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POISSON COMPLEXES AND SUBELLIPTICITY

CHARLES ROCKLAND

0. Imtroduction

Let

D D .
©.1) e . 2 ops

be a complex of first-order differential operators on a (compact) n-dimensional
manifold X, and let

D ADNBD) gy DD dDIRY e

0.2) 0—E

be the associated top-symbol complex on T*X/{0}. If the bundles E? are
given Hermitian metrics we may define the adjoint operators D*.

Definition 0.1. We say that (0.1) is Z-subelliptic at position i if and only if
an estimate

0.3)  ully, < Cx{lDaully + [DEully + [[ufo} , ue CF(K, EY)

holds for each compact subset K © X. Here the norms are Sobolev norms.

Ho&rmander [7] showed that the estimate (0.3) depends only on the behavior
of the top-symbol complex (0.2) in the neighborhood of the characteristic
variety, and, in fact, is equivalent to certain “test-estimates” at each point of
the characteristic variety.

Guillemin [4], [5], by introducing the notion of asymptotic derivative, was
able to reformulate the test-estimates of Hormander as L*-exactness of certain
asymptotic test-complexes associated to (0.2). Using this new formulation of
%-subellipticity he was able to show that %-subellipticity is independent of the
choice of Hermitian metrics for the bundles E* (despite the fact that the adjoint
operators D* are defined in terms of the Hermitian metrics), and that 4-subel-
lipticity is invariant under formal pseudo-differential conjugations of the origi-

Communicated by D. C. Spencer, September 5, 1972. Most of the results in this
paper are contained in the author’s thesis [9]. The author would like to express his
gratitude to his advisor Professor D. C. Spencer for his encouragement and forbearance
during this work, and to the N.S.F. and the Mathematics Department of Princeton Uni-
versity for financial support.
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nal complex (0.1). He then showed that if (0.1) is formally exact in the sense
of Goldschmidt [3], i.e., is a Spencer complex, then, in the neighborhood of a
Cohen-Macaulay point of the characteristic variety, (0.1) can be almost-con-
jugated into a direct sum of a symbol-exact complex and a so-called Poincaré
complex. (Theorem 2 in [5] asserting the existence of a full formal conjugation
is probably a little too strong.) The symbol-exact complex is automatically 3-
subelliptic and the Poincaré complex, in the case of simple characteristics, is
$-subelliptic if and only if a Levi-form criterion holds.

In this paper we show that the study of #-subellipticity for a Spencer com-
plex is carried out most naturally by restricting attention to the top-symbol
complex and by working always over the cotangent space rather than over the
base. We also show that this is the natural setting for the normal-form decom-
position of the Spencer complex.

In §1 we introduce the notion of Poisson complex on a symplectic manifold
M and show how to associate the notion of {-subellipticity to a Poisson com-
plex. The top-symbol complex (0.2) is Poisson, M being T*X/{0}, and the
notions of #-subellipticity for (0.1) and for the Poisson complex (0.2) coincide
in this case. We show that if a Poisson complex is a direct sum of two subcom-
plexes, then each of these subcomplexes is Poisson, and, moreover, that the
original Poisson complex is +-subelliptic if and only if each of the subcomplexes
is Z-subelliptic.

In §2 we give a new proof, differing in essential points from that of Guille-
min, that the top-symbol complex of a Spencer complex can, in a conic neigh-
borhood in T#X/{0} of a Cohen-Macaulay point, be written as a direct sum
of two subcomplexes, one exact and the other a top-symbol Poincaré complex.
Note that the bundles occurring in these subcomplexes are not required to be
pull-backs to T#*X/{0} of bundles on X. By the results of § 1, to analyze -
subellipticity for the Spencer complex it suffices to analyze &-subellipticity for
an exact Poisson complex and for a top-symbol Poincaré Poisson complex.
Thus we are able to conclude, in § 3, with the Levi-form criterion for %-sub-
ellipticity in the case of simple characteristics. We remark that in this top-
symbol, cotangent space approach there is no need to perform formal pseudo-
differential conjugations. Indeed, invariance under formal pseudo-differential
conjugation and independence of choice of Hermitian metrics for our bundles
over X is essentially equivalent to independence of choice of Hermitian metrics
over T*X /{0} for our bundles.

We are grateful to Professor Victor Guillemin for making available to us
unpublished manuscripts of his work and for several helpful conversations. In
particular, the proof of Lemma 1.10 came out of a conversation with him.

Various details which are omitted here may be found in the unpublished
notes of Guillemin [4] or in the author’s thesis [9].

We conclude this section by noting that W. J. Sweeney [10] has recently
given a new formulation of r-subellipticity, in particular {-subellipticity, which,
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among other things, shows independence of choice of Hermitian metrics and
invariance under formal pseudo-differential conjugation.

1. Poisson complexes and 1-subellipticity
Let

0 1 N
(1.1) NN BN AN -
be a complex of bundle maps on a symplectic manifold M, i.e.,
(1.2) ) pt.pt=0.

Choose local canonical coordinates (x,, - -+, x,, &, --+,&,) and local frames
for our bundles.

