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Abstract Biharmonic maps are generalizations of harmonic maps. A well-known result
on harmonic maps between surfaces shows that there exists no harmonic map from a torus
into a sphere (whatever the metrics chosen) in the homotopy class of maps of Brower degree
±1. It would be interesting to know if there exists any biharmonic map in that homotopy
class of maps. The authors obtain some classifications on biharmonic maps from a torus
into a sphere, where the torus is provided with a flat or a class of non-flat metrics whilst
the sphere is provided with the standard metric. The results in this paper show that there
exists no proper biharmonic maps of degree ±1 in a large family of maps from a torus into
a sphere.
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1 Introduction

All objects including manifolds, tensor fields, and maps studied in this paper are supposed

to be smooth.

Harmonic maps are maps ϕ : (M, g) −→ (N, h) between Riemannian manifolds that mini-

mize the energy functional

E(ϕ) =
1

2

∫

Ω

|dϕ|2vg,

where Ω is a compact domain of M . Analytically, a harmonic map is a solution of a system of

2nd order PDEs

τ(ϕ) ≡ Trg∇ dϕ = gij(ϕσ
ij − Γk

ijϕ
σ
k + Γ

σ

αβϕ
α
i ϕ

β
j )

∂

∂yσ
= 0, (1.1)

where τ(ϕ) is called the tension field of the map ϕ.

Biharmonic maps are generalizations of harmonic maps, which are maps ϕ : (M, g) −→
(N, h) between Riemannian manifolds that are critical points of the bienergy functional defined
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by

E2(ϕ) =
1

2

∫

Ω

|τ(ϕ)|2vg,

where Ω is a compact domain of M . Biharmonic map equation is a system of 4-th order

nonlinear PDEs (see [24])

τ2(ϕ) := Traceg(∇ϕ∇ϕ −∇ϕ

∇M )τ(ϕ) − TracegR
N(dϕ, τ(ϕ))dϕ = 0, (1.2)

where RN denotes the curvature operator of (N, h) defined by

RN(X,Y )Z = [∇N
X ,∇N

Y ]Z −∇N
[X,Y ]Z.

As a harmonic map is always a biharmonic map, we call a biharmonic map that is not

harmonic a proper biharmonic map.

Since 2000, the study of biharmonic maps has been attracting growing interest of many

mathematicians and it has become a popular topic of research with many interesting results.

For some recent geometric study of general biharmonic maps, we refer the readers to [3, 5, 8, 28,

32, 35–36, 39, 43, 46, 50] and the references therein. For some recent progress on biharmonic

submanifolds (i.e., submanifolds whose defining isometric immersions are biharmonic maps),

see a recent survey [1, 7, 9, 11–19, 22–23, 25–26, 30–31, 34, 38, 41, 44–45, 48, 51] and the

references therein. For biharmonic conformal immersions and submersions, see [4, 29, 37, 40,

42, 49] and the references therein.

For harmonic maps between surfaces, a very interesting result proved by Eells and Wood in

[21] states that there exists no harmonic map from a torus T 2 into a sphere S2 (whatever the

metrics chosen) in the homotopy class of maps of Brower degree ±1. It would be interesting to

know if there exists any proper biharmonic map from a torus T 2 into a sphere S2 (whatever

the metrics chosen) in the homotopy class of maps of Brower degree ±1. Motivated by this,

we study biharmonic maps from a torus into a sphere in this paper. We are able to obtain

some classifications of proper biharmonic maps in a large family of maps from T 2 into S2 which

include the Gauss map of the torus T 2 −→ R3 and the compositions T 2 −→ S3 −→ S2 of some

immersions of T 2 into S3 followed by the Hopf fibration. Here, the torus is provided with a

flat or a class of non-flat metrics whilst the sphere is provided with the standard metric (see

Theorem 3.1 and Theorem 4.1).

2 Constructions of Maps from a Torus into a 2-Sphere

In order to study biharmonic maps from a torus T 2 into a sphere S2, we need to have a good

source of maps from a torus into a sphere. In this section, we present three ways to construct

maps from T 2 into S2.

(1) Construction via Hopf fibration. For any map f : T 2 −→ S3, we have a map from torus

into 2-sphere, H ◦ f : T 2 −→ S2, where H : S3 −→ S2 is the Hopf fibration. Here, we view
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the Hopf fibration as the restriction of the Hopf construction of the standard multiplication of

complex numbers, i.e., H : C× C −→ R× C with H(z, w) = (|z|2 − |w|2, 2zw).
(2) Construction via radial projection. For any map f : T 2 −→ R3 \ {0}, we have a map

from torus into 2-sphere, P ◦ f : T 2 −→ S2, where P : R3 \ {0} −→ S2 with P (x) = x
|x| is the

radial projection from R3 \ {0} onto S2.

(3) Construction via Gauss map of a torus. It is well known that if f : T 2 −→ R3 is an

immersion of a torus into R3, then the Gauss map gives a map from the torus into a 2-sphere

defined by G : T 2 −→ S2, G(x) = n(x) with n(x) being the unit normal vector at the point

x ∈ T 2.

Example 2.1 Let f : T 2 −→ S3 with f(x, y) = (cos(kx)eimy, sin(kx)einy) be a family of

immersions studied by Lawson [27] . Then, the composition ϕ = H ◦ f : T 2 −→ S2 gives a

family of maps from a torus into a 2-sphere defined by

ϕ(x, y) = (cos2(kx)− sin2(kx), 2 cos(kx) sin(kx)ei(m−n)y)

= (cos(2kx), sin(2kx)ei(m−n)y). (2.1)

If we use geodesic polar coordinates (ρ, φ) on the 2-sphere, then this family of maps can be

represented as

ϕ = H ◦ f : T 2 −→ (S2, dρ2 + sin2 ρdφ2), ϕ(x, y) = (ρ(x, y), φ(x, y))

with
{

ρ(x, y) = 2kx,

φ(x, y) = (m− n)y.
(2.2)

Example 2.2 Let f : S1 ×S1 −→ R4 be a family of immersions of flat tori into R4 defined

by f(x, y) = (Aeix, Beiy) with constants A,B satisfying A2 + B2 6= 0. Postcomposing this

map with the radial projection P : R4 −→ S3, P (x) = x
|x| , we have a family of map F =

P ◦ f : S1 × S1 −→ S3 with F (x, y) =
(

A√
A2+B2

eix, B√
A2+B2

eiy
)

. If we denote A√
A2+B2

= cos s,

then B√
A2+B2

= sin s, then the family of the maps can be written as Fs : T 2 −→ S3 with

Fs(x, y) = (eix cos s, eiy sin s). Applying construction via Hopf fibration, we have a map from

T 2 into S2:

ϕ = H ◦ f : T 2 −→ (S2, dρ2 + sin2 ρdφ2), ϕ(x, y) = (ρ(x, y), φ(x, y))

with
{

ρ(x, y) = 2s, s = constant,

φ(x, y) = x− y,
(2.3)

where (ρ, φ) are the geodesic polar coordinates on S2.

