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1 Introduction

Gradients or generalized gradients in the sense of Stein and Weiss are first order differential
operators that are irreducible summands of the covariant derivative V. More exactly, if one
starts from any vector bundle E over M, a differential manifold, and terminates together with
V in the bundle 7*M ® E and if, additionally, one has a Lie group G acting both on 7*M and
E (and such a group is always strictly associated to the geometric structure considered on M),
then one can think on splitting both the origin bundle E and the target bundle 7*M ® E onto
direct sums of G-irreducible invariant subbundles. Then, the restriction of V to any one of such
subbundles of E composed with the projection onto any one of 7*M ® E is just a G-gradient.
We are mainly interested in O (n)-gradients, i.e., in the case G = O (n). The exact definition
is given in Sect. 2. Gradients are then the simplest bricks the covariant derivative is build
of. O(n)-gradients were introduced first in 1968 by Stein and Weiss in their famous paper
Generalization of the Cauchy-Riemann equations and representations of the rotation group
[23]. Their theory developed next into a pretty large branch of global analysis, geometry,
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differential operators or representation theory. Many natural first order linear differential
operators in Riemannian geometry are either gradients or their compositions. For example,
the exterior and interior derivatives d and 8, respectively, the Cauchy-Riemann operator 9
are gradients while the classical Dirac operator on exterior forms, namely, d + § is their
sum. Gradients depend on the geometry of M (the group G) and this is obvious, but, on the
other hand, they can themselves, e.g., by their spectral properties, determine, to some extent
the geometry (volume, area of the boundary, scalar curvature), cf. [20,16,5,17]. The nice
algebraic properties of gradients made that their theory can be successfully developed in the
category of Lie algebroids.

A Lie algebroid over a manifold M is a vector bundle A over M with a homomor-
phism of vector bundles p4 : A — T M called an anchor, and a real Lie algebra structure
(I (A), [[-, -]1D) such that [[a, f - bl = f -[a,bll + 04 (a) (f) - b for all a,b € I' (A),
f € C°® (M). A Lie algebroid with a surjective anchor is called transitive. Any smooth
manifold M defines a Lie algebroid, where A = T M with the identity anchor and the nat-
ural Lie algebra of vector fields on M. Other examples of Lie algebroids are: Lie algebras,
integrable distributions, in particular foliations, cotangent bundles of Poisson manifolds,
Lie algebroids of principal bundles. For more complete treatment of Lie algebroids and its
connections we refer to [8,11-13] and [2].

The bundle A is equipped here with a Riemannian metric g extended then naturally to the
whole tensor algebra over A.

Two important cases: the skew-symmetric forms and the trace-free symmetric tensors
taken as the origin bundle are investigated in detail. In both of them the covariant derivative
splits exactly into three pieces. One of our aim is getting a possibly full analogy and harmony
in description of this two quite antipodal cases. The splittings coincide in the case of one
tensors. Further similarities are as follows. Exactly one term of the splitting is—in both the
cases—an elliptic operator in the sense that its symbol is injective. The suitable compositions
of two terms lead to second order strongly elliptic operators: the Hodge-Laplacian A¢ in the
first case and an analogous differential operator A* in the other. Both of them are, like V*V,
of metric symbol. As an application we derive the Weitzenbock type formulas in both the
cases. It is interesting in its own that the zero order terms in the formulas are compositions of
three summands in each case. The first is equivalent to the Ricci tensor in the classical case
so it reflects the curvature of V. The two others reflect a deviation of V from being metric
and torsion-free, respectively.

It would be interesting to derive exact curvature terms in some particular cases and study
their geometric meaning. It would be also interesting to investigate analogue problems for
other geometric structures, in particular spinor one, what should lead to operators of the Dirac
and the Rarita-Schwinger type.

2 Connections and generalized gradients on Lie algebroids

Let (A, 04, [, -1) be a Lie algebroid over a manifold M and let n be the dimension of the
fiber of A. By an A-connection in a vector bundle £ we mean a homomorphism V : A —
A (E) of vector bundles A and A (E), which commutes with anchors, and where A (E)
is the Lie algebroid of the vector bundle E (see [12]). The module CDO (E) of sections
of A (E) is the space of all covariant differential operators in E, i.e. R-linear operators
£ : T (E) — T (E) such that there is (unique) X, € X (M) satisfying £ (fe) = f€(e) +
Xe¢(f)eforall f € C®°(M)and e € ' (E). V determines a C* (M)-linear operator of
modules of sections which will also be denoted by V and also called an A-connection.
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By the curvature of an A-connection V : T' (A) — CDO (E) in E we mean the 2-form
RV eT (/\2 A* @ End (E)) defined by
Ry =VaoVy—Vy0Vy— Vs, a,bel (A). 2.1)

Notice that RV is zero if and only if V is a homomorphism of Lie algebras (V preserves Lie
brackets).

