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ABSTRACT. We propose a new point of view of the Spencer cohomology appearing in the
formal theory of differential equations based on a dual approach via comodules. It allows us
to relate the Spencer cohomology with standard constructions in homological algebra and, in
particular, to express it as a Cotor. We discuss concrete methods for its construction based
on homological perturbation theory and resolutions.

1. INTRODUCTION

This paper ties three fairly different areas of research, viz. differential equations, (co)homo-
logical algebra, and symbolic computation, together. While many people working in these
individual areas will find the sections concerning their particular area quite familiar (and per-
haps a bit too elementary), we expect that they will find the other sections much less familiar
(and perhaps a bit too dense). We have made an attempt to provide a basic background
for all areas upon which we touch and hope that this will encourage more multidisciplinary
research in these areas.

The definition of involutivity for a system of partial differential equations has had a very
long and convoluted history. First works on overdetermined systems go back at least to
Clebsch and Jacobi. In the middle of the 19th century the analysis of homogeneous linear
first order systems in one unknown function was a very popular subject (nowadays this has
been superseded by the geometric view of the Frobenius theorem). Most older textbooks like
[13, 26] contain a chapter on this theory (with references to the original works).

The late 19th and early 20th century saw a flurry of activities in this field extending the
theory to more and more general systems. One line of research lead to the Janet-Riquier
theory [46, 70, 86, 87] with its central notion of a passive system. We will later meet some
ideas from this theory in the combinatorial approach to involution. Another line of research
culminated in the Cartan-Ké&hler theory of exterior differential systems [11, 14, 50] (a dual
version based on vector fields instead of differential forms was developed by Vessiot [88]).
In this approach one usually speaks of involutive systems, although Weber attributed this
terminology to Lie in his encyclopedia article [89].

Roughly between 1950 and 1970 a more sophisticated point of view emerged combining
many elements of the old approaches with new and more abstract techniques. Ehresmann’s
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theory of jet spaces [20, 21, 22] allows for an intrinsic geometric treatment of differential
equations without resorting to differential forms. Formal integrability, i.e. the existence of
formal power series solutions, may then be interpreted as a straightforward geometric concept.

Somewhat surprisingly, it has turned out that for many purposes such a purely geometric
approach does not suffice. This begins with the simple fact that the geometric definition of
formal integrability is not effectively verifiable, as it consists of infinitely many conditions.
Thus geometry had to be complemented by some algebraic (mainly homological) tools, in
particular with Spencer cohomology which is one of the topics of this article. In the Cartan-
Kahler theory the famous Cartan test for involution requires checking a relation between
certain integers (encoding dimensions) as will be explained in more detail below. Serre,
Guillemin and Sternberg [39] showed that this test represents in fact a homological condition,
namely the vanishing of certain Tor groups, and is related to a complex introduced earlier
by Spencer [82] (a dual approach to an algebraic definition of involution was already earlier
given by Matsushima [64]). Later, the theory was thoroughly studied by Spencer [83], Quillen
[66] and Goldschmidt [31, 32].

The arising theory is often called the formal theory of differential equations. Textbook
presentations may be found e.g. in [11, 17, 52, 65]. One interpretation of the name is that
it concerns itself with formal power series solutions for arbitrary systems, i.e. also for under-
and overdetermined ones, and indeed we will use this approach for the brief introduction to
the theory given in Sect. 3. However, restricting the formal theory to this one aspect would
give a much too narrow picture.

It is probably fair to say that the full meaning and importance of the ideas surrounding
involution are still not properly understood. While many facets have emerged, the complete
picture has remained elusive. Recently, it has been shown that in an algebraic context it is
related to the Castelnuovo-Mumford regularity [79] and that in numerical analysis obstruction
to involution may become integrability conditions in a semi-discretization [80].

In more detail, we associate with every system of differential equations of order ¢ in m un-
known functions of n variables a homogeneous degree g subspace Ny C Cg* where C' is the set
of all polynomials in 1, ..., z, with coefficients in k. The space NN, is called the geometric
symbol! of the differential system (see Sects. 3.3 and 3.4).

We set Nq(s):{fENq | %:Oforizl,...,s} where f = (f1,..., fm) and the
derivatives are taken coordinate-wise. One further defines the first prolongation of the symbol
Now1 ={f e Cl, | % € Ny fori =1,...,n} consisting of all integrals of degree ¢ + 1 of

elements in N,. It is well-known [11, 39] that
(1.1) dim Ngy1 < dim Ny + dim N{D + -+ + dim N~V .

The symbol N, is said to be involutive, if coordinates x1,...,z, exist such that (1.1) is
actually an equality.

The theory proceeds by recursively defining higher prolongations Nyix+1 = {f € C7\ 141 |

8% € Nyip,fori = 1,...,n}. The vector space N = Jpo | Nyt is called the infinite pro-
longation; we will see in Sect. 3.4 that it has the structure of a polynomial comodule. Since
each Ny is again a symbol (of a prolonged differential system), what we have said above
about the involutivity of N also applies to each Ny; and a classic theorem gives that Ny,
becomes involutive for some r > 0 (see the remark after Theorem 5.2).

n [11, p. 116] the space Ny is called a tableau and its annihilator N, a symbol.
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It was noted in [39] that N is dual to a graded A-module M where A = k[z1,...,z,] is
the polynomial algebra over k. It was also noted in [39] that the involutivity condition above
is equivalent to the maps

(1.2) Mgyri1/ (@1, xk) Mgpr —— Mgyrio/ (21,0 28) Mgtrta
given by multiplication by zjy1 being one-one for all kK = 0,...,n — 1 and all » > 0. It is,
of course, now common to say that if the above condition holds, the sequence z1,...,z, is

quasiregular for M. In an appendix to [39], Serre showed that the quasiregular condition
for a module M is generically equivalent to the vanishing of Tor(M, k) (see Sect. 5.1) in
positive degrees. The authors observe that the Koszul complex for computing Tor is dual to
the Spencer complex referred to above. Thus, by duality, Serre’s result can be translated to
a statement about the vanishing of Spencer cohomology.

Various authors have discussed the duality between the Spencer complex and the Koszul
complex [11, 31, 63, 72]. First we will show that this duality is not as ad hoc as it seems
to be from the literature. In fact, by introducing coalgebras and comodules, we show that
the duality is a special case of one that exists between comodules over a coalgebra C and
modules over the dual algebra A = C* (Sect. 2.12). This leads to the identification of Spencer
cohomology as a Cotor (Sect. 6.7).

Thus, the knowledge of the vanishing of a certain Tor (or Cotor) gives some computational
insight in the completion of general systems of partial differential equations and is also useful
for the concrete determination of formal power series solutions. The actual values of the ranks
of the Tor groups provide us with a coordinate independent criterion for involutive symbols.
Beyond the order at which the system becomes involutive, the unique determination of the
coeflicients of power series solutions is straightforward.

For this and other reasons, we are interested in effectively computing TorA(M k) for a
module M over the polynomial algebra A. Fortunately, there are many ways to do this
explicitly. Perhaps the most familiar to those readers who are acquainted with computer
algebra is the program Macaulay 2 [25]. That program uses what we call Schreyer methods
(Sect. 4.1). We will look at some novel methods for deriving other classes of “small” resolutions
that can be used for computing Tor as well.

In this article, we restrict to the case where the module M is generated by elements of
homogeneous degree q. But we note that there are generalizations to cases where M contains
elements of mixed degrees but still homogeneous. These generalizations are also useful in the
context of formal theory, as they appear in more efficient versions of the basic completion
algorithm [40]. However, as this is a very technical subject, we will study it elsewhere.

We finally introduce an interesting algorithm for computing minimal resolutions of mono-
mial modules (Sect. 7) over the polynomial ring, and give examples in Sect. 8.

2. (CO)ALGEBRA

Throughout this paper, k will denote a field of characteristic zero.

It is assumed that the reader is familiar with basic notions such as the tensor product
of vector spaces, algebras over a field, modules over an algebra, etc. When tensor products
are taken over k, we will omit the subscript in ®;. We will quickly review coalgebras and
comodules. More details can be found in [59].

2.1. Coalgebras and Comodules. Recall that a coalgebra over k is a vector space equipped
A
with a linear map C —— C' ® C (called the comultiplication) and € : C —— k (called the
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counit) such that the coassociativity and counit axioms hold (see below). It has become
customary to write the result of comultiplication in the following form which is called the
Heyneman-Sweedler (H-S) notation: A(c) = ¢(1) ® ¢y (summation over the indices which
run in parallel is assumed. See [59, Sec. A.3.2]).

Using H-S notation, coassociativity is expressed as

c(1) @ cy@) @ @) =€) @ @) D @)@
and the counit axioms are
cayelc) = ¢ = elc))e)
A vector space N over k is said to be a (right) comodule over the coalgebra C' if there is a
k-linear map p: M —— N ® C such that

(I ®@€e)p=1p
and
(p®1lc)p = (1m @ A)p.
We use an extended H-S notation ([59]) for the action of the structure map p in a right
comodule:
p(m)=mV om® e N C.

Similar remarks apply to left comodules.

2.1.1. The Dual Algebra. Recall that the algebra dual to C is given by A = C* where C* is
the linear dual, C* = homy(C, k) and the product is given by

(2.1) (afB,c) = alew))Blew))
for a, 5 € A and ¢ € C and where (-, -) denotes the bilinear pairing (7, c) = v(c) [59].

2.2. Graded Modules. Let A be an algebra over k. A left-module A-module M is said
to be a (non-negatively) graded module over A if M = &2 (M, as an Abelian group. The
subgroup M, is called the set of elements of homogeneous degree n. If x € M,, we write
|z| = n for its degree. It is convenient, at times, to think of a graded module as the sequence
(Mo, My, ..., M,,...)and work in M degree-wise.

If M and N are two graded modules over A, a module map f : M —— N is said to be
graded of degree r if f|pr, : My, — Ny, for some fixed integer r. If r = 0, we simply say
that f is a (graded) module map.

A submodule N of a graded module M is said to be a graded submodule if NV is a graded
module and for all n > 0, N,, C M,,. It is clear that the kernel and image of a graded module
map are both graded modules.

A graded module is said to be of finite type if for all n, M, is finitely generated over A.

2.2.1. Graded Dual. If M is a graded module over k, its graded dual is the module M* where
M = homy(My,, k). Note that if M is of finite type, then so is M*.

2.2.2. Sign Convention. We adopt the usual sign convention which states that if one element
x “passes by” another y, the result must be multiplied by (—1)|m”y|. Thus, for example, if f
and g are two maps, their tensor product is given by

(feg)(zay) =1l f@) o gy).
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2.3. Graded Algebras. A graded algebra A over k is a graded module over k such that the
multiplication m : A ®, A —— A satisfies

A ® Aj T, AiJrj.

When we talk about a graded module over a graded algebra, it is assumed that the structure
map p: A® M — M satisfies jia,onm; + Ai @ Mj —— M;y;.

2.4. Graded Coalgebras. A graded coalgebra C over k is a graded module over k such
that the comultiplication A : C' —— C ® C' satisfies

A
Ci+j —;® Cj.

When we talk about a graded comodule over a graded coalgebra, it is assumed that the
structure map p: M —— M ® C satisfies p|p;, : My — > M, @ Cs.

r+s=1

2.5. Bialgebras. If a given algebra B is also a coalgebra, we say that it is a bialgebra if
A : B—— B ® B is a homomorphism of algebras where B ® B has the tensor product
structure (a ® b)(a’ @ V') = (=1)1¢'Plga’ @ b/, See [59, Sect. 1.5] for more details.

2.6. Chain/Cochain Complexes. A chain complex over a k-algebra A is a module X
equipped with a module map d : X —— X of degree —1 such that d> = 0. We call the map
d,, the n'" differential. The n'* homology module of X, denoted by H,(X) is, by definition,
the quotient module ker(d,)/im (d,,+1). Elements of ker(d) are called cycles and elements in
im (d) are called boundries.

A cochain complex over A is a module Y equipped with a module map 6§ : ¥ —— Y of
degree +1 such that 62 = 0. The n* cohomology module of Y, denoted by H"(Y) is, by
definition, the quotient module ker(d,)/im (d,,—1). Elements of ker(d) are called cocycles and
elements in im (d) are called coboundries. Note that if X is a chain complex, then the linear
dual X* = Hom 4(X, A) is a cochain complex in the obvious way.

2.6.1. Chain Maps and Homotopies. A chain map f: X —— Y is a module map that makes
the diagram

X, In Y,
dnj Jdn
Xn—l fni ! Yn—l

commute. Its easy to see that this condition causes any chain map to induce an A-linear map
on homology H,(f): H.(X) — H.(Y) in the obvious way. Note that the identity map on
X is a chain map.

