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Abstract: £-Submanifolds in the Euclidean spaces are a natural extension of self-shrinkers and a generalization of
A-hypersurfaces. Moreover, £-submanifolds are expected to take the place of submanifolds with parallel mean curvature
vector. In this paper, we establish a Bernstein-type theorem for £-submanifolds in the Euclidean spaces. More precisely,

we prove that an n-dimensional smooth graphic &-submanifold with flat normal bundle in R™*? is an affine n-plane.
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1. Introduction

In this paper, we are concerned with £-submanifolds in the Euclidean spaces. This concept was introduced by
Li and Chang [9] in 2016. Its precise definition is as follows. Let X : M™ — R™*? be an n-dimensional smooth
immersed hypersurface in the (n + p)-dimensional Euclidean space R"™7. Then X is called a ¢-submanifold

if there is a parallel normal vector field £ such that the mean curvature vector field H satisfies
H+ Xt =¢, (1.1)

where X1 is the orthogonal projection of the position vector X to the normal space T+M" of X in R™tP.
£-Submanifolds in R™*P are a natural extension of self-shrinkers to the mean curvature flow in R"*7.

In fact, when & =0, equation (1.1) becomes
H+ X+ =0, (1.2)

which is the equation of a self-shrinker. It is known that self-shrinkers play an important role in the study of
the mean curvature flow because they describe all possible blow-ups at a given type I singularity of the mean
curvature flow. Moreover, &-submanifolds in R™*? are a generalization of A-hypersurfaces in R"*! to arbitrary
codimensions. When the codimension p = 1, a nonzero normal vector field ¢ is parallel in the normal bundle
if and only if |¢| is constant. In that case, there is a constant A such that & = AN, where N is unit normal

vector of M™. Then equation (1.1) becomes

[H|+ (X, N) = A, (1.3)
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which was called a A-hypersurface by Cheng and Wei [3] in 2014. There have been some interesting results
for self-shrinkers and A-hypersurfaces. Equation (1.3) was first studied by McGonagle and Ross [12]. Denote

| X

by u(X) the weighted area functional defined by u(X) = fz e’T‘sz for any n-dimensional hypersurface X
of R**1. They investigated the Gaussian isoperimetric problem as follows: which one has the least weighted
boundary area among all 3 enclosing regions with the same weighted volume? They proved that critical points
of the Gaussian isoperimetric problem are A-hypersurfaces and the only smooth stable ones are hyperplanes.
Cheng and Wei [3] proved that A-hypersurfaces are critical points of the weighted area functional for the weighted
volume-preserving variations. Moreover, they extended a result of Colding and Minicozzi[5] by defining a F'-
functional of A-hypersurfaces and studying their F'-stability.

It is known that self-shrinkers can be characterized as minimal hypersurfaces in Gaussian metric space

2
(R"*P gap) where gap = ) AB- The A-hypersurfaces can be characterized as having constant weighted

- _1xP2 o o . . . . .
mean curvature H = e~ 2n H, where H is the mean curvature of M™ in Gaussian metric space. As Liand Li[10]

pointed out, if self-shrinkers and A-hypersurfaces take the places of minimal submanifolds and hypersurfaces
with constant mean curvature, respectively, then &-submanifolds are expected to take the place of submanifolds
with parallel mean curvature vector. Therefore, the research of £-submanifolds is interesting and significant.
In the last few years, a few results about the rigidity and characterization of £-submanifolds have been
obtained. In 2016, Li and Chang [9] derived a rigidity theorem for Lagrangian £-submanifolds in the complex

2-plane C2. Li and Li [10] gave some characterizations for &-submanifolds. They showed that a submanifold in

~ 2 —
R™*P is a ¢-submanifold if and only if its modified mean curvature H = e~ H s parallel when it is viewed

]2

n 0ap). In [10], the authors also proved that any complete

as a submanifold in the Gaussian space (R"*P e~
and properly immersed €-submanifold with a normal bundle must be an n-plane if it is W-stable.

