PROJECTIVE AND CONFORMAL FLATNESS

FLORIN BELGUN

. These notes are intended to summarize and complete the lectures given by me on Dec. 6
and 10, 2012, as part of the lectures on affine differential geometry by Prof. Dr. V. Cortés.
Feel free to send me by e-mail your remarks and comments.

1. PROJECTIVE GEOMETRY

1.1. Projective structures.

Definition 1. A projective structure on a manifold M of dimension n > 1 is a class of
torsion-free connections on M that define the same family of unparametrized geodesics.

A curve ¢: I — M is a (parametrized) geodesic for the connection V iff
Vee = 0.

The curve c¢ is an unparametrized geodesic for V iff there is a diffeoemorphism ¢ : Iy — [
such that co ¢ is a parametrized geodesic. Equivalently, ¢ is an unparametrized geodesic iff

V¢cé is colinear to ¢. (1)

Example 2. RP", the real projective space of dimension n, is the set of lines (i.e., one-
dimesional vector subspaces) of R" 1, or, equivalently, the quotient of R™T ~ {0} by the
action of R*.

The family of unparametrized geodesics on RP™ is the family of projective lines: such a

projective line [E] is the set of (vectorial) lines in R"*1 contained in a 2-plane E C R™*! or,
equivalently, the set (E ~ {0})/R*.

Indeed, on each affine chart U, := {Rz | a(x) # 0} C RP", (here a € (R*"T1)*) the affine
hyperplane
H,:={z eR" | a(z) =1}
is diffeomorphic to U,. Any affine diffeomorphism of H, to R™ induces a torsion-free (flat)

connection on U, whose geodesic are the affine lines in H,, which correspond to the 2—planes
in R"1 as described above.

Note that RP” is the quotient of the euclidian sphere S™ C R™! under the action of
the antipodal transformation. The induced Riemannian connection on S™ has the big circles
(i.e., intersections of S™ with 2—planes) as geodesics, which cover the projective lines in RP".
Therefore, the (non-flat) Levi-Civita connection on the round sphere induce (globally) the
same unparametrized geodesics on RP" as the affine charts (which have flat connections).

This suggest the notion of projective equivalence and projective flatness:

Definition 3. Two connections are projectively equivalent iff they induce the same un-
parametrized geodesics. A connection is projectively flat iff it is locally equivalent to a flat
connection. The corresponding projective structure is called flat.

Proposition 1. For two projectively equivalent connections V, V' there exists a 1-form n on
M such that

ViY = VY +iixY; fix = n(X)ld +n® X.
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Proof. Two linear connections are related by
S(Y =VxY + AxY,

where A : TM — End(T'M) is a linear map. The connections V, V'’ have the same torsion iff
AxY = Ay X, VX, Y € TM.

On the other hand, the condition (1) implies that
Ax X is colinear to X, VX € TM.
Equivalently, there is a map n: TM — R such that
AxX =2n(X)X, VX € TM. (2)

Because X — AxX is quadratic, so must be X +— n(X)X, therefore n : TM — R has to
be linear. Applying (2) to X + Y for any vectors X,Y, and using the symmetry condition
AxY = Ay X, we obtain

AxY =n(X)Y +n(Y)X.

1.2. Curvature. The curvature of a connection V is defined, as usual, by the formula
RxyZ :=VxVyZ -VyVxZ -V xy)Z = ([VX,Vy] - V[va]) Z,
and is thus a section R of
A*M @ End(TM) = A>M @ (T*M @ TM).
If the connection is torsion-free, then the first Bianchi identity implies that
Z RxyZ:= RxyZ+ RyzX + RzxY =0,
X,\Y,Z
or, equivalently, that B;(R) = 0, where
By : N°M @ (T*"M @ TM) — A>M @ TM
is the corresponding skew-symmetrization of the first 3 factors.

We denote by R the space of linear curvature tensors R satisfying the Bianchi identity. The
dimension of R is

n(n — 1)n2 _nn—1)(n— 2)n _ n?(n? — 1).

2 6 3
This space can be, however, further decomposed, using two independent contractions:

F(X,Y):= %m«(z — RxyZ) € \*M

is called the Faraday form, and
Ric(X,Y) :=tr(Z— RzxY)eT"M @ T*M

is called the Ricci tensor of R. The first Bianchi identity implies that

Ric(X,Y) — Ric(Y, X) = —nF(X,Y), (3)
thus the skew-symmetric part of Ric is

Ric** = —%F € A2M.

There also exist maps from A2M, resp from S2M to R, constructed by suspension with the
identity:
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Definition 4. The suspension of a bilinear map A € T*M ® T*M with the identity is the
following element of A2M ® End(TM):

(ANId)xyZ = A(Y,Z)X — A(X, Z)Y.
This suspension is also in R iff A € S2M (i.e., A is symmetric). More precisely, for a

skew-symmetric form A, the suspension A AId needs to be corrected by a Faraday-type term,
in order to obtain an element of R:

A= %AAId—A@IdeR, VA € A’ M.

