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Abstract. Recently, many authors studied the relations between the squared
norm of the second fundamental form (extrinsic invariant) and the warping func-
tion (intrinsic invariant) for warped product submanifolds (see [1, 7, 14]). In-
spired by those relations we establish a general sharp inequality, namely || A% >
2s[||Vinf||? + a® — 32], for contact CR-warped products of nearly trans-Sasakian
manifolds. Our inequality generalizes all derived inequalities for contact CR-
warped products either in any contact metric manifold. The equality case is also
handled.

1. INTRODUCTION

A (2n + 1)-dimensional differentiable manifold M of class C*° is said to have a
contact structure (J.W. Gray [13]) if the structural group of its tangent bundle reduces
to U(n) x 1; equivalently (Sasaki and S. Hatakeyama [19]), an almost contact structure
is given by a triple (¢, &, n) satisfying certain conditions. Many different types of
almost contact structures are defined in the literature like cosymplectic, Sasakian, quasi-
Sasakian, normal contact, Kenmotsu, trans-Sasakian. These type of structures bear
sufficient resemblance to cosymplectic and Sasakian structures. Later on, D. Chinea
and C. Gonzalez generalized these structures into a general system. They divided almost
contact metric manifolds into twelve well known classes. An almost contact metric
manifold is nearly trans-Sasakian if it belongs to the class C; @ Cs @ Cg. Recently, C.
Gherghe introduced a nearly trans-Sasakian structure of type («, ), which generalizes
trans-Sasakian structure in the same sense as nearly Sasakian generalizes Sasakian
ones. Moreover, a nearly trans-Sasakian of type («, 3) is nearly-Sasakian [4] or nearly

Received November 6, 2012, accepted February 22, 2013.

Communicated by Shu-Cheng Chang.

2010 Mathematics Subject Classification: 53C40, 53C42, 53C15.

Key words and phrases: Contact CR-submanifolds, Warped product, Contact CR-warped product, Nearly
trans-Sasakian structure.

1473



1474 Abdulqader Mustafa, Siraj Uddin, Viqar Azam Khan and Bernardine R. Wong

Kenmotsu [20] or nearly cosymplectic [3] accordingto 5 =0ora=0o0r a = =0,
respectively.

On the other hand, the idea of warped product submanifolds was introduced by
Chen in [7] (see also [6, 8]). He studied the warped product CR-submanifolds of
a Kaehler manifold. He proved many interesting results on the existence of warped
products and established general sharp inequalities for the second fundamental form in
terms of the warping function f. Later on, many articles have been appeared for the
same inequalities in almost Hermitian as well as almost contact metric manifolds (see
[1, 5, 17]). In this paper, we study the warped product contact CR-submanifolds of
nearly trans-Sasakian manifolds. In the beginning, we prove some existence and non-
existence results and then obtain a general sharp inequality for the second fundamental
form in terms of the warping function f and the smooth functions «, 3 on a nearly
trans-Sasakian manifold. The inequality obtained in this paper is more general as it
generalizes all inequalities obtained for contact CR-warped products in contact metric
manifolds.

2. PRELIMINARIES

A (2n+1)—dimensional C* manifold M is said to have an almost contact structure
if there exist on M a tensor field ¢ of type (1,1), a vector field £ and a 1—form 7

satisfying [3]
(2.1) ¢?=—-T+nQ¢& ¢¢=0,n0¢=0, n(¢) =1

There always exists a Riemannian metric g on an almost contact manifold M satisfying
the following compatibility condition

(2.2) n(X) = g(X,8), 9(¢X,9Y) = g(X,Y) = n(X)n(Y)

where X and Y are vector fields on M.

