§A. The equation dw = F(w).

Let M3 be a smooth 3-manifold and let F: AY(T*M) — A?(T*M) be a smooth fiber-preserving map (
F is not assumed to be linear). I want to consider the differential equation dw = F(w) for a 1-form w on
M?3. Since A! and A? have the same rank, this is a determined first-order system of equations for w.

However, even though this is a determined system, it is easy to see that there exist maps F' for which no
solution w exists. A simple example is got by letting F be constant on each fiber with F(T7%) = ¢,, € A*(T},)
for each m € M. Then the equation to be solved becomes dw = ¢, which has no solutions (even locally) if
dp # 0. This example is not typical. The discussion which follows will show that, for a “generic” F' (at least
in the real-analytic category), the equation dw = F(w) does possess local solutions. Presumably, this is also
true in the smooth category once the notion of “generic” has been made sufficiently precise.

To local coordinates z', 2%, 23 on U C M, there are associated canonical coordinates p1, p2, p3 on T*U

so that p;(w) is the dx’ component of w for 1 < i < 3. Then Fy:T*U — A%(T*U) can be written in the
form
F(prdz' + poda® + psda®) = FY(x, p) da® rda® + F?(x, p) da® nda' 4+ F>(x, p) dz' A da?,

where the F are smooth functions of {z%, p;}1<; j<3. The equation to be solved may now regarded as an
equation for the p; as functions of the z* and written in the form

dpi ndxt + dps ndx® + dps adx® = FYda? nda® + F? da® adxt + F3 dat A da®.
Now, if w = p; da' satisfies dw = F(w), then d(F(w)) = d(dw) = 0 or, more explicitly,
dFY adx? ndx® + dF? A da® adat + dF3 adxt ada? = 0.

The vanishing of this latter 3-form represents yet a fourth first-order equation which the p; must satisfy. This
extra equations arises because, as a differential operator, the exterior derivative d: Q' — Q2 is degenerate.
Its symbol o¢(d): A' — A? is given by o¢(d)(n) = £an and hence is never injective for any £ € T*. (In other
words, every co-direction is characteristic.)

Of course, one can write the above four equations in the form of PDE:

Op;  Op;

_ _ _pk
oxd Ozt F(@,p)
OF' op; OF'
> Gy Pt =~ @)

where, in the first three equations, (i, 7, k) is an even permutation of (1,2, 3). Let
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Then the reader can easily check that a co-vector & = &;dx’ is characteristic at (x,p) for this system of four
equations (in the classical PDE sense of “characteristic”) if and only if Q" (z,p)§:&; = 0.

The quadratic form Q% has an intrinsic formulation which will be important in later discussions, so I
will describe it here. Let X6 = T*M and let m: X — M denote the projection. For a € X, with 7(a) = m
(i-e., € T;;, M ), there is a canonical isomorphism of ker (7’(a)) (i.e., the “vertical tangent space at o ”) with
T M. Since F maps T, to A2(T)) ~ T,, @ A3(T,), the differential of F at « restricts to ker(r/(a) ~ T to

m m m
give a well-defined map Dp(a): T, — A*(T%) ~T,, ® A3(T}). By transpose, one may regard Dr(a) as an

m m m

element of T, @ T,, @ A3(T}%). Since there is a canonical decomposition T}, @ Ty, =~ S%(T,,,) ® A%(T5,,), DF ()
splits into the sum of an element Q (o) in S?(T;,)@A3(T%) and an element Ap () in A?(T,,)QA3(T) ~ Tr,.
In local coordinates, writing a = p; dx?, there are the explicit expressions

- 0 o
Qr(z,p)=QY(z,p) 55055 @ da' ndaz? A da?
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where the latter expression is to be summed over the even permutations (4, j, k) of (1,2,3). Thus, QF is a
section of S?(L*) ® A3(L) and Ap is a section of L = 7*(T*M).

Theorem 1: Suppose that F' is real-analytic in some local coordinate system containing o € X = T*M
and suppose that Qp(a) # 0. Then on a neighborhood U of m = ©(«a), there exists w € Q'(U) satisfying
wm = a and dw = F(w) on U.

Proor: 1 will first construct an appropriate differential system on X. It is easy to see that there exists a
unique 2-form © on X which is given, in local canonical coordinates (z*,p;), by the formula

© =Y dp;nda’ — (F* da® nda® + F? dz® p da’ + F* dx' pda?)

7

(When F =0, then O is just the canonical symplectic form on X = T*M.) In these coordinates,
dO = —(dF* ndx? nda® + dF? ada® A dat + dF? adxt A da?).
If w is any 1-form on M regarded as a section of X — M, then © has the “reproducing” property

w*(0) =dw — F(w)
w*(dO) = —d(F(w)).

Let Z be the differential system on X generated by {0, dO}. The (local) solutions of dw = F(w) are exactly
the (local) sections w: U — Xy which are integrals of Z, i.e., which satisfy w*(Z) = 0.

Let L C T*X be the bundle of m-semi-basic 1-forms. In local (z,p)-coordinates, L is spanned by
{dz" | i =1,2,3}. The pair (Z, L) is in linear form since

Jag .
de = ZZ gpom ndad adx® + Bz, p) dat nda® A da®

m m

where the outer sum is over the even permutations of (1,2,3) and E = Y, 0F"/dxz'. Using the definitions of
Q% and A, given above, a little index juggling gives

A0 =" " Q™ dpy rda ndz"® — (Ap) O + E da’ nda® nda

m

where E = E — Y, AxF* is a function of (z,p). Thus, Z is generated by the forms {0, d© + (Ar)AO}
which in local coordinates, take the forms

@:dewdx’f—zwdxmdxk
k

A0 + (Ap) A =3 > Q" dpy nda? nda® — E da' nda® nda®,

m

Now consider o € X = T*M. Since Qr(a) # 0, it follows that there exists a form ¢ = ¢; da’ € T:(Q)N,
so that QY (xo,po)&i&; # 0 where o = (zg,po) in the canonmical coordinates. One can even choose the
coordinates z° so that ¢ = dx3. Using the generators, © and d© + (Ar)AO, one can compute the reduced
polar equations for the following reduced flag:



Reduced Flag Definition Reduced Polar Equations

del =dz? =dz® =0 ?
drz? =dz? =0 dp1 =0
da3 =0 dp1 = dps = dps =0

Thus, the Cartan characters of this flag are s; = 0, 8§ = 1, s = 2, and s5 = 0. On the other hand,
an admissible element at « is given by relations dp; = (s;; + a;;)dz? where s;; = sj; and a;; = —a;;. The
condition that © vanish when dp; is replaced by (s;; + ai;)dx? is just the condition that a;; = F*(a) for
(4,7, k) any even permutation of (1,2,3). The condition that d© + (Ar)A© vanish under this substitution is
that Zim Q" (a)sim = —E(a).

Thus, there are 4 independent equations for the 9 unknowns {s;;,a;;}. It follows that the space of
integral elements of Z at o has dimension 5 = s} + 2s) + 3s5.

By Cartan’s Test, the system is therefore involutive on a neighborhood of a. Then, by the Cartan-Kéahler
theorem and the assumption that F' is real-analytic near « it follows that there is a real-analytic integral
manifold N3 C X of (Z, L) passing through . Clearly, on an open neighborhood of «a, such an N3 is the
graph of a section w: U — X where m = 7(«) € U and w,;, = . But now, by construction, dw = F(w). O

Several points of this proof bear comment. The proof actually shows that (Z, L) is involutive on the
open set in X where Qp # 0. Moreover, in the analytic category, the proof shows that the local analytic
solutions of dw = F(w) “depend on 2 analytic functions of 2 variables” as long as Qp # 0 (see the Appendix
concerning this terminology). Finally, straightforward computation shows that, on the open set Q # 0, the
characteristic variety of (Z, L), say, = C P(L) is given by

E = {(a, [&dz"]) | Q7 ()&, = 0}
and hence is a non-trivial conic at each point.

