MATH 396. COORDINATE-FREE MEANING FOR d

1. MOTIVATION

Let (X, ©) be a smooth premanifold with corners. We have given a general definition of a family
operators dlfj : QR (U) — Q])“(H(U ) for open U C X and k£ > 0 uniquely characterized by the
conditions that the d¥’s are compatible with shrinking on U (i.e., for U’ C U and w € Q% (U),
dF(w)|gr = df, (w|pr) in QI;’(H (U")) and satisfy the two identities d@“ odf, = 0 (abbreviated to
“d%2 = 0”) and the Leibnitz Rule

A (w An) = df(w) A+ (—1)Fw A df(n)

in Q?f”l(U ) for w € Q% (U) and n € Q% (U). The actual construction was given locally in terms of
local C* coordinates, and the above properties were used to get independence of local coordinates
and agreement on overlaps, whence “globalization” over opens not admitting coordinates.

The above conditions are certainly adequate for all computations. But it is natural to ask for
something more, as we now explain. An element w € Q% (U) = (AF(T*M))(U) = (AF(TM))V (U)
has fiber-value

w(u) € (AF(T,(M)))Y = Homg (A* (T (M)),R) = Alt*(T,(M),R)

at w € U that is an alternating multilinear functional on T, (M)**. More specifically, if 7, . . . , U
are smooth vector fields on U then we get a function

WU, .., U) tu— w(u) (U (u),. .., T(uw)).

If there are smooth coordinates {z1,...,z,} on U and w = )
Ug = ), hpgOz, then

<< @iy ,...ipdzi, A - Adxg, and

w(ﬁl, e, Uk) = Z iy .. ig det(hims),
i1< e <ip,

so this is a smooth function. Hence, it is natural to ask if we can describe the smooth function
(dFw)(¥1,. .., Uk+1) on U in terms of the corresponding smooth functions obtained from evaluating
w on ordered k-tuples of smooth vector fields on U. This would provide an alternative way of
describing d’f]w without requiring the crutch of coordinates. This is not meant to denigrate the
explicit formula for d’f] when U is small enough to admit local coordinates, but nonetheless it
would be nice if we can use the viewpoint of multilinear functionals on vector fields to describe d’f]w
without having to use explicit local coordinates (e.g., U so large that it does not admit smooth
coordinates).

One point we should emphasize at the outset is that we cannot expect to compute the fiber
(d*w)(u) € AFFL(T,(M)V) in terms of w(u) € AF(T,(M)V). Indeed, df; is a kind of derivative
and for £ = 0 we know from calculus that one cannot compute the pointwise value of a partial
derivative of a function just from the knowledge of the value of the function at the point. Hence,
we have to expect to use data over open sets and not data of values at a single point.

The formula we shall give is also discussed in Theorem 13 in Chapter 7 in the course text. We
leave it to the reader to decide if our discussion is preferable to the one in the text.

2. THE MAIN FORMULA

We shall now adopt the usual abuse of notation and write dw rather than d@w. Here is the main

result:
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Theorem 2.1. Forw € Q% (U) and smooth vector fields o1, . . ., Ux11 € Vecx (U), (dw)(¥1, ..., Ukr1)
s equal to

k+1
(1) S )G @@, T s 1)+ S D[ T Ty By s Tott),
i=1 1<j

where = means omission of that term and for any f € C*°(U) and ¥ € Vecx(U) we write U(f) €
C>*(U) to denote the smooth function u — v(u)(f) € R given in local coordinates by > h;Oy, f if

7= hi0y,.

Remark 2.2. If we evaluate at m € U, then the formula says that for any v,...,v541 € Th(M)
and any choice of local smooth vector fields v; near m with ¢;(m) = v;, the value of (1) at m is
the number ((dw)(71,...,Uk+1))(m) = (dw)(m)(vi,...,vk41) that is independent of the choices of
local extensions 1, ...,TU,y1. Note that [¥,¥}](m) depends very much on @; and ¥; near m and
not just on the values ¥;(m) = v; and ¥j(m) = v; at m, and even the functions in the first sum in
(1) depend on the ¥;’s and w near m (not just at m), whereas the terms in the second sum in (1)
only depends on w through w(m). Hence, we see that the formula is consistent with the fact that
(dw)(m) depends on w near m and not merely at m, whereas it is not at all obvious that the value
of (1) at m (in contrast with that of each of its parts) only depends on the @;’s through the values
¥;(m) = v; at m. This is a magical cancellation in the dependences on the extensions ;.