There are two known classes of almost contact metric manifolds, namely Sasakian
and Kenmotsu manifolds. Sasakian manifolds are characterized by the tensorial relation
(Vx@)Y = g(X,Y)€é—n(Y)X, while the Kenmotsu manifolds are given by the tensor
equation (Vx¢)Y = g(¢X,Y)E — n(Y)eX. )

An almost contact metric structure (¢,&,7,g) on M is called a trans-Sasakian
structure [18] if (M x R, J, G) belongs to the class W of the Gray-Hervella classi-
fication of almost Hermitian manifolds [12], where J is the almost complex structure
on M x R defined by J(X,ad/dt) = (¢pX — a&,n(X)d/dt), for all vector fields X
on M and smooth functions a on M x R and G is the product metric on M x R. This
may be expressed by the condition

(Vx9)Y = a(g(X,Y) —n(Y)X) + B(9(¢X, Y)§ —n(Y)$X)
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for some smooth functions « and 3 on M, and we say that the trans-Sasakian structure
is of type (a, ).

An almost contact metric structure (¢, &, 7, g) on M is called a nearly trans-Sasakian
structure [11] if

(Vxo)Y + (Vyd)X =a(2¢(X, V)¢ —n(Y)X —n(X)Y)
—B(n(Y)pX 4 n(X)oY).

Moreover, a nearly trans-Sasakian of type («, 3) is nearly-Sasakian [4] or nearly Ken-
motsu [20] or nearly cosymplectic [3] according as 6 =0, a=1;ora =0, = 1;
or a = (3 = 0, respectively.

The covariant derivative of the tensor filed ¢ is defined as

(2.3)

(2.4) (Vx¢)Y = VxoY — ¢VxY.

Let M be submanifold of an almost contact metric manifold M with induced metric
g and let V and V- be the induced connections on the tangent bundle 7'M and the
normal bundle T-M of M, respectively. Denote by F (M) the algebra of smooth
functions on M and by I'(T'M) the F(M)-module of smooth sections of a vector
bundle T'"M over M, then the Gauss and Weingarten formulae are given by

(2.5) VxY =VxY +h(X,Y)
(2.6) VxN = —AyX + V%N,

for each X, Y € T'(TM) and N € T(T+M), where h and Ay are the second
fundamental form and the shape operator (corresponding to the normal vector field V)
respectively for the immersion of M into M. They are related as

(2.7) g(h(X,Y), N) = g(AnX,Y),

where g denotes the Riemannian metric on M as well as induced on M.

Bishop and O’Neill [2] introduced the notion of warped product manifolds. They
defined these manifolds as: Let (N1, g1) and (N3, g2) be two Riemannian manifolds
and f be a positive differentiable function on N;. The warped product of N; and No
is the Riemannian manifold Ny x §No = (N7 x Na, g), where

(2.8) g=g1+ g

A warped product manifold N1 x ;N» is said to be trivial if the warping function f is
constant.
We recall the following general result for later use.

Lemma 2.1. ([2]). Let M = Ny Xy No be a warped product manifold with the
warping function f, then
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(i) VxY € I'(T'Ny) is the lift of VxY on Ny,
(i) VyZ =VzX = (XInf)Z,
(ili) VW = V2W — g(Z, W)V Inf
for each X,Y € I'(T'Ny) and Z,W € I'(T'N,y), where ¥V u f is the gradient of In f

and Y and VN2 denote the Levi-Civita connections on M and N», respectively.

For a Riemannian manifold M of dimension n and a smooth function f on M, we
recall V f, the gradient of f which is defined by

(2.9) 9(Vf, X) = X(f),
for any X € I'(T'M). As a consequence, we have

n

(2.10) IVFI2 =D (eih))
i=1
for an orthonormal frame {ej,---,e,} on M.

3. ConNtacT CR-WARPED PRODUCT SUBMANIFOLDS

In this section first we recall the invariant, anti-invariant and contact CR-submanifolds.
For submanifolds tangent to the structure vector field £, there are different classes of
submanifolds. We mention the following:

(i) A submanifold M tangent to £ is an invariant submanifold if ¢ preserves any
tangent space of M, that is, ¢(T,M) C T,M, for every p € M.

(ii) A submanifold M tangent to £ is an anti-invariant submanifold if ¢ maps any
tangent space of M into the normal space , that is, ¢(T,M) C TpLM , for every
pE M.

Let M be a Riemannian manifold isometrically immersed in an almost contact
metric manifold M, then for every p € M there exists a maximal invariant subspace
denoted by D,, of the tangent space T,,M of M. If the dimension of D), is same for
all values of p € M, then D, gives an invariant distribution D on M.

