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ABSTRACT

The study of biharmonic submanifolds, initiated by B. Y. Chen and G. Y. Jiang independently, has
received a great attention in the past 30 years with many important progress (see the reference
for some recent books with vast references therein). This note attempts to give a short survey
on the study of biharmonic Riemannian submersions which are a dual concept of biharmonic
submanifolds (i.e., biharmonic isometric immersions).
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1. Why biharmonic Riemannian submersions?

A map ¢: (M™,g) - (N", h) between Riemannian manifolds is called a harmonic map if its tension
field 7(¢) = Trace,Vdy vanishes identically. Harmonic maps include many important objects studied in
mathematics, such as harmonic functions, geodesics, minimal submanifolds, and Riemannian submersions
with minimal fibers. For more on the related theory, applications and interesting links of harmonic maps see
[8], [9], [10] and [26].

A map ¢: (M™,g) = (N", h) is called a biharmonic map if it is a critical point of the bienergy functional
Ey(,9) = 5[5 IT(@)[*dvy , where 7 () is the tension field of . The first variation of the bienergy (see [12]) gives
the biharmonic map equation as:

7a(ip) := Tracey ((V¥)?7(¢) — RN (dp, 7(9))dp) = 0 (11)
where RY is the Riemannian curvature operator of the manifold (N, h).

Clearly, any harmonic map (7(¢) = 0) is biharmonic. So, we call a biharmonic map which is not harmonic a
proper biharmonic map.

Biharmonic submanifolds are the images of biharmonic isometric immersions. As biharmonic maps
generalize the concept of harmonic maps, biharmonic submanifolds are a generalization of minimal
submanifolds which are characterized as the images of harmonic isometric immersions.

The study of biharmonic submanifolds was initiated by B. Y. Chen [6, 7] and G. Y. Jiang [12, 13]
independently. It has become a hot topic of research with many important progress in the past 30 years. For
more detailed account on the origins, the main problems, and some recent progress see a recent book [18], [17]
and the vast references therein.

Riemannian submersions, as a dual concept of isometric immersions, are a subclass of conformal
submersions which are special cases of horizontally weakly conformal maps. Recall that a map
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w:(M,g) = (N,h) between Riemannian manifolds is horizontally weakly conformal if for any p € M,
either dy, =0, or deyp|y, : Hp — Ty N is conformal and onto, where H,, = (kerdy,)* is the horizontal
subspace of ¢. This is equivalent to (see, e.g., [3]) the existence of function A > 0, called the dilation of ¢,
such that h(dp(X),de(Y)) = A%(p)g(X,Y) for any X,Y € H,. A conformal submersion is horizontally weakly
conformal map with dilation A > 0, and in particular, when A\ = 1 it is called a Riemannian submersion.

The motivations to study biharmonic Riemannian submersions include

(1) biharmonic Riemannian submersions are a dual concept of biharmonic submanifolds which have
exhibited a rich theory and applications in understanding the submanifolds and the ambient spaces;

(2) biharmonic Riemannian submersions are a subclass of biharmonic conformal submersions which are
a generalization of harmonic morphisms. It would be interesting to know what part of the theory,
applications and interesting links of harmonic morphisms can be generalized to the case of biharmonic
Riemannian submersions;

(3) within the class of Riemannian submersions the 4th order biharmonic map equations reduce to a 2nd
order PDEs.

Biharmonic Riemannian submersions were first studied in [16] where the bitension field of a Riemannian
submersion was derived under the hypothesis that the tension field is basic, and some existence and non
existence results were also obtained. Some recent work has shown that there are many examples of proper
biharmonic Riemannian submersions whilst there are also many examples of Riemannian submersions which
are neither harmonic nor biharmonic.