Definition 1.1. The complex (1.1) is a Poisson complex if and only if
there exist bundle maps g¢: E* — E¢*! such that

op** 1 OP' i i il
(1.3 §an axj—q p' 4+ p*tigt.
Lemma 1.2. The condition that (1.1) be a Poisson complex is intrinsic, i.e.,
does not depend on the choice of local canonical coordinates or local frames.
Proof. To show independence of choice of frames we replace pt*!, p? by
Pttt = rp*tls, p* = s~!p't, where r,s,t are invertible matrices. By a direct
expansion of 7 ;(6p**'/5&,)(6p"/0x;) and using the identities

op op

(1.4) —p+p—=0,
9, 98,

(1.5) ip_p-(—pip_:O,
0x; 0x;

which follow from differentiating (1.2), we see that if (1.3) holds for some

q'*', g*, then there exist g**!, g* such that

0P™* OD° _ Zisigi o mitig
(1.6) = g'"'pt 4+ prHgt .
7 0§, Bx; ?
To show invariance under change of local canonical coordinates it suffices
to show that condition (1.3) is equivalent to the condition:
There exist g**', g* such that

1.7 (P!, p'} = g+ipt + Pt ,
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where the left side denotes the Poisson bracket of pi*!, pt = X ;(8p**!/0¢,)
-(@p*/dx;) — (@p***/ox;X(3p?/d¢;); for Poisson brackets are invariant under
change of local canonical coordinates. To show (1.3) is equivalent to (1.7) we
use the identity

2 2 - 12
(1.8) % _, 4 O %p | 3p Ip ¥ _o.

— +
9& ;0x; 0%; ox; 0x; 0%; pasjaxj

which we get by twice differentiating (1.2). Multiplying (1.3) by 2 and sub-
tracting (1.8), we can take § = 2q + 5°p/9&,;0x;. In the same way (1.3) fol-
lows from (1.8) by taking g = (g — 3°p/9&,0x;).

Remark, If p,4/—1 g are the first two terms in the asymptotic expansion
of a pseudo-differential operator P (see Example 1 below), then g defined above
is roughly the subprincipal part of P. See [8] for the definition.

Example 1, If

(1.9) e top f, . P gy

is a complex of (classical) pseudo-differential operators on a manifold X, then
the top-symbol complex

(1.10) B P P, ... P Ey

on T*X /{0} is Poisson.

Proof. LetP ~ p + g + --- be the asymptotic expansion associated to
P for some choice of local coordinates and local frames. Since P? = 0, all the
terms in the asymptotic expansion of P? must equal 0. But

(1.11) P2~p2+<pq+qp-—1/—lza_pa_p)+..._
08; dx;

Thus p* = O and pg + gp — +/ — 1 X (@p/3¢,)(@p/dx;) = 0. q.e.d.

In particular, (0.2) is a Poisson complex.

Example 2. Let {p}._, ..., be a set of scalar functions on M, and {p, E}
be the associated top-symbol Poincaré complex (see Definition 2.1). Here E°
is taken to be the trivial line bundle over M.

Lemma 1.3. The scalar top-symbol Poincaré complex {p, E*} is a Poisson
complex if and only if {p,, p,} is in the ideal generated by the p,’s.

Proof. (=) is obvious.

(&). Assume {p,, p;} = X,P.5.;,- Then one verifies by direct computation
that 3 (9p/6&;)Gp/ox;): \* — A7 is given by

(1.12) W ( 25 D,SesWa N wﬁ) Nw.
a<g
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Define s: A'— A*by

SIWo DS W, A W,
alp
Then, setting p" = 3 pw, e A', we see that s(p') = 3 p,5.:. W, A W,, and
a3
so (1.12) is given by 7
(1.12)° wes(ph) Aw.
Define gi+!: A — A2 by

qi+1(w“(l) VANECRRVAN wa(i+l))

(1.13) i1 )

= Zl(—l)]_lwa(l) VANKIIIVAN S(wa(j)) VANERREVAN Weaiizny »
= .

It is easy to see that this is antisymmetric in w,,, + + -, W1, and therefore
is well-defined.
Moreover, it follows from the definition (1.13) that

(1.14) '@ Aw + P A GW =s@) A w
for w e A That is,

(1.14y g*'p + pgt = Zép__fl ;
an 0X;

q.e.d.

We need to show next that the notion of {-subellipticity can be intrinsically
defined for a Poisson complex; but first we need the notion of intrinsic deriva-
tive, due to Porteous [1], and its generalization, the asymptotic derivative of
Guillemin.

Let E, F be vector bundles over a manifold M (not necessarily symplectic),
A: E — F a bundle map, and x a point in M.

Lemma 1.4. For g tangent vector X to M at x there is a well-defined map

(1.15) Az Kemnel A, — F_/Image 4 .

We call the map (1.15) the intrinsic derivative of A with respect to X.

Proof. Choose local frames for E and F. Then it is meaningful to differen-
tiate the resulting matrix A4 with respect to X, and we thus get amap A4’: E, —
F,. If we restrict A’ to Kernel A, and follow by the projection of F, onto
F,/Image A,, it is easy to see that the resulting map 4 is independent of our
choice of local frames. q.e.d.

Now let 2 = {(x;, 4,)} be a sequence in M x R* such that x; —» x and
A; — oo. We associate to the bundle map 4: E — F and the sequence 1 the
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following subspaces K, and R, of E, and F, respectively:

K,={ecE,|3e;eE,, and f ¢ F, such that
e;—eand LA,.e; — f},
1.17) R,={feF,|3e;¢E,,e;/2;—0and A,.e; — f} .

