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Abstract

We compare the approaches of E. Cartan and of T.Y. Thomas and J.H.C. Whitehead to the study of ‘projective connections’.
Although the quoted phrase has quite different meanings in the two contexts considered, we show that a class of projectively
equivalent symmetric affine connections — or, more generally, sprays — on a manifold (the latter meaning) gives rise, in a global
way, to a unique Cartan connection on a principal bundle over the manifold (the former meaning). The principal bundle on which
the Cartan connection is defined is itself a geometric object, and exists independently of any particular connection. In the course
of the discussion we derive a Cartan normal projective connection for a system of second-order ordinary differential equations
(extending the results of Cartan from a single equation to many) and we generalize the concept of a normal Thomas—Whitehead
connection from affine to general sprays.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

In this paper we compare the approaches of E. Cartan on the one hand, and T.Y. Thomas and J.H.C. Whitehead
on the other, to the study of projective connections. There has recently been a resurgence of interest in both of these
approaches, with a view to applications and for purely mathematical reasons. Cartan’s approach to connection theory
and the equivalence of geometric structures has been found to be relevant to the programme of research in general
relativity which has been carried out over the last dozen years by Newman and his co-workers (see [12]). As a
consequence Cartan’s theory of projective connections has been subject to new scrutiny (see [19] and [20]). There are
also applications in the theory of projectively equivariant quantizations: see [14] and references therein. We should
also mention recent work on the geometrical study of differential equations using Cartan’s methods in [9,11,13]. The
approach of Thomas and Whitehead, on the other hand, has been discussed in [1], also from a relativistic perspective.
So far as purely mathematical interest in Cartan is concerned there is the book of Sharpe [23], and a considerable body
of work on so-called parabolic geometries, of which we take [2] as representative. A modern version of the method
used by Thomas and Whitehead, captured in the concept of a Thomas—Whitehead projective connection, has been
given by Roberts in [21] and developed in [15].

Elie Cartan’s paper on projective connections [3], published in 1924, was one of a series intended to extend the
idea of an affine connection as formulated by Levi-Civita and Weyl to a more general, non-vector, situation. Cartan
imagined, attached to each point of a manifold, a projective space of the same dimension, together with a mechanism
whereby the spaces at two neighbouring points could be ‘connected’. Such a connection would define geodesics as
those curves in the manifold which could be ‘developed’ into straight lines in the connected projective spaces.

A modern interpretation of Cartan’s idea can be found in the recent book by Sharpe [23]. According to Sharpe, the
fruitful way to view Cartan’s theory of connections is to think of it as a generalization of Klein’s concept of geometry.
In this approach, each ‘Cartan geometry’ is based upon a model geometry called a ‘Klein geometry’. A Klein geometry
is a homogeneous space G/ H of a Lie group G; G itself is a principal H-bundle over G/H and comes equipped with
a g-valued 1-form (where g is the Lie algebra of G), its Maurer—Cartan form. A Cartan geometry on a manifold
M, corresponding to a Klein geometry for which G/H has the same dimension, is a principal H-bundle P — M
together with a g-valued 1-form w on P with certain properties, which is called the ‘connection form’ and is intended
to generalize the Maurer—Cartan form. A construction of this kind is called a Cartan connection.

The concept of a Cartan connection can be reformulated in terms of objects defined locally on the base manifold
M. First, suppose given a principal bundle P and g-valued 1-form w as described above; take a covering of M by
open sets {U} over each of which P is trivial, and for each U a local section « of P|y — U; then wy = k*w is a
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g-valued 1-form on U, and for any two sets U, V of the cover we have wy = ad(h’l)a)U + h*0 on U NV, where
h:UNV — H is the transition function for P and 6 is the Maurer—Cartan form of H. The local section « is called a
gauge, the local 1-form wy the gauged connection form, and the relation between gauged connection forms the gauge
transformation rule. Conversely, given an open covering of M, for each member U of the covering a g-valued 1-form
wy on U, and for each pair U, V of members of the covering with non-empty intersectionamaph : UNV — H
such that wy = ad(h~")wy + h*6 on U NV, one can construct a principal H-bundle P — M of which the functions
h are the transition functions, and a g-valued 1-form w on P of which the wy are gauged representatives. It will be
important for us in our discussion of Cartan connections that one can pass at will between the global description and
the local, gauged, description.

Cartan connections differ in concept and in practice from the type of connection on a principal bundle introduced
in 1950 by Ehresmann. Ehresmann’s definition of a connection is based on the idea of parallel transport originally
formulated by Levi-Civita; on the face of it, there is no notion of parallelism associated with a Cartan projective
connection. The practical differences show up in the fact that the connection form of a Cartan connection takes its
values in g while that of an Ehresmann connection takes its values in the Lie algebra of H, the group of the principal
bundle.

The simpler of the two examples of Cartan connections that we will discuss is the Cartan projective connection
described in the first part of [3]. For a Cartan projective connection on an m-dimensional manifold the model geometry
is m-dimensional real projective space P”. To realise this as a homogeneous space G/H we take for G the group of
projective transformations of P, which is PGL(m + 1), the quotient of GL(m + 1) by non-zero multiples of the
identity; and for H we take the subgroup H,,,+; C PGL(m + 1) which is the stabilizer of the point [1, 0, ..., 0] € P".

Cartan’s work on connections predates the formulation of the concept of a fibre bundle, of course, so though he
discusses in detail the projective connection as a local object, there is no direct hint in [3] of what the principal
H,,+1-bundle on which the global connection form should live might be (except of course that it should embody the
notion of attaching a projective space to each point of the manifold). In [23] Sharpe gives the general procedure for
constructing the bundle implicitly by inferring its transition functions from the local connection forms, and shows
that it is unique to within equivalence, but he does not carry out the specific construction for the particular case of
the projective connection, nor give an explicit definition of the bundle. One aim of this paper is to make good this
deficiency.

Around the time that Cartan published his paper on projective connections a somewhat different line of research,
also described as a theory of projective connections, was being pursued by several other authors, including
Thomas [25,26] and Whitehead [27]. This second theory is concerned with the relationship between two affine
connections whose geodesics, although having different parametrizations, are geometrically the same; two such
connections are said to be projectively related. Here the concept of connection is that of Ehresmann. A brief history
of the development of these ideas up to 1930, which names the mathematicians principally involved, can be found in
the introductory section of Whitehead’s paper.

A generalization of the projective differential geometry of affine connections was studied by Douglas [10] under
the name of the general geometry of paths; it is also known as the projective differential geometry of sprays. We
will extend the Thomas—Whitehead theory to cover this more general situation. The projective differential geometry
of sprays incorporates the geometrical theory of systems of second-order ordinary differential equations under
so-called point transformations. We are therefore able to interpret the point transformation invariants of a system
of second-order ordinary differential equations found by Fels [11] in terms of projective quantities associated with the
corresponding equivalence class of sprays.

In the following sections of this paper we review spray geometry, discuss the Thomas—Whitehead construction
and its generalization to sprays, and afterwards describe the Cartan theory in the affine case. We then introduce a
certain bundle which realizes explicitly Cartan’s idea of attaching a projective space to each point of a manifold, and
which we call the Cartan bundle; this bundle is defined independently of any particular choice of connection, but
to any projective class of sprays one can associate a unique Cartan connection on the Cartan bundle, as we show.
Finally we describe in detail how to derive the Cartan connection from the generalized Thomas—Whitehead data for
any projective equivalence class of sprays.

We will use the Einstein summation convention, over several different ranges of indices. We will be basically
concerned with a manifold of dimension m, and we will denote by a, b, ..., indices which range and sum over
1,2, ..., m. We will also need to use indices which range and sum over O, 1, ..., m: we will denote such indices by
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a, B, .. .. Finally, we will sometimes single out the index 1 for special attention, and when we do so indices which
range and sum over 2, 3, ..., m will be denoted by i, j, .. ..

2. Projective differential geometry of sprays

We review here the projective geometry of sprays. A useful reference for this material is Shen’s book [24]; however,
our approach differs from his in that we put more emphasis on the similarities between the general case and the affine
case as described for example in Schouten’s ‘Ricci-Calculus’ [22]. Douglas [10] also covers much of this ground of
course.

2.1. Sprays and Berwald connections

We denote by 75, : T°M — M the slit tangent bundle of M (T M with the zero section deleted). Coordinates on
T°M will generally be written (x“, u®). The Liouville field u?3/du® is denoted by A.

A spray S on M is a second-order differential equation field on 7°M,

S =u* 9 —2r¢ 0 ,
ax4 ou?
whose coefficients I'* are positively homogeneous of degree 2 in the u?; if they are quadratic in the u® (so that S is
the geodesic field of a symmetric affine connection) then the spray is said to be affine.

Homogeneity occurs frequently and is always with respect to the u?, so we will just say, for example, that some
function is of degree 1. Moreover, the distinction between being positively homogeneous and being homogeneous
without qualification won’t be important in this subsection, so we won’t repeat the qualifier ‘positively’.

The horizontal distribution associated with a spray is spanned by the vector fields

b_arb.

)

9 _pbi

Ha = dxa “ub’ @ Jue

I ;’ is of degree 1. The spray itself is horizontal: S = u“ H,. It will often be convenient to denote the vertical vector
field 9/0u“ by V,.

