NOTES ON EXTERIOR DIFFERENTIAL SYSTEMS

ROBERT L. BRYANT

ABSTRACT. These are notes for a very rapid introduction to the basics of
exterior differential systems and their connection with what is now known
as Lie theory, together with some typical and not-so-typical applications to
illustrate their use.
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[Referenced 39

1. INTRODUCTION

Around the beginning of the 20th century, Elie Cartan developed a theory of
partial differential equations that was well-suited for the study of local problems
in differential geometry. His fundamental insight was that many local geometric
problems could be recast as problems in which one seeks to find or to classify a
collection of functions and differential forms satisfying some given ‘structure equa-
tions’, i.e., conditions on the exterior derivatives of the given functions and forms.
The invariance of the exterior derivative under diffeomorphism thus made possible
an approach to differential equations arising in geometry that Cartan then devel-
oped and applied in a very large number of situations, beginning with his theory of
‘infinite groups’ (what we now call pseudo-groups) and continuing throughout his
later work in classical differential geometry.

In Cartan’s formulation, he was mainly concerned with systems of equations that
were generated by functions, 1-forms, and their exterior derivatives, and Cartan’s
collection of techniques is now generally called the theory of ‘exterior differential
systems’, or simply ‘EDS’. Later, Erich Kéhler [I0] showed that Cartan’s theory
could be usefully extended to systems generated by differential forms of arbitrary
degree, and the resulting extension is now known as Cartan-K&hler Theory.

Cartan and his students used EDS with great success in situations in which a
given problem could be recast as a system satisfying the hypothesis of involutivity,
which many important systems did. For non-involutive systems, Cartan introduced
the notion of prolongation as a process whose purpose is to replace a given exterior
differential system with one that has essentially the same solutions but is also invo-
lutive, the hope being that all of the solutions of any system would be describable
as the solutions of involutive systems. Cartan was never able to prove that prolon-
gation succeeded in doing this in all cases, but, later, Masatake Kuranishi [T1] did
succeed in proving a version of the desired prolongation theorem, one that applies
in nearly all cases of interest, thus essentially completing Cartan’s theory on an
important point.

In these notes, I introduce the basics of exterior differential systems, and cover
the essential definitions and theorems. I do not attempt to discuss the proofs of
fundamental results such as Cartan’s Bound (aka Cartan’s Test), the Cartan-K&hler
Theorem, or the Cartan-Kuranishi Theorem. For proofs of these, the reader can
consult any of the standard sources in the subject, such as [I]. Instead, I concentrate
on producing examples that illustrate the ideas and techniques of EDS.

My choice of subject matter and examples was greatly influenced by the audience
of the workshop at which this material was written, and I have made no attempt
to give a more comprehensive view of the standard topics in exterior differential
systems. Rather, I have focused on applications to ‘Cartan structure equations’
associated to differential geometric problems and tried to show how Cartan’s theory
is connected with modern-day Lie theory.

1.1. Differential ideals. Let M™ be a smooth n-manifold. An exterior differential
system on M is a graded, differentially closed ideal Z C A*(M).
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While it is not strictly necessary, it simplifies some statements if one assumes
that Z is generated in positive degrees, i.e., Z° = ZNA°(M) = (0), so I will assume
this throughout the notes.

1.2. Integral manifolds and elements. An integral manifold of Z is a subman-
ifold f : N — M such that f*(¢) =0 for all ¢ € 7.

Remark 1. In most applications of exterior differential systems, the integral man-
ifolds of a certain dimension (often the maximal dimension) of a given differential
ideal 7 represent the local solutions of some geometric problem that can be ex-
pressed in terms of partial differential equations. Thus, one is interested in tech-
niques for describing the integral manifolds of a given Z.

An integral element of T is a p-plane E € Gr,(T'M) such that ¢} (¢) = 0 for all
¢ € Z. The set of p-dimensional integral elements of 7 is a closed subset V,(Z) C
Gr,(TM). It is not always a smooth submanifold of this bundle.

Remark 2. Every tangent plane to an integral manifold of 7 is an integral element
of Z. The fundamental problem in exterior differential systems is to decide, for a
given E € V,(Z), whether there is an integral manifold of Z that has E as one of
its tangent spaces.

1.3. Polar spaces. While determining the structure of V,(Z) can be challenging,
the problem of describing the (p+1)-dimensional integral elements that contain a
given p-dimensional integral element is essentially a linear one.

Fix E € V,(T), with E C T, M, and let eq,...,e, be a basis of E. The polar
space (sometimes called the enlargement space) of E is the subspace

H(E)={veT,M| ¢(v,e1,...,ep) =0VYp TP } C T, M.

From its definition, any E; € Vp,41(Z) that contains E must be contained in H(E)
and, conversely, any E; € Grpy1(H(E)) that contains E belongs to Vpi1(Z). Set
¢(E) = dim (T, M/H(E)).

1.4. Cartan’s Bound and characters. Let E € V,(Z) be fixed, and let F =

(Eo, Er, ..., Ey_1) be a flag of subspaces of F, with dim F; = i. Thus,
(O)EZE()CElC"'CEn71CECTxM.

Note that E; belongs to V;(Z). The following result is due to Cartan and Kéhler.

Proposition 1 (Cartan’s Bound). Given E € V,,(Z) and a flag F = (E;) in E
as above, there is an open E-neighborhood U C Gr,(TM) such that V,,(Z) N U is
contained in a smooth submanifold of U of codimension

c(F) =c(Ey) +c(Er) + -+ c(En_1).

Definition 1 (Regularity and Ordinarity). If E € V,,(Z) has a flag F = (E;) and an
open neighborhood U C Gr,(T'M) such that U NV, (Z) is a smooth submanifold
of U with codimension ¢(F), one says that F' is regular and that E is ordinaryl]

IN.B.: When comparing other sources, the reader should be aware that what I call ‘ordinary’
in these notes is usually called ‘Cartan-ordinary’, which should not be confused with the weaker
notion ‘Kéhler-ordinary’, which will not be needed in these notes (so I will not discuss it).
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Let V2(Z) C Vo (Z) denote the subset consisting of ordinary integral elements
of Z. Tt is an open (possibly empty) subset of V,,(Z) that is a smooth submanifold
of Gr,,(TM), and the basepoint projection 7 : V2(Z) — M is a submersion. (This
uses my standing assumption that Z° = (0).)

Remark 3 (Characters and Cartan’s Test). A ‘dual’ version of Cartan’s Bound
(often called ‘Cartan’s Test’) is useful: For any E € V,(Z) and any flag F =

(Eo, Er, ..., En_1), the character sequence of F' is the sequence of nonnegative
integers (so(F),s1(F),...,s,(F)) such that
c(Ep) i=0,
si(F) = ¢ c(E;) — c(Ei-1) I<i<mn,
dimH(E,—1) —n i=n.

Then Cartan’s Bound says that, near E, the subset V,(Z) is contained in a sub-
manifold of Gr, (T M) of dimension

dim M + s1(F) + 2s2(F) 4+ - - - + ns, (F).

Moreover, if, near E, the subset V,,(Z) is a submanifold of Gr,,(T'M) of this dimen-
sion, then F is ordinary and the flag F' is regular.

When F is ordinary, the character sequence (sk(F )) is the same for all regular
flags F = (Ey, F1,...,E,_1) in E. This common sequence is known as the sequence
of Cartan characters of E and simply written as the sequence (sk (E)) Moreover,
the characters sy are constant on the connected components of V2 (Z).

2. CARTAN-KAHLER THEORY

2.1. A form of the Cartan-Kahler Theorem. The main result needed in these
notes is the following version of the Cartan-Ké&hler Theorem ]

Theorem 1 (Cartan-Kéhler). Suppose that T is a real-analytic exterior differential
system on M that is generated in positive degree and that E € V,,(T) is ordinary.
Then there exists a real-analytic integral manifold of T that has E as one of its
tangent spaces.

Remark 4 (Generality). The Cartan-Kéahler theorem constructs the desired integral
manifold by solving a sequence of initial value problems via the Cauchy-Kowalevski
Theorem. At each step in the sequence, one gets to choose appropriate initial
data that determine the resulting integral manifold. Examining the proof of the
Cartan-Kahler theorem, one finds that there is an open E-neighborhood U C V,,(Z)
such that the initial data that determines a connected integral manifold of Z whose
tangent spaces belong to U consists of so(F) constants, s (F) functions of 1 variable,
s2(E) functions of 2 variables, ..., and s,,(E) functions of n variables that are freely
specifiable (i.e. ‘arbitrary’), subject only to some open conditions.

Moreover, in the real-analytic setting, when the underlying manifold M is con-
nected and the ideal 7 is generated in positive degree, the functions s; are constant
on the (necessarily smooth) submanifold V2(Z) C V,,(Z) consisting of the ordinary
integral elements of dimension n, and so one usually writes s; instead of s;(E)
(with n being understood, usually taken to be the maximal integer for which V()

2The standard, stronger version of the Cartan-Ké&hler Theorem has more technical hypotheses
and so takes a bit longer to state. I won’t need the stronger version in these notes.
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is not empty). In this case, (as we will see in §L.3)) the set J2(Z) consisting of k-jets
of ordinary integral manifolds (i.e., the ones whose tangent spaces are ordinary) is
naturally a smooth manifold of dimension

k+2 k+
Nk=n+80+(k+1)31+( 9 >82+---+( nn)sn

Moreover, the natural projections 7T]k€+1 : JP 1 (Z) — JR(T) are smooth submersions,
surjective when k& > 1. (Note that JP(Z) = V2(Z).)

Thus, one often says that the ordinary integral manifolds of Z ‘depend on sg
constants, s; functions of 1 variable, s; functions of 2 variables, ..., and s,, functions
of n variables’.

Remark 5 (Significance of the last nonzero character). One sometimes encounters
statements such as “only the last nonzero character really matters,” which the
writer usually phrases as something like “the solution depends on s, functions of ¢
variables” (where s; > 0 and sx = 0 for all k¥ > ¢), thus ignoring all of the s; for
1< q.

The reason for this is that there is usually more than one way to describe the
local solutions of a given geometric problem as the ordinary integral manifolds of
some exterior differential system Z. T'wo such descriptions might well have different
character sequences (some examples will be given below), but they always have the
same last nonzero character (at the same level q).

Nevertheless, for any given exterior differential system Z, its full character se-
quence does have intrinsic meaning.

2.2. Involutive tableau. Let V and W be vector spaces over R of dimensions n
and m, respectively, and let A C W ® V* be an r-dimensional linear subspace of
the linear maps from V to WH One wants to understand the space of maps f :
V — W with the property that f’(z) lies in A for all x € V. Thus, f is being
required to satisfy a set of homogeneous, constant coefficient, linear, first-order
partial differential equations, a very basic system of PDE.

Set up an exterior differential system as follows: Let M =V x W x A and let
r:M—V,u: M — W, and p: M — A denote the projections. Let Z4 be the
ideal generated by the components of the W-valued 1-form 6 = du — pdx. Thus,
T4 is generated in degree 1 by m = dim W 1-forms and in degree 2 by the (at most)
m independent 2-forms that are the components of df = —dpadz.

An n-plane E € Gr,(TM) at (zo,ug,po) € M for which dz : E — V is an
isomorphism will be described by equations of the form

du —q(E)dz =dp —s(E)dx =0
where g(F) belongs to W @ V* and s(E) belongs to A® V* C (W@ V*) @ V*.
It will be an integral element of Z4 if and only if, first ¢(F) = po, and, second
(s(F)dz)adz = 0. This last condition is equivalent to requiring that s(E) lie in
the intersection

AV = (A V)N (W e S2(VY)).
Let (1) denote the dimension of this space. Thus, in the open subset U C Gr,,(T' M)
consisting of the n-planes F on which dz : E — V is an isomorphism, V,,(Z4) is

3In the literature, A is often called a tableau, which is simply a borrowing from the French of
the word used to describe a subspace of linear maps written out as a matrix whose entries satisfy
some given linear relations.
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defined by the conditions ¢(E) = p and s(E) € A, Hence, the space V,,(Z4) NU
is a submanifold of Gr,, (T M) of codimension mn + (rn — r(1).

Nowlet (0)=Vo Cc Vi C---CV,_1 CV, =V beaflagin V, and, for each k, let
A C W@V denote the image of A under the projection W@ V* — W @ V,*. This
defines a flag F' = (Eo, F1,...,E,—1)inany E € V,,(Z4) for whichdz : E — V isan
isomorphism by letting da(F;) = V;. Inspection now shows that ¢(F;) = m+dim A;,
so Cartan’s Bound becomes

n—1
mn + (rn —r) > ¢(Eo) + -+ + ¢(B,_1) = mn + Z dim A, ,
i=1
which, after rearrangement, becomes
n—1
dim AV =M < pdim A — Z dim A4; .
i=1
In particular, whether an integral element on which dz is independent has a regular
flag (and hence is ordinary) depends only on the subspace A C W @ V*.

The numbers s;(F, A) = dim A;—dim A4;_; for 1 <i < n are called the characters
of the flag F' with respect to A. In terms of the characters s;(F, A), the above
inequality takes the form known as Cartan’s Test, namely,

dim AN < 51 (F, A) +255(F, A) + - + n s, (F, A),

and equality holds iff F' is a regular flag and the integral elements E € V,,(Z4)
on which dz : E — V is a isomorphism are ordinary. When such a flag F' exists,
the tableau A is said to be involutive, and the Cartan characters of A are s;(A) =
s;(F, A) (computed with respect to any regular flag F').

When A is involutive, the Cartan-K&hler theorem implies that the real-analytic
integral manifolds of Z4 exist and depend on sy = m constants, s1(A) functions of
1 variable, s2(A) functions of 2 variables, etc.