(1.16)

Definition 1.5. We say that 2 is an asymptotic sequence if K, = K, and
R; = R;. for every subsequence 2’ of 2. If 2 is an asymptotic sequence, then
K, is called the asymprotic kernel and R, the asympiotic image.

One shows easily that every sequence z has an asymptotic subsequence 2.

Lemma 1.6. For an (asymptotic) sequence A with respect to the bundle
map A: E — F there is a well-defined map

(1.18) A, K, —F,/R, .

We call the map (1.18) the (asymptotic) derivative of A with respect to 2.

Proof. For e in K, choose ¢; — e such that 2,4, .e; — f, some element of
F,. We then set 4,e = [f], the class of f in F,/R,. The map is well-defined
since the difference vanishes modulo R, if we choose a different sequence
e; — e, with 2,4,.¢, —» f. q.e.d.

Consider now a complex of bundle maps

(1.19) -~-—->E—A-—>F._i>G__>...

We say that 2 is asymptotic for the complex if it is asymptotic for each map
A of the complex.

It is easy to prove the following lemma.

Lemma 1.7 The asymptotic derivative A, induces a map (which we con-
tinue 1o call A4;) on the asympiotic homology groups H, = K,/R;:

A HG) — -

A
(1.20) <o = H(E) —> H(F)
Moreover the sequence (1.20) is a complex, i.e.,
(1.21) A1=0.

We also have
Lemma 1.8. The intrinsic derivative Ay induces a map (wWhich we continue

to call Ay) on the asymptotic homology groups H,:

A A
(1.22) v S H(E) 25 HEF) Z5 HG) — - .
Moreover, the sequence (1.22) is a complex, i.e.,

(1.23) AL =0.
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It is also easy to show that the following relations hold (where X and Y are
both tangent vectors at x) :

(1.24) Agdy + AyAdy =0,
(1.25) AAy + Axd, = 0.

We return now to the Poisson complex (1.1). Let p,: H, — H, be the
asymptotic derivative (1.20), and, choosing local canonical coordinates

(xls Tt Xp, ‘Ela ] gn)a let
(1.26) Bz,i: H,—-H,,
(1.27) C,:: H,— H,

be the maps p,s¢,, Ps/s,» Tespectively, of (1.22), where 3/9%, and 3/0x; denote
the tangent vectors associated to the coordinate functions &; and x,.
Consider now the differential operators
z 1 )

2 12 22;1 , 1 v

from Cy(R*, H)) to C(R", H;). Here (y,, - - -, ¥,) are coordinates for R*. Note
that p;, B, ;, and C, ; are constants as far as y-dependence is concerned. We
next prove a lemma which will be of critical importance in showing that -
subellipticity for (1.1) is independent of the choice of Hermitian metrics for
the bundles E:.

Lemma 1.9. The assumption that (1.1) is a Poisson complex implies (and,
in fact, is essentially equivalent to) the following:

The sequence of differential operators

+ Ciy:

2
> .-

(1.29)  C5(R™, H(E") 2 Cy((R*, H(EY) AN Cs (R, H,(E™))
is a complex, i.e., #,-#, =0 .

Proof. A direct computation shows that the identity #,.-#, = 0 is equi-
valent to the identities (1.21), (1.23), - - -, (1.25), which follow simply from
the fact that (1.1) is a complex, together with the identity 33,B;.C,; = 0,
which follows immediately from (1.3), i.e., the fact that (1.1) is Poisson.
g.e.d.

We shall next show

Lemma 1.10. Up 1o unitary equivalence, the complex (1.29) does not
depend on the choice of local canonical coordinates (x,, + -+, Xp, &5 + o+, E,).

Assuming this for the moment, we may conclude

Proposition 1. If {p, E*} is a Poisson complex on a symplectic manifold M,
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then given any asymptotic sequence 1 one can associate to {p,E'}, in a
completely intrinsic fashion, a complex of first-order differential operators
{2, Cy(R™, HE))}.

Proof of Lemma 1.10. We shall only sketch the main points of the argu-
ment, since the details become tedious. One sees easily that it suffices to prove
the following:

Given a scalar function r on M and (x, &) and (x/, &) two sets of local ca-
nonical coordinates at m ¢ M, there exists a unitary operator U such that the
diagram

& Rez,e &

(1.30) Ul U
Y

Rizien Y
FPENE

commutes. Here & C L¥R", C) is the Schwartz space of rapidly decreasing
functions, and the differential operator R, ., is defined by

or | 1 G, or
(1.31) R = ; T Bvous i a—xi;m}’i .
Since the coefficients of R, ., depend only on the first derivatives of r at a
single point m, it suffices to consider the case of (x, &) — (¥, &) a linear ca-
nonical transformation. Aside from a simple permutation of the indices in
X, - -+, X%, (and the same permutation of &, - - -, &,), the simplest type of ca-
nonical transformation is of the form

x;=2§& , & = —x;,, when jel;

?

Xp=x,, & =2¢& , when ig¢l,

where I is some subset of {1, - - ., n}. We call such transformations elementary

N . N
canonical transformations. Since (1/+/—1)(3/3y.)f() = 5. f() and y,f() =
—(1/+/=1)(®/37,)}(;) where ~ denotes the Fourier transform in the i-th vari-
able, we see that, in the case of an eclementary canonical transformation, we
can make (1.30) commute by taking U to the Fourier transform in the vari-
ables I. U is unitary by the Plancherel theorem.