The Berwald connection (see for example [4]) associated with a spray S is a connection on the pullback bundle
‘EX,I*(TM) — T°M. We will use tensor calculus methods, so we write sections of tjj(TM) as X“9/9x% where
the coefficients X“ are local functions on 7°M. The Berwald connection can be specified by giving its covariant
differentiation operator V operating on 9/dx“ (regarded as a local section of /(T M), or vector field along the
projection ty,), together with the usual rules of covariant differentiation: in fact

0 d 0

Vg — =1I¢—, Vy— =0,
Ha b ab g e Vagxb

where the connection coefficients are given by

o _dlE e
@ Jub T uadub’
they are symmetric, of degree 0, and reduce to the usual connection coefficients in the affine case.

Note that covariant differentiation with respect to the vertical vector field V,, of any tensor field along tj, amounts
simply to partial differentiation of the components of the field with respect to u“; and that therefore if one takes a
tensor field along 7y, and partially differentiates its components with respect to the u“ one obtains another tensor
field, with one more covariant index.

We will use index notation, so that (for example) if 7" is a type (1, 1) tensor along 7, and & a vector field on 7°M,
(VeT)j, is just written V¢ T;'. Moreover, where convenient we will denote by (for example) T} . the tensor component
Vv, T, and T} . the tensor component Vg, T

The so-called total derivative T is the vector field along tj, whose coordinate representation is u9/dx%; its
covariant derivative in any horizontal direction vanishes, which is to say that ufb =0.
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The curvature of the connection is defined in the usual way, but can be broken down into various components
according to whether the vector field arguments are taken to be horizontal or vertical. First, evidently

0

(Vv Vv, = Vv, Vv, = Viv,.v,) Py 0
Next, we have
9 P
(Vv, Vi, = Vi, Vv, = Viv, H,) 7ec = Beavy

where (since [V,, Hp] is vertical)

d 3pd

Bl _ oIy, _ A
ab = Jua T Jutdubouc

This component of the curvature has no affine counterpart—in fact its vanishing is the necessary and sufficient

condition for the spray to be affine. It is completely symmetric in the lower indices, is homogeneous of degree —1,

and satisfies Bg’a pu¢ = 0.1Itis called the Berwald curvature.

Finally,

3 P
(VH,VH, — Vi,VH, — ViH, 1)) Pl Rcab@v

where Rfu 5> the counterpart of the usual curvature, is given by

Rgab = H, (Fli) — H, (F;lc) + Fgeplfc - Fliieptfc'
It has the usual symmetries, is of degree 0, and reduces to the ordinary curvature tensor when the spray is affine. It is
called the Riemann curvature.
We can also express the curvatures conveniently using forms. We write ¢ for the 1-form du® + F,fdxb , so that
{dx?, ¢} is the local basis of 1-forms on 7°M dual to the local basis {H,, V,} of vector fields. Define connection
forms wjy = I, dx; if (2] = doj, + wf A wj, are the associated curvature forms then

1
0 = 5 Rpegdx’ A dx? + BE ;9 A dxd.

By taking traces of the curvatures we obtain tensors By, = B, and R,y = R;, . The first is symmetric. The
second is not in general symmetric; moreover, by the cyclic identity R{,, = Rap — Rpa-
By differentiating the formula for the Riemann curvature with respect to u¢ one obtains the following relation
between the two curvatures:
d _ pd d
Rcab,e - Bbcela - B

acelb’

this is in fact part of the second Bianchi identity for the curvature taken as a whole. From this formula, by taking a trace
and skew-symmetrizing over one pair of indices one obtains Rup,c — Rpa,c = Bpcla — Bac|p, and by skew-symmetrizing
over a different pair of indices Rpc s = Ryc b, both of which are useful later.
We will also be concerned with the associated tensor
ar<
a __ pa c.d __ a a ;e

This type (1, 1) tensor field is often called the Jacobi endomorphism, because it is the curvature term that appears in
the Jacobi equation. It contains the same information as the Riemann tensor, which can be recovered from it by use of
the formula

Rd

cab =

d d
(Ra,bc - Rb,ac) .

W =
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We denote by R the trace of Rf; we have R = Roqufu. Tt follows from the relationship Rpc. o = Rac,p and the fact
that R, is homogeneous of degree O that ub Rpc.a = 0, whence
dR (Rup + Ry 3R
= u s —_—
oud ab 7 Rha uou®
A spray whose Jacobi endomorphism has the property that for any v¢, R} v? is a linear combination of u“ and v is
said to be isotropic. For an isotropic spray Rj takes the form R}, = A8 + upu“ for some scalar A and vector u;. Since
Ry, ub = 0 we have A = —upu”, and then by taking the trace we find that (m — 1)A = R, so for an isotropic spray

Rap + Rpa.

1
R} — ——R& = 4,
b o 1% HpU

with ppu? = —R/(m — 1).
Note that a spray has two independent curvatures, and either can vanish without the other doing so. A spray whose
Riemann curvature vanishes, but whose Berwald curvature is not necessarily zero, is said to be R-flat.

2.2. Projective equivalence

Two sprays S, S are projectively equivalent if §—8 = —2aA, or '" = I' + qu®, where the function « is
positively homogeneous of degree 1 in the u“.
From the basic projective transformation rule it follows that the horizontal vector fields associated with the spray
S are given by
H,=H, —aV, —a, A, oy = 80[;
ou?

a, is of degree 0, and u%«, = «. Furthermore,

8%a

b = Lap + (Capu® + aad) + apdy) , Yab = 5 ag b’

aqp 1s symmetric and of degree —1, and agpu? = 0.
By taking a trace in the equation for the transformation of the I';,, and writing I, for Ffb, we obtain

A

Iy, =TI, + (m+ 1)ag, whence the quantity
1
ab = Tap = 5=y (Dabf + T8, + Bapu)

is projectively invariant. Douglas [10] calls it the fundamental invariant and says in effect that every projective invariant
is expressible in terms of it and its partial derivatives. However, the 11}, are not components of a tensor, nor even of a
connection, and this has to be borne in mind when forming projective invariants from it. Note that /7 ;’ = Hé’a =0.
It may appear that if we set I = Fg and take
1 1 ard

Tm+1 T m+1 oud

then the transformed spray has II;, for its connection coefficients. However, I" is not strictly speaking a function: its
transformation law under coordinate transformations of the x¢ (and the induced transformations of the u“) involves
the determinant of the Jacobian of the coordinate transformation; however, it transforms as a function under coordinate
transformations for which the determinant of the Jacobian is 1. Consequently the II;, are not, in general, the
components of a connection. In fact if II7,, II;, are the components of the fundamental descriptive invariant with
respect to coordinates (x?), (x%) then
re  7djes e S c 1 310g|‘]| 7d oc 7d oc
b =J4 Jh(JfHde - Jg,) + Ml axd (Jy o, + I, 8,),
where J lf =9x%/ 9x? are the elements of the Jacobian matrix of the coordinate transformation, J. }f those of its inverse,
= dJS/axP = dJy; /0x“, and J is the Jacobian determinant.
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We will nevertheless follow Douglas in taking the IIY, as fundamental in describing a certain kind of path space,
that is, a manifold together with a collection of paths (unparametrized curves) with the property that there is exactly
one path of the collection through a given point in a given direction.

We concentrate for a moment on the affine case, when the I a"b are functions on a coordinate patch in the base
manifold M. Douglas, in [10], calls a path space of this kind a restricted path space. In fact we could define a restricted
path space as an assignment, to each coordinate patch on a manifold, of a set of functions 17, , symmetric in a and b,
transforming under a change of coordinates according to the formula given above. The paths are defined by

X +chx o x€

a condition which is invariant both under coordinate transformations and under change of parametrization. It is not
strictly necessary to impose the condition that [, = I :b = 0, since if the II;; transform as specified then the /T :b are
components of a 1-form, and if

1

j’]c — J7¢
b le +1

a

(1185, + IIp85)

then II v transforms in the same way, defines the same paths, and does satisfy II, = 0. Nevertheless we will reserve
the term ‘fundamental descriptive invariant’ for the II7, which satisfy II, = 0. Clearly if II, = 0 and II oy 1s related
to II7, by the transformation formula given above then 11, = 0 also.

Every affine connection defines a restricted path space in this sense, with projectively equivalent ones defining the
same path space. As it happens the converse also holds, as we will show later, so the concept of restricted path space
is not more general.

2.3. Projective transformation of the curvatures

We now return to the general case, and derive certain projective transformation formulae we require. We will do so
entirely tensorially; we will however point out the simplifications that arise when one chooses the local spray whose
connection coefficients with respect to some coordinates are the I, . We will denote objects calculated in this way by
setting their kernel letters in black-letter. Thus it follows from the observation above that the traces of II, vanish that
Bap = 0, and also that RY , = 0, so that Ry, = Rep.

An easy calculation leads to the following transformation formula for Bca b
Bgab = Bgab + Olabcud + aabaf‘l + O‘bcfsle + OtacfSZ,

where a,p. denotes a third partial derivative of «; it satisfies «upu¢ = —ogp. Then by taking a trace
Bup = Bap + (m + Dotgp, whence

1
Dfab = Bgab - m+ 1 (udBab,c + Babag + Bbcag + Bacag)

is a projectively invariant tensor—the Douglas tensor. It is symmetric in its lower indices, of degree 0, it satisfies
owu = 0, and all of its traces vanish. Since B,; = 0,

a4
cab = Juc .