The Ricci contraction of (A AId) is
tr(Z - (ANId)zxY) =tr(Z - AX,Y)Z - A(Z,Y)X = (n—1)A(X,Y)
(for A symmetric or not), and the Faraday contraction of it is zero iff A is symmetric. The

Ricci contraction of F is "EIF + F = ”THF . On the other hand, the Faraday contraction of
Fis —”THF. This implies that, for a symmetric tensor p*¥"", the tensor

n ~
WMAId — ——F isin R
P nil )
its Faraday contraction is F', and its Ricci contraction is (n — 1)p™™ — S F.

Therefore, if, for a given connection V with curvature R, Ricci tensor Ric and Faraday form
F, we define the normalized Ricci tensor (or Schouten tensor)

1 n
R .
= F 4
p n1<Rlc+n+1 ), (4)

then the Faraday and Ricci tensor of
R n
ANld)+ ——F®Id 5
(AT + P 5)
coincide with the ones of R itself. It follows that the Weyl tensor, defined by
W:=R-pfirld- " FeldeR,
n+1

has vanishing Faraday and Ricci trace (hence it is completely trace-free). Denote by W C R
the space of trace-free (or Weyl) curvature tensors.

‘We conclude:

Proposition 2. The curvature of a torsion-free connection decomposes in the following ten-
sors, sections of vector bundles associated to GL(n)—irreducible representations:
R=W+p¥ Ald+ " F,
n+1
where W € W, p¥™ € S2M, F € A’2M.

The dimension of W is thus
2 2_1 2 2_4
dimw—W—nQ—”("g)>0 o n>2

The Weyl tensor vanishes thus for n = 2 by dimensional reasons.

We will show that, for n > 2, the vanishing of W is equivalent to the projective flatness of
V. One of the claimed implications follows from

Proposition 3. If V' = V + 17, we have the following relations between the curvature compo-
nents of R, R':
F'=F+dn, p'=p—-Vn+nen W=W.
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Proof. We make the computations in a point p € M, and we suppose that all the vector fields
used for the computations are V—parallel at p. Thus

Ry = [V, Vy] = [Vx +ix, Vy +iy].
We have [Vx,Vy] = Rxy, and we need to compute
[Vx,iy] = [Vy, fix]
and [7x,7y]. Recall that 7x = n(X)Id + n ® X. Therefore
[Vx.iiv] = [Vy,iix] = (Vxn)y = (Vyn)y =
= dn(X,Y)ld = (Vp Ald)x,y,
and
lix, iyl =M@ X,neY] =
=((nen Ald)xy -
Il

1.3. The Cotton tensor. Before proving the main theorem of projective geometry, we define

Definition 5. The Cotton tensor of a connection V is the following section of A>M @ T* M
(whose skew-symmetric part, i.e., the component in A3M, is zero):

C(X’Y; Z) = VXP(Y’ Z) - VYP(X7 Z)'
Remark 6. For any connection, the curvature satisfies the second (or differential) Bianchi
tdentity:
VxRyz+VyRzx +VzRxy = 0.
The Faraday form is nothing but 1/n times the curvature of the connection induced by V on
AT M. As such it satisfies itself the differential Bianchi identity, and thus dF = 0.

This also menas that F' = 0 iff the connection V is locally equiaffine, i.e., it admits locally
V -parallel volume forms. (The local character is essential: even-dimensional real projective
space are non-orientable, but the Levi-Civita connection on S™ induces a locally equiaffine
connection on RP™.

At this point, we note the following fact (not related to our main result):

Proposition 4. For a projective manifold M of dimension n > 2, for any given non-vanishing
volume form w, there exists a unique connection V adapted to the projective structure and
equiaffine w.r.t. w, i.e., such that Vw.

In fact, one can prove, more generally, that every connection on the line bundle A" M is
induced by a unique connection adapted to the projective structure on M.

Proof. Let V be a connection adapted to the given projective structure on M and denote by
R, W, Ric, F, p the corresponding tensors as above. The covariant derivative of the volume
form w is thus given by a 1-form, thus
Vw=a®w.
We set then
V=V +aa,
where a € R is a constant to be determined. Then
Viw —Vxw=—(n+1)aa(X)w.

By setting a := —1/(n + 1) we obtain that V'w = 0. The relation above also implies that the
connection V' with the property that V'w = 0 is unique. O
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Returning to the Cotton tensor, note that it vanishes iff the covariant derivative of p (or
of Ric) is completely symmetric. For n > 2, it turns out that C' is determined by the Weyl
tensor:

Proposition 5. If we denote by W (X,Y; Z) :=tr(V — VyWx yZ, we have, for n > 2:
W(X,Y;Z)=(n—-2)C(X,Y;2).
Proof. We take the trace of the second Bianchi identity:
0= (5R(X, Y: Z) + tI‘(V — Vny,VZ + VyRVV)(Z)
=J0R(X,Y;Z) — VxRic(Y, Z) + VyRic(X, Z)
n
=W(X,Y;Z) +tr <V — (Vyp A Id)XyZ + mVVF(X, Y)Z) G

n

(use (4) ) —(n—-1)C(X,Y;2)+ ] (VxF(Y,Z)-VyF(X,Z))
=W(X,Y;Z)— (n—-2)C(X,Y;2).