In particular, if one takes the Taylor series of the ‘general’ solution f:V — W
of the equations forcing f’(z) to lie in A for all z, one gets

f(@) = fo+ fi(x) + folx) + -+ frlz) + -

where fi is a W-valued homogeneous polynomial of degree k on V' and hence lies
in the subspace

AED — (W@ SHV)) N (A SFLH(VY),

which has dimension

: - (k=2
dim A*—D = Z ( ko1 >$j(A)7
Jj=1
which is exactly what one would expect if f were to be thought of as being comprised

of sy = m constants, s1(A) functions of 1 variable, s3(A4) functions of 2 variables,
etc.

2.3. Linearization at an ordinary integral element. The concept of involu-
tivity turns out to be fundamental, so it is worthwhile to examine how this is
connected with the notion of an ordinary integral element in general.

Thus, fix E € V,,(Z), with E C T, M. Let EX C T M be the space of forms that
vanish on E, and note that the ideal (E+) C A(TM) generated by E* consists of
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the forms that vanish on £ C Ty M. Let Z, C A(TM) denote the set of values of
forms in Z at the point x, Then Z, is contained in (E1) because E is an integral
element of Z. Consider the quotient

Ip = (I + (B4)*)/(BY)? € (B)/(EY)? = B @ A(E").

This Ir C E+ @ A(E*) should be thought of as the ‘linearization’ of the ideal Z
at E. It generates an ideal (Ig) in the space of forms on T, M/E & E (whose dual
space is E+ @ E*) that has 0® E C T, M/E & E as an integral element.

If F is, in addition, ordinary, then it is not difficult to show that 0 & F is an
ordinary integral element of (Ig), that a flag of the form 0 F; is regular for 0 E if
and only if F' = (E;) is a regular flag for E, and that one has equality of characters

2.4. Higher tableau. This motivates the following: Given two vector spaces W
and V (of dimensions m, and n, respectively), a gradecﬂ subspace I C W* @ A(V*)
is involutive if 0V C W @ V is an ordinary integral element of the ideal (I) C
A((W @ V)*) generated by I. In this case, set s;(I) = s;(0® V) and let

Ar = {f € Hom(V,W) | T € V,((I)) } c W @ V*,

where I'y = {(f(z),z) |z € V } C W@V, the subspace A; is said to be the tableau
of I. When [ is involutive, Ay is also involutive and its characters are

si(Ar) = si(I) + sit1 (D) + - - - + s ().

3. FIRST EXAMPLES AND APPLICATIONS

I will now give a basic set of examples illustrating the concepts and applica-
tions of the Cartan-Kéahler Theorem. Some are intended just to help the reader
gain familiarity with the concepts, while others will turn out to have significant
applications.

FEzample 1 (The Frobenius theorem). Suppose that Z on M™** can be locally

generated algebraically by s linearly independent 1-forms 6%, ...,6°. In particular,
since Z is differentially closed, it follows that there are (local) 1-forms ¢¢ such that
dfe = p3nd®.

In particular, there is a unique n-dimensional integral element at each point = €
M, namely the n-dimensional subspace E, C T, M on which each of the % vanish.
Thus, V,(Z) C Gr,(TM) is simply a copy of M, in fact, the image of a smooth
section of the bundle Gr,(TM), so it is a smooth manifold of dimension n+s.
Meanwhile, for any flag F' = (Ey,...,E,_1) in E;, one has H(E,) = E,, so
¢(E;) = s for 0 < i < n. In particular, so(F) = s and s;(F) = 0 for 0 < i < n.
Since dimV,,(Z) = n+s = dim M + s1 + 283 + - - - + nsy,, it follows that Cartan’s
Bound is saturated, and all of the elements of V,,(Z) are ordinary and all their flags
are regular.

By the Cartan-Kéhler Theorem, every E, is tangent to an integral manifold of Z
and the local integral manifolds near E depend on sy = s constants.

Now, in this particular case, there is another way to get the same result, which is
to use the Frobenius Theorem (which is even better since it applies in the smooth

4This means that I is the direct sum of its subspaces 17 = I N (W*@AT(V*)).
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setting). This Theorem says that, locally, it is possible to choose closed genera-
tors #% = dy® for some functions y!,...,y* that form part of a coordinate sys-
tem z',...,2", 9%, ...,y°. Then the local n-dimensional integral manifolds of T
are the leaves defined by holding the y® constant, so that the ‘general’ local n-
dimensional integral manifold depends on s constants, in agreement with the pre-
diction of the Cartan-Kahler Theorem.

Ezample 2 (A non-ordinary integral element). Let M = R3, with coordinates r,y, 2,
and let 7 be generated by the 2-forms dzadz and dyadz. Then the 2-plane field
defined by dz = 0 consists of 2-dimensional integral elements, and these are the only
2-dimensional integral elements, so that V2(Z) is a smooth 3-manifold in Gra(T'M).
Since Z' = 0, one has ¢(Ep) = 0 for all Ey. Letting E; be spanned by ad, + bd,,
where (a,b) # 0, one finds that H(FE;) has dimension 2 and is defined by dz = 0,
so ¢(Ey) = 1. Thus, ¢(Ep) + ¢(F1) = 1 while the codimension of V5(Z) in Gra(TM)
is 2. Thus, Fo = H(FE7) has no regular flag and hence is not ordinary.

It may seem disappointing that the Cartan-Ké&hler Theorem does not apply
to prove the existence of 2-dimensional integral manifolds, especially, since there
evidently does exist an integral manifold tangent to every 2-dimensional integral
element of Z, namely, the plane z = z;.

To see why one should not expect Cartan-Kéhler to apply in this case, consider
a modification of this example got by instead considering the ideal Z’ generated
by dzadz and dya(dz — ydz). The ideals 7 and Z' are algebraically equivalent at
each point, so there is a unique 2-dimensional integral element of Z’ through each
point, namely the 2-plane that satisfies dz — y dz = 0. Since the dimensions of the
polar spaces are the same for 7’ as they are for Z, these integral elements of 7’ are
not ordinary, and this is just as well because there evidently are not any integral
surfaces of the equation dz — ydz = 0.

Ezample 3 (Lagrangian submanifolds). Let M = R?" and let T be generated by
the symplectic form
Q =dp; ada! + - +dp, Ada™.

Then the n-plane E spanned by the 0,: is an integral element of Z, and, if one takes
the flag F = (Ey, ..., E,—1) so that E; is spanned by the 9,; with 1 < j <4, then
one computes that, for 0 < ¢ < n, the polar space H(E;) is the subspace defined
by dp1 =dps = -+ =dp; = 0. Thus, ¢(F;) =i.

By Cartan’s Bound, V,,(Z) has codimension at least

C’:1+2+-~-+(n—1):%n(n—1)

in Gr, (T M) near E. Meanwhile, any E € Gr,,(T'M) on which the dz’ are linearly
independent will be defined by unique equations of the form

dpi — Sij(E) d:vi =0

for some numbers s;; (E), and these functions Sij, together with the z* and the p;
define a local coordinate system on an open subset of Gr,(T'M) that contains F
(which is defined by s;;(E) = 0).

By Cartan’s Lemma, such an E will be an integral element of Z if and only if
5i;(F) — sj;(E) = 0. This is $n(n—1) independent equations on E, so that V,(Z)
has codimension in(n—1) = C in Gr, (T M) near E. Consequently, E is ordinary,
and the flag F' is regular.
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Of course, one already knows that Lagrangian manifolds exist, so this is not a
surprise. Note, however, that what the Cartan-Kéahler theorem would say is that
one can specify an integral manifold on which the z? are independent uniquely by
choosing p, to be an arbitrary function of the x?, then choosing p,_; subject to the
condition that its partial in the z™-direction equals the partial of p, in the z"!
direction (which determines p,,_1 up to the addition of a function of zt,...2""1)
then choosing p,_2 subject to the conditions that its partials in the z™- and z"~!-
directions are determined by those of p, and p,_; (which determines p,_2 up to
the addition of a function of z!,...2"72), etc. Thus, the integral manifolds are
described by a choice of 1 = s,(FE) function of n variables, 1 = s,,_1(F) function
of n—1 variables, etc., in agreement with the general theory.

Now, one can also specify a Lagrangian using only one function of n variables
simply by taking p; = g;ﬁ for some function u of ', ..., 2™. However, for general Z,
one cannot find such a formula that combines the ‘arbitrary functions’ in the general
ordinary integral manifolds of Z in this way.

Another way to interpret this ‘discrepancy’ is to note that the Lagrangian
manifolds on which dz'a---Ad2z™ # 0 are, by the above formula, put in cor-
respondence with the arbitrary local function u of n variables, which, via its
graph (wl, cosam .,:v")), is seen to be an integral manifold of the triv-
ial ideal Z = (0) on R™*!, which has Cartan characters

(80,81, -+, 8n—1,8n) = (0,0,...,0,1).

Thus, this provides an example of the phenomenon that I mentioned earlier of
two different exterior differential systems describing (local) solutions to the same
problem. Note that they have the same last nonzero character, namely, s, = 1,
while their lower characters are not the same.

)

3.1. A generalization of Lie’s Third Theorem. I now turn to a more substan-
tial application of the Cartan-Ké&hler Theorem. In fact, it was one of the original
motivations for Cartan to prove his original existence theorem in the first place.
This will be a generalization of Lie’s Third Fundamental Theorem, which asserts
that every finite-dimensional Lie algebra is the Lie algebra of a (local) Lie trans-
formation group.

Recall that, if G is a Lie group of dimension n and w® for 1 < i < n are a basis
for the left-invariant 1-forms on G, then one has equations of the form

(3.1) dw’ = =3¢l W’ rwk
for some unique constants ¢}, = —cf;. Since one has

0 =d(dw") = £ (Ch; i + Conrcly + i) &’ AwP AWl

the constants C; i satisfy the well-known quadratic equations

cinjc@ + cinkc;? + cinlc;-’}c =0
sometimes known as the Jacobi identities. Lie proved a converse to this result
(now known as Lie’s Third Fundamental Theorem), namely that, if a set of con-

stants cék = —c};j with 1 < 4,5,k < n satisfy the above Jacobi identities, then there

exists a basis of left-invariant 1-forms w? on R™ that satisfy (B.1]).
For many applications in differential geometry, Cartan needed a generalization
of Lie’s existence result, which he formulated as follows: Suppose that C%; = —Cj;
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and F® (with 1 < i,5,k <nand 1 < o < s) are given functions on R®, and one
wants to know whether or not there exist linearly independent 1-forms w® on R™
and a function a = (a®) : R™ — R® that satisfy the Cartan structure equations

(3.2) dw' = —3C%(a) AwP and da® = Ff(a) w'.

Such a pair (a,w) will be said to be an augmented coframing satisfying the structure
equations (3:2)).

Applying the fundamental identity d? = 0 yields necessary conditions in order
for such a pair (a,w) to exist: One must have d(C};(a)w/rw") = d(dw’) = 0
and d(F?(a)w’) = d(da®) = 0. Expanding these identities using (3.2) and the
assumed independence of the w? then yields that, if, for each vy € R®, an augmented
coframing (a,w) on some n-manifold M exists satisfying (3.2) with a(z) = wug for
some x € M, then one must have

aaci aacli' aacz:k 7 m T m 7 m
and
oF¢ OF“
BZJ B i ol opa
(34 Cgur 1 ar =t

Cartan [5] proved a converse:

Theorem 2 (Cartan’s Generalized Third Fundamental Theorem). Let C;k = —C,ij
and F be real-analytic functions on R® that satisfy B3) and B4). Then, for any
ug € R®, there exists an augmented coframing (a,w) on R™ that satisfies (3.2)
and has a(0) = ug. (Moreover, any two such augmented coframings agree on a
neighborhood of 0 € R™ up to a diffeomorphism of R™ that fizes 0 € R™.)

Proof. Let M = R"™ x GL(n,R) x R*, and let z : M — R, p: M — GL(n,R),
and u : M — R® be the projections. Consider the ideal Z generated on M by the
n 2-forms ‘
T' = d(p; dz’) + 5Cj (u)(p] da’) n (py;, dz™)
and the s 1-forms
0% = du® — F*(u) (pj da’).
Note that one can write
T = 7T;- Ada?
for some 1-forms 7! = dp} 4+ P}, dz* for some functions P}, on M and that the
forms w;, dz*, and # define a coframing on M, i.e., they are linearly independent
everywhere and span the cotangent space everywhere.
Now, the hypothesis that d2 = 0 be a formal consequence of the structure equa-
tions (i.e., the equations B3] and ([B4]) is easily seen to be equivalent to the
equations

1
2 Que

dYi = 6% n (p] da') A (P, da™) + Cjp Y7 A (pf, da™)

and

« aFia i j a i
A = = 0% A (pl da’) + F Y.

Thus, these hypotheses imply that Z is generated algebraically by the T and the
0%. This makes it easy to choose an integral element and compute the Cartan
characters:
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Fix a point z € M and let E C T.M be the n-dimensional integral element
defined by 7T;» =0 = 0. Let F be the flag in F defined so that FE; is also annihilated
by the dz? for j > i. Then one finds that H(E;) is defined by 0% = wi =0
where k < i, and hence that ¢(E;) = s+ ni for 0 < i < n—1. In particular, it
follows that V,,(Z) must be contained in a submanifold Gr, (T'M) of codimension
at least C' = ns + in?(n—1).

Meanwhile, any n-plane E on which the dz? are linearly independent is specified
by knowing the ns + n® numbers s¢(E) and sk, (E) such that E satisfies

) — s (B) da¥ = 0° — s (B) da¥ = 0

The condition that such an E be an integral element of Z is then that sg(E) =
sip(E) — si;(E) = 0, which is ns + 3n?(n—1) = C equations on E. Thus, E is
ordinary, and F' is a regular flag.

Now, since the functions C;k and F* are assumed to be real-analytic, the Cartan-
Kahler Theorem applies and one concludes that there is an integral manifold of Z
tangent to E. This integral manifold is described by having the pé— and the u® be
certain functions of the z',... 2", say, pi = fi(z) and u® = a®(x). These then
give the desired (a®, w') = (a®(x), fi(z) da?). O

Remark 6 (Cartan’s original theorem). The result just provecﬁ is only a very special
case of the theorem that Cartan proves in the first of his ‘infinite groups’ papers [5].
However, this version suffices for applications that I have in mind in these notes,
and it is much easier to state than Cartan’s full theorem.