Two chain maps X o, Y are said to be chain homotopic is there is a degree one map
¢
X —— Y such that

(2.2) dp+pd=f —g.
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2.7. Differential Graded (Co)Algebras. A differential graded algebra over k is a graded
algebra which is also a chain complex. It is furthermore assumed that the differential d is a
derivation, i.e.

d(ab) = d(a)b+ (—1)!%ad(b).
A differential graded coalgebra over k is a graded coalgebra which is also a chain complex

and for which the differential 9 is a coderivation. The notion of coderivation is completely
dual to that of derivation, i.e. the differential 0 must satisfy

A= (0®1+1®I)A.

The reader is invited to work this out using H-S notation from Sect. 2.1.

2.8. Resolutions. Let M be a (left) A-module. A free resolution [15, 62] of M over A is a
sequence of free A-modules X; and A-linear maps

dn dn— d
e X, e X, XS M —— 0
such that sequence is exact, i.e. ker(d,—1) = im(d,) for all n > 1 and ker(e) = im (dy). We
always associate the chain complex X given by

'HXHLXTLfldn;L i»Xg—»O
to a given free resolution. Note that H,(X) = 0 for n > 1 and Hy(X) = Xo/im (dp) =
Xo/ker(e) = im (¢) = M.
If we give M the trivial differential, we extend e to all of X by setting it to be zero on
elements of degree greater than zero and we obtain a chain map

(2.3) X——+M-—0

such that € is an isomorphism in homology.

A contracting homotopy for X is a degree one map 1 linear over k (but not generally over
A) such that dy+1d = 1, i.e. a chain homotopy between the identity map and the zero map.

Note that more generally, one talks about projective resolutions, i.e. resolutions in which
each X; is projective over A. An A-module is projective if and only if it is a direct summand
of a free A-module. All the resolutions in this paper however will be free. In fact, we will
only consider resolutions over the polynomial algebra and it is well-known [67, 84] that any
projective module is free in that case.

Similar remarks apply to right modules.

2.9. The Polynomial Bialgebra. Let A = kzy,...,z,] be the polynomial ring in n-
variables over k. Note that A is naturally graded by setting A; equal to the subspace of
polynomials of homogeneous degree ¢ for ¢ = 0,1,.... Note also that it is of finite type.

Define a map A —— k where e(p) = p(0) (i.e. the constant term of p).
We will write monomials as x® where

xY =t
and the components of o = (a1, ..., a,) are non negative integers.
The following relation on monomials
(2.4) x*<xPiff oy < B foralli=1,...,n.

will be used later.
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Remark 2.1. A total order on monomials that satisfies u < v =— mu < mv and 1 < m,
for all monomials m,u,v # 1 in A, is called a monomial order on A.

The algebra A also possesses a coproduct given as follows.
(2.5) Alz;)) = 1@z +z;®1
(2.6) A(fg) = A(f)A(g), for f,g € A.

The counit is given by e above.
It follows by an easy computation that

(2.7) Axy = 3 <‘:11) <i<:>xr®xa_r

T1yeeey'n=0
where r = (r1,...,m) and o —r = (a1 — 11, .., Qp — Ty).

Note that combinatorially, the above formula for the coproduct is completely determined by
the binomial expansion of (x 4+ y)®. This means that one can view the coproduct in the follow-
ing way. For any polynomial f(x) consider f(x + y) as an element of k[x1, ..., Zpn,y1,...,Yn] =
klz1,...,zp] @ k[y1,...,yn]. If we expand f(x + y) and replace y; by z; for i = 1,...,n, we
get exactly the formula determined by (2.7) above. Thus we have the following proposition.

Proposition 2.2. The coproduct in the polynomial bialgebra A may be written as

(2:8) A=Y

Leevinl oatt - Qapy

3i1+~-~+inf

i1 in

Proof. For any polynomial f, the Taylor series expansion of f(x +y) is given exactly by the
formula above. U

2.9.1. The Dual Bialgebra. The following is well-known (see e.g. [16]), but we include it for
completeness.
Note that k[z1, ..., z,] = @"k[z]. Consider the bialgebra dual to k[z]. Letting v;(z) be the
linear dual to !, we have
(Ai(w), 2" © %) = 67+

so that

(2.9) Alvi(@) = D wl@) @s().
r4+s=1

Also,

(vi(@)y;(x), 2") = (vi(z) @ v;(x), A(z"))

But recall from above that
r
A T — n nfr'

n+m=r

Thus,

(2.10) o) = (T )t

The algebra k[z]|* is called the divided power algebra and is usually denoted by I'[z]. Now
recall that k has characteristic zero and so if we write y = 71 (z), we have

)

(2.11) lz) = 5.
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This follows immediately from ~;(x)? = ily;(z). Thus setting z; = Zj—: we have z;z; = 2y and

this is just the polynomial algebra. The analogous results hold for the tensor product ®"k|x]
and therefore for A = k[z1,...,z,)].

It is left to the interested reader to see that the graded dual A* also has a coproduct dual
to the product in A and that A* = A as bialgebras.

2.10. Coordinate Free Versions of the Polynomial (Co)Algebra. Let V be a finite-
dimensional vector space over k. The tensor algebra F (V) is given by

FV) = i W
=0

where ®"V =k and ®'V = V. The product is given by
M QU)W ® - Quw)=v1® - QU QW @ --- D wy.

If “coordinates” are chosen, i.e. a basis {v1,...,vy,} is chosen for V', one identifies this algebra
as the algebra k < vy,...,v, > of non-commuting polynomials in the variables {v1,...,v,}.
It is the free non-commutative algebra generated by V. We assume that the elements of V'
are all of degree zero (or of even degree). Let I be the ideal of F(V') generated by the set
{zy —yx | =,y € V}. The symmetric algebra on V is the quotient algebra

S(V) = F(V)/I.

If one chooses coordinates as above, it is clear that S(V') is isomorphic to the polynomial
algebra klvy, ..., vy
The tensor coalgebra on V is given by

(V) = i 'V
=0

with coproduct given by
k
A1 @ @up) =D (0@ @) @ (V41 @+ @ v)
i=0

where the terms fori =0 and i = k are 1 ® (v1 ® - - ®@vg) and (v1 ® - - - @ vg) ® 1 respectively.
In fact, €(V) is the cofree coalgebra on V (also see [36] for a more general construction).

Note that the symmetric group S, acts on €(V), = ®™V in the obvious way, i.e. by
permuting the tensorands. It is clear that the subspace &(V') of symmetric tensors (i.e. those
left invariant under the action of the symmetric group) are invariant under the coproduct A.
Thus, &(V) C &€(V) is a sub-coalgebra. If coordinates are chosen, it is not difficult to see that
S(V) is isomorphic to the polynomial coalgebra k[vi,...,v,]. The interested reader should
see [7, 8] for more details.

2.11. The Exterior Bialgebra. The exterior algebra E = Efuy, ..., u,| over k is generated

as an algebra by {ui,...,u,} and is subject to the relations w;u; = —uju;. As such, it
has a basis given by {ur|I = (i1,...,i),1 < i1 < -+ < i < n,k = 0,...,n} where if
I = (i1,...,1),then ur = u;, ...u;,. Generally, we will eliminate the tensor sign in dealing

with elements of E. Note that E is a graded algebra over k where |ur| = |I| and |I| denotes
the cardinality of I.
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The coproduct in E is determined by

(2.12) Alu;)) = 4, ®1+1Qu;
(2.13) A(uww) = A(u)A(v), foru,ve E.
Thus, for example, note that

Aluju;) = (ui@l+1®u)(uy;@14+1®u;)

1 ®@ujuy; —uj @ u; +u; @ uj +uiu; @1
and so on.
The counit is given by €(r) = r when r is a scalar, while e¢(u;) = 0 for |I| > 0.

2.11.1. The Dual Bialgebra. Again, it is well-known that E = Eluy,...,uy] is self-dual, i.e.
the dual E* is a bialgebra and E* = FE as bialgebras.

2.12. More Duality. We need to recall some basic results concerning a correspondence
between subcomodules and submodules. All of the background material can be found in [59,
§A.4.2, pp. 273]. If V is a vector space over k and W C V is a subspace, the inclusion map

WV gives rise to the onto dual map V* . W*. The kernel of this map is usually
denoted by W+. Thus,

(2.14) Wt={veVv* | vw)=0foralweW}and V*/W+ =W+
If U C V* is a subspace, we similarly define
(2.15) Ut ={veV | uw)=0forall ueU}.

A subspace Z of either V or V* is said to be closed, if and only if Z = Z++. By [59, §A.4],
there is a one-one inclusion reversing correspondance W —— W+ between subspaces of V
and closed subspaces of V*.

Now suppose that C is a coalgebra and N "+ N®C is a comodule. Recall that A = C*
is an algebra (Sect. 2.1.1). The dual vector space N* is a (right) module over C* with action
determined by

(2.16) (va,c) = (v @ a, pc)) = () (a, ).

For the Proposition that follows, we need the following.

Lemma 2.3. If M is locally finite over k, any subspace (including itself) is closed.

Proof. This follows by applying Proposition A.4.2 in [59] degree-wise. ([l

Recall that if N is a comodule over C and M C N is a subspace, M is a subcomodule if
and only if p(M) C M ® C. We have

Proposition 2.4. Let C be a coalgebra and N a right comodule over C' which is locally finite
over k. If M C N is a subspace, then M+ C N* is a submodule, if and only if M is a
subcomodule.

Proof. Note that M is a subcomodule, if and only if for all m € M, m® € M. Thus if
p € M+ and o € C*, we have that for all m € M,

(pe, m) = (p, mM) (o, m®) = 0

and so pua € M*. for the converse, suppose that M= is a submodule. Let m € M, we need
to show that m{Y € N. We know that for all @ € C* and all v € M+, (v, mV)(a,m®) = 0.
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It follows that for all v € M+, (v,m™) = 0 (take a = (m™)*, the element dual to m in
the last equation). Thus, m e M+L = M since M is closed by the last lemma. O

This is analogous to [59, Proposition 1.2.4].

2.13. Polynomial Comodules and Modules. Let C' = k[x1, ..., x,]| be the polynomial bial-
gebra (2.9) with the coproduct given by Proposition 2.2. Note that N C C'is a subcomodule
if and only if A(N) C N ® C, if and only if for all p € N,

Op
o't - dxly
for all £ € N and all ¢; € N such that i1 +--- +14, = k.

In general, if D is a coalgebra, D" is a comodule over D with the following structure map
(2.18) p(dys ... dn) = ((d1)qy, -5 (dn) 1)) @ ((d1) (@) + - -+ 4 (dn)2))-

We will call any comodule N over D which is isomorphic to D™ a free comodule over D.
Note that for the polynomial coalgebra C, N C C" is a subcomodule, if and only if (2.17)
holds in each coordinate.

Remark 2.5. A module over an algebra A is finitely generated if and only if it is a quotient
of A™ for some n € N. It is natural to say that a comodule M over a coalgebra D is finitely
cogenerated if it is a submodule of D™ where D™ has the above comodule structure. In fact,
such a definition was given in [68] where more information can be found.

Using Proposition 2.4 we have the following.

Proposition 2.6. Let C be a coalgebra and N C C™ a subspace that is locally finite. Then
N is a subcomodule, if and only if N* C A™ is a submodule where A is the graded dual
algebra C*. Furthermore, we have an isomorphism A™/N+ = N*.

Proof. The first assertion is a special case of Proposition 2.4. The second part follows by
applying the second equation of (2.14) coordinate-wise. O

2.14. Cogeneration. Let Y C C be a set of homogeneous polynomials of degree r. We are
interested in the subcomodule N C C' cogenerated by Y. Let N, be the k-linear span of Y.
For the components of lower and higher degree, respectively, set

’p , S
(2.19) Nr—j_{M\PGNT, u+---+zn:3},
and
&p . o
(220) NT’Jr]:{pGC‘MENT’ Vll++ln:]}

(working coordinate-wise in C"™). Clearly, N = >">°/ N; is the comodule cogenerated by Y.

Remark 2.7. Since the notation (mj,...,my) is in wide use for the submodule generated
by a subset {my1,...,mg} of a module M, we will use the notation

N =)y1, .., yk(
for the comodule cogenerated by Y = {y1,...,yx} C C™.
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3. DIFFERENTIAL EQUATIONS

We will briefly outline some of the basic ideas of the formal theory of differential equations.
For more details and proofs we must refer to the literature (see e.g. [17, 18, 52, 65, 77] and
references therein); our exposition follows mainly [77]. It should be noted that a number
of alternative approaches to general systems of differential equations exist. This includes
in particular the more algebraic Janet-Riquier theory (some elements of which have been
incorporated into the formal theory) [46, 70|, differential ideal theory [51, 71] for equations
with at most polynomial nonlinearities, or the theory of exterior differential systems [11].
The latter one goes mainly back to Cartan and Kéhler and is based on representing partial
differential equations with differential forms. While it is equivalent to the theory we will
describe, it is highly non-trivial to exhibit this equivalence.

