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Abstract Given an 7-dimensional manifold M equipped with a G-structure @ : P — M,
there is a naturally induced G-structure 7 : P — M on any submanifold M C M that
satisfies appropriate regularity conditions. We study generalized integrability problems for a
given G-structure ¥ : P — M, namely the questions of whether it is locally equivalent to
induced G-structures on regular submanifolds of homogeneous G-structures 7 : P — H / K.
If7 : P — H/K isflatk-reductive, we introduce a sequence of generalized curvatures taking
values in appropriate cohomology groups and prove that the vanishing of these curvatures
is a necessary and sufficient condition for the solution of the corresponding generalized
integrability problem.
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1 Introduction

Let M be an n-dimensional manifold and 7 : L(M) — M the linear frame bundle of M,
that is, the GL, (R)-bundle of all linear frames u = (e;) of the tangent spaces of M. We
recall that, given a closed subgroup G C GL,(R), a G-structure on M is a G-reduction P
of L(M), a bundle formed by a collection of linear frames with the property that any two of
them u = (¢;), u’ = (e}) at a point x € M satisfy an equality of the form

n
e; = ZA;&' , forsome A= (Ai») eG

i=1
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1464 A. Santi

(see, e.g., [9,22]). Any G-structure is naturally endowed with the so-called soldering form
¥ : TP — R", defined by v, (v) = (vl, ..., v"), where the v’ are the components of the
vector 7wy (v) € Ty )M w.rt. the frame u = (e;).

One of the simplest examples of a G-structure is given by the flat G-structure P? on R”,
the collection of all linear frames (e;) of the form

ZAlaj

An arbitrary G-structure 7 : P — M is called (locally) integrable if it satisfies the
following: Around any x € M, there exists a local diffeomorphism f : &/ — R” such that
the bundle f,(Ply/) of pushed-forward frames coincides with P| ¢ ). Equivalently one may
say that P is locally integrable if M can be covered by charts £ = (y') with the property that
the coordinate frames ( { ) are in P at all points. The problem of determining whether a

, (Alj) € G, (x') = standard coord. of R" .

given G-structure 7 : P —> M is integrable or not is usually called the integrability problem.
When G C GL,(R) is of finite type, such problem is completely solvable. Indeed, it turns
out that, in this case, P is integrable if and only if all elements of a special collection of
G-equivariant maps in the Spencer cohomology groups H”2(g), g = Lie(G), are trivial
(see [7]).

Another natural construction of G-structures is the following. Let 7 : P — MbeaG-
structure on a manifold M of dimension 7 = n+m and M C M a submanifold of dimension
n. We say that M is F-regular if the collection of frames u € P that are adaptedto M (i.e.,
with x = 7 (u) € M and the first n vectors tangent to M) constitutes a principal bundle
my = 7|p, 1 P, — M with structure group

~ A B ~ .
Gﬁ=[A=(0 D)6G|A31zen><n]. (1.1)

Note that the quotient G /Ny of G by the closed and normal subgroup

Nﬁ:[A:(é g)eG] (1.2)
is isomorphic to G = {A € GL,(R) | A = upper left block of some A € G;}. If M C M is
F’—regular, the quotient bundle 7 : P = P;/Nyz — M with structure group G = Gy/Njy is
naturally identifiable with the G-structure on M given by the frames formed by the first n
vectors of the adapted frames. We call it G-structure induced by P ; its frames u € P are the
induced frames. First examples of such induced structures are the orthonormal frame bundles
of n-dimensional submanifolds of the flat Riemannian manifold R+,

Now, given a G-structure 7 : P — M and an homogeneous G-structure ¥ : P — M
on a manifold of dimension 7 = n + m, one may ask whether around any x € M there is
alocal embedding f : U/ C M — M such that S is P- -regular, and the pushed-forward
bundle f,(P]y) is the G-structure induced by P. If this occurs, we say that f is a (P, P)
regular embedding and that P is locally immersible into (M P) (shortly, immersible in P)
By analogy with the classical integrability problem, we call the question on the existence of
such local immersions the generalized integrability problem.

A crucial tool to deal with a given generalized integrability problem is provided by the
following theorem.

Let M = H/K be an 7i-dimensional homogeneous manifold with effective action and
7 : P — M one of its associated homogeneous G-structures. Each of them is a subbundle

@ Springer



A generalized integrability problem for G-structures 1465

C L(M) given by all frames of an orbit in L(M ) of the group of diffeomorphisms
- lef(M) (see Sect. 2.1 for details). Let also b = Lze(H) = Lze(K) and denote by
h — h /E ~ T,M, 0 = ¢K, the canonical projection onto h / £. In the following, the space
ToM is identified with R™ by means of a linear frame u, € P lo-

“Bt mﬁ:l

Theorem 1.1 Let w : P — M be a G-structure on an n-dimensional mgn@ld~M with
soldering form 9 = (9", ..., 9"). Then, P is locally immersible in (M = H/K, P) if and
only if

(a) G >~ Gy/Ny, where Gy, Ny C G are as in (1.1) and (1.2’)vrespectively;
(b) for any local sections : U C M — P, there exists an h-valued local 1-form w on M
which satisfies

pow= (s, ..., s0",0,...,0) (1.3)

and
1
dw—i—i[w,a)] =0. (1.4)

Furthermore, if (b) holds for a given section s : U — P, then it holds for any other section
on the same open set U.

The proof of Theorem 1.1 is simple. The necessity is a consequence of the fact that, if
there is the required immersion f : U/ C M — M, one can pullback the Maurer—Cartan
form @ of H on M and obtain a 1-form o that satisfies (1.3) and (1.4). The sufficiency is
obtained by an appropriate use of Frobenius’ Theorem (see Sect. 2).

Theorem 1.1 gives an unified approach for determining complete sets of necessary and
sufficient conditions for the existence of local immersions into homogeneous spaces. To have
a flavor of the meaning of Eqs. (1.3) and (1.4), consider the case where there is a reductive
decomposition h = ¥ + @ and two decompositions = g+gtandm = m+ m' into the
direct sum of modules for the adjoint action of g = Lie(G). In this case, the h -valued 1-form
o has the form

1 n
ow=04+0% +o™+o™

. ml .
and condition (1.3) means that @™ coincides with s*¢ while @™ vamshes At the same
time, condition (1.4) corresponds to the existence of a 1-form Wt = @ + s satisfying the
system of equations

1
[0, 0™ + [0 0" = —do™ ~ Z[o™. 0" |
1 1 1
do® +dw¥ + E[a)g, @] + [0¥, a)gl] + E[a)gL, ng] = —E[a)m, o™ ;.

In the case of isometric immersions into spaces of constant curvature, these equations turn
out to be equivalent to the classical Gauss—Codazzi—Ricci equations and the property that
they are the only obstructions to be satisfied is a direct consequence of Theorem 1.1 and of
its main corollaries (see Sect. 5.1).

In general, Eq. (1.4) is quite involved. But, if E = z];,;l_ 1 EP is a (quasi-)graded Lie
algebra of depth 1, it splits into a sequence of equations that can be solved with an iterative
process (see Sects. 3.1 and 3.2). Further, if P is integrable and of finite type, in analogy with
the results in [7], there is a sequence of locally defined maps on &/ C M which take values
in appropriate cohomology groups and vanish if and only if condition (b) of Theorem 1.1 is
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1466 A. Santi

satisfied, i.e., if and only if the generalized integrability problem is solvable (see Theorem
3.4). These maps are called essential (G, 5)—curvatures, and they generalize, for instance, the
classical Riemannian curvature in the integrability problem of Riemannian metrics. Under
appropriate cohomological conditions, the essential (G, G)-curvatures are maps which are
globally well defined on the total space of w : P — M and G;-equivariant (see Proposition
4.2 and Theorem 4.3).

Several applications of the general theory of G-structures ¥ : P — M and the G-
structures w : P — M induced on ﬁ—regular submanifolds M C M are considered in Sect. 5.
There we first obtain in a unified fashion the classical Gauss—Codazzi—Ricci equations for the
isometric immersions of a Riemannian manifold (M, g) into Euclidean spaces, spheres, and
hyperbolic spaces. Then, we consider the case of local conformal immersions of (M, g) into
spheres and get a new proof for Akivis’ theorem on the existence of such immersions ([1,2]).
Additional new results on this topic are also given. Finally, we show how the general results
yield the classical result by Andreotti and Hill on the existence of CR local embeddings of CR
manifolds in C" ([5]), and we discuss the theorem on the existence of local CR quaternionic
embeddings of an almost CR quaternionic manifold in HP" that we prove in [18].