Remark 2.1 As it was observed in [6, Example 3.3.18] that except s = 0, π2 , the family of

maps Fs are embeddings of tori into S3 and all these maps are harmonic maps with constant

energy density called eigenmaps.
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Example 2.3 Let f : S1 × S1 −→ S3 with f(x, y) = (
√

1− β2(x) eix, β(x)eiy), where

β(x) is a smooth function taking value between 0 and 1, be the family of immersions of flat

tori into S3 studied by Brendle [10]. Introducing the new variable by denoting cosα(x) =
√

1− β2(x), we have f(x, y) = (eix cosα(x), eiy sinα(x)). Postcomposing this map with the

Hopf fibration H : S3 −→ S2, we have a family of map F = H ◦ f : S1 × S1 −→ S3 with

F (x, y) = (cos 2α(x), ei(x−y) sin 2α(x)). If we use the geodesic polar coordinates (ρ, φ) on the

2-sphere, then, this family of maps can be represented as

ϕ = H ◦ f : T 2 −→ (S2, dρ2 + sin2 ρdφ2), ϕ(x, y) = (ρ(x, y), φ(x, y))

with
{

ρ(x, y) = 2α(x),

φ(x, y) = x− y.
(2.4)

Example 2.4 Let X : T 2 −→ R3 be the standard embedding X(r, θ) = (a sin r, (b +

a cos r) cos θ, (b + a cos r) sin θ) of a torus into R3. A straightforward computation gives the

induced metric and the unit normal vector field of the torus to be

gT = a2dr2 + (b + a cos r)2dθ2

and

n =
Xr ×Xθ

|Xr ×Xθ|
= (sin r, cos r cos θ, cos r sin θ),

respectively. If we use the geodesic polar coordinates (ρ, φ) on the unit sphere so that a generic

point (x, y, z) ∈ S2 is represented as (x, y, z) = (sin ρ, eiφ cos ρ), then, the Gauss map of the

torus can be written as

ϕ : (T 2, a2dr2 + (b + a cos r)2dθ2) −→ (S2, dρ2 + cos2 ρdφ2),

ϕ(r, θ) = (ρ(r, θ), φ(r, θ))

with
{

ρ(r, θ) = r,

φ(r, θ) = θ.
(2.5)

Example 2.5 Let X : T 2 −→ R3 be the standard embedding X(r, θ) = (a sin r, (b +

a cos r) cos θ, (b+ a cos r) sin θ) of a torus into R3. Using the construction via radial projection

P : R3 \ {0} −→ S2 with P (x) = x
|x| , we have a family of maps from tori into a 2-sphere given

by ϕ = P ◦X : T 2 −→ S2 with

ϕ(r, θ) = (cosα(r), sinα(r) cos θ, sinα(r) sin θ), (2.6)

where

arccosα(r) =
a sin r√

a2 + b2 + 2ab cos r
.
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Again, with respect to the geodesic polar coordinates (ρ, φ) on the unit sphere so that a generic

point (x, y, z) ∈ S2 is represented as (x, y, z) = (cos ρ, eiφ sin ρ), then, this family of maps from

tori into S2 can be written as

ϕ : (T 2, a2dr2 + (b+ a cos r)2dθ2) −→ (S2, dρ2 + sin2 ρdφ2),

ϕ(r, θ) = (ρ(r, θ), φ(r, θ))

with

{

ρ(r, θ) = α(r),

φ(r, θ) = θ,
(2.7)

which are rotationally symmetric maps.

The 6 families of maps given in Examples 1–6 lead us to study the biharmonicity of the

following family of maps

ϕ : T 2 −→ (S2, dρ2 + sin2 ρdφ2),

ϕ(r, θ) = (ar + bθ + c,mr + nθ + l).
(2.8)

Clearly, the family of maps defined by (2.8) includes families of maps defined in (2.2)–(2.3),

(2.5), and parts of the families given in (2.4) and (2.7). Our main results in this paper include

a complete classifications of proper biharmonic maps in the family of maps defined by (2.8),

where the torus is provided with a flat or a non-flat metric whilst the sphere is provided with

the standard metric (see Theorem 3.1 and Theorem 4.1).

3 Biharmonic Maps from a Flat Torus into a 2-Sphere

Lemma 3.1 (see [43]) Let ϕ : (Mm, g) −→ (Nn, h) be a map between Riemannian mani-

folds with ϕ(x1, · · · , xm) = (ϕ1(x), · · · , ϕn(x)) with respect to local coordinates (xi) in M and

(yα) in N . Then, ϕ is biharmonic if and only if it is a solution of the following system of

PDE’s:

∆τσ + 2g(∇τα,∇ϕβ)Γ
σ

αβ + τα∆ϕβΓ
σ

αβ + ταg(∇ϕβ ,∇ϕρ)(∂ρΓ
σ

αβ + Γ
ν

αβΓ
σ

νρ)

− τνg(∇ϕα,∇ϕβ)R
σ

β αν = 0, σ = 1, 2, · · · , n, (3.1)

where τ1, · · · , τn are components of the tension field of the map ϕ, ∇, ∆ denote the gradient

and the Laplace operators defined by the metric g, and Γ
σ

αβ and R
σ

β αν are the components of

the connection and the curvature of the target manifold.

In order to prove our classification theorem, we need the following lemma.
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Lemma 3.2 Let ϕ : (M2, dr2 + σ2(r)dθ2) −→ (N2, dρ2 + λ2(ρ)dφ2) with ϕ(r, θ) = (ar +

bθ + c,mr + nθ + l) . Then, ϕ is biharmonic if and only if it solves the system































































xθθ

σ2
+ xrr +

σ′

σ
xr −

(

m2 +
n2

σ2

)

(λλ′(ρ))′(ρ)x −
(

2myr +
2n

σ2
yθ + y2

)

λλ′(ρ) = 0,

yθθ

σ2
+ yrr +

σ′

σ
yr + 2

(

ayr +mxr +
byθ

σ2
+

nxθ

σ2

)λ′(ρ)

λ

+2
(mσ′λ′(ρ)

σλ
+
(

am+
bn

σ2

) (λλ′(ρ))′(ρ)

λ2

)

x = 0,

x = τ1 = a
σ′

σ
−
(

m2 +
n2

σ2

)

λλ′(ρ),

y = τ2 = m
σ′

σ
+ 2

(

am+
bn

σ2

)λ′(ρ)

λ
.