Remark 7 (Uniqueness). The general ordinary integral of Z depends on n arbitrary
functions of n variables (since the last nonzero character is s, = n), but this is
to be expected because, given any integral as a (local) coframing on R"™, one can
get others by simply pulling back by an arbitrary diffeomorphism of R*[ To get
uniqueness up to local diffeomorphism for data (a,w) in which a takes on a specific
value ap € R?, one shows that two such solutions are locally equivalent by an
application of Cartan’s technique of the graph.

Note, by the way, that when s = 0 (i.e., there are no functions a®), this result
becomes Lie’s Third Theorem giving the existence of a local Lie group for any given
Lie algebra.

Remark 8 (Smoothness and Globalization). While this treatment assumes real-
analyticity, so that the Cartan-K&hler Theorem can be applied, it is now known
that the theorem is true in the smooth category as well. The proof in the smooth
case is not difficult, but requires a little more insight than this simple application
of Cartan-Kahler.

The reader will probably also have noticed that nothing is really used about the
domain of the functions C; . and F* other than that it is a smooth manifold of some
dimension s. This observation spurred the development of a ‘globalized’ version of
Cartan’s Theorem, which becomes the subject of Lie algebroids, in which R? is

5The proof in the text is Cartan’s; I have merely simplified his proof as possible in this special
case.

6Altornaﬂ:ivcly, one should think of the ordinary integral manifolds of Z as giving a (local)
augmented coframing (a,w) satisfying the structure equations (3:2) plus a local coordinate sys-
tem x = (2°) on the domain of (a,w).
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replaced by a smooth manifold A. For details on these developments, as well as the
smooth theory, the reader should consult treatises devoted to Lie algebroids, but I
will sketch the translation here to aid in comparison with a somewhat generalized
construction associated to a variant of Cartan’s Theorem that I will describe in the
next subsection.

Recall that a Lie algebroid is a manifold A endowed with a vector bundle Y — A
of rank n whose space of sections I'(Y) carries a Lie algebra structure

{, }: PY)xID(Y)—=>T(%)

together with a bundle map « : Y — T A that induces a homomorphism of Lie
algebras on the spaces of sectiond] and that satisfies the Leibnitz compatibility
condition

(3.5) {U,fvi=aO)f v+ f{UV}

for all U,V € T(Y) and f € C*(A).

A realization of (A,Y, { },a) is a triple (M, a,w), where M is an n-manifold,
a: M — Ais a (smooth) mapping, and w : TM — a*Y is a vector bundle
isomorphism, such that « ow = da : TM — TA and such that w induces an
isomorphism of Lie algebras on the space of sections of TM and a*Y.

To see the translation from Cartan’s language to that of Lie algebroids, start
with the data of functions C;k = —C,ij and F* on A =R* Set Y = A x R" with
a basis for sections U; and set

{U:,,U;}=CE Uy
and define o : Y — TA =TR? by

0
Then B3) and [B4) are precisely the equations necessary and sufficient in order
that (35) hold, that {,} define a Lie bracket on the space of sections of Y, and
that a : Y — T A induce a homomorphism of Lie algebras.
Moreover, an augmented coframing (a®,w?) on a manifold M" satisfies Cartan’s
structure equations if and only if, when one sets

i
w=U;w",

and defines a : M — R?® to be a = (a®), the data (M, a,w) is a realization in the
above sense.

This approach to globalizing Cartan’s theorem has been very fruitful, and the
reader is encouraged to consult the literature on Lie algebroids for more on this
development.

However, it should be borne in mind that Cartan’s original formulation in terms
of what I am calling ‘augmented coframings’ turns out already to be very well
suited for applications to differential geometry, as I hope to show in the discussion
of examples below.

7Here, T'(TA), the set of vector fields on A, is given its standard Lie algebra structure via the
Lie bracket.
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3.2. Variants of Cartan’s Theorem. Theorem [Zis one of a number of existence
results that are all proved more or less the same way, at least in the real-analytic
category. In this subsection, I will give two such variants, and, in the following
sections in the notes, I will illustrate their use in a range of differential geometry
problems.

Throughout this first variant, the index ranges 1 < 4,5,k <n, 1 < a < s, and
1 < p,o < r will be assumed.

Suppose that C}, (u) = —C};(u) are given functions on R*® while F{*(u,v) are
given functions on R*", and suppose that one wants to know whether or not there
exist linearly independent 1-forms w® on an n-manifold M, a function a = (a®) :
M — R®, and a function b = (b*) : M — R" that satisfy these Cartan structure
equations

(3.6) dw' = —%C;k(a) wl AWk and da® = F?(a,b)w'.

Such a triple (a,b,w) on M will be said to be an augmented coframing satisfy-
ing (B.6).

Note that this is a diffeomorphism invariant notion, since, if f : N — M is a dif-
feomorphism, then ( fra, f*b, f *w) will be an augmented coframing on N that satis-
fies (3:6). In many geometric problems (see some examples in the next section), one
is interested in understanding the ‘general’ augmented coframing satisfying (3.6
and one regards two such augmented coframings that differ by a diffeomorphism as
equivalent.

One should think of the b” as ‘unconstrained’ derivatives of the functions a®.
Thus, this version of Cartan’s structure equations covers situations in the more
typical case in which one does not have formulae for all of the derivatives of the
geometric quantities that appear in the problem. Informally, one speaks of the
functions b” as ‘free derivatives’.

To understand necessary and sufficient conditions for such augmented coframings
to exist, one again wants to consider the consequences of the identity d? = 0, but
now, because of the free derivatives appearing in the structure equations, one cannot
simply expand this fundamental identity formally and arrive at complete necessary
and sufficient conditions on the functions C' and F.

Now, the equations d(dw’) = d(C};(a) w/ aw*) = 0 do make good sense, so one
should require that C' and F' at least satisfy

oC! oC}, oC?,
(3.7) Fpost + B gy + 58
(Because the F contain the variables v” while the right hand side of (B does
not, this equation places constraints on how the v” can appear in the F' f‘.)

Meanwhile, expanding d(da®) = d(F?(a, b)w’) = 0 yields

= (C,Clt + CokCl 4+ CLICTE).

¢ [e3

i 1 B 8FJ B 8Fz‘ l o i j
(a,b)db” Aw —|—§ <Fl (a,b) 508 (a,b) — F} (a,b) 508 (a,b) — Ci;(a) Fi*(a,b) | w'rw’,

_OF

0 ovP

and the simplest way for these equations to be satisfiable by some expression of
the db” in terms of the w’ would be for there to exist functions G} on R**" such
that

ory _, aFja p

dve I oye 17

OF¢ o
(3.8) 2 pedh

1 o
v Oub 7 oub — Gy k=
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for then the above equations can be written in the form

(63

OF: o
0= Sur (a,b) (db” — G5 (a,b)w’) rw'.

The conditions (B7) and (3.8) will at least ensure that there are no obvious
incompatibilities derivable by taking the exterior derivatives of the structure equa-
tions. However, they aren’t enough to guarantee that there won’t be higher order
incompatibilities. To rule this out, it will be necessary to impose conditions on how
the ‘free derivatives’ v” appear in the functions F;*. Let uq,...,us be a basis of R?,
and let ',... 2" be a basis of the dual of R". Let A(u,v) C Hom(R",R*) denote
the subspace (i.e., tableau) spanned by the r elements

[o3
(3.9) %%(u, V) U ® T, 1<p<r.
This A(u,v) is known as the ‘tableau of free derivatives’ of the structure equations
at the point (u,v) € R¥t".
Here, then, is a useful variant] of Theorem

Theorem 3. Suppose that real analytic functions C]l:k = —C’,ij on R® and FY
on R5T" are giwen satisfying B.1) and that there exist real analytic functions G
on RSt that satisfy (3.8). Finally, suppose that the tableauz A(u,v) defined by (3.9)
have dimension r and are involutive, with Cartan characters s; (1 < i < n) for
all (u,v) € R¥T". Then, for any (ug,vo) € R¥'" there exists an augmented cofram-
ing (a,b,w) on an open neighborhood V of 0 in R™ that satisfies B.0) and has

(a(0),b(0)) = (uo, vo).
Proof. Let M = R" x GL(n,R) xR* xR", and let z : M — R", p: M — GL(n,R),
uw: M — R® and v : M — R" be the projections. Consider the ideal Z generated
on M by the n 2-forms
Y = d(p} da?) + 3C5 (u)(p] da') A (ply, da™)
and the s 1-forms o
0% = du® — F{*(u,v) (p; da?).
Note that, as in the proof of Theorem [2] one can write
T = 7T§ Ada?
for some 1-forms 7% = dp’+ P}, dz* for some functions Pj, on M and that the forms
W;, da*, 62, together with 5° = db? — Gf(pj» da’) define a coframing on M, i.e., they
are linearly independent everywhere and span the cotangent space everywhere.
Now, the hypotheses of the theorem imply that

4 aczk(u) a j m i j m
dT" = 3— = 0 n (] da’) A (P, d2™) + Oy, (u) TV 1 (py, da™)
while oF OFe ()
a _ i P i 1.7 i (u 8 i 1.7 a i
dé _—(%pﬂ A(pjdx)+7aaﬂ 07 a (p}da’) + F* Y".

Thus, T is generated algebraically by the Y?, the 8, and the 2-forms
oFY C
o i 1 i J
0% = Sor B A(p] da’).
This makes it easy to choose an integral element and compute the Cartan characters:

8Note that the proof is very closely patterned on Cartan’s proof of Theorem
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Fix a point z = (0, I, ug,v9) € M, and let E C T.M be the n-dimensional
integral element defined by 7} = 0% = 5 = 0.

Choose a regular flag for the tableau A(ug,vg) (which, by hypothesis, exists).
By rotating the z? if necessary, one can assume that the flag F in E defined so that
E; is also annihilated by the da’ for j > i is such a regular flag. Then one finds
that H(E;) is defined by
o j aFk

0" == G 5 =
where k < 4, so ¢(E;) = s+ni+dim A(ug, v9); = s+ni+s1+---+s; for 0 <i < n—1.

Meanwhile, any n-plane E’ € Gr,, (T M) on which the dz’ are independent will

be defined by equations of the form

0% — ¢ (E") dz' = 7}, — qi;(E') da’ = B — ¢/ (E') (p}; da’) = 0

for some numbers ¢&*(E’), ¢, (E"), ¢’ (E'). The conditions that E’ be an integral
element of Z then imply that

[6% [e3

. OF: OF
6 (E') = q(B") = @i (B") = o (u, 0)q (B) = - (u,0)qf (E') = 0,

and, by the hypothesis that F' = (E;) is a regular flag for the tableaux A(uo, vo)
(and hence is also regular for A(u,v) for (u,v) near (ug,vp)), it follows that this is

c(Eo)+c(F1)+- - +c(Ep—1) =ns+ lnz(n—l) + (n—1)s1+(n—2)sa+ -+ $p_1

equations on the quantities ¢*(E") qk

rated, and the flag F' is regular for £ E
The ideal 7 is real analytic, so the Cartan-Ké&hler Theorem applies, and one con-

cludes that there is an integral manifold of Z tangent to E. This integral manifold

(E"),q?(E’). Thus, Cartan’s Bound is satu-

is described by having the pé, the u®, and the v” be functions of the z', ..., 2", say,
pi = fi(z) and u® = a®(z) and v” = b(z). These then give the desired augmented
coframing (a®,b”,w’) = (a*(z), b°(z), fi(x) da?). O

Remark 9 (Generality). Theorem [l as stated only gives existence for specified
(ug,v0), but, as will be seen, the (local) augmented coframings that satisfy the
structure equations depend (modulo diffeomorphism) on s constants, s; functions
of 1 variable, so functions of 2 variables, etc., but to make precise sense of this, I
will need to discuss prolongation, which comes in the next section.

Remark 10 (Globalization). Just as in the case of Theorem 2] which has a modern
formulation in terms of Lie algebroids, there is a ‘global’ version of Theorem B

The appropriate global data structure, (A, B,7,Y,{,}, [3), starts with two mani-
folds, A of dimension s and B of dimension r+ s, and a submersion 7 : B — A. For
notational convenience, let K = kern’ C TB, and let Q@ = TB/K be the quotient
bundle over B. For a vector field X on B, let Xk (i.e., ‘X modulo K’) denote the
corresponding section of Q.

9Essentially, the involutive tableau A(uo,vo) is being combined with a tableau already shown
to be involutive in the proof of Theorem [2] one for which every flag is regular. Perhaps, I should
also remind the reader that the s; are the characters of the tableaux A(u,v) and not of the ideal Z
constructed above. In fact, one has s0(Z) = s and s;(Z) = s; + n for 1 <i < n.

107 will not actually need this formulation in these notes, but since there were questions about
this during the lectures, I will briefly describe it here.
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Next, the data structure includes a vector bundle Y — A of rank n, and a Lie
algebra structure {, } on the space C*°(Y) of sections of Y over A. For U € C*(Y),
let U™ € C*°(7*Y) denote the pullback section of the pullback bundle over B, i.e.,
U™(b) = U(w(b)).

Finally, the data includes a bundle map 5 : 7#*Y — T B, that satisfies

(3.10) BUU, V) e = [BUT), BV

and the requirement that there exist an anti-symmetric, bilinear product] {,}} on
C>(m*Y) that satisfies the compatibility condition

(3.11) {um, fvml = (BUNF) VT + U VYT

for U,V € C*(Y) and f € C*(B).

A realization of the data structure (A, B,7,Y,{,}, [3) is a triple (M, b, w), where M
is an n-manifold, b : M — B is a smooth mapping, and w : TM — (7wob)*Y is an
isomorphism of bundles that induces an isomorphism of Lie algebras on the appro-
priate spaces of sections and that satisfies d(mwob) = 7’ o § o w.