=

Lab
The projective transformation of the Riemann curvature is given by
d d d d d
wa Ry + VH,0p, — V0. + (@ape + apoe)d, — (atge + aqe)dy,,
where a; ; 1s the difference tensor of the connection coefficients,
oy = Aapit + gy + oy,
Using the fact that multiplying by u¢ commutes with covariant differentiation with respect to H, we obtain

d d d d
VH, 0. = U tpeja + otpjady + otejq by, .
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It can be shown that

VH, ébc - VH;, éac = @Ifla ébc - %I:Ib éaCa
whence the transformation law for Rfa , can be rewritten in the form

S =S, — Ape? + Agedf + (Aap — Apa)8Y,

a

where
1
d d d
Seab = Reap — m+ 1“ (Bbc'|a - Bdt‘|b)
1
= Rélab - m+ lud (Rab,c - Rba,c)v

Agp = plg — 0ty — Aglp.

The modified Riemann curvature S¢ , has the usual symmetries, is of degree 0, and reduces to the Riemann curvature

cab
in the affine case. We set Sy, = S ,; then Sy = Sup + Agp — mApa, Wwhence

1
m? —1

Agp = — (éab - Qab) , Oab = Sap +mSpq.

It follows that

1
Pty = St = —5— (Qbe8 = Qucdf — (Qup — Qo)

is a projectively invariant tensor. It is the counterpart of the projective curvature tensor of the affine theory, to which it
reduces in the affine case. It is of degree 0; it has the same symmetries as the Riemann curvature, and in addition all
of its traces vanish.

Since Ry, is symmetric, 8¢, = R?  whence Gy, = Ryp and Qupp = (m + 1)Ryp, so that

cab cab

1
Pl = Ry = —— (F0edd — Racdf)

The Jacobi endomorphism of a spray S transforms as follows:
R = RY 4 Apu® — A8,
where the vector A, and scalar A are given by
Aq = 2H,(a) — Vsag — aag, A= S()—a®=uAg;

A, is homogeneous of degree 1. For the trace of the Jacobi endomorphism we have R=R—(m—1A. Using these
formulae one can show that

1
Wil = Rf — ——Roj

-1

1
“Vy. | R, — ——RS§;,
m+1u V"(b m—1 b)

is projectively invariant. It is called the Weyl tensor. It is trace-free and satisfies Wb"uh = 0. The Wey] tensor bears the
same relationship to the projective curvature tensor as the Jacobi endomorphism does to the Riemann curvature: that
is to say, Pfh ducud = Wlf, and Plf‘c 4 can be expressed in terms of second vertical covariant derivatives of Wlf.

From the transformation laws it is easy to see that being isotropic is a projectively invariant property of a spray.
Moreover, by substituting the formula for Rj for an isotropic spray into the expression for W above and using the
evident fact that 1, is homogeneous of degree —1 we see that W;' = 0 for an isotropic spray; the converse is obvious.
Thus a spray is isotropic if and only if W}’ = 0; and equivalently if and only if P; , = 0.

When m > 2 the vanishing of both the Douglas and the projective curvature tensors is the necessary and sufficient
condition for a spray to be projectively flat, that is, projectively equivalent to a spray that can be written #“9/9x“ in
some coordinates. In dimension 2, however, a tensor with the symmetries of the Riemann tensor is determined by its
traces, and if they vanish so does the tensor; so the projective curvature tensor is identically zero in dimension 2. We
will therefore assume that m > 2 hereafter.
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The vanishing of the Douglas tensor alone is the necessary and sufficient condition for a spray to be projectively
equivalent to an affine one [24]. The vanishing of the projective curvature tensor alone is the necessary and sufficient
condition for a spray to be projectively equivalent to one which is R-flat; in other words, a spray is isotropic if and
only if it is projectively R-flat [S].

2.4. Systems of differential equations

The base integral curves of a spray are the solutions of the equations
X442 x, x) =0;

all sprays in a projective equivalence class have the same base integral curves up to a change of parameter which
preserves sense. Thus a projective equivalence class of sprays determines, and in fact is determined by, a path space,
that is, a collection of paths (unparametrized but oriented curves) in M with the property that there is a unique path
of the collection through each point in each direction. A choice of spray in a projective equivalence class amounts to
a choice of parametrization of the corresponding paths; Douglas calls the parametrization resulting from the choice
with I'y. = II; the canonical parametrization for the given coordinates.

Since sprays are required to be only positively homogeneous, reversing the initial direction may give a different
path. We will be interested in a restricted class of sprays, those having the property that the integral curve through
x with initial tangent vector —u is just the integral curve through x with initial tangent vector u traversed in the
opposite sense; we call such sprays, and their base integral curves, reversible. Reversible sprays are such that the
coefficients I'“ are homogeneous of degree 2 without qualification, that is, satisfy I'¢ (xb, aub ) = A1 (xb, u® ) for
all non-zero A. Alternatively, they satisfy I'*(x?, —u?) = I'*(x”, u”) in addition to being positively homogeneous.
The corresponding path space has the property that given a point x € M and a line in 7 M there is a unique path
(now an unparametrized and unoriented curve) through x whose tangent line at x is the given line. The set of lines in
T M is just PT, M, the projective tangent space at x; thus a path space in this sense determines and is determined by
a congruence of paths on PT M, the projective tangent bundle of M (one and only one path of the congruence passes
through each point of PT M); the corresponding projective equivalence class of sprays determines and is determined
by a line element field on PT M, the tangent line element field of the congruence of paths.

From here on we will deal only with reversible sprays.

In a local coordinate system we can choose to parametrize suitable paths of a projective class of sprays with one of
the coordinates, say x!; with such a parametrization x' = 1, ¥! = 0, and the differential equations take the form

! if .1 /dxj .
d(xl)zzf x,x,—, iL,j=23...,m

In other words, there is always locally a member of the projective class for which I'' = 0; then fi(x%, yf:)
= —2I"(x%, 1, y/). Conversely, given a system of m — 1 second-order differential equations in the variables x',
with parameter x!, we can locally recover a spray by setting

. 1 , )
r'=o0, '@ u = —E(ul)zfl %, ul Jub).

Such a spray is reversible.

If we make a point transformation (a coordinate transformation involving all of the coordinates x¢) the spray
corresponding to the new system of differential equations will not be the same as that corresponding to the original
one; but it will be projectively equivalent to it. The invariants of the system of second-order ordinary differential
equations under point transformations will be the projective invariants of the corresponding projective equivalence
class of sprays.

It will be useful to be able to represent the projective quantities in terms of the f?. We therefore compute the
fundamental invariants Iy, of the spray

u? Bi“ — 2]"“387, M=o 1T (x”, u“) = —% (ul)zfi (x”, uj/u1>.
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We set
Lot 0y
I T T2y VikT Gk Yik T
_ k Y 9%y
Yy = ykv Yi = By’ Vik’ J/l] — 8y18y]
We denote by d/dx! the differential operator
d 9 4y a ;0
&l ol Y ax dy!

(it is a vector field on a jet bundle, the second-order differential equation field or SODE of the system of equations
Xl = fi), and set

P = 8_f’
S axJ

455. is called in the relevant literature, with an unfortunate disagreement over sign, the Jacobi endomorphism of the

d (i ik,
T (Vj) + V%V

second-order differential equation field [6]. Then y}kl and @j. are invariants of the second-order differential equation

field under the restricted class of coordinate transformations ! = x!, &/ = %! (xl, xi), that is, transformations that

preserve the parametrization.

We will show that for m > 2 the Douglas tensor Dj , and the Weyl tensor W' are completely determined by the
quantities
— 1 St

(m—1)"7
Since the projective curvature tensor Py, determines and is determined by the Weyl tensor, it too is completely
determined by these quantities. This is related to a result of Fels [11], who showed, using Cartan’s method of
equivalence, that K;. w and L;. are the fundamental invariants of the system of second-order ordinary differential
equations under point transformations. In fact the point transformation invariants of a system of second-order
differential equations, or equivalently the projective invariants of the corresponding spray, are completely determined
by the trace-free parts of the invariants of the system under parametrization-preserving transformations.

To derive this result we need to compute several quantities from the I'* by differentiating with respect to the u* and
taking traces. The calculations are much simplified by the fact that the quantities involved are homogeneous of various
degrees in the u“. Any function ¢ of degree n is determined by its value at ul =1, since ¢u?) = (ul)”cj)(l, ui/ul)
(this is of course just the principle used to define the spray coefficients). Moreover, we have Euler’s theorem at our
disposal. In the formulae below we assume that u! # 0, and write y’ for u’ /u'.

First we have

r}=0. ri=u'yl, Ii=-wH +y'v).