A submanifold M of an almost contact manifold M is said to be a contact CR-
submanifold if there exists on M a differentiable distribution D whose orthogonal
complementary distribution D+ is anti-invariant, that is;

(i) TM = D ® D+ g (¢)
(i) D is an invariant distribution, i.e., D C T'M

(iii) D™ is an anti-invariant distribution, i.e., pD+ C T+M.
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A contact CR-submanifold is anti-invariant if D, = {0} and invariant if D; =
{0} respectively, for every p € M. It is a proper contact CR-submanifold if neither
Dy, = {0} nor D;F = {0}, for each p € M.

If v is the ¢p—invariant subspace of the normal bundle T, then in case of contact
CR-submanifold, the normal bundle 7-M can be decomposed as

(3.1) T+M = ¢D @ v,

where v is the ¢p—invariant normal subbundle of 7M.

In this section, we investigate the warped products M = N, x; Ny and M =
N7 xy Ny, where Ny and N are invariant and anti-invariant submanifolds of a
nearly trans-Sasakian manifold M, respectively. First we discuss the warped products
M = N xj N, here two possible cases arise:

(1) & is tangent to N,
(ii) € is tangent to NV .

We start with the case (7).

Theorem 3.1. Let M be a nearly trans-Sasakian manifold. Then there do not
exist warped product submanifolds M = N, Xy Nt such that Nt is an invariant
submanifold tangent to & and N | is an anti-invariant submanifold of M, unless M is
nearly a—Sasakian.

Proof. Consider £ € I'(T'Nr) and Z € T'(T' N, ), then by the structure equation of
nearly trans-Sasakian, we have (Vz¢)¢ + (Vep)Z = —aZ — B¢Z. Using (2.4), we
obtain —¢V 26+ Ve Z — ¢pVeZ = —aZ — B¢ Z. Then from Lemma 2.1(ii) and (2.5),
we derive

(3.2) VedZ —200(Z,€) = —aZ — BoZ.

Taking the inner product with ¢Z in (3.2) and then using (2.2) and the fact that
¢ € T(TNt), we get 3||Z||?> = 0, for non zero function smooth function 3 on M and
hence we conclude that M is invariant, which proves the theorem. ]

Now, we will discuss the other case, when £ is tangent to V.

Theorem 3.2. Let M be a nearly trans-Sasakian manifold. Then there do not
exist warped product submanifolds M = N Xy Nt such that N is an anti-invariant
submanifold tangent to ¢ and Nt is an invariant submanifold of M, unless M is
nearly 3—Kenmotsu.

Proof. Consider ¢ € T(TN,) and X € T(TNr), then we have(Vx¢)¢ +
(Vep) X = —aX — B¢X. Using (2.4), we get

(3.3) —¢VxE+ VepX — ¢VeX = —aX — o X.
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Taking the inner product with X in (3.3) and using (2.2), (2.5), Lemma 2.1 (i) and
the fact that ¢ is tangent to V|, we obtain a|| X ||2 = 0, for some smooth function o on
M. Thus, we conclude that M is anti-invariant submanifold of a nearly trans-Sasakian
manifold M otherwise M is nearly 3—Kenmotsu. This completes the proof. ]

Now, we will discuss the warped product M = N7 x ¢ N such that the structure
vector field ¢ is tangent to V| .

Theorem 3.3. Let M be a nearly trans-Sasakian manifold. Then there do not exist
the warped product submanifolds M = N Xy N such that N, is an anti-invariant
submanifold tangent to £ and Nt an invariant submanifold of M.

Proof. If we consider X € (T Nr) and the structure vector field ¢ is tangent to N,
then by (2.3), we have (Vx@){ + (Vep) X = —aX — B¢X. Using (2.4), we obtain
VepX — ¢V xE — ¢V X = —aX — B¢ X. Then by (2.5) and Lemma 2.1 (ii), we
derive

(3-4) (@X In f)§ = 20h(X, &) + h(9X, §) = —aX — (o X.
Hence, the result is obtained by taking the inner product with £ in (3.4). ]

If we consider the structure vector field £ tangent to N for the warped product
M = Nt x; N, then we prove the following result for later use.