Degenerate Cases. In order to treat the extremely degenerate case where QQr vanishes identically, it
is first helpful to know the structure of such F'.

Proposition 1: Suppose that F is such that Qr = 0 on X. Then F can be written in the form F(n) =
ann + 3 for some a € QY (M) and 3 € Q*(M).

PROOF: In a canonical local coordinate system, the hypothesis that @ = 0 becomes

OF  OF
Op; opi

This implies that the expression BY“* = 92F*/9p;0py, is skew-symmetric in i and j and symmetric in j and k.
By the usual permutation trick, this implies B* = 0. Thus, F* is affine linear in the p-variables and the
jacobian matrix of OF /Jp is skew-symmetric. In turn, this gives

F! 0 a® —a? 1 bt
F2l=|-a* o0 a' p2 | + | b
F3 a> —a' 0 D3 b3

for some functions a;(z), b*(z). Setting

a = a;dzt
B = bt da? ndx® + b? dzd Adzt + b3 dat A da?

yields F(n) = aan+ f, as desired. O



Relation with Jacobowitz’s Results. This is a good place to remark on Jacobowitz’ paper [J] on
the equation dw = F'(w). Jacobowitz proves local solvability of this equation when F satisfies his condition
(%) (see [J], pg. 362). It is easy to see that Jacobowitz’ condition ( * ) in the present case of F: Al — AZ
on a 3-manifold M is equivalent to the condition that F be of the form F(n) = arn + 8, where « and 3
satisfy da = 0 and df§ = anf.

This particular case of Jacobowitz’ solvability result can be derived more simply than as in [J]. Here
is how. First, apply the Poincaré Lemma to write o = da for some local a € C*°(U). Next, notice that
d(e*f3) = 0 so that, by the Poincaré Lemma, 3 = e®di for some local 1-form ¢. The equation dw = F(w)
is now written in the form

dw =darw + e*dip

or equivalently
d(e™w) = di.
Thus the solutions are locally of the form w = e®(¢) + df) where f is an arbitrary smooth function.
On the other hand, if dao = 0 but dfS # anf, then dw = aaw + § has no solution, as can be seen by

computing the exterior derivative of this equation.

The remaining case when @ = 0 is covered by the following proposition.

Proposition 2: If o € QY(M) satisfies da # 0 and 3 is any 2-form on M, then the equation dw = arw + 3
is locally solvable.

PROOF: Choose local coordinates so that da = da'adz®. Then a = 3(2'da? — 2? dat) + df for some
function f. If dw = asw + B, then d(e 7w) = (a — df)a(e 7w) + e~/ 3 and conversely. Thus, it suffices to
prove local solvability when o = 1 (2! dz? — 22 dz).

Write w = p; dz’. If w satisfies dw = arw + 3, then

0=danrw—anrf+ds
=dr' rdz? rw + (dB — anp).

It follows that —ps dz'adz?adz® = dB — anf, so ps is determined in terms of o and 3. Writing n =
p1 dat + ps dz?, the equation dw = asrw + 3 is equivalent to

dn=arn+ (3 —dpsrdz® + anpsdz®).

Set B = B—dpsrdz®+anps dz>. From the relation d3—anB+ps dz'adz?adz® = 0, one computes that d(ﬁ) =
anf. Now, it is easy to see that there are functions b, g1, and gz, so that 8 = bdz!ada? + d(q1 dzt + g2 dz?).
Setting n = p + (q1 dz! + g2 dz?), the above equation is expressed as

dp=anp+ (B —d(q1 dz* + go da®) + an (qdot + g2 de))

or, more compactly,
dp=anrp+ Bdz' adz?

where B = b — %(xl @1 + 2% q2). Now, d(bdx'dx?) = 0 results from the equation d3 = arB. Thus B is a
function of {x!, 2?}. Writing p = r1 do! + ro d2?, one sees that p satisfies this last equation if and only if rq
and ry are functions of {x!, 2%} satisfying the equation

or or 1
L n et )+ B2,

This last equation is obviously solvable locally (one can even specify one of 71 or ro arbitrarily). Tracing
such a solution p back through all of the changes of notation produces a local solution of dw = arw + 8. U
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Return to the General Case. Note that the proof of Proposition 2 requires only ordinary differential
equation theory. Upon seeing this, it is natural to wonder if the more general case where Qr # 0 can
somehow be reduced to ordinary differential equations. As an indication that this is not so, consider the case
where M? = R® endowed with its standard metric and orientation and where F(a) = *a. Any solution of
the equation dw = *w satisfies d(*w) = 0 and hence Aw = (*d)?w = w. Thus w = p; dx’ where Ap; = p; for
1 <4 < 3. In particular, w is real-analytic. Ordinary differential equation methods never give such regularity
unless the solutions depend only on constants.

Remarks on the Smooth Theory. To prove solvability of dw = F(w) in the smooth category, it
seems to be necessary to make stronger non-degeneracy assumptions than just that @ should not vanish.
Recalling that Q () is naturally an element of S?(T;,) @ A3(T%) for a € T)¥, M, one says that « is F-elliptic
if the quadratic form Qp(«) is definite and that « is F-hyperbolic if the quadratic form Qr(a) is non-
degenerate but not definite. (Note that Qr(«) is a quadratic form on T, with values in the 1-dimensional

vector space A3(T%). Since the isomorphism A3(T7%) ~ R is not canonical, one cannot distinguish “positive”

definite from “negative” definite nor can one distinguish “type (1,2)” from “type (2,1)” in the hyperbolic
case.) If « is neither F-elliptic nor F-hyperbolic, « is said to be F-degenerate.

Here is a sketch of the proof of local solvability of dw = F(w) when F has non-degenerate points:
Imitating an idea of DeTurck’s, replace the given pair of overdetermined equations, dw = F(w) and dF (w) =
0, by an underdetermined system as follows: Write w = 1 + df where 7 is a 1-form and f is a function. The
equation dw = F'(w) then becomes the equation dn = F(n + df). This latter equation represents a system
of 3 first-order equations for the 4 unknowns consisting of f and the three coefficients of 7. It is easy to see
that if o« € T)% M is F-elliptic (resp. F-hyperbolic), then the linearization of the equation dnp— F(n+df) =0
at a pair (1o, fo) satisfying (no + dfo)|m = a is an underdetermined elliptic (resp. hyperbolic) system on a
neighborhood of m € M.

Now, it is well known that underdetermined elliptic or hyperbolic systems have solutions if they have
“infinitesimal” solutions (for the elliptic case, for example, see [D], Theorem 2.3). However, in order to
produce a solution of dw = F(w) with w,, = «, one must produce a solution of dn = F(n+df) which satisfies
the first-order condition (7 + df),, = «. Since the partial differential equations to be solved are themselves
of first-order, this requires some care.

The reader may recall that the usual theorems in the literature for first-order systems merely state that
one can specify the value (i.e., the “O-jet”) of the solution at a point and say nothing about how much of
the 71-jet” of a solution one can specify at a point. For example, compare Theorem 45 in the Appendix
“Sobolev Spaces and Elliptic Operators” of [Be]. However, in a private communication, Michael Taylor has
shown me a proof that one can specify the 1-jet of a solution to a first-order elliptic or hyperbolic system
arbitrarily subject only to the condition that the 1-jet actually satisfy the equation.

It follows from this (quite) general result that the equation dn = F(n + df) does indeed have a solution
with (1 + df).m = o whenever « is either F-elliptic or F-hyperbolic.

It is worth remarking that, in the smooth category, the local solvability of dw = F(w) near an F-
degenerate a for which Qr(a) # 0 remains open and may very well fail.

I close this section with the following regularity result:

Theorem 2: If F: A'(M) — A%(M) is smooth (resp.real-analytic) and w is a local C* solution of dw = F(w)
so that wy, is F-elliptic for all m in the domain of w, then w is smooth (resp. real-analytic).

PROOF: In either case, w is a solution of the overdetermined first-order system

dw = F(w)
dF(w) =0.

The linearization of this system at w is elliptic, so the stated regularity follows (for example, see the above-
mentioned Appendix in [Be]).