Proof. Both sides of the proposed identity are compatible with shrinking on U. We shall next
prove that (1) is multilinear over C*°(U), and this (together with localizing on X') will reduce the
problem to a calculation in a special case. The additivity in each #; (with all others held fixed)
is clear for (1), and so for multilinearity it remains to check that if h € C°°(U) then replacing v;,
with htj, in (1) gives output that is h times (1). This is a direct calculation, as follows.

Let us insert h¥j, in the role of ¥, in (1). By the Leibnitz Rule, the first sum becomes

o~

Z( DG (h-w(@r, .., T,y Tag1)) 4+ (=10 G (W(T1, - Tigy - e vy Tigd)),
1#£10

and the second sum is

~ o~

he > (=D)Mw([0, 5], 01, Ty Ty Tig)

1<j3i,j#i0
+Z Z-How Uz,hgio],ﬁl,...,27i,...,17i0,...,17k+1)
1<ig
H—lo - o = -
—G—Z W([AVig, Ti]s Uty v oy Tigy e o vy Uiy oo vy Ukt 1)
>0

By the Leibnitz Rule, [’l_);, hﬁio] = h[’l_);, 1_);‘0] + ’UZ(h) . 171'0 and [hﬁio, '171] = h[UZ‘O, 172] — Uz(h) . 171'0.
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Letting €;4, = 1 for ¢ < i and €;4, = —1 for ¢ > 7y, we add both parts to get the following
formula for (1) when hj, is inserted in the role of @j,:

h - Z 1+1 Ul,...,ﬁi,...,UkJrl))

o~

_|_Z zo+1—' ).w(ﬁl,...,ﬁi,---aﬁk—i—l)

[E
+h Z H'Jw Ul,Uj] _)1 '727i7"'717j7"'717k:+1)
1<J
Y Eiio (1) (T (R)w (T, B, -, T Tigs -y V1)

i#£ig

\/N\e have abused notation in the indication of the deleted terms: if ¢ > iy then the notations 51 and
U, in the final sum should be swapped.

In this final big sum of four sums, the first and third sums add to give h times (1). Thus, we
want the second and fourth terms to add to 0. In fact, we fix i # g and show that the ith terms
in the two sums add to 0. Factoring out (—1)"14;(h) leaves us with

o~

(2) W(Ul, . ,772‘, . ,UkJrl) — €i7i0(—1)i0w(17i0,171, . ,172‘, . ,17,‘0, e 777k+1);

where it must be understood that if i > iy then the notations 1:)'; and 52\0 in the final term should
be swapped. Let us analyze the term being subtracted in (2), and more specifically the placement
of the entry j,. In the case ¢ > ip, we can move this initial entry past the next ¢y — 1 entries
¥, ..., U1 to arrive at the initial term in (2) at the expense of introducing a sign of (—1)%~!
due to the alternating nature of w at every point of U. But &;;,(—1)*(=1)%~! =1 for i > g, so
we get the desired cancellation for ¢ > 4g. If instead ¢ < ip then to move ¥;, “into position” (as in
the first term in (2)) we only move it past igp — 2 terms because the term @; with ¢ < ip has been
deleted! Hence, in the calculation for i < ig the relevant sign calculation is &; ;,(—1)%(—1)*~2 =1
for i < ig. We again get the required cancellation. This completes the proof that the right side of
(1) is C*°(U)-multilinear in the 7;’s

Now we are ready to prove (1) holds. Since (1) is a proposed identity among smooth functions
on U, to verify it we may work locally on U. Both sides behave well with respect to shrinking on
U (i.e., the restriction to an open subset U’ C U is given by replacing w and the @;’s with their
restrictions to U’; check!), so since U is covered by coordinate charts we may suppose U has C'*
coordinates {x1,...,2,}. Thus, each ¥}; is a C°°(U)-linear combination of the d,,’s. But both sides
of (1) are C°°(U)-multilinear in the ¥;’s! Hence, both expand out the same way when we insert
the C°°(U)-linear expressions for the ¥;’s in terms of the d,,’s, so it suffices to treat the case when
each v is equal to some 0,,. This simplifies the nature of the input vector fields.