The paper is organized as follows. In Sect. 2, we give the basic definitions and properties
of homogeneous G-structures and induced G-structures and prove Theorem 1.1. In Sect. 3,
we consider the case of (quasi-)graded Lie algebras, describe the above-mentioned iterative
process, and prove Theorem 3.4, the main result of this section. In Sects. 4 and 5, we restrict
to local immersions in flat 2-reductive G-structures and present the previously mentioned
examples of applications.

Before concluding, we have to mention that a general study of the generalized integra-
bility problem was also done by Rosly and Schwarz in [16]. In fact, this paper was strongly
inspired by that one. There, the authors considered immersions into integrable G-structures of
finite type, established Theorem 1.1, and determined a finite sequence of obstructions. Main
novelties of this paper with respect to [16] are the proof of Theorem 1.1 in coordinate-free
language, which allows immediate extensions to the case of local immersions into homo-
geneous manifolds, and the introduction of a new sequence of cohomology groups and the
corresponding essential curvatures. Note that this new setting can also be easily adapted to
deal with other kinds of G-structures, as for instance those of higher order (see [19]). We
also remark that the essential curvatures considered in this paper are in general different from
Rosly and Schwarz’ curvatures and actually determine a set of obstructions which completes
the one presented in [16] (see Remark 5.2).

2 G-structures immersible into homogeneous G-structures
2.1 Homogeneous G-structures

Let M = H/K be an n-dimensional homogeneous manifold with an effective action. We
throughout assume that H is connected and simply connected and K connected. For any
h € H, we denote by L;, € Diff (M) the corresponding left action.

Given a frame u, = (¢;) € L(M) ato = eK, let

P=H uy=1{h-uy:=(Lpse;), h € H} C L(M)

be the H-orbit of u,. One gets in this way a reduction 7= : P — M of L(M), which we call
the homogeneous G-structure associated with M = H/K.
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A generalized integrability problem for G-structures 1467

Note that if K is the kernel of the isotropy representation
K — GL(T,M) , kv Lislo,

then the map i +— h - u,, determines a natural bundle isomorphism between H/K| — M =
H/K and the G-structure 7 : P — M, with G >~ K /K.

From now on, we assume a fixed choice of u,, and tacitly use it to identify 7, M with R"
andw : P — M with H/K1 — H/K. Then, if we consider the canonical projections

m:H—->P=H/K;y, p:h—->h/t=T,M,

the soldering form ¥ of P can be determined from the Maurer—Cartan form @ of H as the
unique R"-valued 1-form which satisfies

7Y =pow. 2.1)

In the following, we define homogeneous G-structure any pair (H/K, P) consisting of
an homogeneous manifold M = H/K and a fixed associated homogeneous G-structure
P. Further, an homogeneous G-structure (H'/K’, P’) is defined extension of (H/K, P) if
H'/K' is locally diffeomorphic to H/K, P’ locally equivalent to P as a G-structure, and
h = Lie(H) is a proper subalgebra of i’ = Lie(H’) with £ = h N ¥. The homogeneous
G-structure (H/K, P) is inextendible if it does not admit any extension.

As mentioned in the introduction, Theorem 1.1 fully characterizes immersible G-
structures. Before the proof, we give a simple characterization of P-regular submanifolds,
which hold for any (not necessarily homogeneous) G-structure 7 : P — M.

Lemma 2.1 A submanifold M C M is ﬁ-regular if and only if for any x € M there exists
an adapted frame u at x. In this case, the principal bundle 7y : Py — M is a Gy-reduction
of P|y with Gy as in (1.1).

This lemma is proved by first checking the existence of local smooth sections of P|y
taking values in P; and then applying Lemma 1 in [11, p.84]. We omit the details for the sake
of brevity.

2.2 Proof of Theorem 1.1

Let f: U C M — Mbea (P, ﬁ)-regular embedding, which we use to identify ¢/ with a
submanifold of M and P |y, with the induced G-structure. Without loss of generality, we may
assume U to be contractible, consider a local section s : ¢/ — P; of the subbundle P; C Ply
and the corresponding section s : &/ — P of P induced via the identification P >~ P;/Nj.
By local triviality of the fibration 7y : H—P==H / K 1, we may also pick a local section
5:U — H|y satisfying 7 o5 = s¢. The situation is summarized by the following diagram:
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1468 A. Santi

Let w = s*w, where w is the Maurer—Cartan form of H. Then, Eq. (1.3) is checked
observing that

Pow=5(Pow) =570 =si0 = (s*0', ... s0".0,...,0),

where the second equality follows from (2.1) applied to the soldering form ¥ of P and the last
equality is a direct consequence of definitions of soldering 1-forms and induced G-structures.
The Eq. (1.4) follows from the Maurer—Cartan equation of @ .

Conversely, let w be a 1-form satisfying (1.3), (1.4) and con31der the 1-form w — @ on
the product U x H with the associated distribution D C T (U x H ) of rank n, defined by

D=U i#Dy ., Dy =Ker(w— @)l .

yeUu x

Using (1.4), one checks that D is involutive, hence integrable by Frobenius’ Theorem. For
a chosen x € U, an integral leaf through the point (x, e) is the graph of a unique local map
3:U — H withw = 5% and 5(x) = e.

We now claim that, by possibly taking a smaller ¢/, the map

f:ﬁo}flo?:UCM—)Ilz

isa (P, P) -regular embedding. Using (1.3), one sees that f* |k is injective so that f"is a local
embedding around x. Moreover, given the section sy :== 71 05 : U — P|1,{ of Plu, we may
consider the Gy-reduction

P.={s:(x)-A:xelU, Ae Gy} C Ply.
By (2.1) and (1.3), we get
S0 =T =poFw)=pow=(s"0', ... s*".0,...,0).

This relation between the soldering forms 9,9 of P and P, respectively, says that f is
(P, F)-regular with bundle of adapted frames isomorphic with P;.

Since we just proved that the existence of solutions to (1.3) and (1.4) for a given section
s : U — P is equivalent to local immersibility of P (a property clearly independent on the
choice of s), the last claim of the theorem follows immediately. m]

Remark 2.2 Let (H'/K', P’) be a proper extension of the homogeneous G-structure
(ﬁ / K, P). Since any E valued 1-form is an E -valued 1-form satisfying additional condi-
tions, the Egs. (1.3) and (1.4) on I) -valued 1-forms are equivalent to the system on h -valued
1-forms given by (1.3), (1.4) and such constraints. On the other hand, since P~ P Theo-
rem 1.1 implies that there is an b -valued solution of (1.3) and (1.4) if and only if there is an
b -valued solution. Due to this, inextendible homogeneous G-structures are more appropriate
than the extendible ones for determining minimal sets of obstructions for a given generalized
integrability problem.
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A generalized integrability problem for G-structures 1469

3 k-reductive G-structures and (G, 5)-curvatures
3.1 k-reductive G-structures

We recall that a Lie algebra b is a graded Lie algebra of depth 1 and height k (shortly, graded
Lie algebra of height k) if it admits a direct sum decomposition of vector spaces

k—1
h= > b” 3.1)
p=—1

such that
(6", 51 CH™  forallr,s, (3.2)

where " = {0} forr +s ¢ {—1,0, ...,k — 1}. If a Lie algebra h admits a vector space
decomposition (3.1) and satisfies (3.2) only when r + s > —1, we call it quasi-graded of
height k.

Note that any Lie algebra g can be considered as a quasi-graded Lie algebra of height
k = 0, while the quasi-graded Lie algebras of height k = 1 coincide with the Lie algebras
endowed with a reductive decomposition.

The n-dimensional homogeneous spaces M = H /K with an effective action, quasi-graded
Lie algebra h = Lie(H) of height k, and isotropy subalgebra

k—1
t=Lie(K)= » b’
p=0

are called k-reductive; they have been considered by I. L. Kantor ([4,8]) as natural general-
izations of reductive homogeneous spaces. In this case,

dimp~' =dim(h/€) =n  and
forany X e ”, p >0, [X,ffl]zo implies X =0,

by transitivity and effectiveness of the action of H on M.

We call k-reductive G-structure any homogeneous G-structure (H /K, P) associated with
a k-reductive space H/K. Under an identification h/¢ >~ R" given by a given frame u, of
P|,, the Lie algebra g C gl,,(R) of the structure group G of P is identifiable with h°.