(3.2)

Proof One can easily compute the connection coefficients of the domain and the target

surfaces to get

Γ1
11 = 0, Γ1

12 = 0, Γ1
22 = −σσ′, Γ2

11 = 0, Γ2
12 =

σ′

σ
, Γ2

22 = 0 (3.3)

and

Γ
1

11 = 0, Γ
1

12 = 0, Γ
1

22 = −λλ′(ρ), Γ
2

11 = 0, Γ
2

12 =
λ′(ρ)

λ
, Γ

2

22 = 0. (3.4)

A further computation gives the components of the Riemannian curvature of the target surface

as

R
1

221 = −R
1

212 = λλ′′(ρ), R
2

112 = −R
2

121 =
λ′′(ρ)

λ
, all other R

l

kij = 0. (3.5)

We compute the components of tension field of the map ϕ to have

τ1 = gij(ϕ1
ij − Γk

ijϕ
1
k + Γ

1

αβϕ
α
i ϕ

β
j ) = −Γk

11ϕ
1
k − 1

σ2
Γk
22ϕ

1
k + g(∇ϕ2,∇ϕ2)Γ

1

22

= −m2λλ′(ρ) +
aσσ′ − n2λλ′(ρ)

σ2
, (3.6)

τ2 = gij(ϕ2
ij − Γk

ijϕ
2
k + Γ

2

αβϕ
α
i ϕ

β
j ) = −Γk

11ϕ
2
k − 1

σ2
Γk
22ϕ

2
k + 2g(∇ϕ1,∇ϕ2)Γ

2

12

= m
σ′

σ
+ 2

(

am+
bn

σ2

)λ′(ρ)

λ
. (3.7)

Using notations x = τ1, y = τ2, xr = ∂x
∂r

, xθ = ∂x
∂θ

, yr = ∂y
∂r
, yθ = ∂y

∂θ
, xrθ = ∂2x

∂r∂θ
, yrθ =

∂2y
∂r∂θ

, xrr = ∂2x
∂r2

, yrr =
∂2y
∂r2

, xθθ = ∂2x
∂θ2 , yθθ = ∂2y

∂θ2 , we compute

∆τ1 = gij(τ1ij − Γk
ijτ

1
k ) = xrr +

σσ′xr + xθθ

σ2
, (3.8)

∆τ2 = gij(τ2ij − Γk
ijτ

2
k ) = yrr +

σσ′yr + yθθ

σ2
, (3.9)

2g(∇τα,∇ϕβ)Γ
1

αβ = 2g(∇τ2,∇ϕ2)Γ
1

22 = −2λλ′(ρ)
(

myr +
n

σ2
yθ

)

, (3.10)

2g(∇τα,∇ϕβ)Γ
2

αβ = 2g(∇τ1,∇ϕ2)Γ
2

12 + 2g(∇τ2,∇ϕ1)Γ
2

21
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=
2(mxr +

n
σ2 xθ)λ

′(ρ)

λ
+

2(ayr +
b
σ2 yθ)λ

′(ρ)

λ
, (3.11)

τα∆ϕβΓ
1

αβ = τ2∆ϕ2Γ
1

22 = −mσ′λλ′(ρ)

σ
y, (3.12)

τα∆ϕβΓ
2

αβ = τ1∆ϕ2Γ
2

12 + τ2∆ϕ1Γ
2

21 =
λ′(ρ)

λ

(mσ′

σ
x+

aσ′

σ
y
)

, (3.13)

g(∇ϕβ ,∇ϕρ)∂ρΓ
1

αβ = ταg(∇ϕβ ,∇Γ
1

αβ) = τ2g(∇ϕ2,∇Γ
1

22)

= −
(

am+
bn

σ2

)

(λλ′(ρ))′(ρ)y, (3.14)

g(∇ϕβ ,∇ϕρ)∂ρΓ
2

αβ = ταg(∇ϕβ ,∇Γ
2

αβ)

= τ1g(∇ϕ2,∇Γ
2

12) + τ2g(∇ϕ1,∇Γ
2

21)

=
(

am+
bn

σ2

)(λ′(ρ)

λ

)′
(ρ)x+

(

a2 +
b2

σ2

)(λ′(ρ)

λ

)′
(ρ)y, (3.15)

ταg(∇ϕβ ,∇ϕρ)Γ
v

αβΓ
1

vρ = τ1g(∇ϕ2,∇ϕ2)Γ
2

12Γ
1

22 + τ2g(∇ϕ1,∇ϕ2)Γ
2

21Γ
1

22

= −
(

m2 +
n2

σ2

)

λ′2(ρ)x−
(

am+
bn

σ2

)

λ′2(ρ)y, (3.16)

ταg(∇ϕβ ,∇ϕρ)Γ
v

αβΓ
2

vρ

= τ1g(∇ϕ2,∇ϕ1)Γ
2

12Γ
2

21 + τ2g(∇ϕ1,∇ϕ1)Γ
2

21Γ
2

21 + τ2g(∇ϕ2,∇ϕ2)Γ
1

22Γ
2

12

=
(

am+
bn

σ2

)(λ′(ρ)

λ

)2

x+
(

a2 +
b2

σ2

)(λ′(ρ)

λ

)2

y −
(

m2 +
n2

σ2

)

λ′2(ρ)y, (3.17)

− τvg(∇ϕα,∇ϕβ)R
1

βαv = −τ1g(∇ϕ2,∇ϕ2)R
1

221 − τ2g(∇ϕ1,∇ϕ2)R
1

212

= −
(

m2 +
n2

σ2

)

λλ′′(ρ)x +
(

am+
bn

σ2

)

λλ′′(ρ)y (3.18)

and

− τvg(∇ϕα,∇ϕβ)R
2

βαv = −τ1g(∇ϕ2,∇ϕ1)R
2

121 − τ2g(∇ϕ1,∇ϕ1)R
2

112

=
(

am+
bn

σ2

)λ′′(ρ)