(Note that if 7 : B — A is a diffeomorphim (e.g., » = 0), then the data
(A, Y, {,}, B) defines a Lie algebroid, and the notion of a realization is the standard
one.)

Now, there is a map 7: K — Q ® (7*Y)* of B-bundles, uniquely determined by
the condition that it satisfy

T(X)(UT) = [X, B(U7)|k

for any X € T'(K) and U € C*(Y). One says that the data (A,B,W,Y,{, },ﬁ)
is nondegenerate if T injective, and, further, that it is (uniformly) involutive if
T(K)y, C Qp ® (m*Y)] is an involutive tableau for all b € B (and the Cartan
characters s; (T(K)b) are constant, independent of b € B).

Then Theorem [B] asserts the local existence of realizations (M, b, w) of uniformly
involutive, nondegenerate real analytic data structures (A, B,7,Y,{,}, [3) with b :
M — B taking any specified value by € B.

To see the translation from the notation of Theorem[(]to this ‘global’ formulation,
let A = R® (with coordinates u®), let B = R**T" (with coordinates u® and v”),
let 7 : R¥T" — R® be the projection on the first s coordinates, let ¥ = R® x R®
(with the standard basis of sections U;), let

{Ui,U;} = Cf (u) Uy,

and let

BUT) = F*(u v)a— + G (u v)a—
! P Que P Qe

The reader can now verify that [B.7) and (B.8) are the necessary and sufficient
conditions that {,} define a Lie bracket on C°°(Y), that (I0) hold, and that
there exists an extension {{, }} of {,} to sections of C*°(7*Y") that satisfies (3.11).
(I should point out that this ‘global’ formulation is not perfect, because, ideally,

one should only have to specify the functions G¥ up to a section of the prolongation
of the tableau bundle, i.e., one should regard two such structures (A, B,m Y, {,}, B)

LINB.: It is easy to see that there is at most one such product {{,}} satisfying (3II). In
general, this ‘extended’ product is not a Lie algebra structure on C*°(x*Y’).
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and (A, B,7,Y,{,}, B) as the same if the difference 68 = S—J3, which is a section
of TB ® (7*Y)*, is actually a section of the kernel K" of the composition

K®(@'Y) ™5 Qe (@Y) @ (1Y) » Qe A ((r'Y)").

Thus, one should probably formulate the data structure with the notion of non-
degeneracy built into the axioms and with S taking values in the quotient bun-
dle (TB ® (7*Y)*)/ K™ instead of in TB ® (7*Y)*. However, this is turns out to
be awkward, as checking that the axioms even make sense becomes cumbersome.)

While this ‘global’ formulation may be more satisfying than the ‘coordinate’
formulation in Theorem [] one should bear in mind that there is little (and, more
often than not, no) hope of proving the global realization theorems that one has
in the more familiar case of Lie algebroids. For the general such structure, there
is no obvious notion of completeness of a realization and there is also no obvious
way to ‘classify’ even the germs of realizations up to diffeomorphism. (However,
there is a way to test two such germs for diffeomorphism equivalence, at least in
the real-analytic category. I will say more about this in Remark [I1)

Remark 11 (Local equivalence of realizations). The reader may be wondering how
one distinguishes two realizations of the data in Theorem Bl up to diffeomorphism.
After all, as Cartan proved, given two augmented coframings (M, a,w) and (M,a,o)
satisfying (B.2) and points z € M and Z € M such that a(z) = a(z), there will exist
an x-neighborhood U C M, an Z-neighborhood U C M, and a diffeomorphism f :
U — U such that (a,w) = (f* ,ffw) and f(z) =

In contrast, for augmented coframings (M, a, b, w) and (M, a, b, @) satisfying (3.6)),
having points € M and & € M with (a(z),b(z)) = (a(z) B )) is not sufficient
to imply that there is a diffeomorphism f : U — U for some z-neighborhood U and
Z-neighborhood U such that (a,b,@) = (f*a, f*b, f*w).

A sufficient condition (due, of course, to Cartan [7]) for local diffeomorphism
equivalence does exist in this more general case but it is more subtle.

An augmented coframing (a,b,w) on M™ satisfying B0), is regular of rank p
at © € M if there is an x-neighborhood U C M, a smooth submersion h : U — RP,
and a smooth map (4, B) : h(U) — R*" such that A : h(U) — R® is a smooth
embedding and such that (a,b) = (Aoh, Boh) holds on U. Note, in particular, that
this implies that the image (a,b)(U) C R¥*" is a smoothly embedded p-dimensional
submanifold that is a graph over its projection a(U) C R® (also a smoothly embed-
ded p-dimensional submanifold). Equivalently, (a, b, w) is regular of rank p at x € M
if some p of the functions a® have independent differentials at = and, moreover, on
some z-neighborhood U C M, all of the other a® and all of the b” can be ex-
pressed as smooth functions of those p independent functions. For an augmented
coframing (a,b,w) satisfying (3.6]), being regular of rank p at a point © € M is a
diffeomorphism-invariant condition.

Cartan showed that, if (M,a,b,w) and (M,a,b, ) satisfy ([3.6), are regular of
rank p at points z € M and £ € M with (a(z ) b(x )) (a(z),b(z)), and there
are an r-neighborhood U C M and Z-neighborhood U C M such that (a,b)(U)
and (@, b)(U) are the same p-dimensional submanifold of R"**, then, after possibly
shrinking U and U, there exists a diffeomorphism f: U — U such that (a,b,w) =
(f*a, fb, fw) and f(z) =

The reader should have no trouble rephrasing Cartan’s sufficient condition in a
form suitable for the ‘global data structure’ version described in Remark (The

b
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reader may feel that the hypotheses of Cartan’s equivalence theorem are absurdly
strong, but, without knowing more about a specific set of structure equations (3.6]),
it is not possible to weaken these hypotheses in any significant way and still get the
conclusion of local equivalence, as examples show.)

I conclude this subsection with another useful variant of Cartan’s Theorem. Let
V be a vector space of dimension n. For each V-valued coframing w : TM — V
on an n-manifold M, there will be a unique function C' : M — V ® A%(V*), the
structure function of w, such that

(3.12) dw = —%C’(wAw).

Given a basis v; of V with dual basis v?, one has w = v;w? and C = lC;kvi ®v7 Avk,

2
and ([12) takes the familiar form dw’ = —1C?%, w’ aw”.

Now, let A C V®A?(V*) be a submanifold A V-valued coframing w : TM —
V will be said to be of type A if its structure function C': M — V @ A%(V*) takes
values in A. The goal is to determine the generality of the space of (local) V-valued
coframings w of type A when two such that differ by a diffeomorphism of M are
regarded as equivalent.

For example, if A consists of a single point ag = %cz-k v; @ v/ A0 then Lie’s The-
orem asserts that a necessary and sufficient condition that such a coframing exist
is that J(ag) = 0, where J : V@ A%2(V*) — V ® A3(V*) is the quadratic mapping
(sometimes called the Jacobi mapping) that one gets by squaring, contracting, and
skewsymmetrizing:

VRA*(V*) = (VRA* (V) @ (VRA*(VF)) = VRV*eA* (V) — VoA (V).

Given a basis v; of V with dual basis v?, the formula for J is
J(%cz»k v; Qv /\’Uk) = %(ci»mcﬂ + c};mc}’; + cfmc;’;;) v; @ v AvF Al
Of course, in this case, all V-valued coframings of type A = {ag} are locally
equivalent up to diffeomorphism.
This motivates the following definitions: A submanifold A C V ® A?(V*) is said
to be a Jacobi manifold if

(3.13) J(a) € o(TuA @ V*)

foralla € A, where 0 : V@ A2(V*)@V* = V@ A3 (V*) is the skewsymmetrization
mapping defined by exterior multiplication. The condition (BI3) is an obvious
necessary condition in order for there to exist a V-valued coframing w : TM — V
whose structure function takes values in A and assumes the value a € A. It is not,
in general, sufficient.

A Jacobi manifold A is involutive if each of its tangent spaces T,A C V@ A%(V*)
is involutive, with characters s;(T,A) = s; (independent of a € A).

I can now state a useful existence result that will be applied in some examples
in the final section.

Theorem 4. Let V be a vector space, and let A C V@A?(V*) be a real-analytic,
involutive Jacobi manifold. Then, for any ag € A, there exists a V-valued cofram-
ing w of type A on a neighborhood U of 0 € V' such that its structure function C

satisfies C'(0) = ag.

1211 most applications, A will be an affine subspace of V ® A2(V*), but the extra generality
of allowing A to be a submanifold is frequently useful.
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Proof. The proof follows the by-now familiar pattern laid down by Cartan[1
The result is local, so one can suppose that A has dimension s and is parametrized
by a real-analytic embedding f : R® — A C V@ A2(V*) with f(0) = ag € A. Write
Y R
where the f;k = — f,ij are real analytic functions on R®. By hypothesis, for
each up = (uf) € R?, the tableau Ty, A C V ® A%(V*), which is spanned by
the s independent elements
ik
ou®
is involutive, with characters s; for 1 < ¢ < n. By changing the basis of V if
necessary, it can even be supposed that the flag such that V; C V is spanned
by v1,...,v; is a regular flag for T4y A (and hence it will be regular for Ty,,)A
for all ug in a neighborhood O of 0 € R®). For the rest of the proof, I use this basis
to identify V with R™.

Also, by the hypothesis that A be a Jacobi manifold, the linear equations for
quantities g;* given as

@ aft. aft . . .
it () g4+ 520 ) g T8 ) g = (g 00 73 P ) 5 00+ 1) £ ).
are solvable, and the associated homogeneous linear system for the g* has, for each
value of u, a solution space of dimension s; +2s3 + -+ ns,. Thus, the equations
are compatible and have constant rank, so there exist real-analytic functions g (u)
on a neighborhood of 0 € R* (which can be supposed to be O) that furnish solutions
to the above inhomogeneous system.

Let M = R™ x GL(n,R) x O, where O C R® is the neighborhood of 0 € R®
selected above. Let x : M — R™, p: M — GL(n,R), and a : M — O be the
respective projections. Set n’ = pé— da’ and 7% = du® — g&(u) n'.

Now let Z be the ideal on M generated by the 2-forms

T =dn' + 3£l (W)’ ant.

Note that there exist 1-forms 7} such that T* = 75a7’ and such that the 1-forms

7%, 7', and 7 are linearly independent and hence define a coframing on M.
Now, by the way the functions g{* on O were chosen, one has

(uo)vi®vj/\vka 1<OZ<S,

. aft , . ,
Y’ = %#(U) T A’ an® 4 fi(u) T an®,
so that 7 is generated algebraically by the 2-forms T* = 757’ and the 3-forms
-~ Oft 4
U = 3{;‘5 (u) T Arp Ank .

1?’However, the reader will note that, in this proof, I apply the Cartan-K&hler Theorem to
a differential ideal generated algebraically in degrees 2 and 3, while Cartan’s original version of
the Cartan-Kéahler Theorem assumed that the ideal would be generated algebraically in degrees
1 and 2. Thus, this proof, strictly speaking, would not have been available to Cartan in his early
work on exterior differential systems. It’s possible to give a proof that only uses the version of
the Cartan-Ké&hler Theorem that was available to Cartan at that time, but that proof would be
somewhat more complicated.
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Since A is involutive, the integral elements in V,(Z) defined at each point
of M by 7r§ = 7 = 0 are all ordinary. By the Cartan-Kahler Theorem, there
is an n-dimensional integral manifold Z tangent to this integral element at the
point (0, I,,,0) € M.

This integral manifold is written as a graph of the form (z, pé—(:ﬂ), u®(z)) for z in
a neighborhood of 0 € R™. Now, setting w* = p’ () dz7, one sees that the structure
function of the coframing w = v;w’ is

C = %f;k (uo‘(x)) v; @ vI AUk,
which takes values in A and, in particular, takes the value ay € A at z = 0. (Il

Remark 12 (Checking the hypotheses). Note that, in practical terms, checking the
condition that A C V ® A?(V*) be an involutive Jacobi manifold can be reduced
to a relatively simple calculation:

A coframing satisfying the structure equations (B.12) will necessarily satisfy

0=d(dw) = —2dC A (wrw) + $C(C(w Arw) Aw),
or, relative to a basis v; of V with dual basis v?,
0= —2dCi rw! nwF + L(C, Ol + ClL O + CLuCit) w? nwP awl.

Regarding the v* as linear coordinates on V' and regarding the C, = —Cj; as the
components of the embedding of A into V ® A%(V*), one can consider the algebraic
ideal Z4 generated on M = A x V by the 3-forms

T = 2dC) ndv? Ado* — L(CF L, Cl+CL CI+Cly Co) dv? A dv? A dol
(N.B.: Just this once, I do not want to consider the differential closure of Z4.)
Then T4 has an integral element E of dimension n based at (0,a) € V x A
on which the dv® are independent if and only if ([3.13)) is satisfied. Moreover, this
integral element is ordinary iff T, A is an involutive subspace of V' @ A2(V*).

Remark 13. It will turn out that the s; for a involutive Jacobi manifold A have a
significance for describing the differential invariants of V-valued coframings taking
values in A. As will be shown below, in an appropriate sense, the V-valued cofram-
ings whose structure functions take values in A depend (modulo diffeomorphism)
on s1 functions of 1 variable, s functions of 2 variables, etc.