¢B. Symmetrization of Connections on 7M.

In this section, I will assume M? to be oriented. (Since the results are usually local, the reader may
suppose M3 to be RB.) The problem to be considered in this section is the following one: Given a connection
V on T'M, when does there exist a bundle automorphism L: TM — TM so that the pull-back connection
V£ is symmetric? Recall that for any connection V on T'M, the torsion of V is the map Ty: A2(TM) — TM
which, on vector fields X and Y on M, is defined by

Ty(X,Y)=VxY —VyX —[X,Y].

The connection V is said to be symmetric if Ty = 0. It is easy to verify that the condition Tgr = 0 is a set
of first-order equations for L. In fact, as will be seen, this is 9 equations for 9 unknowns.

To simplify the ensuing computations, it seems best to reformulate the given problem slightly. Let
M x R? denote the trivial bundle over M. Since M is orientable, it is well-known that TM is trivial. A
trivialization 7: TM — M x R® may simply be regarded as an R*-valued 1-form with all three components
independent, i.e.,

where n'An?an® # 0. There is no canonical trivialization, but given any particular trivialization w:TM —
M x R?, any other can be got in the form 7 = hw where h: M — GL(3) is a smooth map.

A connection on M x R? is simply given by a 3-by-3 matrix of 1-forms o on M. According to the
structure equations of E. Cartan, n: TM — M x R? pulls a back to be a symmetric connection on T'M if
and only if n satisfies

(1) dn+aarn=0.

Obviously, the original problem is equivalent to the problem of determining when (1) has solutions 5 for
a given o. The advantage of working with connections on the canonical trivial bundle M x R? is mainly
computational: Many computations can be done via matrix multiplications and exterior differentiation rather
than in the relatively clumsy covariant derivative notation. It is possible to retain an intrinsic approach and
still get the computational advantages of exterior forms by passing to the frame bundle of M, but the extra
abstraction then required is not easily justified.

The gauge group of M x R? is now identified with the space of smooth maps g: M — GL(3). Such a g
acts on a connection a by the usual formula a9 = g~ 'dg + g 'a g and g acts on the trivialization 7 by the
rule n? = g~ 'n. Of course, equation (1) is invariant under gauge transformations since

dn’ + a9 nn? =g~ H(dn+ann).

Thus, the “connection symmetrizing” problem has a built-in invariance under the gauge group. A simple
count shows that (1) is 9 first order equations for the 9 unknown coefficients of the components of 7.
Nevertheless, (1) cannot be put in Cauchy-Kowalewski form. It is easy to see why: Differentiating (1) yields

(2) (da+anra)an=0.

Let ® = da + asa denote the curvature of . Then (2) is a set of algebraic equations for 7 which are non-
trivial if ® # 0. No system in Cauchy-Kowalewski form will yield algebraic equations for its unknowns by
differentiation operations.

If ® = 0, then the equation for 7 is obviously locally solvable, so I will henceforth consider only the
more interesting cases where ® # 0.



Equation (2) shows how to construct examples a for which (1) has no local solutions. For example,
on M =R3, let a be defined by
22 da?
a= | 2®dxt
xlda?

o O O
o O O

Then
dz?adz3 0 0
b=datanra= (1 — 2223)da3 rdz? 0 0
dz'adz? + 2'2? dz’adz® 0 0

Clearly, any n with ®An = 0 must have n' = 0. Thus, in order to insure solvability of (1), one must assume
something about ®.

Definition 1: A connection « is said to have non-degenerate curvature at m € M if there exist £ € T*M
and a basis eg, ea, e3 € T, M so that the matrix (®,,A)(e1, €2, €3) is invertible.

To see what this means more explicitly, let w be a fixed trivialization of TM and write
O =Fr? A+ F2udaw! + F3ut aw?

where now, F*: M — {3-by-3 matrices} is smooth. Then « has non-degenerate curvature at m iff there exists
E=¢&wi €Tr sothat |
det (& F" (m)) # 0.
Define |
2= {(m,[¢])| det(&F'(m)) =0} C P(T*M).

It will be seen that this is the characteristic variety of the system of PDE to be solved, at least in the
non-degenerate case.

(Similarly, one could define the complex characteristic variety = C ]P(T*M ®(C) by letting the &; be complex
in the above definition.) Thus, a has non- degenerate curvature at m if 2, is a proper subvariety of ]P’(T*M )
It is easy to see that non-degeneracy of ® holds on an open set in M and that, if ® is non-degenerate at m,
then ®,,An, = 0 does not imply any linear relation among the components of 7,,. Thus, counter-examples
to solvability in the non-degenerate case will be harder to construct. In fact, Theorem 1 asserts that in the
analytic category, non-degeneracy is a sufficient condition for solvability.

Theorem 1: Suppose that « has non-degenerate curvature at mg € M and is real analytic on a neighborhood
of mg. Then there exists a real-analytic local trivialization n of TM on a neighborhood of my so that
dn + arn = 0.

PrROOF: Fix an analytic local trivialization w on a neighborhood U of mg so that det(F?) # 0 on U. This
can be done since « has non-degenerate curvature at mg. Define

X = {(m,h) € U x GL(3) | &y A hwp = 0} .

Writing h = (hq, ha, hg) where the h; are columns of h, one sees that X is the codimension 3 subspace
of U x GL(3) defined by the equations ,
F (T)’L)hz =0.

Note that one can solve for hz in terms of h; and hs on X and that the six components of hy and ho are
functionally independent on X (in fact, they parametrize the fiber of X — U).

Set
0 =d(hw) + anr (hw)

and compute dO = danr(hw) — ard(hw) = Pa(hw) — arO. Since Pa(hw) =0 on X, this simplifies to
dO = —anr®.
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It follows that the exterior system Z on X generated by the three 2-form components of © is closed under
exterior differentiation. Asindependence condition on X, take the bundle L spanned by {w!, w?,w3}. Writing

O =dhrw+ (hdw + a (hw))

it is visible that (Z, L) is in linear form. The reduced polar equations for the reduced flag below are

Reduced Flag Definition Reduced Polar Equations

1 2

w = = ?
2:

€ &

3=0 /
3=0 components of {dh}
3=0 components of {dhy,dha}

£ € €

Since the relation F*h; = 0 differentiates to show that
Fidh; =0 mod w!,w? w?

it follows that the reduced characters are sj, = 0, 8§ = 3, s5 = 3, and s5 = 0. On the other hand, an admissible
element is described by relations dh; = h;jw’ for i = 1 or 2 where the six { h;;|i = 1,2 and j = 1,2,3 } each
have 3 components (since they are column vectors). The condition that these relations annihilate © cannot
be more than 9 conditions on the quantities h;; since one need only equate to zero the coefficients of three
2-forms on M. Since 9 < 3-0+2-3+ 1-3, the Modified Cartan Test (see the Appendix) shows that the
system is involutive.

Since everything has been assumed to be real-analytic, the Cartan-Kéhler theorem applies. Obviously
an integral manifold N3 C X of (Z,L) passing through some (mg, ho) is locally the graph of a function
h:U’" — GL(3) on some neighborhood U’ C U of mg. Moreover, this function h has the property that
1 = hw satisfies dn 4+ arn = 0. O

Definition 2: A connection « is said to have hyperbolic curvature at m € M if the equation det(F*(m)&;) = 0

defines a smooth irreducible cubic curve in PT;, with two real circuits.

The reader may want to consult the discussion of characteristic cubics in [BGY]. The basic fact is that
smooth real plane cubics are of two types: Those with one circuit, such as y> = 23 + z, and those with two
circuits, such as y?> = % — 2. In the present situation, a has hyperbolic curvature if there exists a coframing
w near m so that for every (£1,&2) # (0, 0) the polynomial

p(t) = det(tF? + & F' 4 & F?)

has 3 distinct real zeroes. (Compare the hyperbolicity definition in [F].) Hyperbolicity is an open condition,
so if a has hyperbolic curvature at mg then there is a neighborhood of mg, say U so that « has hyperbolic
curvature at all the points of U.