λ
x−

(

a2 +
b2

σ2

)λ′′(ρ)

λ
y. (3.19)

Substituting (3.8)–(3.19) into (3.1), we conclude that ϕ is biharmonic if and only if it solves

the system














































































xrr +
xθθ

σ2
+

σ′

σ
xr −

(

m2 +
n2

σ2

)

(λλ′(ρ))′(ρ)x

−2mλλ′(ρ)yr −
2nλλ′(ρ)

σ2
yθ −

(mσ′λλ′(ρ)

σ
+ 2

(

am+
bn

σ2

)

λ′2(ρ)
)

y = 0,

yrr +
yθθ

σ2
+
(σ′

σ
+

2aλ′(ρ)

λ

)

yr +
2bλ′(ρ)

σ2λ
yθ +

(aσ′λ′(ρ)

σλ
−
(

m2 +
n2

σ2

)

λ′2(ρ)
)

y

+
2mλ′(ρ)

λ
xr +

2nλ′(ρ)

σ2λ
xθ +

(mσ′λ′(ρ)

σλ
+ 2

(

am+
bn

σ2

)λ′′(ρ)

λ

)

x = 0,

x = τ1 = a
σ′

σ
−
(

m2 +
n2

σ2

)

λλ′(ρ),

y = τ2 = m
σ′

σ
+ 2

(

am+
bn

σ2

)λ′(ρ)

λ
,

(3.20)

which is equivalent to the system (3.2). Thus, the lemma follows.
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Now we are ready to prove the following theorem that gives a classification of all biharmonic

maps in a large family that includes most examples mentioned in Section 2.

Theorem 3.1 The map ϕ : (T 2, dr2 +dθ2) −→ (S2, dρ2 +sin2 ρdφ2) from a flat torus into

a 2-sphere with ϕ(r, θ) = (ar + bθ + c,mr + nθ + l) is biharmonic if and only if one of the

following cases happens:

(A) a = b = 0 and c = π
2 . In this case, the map ϕ(r, θ) =

(

π
2 ,mr + nθ + l

)

is actually a

harmonic map,

(B) m = n = 0. In this case, the map ϕ(r, θ) = (ar + bθ+ c, l) is actually a harmonic map,

or

(C) a = b = 0, m2 + n2 6= 0 and c = π
4 , or, c = 3π

4 . In this case, the map ϕ(r, θ) =

(c,mr + nθ + l) with c = π
4 , or, c =

3π
4 , is a proper biharmonic map.

Proof Applying Lemma 3.2 with σ(r) = 1, λ(ρ) = sin ρ, we conclude that the map

ϕ : (S1 × S1, dr2 + dθ2) −→ (S2, dρ2 + sin2 ρdφ2) from a flat torus into a 2-sphere with

ϕ(r, θ) = (ar + bθ + c,mr + nθ + l) is biharmonic if and only if















































xrr + xθθ − (m2 + n2)(cos 2ρ)x− 2m(sin ρ cos ρ)yr

−2n(sin ρ cos ρ)yθ − 2(am+ bn)(cos2 ρ) y = 0,

yrr + yθθ + 2a(cotρ)yr + 2b(cotρ)yθ − (m2 + n2)(cos2 ρ) y

+2m(cotρ)xr + 2n(cotρ)xθ − 2(am+ bn)x = 0,

x = τ1 = −1

2
(m2 + n2) sin(2ρ),

y = τ2 = 2(am+ bn) cot ρ.

(3.21)

Substituting the last two equations into the first two equations of (3.21), we see that the

biharmonicity of the map ϕ becomes











[4(m2 + n2)(a2 + b2) + (m2 + n2)2 cos(2ρ) + 4(am+ bn)2] sin ρ cos ρ = 0,

4(m2 + n2)(am+ bn)
cos ρ

sin ρ
cos(2ρ) = 0.

(3.22)

Noting that 0 < ρ = ar + bθ + c < π (and hence) sin ρ 6= 0, we conclude that Equation

(3.22) is equivalent to

{

[4(m2 + n2)(a2 + b2) + (m2 + n2)2 cos(2ρ) + 4(am+ bn)2] cos ρ = 0,

4(m2 + n2)(am+ bn) cos ρ cos(2ρ) = 0.
(3.23)

We solve Equation (3.23) by considering the following cases.

Case I cos ρ = 0. This means that cos(ar + bθ + c) = 0 for any r, θ ∈ R. This, together

with 0 < ρ = ar + bθ + c < π, implies that a = b = 0, c = π
2 . Noting that the components of

the tension field of the map ϕ are given by the last two equations of (3.21), we conclude that

the solutions
(

a = b = 0, c = π
2 , m, n, l ∈ R

)

given in this case are actually harmonic maps.

From this we obtain the case (A).
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Case II cos ρ 6= 0. In this case, the biharmonicity of the map ϕ is equivalent to

{

4(m2 + n2)(a2 + b2) + (m2 + n2)2 cos(2ρ) + 4(am+ bn)2 = 0,

4(m2 + n2)(am+ bn) cos(2ρ) = 0.
(3.24)

If m = n = 0, then, m = n = 0, a, b, c, l ∈ R are solutions of (3.24) and we see from the

last two equations of (3.21) that the maps given by these solutions are actually harmonic maps.

This gives the case (B).

If otherwise, i.e., m2 + n2 6= 0, then it follows from (3.24) that the map ϕ is biharmonic if

and only if











cos(2ρ) = −4(m2 + n2)(a2 + b2) + 4(am+ bn)2

(m2 + n2)2
,

(am+ bn) cos(2ρ) = 0.

(3.25)

If am+ bn 6= 0, then we can easily check that Equation (3.25) has no solution. If am+ bn = 0,

then the map ϕ is biharmonic if and only if











cos(2ρ) = −4(a2 + b2)

m2 + n2
,

am+ bn = 0.

(3.26)

Since the first equation of (3.26) means that cos(2ar+2bθ+2c) = − 4(a2+b2)
m2+n2 for any r, θ ∈ R,

we conclude that a = b = 0 and hence cos(2c) = 0. Recalling that 2ρ = 2c ∈ (0, 2π), we obtain

solutions c = π
4 ,

3π
4 . In these cases, cos ρ = cos c 6= 0. It follows from the third equation of (3.21)

that the first component of the tension field τ1 = − 1
2 (m

2 + n2) sin(2ρ) = ± 1
2 (m

2 + n2) 6= 0.

