THE SCHOUTEN-NIJENHUIS BRACKET IN INFINITE
DIMENSIONS
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ABSTRACT. The Schouten-Nijenhuis bracket on smooth infinite-dimensional
manifolds M is developed in two steps: For summable multivector fields whose
pointwise dual are all differential form, and in an extended form for multivector
fields which are sections of LS (T*M,R). We need to either assume that
C°° (M) separates points on T'M, or consider sheaves of local sections; see

INTRODUCTION

We develop the Schouten-Nijenhuis bracket for skew multivector fields on infinite
dimensional smooth manifolds. The initial point of view in Sections [1| and [2]is that
the space of multivector fields is predual to the only space of differential forms
admitting exterior derivative, general pullbacks, and insertion operators; see [7,
33.21]. We use the bornological tensor product for that. We first give a direct
definition of the Schouten-Nijenhuis bracket for summable multivector fields (see
whose pointwise dual consists of differential forms in Section Then we use the
duality between summable multivector fields and differential forms to derive another
formula for the Schouten-Nijenhuis bracket (2.3]7) which in finite dimensions and
using slightly different conventions is due to Tulczyjew [I5]. In Section [3[ we turn
this around and use Tulczyjew’s formula to extend the Schouten-Nijenhuis bracket
for multivector fields which are sections of the bundle LS, (T*M,R).

skew

The main use of the Schouten-Nijenhuis bracket is to recognise Poisson structures
(see and their formal deformations. The general Schouten-Nijenhuis bracket
for general multivector fields as presented in Section [3] is needed because there
exist quite general Poisson structure in infinite dimensions; see [13], [12], [I6] and
the overview in [3]. In [I] one finds even ‘queer’ Poisson structures where the
bracket is a bidifferential operator of order higher than one. One can adapt the
Schouten-Nijenhuis bracket as developed in Section[3]to catch also this situation by
adapting the bundle of differential forms accordingly choosing from [7, 33.21 and
32.5]. This is not done here since there are no serious applications of such Poisson
structures available yet. Moreover, many Poisson structures are only defined on
duals of subbundles of T*M. The results of this paper can maybe adapted to these
situations.
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Weak symplectic structures in infinite dimensions in the convenient setting and
their Poisson brackets have been treated in [7, Section 48]. Poissons structures in
infinite dimensions are treated in [10], [2], and an overview is given by [3]. This
paper finally aswers a question posed by Tudor Ratiu in 2013. I thank Alice Barbora
Tumpach and Praful Rahangdale for discussions and hints. The work on this paper
was supported by the thematic program ”Infinite-dimensional Geometry: Theory
and Applications”, Jan.13 — Feb.14, at the Erwin Schrédinger Institute in Vienna.

1. THE SCHOUTEN BRACKET FOR SUMMABLE SKEW MULTIVECTOR FIELDS

1.1. What manifolds do we use? We shall use smooth (C°°) calculus as de-
scribed in [7]. Let M be a smooth manifold modelled on a convenient vector space
E. Thus we have a smooth atlas M D U, —*= u,(Ua) C E and all chart chang-
ings uag : ug(Ua NUB) = ua(Us NUg) are smooth. Let mpy : TM — M be its
(kinematic) tangent bundle which is described by induced charts TM > TU, e
(Uy) X E C E x E. The Lie algebra of vector fields X(M) is the space of sections
of TM — M. We shall use the graded differential algebra of differential forms
consisting of smooth sections of the bundle of bounded skew symmetric multilinear
forms L% ., (TM,R) on the tangent bundle, see [7, Section 33]:

o0 (o)

QM) = @ (M) = @ C=(M « L (TM,R)).

k=0 k=0

This algebra admits all desired operations Lx,d, f*; see [1, 33.21].

In this paper we consider only manifolds M having the following property: For
each covector o € T*M there exists a function f € C°°(M) with dfr) = a. The
following classes of manifolds have this property:

e Smoothly paracompact manifolds (having smoothly paracompact modelling
spaces), see [7, Section 33].

e Each manifold M such that C>°(M,R) separates points on T'M.

e Manifolds smoothly immersed into a convenient vector space, i.e., admitting
a smooth mapping F' : M — FE such that dF, : T, M — E is injective for
each x € M; then bounded linear functionals on E do the job.