Lemma 3.1. Let M = Ny x §N| be a contact CR-warped product submanifold
of a nearly trans-Sasakian manifold M such that Ny and N are invariant and anti-
invariant submanifolds of M, respectively. Then, we have

(i) {(n f) =3,
(i) g(h(X,Y),9Z) =0,
(i) g(h(X,W),02) = g(h(X, Z), oW) = —{(¢X In f) + an(X)}g(Z, W),
(iv) g(h(&, Z), oW) = —ag(Z, W)
Sor every XY € I'(TNt) and Z,W € T'(T'N ).

_ Proof. If ¢ is tangent to Nr, then for any Z € T(T'N), we have (V¢¢)Z +
(Vz¢)¢ = —aZ — B¢ Z. Then from (2.4), (2.5) and Lemma 2.1 (ii), we obtain

(3.5) 2(En f)OZ +20h(Z,€) — VedZ = aZ + foZ.
Taking the inner product with ¢Z in (3.5) and using (2.2), we derive

(3.6) 2 )| Z|)* - 9(VedZ, ¢2Z) = B Z|*.
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On the other hand, by the property of Riemannian connection, we have ¢ 9(0Z,9Z) =
29(VepZ, $Z). By (2.2) and the property of Riemannian connection, we get

(3.7) 9(VeZ, Z) = g(Ned Z, 7).

Using this fact in (3.6) and then from (2.5) and Lemma 2.1 (ii), we deduce that
(& f)||Z]|* = Bl Z]|?, for any Z € T(T'Ny), which gives (i). For the other parts
of the lemma, we have (Vx¢)Z + (Vz¢)X = —an(X)Z — pn(X)¢Z, for any

X €eT(T'Nr) and Z € T'(T'N,). Using (2.4), (2.5) and (2.6), we derive
58) an(X)Z + n(X)pZ = ApzX — VixoZ +2(X1n f)pZ
' —(¢XIn f)Z — M($X, Z) + 20h(X, Z)

Thus, the second part can be obtained by taking the inner product in (3.8) with Y,
for any Y € I'(T'Nr). Again, taking the inner product in (3.8) with W for any
W eT'(TNL), we get
(3.9 an(X)g(Z, W) = g(h(X, W), ¢Z) — (¢Xn f)g(Z, W)
—29(h(X, Z), pW).
By polarization identity, we get
(3.10) an(X)g(Z, W) = g(M(X, 2), oW) — (¢X In f)g(Z, W)
—2g9(h(X, W), ¢Z).
Then from (3.9) and (3.10), we obtain
(3.11), 9(h(X, Z),6W) = g(h(X, W), $2),
which is the first equality of (i4¢). Using (3.11) either in (3.9) or in (3.10), we get the

second equality of (iii). Now, for the last part, replacing X by ¢ in the third part of
this lemma. This proves the lemma completely. ]

Now, we have the following characterization theorem.

Theorem 3.4. Let M be a contact CR-submanifold of a nearly trans-Sasakian
manifold M with integrable invariant and anti-invariant distribution D & (€) and D*.
Then M is locally a contact CR-warped product if and only if the shape operator of
M satisfies

(312)  AgwX = —(¢Xp)W —an(X)W, ¥V X e I(D & (€)), W € T(D™)
for some smooth function . on M satisfying V (1) = 0 for every V € T(D1).

Proof. Direct part follows from the Lemma 3.1 (iiz). For the converse, suppose
that M is contact CR-submanifold satisfying (3.12), then we have g(h(X,Y)oW) =
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9(AywX,Y) = 0, for any X,V € I(D @ (£)) and W € I'(D+). Using (2.2) and
(2.5), we get g(VxY, oW) = —g(¢VxY, W) = 0. Then from (2.4), we obtain

(3.13) 9(Vxd)Y, W) = g(VxgY, W).

Similarly, we have

(3.14) 9(Vy9)X, W) = g(VydX, W).

Then from (3.13) and (3.14), we derive

(3.15) 9(Vx®)Y + (Vyd) X, W) = g(VxdY + VyodX, W).