Thus, the biharmonic maps ϕ(r, θ) =
(

π
4 ,mr + nθ + l

)

, ϕ(r, θ) =
(

3π
4 ,mr + nθ + l

)

are proper

biharmonic maps. From this we obtain the case (C).

Summarizing the above results we obtain the theorem.

As immediate consequences of Theorem 3.1, we have the following corollaries.

Corollary 3.1 For m2 + n2 6= 0, the map (T 2, dr2 + dθ2) −→ (S2, dρ2 + sin2 ρdφ2) with

ϕ(r, θ) =
(

± 1√
2
, 1√

2
e(mr+nθ+l)i

)

is a proper biharmonic map. In particular, the compositions

of the family of harmonic embeddings Fs : (T
2, dr2 + dθ2) −→ S3, Fs(r, θ) = (eir cos s, eiθ sin s)

followed by the Hopf fibration H : S3 −→ S2,

ϕs = H ◦ Fs : (T
2, dr2 + dθ2) −→ (S2, dρ2 + sin2 ρdφ2),

ϕs(r, θ) = (ρ(r, θ), φ(r, θ)

with
{

ρ(r, θ) = 2s, s = constant,

φ(r, θ) = r − θ,

are proper biharmonic maps if and only if s = π
8 or s = 3π

8 .
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Remark 3.1 Note that Corollary 3.1 provides many new examples of proper biharmonic

maps from a flat torus into a sphere, including special cases ϕ : (S1×S1, dr2+dθ2) −→ (S2, gS
2

)

with ϕ(r, θ) = (± 1√
2
, 1√

2
cos θ, 1√

2
sin θ). These special cases, up to an isometry of the target

sphere, are the same maps obtained in [39] by construction of orthogonal multiplication of

complex numbers (see [39, Theorem 2.2] for details). These special cases of proper biharmonic

map were also known as special solutions to the biharmonic equation for rotationally symmetric

maps from a flat torus into a 2-sphere (see [33, 50]).

Corollary 3.2 The map

ϕ = H ◦ f : (T 2, dr2 + dθ2) −→ (S2, dρ2 + sin2 ρdφ2),

ϕ(r, θ) = (ρ(r, θ), φ(r, θ))

with

{

ρ(r, θ) = −r − θ,

φ(r, θ) = θ

is neither a harmonic map nor a biharmonic map.

Corollary 3.3 The Gauss map of the torus X : T 2 −→ R3, X(r, θ) = (a sin r, (b +

a cos r) cos θ, (b+a cos r) sin θ), viewed as a map (T 2, dr2 +dθ2) −→ (S2, dρ2+sin2 ρdφ2) from

a flat torus into a sphere, is neither harmonic nor biharmonic.

Corollary 3.4 Let f : (T 2, dr2 + dθ2) −→ S3 with f(r, θ) = (cos(kr)eimθ, sin(kr)einθ) be

the family of immersions studied in [27]. Then, the family of maps from a torus into a 2-sphere

defined by the construction via Hopf fibration

ϕ = H ◦ f : (T 2, dr2 + dθ2) −→ (S2, dρ2 + sin2 ρdφ2),

φ(r, θ) = (ρ(r, θ), φ(r, θ)),

with

{

ρ(r, θ) = 2kr,

φ(r, θ) = (m− n)θ

contains no proper biharmonic map.

4 Biharmonic Maps from a Non-Flat Torus into a 2-Sphere

In this section, we will study biharmonic maps from a non-flat torus into a 2-sphere. The

non-flat metric on the torus we consider is dr2 + (k + cos r)2dθ2 which is homothetic to the

induced metric gT = a2dr2 + (b + a cos r)2dθ2 (see Example 2.4 for details) from the standard

embedding X : T 2 −→ R3, X(r, θ) = (a sin r, (b + a cos r) cos θ, (b + a cos r) sin θ).
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Theorem 4.1 The map from a non-flat torus into a 2-sphere, ϕ : (T 2, dr2+(k+cos r)2dθ2)

−→ (S2, dρ2 + cos2 ρdφ2) (k > 1) with ϕ(r, θ) = (ar+ bθ+ c,mr+ nθ+ l) is biharmonic if and

only if it is harmonic.

Proof Let ϕ : (T 2, dr2 + (k + cos r)2dθ2) −→ (S2, dρ2 + cos2 ρdφ2) (k > 1) with ϕ(r, θ) =

(ar+ bθ+ c,mr+ nθ+ l). Using Lemma 3.2 with σ(r) = k+ cos r, λ(ρ) = cos ρ, we see that ϕ

is biharmonic if and only if it solves the system























































































xθθ

(k + cos r)2
+ xrr −

sin r

k + cos r
xr +

(

m2 +
n2

(k + cos r)2

)

cos 2ρ x

+
(

2myr +
2n

(k + cos r)2
yθ + y2

)

sin ρ cos ρ = 0,

yθθ

(k + cos r)2
+ yrr −

sin r

k + cos r
yr − 2

(

ayr +mxr +
byθ + nxθ

(k + cos r)2

) sin ρ

cos ρ

+2
( m sin r sin ρ

(k + cos r) cos ρ
−
(

am+
bn

(k + cos r)2

)cos 2ρ

cos2 ρ

)

x = 0,

x = τ1 = − a sin r

k + cos r
+

1

2

(

m2 +
n2

(k + cos r)2

)

sin 2ρ,

y = τ2 = − m sin r

k + cos r
− 2

(

am+
bn

(k + cos r)2

)

tan ρ.

(4.1)

A straightforward computation using the last two equations of (4.1) yields



















































































































































































xr = −
ak cos r + a

(k + cos r)2
+

n2 sin r sin 2ρ

(k + cos r)3
+ a

(

m
2 +

n2

(k + cos r)2

)

cos 2ρ,

xrr = −
a(2− k2) sin r + ak sin r cos r − 4an2 sin r cos 2ρ

(k + cos r)3

−
2a2m2(k + cos r)4 + 2a2n2(k + cos r)2 − n2(k cos r + cos2 r + 3 sin2 r)

(k + cos r)4
sin 2ρ,

xθ = b
(

m
2 +

n2

(k + cos r)2

)

cos 2ρ,

xθθ = −2b2
(

m
2 +

n2

(k + cos r)2

)

sin 2ρ,

yr = −
mk cos r +m

(k + cos r)2
−

4bn sin r tan ρ

(k + cos r)3
−

2a
(

am+
bn

(k + cos r)2

)

cos2 ρ
,

yrr = −
m(2− k2) sin r +mk sin r cos r

(k + cos r)3
−

4bn(k cos r + cos2 r + 3 sin2 r) tan ρ

(k + cos r)4

−
8abn sin r

(k + cos r)3 cos2 ρ
−

4a2

(

am+
bn

(k + cos r)2

)

sin ρ

cos3 ρ
,

yθ = −

2b
(

am+
bn

(k + cos r)2

)

cos2 ρ
,

yθθ =

4b2
(

am+
bn

(k + cos r)2

)

sin ρ

cos3 ρ
.