One can drop this property if one considers sheaves of local sections of all relevant
bundles below. For simplicity’s sake we stick with global sections.

1.2. The completed bornological tensor product. For a convenient vector
space E, let EQgE be the ¢>-completed (see [7, 4.29]) bornological tensor product
which linearizes bounded bilinear mappings; see [7, 5.7 and 5.19]. If E is a Banach or
Fréchet or (DF) space then each bounded bilinear mapping is jointly continuous and
thus EQgE agrees with the completed projective tensor product of Grothendieck
[B]; see [7, 5.8].

Let A" E be the (Mackey-) closed linear subspace of all alternating tensors
in ®gE, see [7l Section 5]. It is the universal solution for convenient vector
spaces F of the linearization problem L(A\" E,F) = L%, (E; F), where L™, (E; F)
is the space of all bounded n-linear alternating mappings F X ... X B — F,
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a direct summand of L"(E;F) := L(E,...,E;F). By [{, 5.9.5] the mapping
N":L(E,F)— L(N" E,\" F) is bounded multilinear and thus smooth.

1.3. Summable multivector fields. We apply the smooth mapping

/n\:L(E,F)—>L(/n\E,/n\F)

to the chart change mappings for the tangent bundle TM — M to obtain the
smooth vector bundle 7y : A" TM — M of summable n-multivectors on M. Note
that the space linearly generated by X3 A --- A X, for X; € T, M is dense in
the fiber A" T, M. The space I'(A\" T'M) of smooth sections of this bundle is the
space of summable multivector fields on M. We write 1"(/\0 TM) = C>(M,R) and
D(ANTM) =,~, (A" TM) which is a graded commutative algebra for the usual
wedge-product (see [7, 33.8] for the convention) of multivector fields for the grading
(C(ANTM), A), =T(N\"TM). The wedge product is a bounded bilinear operation
on the convenient space I'(/\ TM), by the universal property of the bornological
tensor product.

1.4. Theorem. Let M be a smooth manifold modeled on a convenient vector space
M. Then the following bracket (where X, and Y; are vectorfields) is well defined
and bounded and extends to T(ATM).

[1,U]=0 for all U € T(\ TM)
[f,Ul = —0df)U  for f € C*(M) and U € T(/\ TM)
where  T(df)(Xqa A+ AN Xg) = Z(—l)ifldf(X,») Xy A X A X

%

[XiA- AXp, YA AY] =
=3 FDFHTIXG A X AXG A XY AYI A Y A Y
i

:Z(—l)iﬂ[Xi,Yj]/\Xl/\"'E(\i"'/\Xk/\Yl/\"'?;"'/\Yl
]

For the grading (T(ANTM),[, \)n = T(N"" TM) we get a convenient graded Lie
algebra which is compatible with the wedge product. Namely, for U € T(N“TM)
and V € T(N\" TM) we have:

U, V] =—(-1) DDy U]
U, [V,W]] = [[U, V], W] + (=1)= V=D, [U, W]]
U VAW]=[UV]AW + (=)D y A (U, W].

This is the infinite dimensional version of the Schouten-Nijenhuis bracket, which
was found by [14]; that it satisfies the graded Jacobi identity is due to [II]. The
approach given here is the infinite dimensional version of [0, Theorem 1.2].

Note on conventions. The reason for the convention (which agrees with the one
used by Koszul [6]) used in Theorem and later is as follows: It fits into the
following universal property: For any Lie algebra g and N>g-graded Lie algebra A
any degree 0 Lie algebra homomorphism ¢ extends uniquely to a homomorphism
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of graded Lie algebas ¢ as in the diagram below, where one should shift the degree
by -1 in the top row:
Ns—Ng
A
= K%]

|
g——> A=@;, A

A different approach is by Tulczyjew [15]; We shall use it below to extend the
bracket to far larger spaces of multivector fields. Other conventions are as follows:

e Tulczyjew [I5] uses —(—1)*~D@=D[, V] = —[V,U]. This version has a
more natural relation to the Lie derivative than ([2.36).

e Vaisman [17] and Lichnerowicz [§] use (—1)*~1[U, V] = (=1)“*(=1)""V,U];
this choice shifts the signs for the graded skew symmetry as indicated and
for the graded Jacobi identity.