As we know, the Bernstein theorem for minimal surface in R? states that if it is a graph defined on R2,
then it is a plane (cf. [1]). In the theory of minimal surfaces, the Bernstein theorem for entire minimal graphs
plays a fundamental role. Some researchers have derived some Bernstein-type results (see [7, 13-16] and the
reference therein). According to the counter-example given by Lawson and Osserman [8], we know that minimal
submanifolds of higher codimension in the Euclidean spaces are more complicated. In 2006, Smoczyk et al. [15]
considered minimal m-submanifolds in R®? with flat normal bundle. They obtained some Bernstein-type
theorems. In 2011, Wang [16] proved that smooth self-shrinkers in R"*! that are entire graphs are hyperplanes.
In 2012, Luo [11] proved that if M is an n-dimensional graphic self-shrinker in R"*™ with flat normal bundle,
then M is a linear subspace.

In this paper, we establish the following Bernstein-type theorem for £-submanifolds in Euclidean spaces.

Theorem 1.1 If M™ is an n-dimensional graphic &-submanifold in R™P with flat normal bundle, then M™

is an affine n-plane.

This paper is organized as follows. In Section 2, we give some preliminaries. In Section 3, we first discuss
the volume growth for proper ¢-submanifolds and then establish Theorem 3.1. Then we use Theorem 3.1 to

give the proof of Theorem 1.1.
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2. Preliminaries
In this section, we give some notations and formulas for &-submanifolds in the Euclidean space. Let X :
M"™ — R™P be an isometric immersion. Denote by V and V the Levi-Civita connections on M"™ and R"*P

respectively. The induced connections on the tangent bundle T'M and the normal bundle NM are defined by
VyW = (VyW)T and Vv = (Vyr)¥
for V,\W € I'(TM),v € T(NM), where (---)T and (---)" are the projections onto the tangent bundle TM
and the normal bundle NM | respectively. The second fundamental form B is defined by
B(V,W) = (VyW)N = VyW — Vy W,

and taking the trace of B gives the mean curvature vector H of M™ in R*tP,
Let {e1, - ,en} be a local tangent orthonormal frame field on M™ with respect to the induced metric,
{01,---,0,} be their dual 1-forms, and {1, --,v,} be a local normal orthonormal frame field on M™. From

now on, we use the following convention on the range of indices:
iajvkalzla"'7n; O‘7B:1a"'7p'

Denote by B = Y
given by

i h%@i ® 0; ® v, the second fundamental form of M™. The Gauss equations are

Rijri :Z( ik ?z — hi ?k) (2.1)

(03
The Codazzi equations are given by
%‘k = ;’ij' (2-2)

where h¢

¢k are the covariant derivatives of h{;. The Ricci equations are given by

Rapir = »_(hghiy, — hihsy), (2.3)
i
where R,pr; are the components of the normal curvature tensor RLY. If Rt = 0, we say that M™ is a
submanifold with flat normal bundle. Then the Ricci equation becomes
> (hihGy — hghty) = 0. (2.4)
i
Typical examples of &-submanifolds include the £-curves, the standard spheres centered at the origin,
submanifolds in a sphere with parallel mean curvature vector, and so on (cf. [10]). For convenience, here we give
the details of the m-planes not necessarily passing through the origin. As subplanes of the Euclidean spaces,
they are important examples of -submanifolds. An n-plane z : P* — R"™P (p > 0) is the inclusion map
of a n-dimensional connected, complete, and totally geodesic submanifold of R®*?. Let py be the orthogonal
projection of the origin 0 onto P™ and & be the position vector of pg, which is constant and is parallel along
Pm™. Then it is clear that P" is a &-submanifold because H = 0 and the tangential part 2 of z is precisely
x—£.
Let U,V be two Hausdoff topological spaces. We say that a continuous mapping f: U — V is proper if
f~Y(K) is compact in U for any compact subset K in V.
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3. The volume growth for proper ¢(-submanifolds and the proof of Theorem 1.1

In this section, we give the proof of Theorem 1.1. For this goal, we first study the volume growth for complete
and noncompact properly immersed &-submanifolds.