(27 dz* — 2 dx?)

Here is an example, Fix coordinates {z'} on R3, let A be a constant, and define a; = %

for (4,4, k) an even permutation of (1,2,3). Set
)\Oél Qa3 (%)
o= az Aag o |,
(%) a1 )\043
then
Mz?adx®  dr'ade?  dxdadzt
by = dr'adz? Adz3adz'  dx?adx’
de3adet  daadz® Adriada?
Setting £ = (&dmi) o> one computes

det (& F(0)) = (2+N)&1&bs — ME + & +€5).

This is a smooth irreducible cubic with two circuits iff A falls into one of the ranges A < =2, 0 < A < 1, or
A> 1



I now turn to a class of connections which are degenerate in the above sense, but nevertheless are of
great intrinsic interest. Let E* denote R® endowed with its standard inner product z - y = tzy.

Definition 3: A connection « on M xE? is said to be Euclidean if the natural Euclidean structure on M x E>
is a-parallel.

A Euclidean connection « satisfies o +*ar = 0 and hence the curvature ® satisfies ® +!® = 0. Since the
determinant of a skew-symmetric 3-by-3 matrix is zero, it follows that a Euclidean connection has degenerate
curvature in the sense of Definition 1.

If n is a symmetrizing trivialization for a Euclidean connection «, then 7 pulls the standard metric
on M x R?® back to be ds®> = ' on and pulls o back to be the Levi-Civita connection of ds®> on M. In
terms of the original formulation, given a connection V on T'M (which possesses a V-parallel metric), one
attempts to find an automorphism L which makes V¥ symmetric. Thus, V is gauge- transformed into the
Levi-Civita connection of the L-pull-back metric.

Definition 4: A Euclidean connection « has Fuclidean non- degenerate curvature at m € M if the map
®,,: AX(T,,,M) — s0(3) (= the space of 3-by-3 skew-symmetric matrices) is an isomorphism.
Equivalently, a has Euclidean non-degenerate curvature at m iff the three skew-symmetric matri-

ces {F*(m)} are linearly independent.

From now on, assume that « is a Euclidean connection with Euclidean non-degenerate curvature ® (at
all points of M). Tt is then an easy exercise in linear algebra to show that there exists a unique trivialization
w:TM — M x E? which is orientation preserving and which satisfies

0 wirw? —wiaw!
b=cwrtw=c¢| —wlrw? 0 w?Aw?
wirw!l  —wiawd 0

where e = +1. (The e cannot be got rid of by switching orientation.)

Now the set of Euclidean gauge transformations of M x E?® is identified with the set of smooth maps
g: M — O(3). The previous formulae for o/ and ®9 remain valid but now there is also the formula

W=4lgu=+gtw

(“+71if g: M — SO(3), “ — 7 otherwise). It follows that the quantity
do? ='wow = (w1)2 + (w2)2 + (w3)2

is a metric on M which depends only on the gauge equivalence class of a. This metric has its own Levi-Civita
connection, represented in the do?-orthonormal trivialization w by a 1-form 3 with values in s0(3) which
satisfies the “symmetry” condition

dw+ B rw=0.

Moreover, 39 = g~ tdg + g~ !¢ for any gauge- transformation g: M — O(3). It follows that

(a=B)* =g (a— Py

Set
wirw?d
(a—B)rw=G [ wrwl

wl/\ w2

where G is a 3-by-3 matrix of functions constructed from « and its first two derivatives. Substituting this
formulae into the Bianchi identity d® = ®ra — and yields

wrlwa(a—p)—(a—B)rwafw=0

9



or

(tG — G)wl Aw?aw® =0.

Thus, G is symmetric. Since
G =+'g Gy,

(“+ 7 if det(g) = +1, “ — 7 otherwise) it follows that the tensor § = ‘w o G o w is a symmetric quadratic
form which (up to sign) depends only on the gauge equivalence class of .

The Case where § = 0. Note that if § = 0, then @ = (# and hence w itself solves solves the
symmetrization problem already. In this case,the equation da + ara = dB + Brf = ® = ewa tw shows that
the metric do? has constant sectional curvature e ( = &1 ). I will not pursue this case any further except to
state the following result whose proof I leave to the reader.

For any function f on M, let f’ be the 3-vector which satisfies df = *f’w and let f” be the symmetric
3-by-3 matrix which satisfies df’ + o f' = f”w (i.e., f” is the Hessian matrix of f ).

Proposition 1: Let a have Euclidean non-degenerate curvature ® = e walw. Suppose further that G = 0.
Then for any smooth function f, the E*-valued 1-form 1 = (f Is + e f")w satisfies dn+ aan = 0. Conversely,
any E3-valued smooth 1-form n satistying dn + asn = 0 is locally of this form for some smooth function f.

For the proof, the reader should just compute to verify the first statement and then apply the Frobenius
theorem to derive its converse. In an obvious sense, the solutions of dn + aan = 0 in the case where § =0
depend locally on one function of three variables. Note that f =1 gives the known solution n = w.

The General Case. I now turn to the more interesting case where G is not zero.

Theorem 3: Let o be a Euclidean connection on M x E* with Euclidean non-degenerate curvature .
Assume that G(mg) # 0 and that « is real-analytic on a neighborhood of my € M. Then there exist a
neighborhood U of my and a real analytic trivialization n of TM on U so that dn+ arn = 0.

PROOF: By applying a (real-analytic) local Euclidean gauge transformation, one may assume that Gss(mg) #j}
0. If there were a solution 1 of dn 4+ aan = 0, then one could express 7 in terms of w by 1 = sw where s is
some smooth map s: M — GL(3). The derivative of dn + arn = 0 becomes (da + ara)an =0, or

ewntwa(sw) = 0.

This implies s = *s. Moreover, one may also compute

0="wn [d(sw) + anrsw]
=twa [dS/\w —sﬁ/\w—l—a/\sw]
='wn[(ds+as—sa)rw+s(a—F)rw]
Now, since (ds + as — sa) =t(ds + as — sa), the first term vanishes and the second term becomes
0="ws(a—pB)rw=tr(sG)w' rw? rw?
Thus s must also satisfy tr(sG) = 0. With this in mind, define the manifold
X ={(m,s) € M x 83| det(s) #0, s ="s, tr(sG(m)) #0}.

Then X is a manifold which submerses onto M and has fibers of dimension 5 which are coérdinatized by the
second projection s: X — 83 ( = the space of symmetric 3-by-3 matrices). The relation

tr(sG(m)) = Gyj(m)s;; =0
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which holds on X can be solved for ss3 in a neighborhood of the fiber over mg (since, by hypothesis,
Ggg(m()) 75 0 )

Consider now the E3-valued 2-form on X

O =d(sw) + an (sw)

= ds Aw + terms quadratic in w

Because of the symmetry of s,
d®=—-anrO

so the ideal Z generated by the three 2-form components of ©, say {9, ©%, ©3} is differentially closed. These
forms satisfy the relation
WA WA +uWiA0 =0

since the relation tr(sG) = 0 on X implies that ‘wA® = 0 (getting this identity was the point of the
above calculation). As independence condition, take L to be spanned by {w!,w? w3}. The system (Z, L) is
obviously in linear form. The reduced polar equations of the reduced flag below are tabulated below. (Recall
that dss3 is a linear combination of the other ds;; modulo w!,w? w? due to the relation tr(sG) = 0.)

Reduced Flag Definition Reduced Polar Equations
w=wr=w=0 ?
w2 = w3 =0 d511 = d512 = d513 =0
w3 =0 d511 = d512 = d513 = d522 = d523 =0

(Recall, ds;; = dsj;.) It follows that the reduced characters are sy =0, s} =3, s5 =2, and s5 = 0.