Proof. For f € C*°(M,R) it is easily checked that
XiA - AXp,YIA-AfY AN AY]=FIXAA - AXp, VI A ANY ]+
+ (=D df) (X A AXR) AYIA--- A Y.

Thus the bracket, which a priori is defined on (the dense algebraic tensor products)
A D(TM) x N'T(TM) — N*T71D(TM) factors to

k 1 k-1
/\cwm [(TM) x /\Cm(M) I(TM) — /\COO(M) I(TM)
which equals
E 1 k+l—1
T\ M) xT(N\ TM) - T()\ TM).

So it is well defined for manifold where the Serre-Swan result holds. For others one
has to check in a local chart that it is in fact a section of A\® T'M; this is done below
in (3.4]4) in a more general setting. Since the bracket is clearly bounded, it extends
to the Mackey closure. Finally we have to check the graded Jacobi identity. This

is an elementary but tedious computation. The graded derivation property with
respect to the wedge product is easily checked. (Il

2. USING THE DUALITY BETWEEN SUMMABLE SKEW MULTIVECTOR. FIELDS AND
DIFFERENTIAL FORMS

Having established the Schouten-Nijenhuis bracket for summable skew multivec-
tor fields in Section [I} we now make full use use of the duality between summable
multivector fields and differential forms.

2.1. The duality between multivector fields and differential forms. Let M
be a smooth manifold modeled on a convenient vector space F. By the universal
property of the bornological tensor product described in the dual space of A" E
is the space L] .. (E;R). Using and extending the conventions of [4, 5.30], see also

[7, Section 33], we start from the duality

()N ExN\NE=R



(Pr A N, Xy Ao A Xy) = det((ps, Xj)i5)

which is 1/n! of the restriction of the duality (, ) : " E* X @"F — R, we get the
complete fiberwise duality

(,):Qn (M) xT(N\ TM) = C=(M),
W X1 A AX) =w(X,. .. X,)

We have the following dual pairs of operators: For w € QP(M) the linear map
p(w) : QF(M) — QF+P(M) given by p(w)ip := w A1 is the fiberwise dual operator
to o(w) : T(A*™ TM) — T(A\* TM), where

Hw)(X1 A A Xigy) =

1 .
= ZW Z Slgl’l(O’) w(Xa(l)a RN Xa(p))XU(p-‘rl) ARERNA Xa(p+k) .
0€Gkyp

since for ¢ € QF(M) we have
(P W) (XL A A X)) = (WA P XA A X)) = (WA Q) (X0, Xigp)

1 .
= o > sign(o) w(Xoq)s - Xo@) O Xo@r1): - Xo(ip))
G€6k+p

Likewise, for U € T(A\P TM) the fiberwise linear mapping a(U) : T(A* TM) —
(A" TM) given by a(U)V = U AV is the fiberwise dual of the ‘insertion oper-
ator’ i(U) : QFP(M) — QF(M).

2.2. Lemma. Let U be in T(N"“TM). Then we have:

(1) «(U) : M) — QM) is a homogeneous bounded module homomorphism
of degree —u. It is a graded derivation of Q(M) if and only if p = 1. For
feC>(M) we have i(f)w = f.w.

(2) W(UAV)=14i(V)oi(U), thus the graded commutator vanishes:

[1(U),i(V)] = i(U)i(V) = (=1)*"i(V)i(U) = 0.

(3) i(U)(wAY) =i(t(w)U)+ (=1)*wAi(U) for w € QH(M) and ¢ € Q(M).
Proof. (1) follows from the definition. (2) is the dual of G(UAV)W = UAV AW =
BU)a(V)W. (3) For vector fields X; and decomposable U = X7 A---A X, we have

(XI A AX ) p(w) =i(Xy) .. (X)) p(w)

= i(Xu) - i(X2) (= p(w)i(X1) + p(i(X1)w))

W(X0)(X) o i(X2) = (X) 1K) (u()i(Xa) + i Xa)w)

LX) (X)) + (1) (w)i(X) - i(XD)

I
7
=
=
.
L
€
=
e
~—
o~
=
»
<
N~—

= [i(U), p(w)] = i(e(w)V) .