In the case where £ = A, by a torsion of V we mean the 2-form TV el (/\2 A*® A)
given by

TV (a,b) = V4 (b) =V (a) — [a,b], a,beTl (A). (2.2)

If 7V =0, V is called torsion-free.
Denote the vector bundles ®k A* and ® A* by A*®F and by A*®, respectively.

Let /\k A* and S¥A* denote the subbundles of skew-symmetric and symmetric k-tensors
of @ A*. Let

V:T (A) — CDO (A)

be an A-connection in the vector bundle A. Extend V in a natural way to the dual bundle by
the formula

(Vab®) () = 04 (@) (b (¢)) = b* (Va0)

forall a,c € I' (A), b* € I (A*) and next by the Leibniz rule, to the whole tensor algebra
of A. The extended connection will be denoted by the same symbol V. In particular,

k
Vo (€)(ar,...,ax) =04 (a) (& (a1, ..., ak)) —ZE (ar,....Vaaj,....ar) (2.3)
j=1
for¢ € T (A*®k) ,a,aj € T'(A). So, V can be treated as the differential operator V :
I (A*®%) — T (A*®*+1) given by
(Vo) (ar,ar ... ar1) = (Vi) (@2, .., ags1) (2.4)

for ¢ € T (A*®%),a; € T (A).

Lemma 2.1
n
V=D ai @V (2.5)
j=1

for any ¢ € T (A*®) and any dual local frames (ay, . .., an) of A and (aT, ...ak) of A*.
Proof Observe that

n
> 4@Vl T (A) — T (a%9)
j=1

is a derivation in the tensor algebra. So, it remains to show (2.5) for functions and sections
of A*. And this is just a calculation. O

Define the second covariant derivative by

V2,8 =V (Vpe) = Vyug, ¢ €D (A*®), a,bel (4). (2.6)
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Lemma 2.2

Ral 56 = Va st = Vi al + Vivant 2.7
for¢ €T (A*®), a,b €T (A).
Proof Simple consequence of (2.1), (2.2) and (2.6). ]

Suppose that g is a Riemannian metric in A. g defines in a usual manner the unique metric
in A*, which can be extended to the metric (-, -), in the vector bundle A*®k by putting

k

k k
(@@ ) =T
i=1 =1 1,

=1

and next, by the restriction, to the metric in the bundles /\k A* and SFA*, respectively. Notice
that the metric in /\k A* differs then by a multiplicative constant from that defined by the

J
Now we are ready to define O (n)-gradients on A, where n is the dimension of fibers.
Since the fibres of A are Euclidean spaces, O (n) acts on them in a natural way. Obviously,
the action can be extended to A*®. Decompose the space A*®¥ into a direct sum of irreducible
invariant subspaces:

determinant: (a]“ Ao Nag, b AL b,f) = k!det <a?", b"f> .
g i P

A*®K — @ V. (2.8)

For every a, denote by j, : V, — A*®* the natural injection defined by (2.8). Next, take
any « and split the bundle A* ® V,, into a direct sum

A*Q Vo =P W 29
8

of invariant irreducible subbundles Wg. If the multiplicities are one—and it is the case of
our considerations—this decomposition is unique. Denote by 7g : A* ® V, — Wpg the
projections defined by the splitting (2.9).

For any «, B the first order differential operator

VP = Pyg=mtpoVojy: T (Vo) — T (Wp) (2.10)
is called a generalized gradient or a Stein-Weiss operator.

Theorem 2.1

n
vep =mgo Za}f@Vaj 0 Jju
j=1

for any dual local frames (ay, ..., ay) of A and (af, ..., a,f) of A*.
Proof Simple consequence of (2.10) and Lemma 2.1. O

The simplest example is the case k = 1. The origin bundle A*®' = A* is irreducible
(O(n) acts on A* transitively) but the target bundle A*®2 splits into three O (n)-irreducible
invariant subbundles:

2
A*®2 — /\ A*EBS];A*@S{;A*,
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where
/\2 A* is the subbundle of skew-symmetric tensors,
S’;A* is the subbundle of symmetric and trace-free tensors,

SfrA* is the subbundle of pure traces, i.e. tensors of the form cg, ¢ € R.
Consequently, the three projections 7y, m>, 73 are given by:

1 1 1 1
T :E ngna o, 712:5 ZG—;gtr, N3:;gtr,

g€SH oES

where the action of a permutation o € S, on a p-tensor { € A*®” is given by

(0¢) (a1, . ..,a,,) =¢ (ao.—l(l), e (la.—l(p)) , 2.11)

and tr is the trace with respect to g. So, for the metric and torsion-free connection V, the
Stein-Weiss operators in this case are

1 1
Py =711V=5d, P, =mV =2_, P3 =m3V=——g48 (2.12)
n
and
1 1
V==-d+S——gé,
2 n

where d and § are usual operators of exterior derivative and coderivative, respectively, defined
generally later (cf. (3.1) and (3.4)), Sa = Vo + %80{ -g,a € /\1 A* (VS is the symmetrized
V), is known as the Cauchy-Ahlfors operator of [1,18,19].