For notational simplicity we will mainly use a global language in the sequel, although it
must be stressed that most constructions are purely local, in fact often even pointwise.

3.1. Formal Geometry. Geometric approaches to differential equations are based on jet
bundles [73]. The independent and dependent variables are modeled by a fibered manifold
7 : € — B (this means that 7 is a surjective submersion from the total space £ onto the base
space B). The simplest example of such a fibered manifold is a trivial bundle where & = B xU
and 7 is simply the projection on the first factor. In fact, locally, in the neighborhood of a
point e € £ any fibered manifold looks like a trivial bundle. Readers unfamiliar with manifolds
may simply think of the example B = R" and U = R™.

A section is a map o : B — & such that 0 o m = 1g. This generalizes the notion of (the
graph of ) a function, as in a trivial bundle a section is always of the form o(b) = (b,s(b)) with
a function s : B — U. A point in the gth order jet bundle J,€ corresponds to an equivalence
class of smooth sections of £ which have at point b € B a contact of order g, i.e. in local
coordinates, their Taylor expansions at b coincide up to order q.

If (x1,...,x,) are local coordinates on B and (uq,...,uy) are fiber coordinates on &, then
we can extend them to coordinates on J,& by the jet variables p,, where the multi index
= [p1,-.., 1] has alength |u| = p1 + -+ - + pupn < ¢. For notational simplicity, we will often
identify uq with py o, 0. Locally, a section o : B — & may be written as o(x) = (x, S(X)).
Such a section induces a prolonged section j,o(x) = (x,s(x), 0xs(x)) of the fibered manifold
il J,& — B. Here Oxs represents all derivatives of the function s up to order g, i.e. the
variable p, ,, gets assigned the value OIM s, (x)/0x*. This clearly demonstrates that locally we
may interpret the coordinates of a point of J,& as the coefficients of truncated Taylor series
of functions s(x) and thus the jet variables as derivatives of such functions.

The jet bundles form a natural hierarchy with projections 7 : J.& — J,&€ for r < gq.
Of particular importance are the projections 7Tg_1. Let us denote by VE C TE the vertical
bundle, i. e. the kernel of the map T'w. It is not difficult to prove the following proposition, for
example by studying the transformation law of the jet coordinates under a change of variables
in £ (see below).

Proposition 3.1. The jet bundle J,& of order q is an affine bundle over the jet bundle J;_1&
of order g — 1 modeled on the vector bundle S,(T*B) ® VE (see Sect. 2.10 for notation).

This observation is the key for the introduction of algebraic techniques into the geometric
theory (and sometimes even used for the intrinsic definition of jet bundles). In local coordi-
nates, this affinity has the following meaning. Assume that we perform changes of coordinates
x — y and u — v. They induce via the chain rule changes of the jet coordinates uq,;, — Va,u-
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For the coordinates of order ¢, these are of the form v, , = ZZLZI Z\Vlzq Agug, + B where
Ag,, and B are (polynomial) functions of the jet coordinates u. y with |A| < g.

Remark 3.2. In the literature one usually considers instead of &4(7T*B)® V£ the isomorphic
vector bundle Sy(T*B) @ VE (where S; denotes the g-fold symmetric product). However,
in view of Prop. 2.2 our choice appears much more natural and more consistent with the
interpretation of the jet variables as derivatives of functions. At this point here, there is
no real difference between using S;(T*B) @ VE or &,(T*B) ® V&, as only the vector space
structure matters. This will change in Sect. 3.4 where the natural comodule structure of
S(T*B) ® VE is needed.

A differential equation of order ¢ is now defined as a fibered submanifold R, € J,€. Note
that this definition does not distinguish between a scalar equation and a system, as nothing
is said about the codimension of R,. A solution is a section o : B — £ such that the image
of the prolonged section j,o : B — J,€ is a subset of R,. Locally, such a submanifold is
described by some equations ®,(x,u,p) = 0 with 7 = 1,...,¢ and a section is a solution, if
@, (x,8(x), xs(x)) = 0. Thus we recover the familiar form of a system of partial differential
equations and its solutions.

Two natural operations with differential equations are projection and prolongation. The
first one is easy to describe intrinsically but difficult to perform effectively. For the second
one the local description is much easier than the intrinsic one. The projection (to order

r < q) of the differential equation R, is simply defined as R(q g = 7 (Ry) C J-E. In local
coordinates, the projection requires the elimination (by purely algebraic operations) of the
jet variables of order greater than r in as many local equations ®, = 0 as possible. Those
equations that do not depend on any of these variables “survive” the projection and define the

submanifold qu—r). Obviously, for nonlinear equations the elimination might be impossible
to do effectively.

As both R, and J,&€ are again fibered manifolds over B, we may form jet bundle over them.
Note that J,.(J,€) is not the same as Jy4,&; in fact the latter one may be identified with a
submanifold of the former one. Now we may define the (r-fold) prolongation of R, as the
differential equation Ryr = Jp(Ry) N Jg4r& C Jg4rE where the intersection is understood
to take place in J,(J4€). Thus we obtain an equation of order ¢ + r. Note that this simple
formula is only obtained because we make a number of implicit identifications. A rigorous
expression would require a number of inclusion maps.

In local coordinates, prolongation is performed with the help of the formal derivative. Let
® : J,& — R be a smooth function. Then its formal derivative with respect to xj, denoted
by Di®, is a real-valued function on JqHS locally defined by

(3.1) Dy® = a—% + Z Z uwﬂk :

a=1 0<|H|<q thorp

Here 1; denotes the multi index where all entries are zero except the kth which is one and the
addition p + 1y is defined componentwise (thus effectively, the kth entry of p is increased by
one). Note that the formal derivative Dy® is always a quasi-linear function, i.e. it is linear
in the derivatives of order ¢ 4+ 1. The prolonged equation R4y is now locally described by
all the equations ®, = 0 describing R, and in addition all the formal derivatives Dy ®, = 0.
More generally, we need for the local description of the r-fold prolongation R4, all equations
D, ®, = 0 where v runs over all multi indices with 0 < |v| < r.
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3.2. Formal Integrability. One could be tempted to think that prolongation and projection
are a kind of inverse operations, i.e. if we first prolong and then project back that we obtain
again the original differential equation. However, this is not true. In general, we only find
that Rél) = 7Tg+1(Rq+1) C Ry. If it is a proper submanifold, this signals the appearance of
integrability conditions in the classical language. In fact, in many cases the combination of
a prolongation with a projection corresponds to taking cross-derivatives (as the differential
analogue of S-polynomials in the theory of Grobner bases). Differential equations where at
no order of prolongation integrability conditions appear are particular important and are
therefore given a special name.

Definition 3.3. The differential equation R, C J,& is called formally integrable, if the

equality Rélﬁr = ngﬁl(RqMH) = Rg+r holds for all integers r > 0.

In order to explain this terminology, we consider the order by order construction of formal
power series solutions for an equation R,. For this purpose, we expand the solution around
some point b € B with local coordinates X into a formal power series, i.e. we make the ansatz

Ua(x) = Z cZy!,u (X - i)u .

|| >0

Entering this series ansatz into a local representation ®,(x,u,p) = 0 with 1 < 7 < ¢ of our
differential equation R, and evaluating at the chosen point b yields for the coefficients ¢,
the algebraic equations ®(X,c) = 0 where the vector c represents all coefficients ¢4, with
0 < |u| < g. Thus we only have to substitute x; by Z; and pa,, by cq,u. In general, these are
nonlinear equations and the solution space may have a very complicated structure consisting
of several components with differing dimensions etc.

If we apply the same procedure to the prolonged equation R 441, we obtain further algebraic
equations for the coefficients ¢, ;,, namely Dy ®,(X,c) = 0 where now the vector ¢ represents
all coefficients ¢, with 0 < |u| < ¢+ 1. Note that due to the quasi-linearity of the formal
derivative (3.1), we may consider these additional equations as an inhomogeneous linear
system for those coefficients c,,, with |u| = ¢ 4+ 1 where both the matrix and the right hand
side depend on the coefficients of lower order.

We may iterate this construction: entering our ansatz into R4, and evaluating at b yields
the additional algebraic equations D,®,(X,c) = 0 where v runs over all multi indices of
length r. These equations contain all coefficients c,, with 0 < |u| < ¢ + r and may be
interpreted as an inhomogeneous linear system for the coefficients cq, with |u| = ¢ + 7
depending parametrically on the coefficients of lower order.

Note that this construction only makes sense for a formally integrable equation. Obviously,
we can do the computation only up to some finite order § > ¢. If the differential equation is
not formally integrable, we cannot be sure that at some higher order integrability conditions
of order less than or equal to ¢ are hidden. These conditions would impose further restrictions
on the coefficients ¢, with |p| < ¢ which we have not taken into account.

Furthermore, the validity of the interpretation of the equations obtained from the prolon-
gation Rg4, as a linear system for the coefficients ¢, , with |p| = ¢+ 1 relies on the following
observation which only holds for a formally integrable differential equation. In general, the
matrix of this system does not have full rank. Thus it may be possible to generate zero rows
by elementary row operations. The corresponding right hand side is guaranteed to vanish
only for a formally integrable equation. Otherwise we would obtain an additional equation
for the lower order coefficients. Indeed, this is just the effect of an integrability condition!
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We may summarize these considerations in form of a local existence theorem for formal
power series solutions which also explains the terminology “formal integrability”.

Proposition 3.4. Let the differential equation Ry be formally integrable. Then it possesses
formal power series solutions.

It should be mentioned that a serious problem with the concept of formal integrability is
an effective criterion for verifying it. Obviously, the definition above contains infinitely many
conditions. This is one of the reason why pure geometry does not suffice for the analysis of
overdetermined systems; it must be complemented by algebraic, mainly homological, tools.
In the sequel, we will not bother with deriving a criterion for formal integrability but instead
introduce at once the stronger notion of an involutive system.

3.3. The Geometric Symbol. As 7rg_1 0 Jg€ — Jy—1€ is an affine bundle modeled on
the vector bundle &,(7T*B) ® V&, we may consider for any differential equation R, C J,€
the vector bundle N, = V@WR, C V(@ J,& (where V(@ .J,€ denotes the vertical bundle with
respect to the projection 7 ;) as a subbundle of &,(T*B) ® VE. Tt is called the (geometric)
symbol of the differential equation R,. Note that while the geometric symbol is indeed closely
related to the classical (principal) symbol introduced in many textbooks on partial differential
equations (see e.g. [69]), it is not the same.

In local coordinates, the symbol may be described as the solution space of a linear system
of equations. Let as usual the equations ®, = 0 with 1 < 7 <t form a local representation of
the differential equation R,. We denote local coordinates on the vector space &,(T*B) @ VE
by va,, where 1 < o < m and |u| = ¢ (the coefficients with respect to the basis dx* ® 0y, ).
Then the symbol N, consists of those points v for which

(3.2) iZ—aéTz} =0, 1<r<t
' B, ST
a=1 |ul=¢g

Note that this is a pointwise construction. Strictly speaking, we choose a point p € R, and
evaluate the coefficient matrix of the linear system (3.2) at this point so that we obtain a real
matrix. The rank of this matrix could vary with p, but we will always assume that this is not
the case, so that NV, indeed forms a vector bundle over R,.

The symbol is most easily understood for linear systems. There it is essentially just the
principal part of the system (i. e. the terms of maximal order), however, considered no longer
as differential but as algebraic equations. For a nonlinear system, the local equations (3.2) de-
scribing the symbol at a point p € R, are obtained by first linearizing the local representation
@, =0 at p and then taking the principal part.

We may also introduce the prolonged symbols Ny, = VIR . C &1 (T*B) @ VE. Tt
should be noted that their construction does not require one to actually compute the prolonged
differential equations Rq4,; they are already completely determined by N;. Indeed, we may
compute them as the intersection Ny, = (&,(T*B) @ Ng) N (Sqyr (T*B) ® VE) (which is
understood to take place in @ T*B ® VE). Locally, Ny4r is the solution space of the
following linear system of equations:

. 0P,
(33) Z Z@TUOMH_V:(L 1§T§t, ‘I/‘:T’.
s

a=1 |ul=q ’
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Again, this is a consequence of the quasi-linearity of the formal derivative (3.1). We have met
these linear systems already in our discussion of formal integrability: (3.3) is the homogeneous
part of the linear system determining the coefficients ¢, with |u| =g +r.

3.4. The Symbol Comodule. The symbol N, and its prolongations Ny, are defined as sub-
spaces of Sy, (T*B)®@VE for r > 0. Recall (Sect. 2.10) that the graded vector space & (1%B)
possesses a natural coalgebra structure; more precisely it is isomorphic to the polynomial
coalgebra C' = k[z1,...,z,] with the coproduct A defined by (2.7). Note that no canonical
isomorphism between & (7%B) and C exists. We must first choose a basis {wi, ...,wy} of the
cotangent bundle 7% ; then we have the trivial isomorphism defined by w; < x;. Given some
local coordinates x on B a simple choice is of course w; = dx;.