Caratheodory [2] shows that every canonical transformation can be written
as the product of an elementary canonical transformation and a canonical
transformation (x, &) — (¥, &) given by a generating function Q(x, §’). The
generating function satisfies the conditions

(1.32 a) x' = 5Q /3¢ , §=20Q/ox,
(1.32b) *Q /0x0¢’ is nonsingular .
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Hence to conclude our proof of the lemma it suffices to find a unitary U mak-
ing (1.30) commute in case (x, &) — (¥, &) is given by (1.32).
We define U: & — & by

(1.33) UhH@) = K f e~ R@2f(y)dy .

Here K is a constant to be determined later. We shall show that

RzE
g {x,§) ,V
(1.34) | o

Y, Rer—zy Y
——

b% &

commutes. Thus by taking U equal to U followed by the inverse Fourier trans-
form we shall have that (1.30) commutes.
Now observe that

1 i(ﬁfxz) - K j 90 ,-1ewof(y)dy

0(1 (%f)(z) K f e-tewa L a = 10y

!

=K -[ ‘;_Q e~ ?w.2f(y)dy (by integrating by parts) .
y

Hence
ar 1 o ar>~ _ f(ar 80 ar>-im>
S AL A (4 =K o 4 o Q. f(7)dz
( o 1oz ) U e ra = M
U[(ﬂl,i or )](z) Kf(a’ Q . )rwwf(z)dz.
a& I oy ax o5 oy ax

Therefore to show that (1.34) commutes it suffices to show

aQ or 6Q

(1.35) oroQ o, _9raQ .

ox’ 6z 6{-" o0& oy axy

Since
gr _ or 6x  or 3% Or _9r ox | 9r 9§
ox’  ox ox' 9 ax’ 68’ ox 98  of o8&’

to prove (1.35) it suffices to prove
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dx aQ | ox 8¢ aQ |, o0& 09
(1 36) — Z = s = + ==,
ox’ 0z 0¢’ Y ox’ 0z o0&’ oy
Note that since (x, &) — (x', &) is linear, the coefficients dx/ox’, 6x /38", 05 /ox’,
0&/¢ occuring in (1.36) are constants, independent of y, z.
Now call y = x and z = &/, which we may do since x and & are independ-
ent variables in the expression Q(x, &). Thus we may rewrite (1.36) as

136y X 8Q . 8x o _ 0 00 | 9% . _ 00

ox’ 38 | og T ox 8¢ | af ax

Now using (1.32a) we see that (1.36)" can be rewritten as

vt X y—x, AP RS

(1.36)" —
ox’ 8¢’ ox’ o8’

But (1.36)” obviously holds, since (x, &) — (x/, &) is linear. Thus we have
shown that (1.34) commutes. All that remains to be shown is that U is unitary.
Since (x, &) — (x/, &’) is linear we may assume that Q(x, &) is quadratic in x
and &’. Thus we may write

(1.37) O, &) = (Ax, x> + (Bx, &) + (C&, &> .

Here A4, B, C are n X n matrices, and ¢ , > denotes the inner product in R".
From (1.32b) it follows that B is nonsingular. Thus we have

10f): = K| j e_z-wy,ne_mwf(y)dyH
¢ 2

= JdetBJ“K}J.e‘i“’vz>e‘i<‘“3'“f*B‘“”f(B"y)dy”

(by changing variables)
= [det B|"'2=)"*K||f(B~"y){l, (by Plancherel)
= |det B|"'(2z)™*K |det B["2||fl|, .

Thus taking (27)*°K = |det B[ we get that U is unitary. q.e.d.

We now proceed to define the notion of uniform 4-subellipticity for the
Poisson complex (1.1) at the point x, € M. If (1.1) is the top-symbol complex
of a complex of first-order pseudo-differential operators, then (1.1) will be
$-subelliptic if and only if the complex of pseudo-differential operators is 3-
subelliptic. (For a proof see [4], [9].) First assume that the bundles E* have
Hermitian metrics. If 1 converges to x, identify the vector space H,(E?) with
the subspace K;(E?) N (R,(EY))~ of EL, and give it the induced inner product.

Definition 1.11. The Poisson complex (1.1) is #-subelliptic at x, if and



POISSON COMPLEXES AND SUBELLIPTICITY 81

only if there is a compact neighborhood .#" of x, and a constant C > O such
that for every asymptotic sequence 2 = {(x;, 1)} with lim x; e 4" the following
estimate holds:

(1.38) [lumray < cff I2uorray + 1270007 a3

for every u e C3(R™, H,).

It can be shown that the estimate (1.38) is equivalent to the following esti-
mates (1.39) and (1.40) (see [4] or [9]; the essential idea is contained in [6]):

(1.39) [worray < cff izuoir ay + [ 127 a1 v}

for every u e #(R™, H,), where % denotes the Schwartz space;
(1.40) [luorray < c{[12uo)r ay + [ 122400 ay)

for every u ¢ Domain (£,) N Domain (£#}). Here &, is the minimal closed
extension of the &, appearing in (1.38), and £} denotes its Hilbert space
adjoint. From (1.39) and Lemma 1.10 we see that #-subellipticity does not
depend on the choice of local canonical coordinates. We show below that 4-
subellipticity is also independent of the choice of Hermitian metrics for E°.
This is not a priori clear, since & is defined in terms of these metrics. Assum-
ing this result for the moment, we have

Proposition 2. If {p, E?} is a Poisson complex on a symplectic manifold M
and x, ¢ M, then one can define, in a completely intrinsic fashion, the notion
of I-subellipticity at x, of {p, E*}.