6 PETER W. MICHOR

2.3. The Lie differential operator. For U € I'(A" T M) we define the Lie deriva-
tion L(U) : (M) — QF=+1(M) by

(1) LU):=[U),d =i(U)od— (—-1)’doi(U)
which is homogeneous of degree 1 — u and is called the Lie differential operator.

It is a derivation if and only if U is a vector field. We have [L£(U),d] = 0 by the
graded Jacobi identity of the graded commutator.

Theorem. Let U e T(\“TM), Ve T(N"TM), and f € C>®(M). Then we have:

(2) LUAV)=i(V)o LU)+ (=1)“L(V) 0 i(U)

(3)  LXI A AXY) =D (1) Thi(X) - i(X ) £(XG)i (X -1) -+ i(X7)
(4) L(f) =[i(f),d] = [p(f),d] = —p(df)

(5) L), i(V)] = (=)= DEDi([U, v]) = —i([V, U])

(6) L), L(V)] = (-1 DN (U, V) = —£([V, U))

(7) (dw, —[V,U)) = (di(V)dw,U) — (—1) D=V (U dw, V)

Formula (7) suffices to compute [U, V] in a local chart, and it remains valid if
we insert any closed form instead of dw since (7) is a local formula, and locally any
closed form is exact by the Poincaré lemma [7), 33.20]. Formula (7) was the starting
point of the treatment of the Schouten-Nijenhuis bracket in [I5].

Proof.
(2) LU AV) = iU AV),d = [(V)i(T),d] = i(V)i(U)d — (~1)*Fdi(V)i(U)
= i(V)(i(U)d — ()" di(V)) + ()" (i(V)d — (~1)"di(V))i(V)
=i(V) o L(U) + (=1)“L(V) 0 i(U)

(3) Use induction on u, using (2):

LXiNANXy) =i(X)L(XT A AXyo1) = (F1D)"L(X W)X A A Xy1)

= Z(fl)ifli(xu) LX) (X)) (DT LX) (X r) (X))

= Z(q)ﬂ’*li(xu) L L(XG) . i(X)

(4) dfw)=df N\w+ fdw = dop(f)=pldf)+p(f)od =
L(f) = [i(f), d] = [u(f), d] = —p(df)
(5) We start with
(@)  [£(U),i(V)] = [[i(U),d],i(V)] = [{(U), [d iV = (=1)*d, [i)U),i(V)]
= (=1)"7'iU), L(V)] +

We use induction on v + v. For v + v = 0 we have

[L(f),i(9)] = [-u(df), u(g)] = 0 = —i([f, g])-



For u+v =1, by (a) it suffices to check

[£(X),i(f)] = LX) u(f) = (LX) = i(df (X)).

By (a) again, for the induction step it suffices to check

[L(X AU), (V)] = [[(U)L(X) = LIU)i(X),i(V)] by (2)
= i(U)LX)i(V) = (=1)""i(V)i(U)L£(X)

— LO)i(X)i(V) + (=1)"* (V) L(U)i(X)
= i(U)[L(X),i(V)] = (=1)°[LU), i(V)]i(X)
= i(U)i(=[V, X]) = (=1)"i(=[V,U])i(X) by induction

z([VX AU+ (1) X AV,U]) by 222)
—i([V,X AU]) by Theorem [T.4

(6) We use again induction on u + v. For v + v = 0 we have by (4)

[L(f), L(9)] = [=p(df), —u(dg)] = p(df)u(dg) + p(dg)u(df) = 0 = L(—]g, f]).