Using (2.3) and the fact that £ is tangent to N7, then by orthogonality of two distribu-
tions, we obtain

(3.16) 9(VxY + VydX, W) = 0.

This means that Vx¢Y + Vy¢X € I'(D @ (€)), for any X,Y € I'(D & (£)), that is
D& (€) is integrable and its leaves are totally geodesic in M. So far as the anti-invariant
distribution D is concerned, it is integrable on M (cf. [16], Theorem 8.1). Let N| be
the leaf of D and h* be the second fundamental form of N, in M. Then for any X €
(D @ (¢)) and Z, W € (D), we have g(h*(Z, W), ¢X) = g(VzW, ¢X). Using
(2.2), (2.4) and (2.5), we obtain g(h*(Z, W), ¢X) = g((Vzd)W, X) — g(V zoW, X).
Then from (2.6) and (2.7), we get

(3.17) g(W*(Z,W),6X) = g(Vz)W, X) + g(Asw X, Z).
Using (3.12), we derive
(3.18)  g(h"(Z,W),6X) = g(Vz)W, X) + {(6X ) — an(X)}g(Z,W).
Similarly, we obtain
(3.19)  g(h*(Z,W),6X) = g(Vwe) Z, X) + {(¢X ) — an(X) }g(Z, W).
Then from (3.18) and (3.19), we get
29(h*(Z, W), $X) = g(Vz¢)W + (Vw¢)Z, X)
+2{(¢X)p — an(X)}g(Z, W).

Using the structure equation of nearly trans-Sasakian and the fact that £ is tangent to
N7, we obtain

(3.20)

(3.21) 29(h*(Z,W),9X) = 2ag(Z,W)g(§, X) + 2{(¢X)u — an(X) }g(Z, W).
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That is

(3.22) g(W* (2, W), ¢X) = (¢ X)ug(Z, W).
Using (2.9), we derive

(3.23) g(W* (2, W), ¢X) = g(Vp, 6X)g(Z,W).
From the last relation, we obtain that

(3.24) W (Z, W)= (Vu)g(Z,W).

The above relation shows that the leaves of D are totally umbilical in M with mean
curvature vector V. Moreover, the condition Vi = 0, for any V € T'(D+) implies
that the leaves of D are extrinsic spheres in M, that is the integral manifold N, of
D+ is umbilical and its mean curvature vector field is non zero and parallel along N .
Hence, by a result of [15] M is locally a warped product M = Nt x ;N , where Nt
and N denote the integral manifolds of the distributions D & (¢) and D=, respectively
and f is the warping function. Thus, the theorem is proved completely. ]

4. INEQUALITY FOR CONTACT CR-WARPED PRODUCTS

In the following section we obtain a general sharp inequality for the length of second
fundamental form of warped product submanifold. We prove the following main result
of this section.

Theorem 4.1. Let M = N x yN| be a contact CR-warped product submanifold
of a nearly trans-Sasakian manifold M such that Nt is an invariant submanifold
tangent to £ and N, an anti-invariant submanifold of M. Then, we have

(1) The second fundamental form of M satisfies the inequality
(4.1) [1R][? > 2s[|Vinf|* + a® — 57

where s is the dimension of N| and V In f is the gradient of In f.

(i1) If the equality sign of (4.1) holds identically, then Nt is a totally geodesic
submanifold and N | is a totally umbilical submanifold of M. Moreover, M is
a minimal submanifold in M.

Proof. Let M be a (2n + 1)— dimensional nearly trans-Sasakian manifold and
M = Nt x N, be an m—dimensional contact CR-warped product submanifolds of
M. Let us consider dimNy = 2p + 1 and dimN, = s, then m = 2p + 1 + s.
Let {61 T Eps per = Ep+1,° 7¢€p = €2p) C2p+1 = §} and {€(2p+1)+17 T 76771}
be the local orthonormal frames on Ny and N, respectively. Then the orthonormal
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frames in the normal bundle T+M of ¢D' and v are {de2pt1y41, > pem} and
{€mts+1,- ", €ant1}, respectively. Then the length of second fundamental form A is
defined as