Come back to the general case. For any k > 1 and any ¢ € I'(A*®*) define its trace
tr¢ = try 2¢, i.e. the trace with respect to the first two arguments by

n
(tre) (ar, ... ax-2) = D ¢ (ej. e a, ..., ax2) (2.13)
j=1
where (e, . .., e,) is a local orthonormal frame of A. tre = 0 for ¢ € I'(A*®1).

Define the coderivative operator
VDA™K — T (A*®kT
by
V¥ = —tr (V¢). (2.14)

In case A is the tangent bundle of a Riemannian manifold M the operator V* reduces to
the classical adjoint operator to the Levi-Civita V. More exactly, V and V* are there formally
adjoint with respect to the global (integral) scalar product on M.

Lemma 2.3
n
Vi == ie; (Ve,C) (2.15)
j=1
forany ¢ € T'(A*®) and any local orthonormal frame (ey, . .., ey) of A.

Proof One can easily see that the right-hand side of (2.15) is independent of choice of the
frame. The rest of the proof is just a calculation. O
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To understand the notion of gradients let us recall how tensors split under the action of
the orthogonal group. The splitting can be explicitly described by the Young diagrams and
by successive process of removing traces. We will follow here the construction of O (n)-
irreducible splitting given by Weyl in [24] (cf. also [10] or [4]). For the sake of simplicity let
us reduce our consideration to a single fibre of a bundle.

Let E be a vector space over R of dimension n. Fix p € N and take a sequence of integers
o= (aq,...,0)withay >--->a, > 1, a1 +---+ o = p. Such an « is called a Young
scheme of length p. It can be represented by a figure consisting of r rows of squares such that
the number of the squares in the jth row is ;. A Young scheme can be filled with numbers
1,..., p distributed in the squares in any order. A scheme filled with numbers is called a
Young diagram.

Take a Young diagram « filled with numbers that grow both in rows and in columns.
Denote by H, and V, the subgroup of the symmetric group S, consisting of all permutations
preserving rows and columns, respectively. The diagram « determines the Young symmetrizer
7y E®P — E®P E®P = QP E, which is a linear operator given by

g = E sgno - 7o.

T€Hy,0€V,

Here the action of the permutation o € S, on tensors is defined in (2.11). It is known that

7y is a projection up to a multiplicative constant, i.e. 72 = mq, for some my € N and that
E, = Imn, is an invariant irreducible subspace of E®” for the standard representation of

GL(n) in E®?. Moreover,
E®? = (DE.,.
o

Assume that E is equipped with a scalar product g. For 1 <i; <i, < pand ¢ € E®P
define the i1, ith trace of ¢ as the contraction of g and ¢ taken with respect to iy, ioth
arguments of ¢. More exactly:

n
(triyi ) 1, oo vp—2) = ZC (VIs oo Vim0 € Vi o oo Vig—2, €, Vig—1, + - -, Vp—2)
i=1

where (eq, ..., e,) is an orthonormal frame of E. ¢ is said to be trace-free if tr;,;,(£) = 0
for 1 <i; < ip < p.Itis obvious that the space Ega P of all trace-free tensors is a linear

i
subspace of E®7. (E(;@ P ) is the subspace of all tensors of the form

D o(g® ) (2.16)

oES)

where ¢, € E®P~2. The intersection Eqq = Eq N Egap is non-trivial if and only if the sum
of the lengths of the first two columns of the Young diagram « is < n. Every such diagram
is called admissible. The corresponding space E,( is invariant and irreducible under the
O (n)-action and

EQ" = P Eao (2.17)
o

where o ranges over the set of all admissible Young diagrams with numbers growing
both in rows and columns. Using (2.16) and (2.17), and proceeding with the analogous
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decompositions of E®?~2, E®P~4 etc., one gets the decomposition of E®” into the direct
(in fact, orthogonal) sum of irreducible O (n)-invariant subspaces.

Among Young diagrams particularly interesting are that composed of a single column or
of a single row only. In the firstcase o = (1, 1,...,1), 1 +1+--- 4+ 1 = p, #na = Alt

is the alternator. In the other one ¢ = (p), %na = Sym is the symmetrizer. As a result

the generalized gradients are then the terms of the covariant derivative acting on the space
of skew-symmetric forms—in the first case, while they are the terms acting on the space of
symmetric forms—in the other. These two important cases will be the subject of the next two
sections.

All the considerations of the chapter apply of course to spaces of local sections of bundles
considered below.