Example 1.1. All of the following are proper biharmonic Riemannian submersions.
(@) ¢ : M*=R*\ {(0,0,0,2) : x € R} = R with (21, -+ ,24) = (\/2} + 2% + 22, 24), see [11] for details.
(b) The projection of the warped product (see [11] for details)
¢ (R x R,dz? + dy® + Cy*dz?) — (R%, da” + dy?)

m(2,y,2) = (2,y),
where R? = {(z,y) € R? : y > 0} and C be a positive constant.
(c) The projection from the product space H? x R (see [22] for details)
0 H? xR = (R3,e2Yda? + dy? + d2?) — (R?, dy? + d2?), p(x,y, 2) = (y, 2).
(d) ¢ SL(2,R) = (RY, 40 4 (dz + 92)2) — (R?, %4 + 4°) with
o(z,y,2) = (y, ), see [22] for details.
Example 1.2. The following Riemannian submersions are neither harmonic nor biharmonic maps.
(e) The metric projection ¢ : R® — (N? = R?/R, k) from Euclidean space R? onto the orbit space of a free 1-

parameter isometric group action of R. See [21] for details.
(f) The Riemannian submersion from Nil space (see [21] for details)

¢ (R3 gniy = da? + dy? + (dz — zdy)?) — (R?,da? + (1 4 2%)"2d2?)
o(z,y,2) = (z,2).
(g) The Riemannian submersion from Sol space (see [24] for details)

@ (R? ggor = e**da? + e722dy? + d2?) — (R?, e~ 2*dy? + d2?), o(z,y,2) = (v, 2),

2. Biharmonic equations of Riemannian submersions

I. The case of general fiber dimensions: It is well known that the tension field of a Riemannian submersion

@: (M™, g) — (N, h)is given by
7(p) = —(m —n)dp (), (2.1)

where = 5" " (V e, )" with {e, } being an orthonormal frame of the fibers is the mean curvature vector
field of the fibers of the Riemannian submersion. It follows that the harmonicity of a Riemannian submersion
is closely related to the minimality of the fibers of the Riemannian submersion.

The biharmonic equation of a Riemannian submersion as a special case of the conformal submersion given
in [2] and [14] seems hard to apply. The following form of the bitension field of a Riemannian submersion was
derived.
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Theorem 2.1. ([1]) The bitension field of a Riemannian submersion
@: (M™,g) — (N™, h) is given by

nalp) = —(m—n)do( 3 {VE (VY W* = T ettt [, (T ei)V]}
i=1

+ Y Al sl e + [, (VX e)VIE = (m =) Vi)

s=n+1

—(m — n)Ricci™ (dp(1)), (2.2)

where {e;,es} (1 <i<n;1 <s<m—n)isalocal orthonormal frame on M with e; horizontal and e vertical, and p
the mean curvature vector field of the fibers of .

Corollary 2.1. ([1]) A Riemannian submersion ¢ : (M™,g) — (N™, h) with basic mean curvature vector field p of the
fibers is biharmonic if and only if

d<p( > A{VY(VM M~ vf‘égei)ﬂu} —(m — n)vﬁfu) + Ricci¥ (dp()) = 0. (2.3)
=1

Note that by using (2.1) one can check that Equation (2.3) is equivalent to the following one which was
obtained in [16]:

Try (VV)27(p) + ViV(SD)T((p) + Ricci™ (7(g)) = 0. (2.4)

Many examples of proper biharmonic Riemannian submersions come from the projections of a warped
product onto its first factor. Here we have

Theorem 2.2. ([1]) The Riemannian submersion
P (Mm X NnagM + 62AgN) — (Mmagj\l)a tp(ﬂf,y) =T

is biharmonic if and only if
grad AX + 2Ricci (grad \) + ggrad lgradA|? = 0, (2.5)

where grad and A are the gradient and the Laplace operators on (M™, gr).

Corollary 2.2. ([1]) The Riemannian submersion
¢ (M™ x N, gar + €*gn) — (M, gu), é(z,y) ==
from an Einstein Manifold with Ricci™ = agys is biharmonic if and only if
AN+ 20\ + %|grad)\|2 —-C (2.6)

for a constant C, where A is the Laplacian on (M™, gr).

Remark 2.1. (a) It was also proved in [4] that the projection
¢ (M™x N" gr + fPgn) — (M™,gunr), o(x,y) =a
is proper biharmonic if and only if

Tr,V2grad In f + Ricci™ (grad In f) + ggrad lgrad In f|* = 0. (2.7)

(b) Note that the Riemannian submersion given by the projection of a warped product has basic mean curvature
vector field and a biharmonic equation in the form of (2.4) was also obtained in [19].
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II. The case of 1-dimensional fibers: An important tool to study biharmonic Riemannian submersion
@ (M"T1 g) — (N™, h) is the integrability data of an adapted frame introduced in [21]. For simplicity, we
explain the idea in the case of n = 2.