(4.2)
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Substituting (4.2) into the first equation of (4.1), we have














































































(a(k2 − 1)− 2bmn) sin r

(k + cos r)3
+

2am2 sin r

k + cos r
+
[n2(k cos r + sin2 r + 1)

(k + cos r)4

+
m2

2 sin2 r −m2k cos r −m2

(k + cos r)2
− 2

(

am+
bn

(k + cos r)2

)2

−2
(

m2 +
n2

(k + cos r)2

)(

a2 +
b2

(k + cos r)2

)]

sin 2ρ

+
[ 2an2 sin r

(k + cos r)3
− 4am2 sin r

k + cos r
+

2bmn sin r

(k + cos r)3

]

cos 2ρ

+
1

4

(

m2 +
n2

(k + cos r)2

)2

sin 4ρ = 0,

ρ = ar + bθ + c.

(4.3)

We will solve Equation (4.3) by the following cases.

Case I b 6= 0.

In this case, using the assumption that b 6= 0 and the fact that the functions 1, sin 2ρ, cos 2ρ

and sin 4ρ are linearly independent as functions of variable θ, we conclude from (4.3) that










































































(a(k2 − 1)− 2bmn) sin r

(k + cos r)3
+

2am2 sin r

k + cos r
= 0,

n2(k cos r + sin2 r + 1)

(k + cos r)4
+

m2

2 sin2 r −m2k cos r −m2

(k + cos r)2

−2
(

am+
bn

(k + cos r)2

)2

− 2
(

m2 +
n2

(k + cos r)2

)(

a2 +
b2

(k + cos r)2

)

= 0,

2an2 sin r

(k + cos r)3
− 4am2 sin r

k + cos r
+

2bmn sin r

(k + cos r)3
= 0,

1

4

(

m2 +
n2

(k + cos r)2

)2

= 0.

(4.4)

From the fourth and the first equation of (4.4), we have a = m = n = 0. In this case,

we use the last two equations in (4.1) to conclude that the components of the tension field

x = τ1 = 0, y = τ2 = 0. This implies that the map ϕ is actually harmonic.

Case II b = 0 and a = 0.

In this case, substituting a = b = 0 and (4.2) into the second equation of (4.1), we obtain










m(k2 − 1) sin r

(k + cos r)3
− 2mn2 sin r

(k + cos r)3
sin2 ρ+

2m3 sin r

k + cos r
sin2 ρ = 0,

ρ = c.

(4.5)

If c = 0, then sin ρ = 0 and (4.5) reduces to m(k2 − 1) = 0 which implies m = 0 since k > 1

by assumption. In this case, the last two equations in (4.1) imply that τ(ϕ) = 0 and hence ϕ

is harmonic.

If c 6= 0, then (4.5) is equivalent to
{

m[(k2 − 1) + 2(m2k2 − n2) sin2 ρ+ 4m2k sin2 ρ cos r + 2m2 sin2 ρ cos2 r] = 0,

ρ = c 6= 0.
(4.6)
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If m 6= 0, we have

{

k2 − 1 + 2(m2k2 − n2) sin2 ρ+ 4m2k sin2 ρ cos r + 2m2 sin2 ρ cos2 r = 0,

ρ = c 6= 0.
(4.7)

Note that k > 1 and the functions 1, cos r, cos2 r are linearly independent, then Equation (4.7)

implies that sin2 ρ = 0 and reduces to k2 − 1 = 0, a contradiction.

If otherwise, i.e., m = 0, substituting a = b = m = 0 and (4.2) into the first equation of

(4.1), we have











n2 sin 2ρ

2(k + cos r)4
(2k cos r − 2 cos2 r + 4 + n2 cos 2ρ) = 0,

ρ = c 6= 0.

(4.8)

The above equation implies that n2 sin 2ρ = 0, i.e., n = 0. It follows that x = τ1 = 0, y = τ2 =

0, meaning that the map ϕ is harmonic in this case.

Case III b = 0, a 6= 0. We will show that Equation (4.3) has no solution in this case.

Multiplying (k+cos r)4 to both sides of Equation (4.3) and simplifying the resulting equation

by using the product-to-sum formulas, we have

a0 sin(2ar + 2c) +
4

∑

i=1

ai ± bi

2
sin[(2a± i)r + 2c]

+ c0 sin(4ar + 4c) +
4

∑

i=1

ci

2
sin[(4a± i)r + 4c] + d1 sin r + d2 sin 2r + d3 sin 3r + d4 sin 4r = 0,

or, equivalently

a0 cos(2c) sin(2ar) + a0 sin(2c) cos(2ar)

+ cos(2c)
4

∑

i=1

ai ± bi

2
sin(2a± i)r + sin(2c)

4
∑

i=1

ai ± bi

2
cos(2a± i)r

+ c0 cos(4c) sin(4ar) + c0 sin(4c) cos(4ar)

+ cos(4c)
4

∑

i=1

ci

2
sin(4a± i)r + sin(4c)

4
∑

i=1

ci

2
cos(4a± i)r

+ d1 sin r + d2 sin 2r + d3 sin 3r + d4 sin 4r = 0, (4.9)

where

a0 = −7m2k2

4
− 2a2n2k2 − a2n2 − 7m2

16
− 4a2m2k4

− 12a2m2k2 − 3a2m2

2
+

3n2

2
, (4.10)

a1 = −5m2k

2
−m2k3 − 4a2n2k − 16a2m2k3 − 12a2m2k + n2k, (4.11)

a2 = −5m2k2

4
− a2n2 − m2

2
− 12a2m2k2 − 2a2m2 − n2

2
, (4.12)
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a3 = −m2k

2
− 4a2m2k, a4 = −m2

16
− a2m2

2
, (4.13)

b1 = −4am2k3 − 3am2k + 2an2k, b2 = −6am2k − am2 + an2, (4.14)

b3 = −3am2k, b4 = −am2

2
, (4.15)

c0 =
m4k4

4
+

3m4k2

4
+

3m4

32
+

m2n2k2

2
+

m2n2

4
+

n4

4
, (4.16)

c1 =
m4k3 + 3m4k

4
+m2n2k, c2 =

3m4k2

4
+

m2n2

4
+

m4

8
, (4.17)

c3 =
m4k

4
, c4 =

m4

32
, (4.18)

d1 = a(k2 − 1)k + am2
(

2k3 +
3k

2

)

, (4.19)

d2 =
a(k2 − 1)

2
+ am2

(

3k2 +
1

2

)

, (4.20)

d3 =
3am2k

2
, d4 =

am2

4
. (4.21)

We observe that the 40 trigonometric functions appearing in the linear combination on the

left hand side of Equation (4.9) are linearly independent for the values of a that produce no

like terms among them. Note also that even in the case the values of a produce like terms, we

can collect the like terms so that the resulting set of functions are linearly independent.