We are now ready to prove independence of the choice of Hermitian metrics.
As we saw earlier in Lemma 1.9 the fact that (1.1) is Poisson implies that the
sequence (1.29) is actually a complex. Hence (see [6]) one can show the fol-
lowing:

Lemma 1.12. The criterion (1.40) for L-subellipticity for the Poisson com-
plex (1.1) is equivalent to the following criterion:

There exists C > 0 such that for every asymplotic sequence A = {(x;, 1;)}
with lim x; € A", the L*-complex

P Pi

(14D LR, H(EY) 2> LR, H(ED)) 2> ...

> LA(R*, H(E¥))

is L*-exact and the maps &, are C-maps. The operators appearing in the com-
plex (1.41) are the minimal closed extensions of the operators 2, in the complex
(1.29). To say that &, is a C-map means that for every g in Range &, there
exists | in Domain P, such that g = P,f and such that l|f| < C|\g]l-
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From this lemma we get

Corollary 1.13. The L-subellipticity of the Poisson complex (1.1) does not
depend on the choice of Hermitian metrics for the bundles E*.

Proof. 'The maps #, in the complex (1.29) were defined independently of
any choice of Hermitian metrics. Hence, if we make two different choices of
Hermitian metrics, all we change is the inner products on the finite dimensional
vector spaces E%, and any two such norms are equivalent. One verifies easliy
that the equivalence may be made uniform in 4. Thus changing Hermitian
metrics on the E? involves at most a change in the choice of uniform constant
C in the statement of the lemma. gq.e.d.

Aside from the fact that it allows us to intrinsically define the notion of
1-subellipticity of a Poisson complex, the independence of choice of Hermitian
metrics allows us to prove the following important result:

Proposition 3. Suppose the Poisson complex {p, E*} is the direct sum of
two subcomplexes {p, E.} and {p, E{}. Then {p, E*} is }-subelliptic at x, e M if
and only if each subcomplex {p, E'} and {p, E}} is }-subelliptic a1 x,.

In order for i-subellipticity of {p, E:} and {p, E}} to be defined we need the
following lemma.

Lemma 1.14. If the Poisson complex {p, E*} is the direct sum of two sub-
complexes {p, E} and {p, E}}, then each of these subcomplexes is a Poisson
complex.

Proof. Let = and =} be the complementary projections of E* onto E% and
Et. By hypothesis we have

(1.42) ToD = DTq » TP = Py

Choose frames for E¢ and for E¢ and use these as frames for F*. With respect
to these frames the matrices 7, and =, have constant coefficients. Hence we
may differentiate (1.42) and get

(1.43) Ta op _ op Ta s za—ap—z ?p

aé'j 8§'J a.xj' 0X

Ta 5

and the analogous identities for z,. Thus applying =, on both the left and right
of both sides of the identity (1.3), we get

(1.44) TP~ (rugrp + Plragra) .
OEJ' a.Xj

We also get the analogous identity for z,. Adding, we get

145) DB _ (c g, + mgr )P+ p(raare + Ty -
3, ax,
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We choose our frames in such a way that

(1.46) @lE) _ o |p  dRIE) _ 9P |g
afj 3{:] an ax]- i

and, similarly, for E,. Hence by restricting (1.45) to E, and to E, we can
conclude that {p, Ei} and {p, Ei} are Poisson.

Proof of Proposition 3. Since the criterion for $-subellipticity is indepen-
dent of the choice of Hermitian metrics we may, having chosen arbitrary
metrics for the bundles EY and E?, give the bundle E* = Ei @ E} the corre-
sponding direct sum metric. Thus we have the orthogonal decomposition

(1.47) H(EY) = H(E)) @ H(E}) ,

and hence the criterion of Lemma 1.12 for }-subellipticity clearly holds for
{p, E%} if and only if it holds for {p, Ei} and for {p, E}}.

2. The top-symbol decomposition

We assume now that the complex (0.1) is a Spencer complex, i.e., formally
exact in the sense of Goldschmidt [3]. We consider the top-symbol complex
(0.2) as lying over T}X/{0} the complexified cotangent space of X.

The main goal of this section is to prove

Proposition 4. If (x,,{,) € TéX /{0} is Cohen-Macaulay, then in some conic
neighborhood I" of (x,,&,) we can decompose the top-symbol complex (0.2):
{o2,c,(D), EL, )} into the direct sum of two subcomplexes

2.1 {02.0D); Ed o}
(22) {O'(x,;)(D)5 (E%;)(I.C)} .

Moreover, the complex (2.1) is exact for every (x,{) e I', and the complex
(2.2) is a top-symbol Poincaré complex built out of g commuting bundle maps
pit EY—E}, i=1,...,q, where g is the codimension of the characteristic
variety of {D, E*}.

Remarks. 1. Observe that the bundles E?, and E? are bundles over the conic
neighborhood I" € T§X/{0}, and are not necessarily pullbacks of bundles sit-
ting over the manifold X. The splitting is very definitely taking place “upstairs”.

2. Clearly, by restriction, the proposition also holds if we replace T#X /{0}
by T#X /{0}. This is the version which we shall use in conjunction with § 1.