Given such an isomorphism between &(7%B) and the polynomial coalgebra C, we may
consider & (T*B) @ VE as a free polynomial comodule of rank m over C. For the proof of the
following proposition, it turns out to be convenient to use as a vector space basis of C not
the usual monomials x” but the multivariate divided powers v, (x) = x”/v! (cf. Sect. 2.9.1).

Proposition 3.5. Let N = )N, ( C S(T*B) @V E be the polynomial subcomodule cogenerated
by the symbol Ny C S4(T*B) @ VE. Then Nyt = Nyyy for all r > 0.

Proof. This follows immediately from a comparison of (3.3) and (2.20). Recall that an element
of the prolonged symbol Ny, is of the form f = """, Z|V|:q+r Vor,yOu, @ dx* where the
coefficients v, form a solution of the linear system (3.3). We identify this element with the
following vector in C™:

f:< Z V1Y (X), .., Z vm,l,*yy(x)).

vl=g+r wl=g-+r

It is now a straightforward exercise to verify that f corresponds to an element of Ny, if and
only if 9" f /Ox* corresponds for all multi indices p with |u| = 7 to an element of Nj. O

Note that this “dual interpretation” of the symbol leads also to a “reversal” of the direction
of differentiation. While in the jet bundles differentiation yields equations of higher order,
here in the comodule N differentiation leads to the components of lower degree. But, of
course, this has to be expected in a dualization and explains why in the proof above we must
use the divided powers as basis: the product z;7v,(x) is just the integral [ 7, (x)dz;.

Dually, we may consider the left hand sides of the equations in (3.2) as elements of the
dual space (S4(T*B) ® VE)* = G4(TB)® V*E and similarly for the prolonged symbols. This
leads naturally to considering the graded vector space &(TB) ® V*E as a free module over
the polynomial algebra A = C*. Again an isomorphism between & (TB) and A can be given
only after a basis {wy,...,wy} of TB has been chosen. Local coordinates x on B induce as a
simple choice the basis w; = 0y,.

Now we may take the equations defining NV, and consider the submodule generated by their
left hand sides. Again it is trivial to see that the left hand sides of the equations defining
Nygr, i.e. (3.3), form the component of degree ¢ + r. In fact, we get by Proposition 2.4 that
these higher components are just (N l)q+,~. This simple relation does not hold in the lower
degrees, as there our submodule vanishes in contrast to N-. As we will see, this is not of any
consequence in terms of the connections with the formal theory as we will see.
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3.5. Involution. As by definition N; C &,(T*B) ® VE, we may interpret an element o € N,
as a (V& valued) multilinear form. A coordinate system x on the base manifold B induces a
basis {0z, ..., 0y, } of the tangent bundle 7. We introduce for 1 < k < n the subspaces

(3.4) Ngk ={0 €Ny | 0(d;,v1,...,04-1) =0, V1 <i <k, vy,...,04—1 € TB}
and set Ny o = N;. They define a filtration of N:

(3.5) 0=Ngn CNgn_1C--- CNg1 CNgo=N,.
We introduce the Cartan characters of the symbol N, as the integers
(3.6) al) = dim N oy —dimNyy,, 1<k<n.

Although it is not obvious from their definition, one can show that they always form a
descending sequence: agl) > > a((}n) >0 [11, 77].
Using the identification of &,(7B) ® V& with Cf* introduced in the previous section we

may give an alternative description of these spaces

oo
3.7 Nyp=4ceN, | =—
( ) g,k { q ‘ ot
where the differentiations are understood coordinate-wise. This identification also allows us

to introduce the maps 0 : Nyq1 -1 — Ny x—1 and we obtain the following algebraic version
of the famous Cartan test [11].

=0, V1 <i<k}

Proposition 3.6. We have the inequality

(3.8) dim N1 < dim Ny + dim Ny + -+ + dimNg g = Y kol
k=1
Equality holds, if and only if all the maps O are surjective.

0
Proof. For each 1 < k < n the exact sequence 0 —— ./\/'q+1,k — ./\/'q+1,k,1 —. J\fq,kq

implies the inequality dim Ny z—1 — dimNyp; , < dim N ;1. Summing over k and using
the definition (3.6) of the Cartan characters yields (3.8). Equality in (3.8) requires equality in
all these dimension relations, but this is equivalent to the surjectivity of all the maps 9;. [

Definition 3.7. The symbol N is involutive, if there exist local coordinates x on the base
manifold B such that we have equality in (3.8).

Here we encounter for the first time the problem of quasi- or d-regularity. If we obtain in a
given coordinate system a strict inequality in (3.8), we cannot conclude that the symbol N,
is not involutive. It could be that we have simply taken a “bad” coordinate system. However,
this problem is less severe than it might seem at first glance, as one can show that for an
involutive symbol one finds generically equality in (3.8).

3.6. A Computational Criterion for Involution. Computationally, it is easier to work
with equations instead of their solutions. Therefore we present now an effective realization of
Def. 3.7 of an involutive symbol N, in terms of the linear system (3.2) describing it locally.
This combinatorial approach is based on ideas from the Janet-Riquier theory,? in particular

2Note however that within the classical J anet-Riquier theory neither the notion of a symbol nor the concept
of involution appears. Using the more modern theory of involutive bases [29, 30] which may be considered as a
combination of (a generalization of) the Janet-Riquier theory with Grébner bases one may make the relation
to involutive symbols more precise [77).
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the idea of multiplicative variables, and forms the basis of a computer algebra implementation
of the formal theory [40].

Let us denote the matrix of the linear system (3.2) by N,. In order to simplify the analysis
we transform it into row echelon form. However, before we order the columns in a certain
manner. We define the class of a multi index p = [p1,..., 1n) as clsp = min{i | p; # 0}.
Then we require that the column corresponding to the unknown v, is always to the left of
the column corresponding to vg,, if clspu > clsv. If the multi indices p and v possess the
same class, it does not matter how the two columns are ordered. A simple way to achieve
this ordering is to use the reverse lexicographic order defined by v, , < vg,, if either the first
non-vanishing entry of p — v is positive or p = v and a <

After having computed the row echelon form (without column permutations!), we analyze
the location of the pivots and define B(gk) as the number of pivots that lie in a column corre-

sponding to an unknown v, with cls 4 = k. The numbers ﬂ(gk) with 1 < k < n are sometimes
called the indices of N;. Obviously, their definition is coordinate dependent: in different co-
ordinate systems x on the base manifold B different values may be obtained. However, it is
not difficult to see that only a few coordinate systems yield different values. Generic coor-

dinates lead to such values of the indices that the sum ;. _, k:ﬁék) becomes maximal; such
coordinates are called d-regular. More precisely, any coordinate system can be transformed
into a d-regular one with a linear transformation defined by a matrix coming from a Zariski
open subset of R"*™.

Proposition 3.8. The symbol Ny is involutive, if and only if local coordinates x on the base
manifold B exist such that the matriz Ngy1 of the prolonged symbol Nyy1 satisfies

(3.9) rankNg 1 = > k3.
k=1

Proof. The Cartan criterion (3.8) is formulated in terms of dimensions of linear spaces; (3.9) is
essentially an equivalent reformulation in terms of the ranks of the associated linear systems.
It is a consequence of the following simple relation between the indices ﬂc(lk) and the above

(k)

introduced Cartan characters oy

(3.10) oy —m< g1 By 1<k<n.

This relation stems from a straightforward combinatorial argument. We consider again the
elements of N, as polynomials ordered according to the TOP lift of the degree reverse lexico-
graphic term order [2]. Then the Cartan character a((}k) gives us the dimension of the subspace
of elements in N, which have a leader of class k, as these elements make the difference between

./\/qyk and ./\/qyk,l. In Cg” there a m(q+z:lf_1) monomials of class k and by our above described

preparation of the matrix N, we have ﬂék) equations for them. This yields (3.10). O

The criterion (3.9) has a simple interpretation. By (3.3), we obtain the equations describing
the prolonged symbol N1 by formally differentiating each equation in (3.2) with respect to
all independent variables. Now assume that we have transformed the matrix N, to row
echelon form. We assign to each row the multiplicative variables x1, ..., xy, if the pivot of the
row corresponds to an unknown v, , with clsu = k.
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It is now easy to see that all rows in Ny that stem from a formal differentiation with
respect to a multiplicative variable are linearly independent (each has its pivot in a different

column). As we have Btgk) rows of class k, this observation implies that for any symbol the

inequality rank Ny > >0 kﬂék) holds (which is just a dual formulation of Prop. 3.6).
Involutive symbols are precisely those that realize this lower bound so that this important
idea of multiplicative variables (which goes back to Janet [46]) provides us with a unique way
to generate all relevant equations in the prolongations of an involutive symbol.

These ideas concerning involutive symbols can be considerably generalized to a complete
theory of so-called involutive bases which are a special kind of Grobner bases. These bases
contain much structural information. For more details see [78, 79]. A deeper study of the
problem of §-regularity (and an algorithmic solution of it) is contained in [40].

3.7. Involutive Differential Equations. Given the above definition of an involutive sym-
bol, we may now finally introduce the notion of an involutive differential equation.

Definition 3.9. The differential equation R, C J,& is called involutive, if it is formally
integrable and if its symbol N is involutive.

Involutive differential equations have many pleasant properties. For example, one obtains
a much better existence and uniqueness theory than for merely formally integrable systems.
Somewhat surprisingly, involution is also of importance for numerical analysis, as obstructions
to involution may become integrability conditions upon semi-discretization [80].

Recall that our existence result Prop. 3.4 for formally integrable systems does not speak
about unique solutions. In general, the algebraic systems determining the Taylor coefficients
at each order are underdetermined which simply reflects that differential equations usually
have infinitely many solutions. It is the task of initial and/or boundary conditions to remove
this arbitrariness. For involutive systems one may (algorithmically) derive the right form of
initial conditions to ensure the existence of a unique formal solution with the help of some
algebraic theory [77].

The extension of Prop. 3.4 to a strong existence (and uniqueness) theorem in some functions
space is highly non-trivial. A general result is known only for analytic systems. Here the so-
called Cartan normal form of an involutive system allows us via repeated application of the
well-known Cauchy-Kovalevskaya theorem [69] to prove the convergence of our formal power
series solutions.

Theorem 3.10 (Cartan-Kahler). Let R, C J,€ be an involutive differential equation. As-
sume that Ry is an analytic submanifold, i.e. it has local representations ®,. = 0 with
1 < 7 < t where the functions ®; are real analytic. Then the Cauchy problem for R,
possesses for real analytic initial conditions a unique real analytic solution.

It is important to note that the uniqueness is only within the space of real analytic func-
tions. Thus the Cartan-Kéhler theorem does not exclude the existence of further non-analytic
solutions. However, for linear systems it is straightforward to extend the classical Holmgren
theorem on the uniqueness of C1 solutions [77].

Obviously, Def. 3.3 of a formally integrable system requires to check infinitely many con-
ditions and thus is not constructive. At first sight, one could think that involution does not
help us here, as the definition of an involutive equation includes formal integrability. How-
ever, we have the following proposition showing the power of the concept of involution. It
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requires a simple lemma which will be an easy consequence of looking at things homologically
in Sect. 5.3.

Lemma 3.11. If the symbol N is involutive, then the prolonged symbols Nyy, are also
involutive for all integers r > 0.

Proposition 3.12. Let the symbol Ny of the differential equation R4 be involutive. Then R,
1s nvolutive, if and only if Rgl) =Ry.

Proof. Essentially, this is a corollary to Lemma 3.11 and a rather technical property of differ-

ential equations with involutive symbol, namely that for such equations (R((Jl))+1 = Rg?l (if
we denote a prolongation by p and a projection by , this means that if A is involutive, then
pomop = mop?). This property is non-trivial, as it states that for such differential equations
any integrability condition arising after two prolongations is also obtainable by differenti-
ating an integrability condition arising after only one prolongation. For general differential
equations this is surely not the case.

Now, given this result, we may conclude that ’Rg?l = ( gl))ﬂ = Rg+1 by assumption.
As the prolonged symbols N, are again involutive by Lemma 3.11, we may iterate this

argument and find R((]QT = Rg4r for all » > 0. Thus R, is formally integrable. 0

Hence for a differential equation R, with involutive symbol it is no longer necessary to
check an infinite number of prolongations: if no integrability conditions appear in the next
prolongation, none will show up at higher order. This result is one of the two key ingredients
for the Cartan-Kuranishi theorem below. The second one is the following result which will also
be a easy consequence of looking at things homologically (the proof is given after Theorem
6.5 in Sect. 4).