For uw +v = 1 we have

[£(X), L()] = —[L(X), u(df)] = —p(L(X)df)
L(=[f, X]) = L((df ) X) = L(df (X)) = —p(d(df (X))) = —p(L(X)df).
The induction step:
[LXAU), LV)] = [i((U)L(X) = LU)i(X),L(V)] Dby (1)
= i(U)L(X)L(V) = (=1)" =D L(V)i(U)L£(X)
LWYIX)LV) + (~1)*C~DL(V)LU)i(X)
= i(U)[L(X), L(V)] = (=1)“C7V[L(V),i(U)]£(X)
— LX), L(V)] + (=) DL(V), L(U])i(X)
= i(U)L(=[V, X]) + (—=1)“~V4([U, V])£(X) by induction and (4)
+ (=D)VL@Y([X, V]) + (=)D LU, V])i(X)
L(—[V,XAU))=L(-[V,X]AU - (=1)""'X A[V,U]) by Theorem [[.4]
=i(U)L(=[V, X]) = (1) LU)i([X,V]) by (2)
[V,UDL(X) + (=1)*C=YL([U,V])i(X) which proves (6).

— (=1)"i(
(7) For w € QuF*=3(M) we have i(—[V,U])w = 0 by degree, thus
L(—=[V,U))w =i(—[V,U])dw + 0 = {dw, —[V, U])
LIULV)w = [i(U), dli[(V), dlw = i(U)di(V)dw +0 +0 + 0 = (di(V)dw, U,
LOV)LU)w = (di(U)dw, V)
L=V, Ulw = [£U), L(V)w = (di(V)dw, U,) = (=1)* D "Ddi(U)dw, V) D

2.4. Naturality of the Schouten Nijenhuis bracket. Let f : M — N be a
smooth mapping between convenient manifolds. We say that U € T'(A\"“TM) and
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U' e T(N"“TN) are f-related, if A\“Tf.U = U’ o f holds:

AT AL ATy

UT f TU'

M —— N

2.5. Proposition. (1) Two multivector fields U and U’ as above are f-related
if and only if i(U) o f* = f* o i(U’) : Q(N) — Q(M).
(2) U and U’ as above are f-related if and only if L(U) o f* = f*o L(U') :
Q(N) — Q(M) holds.
(3) If Uj and U} are f-related for j = 1,2 then also their Schouten brackets
[U1,Us] and [U7, U] are f-related. O

2.6. Lemma. Let X € X(M) be a smooth vector field admitting a local flow Flf(;
see [7, 32.13-32.17]. Then we have

LxU = do(FIX)*U = [X,U]. O
3. THE GENERAL SCHOUTEN BRACKET

3.1. General multivector fields and summable differential forms. For a
convenient manifold the general multivector fields of order k are the smooth sections
of the vector bundle L¥ __(T*M,R) — M. We denote these as follows:

skew
oo

MV (M) = iMV’“(M) =Y (LK. (T*M,R))
k=0 k=0

A summable differential form w on M is a smooth section of the bundle of skew
symmetric tensors /\:umT*M C ®ET*M = T"MQT*M®g...®3T*M — M,
where ®g denotes the ¢*™-completed bornological tensor product which linearizes
bounded bilinear mappings as used in

Let us denote by QF (M) the graded algebra of all summable differential forms.

sum

Note that exterior derivative d : Q% (M) — QFT1(M) does not map QF, (M) into

QFEL(M); this fails even for k = 1. Summability of a form is destroyed by the
exterior derivative: For example, on a real Hilbert space for a bounded operator
A the 1-form w,(X) = (Az, X) has exterior derivative dw(X,Y), = (AX,)Y) —

(AY, X)) — (Az,[X,Y]) is not summable if the operator A— AT is not of trace class.

Therefore we let qum, 4(M) be the graded differential subalgebra of all summable
forms w such that dw is again summable. Note that the latter condition is a linear
partial differential relation. By the condition in for the manifold M we have:

For each o € T*M there exists f € C°°(M) with df() = . Consequently,
k+1
(1) evpod: QF (M) — /\ T M is surjective for all z € M

sum,d

The vector bundle L% (T*M,R) — M is the dual bundle of /\fumT*M — M;

we will denote the duality by (the dual space is always on the left hand side)
()t LA (T"MR) x oy AL s T*M — R

skew



(Uspr A= Apg) = U(p1,- -, k)
as well as its extension to spaces of sections.