We next define the terms “top-symbol Poincaré complex” and “Cohen-

Macaulay”.
Definition 2.1. Let E° be a vector bundle over a manifold M, and suppose
that p,, - - -, p, are commuting bundle maps from E° to E°. Then the associat-

ed top-symbol Poincaré complex {p, E*} is defined as follows: Let W be a g-
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dimensional vector space over C, with distinguished basis w,, - - -, w,. Then
fori=20,.-.,glet
(2.3) E'=EQ@ NW,
and define p: E* — E**! by
2.4) (T er®w)= T pes ® vy A
Js

where e; € E° and w; € A\*W.

Remark. From the fact that p;p; = p,p; and that w, A w; = —w; A w;

it follows that {p, E*} is indeed a complex.

Definition 2.2. The cotangent vector (x, ) is characteristic if and only if
the top-symbol complex (0.2) fails to be exact at (x, £).

Definition 2.3. The characteristic vector (x, () is Cohen-Macaulay if and
only if the top-symbol complex (0.2) is exact at E* for every i > g, where g
is the codimension of the characteristic variety ¥".

Remarks. 1. The Cohen-Macaulay property is generic, i.e., for every x ¢ X
the set of Cohen-Macaulay points in ¥, is a Zariski-open set.

2. Some hypothesis such as Cohen-Macaulay is clearly needed in our pro-
position in order to obtain an exact subcomplex complementary to a top-sym-
bol Poincaré complex. For example, the Cohen-Macaulay hypothesis prevents
the top-symbol complex (0.2) from containing a direct sum of two top-symbol
Poincaré complexes of different lengths. Moreover, it is not clear how, without
some special hypothesis, one can obtain any complementary subcomplex to a
top-symbol Poincaré complex. Indeed, in our proof that there exists a com-
plementary subcomplex (2.1) the Cohen-Macaulay hypothesis plays a critical
role. It is precisely this hypothesis which allows us to recursively define F* in
Lemma 2.15.

Now let E = @ E* be the direct sum of the bundles in (0.1). Then we may
view D as a differential operator from E to E, and we have D? = Q. Since D
is first-order we have that ¢(D)(x, ¢, + () = cD)(x, &) + a(D)(x,&,), and
since D?> = 0 we have that (a(D)(x, £))* = 0 for every {. Hence we can con-
clude

(2.5 a(D)(x,£)-0(D)(x, L) + a(D)(x, L) -a(D)(x, L) = 0.

Thus we have the following lemma.
Lemma 2.4. We can make E, a (left) graded module over )\ *(TX),, the
exterior algebra over T§(X),, by means of the definitions :

2.6) ENe=o06,,De for ecE, and {eTiX),,

ENe=CN--- NCNe) for eckE,

2.7
and =GN -+« N
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Starting with the well-known formula
(2.8) D(fy) = 0a(D)y + D

we can prove easily
Lemma 2.5. For every smooth section «y of E and for every i-form w we
have

2.9) Dw A ) =dw A + (—=1D'w A Dy .

Now suppose that we are given a non-characteristic fibrationz: X — Y (¥
amanifold); i.e., for each point x e X the complexified normal space N, to the
fiber through x is non-characteristic for {D, E*}. That is, each { = 0 e N, is
non-characteristic.

This fibration gives a decrasing filtration of E, namely 9 (E?") D 7 ;. ,(EY),
where

(2.10) T (EY, = EL N (ANVINLE,) .

One can show (using Lemma 2.9) that, assuming dim.NV, is independent of x,
I AE? is a vector bundle.

Definifion 2.6. We set £%¢ = the quotient bundle E¢/7,(E?).

Remark. Observe that £ = E°.

From (2.9) we can conclude

Lemma 2.7. From the complex {D, E*} we obtain an induced complex
{D, E*%)y of first-order differential operators. Moreover, ¢, (D) EYt — E%i+t
is given by

(2.11) GaoD:lel > IE A el,

where e ¢ EX, and [ ] denotes coset in the quotient space.

Remark. From the last statement we see that ¢, (D) = 0if £ € N,. That
is, D differentiates only in directions tangential to the fibers of z. Hence we
may restrict {D, E%} to any fiber of z, and thus get a complex of differential
operators on the fiber. It can be shown that these fiber complexes are also
Spencer complexes.

Guillemin [4] proves that if (x,,Z,) is a Cohen-Macaulay point, then it is
possible to construct a special non-characteristic fibration. More precisely,

Lemma 2.8. Let {D, E*} be a Spencer complex on a manifold X of dimen-
sion n, with q equal to the codimension of the characteristic variety. Let (x,,%,)
be a Cohen-Macaulay point of the characteristic variety. Then in a neighbor-
hood of x, (which we continue to call X)we can define a non-characteristic
fibration =: X — Y satisfying the following two properties:

(1) The fibers Z of the fibration have codimension q.
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(@) Let 3, = ¢*(Zy), where ¢: Z — X is the injection into X of the fiber of
7 through x,. Then the symbol complex

Soo0 F(@a, 10Dy oy Clxo,700(D) G (zo, 200D oo
(212) 0— Eg;’f 05 70 Eg.’; 0: %0 . s 70. E(;.,;’\ __>O

is exact at every position except at E‘;;’
Remarks. 1. We can choose a coordinate neighborhood V of x, in X,
with coordinates y,, - - -, ¥4, Xy, - - -, X,_, SO that the fibration = takes the form

(2-13) T (yla "':yq,xla "':xn—q)"')(yl: "',yq) .