Case A For those values of a that do not turn any of sin(2ar), sin(2a±i)r, sin(4ar), sin(4a±
i)r (i = 1, 2, 3, 4) into a like term of sin r, sin 2r, sin 3r, sin 4r. In this case, we have all coefficients

vanish, including d1 = d4 = 0, which imply a = 0, a contradiction.

Case B For those values of a that turn one of sin(2ar), sin(2a± i)r, sin(4ar), sin(4a± i)r

(i = 1, 2, 3, 4) into a like term to one of sin r, sin 2r, sin 3r, sin 4r. We can check that the only

values of a that turn one of sin(2ar), sin(2a± i)r, sin(4ar), sin(4a± i)r (i = 1, 2, 3, 4) into a like

term to one of sin r, sin 2r, sin 3r, sin 4r are the following:

a = ±j, ±2j − 1

2
, ±2j − 1

4
, j = 1, 2, 3, 4. (4.22)

It is not difficult to check that none of positive values of a given in (4.22) can produce like

term of sin(4a+4)r and none of the negative values of a given in (4.22) can produce like term of

sin(4a−4)r. It follows that for each value of a given in (4.22), we can, after a possible collecting

of like terms in (4.9), use the linear independence of the resulting set of functions to conclude

that c4 = m4

32 = 0. This implies that m = 0 for any values of a given in (4.22). Substituting

m = 0 into Equation (4.9), we have

sin(2c)
{

a0 cos(2ar) +
a1 + b1

2
cos[(2a+ 1)r] +

a1 − b1

2
cos[(2a− 1)r]

+
a2 + b2

2
cos[(2a+ 2)r] +

a2 − b2

2
cos[(2a− 2)r]

}

+ c0 sin(4c) cos(4ar)

+ cos(2c)
{

a0 sin(2ar) +
a1 + b1

2
sin[(2a+ 1)r] +

a1 − b1

2
sin[(2a− 1)r]

+
a2 + b2

2
sin[(2a+ 2)r] +

a2 − b2

2
sin[(2a− 2)r]

}

+ c0 cos(4c) sin(4ar)
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+ d1 sin r + d2 sin 2r = 0, (4.23)

where

a0 = −2a2n2k2 − a2n2 +
3n2

2
, a1 = −4a2n2k + n2k, (4.24)

a2 = −a2n2 − n2

2
, b1 = 2an2k, b2 = an2, c0 =

n4

4
, (4.25)

d1 = a(k2 − 1)k, d2 =
a(k2 − 1)

2
. (4.26)

We can check that the only values of a that turn sin(2ar) into a like term to one of sin(2a±
i)r (i = 1, 2), sin(4ar), sin r, sin 2r are a = ±1,± 1

2 ,± 1
4 .

For the case a 6= ±1,± 1
2 ,± 1

4 , sin(2ar) is not a like term to any other term and hence we can

use linear independence of functions in Equation (4.23) to conclude that a0 = 0. Using (4.24)

we have either 3
2 − a2(2k2 + 1) = 0 or n = 0. The first case gives the values of a contradicting

those given by (4.22). The latter case, i.e., n = 0, implies that a0 = a1 = a2 = b1 = b2 = c0 = 0.

Substituting these into (4.23), we have d1 = d2 = 0 which implies a = 0, a contradiction.

For the case a = ±1,± 1
2 , or ± 1

4 , we first check that for a = ± 1
4 , we have d2 = 0, a

contradiction. Secondly, we check that for a = ±1,± 1
2 , we have a1 ± b1 = 0, a2 ± b2 = 0

respectively. A further checking shows that in each of these four cases, we have n = 0, which,

as we have seen in the above argument, will lead to a contradiction. This ends the proof that

the biharmonic map equation has no solution in Case B.

Summarizing the results in Cases A and B we conclude that for the case b = 0, a 6= 0, the

biharmonic map equations have no solution.

Combining the results proved in Cases I–III, we obtain the theorem.

From the proof of Theorem 4.1 we have seen the following corollary.

Corollary 4.1 For a 6= 0, there exists no biharmonic map in the family of the maps from a

non-flat torus into a 2-sphere, ϕ : (T 2, dr2 + (k + cos r)2dθ2) −→ (S2, dρ2 + cos2 ρdφ2) (k > 1)

with ϕ(r, θ) = (ar + bθ + c,mr + nθ + l).

Noting that the models (S2, dρ2 + sin2 ρdφ2) and (S2, dρ2 + cos2 ρdφ2) of a 2-sphere are

isometric to each other, we can use Theorem 4.1 to have the following classification results.

Corollary 4.2 The composition of the family of immersions

fs : (T
2, dr2 + (k + cos r)2dθ2) −→ S3, fs(r, θ) = (eir cos s, eiθ sin s)

followed by the Hopf fiberation H : S3 −→ S2,

ϕs = H ◦ fs : (T 2, dr2 + (k + cos r)2dθ2) −→ (S2, dρ2 + sin2 ρdφ2),

ϕs(r, θ) = (ρ(r, θ), φ(r, θ))

with
{

ρ(r, θ) = 2s, s = constant,

φ(r, θ) = r − θ,
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is neither a harmonic map nor a biharmonic map.

Corollary 4.3 The composition of the map f : (T 2, dr2 + (k + cos r)2dθ2) −→ S3 with

f(r, θ) =
(

cos
−(r + θ)

2
ei

x+y
2 , sin

−(r + θ)

2
ei

r−θ
2

)

given in [39] followed by the construction via Hopf fibration

ϕ = H ◦ f : (T 2, dr2 + (k + cos r)2dθ2) −→ (S2, dρ2 + sin2 ρdφ2),

ϕ(r, θ) = (ρ(r, θ), φ(r, θ))

with
{

ρ(r, θ) = −r − θ,

φ(r, θ) = θ,

is neither a harmonic map nor a biharmonic map.