Ko =y L (i + sy + 8t L= 3
jkz—ijz_m—Jrl(fyk’+ kVit + ’yjk>’ i “

For the I}, we obtain

Lpe=0, Tj=vj Lij=Tj=vi=yvi Ihi=—=f =2 +Yy"V
Next, the traces:

I'=u'y; L=y, D=y -y

and their derivatives

—1 —1 -1
Fijz(“1> vij. Thi =1In =—<ul) yya I =<u1) YY" Vi

It follows that the fundamental invariants II;;, are given in terms of the f i and their derivatives by

1
le_ (2 _2] L.m )
11 mrl Y =2y +Y Y Vim
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==y (=)
=" 1 y Vil
| 1
U7 om 1)/11
. . . . 1
R e R e R
. . . 1 . .
My =y =YV =g ((V - y’w) 8 — y’y’m)
: : 1
Iy =vj— mrl (J/J3k + Vk5 +y ij)
Thus with u! =1,
i i 1
Dy =V — w1 (V]15k + Vk15 +yjkd) +y V]kl)
We differentiate K; 1 With respect to ¥ to obtain
aK;kl i ! st Siy: i
oy = Vikim — il Vkim + OrVjim + 01 ¥ jkm ) »
then take a trace to get
m—2 _ BK;;{I
m—i—ly]kl_ dy ;
whence
m
]kl jkl m — 2 8ym
Furthermore
S B WL !
JKl m+1" m—2 9y"
Now udDZ 4 = 0, whence Dj | = —y Db”, so that the remaining components of Dj , are determined by those

which have already been calculated.

For the Jacobi endomorphism of the spray we have R}

. 2 (9f! d
i _ 1 A —
R, = (i) (axj+dxl

so that R = —(ul)zfp,](‘. Thus

. 1 2

Rl — ——R§ = (ul)
Joom—1

Thus when u! = 1,

Wi—_rLi 4 1oL
I m 1T gk

As before, the remaining components of W;' are determined by these, since W,fub =0.

It follows that LS. = 0 is a necessary and sufficient condition for the spray to be isotropic.

L Rl—;RM:O
]’ J m—1 J
1 oL
I T m 1 ayk’

:0’

(4)+r) == ()
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3. The Thomas—Whitehead theory

We now discuss the Thomas—Whitehead theory. In its original version, and also in the version of Roberts [21] on
which our account is based, this is a theory of projective equivalence classes of affine connections, so the first part of
this section deals with the affine case. We show how to generalize the theory to arbitrary sprays in the final subsection.

The fundamental example is projective space P itself. We begin by considering connections on projective space,
as motivation for the general constructions.

3.1. Connections on projective space

As a manifold, P" is the quotient of R”*!1—{0} under the multiplicative action of R—{0}; the infinitesimal generator
of this action is the radial vector field given in Cartesian coordinates by x*d, = 1". We may represent objects on P
as objects on R”*! — {0} transforming appropriately under the action; for convenience this will be expressed in
terms of the Lie derivative with respect to 7", together with invariance under the reflection map j : x +— —x. So
functions on P”" may be represented by functions f on R”*! — {0} satisfying 7 f = 0 and j*(f) = f: call the set
of such functions Fy. Similarly, vector fields on P”* may be represented by equivalence classes of vector fields X
on R"*! — {0} satisfying £y X o« 7 and j,X = X, with equivalence ¥ = X if ¥ — X o« 7. Let Xy denote the
set of such vector fields, and for X € X let [ X] denote the equivalence class of X. The set [[X ] of equivalence
classes [X] for X € Xy is a Lie algebra over the module Fy, with [ [X], [Y] ] = [ [X, Y] ]. Furthermore, for
any f €e Fr, Xf e Frif X e Xyrand Yf = Xf if Y = X: thus [X] f is well-defined (as Xf); [X r] acts as
derivations on Fr; and the Lie bracket of equivalence classes is the commutator of the corresponding derivations.

We will define a covariant derivative operatoron [X r]asamap V : [X ] x [X r] — [X r] which is R-bilinear,
Fr-linear in the first variable, and satisfies

Vixi(FIYD = fVixgllY 1+ X1 HIY]

A covariant derivative is symmetric if

VixpllY 1 — Vpypl X1 = [ [XT, 0[Y1 1.

We now relate such operators to the standard covariant derivative D on R™*! by the device of choosing a
representative of each equivalence class. Let ¥ be a 1-form on R”*! — {0} such that (7, ®) = | and j*9 = ¥,
and for any vector field X set X=X- (X,9)Y. Thenif Y = X, Y = f(; and if X € X, X e X r also. Thus
such a 1-form ¢ enables one to select a representative of each equivalence class, in fact by the condition (X, #) = 0.
If, furthermore, £y = 0 then ET)? = 0. Now 7 is an infinitesimal affine transformation of D, and so when
LrX=LyY =0

Ly (D)‘(Y') = DLTX?-F Dy (KTY) =0

also. Furthermore, j is an affine transformation, so when j*f( = X and j*? =7, j*(Df(f ) = D)}? . So for any
choice of ¥ such that (7", %) = 1, Ly = 0 and j*©¥ = ¥ we may set

Vixlyl = [[Ds7]]:

then V7 is a symmetric connection on X 7.

We may now consider the geodesics of V7. First of all, a geodesic will be a 2-surface ¥ in R”*! — {0} invariant
under the action generated by 7, that is, ruled by radial lines. It will be defined by any curve in it transverse to the
radial lines, and among such curves we can choose those o whose tangent vectors satisfy (o, ¢¥) = 0. Such curves
are mapped to each other by the action generated by 7', so it is enough to consider one of them. Then X will be a
geodesic of V? if and only if [Ds6] o [¢], that is, if and only if Dgé = & is a linear combination of ¢ and 7'|,.
But this means that the tangent planes to X at all points on it are parallel to one another, and therefore that Y/ is itself a
plane. Thus the geodesics of V¥ are the straight lines in P”*. We note for future reference that 7" has the property that
DT = id, where id is the identity tensor; and indeed this determines 7" up to the addition of a constant vector field.

We can describe the idea behind the construction of Roberts as follows: to introduce for any manifold M, a manifold
VM of one higher dimension, whose role in relation to M is to be like that of R”*! — {0} in relation to P”*; and on
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VM to define a covariant derivative operator whose role in relation to a projective equivalence class of connections on
M is to be like that of D in relation to P as described above. We can motivate the construction of VM by introducing
a particular way of thinking about R”*! — {0} in this context.

Let £2 be the standard volume form on R”*!. Let 7 be the projection R™*! — §™ where S™, the m-sphere, is
the quotient of R”*+! — {0} by the action generated by 1", so that P is obtained from S” by identifying diametrically
opposite points. Then for any point p € R"*!, p # 0, we can define an m-covector 6 at 7(p) € S™ as follows: let &,
be any m elements of Ty (,)S™, and let v, be any m elements of T,,Rerl such that 7y v, = &; set

0(517521 7‘§m) = ‘QP(TP’ U1, 02, ..., Um)7

6 is clearly well-defined since adding a multiple of 1, to any v, doesn’t change the value of the right-hand side. Now
take any s € R, s > 0, and carry out the same construction but starting at sp. It is clear that the right-hand side gets
multiplied by s” 1. There is therefore a map ¢ : R™*! — {0} — A" S™ such that ¢(sp) = s""T'¢(p). In this case ¢
will be a diffeomorphism of R+ — {0} with either of the two classes of oriented volume forms on S". There is no
need to take this any further here: our aim was just to suggest that it will be profitable to consider volume forms.

A somewhat similar account is to be found in [15], but as an application of Roberts’s construction rather than as
motivation for it.

3.2. The volume bundle

The basic idea of the Thomas—Whitehead theory of projectively equivalent connections is to represent a projective
equivalence class on an m-dimensional manifold by a single connection on a manifold of dimension m + 1, extending
the approach of the previous subsection from projective space to a more general manifold M. We start by describing
the appropriate (m + 1)-dimensional manifold, broadly following Roberts [21] but diverging from him over some
details.

We start with the non-zero volume elements & € A" T*M; the set of pairs [+60] of such elements will be called
the volume bundle of M (strictly speaking it should be called the unoriented volume bundle but we will normally
omit the prefix ‘unoriented’) and denoted by VM. It is indeed a bundle, with projection v : VM — M, defined by
v[£0] = x whenever 0, —0 € A" T}M.If x* are coordinates on M then a candidate for the fibre coordinate on the
(one-dimensional) fibre of v is |v|, where v satisfies

6’=v(9)<dx1/\~-~/\dxm)

X

for any 6 € A"™ T*M; however, in view of the discussion in the previous subsection we choose instead to use
x0 = |v|/m+D a5 the fibre coordinate, with the convention that the positive root is to be taken if m is odd so
that xX® > 0. The local trivializations defined in this way describe a principal R, -bundle structure on v (R is
the multiplicative group of positive reals). We will let © : VM x Ry — VM denote the corresponding (right)
action [£60] — [£s™110] of R, on the fibres of v, and also write us : VM — VM for the map defined by
s ([£60]) = u([£0], s). The fundamental vector field of this bundle, which corresponds to the radial vector field of
the previous sub-section, will be denoted by 7°; in coordinates
0
0
T =x 350"

Although our construction of the volume bundle is similar to that used by Roberts [21], it is not quite the same.
A small difference is that Roberts uses the structure of an R-bundle rather than an R, -bundle, by exploiting the
exponential isomorphism. More significant is that his bundle is built from m-vectors rather than m-covectors—the
two bundles are isomorphic, but the natural fibre coordinate is |v| ™! rather than |v|. Another significant difference is
that our R -bundle structure uses multiplication by s”*! rather than multiplication by s as the right action, and so
our fundamental vector field 7" is —(m + 1) times the one used by Roberts.