4. ORDINARY PROLONGATION

It is time to take a closer look at the geometry of V2(Z).
4.1. The tableau of an ordinary element. Recall that the basepoint pro-
jection m : V2(Z) — M is a smooth submersion, so the fiber over x, which is

Ve(I)NGry, (T, M), is a smooth submanifold of Gr, (T, M). For a given E € V2(1),
the tangent space to this fiber is an involutive tableau

Ap C Ty Gr,(T,M) ~ (T,M/E) @ E*
of dimension s1(F) + 2s2(E) + - - - +ns,(E), and its Cartan characters are given by
Sl(AE) = Sl(E) + Si+1(E) + -+ Sn(E)
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4.2. The ordinary prolongation of Z. Set M) = V°(Z). Define a subbun-
dle C ¢ T*MW by letting

C(E) =7"(E"),
where E+ C T;( E)M is the annihilator of £ C T (gyM. This subbundle of rank

dim M — n is known as the contact bundle on M),

Let Z) c A* (M (1)) denote the differential ideal generated by the sections
of C. The ideal ZM on M) is known as the ordinary prolongation of T on M.
(Technically, the definition of the prolongation depends on the choice of n, but, in
nearly all applications, the choice of n is determined by the problem that Z was
designed to study, so I will not make this part of the notation.)

Every ordinary integral manifold f : N — M has a canonical lift f) : N —
M® | defined by fM(x) = f/(T,N) € V2(Z) = MW, Tt follows directly from the
definition that f®) : N — M is an integral manifold of Z(") and, moreover, any
integral manifold h : N — M that is an integral of Z(!) and has the property
that moh: N — M is an immersion is of the form h = f(!)| in fact, with f = woh.

At the integral element level, every EecV, (I(l)) with E ¢ TeM® such that
7 E— Tr(p)yM is injective actually satisfies w’(E’) = E. Moreover, each such E
is ordinary, with Cartan characters

si(E) = si(E) + si11(E) + -+ + su(E),
and with a flag F = (Eo, cee :n_l) of E being regular if and only if the flag F =
(Eo,...,E,—1) with E; = 7'(F;) is a regular flag of E.

4.3. The higher prolongations. In particular, one can repeat the prolongation
process, but, now considering M(? ¢ Ve (I(l)) to be the open subset consisting
of those F that satisfy the ‘transversality’ condition 7’ (E) = FE (and retaining
the corresponding condition for all the higher prolongations, etc). This defines a
sequence of manifolds M (¥) with ideals Z(*), such that (M(O),I(O)) = (M, Z) while,
for k > 1, the manifold M®*) is embedded as an open subset of Ve (I(kfl)). By
induction, one sees that the ideal Z(*) has Cartan characters

5(,’“):5-4_ F Sj4+1+ bl S+ -+ Fan=j-1 Sn -
J J 1/°9F 2 J+ n—j n

One should think of M®*) as the space of k-jets of n-dimensional ordinary integral

manifolds of 7 in the sense that two ordinary integral manifolds f : N — M and

g : N — M represent the same k-jet of an integral manifold at x € N if and only

if f(®)(z) = (goh)®)(z) for some diffeomorphism h : N — N such that h(z) = x.
Note that

k k1 k2 k
dimM(k)_n+<o>So+< Jlr )Sl+< ; >82+"'+< +n)5”’
n

which is what one would expect for a ‘solution space’ that depends on sg constants,
s1 functions of 1 variable, sy functions of 2 variables, ..., and s, functions of n
variables. See [12] for a further discussion of this point.
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4.4. Prolonging Cartan structure equations. This idea can also be applied
to understanding the differential invariants of the solutions to a system of Cartan
structure equations such as (3.8]). Starting with these equations, one can augment
them with a system for the b”, namely

(4.1) db* = (G%(a,b) + HL (a,b)c") w’

where the functions Hf; for 1 < 7 < dim A(a, b)(l) are a basis for the first prolon-
gation space of the tableau A(a,b), i.e., they give a basis for the solutions of the
homogeneous equations

OF® oOF¢

“(a,b)hf — —Z

obr 7o obe

Using Cartan’s ideas, it is not difficult to show that, if the system (B.6]) satisfies

the hypotheses of Theorem Bl then the prolonged system of structure equations

consisting of (B:6) and (@I]) will also satisfy the hypotheses of Theorem [3 and that
the Cartan characters of the tableau of the prolonged system will be

(a,b)h = 0.

S§1)28i+81+1+"'+5n'

In particular, in this case, for any given (ag, bg, co) there will exist an augmented
coframing (a, b, ¢, w) satisfying the prolonged structure equations for which (a, b, ¢)
assumes the value (ag, bo, co)-

This leads naturally to the notion of ‘differential invariants’ for distinguish-
ing augmented coframings (a,b,w) satisfying (B.6) up to diffeomorphism. Re-
call that two such coframings (a,b,w) on M™ and (a@,b,0) on M™ are equiva-
lent up to diffeomorphism if there exists a diffeomorphism h : M — M satis-
fying (a,b,w) = h*(a,b,w). Obviously, this will imply that, if db* = b?w’ and
db? = b @', then b = h*(b?) and similarly for all of the derivatives of the vy
expanded in terms of the w’.

Following Cartan’s terminology, one often speaks of the a® as the primary (or
fundamental) invariants of the augmented coframing and the b” and b7, etc. as
derived invariants. (Here ‘invariant’ means ‘invariant under diffeomorphism equiv-
alence’.)

Thus, the import of Theorem [Blis that one sees that, in addition to being able to
freely specify the values of the s primary invariants (i.e., the a®) of an augmented
coframing (a, b, w) satisfying ([B.6]) at a point, one can also freely specify their first
derived invariants (i.e., the b°), which are r = s1 + s3 + - - - + s, in number, at the
point, and freely specify a certain number of second derived invariants (i.e., the ¢7)
which are r() = sy + 29+ -+ - + ns, in number, at the point, and so on.

Applying prolongations successively, one sees that the number of freely specifi-
able differential invariants of augmented coframings satisfying (3.6]) of derived order
less than or equal to k is equal to

k k+1 k+n—-1
s+ s1 + Sg 4+ Sn -
1 2 n

In a sense that can be made precise, this is the dimension of the space of k-jets of
diffeomorphism equivalence classes of augmented coframings satisfying (3.0]).

It is in this sense that one can assert that, up to diffeomorphism, the ‘gen-
eral” augmented coframing satisfying a given involutive system of Cartan structure
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equations depends on s; functions of 1 variable, so functions of 2 variables, and so
on.

Similar remarks apply to the structure equations of Theorem Ml In fact, the
first prolongation of these structure equations yield structure equations to which
Theorem [J applies, so that one could have simply quoted Theorem [l to prove
Theorem @ This may make the reader wonder why this latter theorem is useful.
The reason is this: It is often simpler to check the hypotheses of Theorem [ for a
given set of structure equations than it is to check the hypotheses of Theorem [l for
the prolonged set of structure equations (as the reader will see in the examples).

4.5. Non-ordinary prolongation and the Cartan-Kuranishi Theorem. In
most cases, V,,(Z) does not consist entirely of ordinary integral elements, and even
when the open subset V2(Z) C V,(Z) is not empty, one is often interested in at
least some components of the complement and would like to know when there exist
integral manifolds tangent to these non-ordinary integral elements.

Cartan’s prescription for treating this situation was to prolong the non-ordinary
integral elements as well: Let M) C V,(Z) be any submanifold of V,,(Z) (in most
applications, it will be a component of a smooth stratum of V,,(Z) that does not lie
in V2(Z)). Then, again, one can construct the ideal Z(!) generated by the sections
of the contact subbundle C C T*M® and one can consider V,(Z(")), looking
for ordinary integral elements of this ideal whose projections to M are injective.
If one finds them, then one has existence for integral manifolds tangent to these
non-regular integral elements. If one does not find them, one can continue the
prolongation process as long as it results in ideals that have integral elements.

Cartan believed that iterating this process would always ultimately result in
either an ideal with no integral elements of dimension n or else one that had ordinary
integral elements. He was never actually able to prove this result, though.

Eventually, a version of this ‘prolongation theorem’ (in the real analytic category,
of course) was proved by Kuranishi [II]. The hypotheses of the Cartan-Kuranishi
Prolongation Theorem are somewhat technical, so I refer you to Kuranishi’s original
paper [I1] for those.

In practice, one uses the Prolongation Theorem as a justification for computing
successively higher prolongations until one reaches either incompatibility (i.e., the
non-existence of integral elements) or involutivity (i.e., the existence of ordinary
integral elements), which, nearly always, is what one must do anyway in order to
prove existence of solutions via Cartan-Ké&hler.

5. SOME APPLICATIONS

There are many applications of these structure theorems in differential geometry.
Here is a sample of such applications meant to give the reader a sense of how they
are used in practice. For further applications to differential geometry, the reader
can hardly do better than to consult Cartan’s own beautiful collection of instructive
examples [9].
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5.1. Surface metrics with |[VK|? = 1. Consider the metrics whose Gauss curva-
ture satisfies [VK|? = 1. The structure equations are

dwl = —Wi12 AWy
dwg = W12 AW1 W1 AW AW12 7£ O,
dW12 = le A W2
where
dK = cosbwi +sinbws .
for some function b. (Here, b is the ‘free derivative’.)
Now d? = 0 is an identity for the forms in the coframing w = (w1, ws,w2), while
0=d(dK) = (db — wi2) A (—sinbw; + cosbws).

It follows that the hypotheses of Theorem [J] are satisfied, with the characters of
the tableau of free derivatives being sy = 1, so = s3 = 0. Thus, the general (local)
solution depends on one function of one variable.

The prolonged system will have

db = wia + ¢ (—sinbw; + cosbws)

where ¢ is now the new ‘free derivative’, etc.

(Of course, it is not difficult to integrate the structure equations in this sim-
ple case and find an explicit normal form involving one arbitrary function of one
variable, but I will leave this to the reader.)

5.2. Surface metrics of Hessian type. Now, an application of Cartan’s original
theorem. The goal is to study those Riemannian surfaces (M?,g) whose Gauss
curvature K satisfies the second order system

Hess, (K) = a(K)g + b(K)dK?

for some functions a and b of one variable.
Writing ¢ = w12 + ws? on the orthonormal frame bundle F3 of M, the structure
equations become

dwl = —Wi12 ANW2 dwlg = le N W2

dws = wig Awr dK = K wy + Ko ws
and the condition to be studied is encoded as
dK, — K a(K) +b(K) K,? b(K) KK w1
(ahe) = (o) o+ (" a2t ) (22)
Applying d2 = 0 to these two equations yields
((K)—a(K)b(K)+ K)K; =0  fori=1,2.
Thus, unless o’ (K) = a(K)b(K)—K, such metrics have K constant.

Conversely, suppose that o/(K) = a(K)b(K)—K. The question becomes ‘Does
there exist a ‘solution’ (F3,w) to the following system?’

dw1 = —Wi12 AWy
dwy = wizAw w1 Awa Awrg # 0,
dwlz = le A W2
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where
dK Kl K2 0 w1
dK; | = | a(K) +b(K) K,? b(K) K K> —Ky | | wo
dK, b(K) K K> a(K)+b(K)Ky* K] \w2

Since d? = 0 is formally satisfied for these structure equations, Theorem P applies
and guarantees that, for any constants (k, k1, k2), there is a local solution with the
invariants (K, K1, K2) taking the value (k, k1, k2).

In fact, the above equations show that, on a solution, the R3-valued func-
tion (K, K7, K2) either has rank 0 (if K; = K3 = a(K) = 0) or rank 2. Moreover,
one sees that

—(a(E) + b(K) (K12 +K52)) dK + Iy dK; + Ky dKy = 0,

so that the image of a connected solution lies in an integral leaf of this 1-form,
which only vanishes when K; = Ko = a(K) = 0. Setting L = K;>+K5?, this
expression becomes
—2(a(K) +b(K)L)dK + dL =0,
which has an integrating factor: If A(K) is a nonzero solution to N (K) = —b(K)A(K),
then
—2A(K)?a(K)dK + d(AMK)?L) = 0,
so that the curvature map has image in a level set of the function F(K, K1, K3) =
ME)? (K124 Ko?) — pu(K), where i/ (K) = 2\(K)?a(K). (This function has critical
points only where K1 = Ko = a(K) =0.)
On any solution (F3,w), the vector field Y defined by the equations

wl(Y) = )\(K)Kg, OJ2(Y) = —/\(K)Kl, wlg(Y) = )\(K)(L(K),

is a symmetry vector field of the coframing (since the Lie derivative of each of wy,
wa, w12 With respect to Y is zero). It is nonvanishing on a solution of rank 2, and,
up to constant multiples, it is the unique symmetry vector field of the coframing
on any connected solution.

For simplicity, I will only consider the case b(K) = 0 in the remainder of this
discussion. In this case, a/(K) = —K, so a(K) = $(C — K?) for some constant C
and N (K) =0, so one can take \(K) = 1.

The most interesting case is when C' > 0, and, by scaling the metric g by a
constant, one can reduce to the case C' = 1. Thus, the equations simplify to

dK Ky K> 0 w1
dKl = %(1—K2) 0 —K2 w2
dK2 0 %(1—K2) Kl w12

and these functions satisfy
F(K,K1,K) = Ki°+K>* + :K? — K = C
where C is a constant (different from the previous C, which is now normalized to 1).

There are two critical points of F, namely (K, K1, K3) = (+1,0,0), and these
correspond to the surfaces whose Gauss curvature is identically +1 or identically
—1. These clearly exist globally so it remains to consider the other level sets.

The level sets with C' < —% are connected and contractible, in fact, they can be
written as graphs of K as a function of K\’+K,2. C = —% contains the critical
point (K, K1, K>) = (1,0,0), but away from this point, it is also a smooth graph.
When —% <C< %, the level set has two smooth components, a compact 2-sphere
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that encloses the critical point (1,0,0) and a graph of K as a smooth function
of K124 K52, The level set C' = % is singular at the point (—1,0,0), but, minus
this point, it has two smooth pieces, one bounded and simply connected, and one
unbounded and diffeomorphic to R x St. For C' > %, the level set is connected and
contractible.