When b is a graded Lie algebra, it is known that (H /K, P) is locally identifiable with the
flat G-structure on R”, i.e., it is locally integrable. We call it flat k-reductive G-structure. Its
Lie algebra h = le‘]_:l_ 1 b is a subalgebra of the maximal prolongation of K0 c gl,(R),
defined as follows.

Definition 3.1 The maximal transitive prolongation of a subalgebra h of gl, (R) is the
maximal graded Lie algebra

oo

hoo = Z g07

p=-—1
with h! = R", hgo = b and satisfying the following two properties:

1. The adjoint action of bgo on hgol is the standard action of §° on R”,
2. Forany X € b5, p > 0,if [X, 71 =0, then X = 0.
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1470 A. Santi

It is known that the maximal prolongation h, is uniquely determined by the algebra
h='+p0 c R + gl,(R) and it might be infinite dimensional. When it is finite dimensional,
the Lie algebra g = h° is called of finite type. Accordingly, also the G-structures with Lie
algebras Lie(G) = g are called of finite type (for further details, see, e.g., [9, Ch.1]).

A flat k-reductive G-structure (H /K, P), with P of finite type and h equal to its maximal
prolongation h = hoo = Zk;l_l b5, is inextendible (this follows from Sternberg prolon-
gation theory of bundles, see [22]). Further, one can check that the following holds (see [8,
Thms. 17-18]): if an homogeneous space H'/K' admits an invariant Cartan connection
modeled on H/K and is of maximal dimension (that is dim H' = dim H) then:

— H'/K’ is k-reductive,
— Lie(H'’) is a quasi-graded Lie algebra with underlying graded vector space isomorphic
tobh,
~ Lie(K') ~ Lie(K) = 35~ b%.
First examples of such homogeneous spaces and their associated k-reductive G-structures
(H'/K’, P’) are the three simply connected Riemannian manifolds of constant curvature and
their orthonormal frame bundles (see Sect. 5.1).

3.2 Immersible G-structures of order p and associated (G, 5)-curvatures

Let (H 1/ K, P) be a k-reductive G-structure on an 7i-dimensional homogeneous manifold
M=H / K and 7 : P — M a G-structure on an n-dimensional manifold M with soldering

form v = (191, ..., 0"), where G is isomorphic to G3/N; with Gy, Ny C G asin (1.1) and
(1.2).
Combining Theorem 1.1 with the decomposition h = Z’;;I_ 1 b?, one gets that P is

locally immersible in P if and only if, for any local section s : Y C M — P of P, there
exist k 4+ 1 1-forms

o” TU - §7 —-1<p<k-1,
with
= (s*9!, ..., s%0",0,...,0) (3.3)

and the others satisfying the system of k 4 1 equations

s _

do? ™ 4 2 1004 oo P = oo, 0 p k1,
rO
kl e

do* ' + Z[a} o+ [_,a)_l]h_:O (3.4)

where we denoted by (~)hr the natural projection onto the subspace §” of §.

We stress the fact that if (3.3) and (3.4) hold for a choice of s, then they hold for any
other section of P on the same open set /. The very same property is also shared by the
subsystem of equations which consists of (3.3) and just the first p equations of (3.4) for some
p < k + 1. Due to this, in order to simplify the quest for solutions, it is always advisable to
make a choice for the section s (from which the associated 1-form w™' is always uniquely
determined by (3.3)) that makes the explicit expression of (3.3) as simple as possible (see,
for instance, Sect. 5.2).

All this motivates the following:
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A generalized integrability problem for G-structures 1471

Definition 3.2 The G-structure P is defined locally immersibile into (ﬁ / K , F) to order
p if, around any point, it admits a local section s and forms o~ ..., wP~! which satisfy
(3.3) and the first p equations of (3.4). Any p + I-tuple (s, @, ..., wP~!) as above is called
admissible.

Let P be immersible to order p and (s, @?, ..., wP~1) an admissible tuple. Let also
V = R" ~ h~! and denote by W ~ R" the n-dimensional subspace of V which corresponds
to the vanishing of the last 7 — n standard coordinates of R”. For any integerr =0, 1, ..., p,
we define annihilator of level r in h”~! the subspace of h”~! given by

cf”={X€E”_]|[...[[X,w1],w2]...,wr]=0 forall wy,...,w, € W}.

For instance cg_l =0 and cf_l is the centralizer of W in h”~!. We also set cil} = pp!
and consider the increasing filtration of h”~! given by
| -1 -1 =p
0=¢f Ccf Cc---Ccf C--Cep Ccp+1 hr~
Let p;. : prl - Ep_l/cf_l be the natural projection. We define (G, 5)—curvature of level
r and order p + 1 associated with (s, @, ..., w’~") the Ep_l/cf_l—valued 2-form on the
domain of s given by

or—-1_ 1 1- Lo et
Q' =plo|do” ! + = Z e R s 1 . 3.5)
Forany r =0, 1,..., p, we fix a subspace ¢/ ' complementary to ¢~ in r+1 One
gets in this way a vector space direct sum decomposition
p r—1
-1 = @ cf_u‘ ,  where cf_l = @ cf_u‘ , (3.6)
s—0 s=0
which determines a corresponding projection p;’ : [l ! We define complementary

(G, 6)-curvature of level r and order p + 1 associated with (s, @°, ..., oP~") and the

decomposition (3.6) the ¢/~ '-_valued 2-form on the domain of s given by
p 1
~p_ Tp—1
QL =plodw? + = Z[w L) [ Lo P . 3.7)
s=0
Finally, we define fotal (G, é)-curvature of order p+1 associated with (s, &0, .., wPh

the h”~!-valued 2-form on the domain of s given by

1 ! _
QP! = dwP 4 = Z[w P N [ S LI
r=0

We observe that for any fixed choice of a decomposition (3.6) as above, h#~! /¥ s naturally

identified with EB N L , and the total curvature is the sum

S=r

r—1
_ ~p—1 ~p_1
Q=0 + > Qf
s=0
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1472 A. Santi

of the curvature of level r and the complementary curvatures of lower levels.

The question whether a given G-structure P is locally immersible in P is therefore solvable
by the following iterative procedure. First, fix a section s : «f € M — P and set 0~ ! =
(s*o, ..., s*0",0,...,0). Secondly, look for an Eo-valued 1-form @ which solves the
first equation of (3.4). Such equation is purely algebraic in @ and, using the total (G, G)-
curvature 1, can be written as

[a)_l,a)o] =-q L

If there exists a solution o, P is immersible to order 1. We may then compute the total
(G, G)-curvature Q0 and look for a hl-valued 1-form @' solution to the next (algebraic)
equation

[0 0']=-0°,

and so on. In the final step, we have that P is immersible if and only if there exists a choice of
an admissible k + 1-tuple (s, o0, ..., a)k“) whose associated total (G, é)-curvature Qk-1
vanishes identically.

These operations show that, at the p™-step, the immersibility to the higher order depends on
an algebraic obstruction, corresponding to the pointwise solvability of the non-homogeneous
linear equation

[, 0P = —Qr~!

in the unknown w?. Moreover, using the (G, G)-curvatures of level r and the complementary

curvatures, such equation splits for any r = 0, 1, ..., p into the system of r equations
P o [ ", wP] = —ﬁf_l and
pé’o[w",a)"]:—ﬁf*l forany s =0,...,7r —1.

We, respectively, call them equation of level r and complementary equations of levels
0,...,r — 1. We remark that the equation of level r depends just on p|. o w” and not on the
entire 1-form w?.

3.3 Immersible G-structures and flat k-reductive é-structures

When (ﬁ / K , I~’) is flat k-reductive, the algebraic conditions on the total (G, 6)-curvature
QP~! and its components Qf ~! of level r can be expressed in cohomological terms. For this,
we need the following.

Lemma 3.3 If (ﬁ / K, ﬁ) is flat k-reductive, the total (G, 6)-curvature associated with an
admissible tuple (s, o°, . .., wP~V) satisfies the generalized Bianchi identity [0~!, QP~1] =
0. In particular, its component of level r satisfies p,. o [w™!, ﬁrp*l] =0.