The volume bundle has some additional natural structure, a so-called odd scalar density, which is defined in the
following way. Observe first that /\'" T*M, as a bundle of m-covectors, has a tautological m-form ©; in coordinates
© = vdx! A---Adx™. The differential d© is a natural volume form on A" T*M defining, at each point [+0] € VM,
a pair of (m + 1)-covectors differing only in sign; this is the odd scalar density we require. We will denote it by [d©)].
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In the coordinates on VM, this may be written as

+(m+1) (x())m dx® Adx! Ao A ™.

3.3. TW-connections

Roberts’s version of the Thomas—Whitehead theory is based on his notion of a Thomas—Whitehead projective
connection, or TW-connection for short. A TW-connection is a symmetric affine connection V on the volume bundle
VM which is invariant under the R action on v : VM — M and which satisfies the condition that V71 = id,
where id is the identity tensor on VM. The invariance condition is equivalent to saying that 7" is an infinitesimal
affine transformation of V, and we will generally use it in this form. (The definition above is essentially the one given
in [21], with the difference that the formulae there differ from ours by the constant factor —(m + 1) as we use a
different fundamental vector field.) These conditions on @, when expressed in terms of its connection coefficients fy

with respect to coordinates (x*), adapted to the bundle structure, give Fc?o = f&) =0, ffo = (xo) 18b furthermore
the I'7, are functions on M transforming as the components of the fundamental descriptive invariant of a restricted
path space (though not necessarily satisfying I'y; = 0), while the th are of the form x%x,; where the agy, are

functions on M, transforming appropriately. There is therefore a many—one correspondence between TW-connections
and restricted path spaces. The geodesic equations for a TW-connection are

X +Fb)'c X ——2('0/x0))'cc, 0+ x0 i@t = 0.

The first of these defines the paths on M. The second equation tells us that the terms «,), in the connection essentially
determine a preferred parametrization of the paths. Suppose that we wish to make a change of parametrization so that
with respect to the new parameter the equations become

X4 5 x%P =0,

Then from the first equation s must satisfy § = —2(x%/x%)s, and from the second

d /5 1/5\°
. _ _ _ :2 -a-b.
dr <s> 2<s> GabX X

The left-hand side of this equation is the Schwarzian derivative of s, sometimes denoted by S(s). It is known that if f
is a Mobius function of ¢,

at +b
ct+d

for some constants a, b, ¢ and d with ad — bc # 0, then S(f o s) = S(s); thus if s is a reparametrization to the new
parameter so is f o s for any Mobius function f.

The importance of a TW-connection on the volume bundle is that it gives rise to a family of connections on M.
It is shown in [21] that given a TW-connection V, with the aid of any 1-form © on VM which is R -invariant and
satisfies (7", ) = 1 one can construct a symmetric affine connection V” on M whose geodesics are the paths of the
restricted path space corresponding to V, just as we showed for P” earlier. Such a 1-form ¢ is the connection form of
a connection on the principal bundle VM — M. It is well known (see for example [17] Chapter II, Theorem 2.1) that
every principal bundle over a paracompact manifold admits a global connection. It follows that every restricted path
space on a paracompact manifold M is the space of geodesic paths of some symmetric affine connection on M.

In fact V gives rise in this way to a projective equivalence class [V] of symmetric affine connections on M, the
different members of the class corresponding to different choices of ¥#; the difference ¢’ — ¢ of two such 1-forms on
VM is the pull-back of a 1-form on M, which determines the projective transformation relating the two corresponding
connections on M. Conversely, each such projective equivalence class [V] gives rise to many 7W-connections, and
in particular to a unique TW-connection V satisfying the additional conditions that V(|Jd©|) = 0 and that the Ricci
curvature of V vanishes. In coordinates,

f@ =

- - . —1 . 1
Vo(3) =0, Vo(dp) = Vp(do) = <XO) O, Va(dp) = II;0. — P lxofﬁabao,
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where as before II7, is the fundamental descriptive invariant of the equivalence class [V] and R,y its Ricci ‘tensor’.
More generally, those TW-connections for which V(]d@]) = 0 take the form

Vo) =0, Do) = V500 = (x°) By Val@) = 150 — xaaio.
That is to say, the condition V(]|d@|) = 0 forces r ", to be 117, that is, to have vanishing trace. We will accordingly
call such a TW-connection trace-free, and we will call the trace-free TW-connection whose Ricci curvature vanishes
the normal TW-connection for the given projective equivalence class of affine connections.

It is also the case that if M is paracompact, v : VM — M admits global sections ( [17] Chapter I, Theorem 5.7). A
global section o determines a connection on the principal bundle, which is integrable, and whose connection 1-form
is exact, say doo ; the function @ satisfies 7@ = 1, and the horizontal submanifolds are the level sets of @ . Such a
global section is called a choice of projective scale by Bailey et al. in [1]. The corresponding affine connection V47
has the property that its Ricci tensor is symmetric, and any connection in the projective equivalence class with this
property is determined in this way. The projective transformation relating two connections with this property is given
by an exact 1-form on M.

We can also relate this construction to that of the so-called tractor bundle introduced in [1]. Suppose given a
connection form ¥; let H, be the corresponding horizontal lifts of the d, from M to VM. The invariance of the
connection form implies that £y H, = 0. Now consider the vector fields X on VM such that VX = 0; call them
T-vectors. We may equivalently write the defining condition as £y X = —X. The 1-vectors form a module over
functions on M. For any 7"-vector X and for any Y such that £LyY o 7T (i.e. any projectable vector field Y), VyX is
also a 7-vector, by virtue of the rules for a TW-connection. If X is a 7"-vector and ¢ is a connection form then the
horizontal component of X, that is, X — (X, #) 7', is also a 1"-vector, as is its vertical component (X, ) 7. We can
write a vertical 7-vector as u® 7'; then T'u® = —u?, from which it follows that 1° is a scalar density on M of weight
—1/(m 4 1). We can write a horizontal 7 -vector as u® H,; then similarly the u“ are components of a contravariant
vector density of weight —1/(m + 1).

We can now define a covariant derivative operator on 7-vectors, with respect to vector fields on M, by restricting
the arguments of the TW-connection to be respectively projectable vector fields and 7"-vectors. For a trace-free
TW-connection the representation of this covariant derivative with respect to an exact connection form ¢ = dg
coincides with the formulae given in [1].

3.4. TW-connections and affine sprays

A symmetric affine connection determines and is determined by its corresponding affine spray; it is therefore not
surprising that we can specify TW-connections, and in particular the normal TW-connection, entirely in terms of
sprays.

To a TW-connection there corresponds an affine spray on 7(VM), say S. The defining conditions for a
TW-connection, when expressed in terms of S‘, turn out to be

ﬁycgzo; ﬁTVS'Z ¢ —2A

where 7°C and 7V are respectively the complete and vertical lifts of 7" to T(VM), and A is the Liouville field on
T (VM). The first of these conditions is equivalent to the requirement that 7 is an infinitesimal affine transformation
of the TW-connection, and the second to the requirement that VT = id. The second condition may be reformulated
in terms of the horizontal lift TH of 7" to T (VM): since for any vector field X on VM, X1 = %(ﬁxvs + X©), we
have 7€ — T = A. A variant of this formula will be important later.

Both of the claims above are easily confirmed by the following general coordinate calculations. Consider a manifold
(VM for example) equipped with a symmetric affine connection V and corresponding affine spray S. The condition
in coordinates (x*) for a vector field X to be an affine transformation of V is

axr axt ,  axe Eh'ed

ar’
o4 o4y 947 8 §_"af
ax«oxP = gxo 9B + axB L5 9x8 Tap + X 9xd 0.
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while the condition that £ycS = 0 is just this contracted with #* and u#. The condition that VX = id is

X o
Y s«
TF + I'g, X" = &5,
while a short calculation gives

o

0

due”

dX
LyvS =X —2uP (

o Yy
5 T T X )

The odd scalar density on VM defines a volume form vol on 7' (VM) by ‘squaring’ (and ignoring a constant factor):
2m
vol = (xo) A Ade! Ao Ad™ Adu® Adul A A du™,

It is easy to see that the necessary and sufficient condition for a TW-connection to be trace-free is that the
corresponding spray satisfies £zvol = 0.

For any affine spray S, the vertical component of Ls X! is
s 0

u®

ng(guﬁX”u

where R/‘f}‘ s 18 the curvature of the corresponding connection; the quantity Rg‘ 5uﬁ u®, which is a type (1, 1) tensor
field along the projection tj; : TM — M in component form, is the Jacobi endomorphism of the spray. The trace of
the Jacobi endomorphism is just R,gguﬂu‘s, a function on 7'M formed out of the Ricci curvature of the connection. In
this way the Ricci curvature can be expressed entirely in terms of the spray. Then a trace-free TW-connection is the
normal 7W-connection if and only if the trace of its Jacobi endomorphism vanishes.