According to the general theory, for each contractible component L of a (smooth
part of a) level set F = C, there will exist a simply-connected solution mani-
fold (F,w) whose curvature image is L and whose symmetry vector field Y is
complete. Moreover, the time-27-flow of the vector field X12 (i.e., the vector field
that satisfies w1(X12) = wa(X12) = 0 while w12(X712) = 1) is a symmetry of the
coframing w and hence is the time-T-flow of Y for some 7" > 0. Dividing F' by the
Z-action that this generates produces a solution manifold (F,w) that is no longer
simply-connected but on which the flow of X5 is 27-periodic, and this is the nec-
essary and sufficient condition that F' be the oriented orthonormal frame bundle of
a Riemannian surface (M2, g) satisfying the desired equation.

However, for the components of the level sets that are diffeomorphic to the 2-
sphere, this global existence result does not generally hold, i.e., the corresponding
solution manifold (F*®,w) need not be the orthonormal frame bundles of complete
Riemannian surfaces (M2, g). I will explain why for the 2-sphere components of
the level sets F' = ¢ — 2/3 where € > 0 is small.

Suppose that a connected solution manifold (F?,w) whose curvature map has,
as image, such a 2-sphere component is found and that the symmetry vector field Y
as defined above is complete on it. Then the metric h = w2 + ws? + wy22 must be
complete on F'. Now, for small positive €, one has that K is close to 1 while K7 and
K are close to zero, so it follows from a computation that the sectional curvatures
of h are all positive. In particular, the completeness of the metric on F3 implies,
by Bonnet-Meyers, that it is compact, with finite fundamental group.

By passing to a finite cover, one can assume that F' is simply connected. I
claim that the symmetry vector field Y has closed orbits and that its flow generates
an S'-action on F. To see this, note that the map (K, K1, K3) : F — R? submerses
onto the 2-sphere leaf. Hence the fibers over the two points where K1 = Ko = 0
must be a finite collection of circles that are necessarily integral curves of the vector
field Y, which has no singular points. In particular, the flow of Y on one of these
circles must be periodic, but, because the flow of Y preserves the coframing w, if
some time 7' > 0 flow of Y has a fixed point, then the time T flow of ¥ must be the
identity. Thus, the flow of Y is periodic with some minimal positive period T > 0,
so it generates a free S'-action on F. The quotient by this free S'-action is a
connected quotient surface that is a covering of the 2-sphere. Since this covering
must be trivial, the orbits of Y are the fibers of the map (K, K1, K2) to the 2-sphere.
In particular, F', being connected and simply-connected, must be diffeomorphic to
the 3-sphere.

Now, consider the vector field X153 on F' as defined above. This vector field is
(K, K;, K3)-related to the vector field

0 0
Ko Ko
20k, Mok,
on R? whose flow is rotation about the K-axis with period 2.
It also follows that the flow of Xio preserves the two circles that are defined

by K1 = Ko = 0. If (F,w) is to be a covering of the orthonormal frame bundle of
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a Riemannian surface (M2, g), then X1 must be periodic of period 2k7 for some
integer k > 0. As already remarked, by the structure equations, the 27-flow of X2,
say W, is a symmetry of the coframing and hence must be the time R > 0 flow of YV
for some unique R € (0,7].

Now, along each of the two circles in F' defined by K; = Ky = 0, one has
Y = a(K)Xi2 # 0. The two points where K1 = Ky = 0 satisfy K = K4 (¢) where
K_(€) <1< K4(e) and $K4(e)* — Ky (e) = €2 — 2. In fact, one finds expansions

Ki(e)=1te— 12+ 26—
and this implies that
a(K+(e)) = 31— Ki(e)?) = Fe— 2+ .

Thus the ratios of X315 to Y on these two circles are not equal or opposite, and
hence Y cannot have the same period on these two circles, which is impossible.
Thus, there cannot be a global solution surface for such a leaf.

5.3. Prescribed curvature equations for Finsler surfaces. For an oriented
Finsler surface (M?, F'), Cartan showed that the ‘tangent indicatrix’ (i.e., the analog
of the unit sphere bundle) ¥ C TM carries a canonical coframing (w1,ws,ws)
generalizing the case of the unit sphere bundle of a Riemannian metric. It satisfies
structure equations

dw1 = —W2 ANW3
(5.1) dwe = —ws Awy — Twa Aws w1 Awa Aws # 0,
dws = —Kwy rwg — J wo Aws

where I have written ws for what would be —wis in the Riemannian case. The
functions I, J, and K are the Finsler structure functions.

One can check that Theorem Ml applies directly to these equations, with V' of
dimension 3 and A C V ® A?(V*) an affine subspace of dimension 3 (and on which
1, J, and K are coordinates). The Cartan characters are s1 = 0, s2 = 2, and s5 = 1.
Thus, the general Finsler surface depends on one function of 3 variables, which is
to be expected, since a Finsler structure on M is locally determined by choosing a
hypersurface in TM (satisfying certain local convexity conditions) to be the tangent
indicatrix ¥ C TM. In fact, if w = (w;) is any coframing on a 3-manifold ¥? that
satisfies (I such that the space M of leaves of the system w; = ws = 0 can
be given the structure of a smooth surface for which the natural projection 7 :
3> — M is a submersion, then ¥ has a natural immersion ¢ : ¥ — T'M defined by
letting ¢(u) = 7' (X1(u)) for u € ¥, where X1 is the vector field on ¥ dual to wy,
and, locally, this defines a Finsler structure on M.

Taking the exterior derivatives of (B.]), one finds that they satisfy identities (the
‘Bianchi identities’ of Finsler geometry)

dI = J wr + Ir wo + I3 ws,
(5.2) dJ = —(Ks+KIDw +Jows +J3ws,
dK = Kiwi +Kows + Kzws.
for seven new functions Is, I3, ..., K3. These are the free derivatives of the structure

theory. As expected from the general theory, the tableau of free derivatives of
the prolonged system, i.e., (5] together with (5.2)), is involutive with characters
s1 =82 =3 and s3 = 1.
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Now, by the structure equations (B.2)), if I = 0, then J = 0 and K3 = 0, so that
the Bianchi identities reduce to

dK:K1W1+KQWQ,

which is simply the Riemannian case. Note that in this case, the tableau of free
derivatives has s; = s = 1 while s3 = 0, corresponding to the fact that Riemannian
surfaces depend locally on one function of 2 variables (up to diffeomorphism).

One can, of course, study other curvature conditions. For example, the Landsberg
surfaces are those for which J = 0. They satisfy structure equations

dI = Owi 4+ lws +Isws,

(53) dK = K1w1 —|—K2W2 —KI(Ug.

The tableau of free derivatives now has s; = s3 = 2 and s3 = 0, so that the general
Landsberg metric depends on 2 functions of 2 variables. (By the way, this is only a
‘microlocal’ description of the solutions; constructing global solutions is much more
difficult. However, it does suffice to show how ‘flexible’ the ‘microlocal’ solutions
are.)

Another common curvature condition is the ‘K-basic’ condition, i.e., when, K,
the Finsler-Gauss curvature, is constant on the fibers of the projection ¥ — M.
This is the condition K35 = 0, so that the structure equations become

dI = J wi + Lhw +I13ws,
(54) dJ = —Klw + Jows + J3ws,
dK = Klwl +K2w2 +0w3.

The tableau of free derivatives now has s; = s3 = 3 and s3 = 0, showing that these
Finsler structures depend on 3 functions of 2 variables.
Even more restrictive are the Finsler metrics with constant K. These satisfy

dI = J wq + Lhw +I13ws,
(55) dJ = —KTw; + Jo wo +J3w3,
dK = 0wy + 0wsq +0ws.

The tableau of free derivatives now has s; = sy = 2 and s3 = 0, showing that
these Finsler structures depend on 2 functions of 2 variables. (For those who know
about characteristics, note that, in this case, a covector & = & w1 + &2 wo + €3 ws is
characteristic for this tableau if and only if & = 0. Thus, the ‘arbitrary functions’
are actually functions on the leaf space of the geodesic flow wy = ws = 0. This
suggests (and, of course, it turns out to be true) that these structures are actually
geometric structures on the space of geodesics in disguise.)

5.4. Ricci-gradient metrics in dimension 3. Here are some sample problems
from Riemannian geometry. In the following, for simplicity of notation, I will
consider only the 3-dimensional case, but the higher dimensional cases are not
much different.

Consider the problem of studying those Riemannian manifolds (M, g) for which
there exists a function f such that Ric(g) = (df)? + H(f) g, where H is a specified
function of one variable. Most metrics g will not have such a ‘Ricci potential’, and
it is not immediately apparent how many such metrics there are.
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The problem can be set up in structure equations as follows: On the orthonormal
frame bundle F® — M?3 of g, one has the usual first structure equations

(56) dwi = —Wij AWy

and the second structure equations (in dimension 3) can be written in the form

dw23 Wi12/AW31 WaAW3

(57) dwszr | = — | wogArwie | — (R — ltr(R) I3 W3AW1
2

dwlz w31 AW23 w1 AW

where R = (R;;) is the symmetric matrix of the Ricci tensor. By hypothesis, there
exists a function f such that

Rij = fifi + H(f)dy
where
(58) df = f1 w1 —|— fQ wo —|— f3 w3 .

The four functions (f, f1, f2, f3) will play the role of the a® in the structure equa-
tions. Since d(df) = 0, there exist functions f;; = f;; such that

(5.9) dfi = —wiz [ + fijw;j -

The symmetry of R implies that the equations d(dw;) = 0 are identities, but, when
one computes d(dw;;) = 0, one finds that these relations can be written as

(2(f11 + fo2 + f33) — H/(f)) df =0.

Thus, either df = 0, in which case f is constant (so that the metric is Einstein), or
else the relation

fi1 + foo + faz3 — %H/(f) =0
must hold. So impose this condition, and rewrite the above equation in the form
(510) dfZ = —wijfj + (bZJ + %H/(f)(sw) Wy .
where the (new) b;; = b;; are subject to the trace condition b1y + bag + bsg = 0.
These b;; will play the role of the b” in the structure equations.

Thus, the problem can be thought of as seeking coframings w = (w;, w;;) and
functions (f, f;) on a 6-manifold F© that satisfy the equations (5.6), (5.7), (5.8),
and (m), where the bij = bji are subject to b11 + b22 + b33 =0.

The tableau of the free derivatives is involutive, with characters s; = 3, so = 2,
and s = 0 for 3 < k < 6. Moreover, the equations d(dw;) = d(dw;;) = d(df) =0
are identities while the equations d(df;) = 0 are satisfiable in the form

dbij = —bikwkj — bkjwkl- + F (3fin' + 3fjwi — 251’;’ kwk) + bijkwk

where F' = %(flz—l—fgz—i—fgz—i—H(f) + %H”(f)) and where b, = bji = bi; and
biix. = 0. Hence, there are 7= s1 + 252 + - - - + 6 sg independent free derivatives of
the b;;, the maximum allowed by the characters of their tableau.

Thus, the hypotheses of Theorem [3] are satisfied. Consequently, when H is an
analytic function, the pairs (g, f) that satisfy Ric(g) = (df)? + H(f) g depend on
2 functions of 2 variables (up to diffeomorphism).

(For those who know about the characteristic variety: A nonzero covector & =
i w; + & wiy is characteristic if and only if &; = 0 and & +&>+&? = 0. Thus,
the real characteristic variety is empty, so the solutions are all real analytic when
H is real analytic.)
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More generally, one can consider the problem of studying those Riemannian
manifolds (M, g) for which there exists a function f such that

(5.11) Ric(g) = a(f) Hessy(f) +b(f) (df)* +c(f) g

where a, b, and ¢ are specified functions of one variable and Hess,(f) = VV f is the
Hessian of f with respect to g, i.e., the quadratic form that is the second covariant
derivative of f with respect to the Levi-Civita connection of g. For example, when
a(f) = =1, b(f) = 0, and ¢(f) = A (a constant), (EII)) is the equation for a
gradient Ricci soliton. For simplicity, in what follows, I will assume that a, b, and
¢ are real-analytic functions.

If a(f) = b(f) = 0, then (BEII) implies that g is an Einstein metric, and so the
only solutions (g, f) are ones for which ¢(f) is a constant. In particular, if ¢/(f)
is not identically vanishing, then the only solutions (g, f) are when g is Einstein
and f is a constant.

If a(f) = 0 and b(f) > 0, one can reduce (G.I1)) to the case b(f) =1 (which was
treated above) by replacing (g, f) by (g, ¢(f)), where ¢/(f)* = b(f). (Meanwhile,
when b(f) < 0, one can reduce to b(f) = —1 by replacing (g, f) by (g, ¢(f)) where
#'(f)? = —b(f). The reader can easily check that the local analysis of this case is
essentially the same as the case a(f) =0 and b(f) = 1, with a few sign changes.)

In the ‘generic’ case, in which a is nonvanishing, one can reduce to the case
b(f) = 0 by replacing (g, f) by (g, ¢(f)) where ¢ is a function that satisfies ¢’ () > 0
and ¢ (z) = (b(x)/a(z))¢’'(x). Hence, I will consider only the case b(f) = 0 in the
remainder of this discussion.

Thus, the equation to be studied is encoded with the same structure equa-
tions (5.0), (B.7), and (E3) but now with the relations

Rij = a(f) fij +c(f) ij »

where a is a nonvanishing function. The equations d(dw;;) = d(df;) = 0 then turn
out to imply the relation

L) () (a(F)elf) () ..
d <a(f)) * (1 * a<f>2) HO+ ==y =0

where L(f) = fii+foa+f3s and H(f) = fi1°4 fo>+ f3?. Taking the exterior deriva-
tive of this relation yields

(a(f)a”(f) —2d/(f)?
a(f)?
At this point, the study of these equations divides into cases, depending on
whether aa” — 2(a’)? vanishes identically or not.
If the function aa” —2(a’)? does not vanish identically, then any pair (g, f) that
satisfies the original equation must also satisfy equations of the form

fi2+ 22+ f3% = h(f)

)dedH(f)zo.

and
Ji1+faa+faz = a(f)I(f)

for functions [ and & of a single variable that satisfy

I(x) + (1 + Z;Sg) W (x) + (2a(x>2((32_c @) _y,
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Upon differentiation, the first of these equations implies

2fijfy =W (f)fi

which, as long as h(f) > 0, gives three equations on the free derivatives f;; = fji.
Moreover, the equation fi1+4 foo+f33 = a(f)I(f) is independent from these three.
This means that there is only a 2-parameter family of possible variation in the f;;.
In fact, the tableau of free derivatives in this case is involutive with s; = 2 and
all s; = 0 for ¢ > 1, so that solutions of this system depend on at most] two
functions of one variable (three if you count the function k). Thus, the pairs (g, f)
that satisfy the above equation are rather rigid.