Now an integral element of (Z, L) is defined by a relation of the form ds;; = sijkwk where the s;j1 = sk
are subject to the relations coming from d(tr(Gs)) = 0. This reduces the number of independent s;;i’s
to 15. These 15 are subject only to the condition of annihilating the three 2-forms ©* while these 2-forms
are subject to the relation w’A0" = 0. It follows that being an integral element of Z imposes at most N = 8
conditions on the s;;’s. Since 8 < 2-3 + 1 -2, the Modified Cartan Test implies that (Z, L) is involutive,
with characters so = 0, s; = 3, s = 2, and s3 = 0. Theorem 3 now follows from the Cartan-Kéahler theorem
applied to (Z, L). O

The characteristic variety of the system Z is given by
E= { (m, [§]) | €= fi(wi)ma Gij(m)&:i&; = 0} C P(T*M)'

In particular, =, C ]P)(T;LM ) is a conic whenever G(m) # 0, in accordance with Fact 1 of the Appendix. It
follows from Fact 2 of the Appendix that whenever G(m) is definite and « is real-analytic near m, then any

solution 7 of dn + aan = 0 is real-analytic near m also.

Assume now that det(G) is nowhere vanishing on M. Due to the above transformation law for G, one
may choose g: M — O(3), so that det(G9(m)) > 0. Hence, I may assume from now on that det(G) > 0.
This reduces the allowable gauge transformations to those of the form g: M — SO(3).

I will say that « is elliptic at m if §(m) is positive definite. If « is elliptic at all points of M, one can
define three vector bundles over M as follows:

o Let Fh C Hom(TM ) EB) denote the (rank 5) vector bundle of E*-valued 1-forms 1 on M which satisfy
n = sw where s is a 3-by-3 matrix satisfying s = 's and tr(sG) = 0. (By the above calculations, any
solution of dn 4+ aan = 0 must be a section of Ej.)

e Let By C Hom(A*(TM ),EB) denote the (rank 8) vector bundle of E3-valued 2-forms © on M which
satisfy the condition ‘wAf) = 0.
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o Let F3 = Hom(A*(TM),E®) denote the (rank 3) bundle of E*-valued 3-forms on M.
Define differential operators Dy:T'(E1) — I'(F2) and Dy:T'(E2) — I'(E3) by

Din=dn+anan
Dy =dQ+ and.

Of course, one must check that, for any n € T'(E1), one has Din € T'(E3). However, writing 7 = sw and
using s = s and tr(sG) = 0, the identity ‘waD;(sw) = 0 is immediate from the definitions. Similarly, one
checks that Dg o Dy (sw) = 0 for s satisfying the above conditions. The symbols of these operators are

oe(D1)n=¢&nrn
O'g(DQ) Q= g/\Q

By dimension count and the obvious surjectivity of o¢(Ds2), it suffices to show that o¢(D) is injective
for £ # 0 in order to conclude that the {Di:F(Ei) — F(Ei_H)} form an elliptic complex. However, if
o¢(D1)(sw) = Ensw = 0 then sw = e for some e € E3. It follows that s has rank 0 or 1 and hence, if s # 0,
then s = £(e’e) for some non-zero e. But then +tr(sG) = tr(e’eG) = ‘eGe = 0, so e is a null vector of G.
This is impossible, since G was assumed positive definite. Thus, for elliptic «, it follows that the complex

0— B 25 B, 22 By — 0
is elliptic. In fact, more is true. The reader familiar with Spencer’s theory of overdetermined equations (see
[Sp] or [Go]) will notice that the proof of Theorem 2 actually shows that the above sequence is formally exact

at Fs and FE3. I shall not have need of this result however, so I will not go into details. I could, however,
use this sequence to prove a smooth solvability result for elliptic «.
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§C. Connections with Prescribed Curvature.

As in previous sections, let M be a fixed 3-manifold. For any Lie group G with Lie algebra g, consider
a principal G-bundle P — M. Let gp = P xagq g denote the associated bundle of Lie algebras. The space
of connections on P is an affine space modeled on Q'(gp) ~ Q'(M) ® gp. For each connection A, there is
the associated curvature F(A), which is a section of Q?(gp) ~ Q?(M) ® gp. The operator A — F(A) is a
first-order non-linear operator which is, in the naive sense, determined. Since the discussion in this section
is local, one may as well set P = M x G and represent the connection A by a g-valued 1-form a. Then F'(A)
is represented by ¢ = da + %[a, a]. The problem to be discussed in this section is this:

Given a ® € Q?(g), when does there exist an a € Q'(g) so that

(1) da+ 3o, a] = @7

Expressing the problem in this way, it is apparent that this is 3dim g equations for 3 dim g unknowns. Of
course, this system of equations is “degenerate” since its principal symbol is the same as that of the exterior
derivative.

In the special case ® = 0, the local solutions of (1) are of the form o = g~'dg where g: M — G is a
smooth map. However, when ® # 0, these equations are not so readily solved (and the space of solutions is
not generally so large).

Differentiating (1), yields the Bianchi identity

(2) [@,a] = do

which represents a set of at most dim g equations of order zero for a.

Now, one may not always be able to solve these equations, even algebraically. For example, in the
extreme case where g is abelian, (2) implies that ® must be closed if (1) is to be solvable. Apparently, one
must impose suitable non-degeneracy hypotheses on ® in order to achieve solvability of (1).

Even at the “opposite extreme,” when g is semi-simple, (2) can represent an obstruction to solvability.

For example, let G = SL(3, R), let M = R?, and let

dz?a dx3 dz'a dz? 0
& = [ dednadat z'dz®ada?® 0
0 0 —(1 + 2 dz?n da?

Then, even though ®,, is injective for all m when regarded as a map A2 (TmM ) — 5l(3, R) ( = trace-zero
3-by-3 matrices), there is no solution « to the equation (2) along the hypersurface x! = —1. Thus, to ensure
solvability of (1), it is not enough to suppose, when ® is written in the form ® = Flw?aw3 + F2w3rw! +
F3waw?, that the elements {Fi(m) |i = 1,2, 3} are linearly independent.

It seems that a reasonable hypothesis is that the spaces ad(F?)(g) C g should fill out all of g, i.e.,
(%) g = ad(F")(g) +ad(F?)(g) + ad(F°)(g).

2 23 and writing

Then, at least (2) can always be solved. In fact, choosing local coordinates z!, z
O = Fldz! ndz? + F?da® adzt + F3 dat ada?,
equation (2) becomes an equation for a = A; dx® of the form

(2" [FY, Aj] + [F? Ag] + [F?, A3] = 01 F' + 0o F? + 03 F3

With the hypothesis (), the space of solutions of (2’) forms a natural affine space of dimension 2dimg at
each point.
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However, in general, (2') is not the only set of zeroth order equations which « must satisfy. To see this,
suppose that g is simple and let (,) denote the Cartan-Killing form of g. Writing

dA; = (sij + aj)da?
where s;; = s;; and a;; = —a;;, equation (1) is expressible in the form
aij = 5([4i, Aj] = F)
where (i, j, k) is an even permutation of (1,2,3). On the other hand, differentiating (2) yields
[F?,sij] = —[F", ayj] = 05, F" — [0;F", Aj]

= —L1[F", [Ai, Aj] — F¥ = 0L F" — [0, F', Aj].
Using the ad-invariance of (,) and summing on ¢ and j then yields

(F7,[F?, s45]) = —([F", F7], 5i5) = 0
due to the symmetries s;; = sj; and [F*, F/] = —[F7 F]. It follows that there exists a relation of the form
(3) ([F*, F7], A, Aj]) = expression in {Fi, O;F", aiji,Ai}.
This relation is non-trivial for g = s0(3). It will be shown below that for “generic” ® with values in so(3),

there are no further zeroth order relations on « derivable by differentiation of (1).

There is evidence for the following conjecture: If g is simple of dimension d and rank » and ® € Q?(g)
is in general position at m (i.e., the three components F’(m) are in general position in g x g x g ), then
any solution o = A;dx" of (1) on a neighborhood of m satisfies not only the d linear, zeroth order relations
(2) given by the Bianchi identity, but also r additional non-linear, zeroth-order relations. Moreover the
first-order system (1) adjoined to the (d + r) relations of order zero forms an involutive system with Cartan
characters s1 = d, so =d —r, and s3 = 0.