It can be shown that given a projective equivalence class of affine sprays on a manifold M there is a unique
affine spray S on T (VM), whose integral curves when projected into M belong to the path space determined by the
projective class, such that

[ ) ;CTCS‘:O,
e 7€ — TH = A;
. EgVOl:O;

e the Jacobi endomorphism of § has vanishing trace.
This spray is given in coordinates adapted to VM by
a

- -1 0 1 d
_ b 0 0 0 d
S = u"‘—axa — (Hh“cu u€ + (x ) u u“) S + - 1)x Requu PR

We call this the normal TW-spray; we can define the normal TW-connection as the symmetric affine connection
determined by the normal 7W-spray.

The relation between the normal 7W-spray and the underlying projective class of affine sprays can be conveniently
described in terms of a new bundle, by taking advantage of the fact that by definition the TW-spray S satisfies
ETcS' = 0. Consider the tangent bundle to the volume bundle, 7y, : T(WM) — VM. The action us; of R4 on
the fibres of v : VM — M lifts to a linear action ug, : T(VM) — T (VM), which is just the derivative of u,. Let
WM be the space of orbits of w,; then WM is a vector bundle over M with m + 1-dimensional fibres, and with
coordinates (x?, u®, w) where w = (xo)’luo. It is also a line bundle over T' M, whose fibres, the orbits of ., are the
integral curves of 7°C.

Since the TW-spray S satisfies the condition £ e S=0,it projects to a vector field on WM, say SW. We can use
S‘W to construct the projective equivalence class of affine sprays on T M corresponding to the TW-spray, as follows.
The line bundle p : WM — T M admits global sections. A section ¢ is linear (in the fibre coordinates of TM — M)
if 04 (4) = Ayy o o, where A is the Liouville field of T M and Ay is that of the vector bundle T : WM — M. For
any linear section o, p,(Syy|s) is a spray on M. The difference between two linear sections is a linear function on
T M, so the corresponding sprays are projectively equivalent. The projective equivalence class so defined is the one
that generates the TW-spray, and equivalently the TW-connection.
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In terms of the construction given previously, a 1-form ¢ on VM defines a linear function 9 on T(VM); if
Ly = 0 then Tc(fi) = 0, in which case ¥ determines a function on WM the zero set of such a function defines
a linear section o of WM — T M, and the spray on TM determined by o is the spray of the connection on M
determined by ¢

3.5. BTW-connections

We have just shown that the geometry of a projective equivalence class of affine sprays on T M can be described
in terms of a single affine spray on 7 (VM). We have so far followed the historical order of events, by developing
the theory of TW-connections first, basing our account on the work of Roberts [21], and subsequently showing
that the defining properties of a TW-connection can be specified in terms of its spray. We are now faced with the
problem of generalizing these ideas to the case of a projective equivalence class of (not necessarily affine) sprays. The
properties formerly used to define a TW-connection do not translate straightforwardly into properties of Berwald
connections; however, the equivalent properties for an affine spray carry over almost without change to general
sprays. We will therefore approach the definition of the Berwald connection on 7°(V M) which generalizes the normal
TW-connection, which we will call the Berwald-Thomas—Whitehead projective connection, or BTW-connection for
short (we will deal only with the analogue of the normal 7W-connection and therefore need no qualifier), by first
proving the existence of a uniquely determined spray on 7°()VM) which carries all the information about a given
projective class of sprays on 7°M. We call this spray the BTW-spray, and define the BTW-connection as the Berwald
connection of this spray.

For a spray S on T°(VM),

S =u” 9 —20 i,
ax“ au“

we denote by Iég its Jacobi endomorphism,
- are . /. -
o __ _ o _ o
Ry =25 = 5(Ig) - Iy,

and by R the trace of Iég We again need the volume form vol on 7°(VM).

In the affine case the affine spray S on 7'(VM) whose corresponding symmetric affine connection is the normal
TW-connection of a given projective equivalence class of sprays on M is uniquely determined by the following
conditions:

° Z:TCSZO;

° £TV§ = 71°€ —ZA;
o Livol =0;

e R=0.

These conditions apply without change to general sprays on 7°(VM).

We will next derive the consequences of these conditions in terms of coordinates adapted to VM, thus showing that
sprays satisfying them exist locally; we postpone the proof of the global existence of such sprays until later. We find
that

. oI ar«\ o ~0 9
LycS=-2 (x0—+u0—> o

9x0 ud | ou“ oul’
- are 9 9
_ C _ 0 _ 0
LyvS=T"—2x 500 pe 2u 70

So in order for S to satisfy the first pair of conditions we must have
all

uoafo
9x0

are aI° 001
ouo =0

are
or- 0 -
tu oud © 0

=10 =
+ ax0 ouo

’



708 M. Crampin, D.J. Saunders / Journal of Geometry and Physics 57 (2007) 691-727

It follows that
001"

=0
9x0 "

whence 10 = x°G? say, where G is a function on 7°M homogeneous of degree 2. Moreover

ara -2
ax0 (x()) uuc,
X

so that I'* = (x9)~14%“ + G*, where again G is a function on T°M homogeneous of degree 2. Thus a spray
satisfies the first pair of conditions if locally it takes the form

- 0 -1 0 0
S=u*"— -2|G*+ (xo) uu® —2x9G0—..
axY dud duO

The remaining two conditions impose further restrictions on G and G°. We have

u® u®
Lol = 2m— —2 [ G — ] ] vol,
o= (s =20 0r))
so Lgvol = 0 if and only if G = 0. Now
70 70 0,~0 Ta ut 7a a uO a
Iy=0, I,=x"G,, I =0 I'y =Gy + ) 85,
whence [ = fo‘f = muo/xo, and
w0\

IgTP = GiGh+4G" +m (x_0> :

using G4 = 0 and the homogeneity of GY. Thus

2
N 9G4 0 uO 0 b 0 MO
R:2<8xa+G)+m(<x_0) +2G _GZGa_4G —m F
a

2

=229 a6t 1+ 2m — 1)6"
- oxd b~ a ’
so that the fourth condition is satisfied (given that the others are) if and only if
1 aG*
G'=—— 2——GZGZ .
2m — 1) dx4

Now L yc S = 0is the necessary and sufficient condition for S to project to a vector field on WW°M, the restriction
of WM to T°M; call this vector field Syy. With coordinate w = u°/x° we have

P RN R
9x0 dw oud dw
so that
- 0 B 0
S — 4 —2G* ay_° 2 2G0 —
w=# dx4 (G" +wu )Bu“ (w”+ )Bw

with G%, G° as above. Now p : W°M — T°M is a line bundle. It admits global sections. A section ¢ is homogeneous
if 0,(A) = Ay o o, where A is the Liouville field of 7: °M and Ay is that of the vector bundle 7 : WM — M
restricted to YWW° M. For any homogeneous section o, p4(S)y|s) is a spray on T°M, given locally by

d d
u® i 2(G* + ou?) Pt
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The difference between two homogeneous sections is a homogeneous function on 7°M, so the corresponding sprays
are projectively equivalent. The fundamental invariant of this equivalence class of sprays on 7°M is just

“ _ aZGa
be ™ Qubauc’

whence G¢ = %Hhacubu” by homogeneity. Furthermore,

0 1 G arb 1 c.d
G" = —m (ZW - GbGa> = —mmcdu u .
Suppose given a projective equivalence class of sprays on 7°M; then over each coordinate patch U on M there
is a unique spray Sy on (T°(VM))|y which satisfies the four conditions given earlier and generates the class by
the construction just given. Since the conditions which determine Sy are coordinate independent, and determine it
uniquely, the Sy agree on overlaps of coordinate patches, and therefore fit together to give a global spray. This is the
BTW-spray of the projective equivalence class.
The Berwald connection coefficients of the BTW-spray of a projective equivalence class are

FO _ 0 _ 7o _ 1 Ogq e —o Jo —jpa _ 0_15a Fa — .
0 = Lao =Y ab = T % Tlab 00 =Y 0b = Ltpo = \X b be = Hpes
these are of course the connection coefficients of the BTW-connection.

The BTW-spray of a reversible spray is itself reversible.

3.6. An application of the BTW-connection construction

To demonstrate the utility of the BTW-connection construction, we now show how to construct for isotropic sprays,
essentially by algebraic means, functions which are constant along their paths; in generic cases the process will, at least
in principle, generate sufficiently many such constants to integrate the sprays, that is, specify the paths completely.
The idea is due to Grossman [13], but the implementation in terms of isotropic sprays is original.

First, an obvious remark: if T is a tensor which satisfies Vx T = 0 for some covariant derivative operator V then
any scalar f that can be formed out of T is a first integral of the vector field X, that is, it satisfies Xf = 0. Here f
need not depend linearly on 7', and in the application cannot; a good example of what we have in mind is the traces
of powers of a type (1, 1) tensor.

The appropriate general linear group acts on the tensor space by the corresponding tensor action. To say that f is
a scalar is to say that it is invariant under this action. The dimension of a cross-section of the action, at least so far as
‘generic’ tensors are concerned, gives the number of independent scalars. The case of interest consists of tensors Dy,
which are trace-free and symmetric in the lower indices. Now G L(m) acts irreducibly on this tensor space, which in
this context means that there are no non-trivial scalars which depend linearly on the tensor argument. However, by a
counting argument (which assumes that the isotropy group of the generic tensor is the identity) Grossman shows that
there are many orbits and therefore generically many scalars.