Proof Since (s, @?, ..., wP™1) is admissible and E’l is abelian, one has
1 r
do’ + =D [0 0 "] =—[o o™, forall —1<r=<p-2.
2 s=0

Applying d to both sides when r = p — 2, one gets

-2
1 p
0=—d(dw’ %) = 5 2 dlo", 0?7 +dlo™ ", 0P .
r=0
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A generalized integrability problem for G-structures 1473

This equality together with admissibility of (s, @°, ..., @P~!) yields
1 p—2 1 p—2
0= 3 ;[dwr, wP™27"] — 3 Zé[wr, do? 2"+ [do ", P = [0, doP™ !

p—2
= D ldo" 0"~ [ do" ']

r=—1
1 p=2 r p—2
== 2. 210" 0 Lo’ =3 e o T o T — 07 dot T,
r=0 s=0 r=—1

)
On the other hand, it is not difficult to see ZP o Zr O[[ws, @ ), @P27"1 = 0 and
r= 5=

p—2 1 p—2
Z [[wil, wr+l]7wp727r] — E Z [wil, [wr+1,wp727r]]

r=—1 r=—1

1!
=5 2 o7 [0 0",
s=0
124
so that 0 = = Z[arl, [0, P 1)) = [0, do?™ ] = —[0~ !, QP71
s=0

It remains to prove the second part of the lemma. From [a)_l, QP _1] = 0, one first infers

p) o [0~ !, QP~1] = 0. Since ad,, (cf_l) C cf__lz C cf_z for all w € W, the claim follows

directly from the fact that @~ is W-valued.

This lemma suggests to consider the following differential complex. For any nonnegative
integers r, p, and g, we set

CH@B W) =VeAWr , PTG W) =B/ @ AW

Consider the generalized Spencer operator 9 : chr (H, W) — ¢t ~La+l (E, W) given by

q+1
de(wy, ..., wyt1) = Z(—l)'p; o (Wi, vy Wisp, Wiy Witls-- -, Wqt1), Wil
i=1
for any ¢ € chi (6, W) and wy, ..., wy41 € W. One can directly check that 92 = 0 and

consider the corresponding differential complex

e P Wy < P W) S T ) s

Let Z29(h, W) and B (h, W) be the spaces of (p, g)-cocycles and (p, ¢)-coboundaries
of this complex and set

HP (@, W) =zl (b, W)/Bl (h, W) .

We call it (p,q)-cohomology group of level r.
The following theorem extends Guillemin’s results on the integrability problem for G-
structures (see [7]) to the generalized integrability problem.
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Theorem 3.4 Let (H / K, P) be aflat k-reductive G-structure on an homogeneous manifold
M = H/K of dimension i and v : P — M a G-structure on a manifold M of dimension n
with G isomorphic to G4/ Ng, where Gy, Ny C G are as in (1.1) and (1.2).

Assume also that P is locally immersible in P 10 order p and, for any admissible tuple
(5,0, ..., wP~ ") on some open setUd C M, use the frames s, x € U, to identify the tangent
spaces Ty M with W. Then,

i) for anyNadmissible (s, ..., a)f_l), the associated total (G, 5)-curvature tensors
QP e pP Tl @ A2TFM ~ CP2(h, W) satisfy
QP =0 (3.8)

and 8(@,’7—1 lx) = 0 for all projections @f’_] |y € C,”’Z(E, W), 1<r<p;

ii) P is locally immersible in P to order p + lifand only if, around any point x,, there exists
an admissible tuple (s, @°, ..., wP™Y) such that [QP~ 1] € HI”Z(E, W) is zero at any x
where it is defined.

Proof (i) We first observe that given an admissible tuple (s, & .., 0P Honl c M,
any local h*-valued g-form is naturally identified with a map from ¢/ to C*~14(p, W).
The Eq. (3.8) is then a consequence of definitions, Lemma 3.3 and the fact that o ~! =
(s*0!, ..., s*0",0,...,0) while the last claim follows from the fact that the natural
projection from C?4(f, W) to C/*% (b, W) is a morphism of differential complexes.

(i1) Werecall that P is locally 1mmers1b1e in P to order p+ 1 if and only if, around any point
X,, there is an admissible tuple (s, ° , wP~ 1) with associated total (G, G) curvature
QP~! and a smooth map w? : U — Cerl 1(I) W) such that dw? = —QP~1.

If this is the case, the class [QP~'[,] € HP 2(b W) is zero at any point. Conversely, if
QP71 1is constantly zero, then, at any fixed point x, there is an wf e crtlh 1(h, W) with
dw? = —QP~1|,. Standard arguments yield that there exists a smooth H/’ -valued 1-form w?
on U such that dwP = —QP~1.

In view of this result, we define essential (G, 5)—curvature of order p + 1 the map
RV Y — HP2H W), RETN = @r .

It may be considered as a generalization of the (p 4 1)"-order structure function introduced
in [7] for the classical integrability problem.
The following corollary is a direct consequence of Theorem 3.4.

Corollary 3.5 Let (ﬁ / K, P)bea fat k-reductive G-structure for the graded Lie algeme
andw : P — M a G-structure with G > Gy /Ny. Then,

(i) if P is immersible to order p in P but there exist X, € M andr > 0such that [@f_l lx, ] #
0 for anxadmissible tuple (s, o, ..., a)P_l), then P is not imme;gible to order p + 1;
(ii) if HP2(h, W) = O for all p > O, then P is locally immersible in P.

4 Immersions into flat 2-reductive 5-structures

We now restrict to the case of flat 2- reductlve G structures and (H / K, P) always denotes a
G structure of this kind (hence with h = b —H) —H) ). We remark that any flat homogeneous
G-structure with G € GL(V) irreducible on V and of finite type is either 1-reductive or 2-
reductive and that, in the second case, b is always determined by a grading of depth 1 of a
simple Lie algebra. For the classification of flat 2-reductive é—structures, see [10,14].
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Definition 4.1 Let 7 : P — M be a G-structure with G >~ G/ N;. Two admissible tuples

(s, ®%) and (s', @) on the same U C M are strongly equivalent if s = s’ and ® =

@ + [0, @] for some El—valued function w!.

This definition is motivated by the fact that the essential curvatures of two strongly equiv-
alent tuples are necessarily the same. This can be checked as follows. Let (s, @), (s, @) be
strongly equivalent. By definitions, (3.3) and admissibility, onehas ™! = o'~!, Q7! = Q@'~!
and

@l =—[o ! o=~ 0" (4.1)
From this and strong equivalence, it follows that

1
Q/O — da)/O + E[w/O’ w/O]

=Q+dlo " o'+ [ [0 &'+ 1[[arl, o' o '

2
="+ ol -0 !, do']
1
o' o™ @+ Sl [ o ) a0 _ (w1 €' 42)

Lol o],

: 1 1 0 1 1
with € =do + [0, © ]+§[[a)
hence [Q°] = [Q7].

We also remark that if H1(§, W) = 0, two tuples (s, ®°) and (s’, ®) on the same
contractible U are strongly equivalent if and only if s = s’. Indeed, if s = s" Eq. (4.1) holds
and w’® — & is closed, hence exact.

A similar argument shows that when H 2,1 (H, W) = 0 (that is z%! (H, W) = 0 since
HZ = 0), two admissible tuples (s, 0, ') and (s', @°, w'!) are equal if and only if s = s’
and 0 = .

In the following, w : P — M is a G-structure with G >~ G4/Ny, Gy, Ny C G asin (1.1),
(1.2). Furthermore, for any admissible tuple (s, ) of P, we denote by A, 40y the set of all
admissible tuples (s", "0, @'') with s’ = s and w'® = »° and by R the map which associates

to any tuple in A .0 the corresponding total curvature,
R A0y = C°WU, Z220. W) . R((s, 0, 0) = Q. 4.3)

The following proposition shows that one can interchange any two strongly equivalent tuples
in the analysis of the obstructions to the generalized integrability problem.

Proposition 4.2 Let (s, ®°) and (s', @'®) be two strongly equivalent tuples and R and R’
the associated maps defined in (4.3). Then,

R(As w0) = R (A o0))-

Proof Let w! be a 1-form satisfying &% = + [0~ !, w!]and ! as in (4.2). We observe
that w! is a solution of Q0 = —[w™ !, w!] if and only if o'' = o' + ¢! is a solution of
Q% = —[w'~!, »'']. This shows that the map

T Ay = Aoy T, o, ) = (", 0, 0" +€h)

is a bijection. Hence, the claim is proved if we can show that the total curvature Q' of
7 (s, Y, wl) is equal to the total curvature Q! of (s, Y, a)l). By construction, standard
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properties of Lie algebra valued differential forms and the identities Q7' = —[w™!, »°] and
Q= o !, 0"
Q/l — da),l + [w/O a)/l]

=Q' +de' + [, T+ [0 o', 01+ [0, @], ']
1
=Q' +d[°, o'+ Ed[[arl, o', o'+ [0 do'] + [, [0°, & ']

+ %[a)", o o'l oN+o o', o1+ [0, @], do']

+ o o', [ @]+ %[[w—l, o'l [0, o', @'
=o'+ %[[9*1, @'l @]+ %[[[w*l,w(’], o'l o' +1Q% @]

+lo ™ o', o' - %[w—l, [, '], o] - [0, [0, &'

- %[w—l, [do', &' - é[w‘l, Mo, o', o', o'

=q' - %[wfl, ([, @'l o' - [0, [0, &'

— %[w—‘, do!, o'l - é[w—‘, ([0, &', '], o]

Since 5'2 = 0, all terms except Q! are trivial; hence, Q! = Q'1.