For n-dimensional complete and noncompact self-shrinkers, Ding and Xin [6] proved that any complete
noncompact properly immersed self-shrinker in the Euclidean space has polynomial area growth. Cheng and
Zhou [4] showed that any complete immersed self-shrinker with polynomial volume growth in the Euclidean
space is proper. Hence, we can know that a complete immersed self-shrinker is proper if and only if it has
polynomial area growth. Cheng and Wei[3] proved some similar results for A-hypersurfaces.

The definition of the volume growth for complete submanifolds can be given as follows: Let X : M™ —
R™*P be an n-dimensional complete submanifold in R**tP. We say that M"™ has polynomial volume growth if

there exist two constants C' and d such that for all » > 1, the inequality

Vol (B,.(0) N X(M™)) < Cr? (3.1)

holds, where B, (0) is a ball centered at the origin with radius r.

In the proof of Theorem 3.1, we need the result derived by Cheng and Zhou [4].

Lemma 3.1 Let M be a complete and noncompact Riemannian manifold. If f is a proper C°° function on
M satisfying |V fI? < f on the level set D, = {x € M : 2¢/f <1} of 2¢/f for all v, and A¢f + f < k for

some constant k, then
V(M) :/ e fdv < 400
M
and
V(r) =Vol(D,) = /D dv < Cr?*
for r > 1, where C' is a constant depending only on fM e fdv.

Now we give the following result about the volume growth for proper £-submanifolds in Euclidean spaces.

Theorem 3.1 Let X : M™ — R"*P be an n-dimensional complete and noncompact properly immersed &-

submanifold in the (n + p)-dimensional Euclidean space R"™P . Then M™ has polynomial volume growth.

Proof Set f= % and 8= finf|¢ — H|> > 0. Since ¢ is parallel in the normal bundle, we know that || is

constant. Because the immersion X is proper, we know that f: f — B is proper. Noticing that

VIX]? = (VIX])T =2XT,

we have
(e P TR X
4 4 4
. (3.2)
=—|¢-H|>> 5.
Je—HP >3
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It implies
VI =|V(f-B)P=|VIP<f-B=] (3.3)

On the other side, we deduce

12_1 2 2_} 2_1 2_1 _ 2
JI612 = Z1HP = f + |V =51¢* = J1H - 716 - H]

:%m,g _H) (3.4)

_1 1
=5 (H,X*).

Hence, using (3.4), we get

1 1
Af :§<AX,X>+§|VX|2
1 1
=5 (HX") +n (3.5)
1o Ll Lo 2

Therefore, it is from (3.2) and (3.5) that

Af— VP +F=A(f - B)— IV(f - B>+ (f - B)

1 1

. (3.6)

Denote by D, the level set of 2 f as follows:

D,={zeM":2\/f<r}
That is to say,
D, ={z e M":|z| <+/r?+43} :BM(O)DM".
Applying Lemma 3.1 to f = f — 8 with the constant x = sn+ 1¢> — B — inf|H|?, we get
VO](BW(O) N M”) < C’I’QK.

Hence, we have
Vol(B,.(0) N M™) < Cr?*,

where C' is a constant. In other words, M™ has polynomial volume growth. This completes the proof of
Theorem 3.1. O

Now we can give the proof of Theorem 1.1.

Proof of theorem 1.1 Let M"™ be an n-dimensional complete submanifold in R**?. Denote by V and

V Levi-Civita connections on M™ and R"*? respectively. Let {e1,---,e,} be a local tangent orthonormal
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frame field on M™ with respect to the induced metric and {1, --,v,} be a local normal orthonormal frame

field on M™. Let
C:al/\.../\an

be any fixed n-vector on M™. Set
w=(e1 N---Nep,() = det({e;,a;)).