Unfortunately, these “hidden Bianchi identities” tend to be rather complicated as soon as r > 1. Since
the theory in the higher rank case is unsatisfactory at present, I will content myself with a discussion of the
simplest case: g = s0(3).

To my knowledge, local solvability of (1) for generic ® € Q2 (50 (3)) was first shown in the analytic
category by Tsarev [T]. Dennis DeTurck informs me that he has proved this local solvability result in the
smooth category as well. On the one hand, Tsarev does not discuss the characteristics of the system, while
DeTurck shows that the problem can be studied by elliptic methods. The purpose of the following discussion
is to reprove and sharpen Tsarev’s result, to discuss the characteristic variety, and to show that one can
sometimes reduce the problem to either a hyperbolic one or an elliptic one.

In what follows, it will be useful to identify so(3) with E* by the usual cross-product convention. Thus,
for z = (2*) € E3, let [x] denote the 3-by-3 skew-symmetric matrix representing “cross-product with z.” In
symbols,

0 3 —z?
] = -2 0 xt
z? —z! 0

Regarding o and ® as E*-valued forms, equation (1) becomes
da+ i[a]ra=®.

Let ® = (®*) be given and assume that the 2-forms {®!, ®2, ®3} are linearly independent on M. It then
follows, just as in §B, that there is a coframing w = (w’) so that

wirw?
P=c|wrw | =—Lelw]rw
wirw?
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where € = +1 and w is unique up to replacement by —w. In this new notation, the formulae for the action
of a gauge transformation g: M — SO(3) on ® and on w are

I =g 1
wI =g lw

Just as before, it follows that do? = Wwow is a metric on M which depends only on the gauge equivalence class
of ®. Note that do? can be characterized as the unique metric on M which makes ®,,: A?(T,, M) — s0(3)
into an isometry for all m € M (assuming that a suitable multiple of the Cartan-Killing form on so0(3) has
been fixed). In fact, it is easy to see that two non-degenerate so(3)-valued 2-forms ®; and ®5 are gauge
equivalent on M if and only if their invariants satisfy €; = ez and do} = do3.

The Levi-Civita connection form f§ (with values in E® ) associated to the orthonormal coframe w is
defined by the condition
dw = —[f] rw.

Defining the matrix R = (R%¥) by the equation
A+ 3 (Bl =—5 Rlw rw,
then the first Bianchi identity for the metric do? takes the form R = ‘R. Unwinding the definitions, one gets
Riem (do?) = R"7? (w" Aw'®) o (w’? Aw)
where, in this formula, (i1, 42,43) and (j1, j2, j3) are to be summed over even permutations of (1,2,3). Thus,

the scalar curvature r of do? is given by the formula r = Z(R11 +R?? + R33).

Now suppose that a were a solution of the equation da + 3[a]aa = ® = —(e/2)[w]aw. The Bianchi
identity (2) then reduces to
[a— Bl Aaw]Aw = 0.

This, in turn, is equivalent to o — 3 = Sw where S is a symmetric 3-by-3 matrix. Computing the exterior
derivative of this relation yields

0=da—dg—d(Sw)

=—1la]ra— e rw + S[BAB+ FRW Aw —dSAw+ S[B] Aw

=—1[B+Sw|A(B+Sw)+ 3B AB+ 3(R—el3)wrw—dSarw+ S[B] rw.

Thus
0=—(dS+[8]S — S[B]) Aw — L[Sw] A Sw + (R — enl3)w] Aw.

Wedging this relation with % in front, the first term vanishes due to the symmetry of S and the remaining
terms are easily computed:

WAlSw] A Sw = (tr(S%) — (tr S)?) w! Anw? Aw?

wn (R— el3)[w] nw = 66 — 7.
Thus, for any solution «, the following relation holds:
(4) (tr 5)2 —tr(S?) =7 — 6e.

Equation (4) is the so(3)-manifestation of (3). This relation must hold in addition to the three Bianchi
relations: S =S (i.e., the s0(3)-manifestation of (2)).

At this point a more precise result than Tsarev’s can be stated.
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Theorem : Suppose that ® is such that do? is real-analytic in some coordinate system about mg € M.
Then one may choose a gauge transformation which makes ® real-analytic near mg. Write ® = —(e/2)[w]rw
and define § and r as above. Then for any non-zero 3-by-3 symmetric matrix Sy satisfying (tr 50)2 —
tr(S2) = r(mo) — Ge, there exists a connection a on a neighborhood of mg so that am, = (8 + Sow)m, and
do + %[a]/\a = ® on that neighborhood. Moreover, if the matrix Go = —(trSp)Is + So is either positive or
negative definite, then any « satisfying the above two conditions is real- analytic on a neighborhood of my.

PRrROOF: If do? is real-analytic near mg, one can clearly choose a do?-orthonormal, real-analytic coframing
w near my. Now throw away the part of M outside this neighborhood. Applying a gauge transformation to
® one may assume that ® = —(e/2)[w]rw. Now let X be the manifold of pairs (m, S) where m € M and S is
a non-zero symmetric 3-by- 3 matrix satisfying (tr )% — tr(S?) = r(m) — 6e. That X is a smooth manifold
follows easily from the fact that the quadratic form Q(S) = (trS)? — tr(S?) is non-degenerate on the space
of symmetric matrices. On X, define the E3-valued 2-form

O =d(Sw+ B) — 2[Sw + BI A (Sw + B) + € [w] rw.

By construction, wa® = 0 and the ideal Z generated by the 2-forms {9}, ©2, ©3} is differentially closed. The
terms dS* are not linearly independent modulo {w'}, but satisfy, in addition to the relations dS% = dS7%,
the non-trivial relation

(5) tr(((trS)Ig - S)dS) —1dr=0 modw',w? w?

The reduced characters are easily computed to be

On the other hand, the condition wA® = 0 shows that the space of integral elements of (Z, L) has codimension
at most 8 in the space of admissible elements. Since 8 <3-0+2-3+1-240-0, it follows by Cartan’s Test
that (Z, L) is involutive. By the Cartan-Kéahler Theorem, integral manifolds of (Z, L) exist passing through
(mo, So).

Finally, the relation (5) shows that (I, L) is elliptic in the region where (trS)I3 — .S is positive or negative
definite. 0

Set G = S — (tr S)I5. Then G has the same significance for « as it did in §B (in fact, it is the same quantity).
The quadratic relation (4) then becomes

4" L(trG)* —tr (G*) =r — 6e.

It follows that for any value of r(m) there exists a positive definite solution G of (4"). Thus, for any analytic
® one can always locally solve (1) for an elliptic a. Moreover, if 7(m) > 6e, then every solution G of (4')
is either positive or negative definite. The reason is simple: If G has eigenvalues A1, A2, A3 then (4') is just
p(A\) = r — 6e where

1
p(\) = 5()\1 + A2 4+ 23)% = (A + 25+ A3).
However, p(A) > 0 implies that all the A; have the same sign.

As a corollary of the above calculations, it follows that if do? satisfies r > 6¢ and is analytic, then up
to gauge transformations, all solutions « of (1) are also real-analytic.

On the other hand, if #(m) < 6e there exist solutions G of all ranks and signatures. It is not difficult to
see that, if r < 6e, this sort of analyticity result need not hold.
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§D. Prescribed Riemann Curvature.

In this section, I want to consider the solvability of a second-order operator on M?3, the Riemann
curvature operator. In general, for a metric ds?> on an n-manifold M™, the Riemann curvature tensor of
ds? with all of its indices lowered takes values in the subbundle X C S?(A2T* M) which is the kernel of the
natural wedge-product map S%(A*T*M) — A*T*M (this is merely the first Bianchi identity). Thus, there
is a natural second- order non-linear differential operator Riem:I'(S3 (T*)) — I'(X). In general, the rank
of X is much larger than the rank of S?(T*), but for n = 3, these bundles are both of rank 6 over M, so
the equation Riem(ds?) = R for R € I'(X) is “determined” in the naive sense. (When n = 3, note that
K = S?(A2T*M) since A*T*M = (0).)