Theorem 4.3 Let H!(h, W) = H>'(h, W) = 0. Given 0 < p < 2, if P is locally
immersible into P to order p, then:

(i) for any x € M, the value [Qr-! |x] of the essential (G, é)—curvature of an admissible
tuple (s, @°, ..., wP~") depends only on the frame u = s, € P|y; this determines a
well-defined map

RPFLP = HP2M, W) RPF ) = [QF7 s (4.4)

’

(ii) the map (4.4) is Gy-equivariant with respect fo_its action on P via the isomorphism
G >~ G/ Ny and its standard actions on W and b; _

(iii) the map (4.4) vanishes identically if and only if P is locally immersible into P to order
p+1

Proof Lets,s’ :U C M — P be two fixed local sections on the same contractible I/, hence
of the form s’ = s o g~ ! forsome g : U — G.If pz : Gx — G = Gg/Ny is the natural
projection, then g = py; o gy for some gy : U — Gjy.

As usual, for any admissible tuple (s, @?, ..., wP~1) associated with s, we use the frame
sy to identify at each x € U the 1-forms " |, and the associated curvatures 2" with elements
inC (E, W). On the other hand, for the admissible tuples (s', 0, . .., @’?~!) associated with
s’, we use s/ (and not s,) to make the corresponding identifications for »” |, and Q.

Case p = 0. Let ™!, ! be the W-valued 1-forms associated with s, s" as in (3.3) and
Q1 1 the corresponding total (G, G)-curvatures. A direct computation shows that

Q=g 4+ (Rgt_l (dgs o s’)) , (4.5)
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where we denote by Ry, the natural right action of gz on T Gy. It follows that Q-1 =

8t - [Q_l]. From this, the transitivity of the action of G on the fibers of P, and the fact that
st = sy implies gg|x = e, (i) and (ii) follow. Claim (iii) follows from Theorem 3.4.

Case p = 1. Let P be immersible in P to order 1. Consider an admissible tuple (s, w”)
with associated total (G, 5)-curvature Q0. By definition, it satisfies Q1 = —9w°. Since
H''(h, W) = 0, we know that two admissible tuples (s, »°) and (5, @°) with s = § are
always strongly equivalent, hence with the same essential curvature of order 2 (see remarks
before Proposition 4.2).

Now, Eq. (4.5) and the fact that the generalized Spencer operator is G-equivariant yield
Q! =g (—0°) + 9 (Rggl (dg: o s/)) =_9 (gIi o — Ry 1 (dg: os/)),

that is (s’, gﬁ~(a)oos’1) —R gu—l (dgn)) is admissible. Further, a direct computation shows

that the total curvature €’° of this admissible tuple is 20 = g, - Q0. By the above remark,
this implies that [Q0] = 8:- Q0] independently of the choice of @ and w°. This yields (i),
(ii), and (iii) with the same arguments of the case p = 0.

Case p = 2. Let P be immersible in P to order 2. Since HI*I(E, W) = Hz'l(ﬁ, W) =0,
by the remarks before Proposition 4.2 any two admissible tuples (s, »°), (5, @°) withs =5
are strongly equivalent, and the sets A .0y, A 20y consist both of just one element, say
! and B!, respectively. By Proposition 4.2, the total (G, 6)—curvatures of (s, o, a)l) and
(5, @°, @") coincide, meaning that such curvature depends only on s.

Let us consider now an admissible tuple (s, @°, ') and the admissible tuple (s, @ 0 '
where '° is as in the previous case and o' = =g (a) os™1). The associated curvatures satlsfy
Q= 8- Q!. By the above remark, this implies that Q' = =gt Q! independently of the
choice of (0, w!) and (@, w'!). This yields (i), (ii), and (iii) with the same arguments as
above.

5 Applications
5.1 Riemannian immersions into spaces of constant curvature

Let (M, 2) be a Riemannian manifold of dimension 77 and 7 : P = 0§(1171) — M the
Oj (R)-structure given by the orthonormal frames

Oz(M) = {(e;) € L(M) | (ej, ej) =8, 1 <i,j<n)

Any n-dimensional submanifold M C M is Is—regular so that one can always consider the
induced G-structure ¥ : P — M, which is the orthonormal frame bundle of the Riemannian
metric g induced on M by g. It follows that, given two Riemannian manifolds (M, g) and
(M g), the local immersibility of 7 : O,(M) — M into 77 : OS(M ) — M is equivalent to
the existence of local isometric immersions of (M, g) into (M, g).

Let us consider now the problem of the existence of a local isometric immersion of an
n-dimensional Riemannian manifold (M, g) into a space of constant curvature k,, that is of
the local immersibility of P = Og (M) in the homogeneous G-structure (H / K, P) with
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[ SOR®R) x R if k, =0 B
H=1S01®R)  ifk,=1 . K=SO0xR),
SOy.1 (R) if ko =—1

and P the orthonormal frame bundle of the homogeneous Riemannian manifold (M =
H / K , 2), that is, ]Rﬁ, S or H" with their standard metrics of curvatures ko, =0,1,—1
respectively.

These homogeneous spaces are reductive with quasi-graded Lie algebras

h=b"+0" where b '=R", §’=s05(R) ,
with Lie brackets defined by
[Avl=4Aved™ | (v vl=k@®(v,)—v® @) eh’,

for any v, vy, vy € E_l and A € EO.
For our purposes, it is convenient to consider the decomposition of h? into the following
vector subspaces

A —B' n—n ny*
5077 (R)= B D |A €s0,(R), BeR ® (R")™, D € so7_,(R)

=s0(W) + W' @ W* +so(Wh) with W =R" , Wt =R"™", (5.1)
In EO, there is only one annihilator, that is, c? = so(W), and from now on, we consider
c(l)L = s0(W) + W ® W* as a fixed complementary subspace.

By the results of Sect. 3.2, there exists a local isometric immersion of (M, g) in (1\71 ,g)if
and only if there is a pair (s, »”) consisting of:

1. alocal sections : U C M — Og(M), i.e., a field of g-orthonormal frames which we
use to identify any tangent space Ty M with W = R" and to define the 1-form

o yw)=@w!', ... w,0,...,00), w=@w)eWx=TM, xel;
2. aso5(R)-valued local 1-form ? satisfying the equations
0!, 0" = —do™", (5.2)
Q0 =d’ + %[wo, @] =0. (5.3)
According to (5.1), we decompose o = W) 4 W ew + @*°*P) 5o that (5.2) is
equivalent to the following equations for any x € & and wy, w, € W
— o™ ) (w1) + 0™ (Wi (w2) = —do™ (i, wa) (5.4)
— oY (wy)(w)) + ol OV (w1 (w) = 0. (55

By classical arguments, Eq. (5.4) has a unique solution w*°"), namely the connection 1-

form of the Levi-Civita covariant derivative VL€ of (M, g). On the other hand, if N M is the

trivial vector bundle NM = If x W+ — U, Eqg. (5.5) means that " W can be identified

with a symmetric local section IT of ®2T M* @ N M. We remark that, by the identification

WL = R"" the trivial bundle N M has a natural fiber metric, which we denote by g, and

%) is the connection 1-form of a covariant derivative V- on N M compatible with g*.
Using again (5.1), we now decompose Q° into

Q0 — qsoW) 4 QWJ'®W* + Qso(Wl)
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and we observe that the curvature QO of level 1 defined in (3.5) and the complementary
curvature QO of level O defined in (3. 7) are equal to

QY = e 4 QWrew* .4 Q0 = Qsowh)
Recall that 0 = ﬁ? + 58. A simple computation shows

qu(W) — dwsa(W) + l[wsu(W) wsu(W)] _ (a)WJ-®W*)t .wWJ-®W*
b} ,

+ E[w’l, o',
QWrewr _ 4 wew* +wwl®w* RCLIUG) _Hl)so(wL) LW oW

QsoWh) — 5oV 4 l[wmwi), W WD) pWrews  Wiewr

Let V = VL€ 4 VL be the covariant derivative on T M @ N M determined by the connection
1-form w**W) 4+ ©*°W™) and denote by R its curvature. We remark that V is compatible
with the fiber metric g + g

Equation (5.3) splits into the equations ﬁ? = Q%W 4 QW'eW" _ o and §8 =

25°") = 0. One can check that the first corresponds to the Gauss—Codazzi equations

g(RxyZ, W) — g~ (TI(Y, Z), TL(X, W)) + g*(TI(X, Z), TI(Y, W)
tho(g(X, 2)g(Y, W) — g(Y, Z)g(X, W)) =0,

and
(VxID)(Y, Z) — (VyID)(X, Z) =0,

forany X, Y, Z, W € X(M). The second one corresponds to the Ricci equations

g (Rxyp, v) + D g (T(X, ), g (TI(Y, €;), v)
i=1

n
— > g (X, e), v)g (T(Y, &), 1) =0,

i=1

for any X, Y € X(M) and local sections u, v of NM, with {e;} a fixed local orthonormal
frame field of (M, g).