A local orthonormal frame {e;, ez, e3} is said to be adapted to the Riemannian submersion ¢ : (M3, g) —
(N2, h) if {e1, es} are basic (i.e., they are horizontal and are (-related to a local orthonormal frame in the base
space), and {e3} is vertical. The existence of an adapted frame is easily checked (cf. e.g., [3]). For an adapted
frame {e;, ez, e3}, we known (see [15]) that [e;, es] and [ez, e3] are vertical and [ey, e2] is ¢-related to [e1, &3] for
an orthonormal frame {£1, 5} on the base manifold. It follows that

[61,62] = Fe1 + Fheq, (28)

for some function Fy, F» € C*°(N). Denoting f; = F; o p,i = 1,2, we have

le1,e3] = Kies,
[623 63] = Ka€3, (2.9)

[e1,ea] = fie1 + faea — 20€s.

where k1, kg and o € C°(M). The set of 5 functions {f1, f2, k1, k2 0} is called the integrability data of the
adapted frame of the Riemannian submersion ¢. Note that by using the integrability data the tensions field of
the Riemannian submersion can be expressed as

T(p) = —K1€1 — Ka€a. (2.10)

Thus, ¢ is a harmonic Riemannian submersion if and only if k1 = k2 = 0. Note also that the integrability data
o = 0if and only if the Riemannian submersion has integrable horizontal distribution.

By using the integrability data we can reduce the 4th order PDEs of biharmonic Riemannian submersions
into a 2nd order system of PDEs.

Theorem 2.3. [21] A Riemannian submersion ¢ : (M3,g) — (N2, h) with an adapted frame {e1, e, es} and the
integrability data { f1, f2, k1, k2 o} is biharmonic if and only if

—AMpy — frei(r2) — e1(kafi) — faea(kz) — e2(k2f2)
+r1kof1 + K3 fo + s {—KN + f + f3} =0,

, (2.11)
—AMpo + fre1(rk1) + e1(k1f1) + faea(k1) + e2(k1f2)
—kikafo — KIf1 + ke{—KN + 2+ f3} =0,
where KN = RY, 1, 00 = —[ea(f1) — e1(f2) + fE + [3] is the Gauss curvature of (N2, h).

Similarly, a local orthonormal frame {ei,...,e,, e, 41} is adapted to the Riemannian submersion ¢ :
(M"™*1 g) — (N™, h) if {e1,...,e,} are horizontal and basic, and e, is vertical. It follows from [15] that
lei,ent1] (i =1,2,...,n) are vertical and [e;,¢;] (4,7 =1,2,...,n) are ¢-related to [g;,¢;] for an orthonormal
frame {¢;,...,e,} on (N", h). By setting

[€ire5] = F;}-sk, (2.12)

for F; € C*>°(N) and introducing ff; = Ff o, Vi,j,k =1,2,...,n, we have
[6176n+1] :kfiv:@n-u, o (2.13)

lei, e5] = fijek —20;5en41, 4,Jj=1,2,...,n,

where £;, and 0;; € C(M). The set of functions {ff, xi, 04;} is called the integrability data of the adapted
frame of the Riemannian submersion ¢. By (2.13) one can easily check that

ko= k and O35 = —0ji, Vi,j,k‘ = 1,2,--- , . (214)

iy T Jji

Note that the integrability data of a Riemannian submersion ¢ : (M"*!, g) — (N, h) contains the following
geometric information of the spaces and the harmonicity of the Riemannian submersion.
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Corollary 2.3. For a Riemannian submersion ¢ : (M"T1, g) — (N™, h) with an adapted frame {e1, ..., e 11} and the
assciated integrability data {f};, r:,0;} defined on an open set U C M, we have

(DIf ff =0, Vi,j,k, then o(U) is locally flat;

(2) 05 =0, Vi, if and only if the horizontal distribution on U is integrable;

(3) k; = 0V i if and only if the Riemannian submersion is harmonic.