The remainder of the problem is thus to find a tensor that satisfies Vg7 = 0 where S is a spray in the projective
class. Suppose initially that S is R-flat. Now as we pointed out earlier, one of the Bianchi identities in spray geometry
ils1 Rch\e = Bgdelc — Bgceld; when § is R-flat the left-hand side vanishes. Recall that ufb = 0 and that Bgcdu” =0
then

a __ . epa _ ,ena —
VsByq = U Bpgie = U Bpy . = 0.

Thus a generic R-flat spray has enough first integrals to be explicitly solved, in principle.

We can turn this into a projective result by considering a projective class of isotropic sprays. It is easy enough
to compute the curvatures of the normal BTW-connection: they can be expressed in terms of projective invariants of
the corresponding projective class of sprays as follows. We write ng s for the Riemann curvature and Egy 5 for the
Berwald curvature; then

i _ 1
0 0
Rch = PI;ch’ Rbcd = m— lx (%bcld - ERbd|c) s
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0
x " Rpe,d,

~ ~ 1
BZCdZDch’ Bgcd:_m_l
all other components being zero in each case; the ‘covariant derivatives’ here are calculated with respect to the II,.
But when the sprays of the projective class are isotropic, and m > 3, Pg‘c 4 = 0; and it follows from this (as in the
affine case) that Rpcj¢ = MRpg|c. Thus in the isotropic case the normal BTW-spray is R-flat, and so scalars formed
from its Berwald tensor (which will include scalars formed from the Douglas tensor of the original projective class of
sprays) will be first integrals of the BTW-spray. This gives a method of constructing first integrals of any spray in the
projective class.

4. Cartan projective geometry

We now turn to Cartan’s theory as it applies to the projective geometry of affine sprays. The Klein geometry on
which the Cartan geometry is modelled is just projective space P”, which is a homogeneous space of the projective
group.

The projective group PGL(m + 1) is the quotient of GL(m + 1) by non-zero multiples of the identity. When m
is even, PGL(m + 1) = SL(m + 1); when m is odd, on the other hand, elements of PGL(m + 1) may be identified
with equivalence classes containing pairs of matrices =g where det g = 1 according as the corresponding element
of PGL(m + 1) consists of matrices with positive or with negative determinant. We will take particular care in the
discussion below to identify any differences between the two cases. We will in fact represent elements of PGL(m + 1)
by matrices g with |det g| = 1, but we will bear it in mind that for m odd such a matrix is determined only up to sign.

Other authors, in describing Cartan projective geometries, take the underlying group to be PSL(m + 1)
instead: when m is even this is the same as PGL(m + 1), but when m is odd the latter group is not connected, and
PSL(m + 1) is then its identity component. Using this subgroup when m is odd amounts to choosing an orientation for
the model geometry (recall that P is orientable in this case); a corresponding Cartan geometry can then be constructed
only when M is orientable. The use of PGL(m + 1) avoids this restriction.

The Lie algebra of PGL(m + 1) is s[(m + 1), as indeed is the Lie algebra of PSL(m + 1).

The other group of importance in the definition of a Cartan projective geometry is the subgroup H,, 41
C PGL(m + 1) which is the stabilizer of the point [1,0,...,0] € P”. In matrix representation its elements are
matrices whose first column is zero below the diagonal. We denote by b, 1 the Lie algebra of H,,,4 1.

4.1. Cartan projective connections

A Cartan projective geometry consists of a suitable principal H,,41-bundle P — M and an sl(m+ 1)-valued 1-form
w on P, the connection form, satisfying the following conditions (see for example Sharpe ([23], Definition 5.3.1)):

1. the map w), : T, P — sl(m + 1) is an isomorphism for each p € P;
2. Rfw = ad(h~")w for each i € H,41; and
3. (AT, w) = Aforeach A € Ym+1, where At is the fundamental vector field corresponding to A.

Though this global, bundle definition of a Cartan connection is the most satisfying, in practice one usually works
locally, in a gauge (as indeed Cartan himself did, in effect). By a gauge we simply mean a local section, say «,
of P — M, the connection form in that gauge is k*w, a locally-defined sl(m + 1)-valued 1-form on M. It is a
consequence of the first condition above that a gauged connection form must have the property that for each point x
in its domain the linear map p o (k*w)(x) : Ty M — sl(m + 1) /b 41, where p : sl(m + 1) — sl(m + 1) /h,41 is the
projection, is an isomorphism.

It follows from the conditions on w itemized above that given two local gauges x and k& with overlapping
domains, the corresponding locally-defined matrices of forms x*w and k*w on M are related by the transformation
rule k*0 = ad(h~HR*w) + h*(0w,,.,), where 6y, is the Maurer—Cartan form on Hy; and & is the local
H,,+1-valued function relating the two gauges « and &, such that k (x) = Ry(y)k(x). If the domain of /4 is simply
connected we can consistently choose a matrix-valued function to represent it, in which case the transformation rule
may be written as

K*ow =h~ " (&*w)h + h~'dh;

since & enters this equation quadratically, the possible sign indeterminacy in its matrix representation has no effect.
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Conversely, given a covering of M by local gauges and local matrices of forms satisfying this transformation rule,
it is possible to reconstruct the principal bundle in terms of transition functions, as we will explain more fully below.

One advantage of working in a gauge is that it may be possible to select a particularly simple gauged connection
form, and this is certainly the case for a projective connection. We assume the existence of a Cartan connection,
and start with an arbitrary gauged connection form < *w which without loss of generality we take to be defined in a
coordinate patch. We can write K *w as a matrix-valued form as follows:

A0 A0
. Dy @
Fo=(9 );
oy o

each entry in the matrix is a locally defined 1-form on M. Now we can identify s{(m + 1)/b,,+1 with 8", so that
the linear map p o (k*w)(x) : TyM — sl(m + 1)/b,+1 = R™ is just given by the vector-valued 1-form (). It is a
consequence of the defining conditions for a connection form that this map is an isomorphism for each x, or in other
words if we set & = c?)ghdxb then the m x m matrix (&) is nonsingular. We will show that by a change of gauge
we can transform c?)g to dx“. To see this, note first that if 7 is a matrix of the form

0 0
h = hO hb
0 )

then its inverse is given by

70 70,07
R L
0k

where the overbar signifies (an element of) the inverse matrix (m x m or 1 x 1 as the case may be). Note that
deth = hO det(hj). We denote the matrix elements of k*w = h='(k*w)h + h~'dh by a)g, so that a)g =
ho‘ h‘S + h"‘dhy, then wj = hoh g In order to make wj = dx“ we must therefore solve the equations
hoh“wdb = §j, for elements hg, hj, of a matrix h representing an element of H,, 1. From these equations we obtain,
by taking determinants, (hg)”H'l(deth)_1 det@y = 1, where @y = (&f,) and detdy # 0. If m is even we require
that deth = 1, so hg = (det c?)o)’l/ (m+1). this solution is unique. On the other hand, if m is odd we require only that

|det 2| = 1; then a necessary condition for a solution to exist is that det 42 and det &g have the same sign: if detwg > 0
then we must take deth = 1 and so hg = +(detdp)~ V"D whereas if det @y < 0 then we must take deth = —1
and so ho +(det(—dp))~ ™+ In either case, we obtain a unique solution for hO up to sign. If we set hb = hOa)Ob
we obtam (for any choice of hg) an element of H,, 1 such that wj = dx“. We can comblne the solutions for even and
odd m in one formula by setting

det @ N
0= S22 det o) Mt
| det éoo |

it must be understood that when m is odd both (m + 1)-th roots must be taken.

There is still some freedom in the choice of gauge, which we can eliminate as follows. The gauge transformation
rule gives a)g = wo hohb 8 + hodho, so if we define ho by hodx“ = hoa)o + dh?, we will have “’0 = 0. Therefore,
for any projective connectlon on a manifold M there is a covering of M by coordinate patches and for each patch a
unique choice of gauge with respect to which the gauged connection form is

0 a)g
dx* o ’

where @¢ = 0. We call such a gauge the standard gauge for those coordinates.

We can use the standard gauges to find transition functions for the bundle P — M, and thus define it implicitly. Let
(a)g), (é)g) be gauged connection forms for a projective connection, in standard gauge with respect to two overlapping
coordinate patches with coordinates (x%) and (x%). By considering the gauge transformation of (c?)%) to standard form
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with respect to the coordinates (x%) we have a)g = f_z;‘j L?)gh‘; + f_z;‘j dhz with
hg — 8j|J|_1/(m+1), hz — 8J|J|_l/(m+l).]g, hgdxc — 8]d|.]|_1/(m+l)

where as before (J;) is the Jacobian matrix of the coordinate transformation, J is the Jacobian determinant, and
ey = J/|J|. Thatis,

! 1 odlog|J|
h=egy|J|~/m+D m+1  dxb
0 JE

If m is even then this is a matrix in SL(m + 1), but if m is odd then both (m + 1)-th roots must be taken and the result
is a pair of matrices in GL(m + 1) whose determinants are of absolute value 1. In either case we obtain an element of
H,,+1 € PGL(m + 1).