3 Gradients on the skew-symmetric forms

Let (A, 04, [, 1)) be a Lie algebroid over a manifold M and let &/ = @pzo %, where

dF =T( /\k A*), be the C*° (M)-module of skew-symmetric differential forms on the Lie
algebroid A. & is an algebra over the ring C*° (M) with the multiplication defined in the
classical way:

AP x 1 —> P

(wAnN) (al, e, ap+q) = Z sgno - (ag(l), e, ag(p)) -1 (ag(p“), R ag(p_,_q)) s
oeS(p.q)

where S (p, q) is the set of (p, q)-shuffles. Let n) : 79 — /P4 denote the operator of

multiplication by w € /P given by

us(m=wnn forne .
Recall that the exterior derivative d : &% — @*+1 (cf. [14]) is defined by

k+1
@ (@, ..oare) = D (=D oa(a)) (n (a1, .. a5 aer)) 3.1
j=1
—I—Z (=it g (IIa,-, ajll,ar,...a...daj..., ak+1) .
i<j

Let V be an A-connection in A. Define the operator d¢ : &% — &7*+1 by
k+1

(d*n) (ar. ... axs1) = D (=177 (Vayn) (a1....@j ... axs1) - 3.2)

Jj=1

A simple relation between d and d“ describes the following

Lemma 3.1
d*=d+d"
where
(dTn) (ai,...,ax+1) = Z(—l)i+j n (TV (a,-,aj) ,aip, ...a; ...Zi_,»...,akH)

i<j

foranyn € /%, ay, ..., ar11 €T (A).
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Notice that if V is torsion-free, d* = d (cf. also [3]). Notice also that in a general case d*
is just—up to multiplicative constant—the alternation of V. Namely,

dn = (k + 1) - Alt (V) (3.3)

where 1) € &%, and where for any ¢ € A*®P its alternation AltZ is defined by

Alte = % z sgno (0¢).

Toes,
Observe that V defined by (2.4) and restricted to .«7* can be treated as the following operator
V:ak > Ao A\Fay.
By the exterior coderivative d** we mean the restriction of the coderivative operator given
in (2.14) to the space of skew-symmetric tensors:

d = V*| b — (3.4)

Define two operators. The antisymmetric-trace
k
a?: T (A* ® A\ A*) — !

as the restriction of the trace operator given in (2.13) to sections of A* ® /\k A* and the
antisymmetric-cotrace

k
cotr? : ¥ — T (A* ® /\ A*)
given by
ip (cotrn) = (ipg) A,

i.e. explicitly

k

(cotr“n) (ao, ...ax) = D" (=)' g (@0, ay) -0 (a1, ... T ... ax)
s=1

forn e %', b, ap, ...a; € T (A).

Lemma 3.2 The operators cotrn and k - tr® are conjugate in the following sense cotr =
k - (r*)* or more exactly:

(cotr“ m, S)g = (n, k- tr“é)g (3.5)

forn e a*1 £ e (A* @ \F A).

@ Springer



Ann Glob Anal Geom (2013) 44:319-337

327

Proof Letn € &% ', a e T (A*), c € &%, (ey, ...,

¢,,) be an orthonormal local frame of

A. Then
(0 ® ¢, cotr” (n))g
n
= Z (%4 (eio) ¢ (eil ..... eik) cotr” () (61‘0 .... Eik)
i0,.rig=1
" k
— Z Za(ezo) g‘(elsaelp ~.a;~..,eik)'g(ei07eix).n(eiﬁ"'/e\l's""eik)
ig,.cnig=1s=1
n k
= Z Za(eis) (6 (i ey @) (e B e
i1, ig=1s=1
n
= Z Z ' (@ ®¢) (e, ... e i) (e, .. e ....ep)
s=1 il,,,.’l';uu,[k_l
n
=k z tr* (@ ® ¢) (€i1 ~~~~ eik—l)'n(eil""’eik_l)
i1,enif—1=1

=({k-r@®g),ny,-

O
Lemma 3.3
tr? (cotr“ n) =mn—k+1n (3.6)
forany n € /¥,
Proof Letn € 1 ael (A", ¢ € ok, (e1,..., e,) be an orthonormal local frame of
A, iy, ..., irefl,..., n}. Then
n
tr (cotr 1)) (e,-2 ..... eik) = Z (cotr” n) (eil R eik)

i=1

—ZZ( 1 g (eiy, ei) 1 (eiys @y - eiy)
i1=1s=1
_Z 611,311 elz s €l —{—ZZ( l)S 1 e”’gls) (eila"'as""eik)
i1=1 i1=1s=2
k
=n-n(ep. ..., eik)-I—Z(—l)s_lg(e,‘.‘,,e,l\,)n(eix,e,-z,...?iS...,eik)
s=2
=n-n(e,....ep) = k=1 -n(e, ..., ep)
:(n—k—i—l)-n(e,‘1 ..... eik)
O

Define three linear mappings

i,y T (A*

® /\kA*) — T (A* ® /\kA*)
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by

1
a a : a a a a a
i =Alt, nf=id—n{ —n%, w7 =——"——cotr’otr’.
! 2 1 3 3 n—k+1

Lemma 3.4
(ri'e, min), = (wi'¢, win), = (x5¢, 75n), =0
fort,n € T(A* @ Nk A%).