For w € QF (M) we consider the pointwise linear (i.e., vector bundle push-

forward) mapping

p(w) : QF

sum

(M) = QGn(M), plw)p=wAy
and its pointwise dual

(W) = p(w)* : MVTF (A1) — MVE(M),

(U ww)p) = (U,w A p) = (l(w)U, ¢)
For a decomposable k-form w = o1 A -+ A @i we have
2) (e A Ap)Usprpr Ae A prpe) = (U pr Ao Aok N rgty - - Plere)
=U(p15-- - Pr+e)
Similarly, for U € MV" (M) we consider
a(U) : MVY(M) — MV T4M), @p(U)V =UAV

which is the dual of i(U) : Q44 (M) — Qf

sum sum

(M) which on decomposable u+¢-forms

is given by
(U) (1 A A pute) =
1 .
(3) = > sign(O)U(La(1)s- - > Po(w)Poturt) A A Poire)
o 0ESk4e

since we have
<V7 i(U)(QOl ARERNAN @u+v)> = <U AV A A <Pu+v>
= (U A V)(Qpl’ cee 7§0u+v)

1 :
= W Z Slgn(O)U(@o’(l)a B wa(u))v((pa(u+1)7 R <po'(u+'u))
o 0ESy 4o
1 .
= <‘/7 W Z Slgn(U)U(QOU(l)a R @o’(u))‘po’(u-i-l) ARRRNA @U(u+v)> .

0ESutw

(4) Formula (3) implies that i(U) respects the d-stable subalgebra Q’;um)d(M) so that
i(U) : Q4 (M) — QF,, (M)

sum,d sum,d

We first have to redo Lemma 2.2
3.2. Lemma. Let U be in MVY“(M) and V € MVY(M). Then we have:

(1) i(U) : Qeum(M) = Qsum (M) is a homogeneous bounded module homomor-
phism of degree —u. It is a graded derivation of Qsym(M) if and only if
u=1. For f € C®°(M) we have i(f)w = f.w.

(2) W(UAV)=1i(V)oi(U), thus the graded commutator vanishes:

[((U),i(V)] = (U)i(V) = (=1)*"i(V)i(U) = 0.
(3) Forw € QY (M) and v € Qgym(M) we have
iU)wAY) =i(@{@)U)Y + (=) w AiU)p,  [i(U), p(w)] = i(t(w)U)
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Proof. (1) follows from the definition. (2) is the dual of G(UAV)W = UAV AW =
gU)p(V)W. (3) For 1-forms ¢; we have

[i(U), w(e)](p2 A Aor) = i(U) (01 A==+ A pg)—
— (= )<P1/\Z(U)(S02/\'“/\<Pk)

= ul(k I Z sign(o)U(@o(1), - -+ » Po(u)) Po(ur1) N A Po()
gESk

= (=1)%p1 A m Z sign(o)U(9a(2), - -+ » Po(ut1))Po(ut2) N A Po(k)
oc€ESK_1
i(2(p1)U)(p2 A= Npy) =

= m Z sign(o) (t(21)U) (@0 (2)s - -+ > Por(u)) Po(us1) N+ A Po(k)
0E€ESK_1

= m Z Sign(J)U(‘pla Po(2)s-+ > @a(u))(pa(u-‘rl) ARERNAN Po (k)
oESK_1

= [i(U), p(w)] = i(e(w)U) O

3.3. Naturality. Let f : M — N be a smooth mapping between convenient man-
ifolds. Then we have a well defined pullback operation

k
FrrQE L (N) = Q5L (M), (fw)e = (\Tef))wrw)

which intertwines via the ‘insertions’ (which might not be injective in general)
QF (M) — QF(M) with the usual pullback operations.

sum

We say that U € MV*(M) and U' € MV"(N) are f-related, if for each z € M
we have L. (T3 f,R).Uy = Uy,

L;Lkew (T* f)R)
_— >

Lo (T* M, R) Lo (T*N,R)
UT T U’
M ! N

Like in Proposition we have:
Two multivector fields U and U’ as above are f-related if and only if

WU o f* = f* 0i(U") : Quam(N) = Qgum (M).