Next, we simplify the nature of w. We can write

w:Za[dazil A~ ANdag,
I

for ay € C*(U), and both sides of (1) behave the same way with respect to addition in w. Hence,
it suffices to treat the case w = hdwz;, A --- A dx;, for some h € C°(U) and i1 < --- < 1. We
have w = hwy with wy a wedge product of some dz;’s, so to reduce to treating such wy’s (i.e., the
case h = 1) we must now check that both sides of (1) have the same behavior upon replacing w
with hw (i.e., if the formula holds for some w, then it holds for hw for any h € C*°(U)). Since
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d(hw) = dh A w + hdw and v;(hg) = hv;(g) + gvi(h), the good behavior of (1) with respect to
multiplication by h comes down to checking
= - ? i1 — - = —
(A A W)@,y Togr) = D> (=D)FG(R) - (@, T, Ty

in C*°(U). What does such an equality say at each point u € U? Note that (7;(h))(u) = v;(u)(h) =
(dh(u))(¥;(uw)) by the definition of the linear functional dh(u) on T, (X). (It is the coefficient of
Ot|p(uy for the tangent mapping dh(u) : Ty (X) — Tpe)(R) = R Otlp).) Letting V' = Ty (X),
vi = Ti(u) € V, £ = dh(u) € Ty(X)Y, and ¢ = w(u) € AF(T,(X)Y) ~ (AFT,(X))Y viewed as an
alternating k-multilinear functional on T, (X) = V, the required identity of values at u becomes

CAY) (U1, vst) = S (=10 (v, .., By, V)

in R for vy,...,vp41 € V. This is really an identity in linear algebra:

Lemma 2.3. Let V' be a finite-dimensional vector space over a field F' with dimension n > 2,
and choose 1 < k < dimV. For any vy,...,vp41 € V, L € VY, and ¢ € ANF(VY) ~ (AFV)Y, the
alternating (k + 1)-multilinear functional £ A € NFFHVY) =~ (AFHV)Y on V is given by

(EAY) (o1, vk1) = Y (1) H(0i)p(or, ., T Ok1) € F.
(2
Proof. This will ultimately come down to the formula for computing a determinant by expanding
along the first row of a matrix. Since v is a finite F-linear combination of elementary wedge
products (of elements of V) and both sides of the proposed identity are linear in 1, it suffices to
treat the case when 1 is an elementary wedge product. We next have to recall how the duality
between A"V and A"VV was defined for any 1 < r < dim V: it corresponds to the unique bilinear
pairing
(Y ANV XA (VYY) = F
satisfying
<’Ul AR AN A SRV RN Er) = det(&-(vj)) = det(ﬁj(vi)).
Hence, if 1) = la A -+ A iy with £; € VY and we define ¢; = ¢ then

(f AN 1!))(’01, ... 7Uk‘+1) = det(ﬁi(vj)),

and expanding along the first row gives

det(¢;(v;)) = Z(—l)i“ﬂl(w) det(£r(Vs))rs£1,52i5

with the determinant in the ith term of the sum equal to ¥ (v1,..., 05, ..., Vgt+1)- |

Resuming the proof that (1) computes dw, we have reduced ourselves to the following special
case: U admits C*° coordinates x1,...,x,, each vector field ¥ is one of the 0,,’s, and w is a wedge
product of k£ of the dz;’s. In this special case, we have dw = 0 in Q§(+1(U) and so we need to prove
that the right side of (1) vanishes on U. All commutators [¥, ;] vanish since the operators d,, and
0z, on C®°(U) commute for any r and s. Hence, the first sum in (1) has all terms vanishing. All
terms in the second sum in (1) also vanish, since for our special w’s and ¥;’s each smooth function
w(v1, .. LT ,Ug41) is constant (either 0 or £1) and so is killed by the first-order differential

operator ¥; (equal to some 09, ).
|