Proof Lets,n e T(A*® /\k A™). Since rr{'¢ and 75 ¢ have zero traces, (3.5) implies at once
that (7{¢, n?n)g = 0 and (74¢, nfn)g = 0. Hence (7{¢, né‘n)g = (n{'¢, n)g —(mf¢, nlar])g.
Ifa® &, f®n, € T(A*® A\F A*), then

(nil (@®&),B® 770>g =(Alt (@ ®&).B® Uo)g

n

= Z Alt (o ® &) (e,-o, cee e,'k) - (B®no) (eio, cee, eik)

1 n k

“rrl Z Z(—l)sa(eis) 8o (€igs €y o) - Bleig) o (eiys - - eip)
= (Alt (@ ® &) Alt (B® 1)) = (] (2 ® &) . 7] (B ® 10o)), -
Consequently, (7{¢, nzan)g =0. m]

Theorem 3.1 i, 73, w5 are projections and I' (A* ® /\k A*) splits onto the direct (in fact,
orthogonal) sum of O (n)-invariant subspaces:

k
r (A* ® /\ A*) = Imn{ & Im7§ & Imnf. (3.7)

Proof The orthogonality of the splitting follows from Lemma 3.4. Clearly, 7z{' is a projection.
73 is a projection by Lemma 3.3. Since 7{ and 7§ are projections, 75 o w5 = 7y +
(7{ o m§ + 7§ o 7). By the orthogonality, 7{ o 7§ = 0 and 7§ oxr{ = 0. So, 7§ o7y = 0.

]

Remark 3.1 Fork # % # k+1 the orthogonal subspaces in the sphttmg (3.7) are irreducible.
Forn = 4k or n = 4(k + 1) the orlgm bundle /\4 A* splits /\+ A" @ /\4 A* where
+/— denotes the subbundles of A i A*being the eigenspaces of the Hodge star operator,

respectively.

Notice that Imz{’ = &/ k+1 Elements of Imz{ @Imznj are trace-free tensors, i.e. trn = 0
for n € Imz{’ @ Imn5, so elements of Imzr§ may be called pure traces.
Define the Stein-Weiss type operators

k
Rf‘:ﬂ;’ov:ﬂk%F(A*®/\ A*), jefl,2,3}.
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Theorem 3.2
V= P!+ Py + P{.
Moreover,
a 1 a a 1 a 1 a ax
Pl=——d% P/ =V-— d® + cotr® o d“*,
k+1 k+1 n—k+1
Pe — — % o d¥*.
3 7’1 — k T 1C0 i el
Proof Simple consequence of (3.3), (3.4) and Theorem 3.1. O

Remark 3.2 To get gradients in (3.7) for the exceptional cases, compose P" with the pro-
jections onto A { A* and \* A* for n = 4k, or restrict the origin bundle to one of A\ { A*,

AN:A*forn=4k+1).

Notice that in the case k = 1 the splitting of V reduces to that in (2.12) where P =
P\, Py = P, Py = P;.

Notice also that P3 is the only elliptic operator of the three ones in the sense of injectivity
of its symbol. For a linear operator P : ' (F) — I (F) of order m in a vector bundle F its
symbol at a given point x € M is defined by

op (w,e) =P (f"n) (x)

where w € A% is such that w = (df) (x) for some smooth function f satisfying f (x) =
0, e € Fy, n € I'(F) and n (x) = e (cf. [15]); one can see that the definition is independent
both of f and of n with n(x) = e. In our case ops (@, ) = 7L, Oawa (@, ) = —tro ul.

1 a ®
mcotr otro Mg s and

So, opg (@, ) =
1 A

1 a ®
k+1,uw—n_k+lcotr otro W, ,

opg (@,°) = pg —
where p,% is a tensor multiplication by w. One can check (cf. [18]) that if A is transitive,
the opg (w, -) is injective for all @ # 0. The ellipticity of Pg' follows also from the general
theory of gradients (cf. [6,9,10]).

4 Weitzenbock formula for skew-symmetric tensors

Define three differential operators of order zero. The Ricci type operator R¢ : of — <f by

n k
(Ran) (a], ey ak) = Zz (_1)3‘71 (RZJ',(I;U> (ejv ag, .. 'a\S RN ak) ) (4'])
j=1s=1
the operator 7¢ : &/ — </ by
n k
(T9) @ a) = 23 O (Vv ayn) @@ @), 32

j=1s=1
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and next, the operator M? : &/ — </ by

n k
(M) (@t eeevar) = D7D (D T (i, e +iesivi,e) (Vi) (ar, .. ds..ap) |
j=1s=1
(4.3)
where n € % ar,...,ap €T (A), (e1,...,e,) is a local orthonormal frame of A, RV is