By these observations, it follows that, in this case, the results of Sect. 3.2 yield the classical
result that a Riemannian manifold (M, g) has a local isometric immersion in a space of
constant curvature k, if and only if there exists a metric bundle (NM, g1-), a compatible

connection V-, and a symmetric tensor I1 that satisfy the Gauss—Codazzi-Ricci equations
(see, e.g., [21]).

Remark 5.1 For Riemannian immersions into Euclidean spaces, i.e., with k, = 0, the homo-
geneous G-structure (H / K, P) is flat k-reductive, and one can discuss the obstructions to
the generalized integrability problem as in Sect. 3.3. In this situation, the only relevant coho-
mology groups are H*2(g, W) and H'-2(g, W) with § = so;7(R) and W = R". One can
directly check that H 02(s07(R), R") = 0 (this is equivalent to the fact that (5.4) and (5.5)
are always solvable) and

H"2(507(R), W) ~ H" 2 (50,(R), W) + W @ R>! + s0(W) @ AZW* |
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where R>! is the unique gl(W)-irreducible submodule of W* ® A2W* which is different
from 1}v3 W* (that is the kernel of complete antysimmetrization).
Ash! = 0, the cohomology class of QU is trivial if and only if each of the three components

M|, € B2 (s0,®), W) , QYW e wro@R>! and
QM| cso(Wh) @ AZW™,

is equal to zero, that is, the Gauss, the Codazzi, and the Ricci equations are, respectively,
satisfied.

Remark 5.2 We observe that the cohomology groups introduced in Sect. 3.3 are different from
those considered by Rosly and Schwarz in [16]. In that paper, the authors claimed that the
only obstructions to the generalized integrability problem into flat k-reductive G-structures
are represented by the non-trivial classes in such cohomology groups ([16, Appendix C]).
On the other hand, in the case of Riemannian immersions into an Euclidean space, one can
check that the only non-trivial Rosly and Schwarz cohomology group is identifiable with
the subspace H'2(s0,(R), R") of H'2(s07(R), R"). This means that the set of Rosly and
Schwarz obstructions corresponds just to the Gauss equation and seems therefore not to be
complete.

5.2 Conformal immersions into a conformally flat space

Let (M, 2) be an 7i-dimensional Riemannian manifold and ¥ : P = COg(]VI ) — M the
COj5; (R)-structure of conformal frames

COz(M) = {(e;) € L(M) | Zlei,ej) =cbij, 1 <i, j <7, ce(0,+00)}.

Any n-dimensional submanifold M C M is ﬁ-regular and has an induced G-structure
7 : P — M, naturally identifiable with the bundle of conformal frames of the induced
Riemannian metric g. It follows that, given two Riemannian manifolds (M, g), (1\71 , 2), the
existence of local conformal immersions of (M, g) into (1\71 Q) is  equivalent to the existence
of alocalimmersionof 7 : COg(M) — Mintow : COg (M) — M . Dueto this, the existence
of alocal conformal immersion of (M, g) in the homogeneous conformally flat space (5™, 2)
is equivalent to the local immersibility of & : COz (M) — M in the homogeneous G-structure
(8" = SO, L1([R)/ K, P) with P = COgz (S") and K an appropriate parabolic subgroup.

This homogeneous G-structure is ﬂat k-reductive and associated with the graded Lie
algebra h = soz4 1.1 (R) with grading

b=b"'+8"+0' =V +co(V)+V*, where V=R,

and Lie brackets determined by the standard action of co(V) on V and V* and the bracket
between o € V* and v € V defined by

[, v]=v®a —t1(a®v)+a)]. (5.6)

Here, fj : V¥ ® V — V ® V* is the natural isomorphism induced by the standard scalar
product (-, -) of V. = R". The isotropy subalgebra is

=045 = co(V) + V"

We recall that when 77 > 3, H is the maximal prolongation of co(V') ([9,20]).
For the case of conformal immersions into a conformally flat Riemannian space, the
analogues of the Gauss—Codazzi—Ricci equations are provided by the following theorem.
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We first need to fix some notation. Let (M, g) be an n-dimensional Riemannian manifold
with Levi-Civita connection VZ€ and 77 > n. Given two symmetric tensors b, b’ of type (0, 2)
on M, we also denote by b ® b’ their Kulkarni—-Nomizu product, namely the (0, 4)-tensor
defined by

bob(X,Y,Z, W) =b(X,Z)b'Y,W)+bY, Wb\ (X, Z)
—b(X, Wb'(Y, Z) — b(Y, Z)b' (X, W).
Theorem 5.3 Given a conformal immersiont : (M, g) —> (]Rﬁ, (-, D) witht*(-,-) = ezfg
Jfor a smooth function f, the quadruple (VL, 1, B, D) formed by the restriction V* of the
Levi-Civita connection of (R", (-, -)) along the normal bundle NM of M and the tensors

I :e_f-ﬁ,

1
B =Hess(f) —df ©df + Eg(Vf, Vg,
D=e¢/ -TI(VS, "),

where T1 is the second fundamental form of (M, e*f g) C ®R", (-,+)) and V f and Hess(f)
are the gradient and the Hessian of f w.rt. g, satisfies the following equations for any
X, Y, Z, WeX(M) and ju, vel'(NM):

8(RxyZ, W) — (II(Y, 2), II(X, W)) + (TI(X, Z), T1(Y, W))
=—g0OBX,Y,Z, W), (5.7

(VxID(Y, 2) = (VyID(X, Z) = D(X)g(Y, Z) — D(Y)g(X, Z), (5.8

(Rxy i, v) + D (TI(X, &), p{TI(Y, €), v)
i=1

— D (TI(X, e0), )(II(Y, &), ) =0, (5.9

i=1
(VxB)(Y, Z2) + (D(X), [1(Y, Z)) is symmetricin X, Y, (5.10)
(VxDp) (Y, ) + Z(H(X, E), w)B(Y, E;) is symmetricin X, Y, (5.11)

i=1

where R is the curvature of the covariant derivative V.= VL€ 4+ V' on the vector bundle
TM&NM — M, {e;} afixed local orthonormal frame field of (M, g) andb : NM — NM*
the natural isomorphism induced by (-, -)|Nm-

Proof The Egs. (5.7)—(5.9) are a consequence of the Gauss—Codazzi—Ricci equations for
the isometric immersion (M, e%/ g) C (Rﬁ, (-, -)) and the explicit expressions of Levi-Civita
connection and curvature of g’ = ¢%f g interms of g and f (see, e. g.,[6, Thm.1.159]; caution:
We use a definition of curvature which is opposite in sign to the one in [6]). Equations (5.10)
and (5.11) follow from the definitions of B and D by a somehow long but straightforward
computation.

The contents of Sect. 3.3 yield the following theorem which shows that the above equa-
tions are actually necessary and sufficient conditions for the existence of local conformal
immersions into conformally flat spaces. This is a result that was actually first obtained by
Akivis ([1], see also [2, Theorem 3.1.5]) using the method of moving frames.
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In the statement of this theorem, given an open subset &/ C M, we denote by NM =
U x WL — U the trivial vector bundle with fiber W = R"" and natural fiber metric
determined by the standard inner product (-, -)| 1.