2n+1 m
(42) 102 =37 37 glhlesses),en)®

r=m+11,j5=1

For the assumed frames, the above equation can be written as

m+s 2n+1 m
43)  uP= ) Z (eiej) e)”+ > > g(hleie;) en)’.
r=m+11,j5=1 r=m+s+11i,j=1

The first term in the right hand side of the above equality is the ¢ D+ —component and
the second term is ¥—component. If we equate only the ¢ D —component, then we
have

m+s
(4.4) P S alhtenen. e
r=m+11,5=1

For the given frame of ¢ DL, the above equation will be

=SS glhlenes), den)®

k=(2p+1)+14,5=1
Let us decompose the above equation in terms of the components of h(D, D), h(D, D+)
and h(D*, D1), then we have

m  2p+1

612 > > glhles €)), der)?

k=2p+21,5=1
m  2p+1l  m

(4.5) +2 > > > glh(eiey), dex)?

k= 2p+2 i= 1 j=2p+2

+ Z Z h(ei, e;), der)?.

k=2p+21,j=2p+2
By Lemma 3.1 (ii), the first term of the right hand side of (4.5) is identically zero and
we shall compute the next term and will left the last term

m 2p+1  m

WE=2 S 33 glhlenes), den)

k=2p+2 i=1 j=2p+2

As 3,k =2p+ 2,---,m, then the above equation can be written for one summation
as
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2p+1 m
|h]* > 2 Z Z h(ei,e;), dex)?.
i=1 j,k=2p+2

Making use of Lemma 3.1 (iii), the above inequality will be

2p+1 m
(4.6) B2 =23 Y (desln f+ amlei)’g(e), ex).
i=1 jk—2p+2

The above expression can be written as

2p+1 m
B2 =2> " Y (geiln f)gles, ex)’
i=1 j,k=2p+2
2p+1 m
(4.7) +2 Z Z (an(e;))?g(e;j, er)?
i=1 j,k=2p+2
2p+1 m
0SS 3 e ntedstere”
i=1 j,k=2p+2

The last term of (4.7) is identically zero for the given frames. Thus, the above relation
gives

2p+1 m
(4.8) B2 =23 > (gesInf)’g(ej en)® + 20%s.
i=1 j,k=2p+2

On the other hand, from (2.10), we have

p

(4.9) IVInf? = (eidnf)® +> (geiln f)® + (£1n f)>.

i=1 i=1

Now, the equation (4.8) can be modified as

uhu2>22 Z (¢e;In f)2g(ej, ex)? + 2 Z (1n f)2g(ej, ex)?

=1 j,k=2p+2 J,k=2p+1
m
+20%s =2 ) (I f)’glej en)?,
J,k=2p+1
or

A% > 2025 — 2 Z (€ln f)2g(e;, ex)?

J,k=2p+2
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P m
—1—22 Z (peiln £)2g(ej, ex)?

i=1 j,k=2p+2
p m
+2) > (eilnf)’glej er)’
i=1 ] k=2p+2
+2 Z (€1n f)2g(ej, ex)?, (since o€ 1In f = 0).
J,k=2p+2

Therefore, using Lemma 3.1 (i) and (4.9), we arrive at
|h)|? > 2sa? — 253% + 25||V In f]|%,

which is the inequality (4.1). Let h* be the second fundamental form of V| in M,
then from (3.24), we have

(4.10) W (Z,W) = g(Z, W)V Inf,

for any Z, W € T'(D1). Now, assume that the equality case of (4.1) holds identically.
Then from (4.3), (4.5) and (4.7), we obtain

(4.11) h(D,D) =0, h(D*+, DY) =0, h(D,D*) c ¢D*.

Since Ny is a totally geodesic submanifold in M (by Lemma 2.1 (7)), using this fact
with the first condition in (4.11) implies that N is totally geodesic in M. On the other
hand, by direct calculations same as in the proof of Theorem 3.4, we deduce that V|
is totally umbilical in M. Therefore, the second condition of (4.11) with (4.10) implies
that IV, is totally umbilical in M. Moreover, all three conditions of (4.11) imply that
M is minimal submanifold of M. This completes the proof of the theorem. ]
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