To fix notation, I will briefly review the structure equations for a metric ds2. At first, n can be arbitrary.
Let w = (w') be a local coframing on an open set U C M (think of w as a column of 1-forms). Then

ds*|ly = Gijw'ow ='wGuw

where G = (G;;) > 0 is a positive definite matrix of functions on U.

It is important to understand how these formulae change when a new coframing is selected. If g: U —
GL(n) is arbitrary, a new coframing can be writ in the form w9 = g~'w. Under this change-of-frame, the
new coefficient matrix becomes G9 =g G g.

The Levi-Civita connection v on U is the n-by- n matrix of 1-forms v = (fy;) satisfying

dw=—yAw
dG ="'yG + G~.

The formula 79 = g~'dg + g~ '~g shows how v changes with a change of frame. The curvature of 7 is
dy 4+ yay. Set

Then Q9 = fgQ g and computing d?w = d>G = 0 yields

Qrw=0
Q+Q=0.

Thus, §2;; = —€;;, and these 2-forms can be expanded as
Qij = %Rijkgwk /\we

where R has the usual symmetries of the Riemann curvature tensor. The change-of-frame rules for w, G,
etc., show that the quantity , '
Riem(d52|U) = iRijkg(wl Aw’) o (wk /\we)

is independent of the choice of w so there is a well-defined map Riem:T'(S52 (T*M)) — T'(X) as described
above. (The factor of + was chosen so that for the standard unit 2-sphere, Riem(dsj) = (voly)?, where volg
is the area form of ds?.)

In dimension 3, Cartan’s “omitted index” notation is useful. Set K%/t = Rijiyjnjs Where (i1,12,13) and
(41, jo, j3) are even permutations of (1,2,3). Then consider the matrix K = (K%) = 'K. The change-of-frame
rule for K is easily seen to be

K9 = (det(g))Qg_1 Ktg™t

The formula for the Riemann curvature tensor can then be rewritten as
Riem(ds®|y) = K™ (w2 Aw'™) o (w2 Awi®)
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where the right hand side is to be summed over all (41,142,13) and (41, j2, j3) which are cyclic permutations
of (1,2,3). Moreover, setting Q"' = €;,;, yields

OF = K102 o 08,
The second Bianchi identity, d2 = *yAQ + Qay, can now be written easily in terms of K as
Y y

w2/\ w3

(dK +y 2K + K nfy =2tr(7)K) & | wirw!

wl/\ w2

Now suppose that a section K € I'(X) = I'(S?(A*T*M)) and been specified. The problem to be
discussed to determine whether there is a metric ds? so that Riem(ds?) = K.

It is easy to see that, without some non-degeneracy hypothesis, this equation need not be solvable. For
example, let K = z'(dz?rdz?®)? + 22 (dz®rdxt)? + 2 (de'adz?)? on a neighborhood of the origin in R® and
let w! = dz’. Then no metric ds? = g;;dz’ o dz’ can satisfy Riem(ds*) = K on a neighborhood of the origin

since, no matter what - is, it cannot satisfy the above second Bianchi identity. (This example is essentially
due to Dennis DeTurck.)

The remainder of the discussion in this section will concern the case where K is assumed to be a positive
definite section of F(SQ (A2T*M )) (The other non-degenerate cases behave exactly in the same way except
that one must keep track of a few signs when one raises and lowers indices. Ileave this to the reader.) Under
these assumptions, one can always choose a local coframing w so that

K= w?rw®)?+ (W rwh)? + (W rw?)?

(Remember, the squares are symmetric, not exterior.) This w is unique up to a change of frame of the form
w9 = g~ tw where g:U — O(3). If ds? = wGw were a solution to the equation Riem(dsQ) = K on U, then
the following structure equations would hold

dG ="'yG + Gy
dw=—yAw
Gldy+yry) =Q=wnrlw,

since, in this coframing, K = §%, so Q" = w2 w', s0 Q;; = w'rw’, so Q = walw. Moreover, since K = I3,
the second Bianchi identity takes the form

w2/\ w3

(v4+'y—=2tr(y) I3) A | Wirw! | =0.
wl/\ (UQ

The above equations are now a system of partial differential equations for the matrix G = (G;;). For some
strange reason, it turns out to be more helpful to consider, instead of G, the matrix H = G~'. In terms of
H, the equations become

dH = —H% —~vH

dw=—yAw
dy=—yry+ Hwr'lw.
Of course, the second Bianchi identity remains the same.
Now consider the coframing w. It has its own Levi-Civita connection y satisfying the conditions
dw=—xrw

0=x+"x

18



The formula for the effect of the change-of-frame g: U — O(3) on x is x¢ = g 'dg + g ' xg. Since the
structure equations give
(v—x)Arw=—dw+dw =0,

it follows (by Cartan’s Lemma) that there exist functions F' ;k = F} ; so that
7 =X = Fj”

Since
dH + H'x +xH=-H'(y=x) = (v=x) H

it follows that v — x essentially measures the covariant derivative of H with respect to the connection x.
Thus, the F ;k may be regarded as the “derivatives” of H% after some suitable index juggling. Certainly, the
1-jet of a metric ds® at mo € U is exactly determined by the quantities {H(mo), F}j;(mo)}. The second
Bianchi identity can now be written in the form

wirwd
0=(y+%—2tr(7) Is) n | wPrw?
wiaw?
wirwd
=((r =0+ (v=x) - 2tr(y = x) ) n | WPru!
wiaw?

which is easily seen to reduce to the three equations

> (Fé—Fiy) =0

k

Of course, these represent three first-order conditions which G must satisfy if it is to satisfy the second-order
equations Riem(w Gw) = K.

I am now going to show that there is yet another such first-order condition. To see this, set ¢ = v — x
and expand the equation dy + yAry — H walw = 0 in the form
(do+xnp+orx) +orp+(dx+xarx) —Hwnrlw=0.

Now, the term dy -+ yAx is the curvature matrix of the metric do? = (w')? + (w?)? 4+ (w?)?. With this
in mind, set
(dx + xrx) = (2Cijpw” Awh)
where Riem(do?) = $C;jpe(w'rw’) o (WFaw’). (Since w is orthonormal for do? it is immaterial whether
indices are written up or down in this formula.) To understand the remaining terms, set

<P§'k = dF;k - F;eXf; + FZkX? - FjekXé .
Then @) = F}j w* for some collection of functions F7,, satisfying

i i
Fire = Fije

' k
Z Fii = Z Fiie
i i
(Of course, these new functions are just the x-covariant derivatives of F ;k) Then

(d<p+x/\<p+<p/\x);. = <p§-k/\wk.
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Substituting this into the above equation yields

tw)t = 0.

(F;Mwe/\wk)—l—((p/\(p—l—(dx—l—x/\x)—Hw/\ p

Now set

((p/\(p—l— (dx +xrX) —Hw/\tw)z- = %T;ka/\we

where T;M = —T;%. (Notice that T can be computed explicitly in terms of H, Riem(do?), and ¢. This

formula will be derived presently.) The above equations yield the relations

i i i
Fiye— Fig =T -

Setting ¢ = k, j = £, and summing yields the fundamental relation

(- [ 0l
Y Ty =D Fjiy— Fjji
0 0
_ Tt
=Y Fij;—Fj;;=0
0

by the above identities for F’ ;M. A simple index calculation (left to the reader) reveals that, expressed in
terms of the first-order quantities discussed before, this relation becomes

2
> (Z F) = Fng | |+ 0 =2 =0
m [ i,
where C' = 3, ; Cjjij is the scalar curvature of do?. This is the promised fourth first-order condition on
ds? ='wGuw.