Theorem 5.4 Let (M, g) be an n-dimensional Riemannian manifold andn > n,n > 3. Then,
for any x € M, there exists a local conformal immersion of (M, g) around x into (s", Q)
if and only if for some neighborhood U C M of x, there is a quadruple (V*, T1, B, D)
consisting of

(i) a metric connection V+ : TM|y x NM — NM,
(ii) a local section T1 of S’T*M @ NM,
(ili) a local section B of S>T*M,
(iv) a local section D of T*M ® NM,

which satisfies (5.7)—(5.11).

froof According to the decomposition (5.1) of so(V), we consider the decomposition of
f)o = co(V) into the vector subspaces

o(V)=s50(V)+R=s0(W)+ W+ Q@ W*+s0(W) +R. (5.12)
We also consider the decomposition of ' = V* given by
Vi =W+ wh* (5.13)

Since Ej # (0), by the results of Sect. 3.2, there exists a local conformal immersion of (M, g)
into (8", g) if and only if there is an admissible triple (s, o9, ! ), that is, a triple consisting
of:

1. alocal sections : U C M — CO4(M), i.e., a field of g-conformal frames which we use
to identify any tangent space Ty M with W = R" and define the 1-form

o yw)=@w', ... w,0,...,0), w=w)eW~=TM, xecl.

By the observation before Definition 3.2, we may assume without loss of generality that
s is a field of g-orthonormal frames (in particular g is identified at any point with the
standard scalar product (-, -)|w);

2. aco(V)-valued local 1-form o° satisfying the equation

[, ] = —do™; (5.14)
3. a V*-valued local 1-form ' satisfying the equations
1
[ o'l =-Q" = -do’ - E[a)o, o1, (5.15)
Q' =do' + [0 0"1=0. (5.16)

According to (5.12), we decompose 0 = W) +wWi®W* —|—a)5°(WL) + R and (5.14)
is equivalent to the following equations for any x € U, wi, wp € W:

—do ™y (wy, w2) = =M (wy) (w1) + @2°™) (wy) (w2)
— O (w2) (wr) + o (wy) (w), (5.17)
0= - " (wy)(wp) + 0! OV (wy) (w)). (5.18)
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From now on, we consider the solution of (5.17) determined by ®® = 0 and the connection 1-
form w*°W) of VL€ Equation (5.18) means that " ®" can be identified with a symmetric

local section [T of 2T M*Q N M. Finally, we observe that a)”(WL) is the connection 1-form
of a metric connection V- on NM.

Since w® = 0, we can argue in complete analogy with Sect. 5.1 and decompose Q°
according to (5.12)

Q0 = QW) 4 QW ew* | gso(Wh).

The explicit expressions of each component 5°"), QW ®W* and @°W™) are as in Sect.
5.1

Further, according to (5.13), we decompose o' =" + W 5o that equation (5.15)
splits into the following set of equations

Q*° W (wy, wy) = —wr ® 0" (wy) + (@Y (w1) @ wa)
+w @™ (W) — 10" (W) ®wy),
QYO (1, wa) = @ (1) @ wa) — 1@ (w2) @ w),
Q”(Wl)(wh wy) =0,

o (w1 (w2) = 0" (wa) (wy).

If we denote by B (respectively, D) the local section of @>T* M (respectively, T*M ® N M)
which corresponds to the local 1-form oW (respectively, w(Wl)*), one can check that the
above equations correspond to (5.7), (5.8), (5.9) and the fact that B is symmetric.
Now, according to (5.13), we decompose Q! into Q' = oV + QhH* A simple com-
putation shows
OV = gV — oW o) _ (WD WEew*

’

QD = gV _ oW (oW OWhyr _  (WH* [ so(Wh),

Equation (5.16) splits into Q"% = 0and Q"Y' = 0. Using Eqgs. (5.7)—(5.9), one can
check that the first equation corresponds to (5.10) and the second one to (5.11). By these
observations and the general results of Sect. 3.2, it follows that a Riemannian manifold (M, g)
with a triple (VL, 11, B, D) as in (i)—(iv) and satisfying (5.7)—(5.11) has a local conformal
immersion in (S, 2). This concludes the proof of the “if”” direction of the Theorem.

The “only if” direction follows from Theorem 5.3 and the fact that S is locally conformal
to R".

The results in Sects. 3.3 and 4 allow to improve the above theorem and show that in many
cases, the system (5.7)-(5.11) is equivalent to a smaller one.

Theorem 5.5 Under the assumption of Theorem 5.4, we have that:

(i) If n > 4, any solution (V+,T1, B, D) of (5.7), (5.8), and (5.9) automatically satisfies
(5.10) and (5.11) as well;

(ii) If n = n + 1, local conformal immersions as hypersurfaces exist if and only if there are
tensors I1, B, D as in Theorem 5.4 satisfying (5.7), (5.8), (5.10), and (5.11) with vi
the flat connection. Moreover,

(a) if n =2, there is always a solution (I1, B, D) of (5.7) and (5.8),
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(b) if n > 4, any solution (I1, B, D) of (5.7), (5.8) automatically satisfies (5.10) and
(5.11) as well.

Proof We first determine the cohomology groups HP2(h, W) associated with § =
s50741,1(R)and W = R”, foranyn < . As ’62 = 0, the only relevant cases are p = 0, 1 and 2.
We observe that if n = 7, these groups coincide with the usual Spencer groups H?-?(co, (R))
of co, (R) and (see [15])

Hp’2(con(R)) #0 onlywhen i)p=2,n=3 and ii)p=1, n>4.

Further, for any n < 7, one can directly check that H O'Z(E, W) = 0 (this is equivalent to
the fact that (5.17) and (5.18) are always solvable).

Consider an element o' € C22(h, W) = V* @ A2W* and decompose it according to
(5.13) into ! = oV + w™H* . From definitions, it follows

30" o @ AW, 3™ e W@ Wr e AW,
50 that the vanishing of o' = d0"" + oW is equivalent to
30" =0 (5.19)
and
30D = 0. (5.20)

Ifn = 2, A3W* = 0 so that (5.19) and (5.20) are always trivially satisfied. If n > 3, one can
directlz show that (5.20) implies oW = 9
As h? = 0, one has H>2(y, W) = Z>2(h, W), and by the above discussion,

H?*2(co,(R)) if n>3,

5.21
VEQ ATW*  if n=2. (5-21)

H>2(h, W) ~ [
In particular, H 2*2(6, W) is trivial WheIL n > 4, for any 7.
Consider now an element »° € C! ’z(h, W) = co(V)®A2W* and decompose it according

to (5.12) into ? = M) 4 wWHOWT | psoWh) | R Equation dw” = 0 splits into the
following two equations

30°W) £ 9o =0  and 00" OV =0,

Let also w! € CZ’I(H, W) = V* ® W* and decompose it according to (5.13) into w' =

o+ oW Using (5.6), one can check that the equation ! = °

is equivalent to
* 1 1 *
30" = %W 4 R and oW = W TeWT,
The above discussion together with a direct computation and a dimensional argument shows
that

g2y ~ | o ®) W e R fso(Wh)y @ A2W* if n>3, 522
T Wl e RD fso(Wh @ AZWH if n=2, '
and
. R%! n3 —4n
dim = ,
W 3
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where R>! ¢ W* ® A>W* is the kernel of complete antysimmetrization. In particular,
H1'2(E, W) is trivial whenn = 2, = 3.

Point (i) of the theorem is a direct consequence of (5.21), Theorem 3.4, the proof of
Theorem 5.4, and finally, of the observation that the essential curvature [Ql] is naturally
identified with the total curvature Q. Point (ii) of the theorem follows similarly from (5.21)
and (5.22) and by applying Theorem 3.4 and Theorem 5.4 when 7 = n + 1, W+ is 1-
dimensional and so(W+) = 0.

Remark 5.6 If n = 3, neither the group H 1’2(6, W)nor H 2*2(’6, W) vanishes, and the system
(5.7)—(5.11) cannot be reduced simply as in Theorem 5.5.

5.3 CR immersions into C"

Let (M J J) be an almost complex manifold, a real manifold of even dimension 7 = 2m with
atensor J : TM — TM satisfying J? = —I.Fixan integer 0 < k < m — 1 and consider
the G-structure on M G~ GL7(C),

PJ~ = {(ei) € L(M) | eii—k+i = Je; for any 1 <i <m—k and
eii—k4i = J e+ forany 1 <i <k}.

One may check that a generic submanifold M C M of dimension n = 71 — k is F-regular,
and it is endowed with

(i) arank 2(m — k) distribution D C TM,

(ii) atensor J : D — D satisfying J> = —1,

that is, (M, D, J) is an almost CR manifold of CR codimension k. The induced G-structure
on M is

Ppy={(e) e L(M)|ej e D if 1 <i <2(i—k) and
e,ﬁ_kﬂ-:./e_,' if 1 fjffﬁ—k}.