3.4. The Schouten-Nijenhuis bracket for general multivector fields: Tul-
czyjew’s Approach [I5]. We turn Theorem around and use (2.3|7) as defini-
tion. For w € Q:jﬂ? (M) we put

(1) ([U, V], dw) = —(V,di(U)dw) + (=1) D=, di(V)dw) .

This remains valid if we insert a closed form in Q;‘;ﬁl’ 2 (M) instead of dw, since (1)

is a local formula and locally each closed form is exact by the Lemma of Poincaré
[7, 33.20]; the proof given there restricts to the subalgebra Q2,,,(M). The right
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hand side of (1) is bounded linear in the variable dw, hence (1) is uniquely defined,
and it readily extend as follows: Let fdw = f’dw’, then by 3) we get

U, di(V)dw) —
= (U, di(V)(fd
— (-1 )(u v
= (U,di(V)
— (-1
= fI{U,di(V)dw') —

Therefore we also have
(2) (U V], fdw) = = (V,di(U)dw) + (=1) DY f{U, di(V)dw) -

Even on a smoothly paracompact manifold M it is not obvious that (2) implies that
[U, V] is multivector field of order u+wv —1. But (1) suffices for that. By naturality
we assume that we are in a chart, or that M is ¢*°-open in a convenient vector
space: Then for constant 1-forms ¢; we compute (1):
([U, V], LA ‘Pu-&-v—1> = *<Va di(U)(Sﬁl A 30u+v—1)>+

+ (=D)L di(V) (o1 A Pugoo1))

1
<V d(m Z U(@U(l)v sy @U(u))wo(u-i-l) AT SDU(U+U—1))> +

0€ESutv—1

DE=DE=D 2y di(U)dw) =
) = (=)D (V, di(U)(fdw))
(UAV,d(fdw))
(f'dw’)) = (=1 DCD(V, di(U)(f'dw"))
W=D AV, d(f'dw’))

(1)@= DC=D 1V, di(U)dw').

(=
w)

1
= —m Z V(d(UWU(l)a .. ~,<Pa(u))) A Qo(u+1) N - ~~S%(u+v—1)) +

CESutv—1

which is visibly a multivector field, since the ¢; are constant 1-forms; one may view
the U(po(1),- -+, Po(u)) as coeflicient functions. Therefore

(3) [, ]: MV“(M) x MV*(M) — MV*“T~1(M)

is a smooth (bounded) bilinear operator satisfying [U, V] = —(—1)®= D=1y U].
It also satisfies

(4) df)[U, V] = [e(df)U, V] + (1)~ [U, 2(df ) V]
since by (3.2]3) we have for w € qut:l’dg(M)

(Wdf)[U, V], dw) = ([U, V], (df A dw))
—(V, di(U)(df A dw)) 4+ (=1) D= di(V)(df A dw))
—(V, di((df )U)dw) + (—=1)"(V. df A di(U)dw)
+ (=)W, die(df ) V) dw) + (1)U, df A di(V)dw)
([edNU, V] + (=1)“ MU, «(df )V, dw>
—(V,di(2(df )U)dw) + (=1)*~ D (@(df)U, di(V) dw)
+ (=)= (@d)V, di(U)dw) + (1) (U, di(i(df )V ) dw))
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3.5. The general Schouten-Nijenhuis bracket, using Lie differentials. By
(3.113) for U € MV“(M) the Lie differential operator

(1) L) :=[i(U),d] =i(U)od— (=1)"d 0 i(U) : Q& 4(M) = QL 1HH(M)

sum,d

is well defined. It is a derivation if and only if U is a vector field. We have
[£(U),d] = 0 by the graded Jacobi identity of the graded commutator. We now
generalise Theorem [2.9] to this new situation:

Theorem. Let U € MV*(M), V. € MV*(M), f € C®°(M) and w € Qéum o(M).