For x ¢ V and ¢ € T#(X), we shall often write
q n—q
(2.14) {=1(&p = kZ_fl Erdyr + 12—1'1 ndx;

Clearly, 5 = > 75%), dx; is ¢*(£), and N, is spanned by dy,, - - -, dy,. We shall
let A *(dy) denote the exterior algebra at x generated by the cotangent vectors
day,, -« -, dy,.

2. Since (2.12) holds at (x,, 5,), it also holds in some conic neighborhood
I of (x,,7,) in the bundle of cotangent vectors tangential to the fibers of z. Let
I" equal the set of all cotangent vectors ¢ such that ¢*(¢) ¢ /. Clearly I" is a
conic neighborhood of (x,, &,).

Guillemin also proves

Lemma 2.9, (1) E, is a free graded /\*¥(dy) module.

(2) Let E%* be any subspace of E%, complementary to 7 (EY),, i.e., EY*®
T (EY, = E.. Then for any e, # 0, ---,ey #+ 0 with e; e E%* and any
U sy € N¥AY), wehave py = -+« = py = 0if e, + -+ + pyey = 0.
Furthermore, E, and )\ ¥(dy) ® (3 .E%?) are canonically isomorphic as graded
N F(dy)-modules (in the obvious way).

Remark. Under the above isomorphism

(2.15) Ei= ¥ NANQEY,
(2.16) TiE), = 3 N QE .

We are now ready to get on with the actual proof of Proposition 4.

Our procedure will be first to construct the top-symbol Poincaré complex
(2.2), and second to find a complementary complex (2.1).

Definifion 2.10. Let (x,7) ¢ I'. Then define

(ED iz = {e € ESIn N\ e € T (ED,}

2.17)
={ecElip N eec A\LAdY) ® E.} .



POISSON COMPLEXES AND SUBELLIPTICITY 87

Remarks. 1. (E}),,,, may be thought of as the “flip-flop” space associated
to the fiber cotangent vector 7. Indeed, it is the set of all e in E] such that the
fiber vector % applied to e is equal to a sum of base cotangent vectors applied
to elements of E?, i.e.,

(2.18) pAe= Sdy, Aey = 3dy.® e
k=1 k=1

with e, ¢ EY, and the second equality being the isomorphism of Lemma 2.9
2.

2. Clearly (E}),,,,, may vary with 5 as well as x. This is one important
reason why the splitting in Proposition 4 must take place over T}X rather
than X.

One sees easily

Lemma 2.11. (E)., = {ec Eslo,, ,(D)e = O}.

Remark. Using this lemma and the fact that (2.12) holds for every (x,»)
¢ I', we see that E? has constant rank and hence is a bundle.

Lemma 2.12. 7 A (E)w, & AL@) ® (ED -

Proof. Let e € (E}),,,,,- Referring to (2.18) we want to show thaty A ¢, ¢
N3(dy) @ EY for each k. Applying 7 A” to both sides of (2.18) we get

(2.19) 0= — Lil Ay, @G A ey) .

Choose any subspace E™! complementary to .7 ,(E'),. Then we may write, in
accordance with (2.15),

E, = EY' @ (\:(@y) Q EY).

For each &, 5 /\ e, ¢ EL. We want to show that when we write 5 A\ e, in ac-
cordance with the above formula the component in E%* equals 0. But this is
easy to see from (2.19) and Lemma 2.9 (2).

Definition 2.13. Let (x,7) € I'. We define, fori =0, ---, N,

(2.20) (ED e,y = EDizn, @ N2@Y) .

Lemma 2.14. Let (x,{) e I'. Then { N\ maps (E}).s,,, into (Ei™) ,,,, and
the complex {{ N\, E}} is a top-symbol Poincaré complex.

Proof. Wewrite{ = (&, ) where & = 3, {_.&:dy, and (x,7) € . ByLemma
2.12, » A\ maps E} into E} and, indeed, we may define bundle maps

(2.21) —a(x,n): Ey — EY

by —a(x, p)e = e, where 5 A\ e = 31,6, & dy;. We also have

2.22) EN: e kﬁ_l e ® dy, .
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Thus

E SN B @ Ay,

(2.23) 2
€ > él(ék — a(x, 7))5 & dyy, .

Since & A is a A ¥-anti-morphism, it is clear from the preceding that
E; 205 B

(2.24) .
eRwW— kZ=1 & — ap(x, ))e ® (dy, N\ w) .

Since (X A\)- (€ A) = 0, it follows that

(ék - ak(-xa 7])) ° (‘El - al(x9 7]))

(2.25)
= (& — ax, 97))(5L — ay(x, 77)) s

and hence {{ A, Ei} is the top-symbol Poincaré complex associated with the
g commuting maps

& — ak(-xﬂ]): E} — E§ .

Remark. Observe that our top-symbol Poincaré complex is completely in-
trinsic, modulo the choice of non-characteristic fibration z. The complementary
complex (2.1) which we shall construct below is not so intrinsic in character.

Before turning to the actual construction of (2.1) we shall first sketch the
idea behind it.