On the other hand, if aa” — 2(a’)? vanishes identically, then a(f) = 1/(co + c1.f)
for some constants ¢y and c¢1, not both zero.

If ¢; = 0, then, by scaling f, one can reduce to the case a(f) = 1 and the original
equation becomes

Rij = fij +c(f) 6i ,

while the relation above becomes

fi1+ fao + faz + fi? + 22+ 57— c(f) +2C(f) = A,

where C'(f) = ¢(f), and where A is a constant. Adding this relation on the ‘free
derivatives’ f;; yields a tableau of free derivatives that has s; = 3, s = 2 and
sj = 0 for j > 2. Moreover, a short calculation reveals that this relation satisfies
the conditions of Theorem[3] so, up to diffeomorphism, the local general pairs (g, f)
that satisfy a relation of the form Ric(g) = Hess,(f)+c(f)g (for a fixed real-analytic
function ¢(f)) depend on two functions of two variables.

Meanwhile, if ¢; # 0, then by translating and scaling f, one can reduce to
the case a(f) = 1/f, and one gets a similar result, that, up to diffeomorphism,
the local general pairs (g, f) (with, say f > 0) that satisfy a relation of the form
Ric(g) = (Hessy(f))/f +c(f)g (for a fixed real-analytic function c(f)) also depend

on two functions of two variables.

5.5. Riemannian 3-manifolds with constant Ricci eigenvalues. In dimen-
sion 3, a different way of writing the structure equations on the orthonormal frame
bundle FS of (M3, g) is to write them in ‘vector’ form as

(5.12) dn=—-6nrn
and
(5.13) df = —0r0+ (R— Ltx(R)I3) na'n+na'n(R— tr(R)I3)

where 17 = (1;) takes values in R? (thought of as columns of real numbers of height 3)
and 7*g = ‘non, while § = —0 = (0;;) takes values in s0(3), the space of skewsym-
metric 3-by-3 matrices, and R = 'R is the 3-by-3 symmetric matrix that represents
the Ricci curvature, i.e., R = (R;;) and 7*(Ric(g)) = Rij ni o ;-

14The reason for the ‘at most’ is that I have not verified that the torsion is absorbable, so I
cannot claim that this prolonged system is involutive.
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5.5.1. The general metric. Setting V = R3@s0(3) (so that, again, n = 6), then w =
(n,0) is a V-valued coframing, and the above structure equations take the form dw =
—2C(waw), where C takes values in a 6-dimensional affine subspace A C V ®
AZ(V™).

The exterior derivatives of these structure equations then give the compatibility
conditions: One has d(dn) = 0, and, setting p = dR 4+ 0R — R0, one finds

(5.14) d(df) = (p— L tr(p)Iz) ana'n+natna(p— Ltr(p)ls),

so A C V®A?(V*), an affine subspace, is a Jacobi manifold. Inspection shows that
its tableau has characters s = s1 = 0, so = s3 = 3, and s = 0 for k = 4,5,6. Now,
the three 3-forms d(df) place 21 restrictions on the 36 coefficients of S € Hom(V, R®)
in order that the equation p — S(n,0) = 0 should define an integral element. Since
21 = ¢+ ¢1 + o + ¢c3 + ¢4 + cs, it follows that the tableau is involutive, so that A
is an involutive Jacobi manifold.

Thus, Theorem [ yields the expected result that the general metric in dimension
3 modulo diffeomorphism depends on 3 functions of 2 variables and 3 functions of
3 variables. Applying prolongation to the structure equations would yield that the
number of differential invariants of the coframing of order at most k + 1 is

S lk+j—1 k(k+1)(k +5)
Z y Sj = 2 ?
=0~ 7

which is the classically known number of independent derivatives of the curvature
functions R;; of order at most k—1 (as expected, since the R;; themselves are the

first derivatives of the coframing w).

5.5.2. Constant Ricci eigenvalues. More interesting are the proper submanifolds
of A that are involutive Jacobi manifolds. For example, suppose that one wanted
to determine the generality (modulo diffeomorphisms) of the space of metrics whose
Ricci tensor has constant eigenvalues. Thus, one takes the above structure equations
and imposes that

(5.15) R="'PCP =P 'CP,

where C is a constant diagonal matrix with diagonal entries ¢ = (¢1, ¢a, ¢3) where ¢ >
¢z > c3 and P lies in SO(3). Restricting R to take this form in the structure equa-
tions defines a (non-affine) submanifold B, C A C V®A?(V*) that has dimension 3
(and is diffeomorphic to the quotient of SO(3) by its diagonal subgroup) when the
¢; are distinct, dimension 2 (and is diffeomorphic to RP?) when two of the ¢; are
equal, and has dimension 0 (and is a single point) when the ¢; are all equal.

One can write the structure equations in a relatively uniform way by setting
= Pnand 7 = dPP~! — POP~! = 5, for then the above equations can be
written

0= Pd(dO)P~! = (Cr —7C)aqatn+ata(Cr —70)
and the three 3-forms in the skew-symmetric matrix on the righthand side of this
equation are seen to be

=

1= ((es—c1)ma ATl — (c1—c2) T3 A Tl3) AT

Ty = ((c1—ca)ms A T3 — (ca—c3) 1 ATL) ATJ2

=

3= ((c2—c3)m Afl1 — (c3—c1) T2 AT]2) AT
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where m = (m;;) = (€;57mx). Note that the 1-forms 7y, m2, 73 complete the compo-
nents of 6 and 7 to a basis on the frame bundle cross SO(3).

In particular, this formula yields that B, is a Jacobi manifold for any choice
of ¢ = (c1,¢2,c3) and that its tableau has rank 3 when the ¢; are distinct, rank 2
when exactly two of the ¢; are equal, and rank 0 when all of the ¢; are equal.

When all of the ¢; are equal, the tableau is trivial, and so there is a regular flag
(with characters s; = 0) by definition.

5.5.3. Three distinct, constant eigenvalues. When the c; are distinct, one sees that
there is a regular flag for the integral elements described by m; = 0 with charac-
ters s = 3 and s; = 0 otherwise. In fact, a hyperplane in this integral element
fails to be the end of a regular flag if and only if it is described by an equation of
the form & = &1 + &2 + &37j3 = 0 with £162&3 = 0. Consequently, Theorem [
applies, and it follows that, up to diffeomorphism, Riemannian 3-manifolds with
distinct constant eigenvalues of the Ricci tensor depend on 3 arbitrary functions of
2 variables.

5.5.4. Two distinct, constant eigenvalues. However, when exactly two of the ¢; are
equal, there is no regular flag: One easily checks that the codimensions of the
polar spaces of a generic flag for this tableau are ¢y = ¢; = 0, while ¢ = 2
for £ > 2. However, the codimension of the space of integral elements is 9 >
co + ¢1 4 co + c3 + ¢q + c5, as the reader can check. Thus, when two of the ¢; are
equal, the 2-dimensional Jacobi manifold B, is not involutive.

This does not mean that there are not Riemannian metrics for which the Ricci
tensor has two distinct, constant eigenvalues. To check this, though, one must
prolong the structure equations and use Theorem [3linstead of Theorem Hl as follows:

Suppose that Ric(g) = *no Ron has two distinct constant eigenvalues, say ¢; # c2
and cy (of multiplicity 2). This means that there is a circle bundle F* over M3
consisting of the g-orthonormal coframes such that Ric(g) = ¢1 m12 +co (7722 + 7732).
As the reader can check, this implies that the structure equations on F' can be
written in the form
dm = —2a1m2 An3
(5.16) dnz = —mas Amz — (az 2 + (a1+as) ns) Am
' dns = masanz + ((ar—as)n2 + azms) Am

dnoes = cam2 A M3

where a1, as, ag are functions satisfying a1? — a2? — a3z = $¢1 and the relations
da; = 203m2  + 2bgms3

(5.17) dag = —2azmes + (batbi)nz + (bs+b2)ms
daz = 2a2m23 — (bg—b2)nm2 + (ba—b1)m3

for some functions by, bs, bs, and by.
Conversely, suppose that, on a 4-manifold F', one has an augmented coframing

(CL, 77) = (a’17 az,as,n,n2,13, 7732)

that satisfies (5.10), (GI7), and a1?—az?—as? = $c1. Then g = m? + 2% + ns? is
a metric on the 3-dimensional space M of leaves of 171 = 12 = 13 = 0 that satisfies
Ric(g) = c1m? + ¢ (22 + n3?).



34 R. BRYANT

Now, because d(a1? — az? — as?) = 3d(c1) = 0, the b; must satisfy the relations

asb; + azby — (a3+2a1) by + as by =0,
—aszby + asby + as by + (a3—2a1) by =0,

so that there are really only two ‘free derivatives’ among the b;, as these two relations
are independent except when (a1, a2,a3) = (0,0,0) (and this can only happen if
c1 = 0; but when ¢; = 0, I will remove the locus where the a; all vanish from further
consideration).

The reader can check that there exist 1-forms 8; = db; mod {11, 72,73, 723} such
that

asfr + az3f2 — (a3+2a1)fB3 + az B4 =0,
—az3fr + axfB2 + az 3 + (az—2a1) By =0,
and such that the relations
d(da;) = 2B3Am2  + 264 AM3
d(daz) =+ (BatBi)anz + (B3+B2)ans
d(daz) = = (B3—=B2)anz + (Ba—=P1)rns

are identities modulo the above structure equations.

Meanwhile, the tableau of free derivatives is involutive, with s; = 2 and s; =0
for ¢ > 2. Thus, Theorem [ applies, and one sees that the general such metric
depends on 2 functions of 1 variable.

(For those who know about the characteristic variety, one can compute that a
covector is characteristic iff it is of the form & = &2 na + 33 where (&2, &3) satisfy

(a14a3) &° — 2a2 &6 + (a1—a3) &° =0

In particular, the characteristic variety consists of two complex conjugate points
when ¢; > 0, a double point when ¢; = 0, and two real distinct points when
c1 < 0. Consequently, the metrics with ¢; > 0 will be real-analytic in harmonic
coordinates.)

5.6. H-structures with prescribed geometry. This last set of examples are
applications to the geometry of H-structures.

5.6.1. Torsion-free H-structures. Let m be a vector space over R of dimension m,
and let H C GL(m) be a connected Lie subgroup of dimension r with Lie algebra
h Cgl(m) =mem*.

One is interested in determining the generality, modulo diffeomorphism, of the
(local) H-structures that are torsion-free, and, more generally, of torsion-free con-
nections on m-manifolds with holonomy contained in (a conjugate of) H.

Remark 14. When the first prolongation space of h vanishes, i.e., when
h') = (hom") N (m@s*(m*) = (0),

these two questions are essentially the same, since, in this case, an H-structure that
is torsion-free has a unique compatible torsion-free connection, while a torsion-free
connection on M whose holonomy is conjugate to a subgroup K C H defines an
P/N-parameter family of torsion-free H-structures, where P C GL(m) is the group
of elements p € GL(m) such that p~*Kp C H, while N C H is the group of elements
such that p™'Kp = K.
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Now, the geometric objects being studied are the H-structures = : B — M™
endowed with a torsion-free compatible connection. Letting n : TB — m be the
canonical m-valued 1-form on B, the torsion-free compatible connection defines an
h-valued 1-form 6 : TB — b satisfying the first structure equation
(5.18) dn=—-6nan
and having the equivariance R, (6) = Ad(h~1)(6) for all h € H.

One then has the second structure equation

(5.19) df =—60r6+ 3 R(nan)

for a unique curvature function R : B — h@A%(m*).
Conversely, any manifold B endowed with a coframing

w=(n0):TB—-madh=V

satisfying the equations (5.18) and (5.19) for some function R : B — h®@A%(m*)
is locally diffeomorphic to the canonical coframing constructed above from the
data of an H-structure on a manifold M endowed with a compatible, torsion-free
connection.

Now, because d(dn) = 0, the function R satisfies the first Bianchi identity,

0=d(dn) = —doan+0rdyp=—(d0+0r0)rn=—3 R(nan)an=0.
Le., R takes values in the kernel Ko(h) C h ®A?(m*) of the natural map
hoA*(m*) C me@m* @A%(m*) - mA>(m*).

(This is the algebraic content of the first Bianchi identity.)

In particular, the combined structure equations (5.18) and (5.19) define a system
of equations for the coframing w = (7, 0) taking values in V = m @ § for which the
structure function is required to take values in an affine space Ay C V @ A?(V*)
that is modeled on the linear subspace Ko(h) C h®@A2(m*) C V @ A2(V*).

Differentiating (5.19) yields, after some algebra, the second Bianchi identity

0 = d(d6) = L(dR + p(O)R) (y 1),
where pg : H — GL(Ko(b)) is the induced representation of H on Ko(h), and p} :
h— g[(Ko(f))) is the induced map on Lie algebras. This means that
dR = —p(6)R + R'(n),

where R’ : B — Ky(h) @ m* takes values in the kernel K7(h) C Ko(h) ® m* of the
natural linear mapping defined by skew-symmetrization

Ko(h) @m* C hoA?(m*) @ m* — h A3 (m*).

This is the algebraic content of the second Bianchi identity.