This relation takes a slightly more comprehensible form if { ¥’ ;k} is decomposed into its O(S)-indecomposablel
components as follows: Using the linear identities on {F' ;k} derived above, F ;k can be expressed uniquely in
the form , , ' - ,

ik = (0ak + 0lai + 8 aj) + (€7 ek + € bey) + ciji

where 6% is the Kronecker 4, €% is totally skew and satisfies €'** = 1, {ax} has 3 components, {b;; = bj;}
has 5 components (it is traceless and symmetric), and {c;;x} has 7 components (it is traceless ( ), ciix = 0
) and symmetric). Defining the quadratic forms

Qs(a) = af + a5 + a3
Qs(b) = Z(bz‘j)Q

1,7
Q7(C) = Z i ja k(cijk)Q

then the relation above becomes
C =2tr(H) —10Qs(a) — 3 Qs5(b) + Q7(c).

It is important to note that, as an equation for (a, b, ¢), this relation is non-degenerate for (a, b, ¢) # (0,0, 0).
It is by no means obvious, a priori, that one cannot derive more first-order relations by differentiating still
further and doing clever index juggling. However, I am now going to show that this cannot be done.

Let X C U x R*! denote the set of quintuples (m, H, a, b, ¢) € U x R® x R® x R® x R” which satisfy the
relation

C(m) = 2tr(H) —10Q3(a) — 3Qs5(b) + Q7(c)
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and for which (a,c) # (0,0) € R® x R”. This X is a smooth manifold which is a hypersurface in U x R*!.
Let pg : O(3) — O(d) denote the standard representations of O(3) for d = 3, 5, and 7. For any g: U — O(3),
there is an action

(m,H,a,b,c)? = (m,g " H'g™", ps(g™")a, ps(g~")b, pr(g~")c)

which clearly preserves X. Now, on X223, define the functions and forms

k ( ak—l—é CL1+5 a;) + (ijebgk—l-eikebgj)—l-cijk
v =) = (X + Fjw®)
0= (0Y)=dH +vH+H'
O=dy+yry—Hwrlw.
Also, note the identities
dw=—yAw
Orw=0
df = —yr0+0ry+OH +H'O
dO = —-0Quwnrlw+0y—yr0.

Finally, there is an extra identity (which, the reader will find, is equivalent to the relation C' = 2tr(H) —
10Qs(a) — 3Q5(b) + Q7(c)), namely

where the notation [w] is the same as in §C.

Now let Z denote the differential system generated by the components of § and ©. For independence
condition take, as usual, L = span{w!, w?, w3}.

Theorem 1: The system (Z,L) is in linear form, invariant under change of frame g:U — O(3), and

involutive, with Cartan characters (sg, s1, S2,53) = (6,9,5,0). In particular, if K € F(SQ(AQT*)) is real-
analytic and positive definite, then the equation Riem(ds?) = K is locally solvable.

PROOF: That (Z, L) is in linear form is obvious. The identities for df and d© show that Z is differentially
closed. For any g: U — O(3) it is easy to compute the formulae

9_(] —_ g—letg—l
@g —_ g—l@tg—l

so the invariance is obvious also.

In order to prove that the system is involutive, it will be necessary to compute the reduced characters.
Since, in degree one, 7 is generated by the 6 components of 6, it follows that s, = 6. Set

<P§'k = dF;k - F;eXf; - FZkX] + Ff kXE

and note that ©' = <p§.k/\wk + (terms quadratic in w!, w? w3 ).

Now the <p§- « are linearly independent modulo 8, w ezcept for the following relations
90;% = 902]'
A ,
Z Pii = Z Pik
i i
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Z 2 (Z Fﬁl) Z (p;TJl - Z (F;nﬁpﬁ + Fﬂl@z'nl) = Z 9” mod w.
i Fi p

m .7

The reduced polar spaces relative to the reduced flag specified by (w!,w?,w?) are given in the following
table

Reduced Flag Definition Reduced Polar Equations
Ww=w2=w?=0 09 =0
Ww=wr=0 ,“021:,6“ =”0
W' =0 Py = iy = 01 =0
Pl =09 =0

From this, one immediately sees that s{, = 6, s; =9, and s{,+s] +s5 +s5 = 20. Note that, by symmetry,
the only terms in {90;%’ 67} which could fail to appear in {@3-1, <p§-2, 07} are the three terms {pi;, p33, 33}
On the other hand, the second relations on ¢, show that {33, ¥33} are linear combinations of {};, ¢’}
Thus, sj + 8§ + s5 > 19 and will equal 20 iff the last relation on the <p§- . allows one to solve for @i in
terms of the remaining forms. However, the coefficient of ¢35 in this last expression is easily seen to be
2(FY + F35) = 2(2a3 — c333). This latter expression vanishes in all coframings w9 = g~ 'w iff a = ¢ = 0 since
a and ¢ belong to different representations of O(3). Since, by construction, (a,c) # (0,0), it follows that
there is always a frame so that 2a3 — c333 # 0. Hence, in such a frame, s + s} + s5 = 20. This, together with
the other relations derived above, establishes the reduced character sequence (s, s}, s, s5) = (6,9, 5,0).

It remains to apply Cartan’s Test. An admissible element is defined by relations of the form 6% = 7“? k

i o 14 ijo_ gt i qatia Hang
and @}, = sj,w" where 7 = 7" and s}, satisfy the conditions

i i
Sike = Skje

ko i
E Siie = E Sike
i i

and three more conditions given by the remaining relation on the <p§- x- These relations merely ensure that
the relations 6% — rzj Wk
element must, in addition, satisfy r" = 0 in order that # = 0. This is 6 x 3 = 18 conditions. Then, the
st must satisfy the conditions which annihilate the 9 2-forms ©". This would be 27 conditions, but the
relations Oaw = tr(Jw]©) = 0 show that 4 of these conditions are identities. Thus, an admissible element

need only satisfy at most 18 + 23 = 41 = N conditions. Since

=0 and <p§- P s; kewe = 0 actually define an admissible element in X. An admissible

N=41<3-6+2-9+5,

it follows that Cartan’s test succeeds and the system is involutive. O

The above argument computes the characteristic variety as well. Let P (&1, &2, &3) be the polynomial on
X xy T*U given by
P = 2(2 ;&) (6 + 65+ €3) — Z Cijk€i&ik -
i

.,k

Then it is easy to see that £ = &w’ is characteristic iff either £2 + €3 + &2 = 0 or P(£1,&2,&3) = 0. Thus the
characteristic variety at each point is the union of a quadric and a cubic. In particular, the real characteristic
variety is never empty so the system is never elliptic. It is also worth remarking that the characteristics do
not depend on the value of H at a point. This is in striking contrast to the prescribed Ricci equation [D]
(where the characteristics at a point depend only on the value of H ). Of course, similar results hold if I
has other signatures: (2,1), (1,2), (0,3).
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It may be worth remarking on the nature of the identities uncovered in the course of this discussion.
Let K € T'(S?(A*T*M)) be of non-degenerate type and let £ C J¥(S2(T*)) denote the subset of k-
jets of solutions of Riem(ds?) = K for k > 2. The Bianchi identities state that the natural projection
Y3 — JL(SZ(T™)) is not surjective (even though Xy — J'(S%(T™)) is clearly surjective) and that, moreover,
its image is a smooth codimension 3 submanifold B; C J! (S’_2|r (T*)) (consisting of the 1-jets satisfying the
second Bianchi identity). The “new” identity above shows that the map ¥4 — By C J! is not surjective
either. Not only that, but the image Bo C B; need not be smooth. However, away from a small singular
set, By is a smooth hypersurface in B;. Let B; C By denote this smooth part of the hypersurface. Then it
is a consequence of Theorem 1 that, for all k > 4, ¥, — J! covers Bj. Moreover, letting ¥} C Xy denote
the inverse image of B3 for all £ > 2, the maps ¥, — Xj_; are smooth submersions for all £ > 3 while
35 — B3 is a smooth submersion. Thus, there are no more “hidden” Bianchi relations no matter how far
one differentiates.

Making use of the formal solvability result contained in the above theorem, DeTurck and Yang have
shown that Riem(ds?) = K is solvable in the smooth category for non-degenerate K, see [DY].
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