Corollary 4.4 Let f : (T 2, dr2 + (k + cos r)2dθ2) −→ S3 with

f(r, θ) = (cos(cr)eimθ, sin(cr)einθ)

be the family of immersions studied in [27]. Then, the family of maps from a torus into a

2-sphere defined by the construction via Hopf fibration

ϕ = H ◦ f : (T 2, dr2 + (k + cos r)2dθ2) −→ (S2, dρ2 + sin2 ρdφ2),

φ(r, θ) = (ρ(r, θ), φ(r, θ))

with
{

ρ(r, θ) = 2cr,

φ(r, θ) = (m− n)θ

is neither a harmonic map nor a biharmonic map.

Corollary 4.5 Let X : T 2 −→ R
3 be an embedding with

X(r, θ) = (a sin r, (b+ a cos r) cos θ, (b+ a cos r) sin θ)

with b > a > 0. Then, the Gauss map

ϕ : (T 2, gT = a2dr2 + (b + a cos r)2dθ2) −→ (S2, h = dr2 + cos2 rdθ2)

with ϕ(r, θ) = (r, θ) is neither harmonic nor biharmonic.

References

[1] Alias, L., Garcia-Martinez, S. and Rigoli, M., Biharmonic hypersurfaces in complete Riemannian manifolds,
Pacific J. of Math, 263(1), 2013, 1–12.



Biharmonic Maps from Tori into a 2-Sphere 877

[2] Akutagawa, K. and Maeta, S., Biharmonic properly immersed submanifolds in Euclidean spaces, Geom.

Dedicata, 164, 2013, 351–355.

[3] Baird, P. and Kamissoko, D., On constructing biharmonic maps and metrics, Ann. Global Anal. Geom.,

23(1), 2003, 65–75.

[4] Baird, P., Fardoun, A. and Ouakkas, S., Conformal and semi-conformal biharmonic maps, Ann. Glob.

Anal. Geom., 34, 2008, 403–414.

[5] Baird, P., Fardoun, A. and Ouakkas, S., Liouville-type theorems for biharmonic maps between Riemannian
manifolds, Adv. Calc. Var., 3, 2010, 49–68.

[6] Baird, P. and Wood, J. C., Harmonic Morphisms Between Riemannian Manifolds, London Math. Soc.
Monogr. (N. S.), 29, Oxford Univ. Press, 2003.

[7] Balmus, A., Montaldo, S. and Oniciuc, C., Classification results for biharmonic submanifolds in spheres,
Israel J. Math., 168, 2008, 201–220.

[8] Balmus, A., Montaldo, S. and Oniciuc, C., Biharmonic maps between warped product manifolds, J. Geom.

Phys., 57(2), 2007, 449–466.

[9] Balmus, A., Montaldo, S. and Oniciuc, C., Biharmonic PNMC Submanifolds in Spheres, preprint, Ark.

Mat., 51, 2013, 197–221.

[10] Brendle, S., Minimal surfaces in S3: A survey of recent results, Bull. Math. Sci., 3, 2013, 133–171.

[11] Caddeo, R., Montaldo, S. and Oniciuc, C., Biharmonic submanifolds of S3, Internat. J. Math., 12(8),
2001, 867–876.

[12] Caddeo, R., Montaldo, S. and Oniciuc, C., Biharmonic submanifolds in spheres, Israel J. Math., 130,
2002, 109–123.

[13] Chen, B. Y., Some open problems and conjectures on submanifolds of finite type, Soochow J. Math., 17(2),
1991, 169–188.

[14] Chen, B. Y., Pseudo-Riemannian Geometry, δ-Invariants and Applications, World Scientific Publishing,
2011.

[15] Chen, B. Y., Total Mean Curvature and Submanifolds of Finite Type, 2nd ed., World Scientific Publishing,
Hackensack, NJ, 2014.

[16] Chen, B. Y. and Ishikawa, S., Biharmonic pseudo-Riemannian submanifolds in pseudo-Euclidean spaces,
Kyushu J. Math., 52(1), 1998, 167–185.

[17] Chen, B. Y. and Munteanu, M., Biharmonic ideal hypersurfaces in Euclidean spaces, Diff. Geom. Appl.,
31(1), 2013, 1–16.

[18] Defever, F., Hypersurfaces of E4 with harmonic mean curvature vector, Math. Nachr., 196, 1998, 61–69.

[19] Dimitric, I., Submanifolds of Em with harmonic mean curvature vector, Bull. Inst. Math. Acad. Sinica,
20(1), 1992, 53–65.

[20] Eells, J. and Sampson, J. H., Harmonic mappings of Riemannian manifolds, Amer. J. Math., 86, 1964,
109–160.

[21] Eells, J. and Wood, J. C., The existence and construction of certain harmonic maps, Symposia Mathe-
matica, Vol. XXVI (Rome, 1980), Academic Press, London, New York, 1982, 123–138.

[22] Fu, Y., Biharmonic hypersurfaces with three distinct principal curvatures Euclidean spaces, Tohoku Math.

J., 67(3), 2015, 465–479.

[23] Hasanis, T. and Vlachos, T., Hypersurfaces in E4 with harmonic mean curvature vector field, Math.

Nachr., 172, 1995, 145–169.

[24] Jiang, G. Y., 2-Harmonic maps and their first and second variational formulas, Chin. Ann. Math., Ser. A,
7, 1986, 389–402.

[25] Jiang, G. Y., Some non-existence theorems of 2-harmonic isometric immersions into Euclidean spaces,
Chin. Ann. Math., Ser. A, 8(3), 1987, 376–383.

[26] Jiang, G. Y., 2-Harmonic isometric immersions between Riemannian manifolds. Chin. Ann. Math., Ser.

A, 7(2), 1986, 130–144.

[27] Lawson, H. B., Complete minimal surfaces in S3, Annals of Math, Second Series, 92(3), 1970, 335–374.

[28] Loubeau, E. and Oniciuc, C., On the biharmonic and harmonic indices of the Hopf map, Trans. Amer.

Math. Soc., 359(11), 2007, 5239–5256.

[29] Loubeau, E. and Ou, Y. -L., Biharmonic maps and morphisms from conformal mappings, Tôhoku Math.
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