Now we want to calculate the Laplacian of w. One can find similar computations in some references (see [2] by

Chen and Piccinni). For the convenience of the reader, we give these computations here. We have

ei(w) :Z(el/\---/\?eiek/\---/\en,o

k
(3.7)
:Zh?k<e1A---/\ek,1Aua/\ekﬂ/\---/\en,().
k,«
Using (3.7), and noticing that
e1 A Aer 1 AVe Vo Aeppi A Aen ==Y et A--ANepy AhSer Aexgr A Aep
= —hjer N+ Nep,
we obtain
Vejveiw:z(vejh?k)@l/\-~-/\ek_1/\l/a/\ek+1/\-~-/\en,C>
k,a
+ Y hGler A Aek—1 AVe Vo Aegar A Aen,C)
+ > hGler A AV e A Aeko1 AVa Aegpi A Aen, () (33)
o ’
= hfgler Ao Aer1 Ava Aegir Ao Aen,C) — thhjkel/\ “Aen, )
apb
+ ) hGhS (e A ey Avg A A Aer—t Ava Aerr A Aen,C).
oy
It implies
=—[BPw+ > hfpler A Aer1 Ava Aeggr Ave- Ay, ()
i, ko
(3.9)

+Z( f‘kh’g—hfkhfj)<el/\~-~/\el_1/\1/3/\el+1A-~-Aek_1 AVg Negy1 A+ Aep, ().

ikl
B<a

According to the definition of the &-submanifold, normal vector field £ is parallel. Hence, it holds that
Vé‘kf = 0. Thus, we have

« 1 1 1 1
Zh“—kya =ViH=V}:¢-ViX Zh (X, ei)Va, (3.10)
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where we use V¢ = 0. Hence, it follows from (3.10) that

Zh3k<€1/\"'/\€k—1/\Va/\€k+1/\~-~/\en7()

i, ko

= Z hip (X ei)(er A  Aeg—1 AVa Aegr1 A+ Aen, ()
ik (3.11)

= Z<Xa €i>v6iw

=(X, Vw).

Moreover, since M™ is a submanifold in R"*? with flat normal bundle, (2.4) holds. Therefore, substituting

(2.4) and (3.11) into (3.9), we know that for £-submanifold with flat normal bundle, w satisfies the following
equation:

Aw — (X, Vw) + |B|*w = 0. (3.12)

Note that M™ is an entire graphic submanifold of R®*?. Without loss of generality, we can find an

. - 1x)2 . .
n-vector ¢ such that w is positive on M™. Set p = e~ 5. Let 1 be a smooth function with a compact

support on M™. Multiplying equation (3.12) by w~!n?p, and integrating on M™, we derive

2
0:/ 77—(Awf(X,V(.u>)pdv+/ n*|B|*pdv
M Mn

n W

2
:/ 77—div(pr)dv+/ n?| B pdv
Mn W Mn

) (3.13)
— [ &) Tapio [ B pde
n w Mn
_ Ui N 2 2| p|2
=-2 —(Vn, Vw)pdv + — |Vw|*pdv + n°|B|*pdv.
n W Mn W Mn
Using the Cauchy—Schwarz inequality, we deduce
> 2 772 2 772 2 2 B 2
02— [ [|Viffp— [ “SIVulPp+ [ Z5IVwlp+ | a7|BFp
M M M M (3.14)
= —/ IVn|2p+/ 7’| B?p.
Mn
Namely, we get the following stability inequality:
| riBRe< [ 9aPe orgecEom. (3.15)
Mﬂr Mﬂ,

Now we can choose 0 < 7 < 1 to be a function defined on M™, which equals 1 on B,(0) N M"™ and
equals 0 outside Bs,.(0) N M™, with first derivatives bounded by 2/r. Then we have

| iR = | PlBPodo + [ 2B pdo
n B.(0)nM™ "\(B,(0)NM™)

(3.16)
Z/ |B|?pdv.
M™NB,(0)
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Combining (3.15) with (3.16), we obtain

4
/ |B*p S/ V|2 pdv < 7/ pdv
B, (0)NM" Mn 7% J(Bar (0)\B,(0)) nM™

4,
<2 e~ Vol (Bay (0) N M™) .

77_2

(3.17)

Noticing that M™ is a graph in R™*P it is proper. According to Theorem 3.1, we know that M"™ has polynomial
volume growth. Therefore, the following holds:

727" /2Vol (Ba, (0) N M™) — 0,

when r — oo. It implies |B| = 0. Then we know that M™ is an affine n-plane. This concludes the proof of
Theorem 1.1. O
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