Proposition 3.13. Every symbol Ny C S,(T*B) @ VE becomes involutive after a finite
number of prolongations.

The question naturally arises what we should do, if we encounter an equation which is
not involutive. The answer is simple: we complete it to an involutive one. The next theo-
rem ensures that we may always do this without altering the (formal) solution space. The
completion should be considered as a differential analogue to the construction of a Grobner
basis for a polynomial ideal: the addition of further generators to the original basis does not
change the considered ideal, but many of its properties become more transparent, if we know
a Grobner basis.

Theorem 3.14 (Cartan-Kuranishi). For every (sufficiently reqular) differential equation R,

there exist two integers r,s > 0 such that the differential equation Ré‘?r 1s tnvolutive.

Proof. For lack of space we only sketch a constructive proof of this important theorem. As the
name indicates, it stems originally from the theory of exterior systems and was first proven
in full generality by Kuranishi [53]. Our proof follows the one presented in [65].

A simple algorithm for completing the differential equation R, to an involutive equation
consists of two nested loops. In the inner one, the equation is prolonged until its symbol
becomes involutive (i.e. we increase the counter r). The termination of this loop follows
immediately from Proposition 3.13. Once we have reached an involutive symbol, we check
whether in the next prolongation integrability conditions appear. If not, we have reached an
involutive equation by Proposition 3.12. Otherwise, we add these conditions (i.e. increase
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the counter s by one) and start anew. The termination of the outer loop can be shown with
the help of a Noetherian argument. O

Note that the two equations R, and R(({?r are in so far equivalent as they possess the
same (formal) solution space. Indeed, neither prolongations nor the addition of integrability
conditions can affect the solution space, as any of these additional equations is automatically
satisfied by any solution of R,.

While the above sketched proof is surely constructive, it does not immediately yield an
algorithm in the strict sense of computer science. For a number of steps in the “algorithm” it
is not obvious whether they may be performed effectively. One of the greatest obstacle consists
of effectively checking whether Rfll) = Ry. In local coordinates, this amounts to checking the
functional independence of equations. Thus we must compute the rank of a Jacobian on
the submanifold R,. For linear equations this is easily done via Gaussian elimination. For
polynomial equations it can be done with Grobner bases, although it may become rather
expensive. For arbitrary equations no algorithm is known. A rather direct translation of the
outlined completion procedure into a computer algebra package was presented in [75, 76]. A
much more efficient version for linear equations enhancing the procedure with algebraic ideas
from the theory of involutive bases was presented in [40].

Thanks to the Cartan-Kuranishi theorem, we may always assume in the analysis of a gen-
eral differential equation (i.e. an equation not in Cauchy-Kovalevskaya form) that we are
actually dealing with an involutive equation. This is a considerable simplification, as invo-
lutive equations possess local representations in a normal form (corresponding to the above
described row echelon form of the symbol) making many of its properties much more trans-
parent. The completion to an equivalent involutive equation is therefore a central algorithm
for general equations.

4. MORE (CO)HOMOLOGICAL ALGEBRA

There is quite a bit of literature on resolutions over the polynomial algebra A = k[z1,. .., 2]
(see e.g. [24, 49, 77]). In fact, computer programs exist which can compute such resolutions,
e.g. Macaulay 2 [25].

We are specifically interested in algorithms for computing TorA(M , k) where M is a graded
right A-module. Recall [15, 62] that Tor"(M, k) may be computed as follows. Let

X—k—0

be a free A-module resolution of k. By definition, TorA(M , k) is the homology of the complex
M ®4 X. It is well-known that Tor is independent of the resolution used to compute it.

In fact, one also has TorA(]k,N ) for a graded left A-module N. It can be computed by
finding a free A-module resolution

Y —N—0

of N. One has that Tor”(k, N) is the homology of the complex Y ®4 N. Again, this is
independent of the resolution used. Furthermore, it is also well-known that as vector spaces
over k, one has

(4.1) Tor? (M, k) = Tor? (k, M)
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where if M is a right A-module, it has the left A-module structure given by am = ma [15, 62].
Similar remarks apply if M is a left A-module. This gives quite a bit of freedom in finding
resolutions for computing Tor. For example consider the following six resolutions.

4.1. Schreyer Type Resolutions. Using the notion of a Grobner basis, Schreyer [74] es-
sentially proved the following (we follow the exposition in [44, Sect. 2])

Proposition 4.1. Let M be generated by {m1,...,ms} over A and let f : AS —— M be the
A-linear map given by f(e;) = m; (e; is the standard basis vector in A®). There is an explicit
algorithm that computes a finite generating set for ker(f).

The interested reader should see [24] or [44] (which is given in a more general context) for
details. By iterating this construction, one obtains a resolution

S; Si1 i — S — M — 0

which is well-known to be a finite sequence of finite-dimensional free A-modules S;. We call
this the Schreyer resolution S of M over A. Variations of this construction are implemented
in the Macaulay 2 program [25] and other variations in the context of involutive bases can be
found in [79].

The purpose of the following sections is to prepare for a description of a novel explicit
algorithm given in [49] for computing resolutions of M over A.

4.2. The Koszul Resolution. The Koszul resolution K of k over A is the complex K =
A ®y K where K is the exterior algebra Efuy,...,u,] (cf. Sect. 2.11). We add the relation
that urf = fuy for f € A. The differential in K is given by extending the map d(u;) = x;
A-linearly as a derivation:

d(uruy) = d(ur)uy + (=1)Huzd(uy).
Clearly, one has

k

(4.2) d(ujy -+ uj,) = Z(_l)kJrlxjiujl U Uy
=1

where @, denotes omission. Thus, for any right A-module M, we have that

(4.3) Tor (M, k) = HM @4 K) = HM @ K) = H(M ® Efuy, ..., u,)).

If M is a graded module, Tor(M, k) inherits a bigrading as follows. Let (M®K); ; = M;®K;.
From (2.3) and (4.2) above, it follows that

_ 1,0d _
(4.4) (M®@K);; —— (M®K)i1j-1.

and hence Tor? (M, k) inherits the bigrading.

Remark 4.2. For simplicity in the exposition, we assume that all modules over A are of the
form M = A/I where I is an ideal in A in the next two resolutions which are valid only for
monomial ideals. The more general case of finitely presented modules M = A™/N where N
is a monomial submodule follows by using what we present coordinate-wise.
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4.3. The Taylor Resolution. For a given set {mi, ..., my} of monomials and for any subset
J={j1,...,ds} C{1,...,k}, let my =lem(my,,...,m;,), and J* = J\ {j;}.

For a monomial ideal N = (my,...,my), the Taylor resolution [85] of M = A/N over A is
given by the following A-linear differential d on the free A-module A ® Efuy, ..., ug:

/]

dug) =Y (-1

m o
i=1 J

This resolution will be denoted by 1" throughout this paper. An explicit contracting homotopy
for T was given in [27]. We recall it here.
For a monomial x® and a basis element u; of F, let

(4.5) t(x%uy) = min{i | m; < x“my}
(recall < from 2.4). Note that ((x%uy) < ji. Define a k-linear map

x%my

(4.6) P(a®uy) = v < ji] Ufyug

myjug
where ¢ = ¢(x“uy), and [p] is the Kronecker-Iverson symbol [33] which is zero if p is false and
one otherwise. It is straightforward to calculate that v is indeed a contracting homotopy, i.e.
we have di) + ¥d = 1 on elements of positive degree.

One can show [81] that the Taylor resolution is a special case of the resolutions obtainable
via Schreyer’s construction. The contracting homotopy v is then related to normal form
computations with respect to a Grobner basis.

Thus one can compute Tor?(k, M) as

(4.7) Tor(k, A/N) = Hk @4 T) = H(E[uy, . .., uz)).

4.4. The Lyubeznik Resolution. Suppose again that N = {m1,...,mx} is a monomial
ideal in A. A subcomplex L of the Taylor resolution which is itself a resolution of M = A/N
over A was given in [61]. We recall it here. For a given I C {1,...,k} and positive integer s
between 1 and k, let I.s = {i € I | i > s}. L is generated by those basis elements u; which
satisfy the following condition for all 1 < s < k:

(4.8) ms 2 mr,-

In [81] it was shown that this corresponds to repeated applications of Buchberger’s chain
criterion [12] for avoiding redundant S-polynomials in the construction of Grébner bases.
As usual, we denote k @4 L by L. Thus one can also compute Tor® (k, M) as

(4.9) Tor(k, M) = H(k®a L) = H(L).

4.5. The Bar Resolution. The two sided bar construction B(A, A) [15, 62] is defined as
follows.

Bo(A) = k
Bp(A) = ®A, k>0,

and A = coker(c) where k —— A is the unit. The usual convention is to abbreviate the
product a®a1 ®- - - ar®a’ as alay| - - - |ag)a’ and we will follow that convention. The differential
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in B(A, A) is given by the A-linear map induced by

A[ar]---lagla’) = aifas| - |ag)a’
k—1 .
+ (—=1)'[a1| - ajaizr - - |ag)d
i=1
+ —l)k[a1] co|ag_1]ara’

The k-linear map B(A, A) —— B(A, A) is defined by

s(alar] - - |agla’) = [alay] - |ag]d’.

The map 4 —~ B(A, A) is given by

and the map B(A4, A) —— A is given by
e(al]a’) = aa
e(alar]---lagla’) = 0, kE>1.

The map s is a contracting homotopy for B(A, A).

4.6. Bar resolution of k. It is not hard to see that B(A, k) = B(A, A) ®4 k is a resolution
of k over A. Here k is given the A-module structure defined by the augmentation map
e(p) = p(0) (cf. Sect. 2.9).

Define k —*» B(A, k) by

ox(r) =[]r,
B(A, k) —%+ Kk by
ex(al]r) = ar
ex(alar] -+ |aglz) = 0, k>1,
and B(A,k) —*» B(A,k) by
s(alar]---lax]) = [alas] - - |ag].

One then has that sy is a contracting homotopy.
Thus one can also compute Tor” (M, k) as

(4.10) Tor®(M, k) = H(M ®4 B(A,k)) = H(M @ B(A)).
4.7. Bar resolution of M. For any left A-module M, one has a free A-complex given by
B(A,M) = B(A,A)®4 M. As an A-module, note that
B(A,M) = A®y B(A) @ M.
The differential is given by 0y = 0 ® 157. Thus,

om(alar] - laglz) = aaifas| - |ag]z
k—1 '
+ (=D'alay|- - ajaiyr - - - |ag)x

+ (=D*afa1|- - |ap—1]apz
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for a,a; € A and 2 € M. Define M =~ B(A, M) by

om(z) =]z,
B(A, M) -+ M by
em(allz) = ax
en(alar] - Jaglz) = 0, kE>1,
and B(A, M) -+ B(A, M) by
s(a[a1| e |ak]x) = [a]ay]| - - |ag]x.

One then has that s is a contracting homotopy.
Thus one can also compute Tor? (k, M) as

(4.11) Tor(k, M) = H(k ®4 B(A,M)) = H(B(A) ® M).

Remark 4.3. The last five resolutions will be involved in the derivation of a new explicit
algorithm for computing resolutions of M over A using homological perturbation theory (Sect.
7). This will involve explicit comparisons between the Lyubeznik complex, the bar complexes
and the Koszul complex. The standard proof that Tor (M, k) and Tor?(k, M) are isomorphic
does not produce an explicit map between the resolutions involved. However, it is quite easy
to see that the chain map

(4.12) p(mlai|---|ag]) = [a1] - - - lag]m

induces an explicit isomorphism of Tor”(M,k) and Tor?(k, M). We will make use of this
isomorphism in the following sections.

4.8. Strong Deformation Retracts. Let X and Y be chain complexesover k, V: X — Y,
f:Y —— X be chain maps and let ¢ : Y —— Y be a degree one k-linear map such that
fV =1x and dp+ ¢d =1 — V[, i.e. ¢ is a chain homotopy between the identity and V f (cf.
Sect. 2.2). Such a collection of data is said to form a strong deformation retraction (SDR).
We denote this situation by the diagram

\%
(4.13) X (Y, 9).
f
The so called side conditions [60] are the equations
(4.14) $* =0, ¢V =0, and, fo=0.

In fact, we may always assume that the side conditions hold [60].

4.9. Relatively Free Resolutions. Will consider resolutions of N over A which have form
X = A® X where X is a vector space over k [15, 62]. Such complexes are called relatively
free [62]. The elements of X above are called reduced elements. An even stronger condition
is that there exists an explicit contracting homotopy ¢ which forms an SDR

g

N (X, )

-

€

where € is an A-linear map, but generally, ¢ and ¢ are only k-linear. Here N is given the
zero differential. As we will see, each of the five resolutions in Sect. 4 are of this form. In
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fact, using the maps defined in Sects. 4.6 and 4.7, it is clear that B(A, k) and B(A, M) are
relatively free resolutions. We claim that we also have SDRs

(4.15) k o (B(A,k),s)
€K
and
oM
(4.16) M T (B(A,M),s)
EM

where the maps are also from Sects. 4.6 and 4.7.