the curvature tensor of the connection V : T (A) — CDO( /\k A™). The first one R4 is like
in the classical approach the trace of the curvature tensor. The next 7¢ reflects a deviation of
the connection from being torsion-free. And the last M“ measures a non-compatibility of V
with the metric. Notice that, by (2.7),

n k
(Ran) (ay,...,ax) = ZZ(—I)S—I (szyalyn — Vi,e_,-”) (ej,al,...’a\s...,ak)

j=1s=1
+(T%) (a1, ..., a).
4.4)
The Laplace operator on differential forms on the Lie algebroid A is defined by
Aa — dl]*dd + dadu*
One can see that if A is transitive, A? is a second order strongly elliptic operator with the

metric symbol oae (0, 1) = |a)|2 n.
In much the same way as in [3] write the explicit formulas for the two summands of A:

(d*d**n) (ay, ..., ar) = —tV2n (ai, ..., a)

n k
+ZZ(—1)S*1 (ijﬂsn) (ej, aip,...dg..., ak)

j=1s=1

and
(d”d**r}) (at,...,ap) = — (M“n) (ai,...,ar)
n k
_ZZ(—I)S_] (Vi,ejn) (ej,al,...a}...,ak)
j=1s=1
forany n € g% ay,...,ap €T (A) and for any local orthonormal frame (ey, ..., e,) of A.

As aresult we have the following
Theorem 4.1 (Weitzenbock Formula)
A" =V*V+ R =T - M* 4.5)
where R*, T* and M*“ are the operators defined in (4.1)—(4.3).
Consider some particular cases. If V is metric, i.e. if
(oaca)(gb,c)) =g(Vyb,c)+ g (b, Vyc) for alla,b,c el (A),

the operator M vanishes.
If there exists a local orthonormal frame of sections (e, ..., e,) with the property
Ve e j’x = 0 at a single point x € M (for example if A = F C TM is an integrable
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distribution on M and V is the Levi-Civita connection), then M“ = 0. The assumption
of existence of a local orthonormal frame of sections that have vanishing covariant deriva-
tives at a single point implies that the isotropy algebra of A (i.e. ker 04|, ) is abelian, and
consequently, 7¢ = 0.

If V is a torsion-free A-connection on A, then d* = d is the exterior derivative on A given
in (3.1), and obviously 7¢ = 0.

Notice additionally that if V is metric and A is oriented, the Hodge star operator * is well
defined on <7, and then d®*n = (—1)"P+D+1 & 4 s 5 for any n € &P (cf. [3]).

5 Gradients on the symmetric forms

Let .7% be the C* (M)-module of all symmetric differential forms, i.e. the module of
sections of the symmetric subbundle S¥A* of A*®% and v = @,.,.7*. Let S =
{a) e trw = 0} be the submodule of . of sections of the bundle S’o‘_ A* of all zero-trace
tensors in S¥A*, and let .7, = Di=o0 k. Obviously, .7 is an algebra over the ring C*° (M)
with the multiplication © : /P x ¥4 — P14 given by

Com(an....aprg) = D &(a0y -2 a0p) 1 (Ao(pi1): -+ Ao (pig)) -
oeS(p.q)

Let /,L? : 79 — #P14 denote the operator of multiplication by ¢ € .77:

ug ) =¢on for nes.

The Lie algebroid structure on A and the A-connection V determine the symmetric and
R-bilinear bracket {-, -} : ' (A) x I' (A) — I'" (A) by

{a,b} = — (Vub + Vipa) .

Observe that {a, f -b} = f -{a,b} — o4 (a) (f)-bforalla,b € T (A) and f € C*® (M).
In this way A has the structure of a pseudo-Lie algebroid in the sense of [7] with the bracket
{-,-} and —p4 and g4 as the left and the right anchor, respectively.

Define the symmetric derivative d: /% — #*+! by

k+1
@) @, = > pa (@) (1 (ars @ i)
j=1

+Zn({a,-,a.,-},a1,...ﬁ...EIJ-...,ak+1)

i<j

Q

and the operator d* : % — #*+1 by

k+1
(@n) (@r.....akx0) = D (Vayn) (a1, .35 ... axp1) 5.1
j=1
forn € 7 ai,...,ar+1 € I' (A).
Observe that
d=d*=(k+1)-(SymoV) on 7%, (5.2)

@ Springer



332 Ann Glob Anal Geom (2013) 44:319-337

where Sym is the symmetrizer given by
1 k
(Sym®) (ay, ..., ar) = 7 z s (aa(l), e ag(k)) for all 9 € A*®*,
oeSy

By the symmetric coderivative d** we mean the restriction of the coderivative operator
given in (2.14) to the space of symmetric tensors:

A" = V¥ 0 S — AL (5.3)
Define two operators. The symmetric-trace
' : [(A* @ §FA*) — 747!