In particular, Ay is a Jacobi manifold, and it is natural to ask when it is in-
volutive, which is a condition on the Lie algebra h C gl(m). In fact, the test for
involutivity is quite simple in this case: One computes the characters s; of Ky(h)
considered as a tableau in h ®A?(m*). Then Cartan’s Bound implies that

dim Ki(h) <s1+2s3+ - +msm,

with equality if and only if Ky(h) and (consequently) Ay are involutive. Thus, this
is a purely algebraic calculation.
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FEzample 4 (Riemannian metrics). In the case that H = SO(m), the structure
equations take the familiar form

dn; = =05 An;

with 91'3‘ = —Hji satisfying

d0;; = =01 A Okj + 3 Rijra i A7
where the components of the Riemann curvature function R;j;j; satisfy the famil-
iar relations R;ji; = —Rjiy = —Rijie and Riji + Rikyy + Rijr = 0. For the
tableau K (50(m)), the character s, when 1 < p < m is the number of indepen-
dent quantities R;;x, subject to the above relations that have 1 < k < p, which one
finds to be

sp=3m(p—1)(m—p+1).
(Of course, s, = 0 for m < p < 3m(m+1).) As expected,
$1+ -+ 8m = m*(m*—1) = dim Ko (s0(m))
and one also finds
$1+282 4+ +msy = 5m?(m*—1)(m+2) = dim K1 (so(m)),

as this latter number is the number of independent R that show up in the

ijklq
formulae for the derivatives of the R;jx;:
dRijri = —Ryjribqi — Rigribej — RijarOqk — RijrqOar + Rijrig Ma »

which are subject to the classical second Bianchi identity R}, + R0+ R0 = 0.

Thus, as expected, Agq(,) is involutive, and the Riemannian metrics in dimen-
sion m (up to diffeomorphism) depend on s,, = $m(m—1) functions of m variables.
The above characters then determine the number of independent covariant deriva-

tives of the curvature functions to any given order of differentiation.

Ezample 5 (Ricci-flat K&hler surfaces). When H = SU(2) C GL(4,R), one is, in
effect, considering Riemannian 4-manifolds with holonomy contained in SU(2). In
this case, one finds that dim K(h) = 5 and that the representation py of SU(2) is
irreducible. Indeed, one finds that the structure equations take the form

dno 0 0 Oy 03 o

d?’]1 _ —91 0 —93 92 A m

d772 - —92 93 0 —91 2

dns —-03 -0 01 O n3

and

do, 202103 Ry Ria R AL — T2AT)3
dfy | =— (2603701 | + | Ro1 Roa Ros oAz — N3Am |
dos 201102 R31 Rsz Rsz) \7norns — miane

where R;; = Rj; and Ri1 + Rz + R33 = 0.

It has already been shown that this defines a Jacobi manifold in V ® A%(V*)
where V = R* @ su(2) ~ R7, and its involutivity follows by inspection, since the
characters are visibly so = 3, s3 = 2, and s = 0 all other k, and since the dimension
of K1(h) is easily computed to be 12 = 259 + 3s3.
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Thus, Theorem M applies and justifies Cartan’s famous assertion that metrics in
dimension 4 with holonomy SU(2) depend on s3 = 2 arbitrary functions of three
variables up to diffeomorphism

Ezample 6 (Segre structures of dimension 2m). One can also apply these theorems
to the study of ‘higher order’ H-structures, i.e., structures for which there is no
canonical connection until after a prolongation has been performed.

Consider the generality of torsion-free GL(2, R)- GL(m, R)-structures on R*™. In
this discussion, I'm going to assume that m > 2, since the case m = 2 is equivalent
to conformal structures of type (2,2) on R*, which (as I'll point out below) turns
out to have a different set of structure equations.

If F — U C R* is a torsion-free GL(2,R)- GL(m, R)-structure on U C R?*™,
then there is a prolongation of F' to a second-order structure F(1), with structure
group a semi-direct product of GL(2,R)- GL(m, R) with R?™, on which there exists
a Cartan connection 6§ with values in SL(m+2,R), say

(1 %)
Wi 9%

where the index ranges are understood to be 1 < i,j,k <2 and 1 < o, 3,7 < m,
and the forms that are entries of @ satisfy the single trace relation ¢! + ¢& = 0
but are otherwise linearly independent. These components are required to satisfy
structure equations of the forrr&

dwj = —qﬁgAwf —w Aib;
A = i A — s nw]
dgf = =95 A gh — wi Amh + Fghswi nwd
dnly = =i Al — 1l A 0 + Glays w] Awd
dFg s = —Fs 02 + Fo5 85 + Fies 6 + Fg 65 + REl 50w
AGyy5 = =Glyys V5 + Gl O + Gles 05 + Gl 05 — Ffiys s + Q5 -
The functions F', G, R, and @ must satisfy the relations
Fgs = Fyss = Fsy Fors =0,
Gino = Gips = Gy
as well as the relations

i i 1 @ i @ i e Wai o Wai
Ry 5 = Payse + i3 (5ﬁ “oe T 05 Gise + 05 Gy e — (MA+2)6¢ Gﬁ'yé) )

1547 0q espaces de Riemann précédents dépendent de deux fonctions arbitraires de trois
arguments...” ([6], pp. 55-56). As far as I know, Cartan never gave any justification for this
assertion, which is the earliest case I know of in which an irreducible holonomy group is discussed,
other than the case of symmetric spaces. It seems highly likely to me, though, that he was already,
at that time (1926), aware of some version of Theorem [4

16Here is where the assumption that m > 2 is important. The correct structure equations
for m = 2 have nontrivial curvature terms in the structure equations for dz/z;-, as the reader can
easily check. In fact, for m = 2, the structure equations as I have written them are the structure
equations for the so-called ‘half-flat’ conformal structures of type (2,2), i.e., the ones for which
the self-dual part of the Weyl curvature vanishes.
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where Pgs is fully symmetric in its lower indices and satisfies PS4 5 = 0. Finally,

Qfgw sc must be fully symmetric in its lower indices.

Note that, in the application of Theorem 4] the 1-forms play the role of the
w', the independent coefficients in F' and G play the role of coordinates on the
appropriate Jacobi manifold A, while the independent coefficients in P and @ play
the role of coordinates on A1),

While the number n is actually (m+2)? —1 = m?+4m+3, it’s also clear from the
structure equations that only the w* are effectively involved in the computation of
the characters (since it is only these terms that appear with non-constant coefficients
in the structure equations). Thus (modulo what should be thought of as ‘Cauchy
characteristics’), the ‘effective dimension’ is n = 2m.

As the reader can check, the formal d2 = 0 conditions needed for Theorem @ are
satisfied. Using the symmetries of the coefficients, the dimensions

dim A = (m+2) (m;2) - (m;1> - ém(m+1)(m2+4m+1)

and

2 1
dim AY) = (2m+4) (mi—3) - 2(”‘;r > = o5 m(m+1)(m+2)(m>+5m-+2)
are easily computed.

It remains to compute the characters, which turn out to be
sk = (k=1)(m* — (k—4)m — 2k + 3)

for 1 < k < m+1 and s = 0 for kK > m~+1. Thus, A is an involutive Jacobi
manifold.

In particular, up to diffeomorphism, the general such torsion-free structure de-
pends on s,,11 = m(m+1) functions of m+1 variables, and there exists such a
structure taking any given desired curvature value.

Remark 15 (Torsion-free H-structures). For many other examples of this kind,
examining the generality up to diffeomorphism of local torsion-free H-structures
for various groups H C GL(m,R), the reader might consult [2] and [3]. Essentially
all questions about the existence and generality of local torsion-free structures of
this kind can be resolved by an application of Theorem [4]

5.6.2. Other prescribed curvature conditions. Sometimes one wants to consider a
proper submanifold of Ay in order to investigate H-structures with some extra
condition on the curvature that captures some geometric property.

Ezample 7 (Einstein-Weyl structures). Consider Cartan’s analysis [8] of the so-
called Finstein-Weyl structures on 3-manifolds. These are CO(3)-structures on
3-manifolds endowed with a compatible torsion-free connection whose curvature
function takes values in a certain 4-dimensional submanifold W C A, (3).

Here are their structure equations as Cartan writes them (with a very slight
change in notation):

d771 0o 03 —0, T
dng | =— =03 6o O] A |m
dns b —61 b 73



NOTES ON EDS 39

and
dby 0 2H, 2H, 2H;
d91 92/\93 HO Hg —HQ 2113
d92 - 93/\91 —H3 HO Hl 31 ’
d93 91/\92 H2 —H1 HO AT

where the functions Hy, Hy, Hs, and H3 are coordinates on W. This is a set of
structure equations of the type to which Theorem ] might apply, where the affine
subspace W C V@ A?(V*) has dimension 4 and where V = R3@R®s0(3) ~ R7. It
is easy to verify that W is a Jacobi manifold and is involutive with so = 4 and all
other s = 0. Thus, Theorem [ applies, and one recovers Cartan’s result that the
general Einstein-Weyl space depends on four arbitrary functions of two variables.

When Ay is not involutive, one can ask whether its prolongation, which is got
by adjoining the equation
(5.20) dR = —py(0)R + R'(n)

to the pair (B.18) and (5.I19), is involutive, where R’ takes values in the sub-
space K1(h) C Ko(h) ® m* that is the kernel of the natural mapping

Ko(h) @ m* C hoA?*(m*) @ m* — h @A (m*).

The combined system of equations (B.I8), (BI9), and (E20) is of the type that
Theorem Bl was intended to treat, with R playing the role of the a® and R’ playing
the role of the b°.

It may be necessary to repeat this prolongation process several times in order to
arrive at a system of structure equations to which Theorem [3] can be applied.

Ezample 8 (Bochner-Kéhler metrics). An interesting example is when m = C"
and H = U(n) C GL(m). In this case, one finds that Ky(h) is decomposable as a
U(n)-module into three irreducible summands,

Ko(h) = 5(b) & Rico(h) & B(b),

where S(h) ~ R corresponds to the space of curvature tensors of Kdhler mani-
folds with constant holomorphic sectional curvature, Rico(h) corresponds to the
space of traceless Ricci curvatures of Kéhler metrics, and B(h), known as the space
of Bochner curvatures, corresponds to the space of curvature tensors of Ricci-flat
Kéahler manifolds. A Ké&hler metric is said to be Bochner-Kdhler if the B(h)-
component of its curvature tensor vanishes, i.e., if its curvature tensor takes values
in S(h) @ Rico(h).

Thus, the Bochner-Kéhler condition defines a Jacobi manifold A C Ky(h) that
turns out not to be involutive. However, after a succession of applications of the
prolongation process (in fact, three prolongations), one arrives at a set of structure
equations that has no free derivatives but satisfies the hypotheses of Theorem [2]
thus showing that germs of Bochner-K&hler metrics depend on a finite number of
constants. For details, see [4].

REFERENCES

(1] R. Bryant, et al, Exterior Differential Systems, Springer-Verlag, 1991.

[2] R. Bryant, Classical, exceptional, and exotic holonomies: a status report, in Actes de la Table
Ronde de Géométrie Différentielle (Luminy, 1992), Sémin. Congr., 1 (1996), pp. 93-165, Soc.
Math. France, Paris. 3§



40 R. BRYANT

(3] , Recent advances in the theory of holonomy, Astérisque, 266 (2000), 351-374 (Exposé
No. 861).

[4] , Bochner-Kdhler metrics, Journal of the AMS, 14 (2001), 623-715.

[5] E. Cartan, Sur la structure des groupes infinis de transformations, Ann. Ec. Norm. 21 (1904),
153-206. (Especially, see paragraphs 19-25.) [I0} [T

[6] , Le géométrie des espaces de Riemann, Mém. Sci. Math. IX (1925), Gauthier-Villars,

Paris. [37]

(7] , Les problémes d’équivalence, (BEuvres Completes, Partie II, Volume 2, 1311-1334.
(Especially, see 1317-1321.) 11

8] , Sur une classe d’espaces de Weyl, Ann. Ec. Norm. 60 (1943), 1-16.

[9]

, Les Systémes Différentiels Extérieurs et leurs Applications Géométriques, Paris,
Hermann, 1945. 23]

[10] E. Kahler, FEinfirung in die Theorie der Systeme von Differentialgleichungen, Hamburger
Math. Einzelschriften 16 (1934).

[11] M. Kuranishi, On E. Cartan’s prolongation theorem of exterior differential systems, Amer.
J. Math. 79 (1957), 1-47. 21 23]

, Lectures on involutive systems of partial differential equations, Sociedade de

Matematica de Sao Paulo, 1967, 75 pages. 21l

12]

DUKE UNIVERSITY MATHEMATICS DEPARTMENT, PO Box 90320, DurHAM, NC 27708-0320
Email address: bryant@math.duke.edu
URL: http://wuw.math.duke.edu/~bryant


mailto:bryant@math.duke.edu
http://www.math.duke.edu/~bryant

	1. Introduction
	1.1. Differential ideals
	1.2. Integral manifolds and elements
	1.3. Polar spaces
	1.4. Cartan's Bound and characters

	2. Cartan-Kähler Theory
	2.1. A form of the Cartan-Kähler Theorem
	2.2. Involutive tableau
	2.3. Linearization at an ordinary integral element
	2.4. Higher tableau

	3. First Examples and Applications
	3.1. A generalization of Lie's Third Theorem
	3.2. Variants of Cartan's Theorem

	4. Ordinary prolongation
	4.1. The tableau of an ordinary element
	4.2. The ordinary prolongation of I
	4.3. The higher prolongations
	4.4. Prolonging Cartan structure equations
	4.5. Non-ordinary prolongation and the Cartan-Kuranishi Theorem

	5. Some applications
	5.1. Surface metrics with |K|2=1
	5.2. Surface metrics of Hessian type
	5.3. Prescribed curvature equations for Finsler surfaces
	5.4. Ricci-gradient metrics in dimension 3
	5.5. Riemannian 3-manifolds with constant Ricci eigenvalues
	5.6. H-structures with prescribed geometry

	References