Here we have used that

tr(V — AX,Y,V)Z) = A(X,Y, 2)
and that F' is closed. O

1.4. Projective flatness. The main result of this lecture is:

Theorem 1. Let M be a projective manifold of dimension n > 2. Then M is projectively flat
iff W =0 and, ifn=2, C=0.

Proof. First, if M is projectively flat, then W and hence C' have to vanish for n > 3. For
n = 2 (actually for all n > 2), we have the following
Lemma 1. If V' =V + 7, then C' — C = n(W).

Proof. We compute
VP (Y. Z2) =Vxp (Y, Z) - p(ixY, Z) = p'(Y,71x Z) =
= Vxp(Y,Z) = VxVyn(Z) + Vxn(Y)n(Z) + n(Y)Vxn(Z)—- (9)
—p'(xY, Z) = p(Y.iix Z) + Vyn(iix Z) — n(Y)n(iix Z)-
If we skew-symmetrize the above relation in X and Y (using that 7xY = 7y X), we obtain
C'(X,Y:Z) - C(X,Y; Z) = —(Rx,yn)(Z) = n(X)p(Y, Z) + n(Y)p(X, Z)+
+ (p(X,Y) = p(Y, X))n(2)
=n(RxyZ) —n((pAld)xyZ) —
=nWxyZ2).

orevmez

g

Therefore, if V is projectively flat, then W (if n > 3), resp. C (if n = 2) must coincide with
the ones defined by a flat connection.

Conversely, if W and C vanish (from Proposition 5, W = 0 implies, for n > 2, that C' = 0,
for any adapted connection V), we want to construct a flat connection projectively equivalent
to V. From W = 0 we have, for an adapted connection V,

R=pAld+F®Id
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From the Proposition 3, we need to find locally a 1-form 7 such that p = Vn—n®mn. In order
to solve (locally) this nonlinear PDE, we use the Frobenius theorem:

Theorem 2. If D C T'N is an involutive distribution (subbundle in TN ) on a manifold N,
then there exists a foliation F (i.e., a family of submanifolds) tangent to this distribution (i.e.

TF=D).

A distribution D is said to be involutive iff the Lie bracket of two sections of D (seen as
vector fields on ) is a vector field which is also a section of D.

We will construct a distribution D on N := T*M as follows:

The tangent space of N = T*M decomposes, for a given connection V, in the vertical and

horizontal components
T.N=TYNaTHN,

where TV ~ T*M and TH N ~ TM. More precisely, for a vector field X on M, we denote
by X € TH N the horizontal lift of X to T*M. For an arbitrary section o of T*M, the vector
a(X) (which is the the image of the vector X by the tangent map of «) decomposes in V x A
(the vertical part) and X (the horizontal part). These parts will be identified, as shown above,
with a 1-form, resp. with a vector on M.

We define
Do i= {(AV, A") e TYN G TN | AY = p(A¥, ") + a(A™)a}. (1)

It is easy to see that D is an n—dimensional subbundle of TN since D can be identified with
the graph of a linear map from T'M to T*M. To check that D is involutive, we let A, B be
sections of D such that A” = X and BY =Y, where X,Y are vector fields on M which are
V—parallel at a point p € M. We compute

[A,B] = [X,Y]+[AY,Y]+ [X,BY] +[AY,BY]

at the point a € Ty M. First, because [X,Y] vanishes at p, the horizontal part of [X,Y]
vanishes at «. The vertical part is given by the curvature of the connection V:

[X,¥] = —Rxya=a(Rxy) =a((pAld)xy) + HLHF(X, Ya. (12)

The bracket [AY, Y] is vertical and coincides with —Vy A", thus, from (11) we have
[AVY] = —Vyp(X,"). (13)
X, BY] = Vxp(Y,) (14)

And the bracket [AY, BY] is a bracket of vector field in the fixed vector space Ty M:
[AY,BY] = AV (Y)a+ a(Y)AY — BY(X)a — a(X)BY =
= p(X,Y)a+ a(X)a(Y)a+a(Y)p(X, ) — a(Y)a(X)a

— p(Y, X)a — o(Y)a(X)a — a(X)p(Y-) + a(X)a(Y)a (15)
= —ni SF(X,Y)a - a((pAld)xy).

Therefore
which is zero by the hypothesis C' = 0. The distribution D is thus involutive, thus there exists

a submanifold containing o and tangent to D. Such a submanifold corresponds to a section
(also called «v) of T* M, such that the vertical part of a.(X) (which is Vxa) satisfies

Vxa=p(X,)+ a(X)a,
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which means that p = Va — a ® « and thus the connection V' = V + & has zero Ricci (and
Faraday) tensor, hence its curvature vanishes. g

In conclusion, the Weyl tensor and, in dimension 2, the Cotton tensor behave like the
curvature of a Riemannian manifold: their vanishing is equivalent to the existence of a local
isomorphism with a model space (in the projective case, it is RP™).
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