as the restriction of the trace operator given in (2.13) to ['(A* ® Sk A*) and the symmetric-
cotrace

cotr’ : 41— I'(A* @ SFA¥)
given by
ip (cotr’n) = (ipg) O 1,

i.e. explicitly

k
(cotr*n) (ao. ... .ax) = > glao. as) - n(ar, ... ds ..., &)

s=1
forn e %1 b, ag,...ar € T (A).
Lemma 5.1
/L? = HTlSym ocotr’ on K71
and

iboCOtrszibO/”L?_“g@Oib for everyb e I' (A).
Proof Let n € %' and b,ag,...,ax € T (A). Since (H?U) ooy =
2« &as,ar)-n(ap, ... dy...q ... ax), we have
(k + 1) Sym (cotr*n) (ao, .. ., ax)
:Zth(ay,aI)-n(ao,...av...a\,...,ak)
+D_glas.a)-n(@. ... qs....a)
:2zs<,g(as,at)~n(ao,...as...at...,ak)
ZZ(Mgn) (ag,...,ax).
Moreover,

ia () = ia (8 © 1) = (48) © 1+ © (an) = i (cO"n) + 1 (i)
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Lemma 5.2 The operators cotr®n and k - tr® are conjugate in the following sense cotr® =
k - (tr*)* or more exactly:

(cotr* (), g)g =(w., k- trf;)g (5.4)
forn e %71 ¢ eT (A* ® SFA¥).
Proof Similar to the proof of (3.5) in Lemma 3.2. O

Lemma 5.3

(a) trf (cotr’n) = (n+k — 1)n,

®) * (u§n) = 1 @ n) + (0 +2k =2
foranyn € B

Proof The proof of (a) is similar to that in the skew-symmetric case (Lemma 3.3). Let
ne %=L (e1,...,e,) be an orthonormal local frame of A, is, ..., i € {1, ..., n}. Then

trs (M?r]) (6[2, e eik)
n k
= Z g (ei ei) n(eiy, ... ei) + ZZg (ei. ei,) - n (eirs eiy, .. @iy .. €0y)

i1=1 i1=1s=2
n
+22g(e,‘t,e,~_c) . n(ei,,ei],eiz,...'éi[ ... 6 ...,e,-k)
i\=11<s
k
=n- ;7(6,'2, ...,e,-k) +22g(653,€i3) . n(el-s,eiz, ?,S ...,Eik)
s=2
+Zg el,,e,v tr 77)(31'27-~-?i,~-~?i:-~-veik)
1<s

=mn+2k-— 1))-r;(el-2,...,eik) +,ui;D (trSn) (e,-z,...,e,-k).

Define the operator

Ty = cotrf otr onI" (A* ® S];A*) .

1
n+k—1
Lemma 5.3(a) implies that 7 : T (A* ® S’;A*) - I'(A*® S’;A*) is a projection. More-
over, since tr o ry = tr, then tro (id — my) = 0. Thus the operator id — 7y, is also a projection
inT" (A* @ SEA*).

Now, define three linear mappings
al sl T (A* ® s’;A*) T (A* ® Sf,A*)
by
7} =Symo (id —my), m =id—m] —73, 73 = my.
Lemma 5.4
(xi¢. 73n), = (ni¢, m3n), = (x3¢. 73n), =0

forz,n e T(A*® S’;A*).
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Proof Let ¢, n € T(A* ® SKA*). Since 77 ¢ and 75 ¢ have zero traces, Lemma 5.2 implies
at once that (nf;,n‘gn)g = 0 and (73¢, ngn)g = 0. Hence (7{¢, n‘z‘n)g = (m]¢, n)g —
(mi¢,7{n),. The proof of (mj¢, n)g = (mj¢. rrfn)g is similar to a proper part of that of
Lemma 3.4. O

Theorem 5.1 7}, 3, m3 are projections and I' (A* ® SﬁA*) splits onto the direct (in fact,
orthogonal) sum of O (n)-invariant subspaces:

r(4* ®SkA*) = Im7} ® Im73 ® Imr. (5.5)

Proof The orthogonality of the splitting follows from Lemma 5.4. Since Sym and 7, id—
are projections and Sym o 7y, = 7 o Sym, by Lemma 5.3(a) we obtain that 777 and 73 are
projections in ' (A* ® S’;A*). Consequently, 73 o3 = 73 + (] o 7§ + 7§ o 7} ). But we
see that

77 oy = Sym o (7 — Ty 0 ) = 0.
Analogously 73 o 77 = 0. Hence 73 is a projection.

The space Imx§ is called the pure trace part of T'(A* ® SKA*) in the sense that
trj, i, (@* ®n) = w3 fori; < i. By Lemma 5.3 7y, 75, 3 can be explicitly expressed
in the following forms:

2
75 = Sym — O o trf,
T kD k+ 1)

1
5 =id — Sym Ootr' — ——cotr’ o tr'
e T T Ty D Ty R
= mcotrs o tr’,

Define the Stein-Weiss type operators
P=mjoV: sk —T (A" @8ia"), je(1.2,3).
Theorem 5.2
V=P +P+P;.