Proof. For (1), by definition, 1’3 = Fi’; o . It follows that if fi’E =0Vi,jk, then [g;,¢;] = Fi’}gk =0 for an
orthonormal frame {¢;} on ¢(U). It is easily check that in this case the Riemann curvature tensor vanishes
identically on ¢(U) and hence a classical result in differential geometry implies that ¢(U) is locally flat. For
(2), recall that the horizontal distribution of a Riemannian submersion in integrable if and only if its A tensor
AxY = 1[X,Y]Y vanishes identically for any horizontal vector fields X,Y (see [15]). This and (2.13) gives (2).
Finally, (3) follows from the tension field formula

T(p) = - z”: Ki€;- (2.15)
i=1

O

Similarly, the biharmonicity of a Riemannian submersion can also be described by the integrability data as

Theorem 2.4. [1] A Riemannian submersion ¢ : (M"1, g) — (N™, h) with an adapted frame {e1, ..., e,41} and the

integrability data { ff;, ki, 0;} is biharmonic if and only if

Arit 37 (264l Pl + s [ea(Ph) + P Ph — wiPly — PP ) 216)

J
4,5=1

+Ricci™ (do(p), dp(er)) =0, k=1,2,...,n,

where P}, = %(—ffk — [l + 1) forall i, j,k =1,2,--- ,nand A denotes the Laplacian of (M"+1, g).

3. Some recent work on biharmonic Riemannian submersions

An important problem in the study of biharmonic submanifolds is to classify biharmonic submanifolds
in some well known model spaces like space forms or more general homogeneous spaces. For example, let
M3(c) = R3, H3, 53 denote the 3-dimensional space forms, i.e., Euclidean, hyperbolic, or spherical space of
constant sectional curvature K = 0, —1, 1 respectively, then the following classification is well known.
Theorem A. [7, 13, 5] ¢ : (N2, h) — M?3(c) is a proper biharmonic isometric immersion if and only if, up to a
homothety, ¢ is the inclusion i : S — S2,i(x) = (z,1)/V/2 or its restriction to an open set of S2.

In this section, we review the recent work [21, 22, 23, 24, 25] which give some classifications of proper
biharmonic Riemannian submersions from 3-dimensional manifolds including Thurston’s eight models of 3-
dimensional geometries, BCV spaces, and the product manifold M? x R.

Recall that a BCV space is a 3-dimensional Bianchi-Cartan-Vranceanu space defined by the 2-parameter
family of Riemannian manifolds

dz? + dy? I ydr —zdy
M3 = R3 = —_ 2 .
™ ( T Mm@+ )P +[dz+21+m(x2+y2)]

With different choices of the constants m, [, this family gives 7 well-known model spaces R?, S3, $? x R, H? x
R, SL(2,R), Nil, SU(2).

Recall also that Thurston’s 8 models of 3-dimensional geometries refers to: R?, H? 53 S%2 xR, H? x

R, ﬁ(Q,R), Nil, Sol. So the family of BCV spaces contains six of the Thurston’s eight models for 3-
dimensional geometries except the hyperbolic space H* and the Sol space.
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3.1. Biharmonic Riemannian submersions from space forms

The first classification of proper biharmonic Riemannian submersions shows a contrast to that of proper
biharmonic isometric immersions given in Theorem A.

Theorem 3.1. [21] There is NO proper biharmonic Riemannian submersion
¢ : M3(c) — (N2, h) from a space form no matter what the target surface is.

3.2. Biharmonic Riemannian submersions from BCV spaces

Theorem 3.2. [22] A proper biharmonic Riemannian submersion 7 : M, | — (N2, h) from a BCV 3-space exists only
in the cases: H*(4m) x R — R2, or
SL(2,R) — R2

Corollary 3.1. [22] There is NO proper biharmonic Riemannian submersion from R3, S3, S? x R, Nil, SU(2) ontoa
surface

Note that Theorem 3.2 tells us that among all 7 model spaces in the BCV space family only two: H? x R and

SL(2,R) admit proper Riemannian submersions onto a surface which has to be Euclidean plane R2. In each
of these cases many examples of proper biharmonic Riemannian submersions are also constructed in [22]. The
following uniqueness theorem was proved later in [23].