Remark 4.4. Recall from Sect. 4.7 that e(a[]x) = ax. Thus, in order to make explicit
calculations, we need a unique representative b € A for each class in N = A/M. In other
words, we need a normal form for elements of M. This can be obtained by the standard
normal form algorithm from Grébner basis theory [6, 28]. The algorithm depends on a given
term order (cf. Sect. 2.1) and a given set G = {g1,...,9,} C A. Here is a recursive algorithm
for computing the normal form, denoted by remg(p) of a given polynomial p: if there exists
a minimal i such that LT(g;) < LT(p), then

remg(p) = remg < - II;;“F((;‘)) gi)

and
remg (p) = LT(p) + remg(p — LT(p))

otherwise. Here we have used the notation LT(p) for the leading term of a polynomial p with
respect to the given term order. In our case, we have that G is a (minimal) generating set
for M.

Consider again the Koszul resolution K (Sect. 4.2). We need an explicit contracting ho-
motopy for K. For this, we exploit once more the fact that A = k[z1,...,z,] = @"k[z].
In the case of one variable, K = k[z] ® E[u| is just the complex with d(p) = 0,p € A, and
d(pu) = pzr. Given €(p) = p(0) and e(pu) = 0, and o(r) = r ® 1 for r € k, we need to solve
the equation

dy(y) +Yd(y) =y — oe(y)

for all y € K. Clearly, we can (and must) take ¢)(pu) = 0 (the degree of ¢ is +1), and so we
only need consider ¢ on z' for ¢ > 1 (¢ is k-linear, but not A-linear). But the equation

dip(z?) = a°
is easily seen to be satisfied by
(4.17) Y(z') = 2 .
Now it is clear that the Koszul complex over k[x1, ..., x,] is just the tensor product complex

®@"k[r] ® Elu]. But as is well-known, chain homotopies can be tensored as well. In this case,
we can use

(4.18) Yp=9R01® - ®14+0eRYRIQ--- QL1+ +0eRoERQ -+ QTR Y.
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It is now easy to see that along with the maps 0, = ®"¢ and €, = ®"¢, we have an SDR

g

(4.19) k (K, ).

€

4.10. Splitting Off Of the Bar Construction. The well-known comparison theorem [15,
62] in homological algebra states that any two projective resolutions are chain homotopy
equivalent. For the relatively free resolutions of the last section, we will need some explicit
comparisons that actually yield SDRs. For relatively free resolutions X and Y over A with
explicit SDR data

ox

(4.20) N 7 (X,Yx)
€X

and

oy

N (Y, vy)

€y

there are inductive procedures for obtaining explicit chain equivalences f : X —— Y and
g:Y — X. As was shown in [16], these procedures essentially follow from the requirements
that f and g are A-linear and are chain maps. One uses the explicit contracting homotopies
to construct them. This was used in [49, 55, 56, 57] for example. In addition, there are
inductive procedures for obtaining explicit chain homotopies of fg and the identity and with
gf and the identity. Generally, the maps defined in this way do not form an SDR. However,
the following lemma was given in [49].

Lemma 4.5. Suppose that X is a relatively free resolution as above and that the contracting
homotopy ¥x satisfies hx(X) = 0 and d(X)NX = 0 and the homotopy vy satisfies Py (Y) C
Y, then the inductive constructions mentioned above give an SDR

\%

f

It is well known (e.g. [56]) that X = K (the Koszul resolution) and Y = B(A, k) satisfy
the hypotheses of the lemma and so we have an SDR

Vi
- (B(AKk),¢k).
I

We emphasize that these SDRs are explicitly given in terms of the explicit SDRs of the
form (4.20) for the objects involved as given above. In fact, the first author has implemented
these SDRs using computer algebra (specifically the system described in [47]) and these
implementations will be used for all calculations that follow.

X (Y, ).

(4.21) K

4.11. Twisting Cochains. A twisting cochain is a degree minus one map C —"+ A where
C' is a differential graded coalgebra and A is a differential graded algebra and 7 satisfies

(4.22) dr+71d=1UT
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where the map 7 U 7 is given by

(TUT)(c) =T7(cq))T(c)

in H-S notation. The following fact is a fundamental property of twisting cochains.

Proposition 4.6. Let C ——~ A be a degree minus one map from a (differential) algebra to
a (differential) coalgebra. Let

AeC - AcC
be the map defined by the composite

d-

AR C AR C
1A m® 1
ARC®C ARARC

171

then (A® C,d;) is a chain complex, if and only if T is a twisting cochain.

The complex (A ® C,d,) is called a twisted tensor product complex. The interested reader
should see e.g. [9, 34, 35] for details.

Note that an analogous result holds for degree one maps from C to A in which case d, will
have degree one. Note also that in H-S notation, d. is given by

dr(a® c) = at(c)) @ 7(c(2))-

5. A HOMOLOGICAL APPROACH TO INVOLUTION

5.1. A Theorem by Serre. The key to a homological interpretation of involution is a
theorem by Serre given in an appendix to [39]. It gives a criterion for the vanishing of
TorA(M ,k) where M is a finitely generated graded module over the polynomial algebra
A =K[z1,...,2,]. As shown in Sect. 4.2, Tor®(M, k) is bigraded in this case.

Theorem 5.1. Let M be a finitely generated graded module over the polynomial algebra
A =Kk[zy,...,z,]. Then Tor;"q(M, k) =0 for all p > 1, and all ¢ > 0, if and only if a basis
{y1,...,yn} of the component Ay exists such that for all 0 < i <n and all p > 0 the maps

(5.1) mit1 s My /(1 yi) Mp —— Mpio/(y1, -, i) Mpa
nduced by the multiplication with y; 11 are injective.

Serre’s proof is quite lucent and we encourage the reader to read it.

It is customary to call a sequence (y1,...,yn) C A; satisfying the condition of the theorem
quasiregular. We will see below that for the polynomial modules of interest for us this notion
coincides with the notion of §-regularity introduced in Sect. 3.6.
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5.2. An Alternative Criterion for Involution. In Sect. 3.4 we introduced the symbol
comodule N which was a comodule over the polynomial coalgebra C'. By Prop. 2.6 we have
an isomorphism M = A™/N+ = N* where M is now a module over the polynomial algebra
A = C*. The Cartan test (3.8) yields a criterion for an involutive symbol directly in terms of
the comodule N. Now we provide a criterion in terms of the module M.

Theorem 5.2. The symbol Ny is involutive, if and only if there exist local coordinates x of
the base manifold B such that for all r > 0 and all 0 < ¢ < n the maps

(5-2) Mi41 ¢ Mq+r+1/(xla e ,%)qu - q+r+2/(l‘1, e ,$1)Mq+r+1

induced by the multiplication with x;11 are injective.

For technical reasons, it is easier to consider first the submodule N+ C A™ and move later
to the factor module M. Furthermore, the following lemma shows the direct link between
the approach via multiplicative variables used in Sect. 3.6 and the new approach presented
in this section.

Lemma 5.3. The symbol Ny is involutive, if and only if there exist local coordinates x of the
base manifold B such that for all v >0 and all 0 < i < n the maps

5 il il 1 1
(53) Mi41 : Nq—‘,—r—f—l/('xl? s 7xi)Nq+7" - Nq+r+2/(x17 R xi)Nq—i-r—&-l
induced by the multiplication with x;11 are injective.

Proof. Let us assume first that A, was involutive. Following the discussion in Sect. 3.6, this
implies the existence of local coordinates x of B such that we may construct a triangular
(vector space) basis of NqJ- of the form

(5.4) Bq:{hk7g|1§k‘§n, Clshkyg:k‘, nggfk},

i.e. we sort the elements of the basis according to their classes. The elements of this basis
correspond to the rows of the matrix N, appearing in Prop. 3.8. For an involutive symbol, a

basis of Nq%rr is given by

(5.5) Byr = {a - affhy | 1<k <n, 0<L< Ly, i1+ +ip=r},

i.e. by multiplying each element of B, by r multiplicative variables. Now we may straight-
forwardly construct explicit bases of the factor spaces N qJ;rT 1/ (w1, :L‘i)Nqu‘_T, as they are
isomorphic to the linear spans of the subsets Béﬂ)ﬂ, consisting of only those generators whose
class is greater than ¢. The assertion follows trivially from these bases, as x;41 is multiplicative
for all generators in Bézlr.

For the converse, we use an indirect proof: we show that if A, is not involutive, then it is
not possible that all the maps 7; are injective. As we consider the maps m; for all » > 0,
we may assume without loss of generality that already N, is involutive. We will prove now
that this implies that at least one of the maps m; is not injective for r = 0.

We use again the basis B, for NqL. However, as N is not involutive, B,11 generates only
a subset of NqJ:‘,-17 even if we use a J-regular coordinate system x on B. Thus there exist
values i, k, ¢ with ¢ > £ such that z;11h e € N;-H is not contained in the span of By41. The

equivalence class [z;11hy ] € NqL+1 [(z1,. .. ,aci)NqL is by construction nonzero and linearly

independent of the equivalence classes of all elements in B, with a class greater than i. We
consider now the action of 1;,1 on this element.
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Obviously, cls (zj+1hge) = k and thus x;41 is non-multiplicative for this element. By
assumption, ANy is involutive and thus the non-multiplicative product x4 - (xi+1hge) can
be expressed as a linear combination of other multiplicative products. It is obvious that all
these multiplicative products can only be with respect to the variables z1,...,z;41 and this
implies immediately that m;y; cannot be injective. O

Example 5.4. In Lemma 5.3 it is important that the injectivity holds for all » > 0. Even if
all maps m; are injective for r = 0, we cannot conclude that N is involutive, as the following
simple example demonstrates. Consider the differential system wu;,, = yyy = 0 where for
notational simplicity we write 21 = « and 2 = y. Then the module N1 is generated by the
two monomials 2® and y®. It is trivial that 7, : Nj- — N3 is injective. For m, we note that
Ni/xNi = (z3y,y*) and thus it is again easy to see that 17, is injective.

Nevertheless, the symbol N3 is not involutive. Indeed, consider the non-multiplicative
prolongation Dyuzzz = Uzeay; it is obviously independent of all multiplicative prolongations
and thus the criterion (3.9) is not satisfied. Similarly, the symbol Ny is not involutive, as the
non-multiplicative prolongation Dyuzzzy = Uzzeyy is again independent of all multiplicative
prolongations. In contrast, N5 and all higher symbols are trivially involutive, as they vanish.

If we consider the map 7, : Ni-/aN;j- — Mg/xMs, then we find (using the identification
Ng-/xNj- = (23y?,95)) that iy, ([23y?]) = [#3y®] = 0 so that 17, is not injective. This was
to be expected by our proof of Lemma 5.3. The observation that at some lower degree the
maps M, and 7h, are injective may be understood by looking at the syzygies of M3. The
syzygy module is generated by the single element (y3, —x3) € k[z,y]?. As it is of degree 3,
nothing happens with the maps 7; before we encounter Mg and the equation my, ([z3y?]) =0
is a trivial consequence of this syzygy. More on the relation between involution and syzygies
may be found in [79].

The proof of Thm. 5.2 consists now of a simple homological argument and two applications
of Serre’s Thm. 5.1.

Proof (of Thm. 5.2). It is a classical result in homological algebra that the short exact se-
quence 0 — Nt — A™ — M — 0 where the first map is the inclusion and the second one the
canonical projection induces a long exact sequence for the torsion modules. As TorA(Am, k)
trivially vanishes in positive degree, Tor” (M, k) = Tor? (N1, k) in positive degree.

Using Lemma 5.3 and applying Serre’s Theorem 5.1 to the polynomial module N+ yields
that involution of N is equivalent to the vanishing of Tor (N1, k) in positive degree. By
the argument above this implies that TorA(M , k) vanishes in positive degree. Applying again
Serre’s Theorem 5.1, this time to the polynomial module M yields the assertion. O

5.3. Spencer Cohomology. The Spencer cohomology was originally introduced in a com-
pletely different context [82] and only later related to involution. In this section we present
the classical approach to it; in the sequel, we will give a completely different derivation of the
relevant complex. Note that in line with Remark 3.2 we use again the vector space &4,(T7*B)
instead of the more common S,(7%B).