In this case, the group N; defined in (1.2) is trivial so that G is naturally identified with the
group Gy defined in (1.1).

It follows that, given an almost CR manifold (M, D, J) of real dimension n = n — k and
CR codimension k and an almost complex manifold (A~4 , J ) of real dimension 77 = 2m, the
existence of a local CR immersion of (M, D, J) into (A7I , J ) is equivalent to the existence
of a local immersion of the associated bundle Pp_; into the bundle ﬁj of M. In particular,
the existence of a local CR immersion of (M, D, J) into C™, endowed with the standard
complex structure Jo, is equivalent to the local immersibility of w : Pp ; — M into the
G-structure 7 : ﬁjﬂ — C™,

The latteris homogeneous and flatbut itis not of finite type, since the maximal prolongation
Eoo => p=—1 hoo of g = gl; (C) is infinite dimensional (see, e.g., [9]). However, the notions
of immersibility to order p and of generalized cohomology still make sense, and in the real
analytic setting, immersibility at any order still yields complete immersibility ([7,16]).

The next proposition provides the relevant cohomology groups. We first need to fix some
notation. Let W ~ R" (respectively, U ~ R2"~5)) be the subspace of V = R” determined
by the vanishing of the last k (respectively, 2k) standard coordinates. We also denote by W+
(respectively, UL) the subspace of V (respectively, W) determined by the vanishing of the
first n (respectively, 2(m — k)) standard coordinates of V. There are vector space direct sum
decompositions

V=W+WLxR' +RF | W=U+UL~RE"TH ;R
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Proposition 5.7 All groups H ”*2(500, W), p > 1 are trivial.

Proof Werecall that the (p — 1)th-component of the maximal prolongation Eoo of g = gl (C)
is Hé’o_l = C" ®c SP(C™)*, and it has a natural structure of complex vector space (see, e.g.,
[9D.

We also note that, since any v € W+ satisfies Jov e U L cw,itis possible to extend
any element w”~! € CP2(hoo, W) = '6{,’0“ ® A2W* to anelement @~ € CP2(hso, V) =
E{,’o‘l ® A2V*, setting

P Ly, 1) = —wp_l(.};vl, ]:,vz) forall vy, v, € W,
P (v, wo) == —iw”*l(j;vl, wy) forall vie W, wyeW.
We finally observe that the generalized Spencer operator on C”2(ho, V) is just the usual

Spencer operator and that the corresponding cohomology H”2(hso, V) is just the Spencer
group Hp'z(g[ﬁ (C)) of gl (C). It is known that this group is trivial for any p > 1 ([7,12]).

Now, one can check that if dw? 1 = 0, then also d@P~! = 0. From this fact, for all p>1
and w?~! with dwP~! = 0, one has
aP~ ' =9aP forsome @P € CPT1 (b, V) o that
wP~! = dwP  where wP = &P |y € CPTL(ho, W).
In other words, HP’Z(HOO, W) =0 forevery p > 1. O

Novi/, we obsgrve that any coboundary 7' € BO~2(EOO, W) is the restriction to AZW of
some T € B®2(ho0, V) and

B*2(heo, V) = {T € V@ A*V* | forevery vj,v2 €V
T(v1,v2) — T (Jov1, Jov2) = —JoT (Jpv1, v2) — JoT (vy, Z)UZ)} .
From this, one gets that the vector space
B2 (hoo, W)NW @ AZW*
is formed by all maps T € W ® A>W* satisfying
T(ur,uz) — T(qul, {uuz) ev P ~ ~ (5.23)
T(ui,uz) — T (Jour, Jouz) = —JoT (Jour, u2) — JoT (u1, Jouz) ,

for any u1, up € U. By Proposition 5.7, all the essential curvatures of order bigger than
1 of an admissible tuple are trivial. Thus, an analytic almost CR manifold has a local CR
immersion in C"” if and only if the total curvature

QUM 2% (hs, W) (5.24)

takes values in the space of coboundaries B2 (EOO, W). We remark that, by its very definition,
the map (5.24) always takes values in W ® A2W*. 1t follows that (M, D, J) is locally
immersible in C” if and only if (5.24) takes values in B®2(hoo, W) N W ® AZW* and, by
Eq. (5.23), if and only if

[X,Y]—[JX,JY] €D and
[X,Y]—[JX,JY]=—J[JX,Y]— J[X, Y],

for all sections X, Y of D, i.e., when the almost CR structure is integrable in the classical
sense. We therefore reobtained the classical result by Andreotti and Hill ([5]) on immersibility
of almost CR structures.
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5.4 CR quaternionic immersions into HP"

Let (1\71 , Q) be an almost~quaternionic manifold, a real manifold of dimension 4n with a
subbundle Q of End (T M) locally generated by a triple (Ji, J2, J3) of endomorphisms
satisfying

h=hb, J2P=—1I, Juoldg=—JgoJ, forall 1 <a,B <3, a#p.

o

To any (A~4 , 0),one can naturally associate a G-structure 7 : P — M withG = GL; (H)-Sp,
(see [3,17]).

Letnow M be areal manifold of dimension 477 — 1 endowed with anembedding TM — E
of its tangent bundle into a vector bundle £ — M of rank(E) = 4n with a linear quaternionic
structure on each fiber. Following [13], the pair (M, E) is an almost CR quaternionic manifold
(of hypersurface type). To any such manifold, one can naturally associate a G-structure
7 : P — M with a particular structure group G which is not semisimple and has Levi factor
isomorphic with SL;_; (H) x Sp;. We refer to [18] for its exphclt descnptlon

Any hypersurface M of an almost quaternionic manifold M is P-regular and inherits an
almost CR quaternionic structure, the natural inclusion TM C E := T M|y . Moreover, the
above-mentioned bundle 7 : P — M coincides with the G-structure induced on M C M
by 7 :P—> M.

It follows that, given an almost CR quaternionic manifold (M, E) of dimension 47 — 1
and an almost quaternionic manifold (1\7 , 0) of dimension 47, the existence of a local CR
quaternionic immersion of (M, E) into (1\72 Q) is equivalent to the local immersibility of
7:P —> Minto7 : P —> M.In particular, the existence of a local CR quaternionic
immersion of (M, E) in the quaternionic projective space M = HP" with its standard
quatermonlc structure Q = Q, is equivalent to the local immersibility of # : P — M
in the G-structure 7 : P,, — HP”" associated with (]H[P” Q,). This structure is flat k-
reductive with k = 2. We refer to [18] for the explicit expression of the maximal prolongation
Hoo of g = gl;(H) + sp; and its main properties. In that paper, it is also proved that the
groups H U(HOQ, W) and H 2*1(500, W) are trival. This fact, a careful analysis of the groups
H? ’2(500, W) and Theorems 1.1, 3.4 and 4.3, yield the following result on CR quaternionic
immersions. In the statement,

—E = C¥2and H = C2 are the standard representations of shi_»>(C) and sl (C),
respectively,

— Ad is the adjoint representation of sly7_2(C),

— D is the sly;7_2(C)-irreducible module given by the kernel of the natural contraction
E ® A’E* — E*.

Theorem 5.8 Let M be an almost CR quaternionic manifold of dimension 4n — 1 > 7 and
7 . P — M its canonically associated G-structure. Then:
(i) there are natural isomorphisms of s-modules, s >~ sly7_>(C) + sl (C),
H*?(hoo, W) ® C =~ A’E*S?H + (D + E*)S°H + (Ad +A’E*)S*H + E*S°H
H'" (00, W) @ C~ H' 2@ ® C,

while the cohomology group H 2,2(5'00, W) vanishes;

(ii) there is a canonical G-equivariant map R P> HO’Z(Eoo, W) which vanishes if M
is locally immersible into a quaternionic manifold (i.e., an almost quaternionic manifold
with a compatible torsion-free connection);
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(iii) ile = 0, there is a canonical G-equivariant map R2. P —> HI’Z(HOO, W),
(iv) M is locally immersible in HP" around any point if and only if R} = R* = 0.

Remark 5.9 The fact that the essential curvatures R' and R? of the theorem are intrinsically
defined objects relies on the non-trivial fact that H ! (hoo, W) and H%!(hoo, W) vanish. In
general, these groups do not vanish: consider the case of isometric immersions into Euclidean
spaces where

H" ! (s05(R), W) ~ H " (s0,(R), W)+ WL @ SZW* + so(W') @ W*.
————
=50,(R)!=0

The nonvanishing of the last two subspaces corresponds to the fact that the existence of a
local Riemannian immersion depends on the existence of an appropriate fundamental form
and normal connection.
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