Proposition 3.1. [23] A Riemannian submersion ©: H?> x R — (N2, h) is proper biharmonic if and only if (N2, h)
is flat, and, up to an isometry, the map can be expressed as ¢ : H*> x R — R? with ¢ : (R3,e*¥dz? + dy® + d2?) —
(R?%, dy? + dz?), o(z,y,2) = (y, 2), a projection of a warped product.

3.3. Biharmonic Riemannian submersions from Thurston’s 3-dimensional geometries

It follows from Theorem 3.1, Theorem 3.2, and the relationship between the family of BCV spaces
and Thurston’s 8 models of 3-dimensional geometries, the classification of proper biharmonic Riemannian
submersions from Sol space will completes the classification of all 8 model spaces of Thurston’s 3-dimensional
geometries. This is done by the following theorem.

Theorem 3.3. [24] There is no proper biharmonic Riemannian submersion
@1 Sol = (R3, gso = €**dz? + e ?*dy? + dz?) — (N2, h) from Sol space into a surface.

Thus, we can summarize the classification of proper biharmonic Riemannian submersions from Thurston’s
3-dimensional geometries as follows.

Theorem 3.4. [21, 22, 24] A proper biharmonic Riemannian submersion from Thurston’s 3-dimensional geometries:
R3, H3, S3, 82 xR, H? xR, SL(2,R), Nil, Sol exists only in the cases: H*(4m) x R — R?, or SL(2,R) — R

Again, we remark that the biharmonicity of Riemannian submersions from 3-dimensional geometries not
just imposes conditions the geometry and/or topology of the the total spaces but also forces the based space
to be flat.

3.4. Biharmonic Riemannian submersions from M? x R

For biharmonic Riemannian submersions from the product M? x R, where (M?, g) is a general 2-dimensional
manifold, we have

Theorem 3.5. [23] For a proper biharmonic Riemannian submersion

7 M? xR — (N2, h) from the product space, we have either

(i) (N2, h) is flat, and locally, up to an isometry of the domain and/or codomain, m is the projection of the special twisted
product

7 (R3, e2P@Y) da? + dy? + dz?) — (R?, dy?* + dz?), n(z,y, 2) = (y,2), (3.1)
with the twisting function p(z,y) such that p, # 0 and solves the PDE

Apy = Pyyy + Pyypy + €Y (Dory — prypa) = 0, rmor (32)
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(i1) (N2, h) is non-flat, and locally, up to an isometry of the domain and/or codomain, the map can be expressed as

7 (R3, 2@ da? + dy? + dz?) — (R?, dy? + 209 dg?),
n(z,y.2) = (y, F (2 — [e#P)d)),
where p(x,y) = In|tan a(y)| + ¢(z), A = In|sina(y)| + w(¢) with the functions p(x), w($) and nonconstant function

F(u) satisfying F'(z — [ e?®)dz) = e7%®) and 2 — [e*@)dz = [ e¥(Ddg, and a(y) is the angle between the fibers of
7 and E3 = 0, solving the ODE

(3.3)

o sin o cos? o 4 cos a(sin? a + 3)a’a” + sin (2 cos? o + 3)a’® = 0.

Note that the Riemannian submersion in Case (ii) of Theorem 3.5 is a map (3.3) depending on the function F,
the following corollary shows that after changes of coordinates, a proper biharmonic Riemannian submersions
from a product manifold onto a non-flat surface can be described explicitly as a simple map between two
special warped product manifolds with the warping functions solving an ODE.

Corollary 3.2. [23] A proper biharmonic Riemannian submersion 7 : M? x R — (N2, h) from product manifold into
a non-flat surface is locally, up to an isometry of the domain and/or codomain, © is a map between two special warped
product spaces given by

7 (R3, tan® a(y) dt? + dy? + dz?) — (R?, dy? + sin® a(y) di?)

3.4
7lty2) = (.2 — 1), G4

where a(y) is the angle between the fibers of = and Es = £ solving the ODE
o' sin a cos? o + cos a(sin? a + 3)a’a” + sin a(2 cos? a + 3)a’ = 0. (3.5
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