Moreover,

Pi¢ = o d’¢ +72 g0d™¢),
k+1 n+k—1

1 1
PS¢ = Ve — dS _ ds* t sds* ,
e s e S Py Y I Lk Sy R
—1
Pg{ = mcotrs o ds*é-
fort e y,f‘
Proof Simple consequence of (5.2), (5.3) and Theorem 5.1. O

Remark 5.1 Forn > 5 the orthogonal subspaces in (5.5) are irreducible, so, P}, P;, P; are
gradients. If n = 4, P; splits further on two O (n)-gradients. For n = 3 the decomposition
into irreducible parts is given by the Clebsch-Gordan formula. The details of the splitting in
the two last cases can be found in [21].
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Notice that in the case k = 1 the splitting of V reduces to that in (2.12) where P =
Py, P; = P, P; = P3.

Notice also that P is asymmetric counterpart of the Cauchy-Ahlfors operator investigated
in [1,21,22,18,19]. Finally notice that similarly as in the skew-symmetric case only one Pf
is elliptic of the three considered gradients. Its symbol is equal to

1

ops (w,-) = u® + ! Sym o cotr® otro u®,
1 k+1"° n—k+1 @

since inour case ags (@, -) = u2, ogwa (w, -) = —tron®, where & is a tensor multiplication
by w € A%. Moreover,

Opy (w,-) = cotr® otro M%, ops (w,) = ,uff —ops (w, ) — op; (w, ).

n+k—1

One can check that if A is transitive, ops (, -) is injective for all @ 7 0. The ellipticity of
P} follows also from the general theory of gradients (cf. [10,9,6]).

6 Weitzenbock-type formula for symmetric forms

Define the symmetric Ricci type operator R® : ¥ — ./ by

(RS{)(al""’ak) ZZ( e,as) ,,al,...fl\s...,ak),

j=1s=1

the operator 7° : .¥ — . by

n

(Tsé-) (ar,...,ar) = Z (VTV(ej,as){) (a, ... dg ..., ag),

j=1
and next, M* : ¥ — .¥ by

n

k
(M‘V;)ml,...,ak)—z vasejiej+iejivasej)(vo<a1,...as...,ak),

where ¢ € B ay,...,ar € I'(A), (ey,...,ey,) is alocal orthonormal frame of A, RY is
the curvature tensor of the connection V : I' (A) — CDO(S*A*). Then, by Lemma 2.2,

(RYg) (al,...,ak) ZZ( ej, asg - ag e/f) (@j,a],...a\s...,ak)

j=1s=1

+(T°¢) (a1, ..., ax) .
6.1)

Theorem 6.1

n

k
— (@) (@ a) =V @ a0+ D (VE ) (e @ @)

j=1s=1

forney/‘, ai,...,ar € I' (A).
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Proof Letn € R TR ar € I' (A). One can see that
Vi (ar, ... ar) = Zvej n) (@i ....a))
n k
—ZZ(Vejr)) (al,...,Vejas,...,ak)
j=1s=1

n

—Z (Vveje,n) (ar,...,ar)
j=1
and
(Vezj,aﬂ) (ej,al, L ay .. .,ak)
=V, ((Vaxn) (ej,al,...ﬁs...,ak)) — (Vaxn) (Vejej,al,...ﬁs...,ak)

_Z(Va,r;) (ej,a1,...,ngaS,...a,...,ak) — (VVeja;’O (ej,ar,...a5... a).
t#s

Now, using definitions of d*, d**, and collecting like terms one obtains the desired formula.
[m}

Theorem 6.2

(dsds*n)(al,...,ak)z(.Msn)(al,.. ak)—ZZ( e n) e],al,...ﬁs...,ak)
s=1 j=1

forne % ay, ..., a €T (A).

Proof Letn € %, ay, ..., a; € T (A). Since

(V2en) esoar o @) =V, ((Veyn) (ejoar ... ax))
—(Ve;n) (Vagejar, ... as ... ax)
—Zt#s (ngn) (ej,al, ce.dy ...V .. .,ak)
— (Vagen) (eprar, . @y i),
by (5.1) and (5.3) the theorem follows. ]
Define the Laplace-type operator on symmetric tensors by
A =d%d* —d°d**.

One can check that if A is transitive, A® is a second order linear strongly elliptic operator
with the metric symbol, i.e. for any covector @ and any symmetric k-tensor 7 the symbol is
given by the formula oas (w, n) = |a)|2 n

As a consequence of theorems 6.1, 6.2, definitions of 7°, M* and (6.1) we obtain the
following formula on symmetric tensors.

Theorem 6.3 (Weitzenbick-type Formula) AS = V*V — RS +T5 — M5,
Notice that if V is a metric A-connection, M* = 0, and then A* — V*V = — RS + T5.
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