Then we have:

(2) LU A V) =i(V)o L( ) (f Y“L(V)oi(U)
(3)  L(X1A = Z i( X)) L(X5)i(X 1) -+ i(X)
(4) (L), i(V)] = (~1)“=DC=D4([U, V]) = —i([V,U])
(5) L), L(V)] = (=) DDLU, V) = —£([V, U))

i([U, V) = =i(V)di(U) + (-1 DiU)di(V)
(6) + (=1)di(U A V) + (1)U AV)d
(7) The graded Jacobi identity

UV, W] = [[U, V], W] + (=1)““~ Vv, [U,W]]

(8) [U,VAW] = [U,V]AW + (=1) @ DE=Dy A U, W]

Property (6) extends the definition (3.4}1) to the more general situation. It
corresponds to [I5, 3.3].

Proof. (2) has the same proof as (2.312). From it we see that also (3) is true, so
the Schouten-Nijenhuis bracket restricts to one treated in Section [2] for summable
multivector fields.

(4) We prove that [L(U),i(V)]w = —i([V,U])w is valid for w € QF .
induction on k. For this it suffices to show that

([£@U),i(V)] +i([V, U), pldf)] =

By the graded Jacobi identiy for the graded commutator and by using 3) and
[d, u(df)] = 0 we have first

(@) (L), pldf)) = [[i{(U), d], p(df)] = [iU), [d, p(df)]] = (=1)"[d, [i(T), p(df )]

(M) by

and then
(L), i(V)], pldf)] = [L£U), [i(V), w(df)]] = (=) D[i(V), [L(U), p(df)]]

]
df)) = i(e(df)[V,U]) = i([a(df)V, U] + (=1)" " [V, i(df)U]) by (3-414)

[i([V. U], )
L), i(V)] +i([V, U1), w(df)] = [L(U),i(e(df )V)] + i ([e(df )V, U])
+ (=) TH[L@(dHU), (V)] +i([V. iddf)U]) =0
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by induction on u + v.

(5) We prove that ([L(U),L(V)] + L([V,U]))w = 0 for all w € QF (M) by

induction on u + v + k. If suffices to show [[L(U), L(V)] + L([V, U], (df)] = 0 for

all f.

L), £V, wldf)] = [LU), [£(V), uldf )] = (1) DED[LV), [LU), p(df)]]

[£U), =L@&df)V)] = (= )(“_1)(1 [L(V), —L(e(df)U)] by (a)
[i(df)V, U]) = (=1)= DD L ([a(df)

[(df )V, U] = (=1)" [V, 2(df)U]) = L(

=LV, U]), p

U,V]) Dby induction on u + v

(df)[V,U]) by (3.44)

£
£(

p(df)]

)
(6) follows from (4), the graded Jacobi identity for the graded commutator, and

(3:212) as follows:
i((U,V]) = =[£(V),i(U)] = =[[i(V), d],i(U)]
= i (V)aiU) + (1) Di0)ai(v)
()M + (~1)E DOV

(7) Since U — L(U) is injective by the assumptions|l.1jon M, this follows from (5)
and the graded Jacobi identity for the graded commutator:

[L([V, W), L(U)] = [[L(W), L(V)], L(U)]
LW),[L(V), LU)]] = (=1~ DC=DILWV), [L(W), L(U)]]

L(U, [V, W]]) =

= —[c(W), L(U, V)] + (1) DD (v), £([U, W)
= +L([[U. V], W]) = (=)= DC=DL([[U, W), v])
= +L([U, V], W]) + (1)~ VL(v, [U, W)

O

3.6. Theorem. Let P € MV2(M) or in T(N*TM). Then the skew symmetric
product {f, g} := (P, df Ndg) € C°(M,R) (where f,g € C(M,R)) satisfies the
Jacobi identity if and only if [P,P] =0

This well known result is the infinite dimensional version of [9] 1.4].

Proof. For f,g € C°(M,R) we have

{f, g} = (P, df Ndg) = (i(df)P,dg) = (—i(dg)[f, P],1) = [g,[f, P]] -

Now a straightforward computation using the graded Jacobi identity and skew
symmetry of the Schouten-Nijenhuis bracket gives:

(0,19 17 [P P = =2({/, {9 b3} + {9 {3} + (A F0}})

Since [h, [g, [f, [P, P]]]] = (df Adg A dh, [P, P]), the result follows. O
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