Consider the vector space homomorphism § : &,41(T*B) — T*B® &, (T*B) defined by the
composition of the natural inclusion map &,41(T*B) — T*B ® Q" T*B with the canonical
projection T*B @ Q" T*B — T*B ® &,(T*B). By wedging both sides with Ey(T*B) (the
s-fold exterior product of T*B) and tensoring with the vertical bundle VE we extend ¢ to a
map FEs(T*B) @ &,11(T*B) @ VE — Es1(T*B) @ &,.(T*B) @ VE.
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In local coordinates (x,u) of £, we obtain the following picture. Let I = (iy,...,4,41) be
an arbitrary sequence of integers 1 < iy < n and J = (ji,...,Js) an ascending sequence with
1<j1 <ja<--<js <n. Then we denote by dx!) the symmetric product dx;, - dx;,
and by dx /) the antisymmetric product dzj, A- - -Adx;,. A basis of Es(T*B)®26,1(T*B)@VE
consists now of elements of the form dx!”’ ® dx(!) @ 9, and we obtain

r+1
(5.6) 3(dx") @ dxD @ 9,,) = > sgn(J, if,) dx STV @ ax (k) @ 3, .
k=1

Here I}, denotes the sequence I without the element i;. The sequence sort(J U iy) is empty,
if 45 already appears in J; otherwise i is sorted into place in the natural order. If ¢ is the
number of interchanges needed for this sorting, then sgn(J, i) = (—1)*.

Setting &;(T*B) = 0 for i < 0, we may consider the J-sequences

0 — GT*B)@VE - TBR G, 1(T"B) @ VE - ..

(5.7) o L B(TB) 2 &, (TB) 2 VE s ...

- B(TB)® Gy (T*B) @ VE — 0

where again n = dim B. The formal Poincaré lemma states that these sequences are exact
for all » > 0.

Given the symbol N of a differential equation Ry C J,€, we set N; = 0 for i < 0 and
N; =G;(T*B)®@VE for 0 < i < q. Then the §-sequence (5.7) may be restricted to a sequence

(5.8) 0 — Nopr —5 T*BR N1 — -+ =25 By (T*B) @ Ny — 0

which is still a complex but in general no longer exact. Its (bigraded) cohomology is called
the Spencer cohomology of the symbol N;. We denote by H*"(N,) the cohomology group at
Ey(T*B) @ N;.

Now we can give another homological characterization of an involutive symbol. As it is
the only one of all our criteria for involution that does not require the choice of regular
coordinates, it is often taken as definition of an involutive symbol (see e. g. [18, 31, 65]).

Theorem 5.5. The symbol Ny is involutive, if and only if its Spencer cohomology vanishes
beyond degree q, i.e. H>"(Ny) =0 for all r > q.

This will follow from Theorem 6.5 after which the easy proof will be given.

Remark 5.6. In Sect. 3.4 we introduced the symbol comodule N. Due to (2.19) it possesses
non-trivial components of lower degree, whereas here we simply set N; = &,;(T*B) ® V& for
0 <i < q. However, for the definition of an involutive symbol only the components of degree
greater than or equal to ¢ matters, so that this difference is of no importance for our purposes.

6. A NEw VIEW OF SPENCER COHOMOLOGY

6.1. Tor and Cotor. We have seen that the Koszul resolution K = A ® FEluy,...,u,] is a
“small model” of B(A,Xk) in the sense that there is the SDR (4.21). There is a dual result
which we will now describe. First, we want to look at the bar construction another way.
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For a given algebra A, we have B(A) as in Sect. 4.5. In fact, B(A) is a coalgebra with
coproduct given by

n

Alaq|- - |ay) = Z[ml o ai] @ Jail - |ag)

where the terms for ¢ = 0 and ¢ = n are respectively, [a1]---|a,] ®[] and [|® [a1]- - |ay]. It is
well-known that the differential 0 in B(k, k) & B(A) is a coderivation. In fact, the coalgebra
B(A) is a cofree coalgebra and as such any k-linear map B(A) — A can be coextended as
a coderivation. The differential O is, in fact, the coextension as a coderivation of the map

ARA— A
given by multiplication. See [36, Sect. 2.2] for details.

Now define a degree minus one map B(A) —— A by
m([a]) =a, w([a1]---|am] =0, if m # 1.

It is immediate that 7 is a twisting cochain and the twisted tensor product (A ® B(A),d,) is
just the bar construction B(A, k). In fact, the Koszul complex is also a twisted tensor product
complex. Giving the polynomial algebra trivial degrees (i.e. all elements are of degree zero),
and zero differential, and giving elements of the exterior algebra degrees determined by |u;| = 1
for all i = 1...n and zero differential, we have that

K

(6.1) Elu, ..., up] — K[z, ..., 2]

given by

(6.2) k(u;)) = x4, fori=1,...,n
k(ur) = 0, for [I] > 1

is a twisting cochain. This is quite easy to see. First of all, since the differentials involved are
zero, the twisting cochain condition reduces to kK Uk = 0. It is easy to see that

A(UI) = Z :i:UJuI,]
JCI

from Sect. 2.11, so since any non zero term of (k U k)(us) must be of the form w; ® u; and
for each such term the term —u; ® u; must also occur. Thus since z;x; = z;x;, we must have
(kUK)(ur) = 0. The following proposition follows by an easy calculation.

Proposition 6.1. Let A be the polynomial algebra and E be the exterior coalgebra and let
k: B —— A be the Koszul twisting cochain (6.2). Let K = (AQE, d) be the Koszul resolution
and let

Mo At M
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be an A-module. The differential dp; in the complex M ® E which is suitable for computing
Tor? (M, k) is given by the following composite:

d
M®E M M®E
1®A JI
MRE®FE — M®ARFE
1R 1

Dually, one has the loop algebra construction [1, 23, 35, 38] for a coalgebra. Given a
coalgebra C', let C' be the kernel of the counit € : ¢'—— k and let Q(C), = ®"C. Let
Q(C) = Y2, Q(C)p. Elements of Q(C),, will be written as (c1|---|c,). Note that we can
think of ©(C) as the free algebra generated by C with the identity element given by (). Define
0:Q(C) — Q(C) to be the unique derivation extending the map

¢-=.Cod
given by the coproduct. The map ¢ : C — (C) given by
() = {e— e(©))

is in fact a twisting cochain as is easily verified. The twisted tensor product ((C) ® C.,4d,) is
called the (one-sided) loop algebra construction.

Remark 6.2. Note that when C is of finite type, B(C*) is the graded dual to Q(C). Also
note that (ﬁ(C) ®C, gb) is not in general suitable for computing Cotor (see, e.g. [38, pp. 15]).
For that we would need [[;2,Q(C), (see [35, §. 5] for a formal defiition of Cotor). In our
case of interest, as will be seen, the smaller complex will be suitable for Cotor.

_ Given a left comodule N over C, the following composite map dy is a differential on
Q(C) @ M:

_ 5 _

QC)® N N QC)® N
1®p m®1
Q N Q Q N
(C)8CaN T YO 2 AC) &

As might be expected, (4.21) should have a dual. In fact, consider the dual of the Koszul
twisting cochain x given by (6.2). By Sects. 2.9.1 and 2.11.1, this is a map

(6.3) K[y, ... yn) — Elz1,. .., 2]

where the z; are dual to the u; and the y; are dual to the x; for : = 1,...,n and we consider
Kk[y1,...,yn] as a coalgebra and E|z1,..., z,] as an algebra. It is easy to see that x* is also a
twisting cochain. Thus, we have a twisted tensor product

(6.4) S = (Elz1,...,20) @Kkly1, ..., yn], di~).

It is not difficult to work out the differential d.» explicitly. We have
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Proposition 6.3.

Op

(6.5) di- (urp) = Y sgn(l, usort(1ui g,

i=1

where I Ui is zero if i € I, sort(IUi) is I Ui with i sorted into place in the natural order, and
sgn(l,7)(—1)°® where s is the number of interchanges needed to sort I Ui when i is not in I.

The arguments leading up to (4.21) dualize completely to give the

Proposition 6.4. Let S be the above complex, we have an SDR
Vs

S ((fz(c),aE),ng) :

Is

For a comodule
N2+ CeN

over the polynomial coalgebra, give £ ® N the composite differential dx given by:

N

E®N - EQN
1®p m®1
ERC®N EFEQFE®N

1kr*®1

Using Proposition 2.6 along with the observations of this section, and an observation of
Gugenheim [35], we have the following.

Theorem 6.5. Let C be the polynomial coalgebra and N C C™ be a subcomodule. Let A = C*
be the dual polynomial algebra and M = A™/N*. Let E denote the exterior bialgebra and
k: FE —— A be the Koszul twisting cochain and k* its linear dual. A complex for computing
Tor (M, k) is given by the twisted tensor product

(6.6) (M ® E,dy)

and a complex for computing Cotorc(k, N) is given by

(6.7) (E® N,dn)

Furthermore, there is an isomorphism

(6.8) Cotorc(k, N)* = Tor? (A™/N*, k).

Furthermore, Cotorc(k, N) is isomorphic to the cohomology of the Spencer complex [83].

Proof. The differential (6.5) is clearly 1-trivial [35, Sect. 6] and hence by Theorem 6.2 of that
paper, the result on Cotor follows. Using the explicit formula for the differential, it is also
clear that it is nothing more or less than the Spencer differential. (|

At this point, we can easily give the proof of Proposition 3.13:
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Proof. Theorems 5.1 and 5.2 show that a finitely generated comodule N C C™ is involutive
if and only if Tor® (M, k) vanishes in positive degrees where M = A™ /Nt as usual. But it is
well known that TorA(M ,k) is finite dimensional over k (a simple argument is given e.g. in
[11]). Thus if we define the desuspension of a module by

S_I(M)n = Myt

we see that since Tor is finite dimensional over k, it must be the case that Tor(s™" (M), k)
is zero in positive degrees for some r where inductively, s™"(M) = s~!(s7"*1(M)), but by
Proposition 2.6, we have that N* = M so it is clear that desuspension corresponds exactly
to prolongation. O

The proof of Theorem 5.5 is also an easy consequence of Theorems 5.1 and 5.2 and the
above Theorem 6.5.

7. PERTURBING RESOLUTIONS

In [49], it is shown that if I is an ideal of the polynomial algebra A and there is a given term
order (cf. Sect. 2.1) on A and M is the ideal of leading terms of I, the Lyubeznik resolution of
M over A can be “perturbed” into a resolution of I over A. An explicit algorithm for doing
this was given and is based on homological perturbation theory (described below) and Grébner
basis theory. While we do not need the full thrust of [49], we briefly describe the results in a
section below since we will present a corollary and we also want to elaborate on an algorithm
for calculating minimal resolutions which was used in that paper without discussion.

7.1. The Perturbation Lemma. Given an SDR (4.13)
\%

X (Y, 9)

f

and, in addition, a second differential d{, on Y, let t = d{, — dy. The perturbation lemma,
[3, 10, 35, 54] states that if we set t, = (t¢)"~'t, n > 1 and if we, for each n, define new
maps on X,

O =d+flti+ta+ - +tp1)V

Vi =V+otittat+-+ta-1)V,

and on Y:

fo =f+ftit+to++ta1)d
oo =@+ o(t1+ta+ - +tn1)0,
then in the limits, provided they exist, we have new SDR data
Vo
(X, 00) f: (Y. dy), ¢oc) -

Remark 7.1. The difference t of the differentials above is called the initiator in [3]. And
the situation above is called a transference problem. Examples and more information can be
found in [3, 4, 10, 35, 36, 37, 42, 43, 48, 49, 54, 55, 56, 57, 58, 60].
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7.2. Perturbing Resolutions of Monomial Modules. Consider now the Lyubeznik reso-
lution L (4.4). It was shown in [49] that the contracting homotopy 1 defined by (4.6) satisfies
(L) C L, so that 1) is also a homotopy for L. In order to get an SDR of A/N and L, we need
a normal form as above. As in [49], by defining €(a ® 1) = a + N and requiring it to vanish
otherwise and defining 0 : A/N —— L by o(a + N) = rempy(a) ® 1 we obtain an SDR

g

(7.1) N (L, )

€

It was noted in [49] that X = L (the Lyubeznik resolution) and Y = B(k, M) satisfy the
hypotheses of Lemma 4.5. Thus we have an explicit SDR

\%93

(7.2) L (B(k, M), ér.) .

fr
All this brings us to the main theorem of [49].

Theorem 7.2. Let A = k[x1,...,x,] be the polynomial algebra and I C A be an ideal. Let
G be a Grobner basis for I with respect to some term order. Let N = LT(I) be the ideal
of leading terms of elements of I, so that N is generated by {LT(g)|g € G}. Grobner basis
theory gives that as vector spaces over Kk,

A/N = A/

Thus, B(k, A/N) = B(k, A/I) as vector spaces (i.e. ignoring differentials). Using this iso-
morphism and the SDR (7.2), we obtain a transference problem. The perturbation formulae

presented in Sect. 7.1 converge in this case and we therefore obtain a relatively free resolution
(L,dso) of A/M over A of the form

doo =d+ P

where d is the ordinary Lyubeznik differential and P is an explicit perturbation. There is
furthermore an explicit SDR

Voo
(7.3) (L, do) f: (B(k, A/N), doo) -

We now have the following corollary.
Corollary 7.3. Let ® be the composite chain map
(L,ds) = B(A)® A/N —~ A/N ® B(A) 5~ A/No K

where, as usual, L = k ®4 L etc. and the second map is determined by (4.1) while the third
map is determined by (4.21). Then ® induces an isomorphism in homology.

