dz=2mi (27”/0% E— dz)

=27mig(u,) =2mi Resy—y, f(z)=27.

o

/ f(z)dz +/ f(z)dz=2mi (Res,=w, f(2) +Res.—g, f(2)) =0.

On the other hand, by applying the Cauchy’s Integral Formula once more,

we get
/Uw1 f(z)alz:/m1 f(2)dz=0.

That is, we conclude that

/U*f(z)dz—/gf(z)dz—%r.

Finally, observe that along o, f(z) — 0 whenever d goes to infinity, therefore,

dli_}rgo/o* f(z)dz:dli_golo </Uf(z)dz—27r> :/(lei)ngof(z)dz—QW:—ZTr.
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Then, considering e going to zero we get,

lim lim / f(z)dz=—-2 lim I(d)=—-2m.
. d—o0

0 d—oo J,
That is, limg_,o I(d) = 7, which finishes the second part of the proof.
6.3. Part (iii)
Finally, in this last part, we will prove that the function I(d) = v/pd A(d) is

monotonically decreasing on d. Let us consider the extension to the complex
plane introduced in part (ii), (37). Then, we know that

:_g%/f :—ll_r%(/f dz—27r>.

Thus, if we differentiate above equation we get,
/ .t _
=-S5 [190) - -Lom [ 1000

18,/p 2° (16 d 25 (92 — 32d) + p 2* (16d + 92) + p?)
VAd(16d23 — p)? h(z) (=924 +16d 23 — p)

where

fale) = 9h() =

Moreover, by a similar argument to that of part (ii) and using Cauchy’s
Integral Formula again we have that

/de(z) dz = /a fa(z) dz

That is, combining everything, we obtain that

where last inequality comes from the fact that

16d (32d — 9u) ub — p (16d + 9u) u® — p* > 16d (32d — 9u) u® — 32p du?
= 16du® (—9u®* + 32du® — 2p) > 144du” > 0.

That is, I(d) = v/pd A(d) decreases monotonically.
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In conclusion, combining parts (i) to (iii) we have that the function
I(d) = \/pdA(d) monotonically decreases from +/27 (obtained when
d — d,) to m (which corresponds with d — 00). This concludes the proof of
Lemma 5.5.
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