By Lemma 2.9 (2), we have that for any choice of E®* complementary to
J(EY, i=1,-.-,N, there is a canonical isomorphism between E and
(G1:E™ @ A *(dy). We also know that, for any choice of E*?, & /A maps E%?
into E"* ® A *(dy). Suppose it is possible to choose the E* in such a way that
» /A maps E%* into E™**', and a subspace EY complementary to E} such that
» /A maps Ej, into E%'. Then setting

(2.26) E= BN e @ E® @)
. .i_7>3k

we clearly have a subcomplex (2.1) of the top-symbol complex {{A,E*}
complementary to (2.2), i.e.,

(2.27) ¢A:E:— E',  EE@ES = EF.

We shall show below that the Cohen-Macaulay hypothesis, in the form of
condition (2.12), is precisely the tool we need to construct such EY ,, varying
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with 7 as well as x. Moreover, it will allow us to prove that (2.1) as defined
above in (2.26) is exact.

Lemma 2.15. We can recursively define subspaces Fi,, < E%, i=
0, ---,N, such that

(2.28) ES =(EDun @ FL,
(229) E;: yl(EZ)I@’?/\FQ;,Iv)@F%I,v) ? i= 19 ,N

Moreover, we can arrange that the F* are smooth bundles.
Assume the lemma for the moment. Then we see immediately that EY and
E*t defined by

(2.30) E, =F,
(2.31) Ef=p ANF'@FE, i=1,---,N,
satisfy the desired properties: 5 A E% C E™ and 5 A E™* C E%*1,
Proof of Lemma 2.15. We define (F9), , C E% recursively as follows:

Choose Iz"" c Eoo = E’ to be any bundle complementary to E}; and having
defined F?, choose F**! to be a complement in E"**! to a(I,,“(D)(F"). That is,

(2.32) E=E®F,
(2.33) B =g, D(FHY®F, i=1-..-,N.

Now qbserve that since EY = Kermel 0’<m>(ﬁ) and condition (2.12) holds for
(x,) e [, it follows that the complex

9z, pD) 9 p@D) 9@ (D)

(2.349) 0—F° E‘;l Evr 0

is exact. From (2.33) and the exactness of (2.34) we conclude:

Sublemma. o (D) is injective on F for every i =0, -.-,N.
Next choose (F?),.,,, & Ef such that

(2.35) [F] = F*,
(where [ ] denotes coset in £%%) and such that
(2.36) Fr N g (EHY ={0}.

It is easy to see that we can find such F?, and can even choose them to be
smooth bundles. We can take F* = F°, and so (2.32) becomes
EE=E®F.

Moreover, recalling (2.11) we see, from (2.33) and the sublemma and from the
way we defined F*, that
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Eizfi-l(Ei)@y/./\Fi~l@Fi, i=1,-'-,N.

g.e.d.
To complete the proof of Proposition 4 it suffices to show that the complex
(2.1) constructed above is exact for every (x,¢) e I'. Define

(2.37) Eié = {Eo,.; ® /\_f(dy) ‘i >0,
E, @ Nidy) i=0.

Then

(238) Elt; — @ Eé’i s

i+j=k

where we think of j as the filtration degree. Writing { = (&, ) we see that §A
raises filtration degree by one, and 7/ does not raise filtration degree. We have
the diagram:

E/\T \\5/\T E/\T
0_,512;0&\5%1&,5%2&,
&AT \\\\gf\T \\\gAT
(2.39) 0 —s By 2105 i 20, e an, ..

E/\T \'\\E/\T \\e/\T Y

0—> E2 20 et IA Spee 10,

T

0 0 0

~

Lemma 2.16. The complex (2.1)

-

(5 JLIANY > S A NRLIANY -\

is exact for every (x,) e I,

Proof. Case 1: & = 0. Since £ is non-characteristic, all the columns in
diagram (2.39) are exact at every position. Hence by a standard spectral
sequence argument all the cohomology groups of the complex (2.1) vanish.

Case 2: &€= 0. By (2.11) the complex {n N\, EY*} is just the complex
(2.34) brought “off the quotient level”, and we observed earlier that (2.34) is
exact. Since each row of diagram (2.39) is just a direct sum of copies of
{5 N\, EYY, it follows that {» A, EL} is exact. g.e.d.

This completes the proof of Proposition 4.
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3. Conclusion: The Levi-form criterion for }-subellipticity

One sees easily that an exact Poisson complex is always %-subelliptic.
One can also prove the following proposition (see [4] or [9]; this is also essen-
tially contained in [7]):

Proposition 5. Let {p, E'} be a top-symbol Poincaré complex associated 1o
scalar bundle maps p,, - - -, p, from E® to E°; i.e., p; is a scalar times the
identity matrix. Assume that {p, E¥} is Poisson. Then a necessary and sufficient
condition for {p, E*} to be %-subelliptic at position E* at the real characteristic
point (x,, &) is the following .

(3.1) The g X q Hermitian matrix (1/~'—11p:, Ps}zoren» the “Levi-form”,
has at least k + 1 negative or at least q — k + 1 positive eigenvalues.

In [5] Guillemin gives conditions, which we shall loosely call “simple char-
acteristics”, under which the top-symbol Poincaré complex derived in Pro-
position 4 is scalar. Hence from Proposition 3, 4, and 5 we see that under the
assumption of simple characteristics we get a Levi~form criterion for %-sub-
ellipticity for a Spencer complex {D, E*}. In fact, one can show that, under
the simple characteristics hypothesis, we may take as the p,, - - -, p, appearing
in the Levi-form any set of local parameters at (x,, £&,) for the complex charac-
teristic variety. (See [5] for a detailed statement.)
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