Remark 7.4. When the Taylor resolution involving the monomial ideal I = (mq,...,myg) is
minimal, it is the same as the Lyubeznik resolution and in that case, Froberg [27] defined an
explicit map p from T to the Koszul complex M ® K as follows. When T is minimal, the

monomial generators m; = x?i‘l ...xp"" can be arranged so that if i # j, ajj > ;. With
the monomials indexed this way, the map is given by
mp
plur) = ————w;, ... w;,

LTiy + - T4

T
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where I = (i1,...,7,) and the w; are the generators of the Koszul complex. The map ®
generalizes this chain equivalence to all cases.

7.3. Finitely Presented Modules. Consider modules M that are finitely presented over
the polynomial algebra A. Thus, M = A"/I for some finitely generated submodule I C A".
The notion of Grébner bases extends to this case, i.e. one has the notion of a Grobner basis
for M with respect to a monomial order and there is a normal form algorithm with respect
to a given monomial order. A good reference for all of this is [44].

A submodule I C A" is said to be a monomial submodule, if it has a basis B such that
every element of B is of the form (mq,...,m,) where m; € A is a monomial for all i =1...r.
Fixing a given monomial order, every element of m € I has a leading term LT(m) just as
in the case r = 1. We let LT(I) = {vr(m)|m € I}. It is clear that LT(/) is a monomial
submodule for any submodule I.

Note that for M = A"/I, the resolution B(A, M) is exactly as defined in Sect. 4.5. The
resolutions K and B(A, k) are also exactly as defined in Sects. 4.2 and 4.5, so these may
be used to compute Tor?(k, M) and Tor?(M, k) for any finitely generated module M. The
Taylor and Lyubeznik resolutions can be applied coordinate-wise in this case. With this said,
all of the results of this Sect. apply verbatim.

7.4. Minimal Resolutions of Monomial Modules. If one is only interested in computing
Tor# (M, k), this algorithm may seem a bit tautological, but there are reasons that one might
want actual resolutions in general, of course.

We need the notion of a homology decomposition [41]. An explicit algorithm for computing
a homology decomposition of a chain complex X of finite type over k was given in [49, Sect.
7]. A homology decomposition of X is a direct sum decomposition of the form

X=K®B®H

where H is isomorphic to the homology of X, B = im (d) is the subspace of boundries and
furthermore, there are explicit bases for K, B, and H for which the differential d is locally
diagonal. Using the basis for H, we identify it with the homology. It is pointed out in [49,
Sect. 7.2] that such a homology decomposition gives rise to an explicit SDR

L
H (X,9)
f

where ¢ is the inclusion and ¢ is essentially the inverse to d locally (where is is non-zero).

Note that there are very efficient algorithms for computing homology based on Smith nor-
mal form [19, 45]. Using the system described in [47], the first author implemented the
homology decomposition of a chain complex and these programs were used for all the com-
putations in Sect. 8.

If X —— M —— 0 is a minimal resolution then the complex X ®4 k for computing
Tor?(k, M) has zero differential, i.e. Tor?(k, M) =2 k ®4 X. So suppose that the Lyubeznik
(or some other) resolution is such that the homology decomposition of L = k ®4 L can be
efficiently computed. We then consider the corresponding homology SDR

U

H_ " (L9).
f
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given by a homology decomposition of L. We would like to set up a transference problem
(Remark 7.1) and “transfer” the differential from L = A® H to A® L. But it is clear how
to obtain an initiator for this and we have the

Algorithm 7.5. Let L be the Lyubeznik resolution and

Sl

the corresponding homology SDR. Consider the tensor product SDR

L
(7.4) A®H " (A®L,¢)

<

f

where t =14 ®7, f=14® f, p =14 ® ¢, and A ® L has differential 1, ® d.

Let the initiator be t = d— (1®d). Note that by the definition of the Lyubeznik differential,
d(z), for x € L, consists of those terms of d(z) which have constant coefficients. Thus, ¢(x)
will consist of those terms of d(z) having non-trivial polynomial coefficients. Consider the

perturbed differential given by the perturbation lemma:

(7.5) doo = ft+ f(tot) + -+ f((td)"E) + ...

If doo converges, we obtain the minimal resolution of M over A given by
(A® H,dx).

Remark 7.6. At this time, we have not been able to show that, in general, t¢ is nilpotent in
each degree, but we have examined many examples using a computer. In each example, the
following is true. For each uy, there is a non-negative integer n; such that (t¢)™ (ur) lands in
A® (K @ H) (see the second paragraph of Sect. 7.4). It follows that ¢((t¢)" (us)) = 0 and
so t¢. Examples will be given in Sect. 8.

8. COMPUTATIONS

8.1. Example 1. Consider the example A = k[z,y, 2], I = (2223, 2322, 2yz,y?), and M =

A/I from [5, Example 3.4]. The Lyubeznik resolution L is the same as the Taylor resolution
in this case and is given by

- 2,8

(u1)

d(ug) = 232
(u3)
(us)

= xyz
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d(urug) = —xuy + zug
d(ujuz) = —yui + zz2us
d(ujug) = —2uy + 22 23uy
d(ugug) = —yug + 2 zus
d(uguyg) = —2uy + 23220y
d(usug) = —yus+ rzuy
d(ujugus) = yujug — Tuus + 2ZUgus3
d(ujuguy) = yPuiug — U g 4 2ustg
d(ujusug) = yujus — urug + r22usuy
d(ugusuy) = yugus — uguy + 2 zusuy
d(ujugusug) = —yuiugUusg + U UUy — TUTUSUL + ZU2U3UY

From this it is easy to see that

TOI'?(M,E{) = ]k<u17u27u37u4 >,
Tory (M, k) = Lk < ujug,ujug, upus, uzug >,
TOI"?(M, Ik) = k <ujugusg > .

Using the algorithm from the last section, we consider a homology decomposition of L to
obtain an SDR

where H = Tor(M, k) = H(L) and corresponding SDR
v —
A®H " (A®L,¢)

f

where V =14 ® V,f=14® f,and L = A® A has differential 14 ® d. Taking the initiator
to be t = d = d, we have a transference problem.
In this case, the homology decomposition is so simple that it can be seen by inspection.

We have
Ly = H
I/Q = By® Hy
Ly = K3&® Bs;@® Hs
Ly = Ky
where

Hl = k< Uy, Uz, U3, Us >, BZ =k < —UyUg, —U2Ug >,

F
I

k < ujug, uiuz, ugus, uzug >, K3 =k < ujusus, uguzug >,
Bg = k < ujuguy >, H3 =k < Upuuz >, Ky =< ULUU3U4 > .
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From this it follows that

P(uruguy) = uruguszuy
and ¢ vanishes on all other elements. Thus, the perturbation is zero in this case and we have
the minimal resolution given by

du)) = z22°
d(ug) = x32°
d(us) = azyz
d(us) = ¢
d(ujug) = —zuy + zug
d(ujug) = —yuj + zz2us
d(ugus) = —yug + x%zus
d(usuy) = —yus+ xzuy
d(ujugus) = yuiuz — Tuus + 2UU3.

Note that this also gives ba1 =1, b31 =1, bs1 = 2, by = 1, b2 = 3, and by 3 = 1 where
bij = dim]k(Tor;‘}j (M, k) where the bigrading is the one given in Sect. 4.2.

8.2. Example 2. Consider the ideal I = (23, 2%y, 222, 2%, xyz, 222,93, y%2,y2%,2%) in A =
k[z,y,2]. The Taylor resolution has dimension 2! = 1024 and so is not very good for
computations. The Lyubeznik resolution however has dimension 207 and contains “forms”
only up to degree 7 (there is only one 7-form, viz. wjusuquruguguig. Using the algorithm
given in [49, Sect. 7] (and a computer), it is quite easy to compute a homology decomposition
of L. We find that

K, =0, Bi=0, H =k'°
Ky =0, By =k*, Hy =k'?,
K3 =Kk*, B3 =k», Hs=Kk"
Ky =Xk, By =Kk, Hy=0,
K; =k*, B; =k% H;=0,
K¢ =k® Bg =k, He =0,
K;=k, B;=0, H; =0.
Since H; for ¢ > 4 are all zero, we need only consider the map ¢o : Lo — L3. We have that
Hi=k<wuy,...,uyp>
and the differential is as in L. We also have that
H1 =k < U1U, UL U3, U2UZ, U2U4, U2US5, U3UG, U4US5, U4US, U5UG, U5U9, UU10, UTUS, USUY, UGUIQ >
and the differential is as in L. Finally,
H3 =k < U1U2UZ, U2U3UEG — ULU5UEG, U2UAUS, U4U5UY, U4UIUY, UAUTUS, U5USULY, —U5UIUIQ >

and while ¢ is generally non-zero, it vanishes on each of ¢(x) for x € Hs. In fact, each ¢(z)
for x € Hj is a linear combination of elements in Ho, so the perturbation vanishes once more
and the differential is as it is in L.
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8.3. Example 3. Consider the ideal I = (zy, 23yz, xy3, 29?2, vy2?,y32) in A = k[z,v, 2].
The Lyubeznik resolution has dimension 39 in this case. The non-zero differentials in the
reduced complex are

( ) = —uiuy

CZ(U1U2U5) = —Uius

d(uiugug) = —ujug

J(U1U3u6) = —UllUg

d(ugusuy) = ugus

J(UQU?)U@) = UuU2U3 — U2U¢

C?(U3U4U5) = —UuUsus
l(urugugug) = —uiugus — uiUsuy
CZ(U1UQU3U5) = —Uuiusus
{(urugugug) = —uUjUU3 + UTUUG — UTUUG
l(urugugus) = —urugus
l(uyusugus) = urugus
J(U2U3U4u5) = U2u3us

CZ(U1UQU3U4U5) = —U1U2U3U5 — UTU3U4LU5

Again, a straightforward calculation gives the homology decomposition
Ky =0,
By =0,
Hy =k < up,ug,us, ug, us, ug >,

K2 - 07
By =k < —ujug, —uius, —uilg, U2u3, U2Uz — UgUe, —U3U5 >,

Hy =k < ujug, uius, uguy, ugus, U3y, Uzle, UsUs >,

K3 =k < ujusug, urugus, u1uzie, UgUstg, U2Uzte, UsUsUs >,
B3 =k < —ujusuz — u1usty, —uiu3us, —UiUU3 + U1 U2Ue — U1 U3UG, —UTUAUS, UDUIUS >,

Hs = k < uqusug, usugus >,

Ky =k < —ujususus, uiuguzue, U Uatats, UaUsUsUs >,
Byi=k< —ULUU3U5 — UTUUIU4 >,

H4 - 07
K5 =k < ujuougugus >,
Bs =0,

Hs = 0.
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The splitting homotopy is zero in degrees 0 and 1. Thus, the differential in degrees 1 and 2
are as they are in L. In degree 3, we have
t(urugug) = yuiug — zugus + Tugus
t(uguqus) = zugug — yugus + z2uqus.
Note that since usus is not in Hy, so we expect some non-trivial action using our method in
this case. In fact, our calculations show that ¢ vanishes on all terms involved in the right
hand sides above except in one case, viz.
P(ugus) = uguzug.
We thus consider
a = t¢(y2u1u2 — zujus + TuuU3)
= xt(ugusuy)
= z(—yuguyg + :L’Q’U,3U4)
= —ZTyYusu4 + 333U3’LL4.

We now note that ¢ vanishes on both usus and usug, so the perturbation converges, i.e.
dto(y?uius — zuius + ruguz) = 0. We now note that

(J¢ + (ﬁCZ) (UQ’U,g) = CZ(UQ’U,3U4) = UgU3
and so f(ugus) = 0. Thus, we have
doo(urugus) = f(y2u1u2 — zuiug + TUuU3 + TYULUL — x3U3u4)

= y2u1uQ — Zujusg + TYu2Uq4 — $3U3U4.

Finally, we note that ¢ vanishes on ¢(ugu4us) and so we have derived the minimal resolution
of M over A given by

doo(uy) = aty
doo(uz) = x3yz
doo(uz) = oy’
doo(uy) = xy’z
doolus) = 2
doo(ug) = ygz
doo(urug) = —zuy + zug
doo(uiuz) = —y*ui + x3u3
doo(ugug) = —yug + 2y
doo(ugus) = —zug + 2us
doo(usug) = —zug+ yuy
doo(ugug) = —zus+ zug
doo(ugus) = —zug + yus
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2 3
(uqugus) = Yy ujug — zuius + TYUUY — T UUL

2
(uguqus) = zugug — YugUs + T ugus
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