Thus given a manifold M with a Cartan projective connection we have an open covering of M by coordinate
neighbourhoods {U,} and smooth maps &, : U, N U, — H,4 determined by the gauge transformation between
the gauged connections in standard form on the two coordinate patches. The maps A, satisfy

hyphpn = hyy on Uy, NU, NUy;

this follows from their construction, but can also be established easily from the explicit formula. They are therefore
transition functions in the definition of a principal H,,+1-bundle P; then the connection form in standard gauge will be
the pull-back by a suitable local section of a global Cartan connection form on P, and we regain the principal bundle
definition of the projective connection.

The transition functions are derived from consideration of the left column of the gauged connection form alone.
Using the transition functions and assuming that we have a globally defined Cartan connection form we can compute
the coordinate transformation properties of the remaining entries in the gauged connection form. We find, in particular,
that if we set 0§ = ¢, dx” then

oty =TT O50L, — g5+ — = B sy + T,
that is, that the symmetric part of @, wfa by = % (a)g » T @) a), transforms as the fundamental descriptive invariant of
a projective equivalence class. However, although f, = 0, it is not necessarily the case that a)?a p =0

4.2. Geodesics

The definition of a geodesic in a Cartan geometry depends on the notion of the development of a curve in M into
a curve in the Klein geometry G/H on which the Cartan geometry is modelled. Let w be the Cartan connection form,
and « a gauge. A curve x(¢) in M defines a curve X, in g by

X, (1) = (3(1), k*w).

We assume that G is a matrix group, for simplicity. Let g(#) be a curve in G which is a solution of the matrix
differential equation ¢ = gX,, and set £(t) = g(¢)§y where & is the point in the homogeneous space of which H
is the stabilizer. It is easy to see that, unlike g(¢), £(¢) is unchanged by a change of gauge: in fact g(¢) changes to
g()h(t) where h(t) is a curve in H. Then £(¢) is a development of x(¢). It is clear that there is a development of a
given curve in M through each point of G/ H.

We define a geodesic of a Cartan projective connection as a curve in M whose development in projective space
P™ is a straight line. We will now find the geodesics of a Cartan projective connection. We take a connection form in
standard gauge and write X (¢) for

0 .c
0 wpx
- a a «c |
X a)th

Then any development &(¢) of x(¢) into P™ is given by &(¢) = g(t)&y where &y = [1,0,...,0] and g(¢) satisfies
g = gX. Now £&(¢) is a curve in projective space P™; if we wish to consider the equation defining it as a vector
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equation we must introduce an arbitrary non-vanishing scalar factor, say ¢ (¢). That is, the development of x(¢) is
[u(t)] where u(t) is a curve in R”H! such that u(t) = ¢(t)g(t)eg where eg = (1,0, ...,0). Let us assume that the
parametrization is chosen such that the straight line in P is given by ii = 0. Then

d? . ) ) ' .
0= @(d’g)eo = (pg +2¢¢ + Pp2)eg = g(pI + 20X + p(X + X2))€0.

Thus x(¢) will be a geodesic if and only if there is some non-vanishing function ¢ (¢) such that
(DI + 20X + ¢(X + X?))eg = 0.

This is equivalent to a pair of equations, one vector and one scalar:
X w2950 = —2(¢/p)x¢, ¢+ Pl i9%P = 0.

From the first of these we see that a global Cartan projective connection determines a restricted path space whose
paths are its geodesics; and conversely, given a restricted path space there is a global Cartan connection (in fact there
are many) whose geodesics are its paths. In fact these geodesic equations are exactly the same as the equations for the
geodesics of a TW-connection obtained earlier, with the substitutions of wfab) for f’a"b, a)?ab) for ayp, and ¢ for X9,

4.3. Normalizing the Cartan projective connection

The curvature of a Cartan projective connection is the sl(m + 1)-valued 2-form (Qg) where
.Qg = da)% ~|—a);‘,’ /\wg.

The vanishing of the curvature is the necessary and sufficient condition for the Cartan geometry to be locally
diffeomorphic to P™, the Klein geometry on which it is modelled.

The torsion of the Cartan connection is the R™-valued 2-form ({27).

We can consider curvature and torsion in a local gauge; the definitions are formally the same. Under a change
of gauge the curvature transforms by Qg‘ = ﬁ% f)g’ h‘sﬂ; it follows that the torsion transforms by (2§ = hgl_zz f)é’. of
particular interest are connections with vanishing torsion. It is clear from the transformation rule that this is a gauge-
independent property of a connection. If we take a connection in standard gauge, its torsion is just

28 = —wf dx® A dx®;

so the connection has zero torsion if and only if @}, is symmetric in its lower indices. Thus we can ensure that a
Cartan projective connection associated with a given restricted path space is torsion-free by taking w¢, = II7,.

One of the achievements of Cartan [3] was to show that although many projective connections give rise to the same
restricted path space, there is a distinguished torsion-free connection which can be specified uniquely by conditions
on its curvature.

Assume that we are given a restricted path space, and a torsion-free Cartan projective connection adapted to it as
just described. We will show how to determine the remaining elements of the Cartan connection by further conditions
on the curvature, so as to fix them uniquely. These conditions will be specified in terms of the standard gauge, but
will be gauge-independent, which is to say that if they hold in one gauge they hold in any; we can then be sure that a
connection which satisfies the conditions and is uniquely determined by them will be globally defined.

By assumption, in standard gauge the gauged connection and curvature forms are given by

0 o) 20 0O
a a b C and O lL’l *
dx¢  IIfdx 0

Qg = —a)gcdxb A dx€

First,

where of course wg = a)gcdxc; thus if we take wgc to be symmetric we will have 20 = 0. Note that if the connection

is torsion-free then .Qg is unchanged by a gauge transformation, so this property is gauge-independent for torsion-free
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connections. Then
1
a a a, 0 a, 0 c d
2 = 3 ( bed T 8 Wpg — 5b‘0cd) dx® A dx

where Rf_, is the curvature ‘tensor’ derived from the II]. Thus if ] = %Qgc 4dxC A dx?, with (2, skew in ¢ and
d,

a __ ¢pa a, 0 a, 0
Ppea = Rpeq + 8¢ Wpg — 8w,

C

We can make Q;;C 4 trace-free ({27, = 0) by choosing (m — l)wgc = —Rypc, in which case

c
1
‘Qll;cd = ch - m (mde? - %bcsg) = Pl?cd’

the projective curvature tensor. The condition that this tensor be trace-free is gauge-independent.

The conditions that (lg = 0 and (%, , = 0 determine  uniquely. That is to say, given a restricted path space,
there is a unique globally defined torsion-free s[(m + 1)-valued Cartan projective connection form with the paths as
its geodesics, whose curvature satisfies (28 =0and (), = 0. It s called the normal projective connection form, and
in the standard gauge it is given by

0 — Rpedx®
w= m—1
dx I dx*
It is easy to verify that

1
20 =
b m—1

Eﬁb[c‘d]dxc A dxd,

where the brackets in the suffix indicate skew-symmetrization and the solidus ‘covariant differentiation’ with respect
to the fundamental invariant. The curvature of the normal projective connection is therefore

0
N = m—1
1 :
0 5 Preadx® A dx?

Rbleld] dx® A dx?

5. The Cartan bundle

In this section we will describe a canonical procedure, starting with a manifold M, for constructing a principal
bundle CM — M with structure group H,,,+1 C PGL(m + 1) where m = dim M. This procedure does not require a
connection (of any kind) for the construction of the principal bundle: it just uses geometric properties of the manifold
M. Nevertheless, the bundle constructed in this way has the same transition functions as one built synthetically using
the transformation properties of a Cartan projective connection obtained above. We emphasise that the construction
works whether or not M is orientable, and whether m is even or odd.

In order to construct a principal bundle as the domain for a Cartan projective connection, we will first consider the
problem from Cartan’s point of view: that at each point of M there should be attached a projective space of the same
dimension m. Of course there is already a projective space of dimension m — 1, namely the fibre of the projective
tangent bundle PT M, but this is too small for our purposes. There are, however, projective spaces of dimension
m attached to each point of the volume bundle VM, and so we will describe a mechanism for transferring these
consistently to M. This mechanism initially works on the underlying vector spaces, and so creates a vector bundle
over M whose fibre dimension is m + 1; this is just the bundle WM — M which we introduced earlier, which is the
quotient of the tangent bundle to the volume bundle 7y, : T(VM) — VM under the derivative of the action ;. It is
called the Cartan algebroid, for reasons which will be explained shortly.
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5.1. The Cartan algebroid

We start with the tangent bundle to the volume bundle, tyy, : T(VM) — VM. Let us : T(WM) — T(VM) be
the derivative of the action s on the fibres of v : VM — M, and let WM be the space of orbits of 1,; then WM is a
manifold with coordinates (x%, u®, w) where w = (x®) =140, thatis, if &€ € T(VM) and [£] is its ps-orbit,

u®(€)
x0(&)
(recall that xO > 0). It is clear that the action Wy respects the fibration v, : T(VM) — T M, so that WM is fibred

over M. If p, T are the two projections from WM to T M and M respectively, and if x satisfies v, = p o x, then we
have the following diagram.

w([§]) =

X
rvm)y —— WM

™

Tvm T ™

YM

M

Furthermore, the action jig is linear on the fibres of 7y, so T : WM — M is a vector bundle, and the projection
x : T(WM) — VWM is linear on the fibres. In fact y is a fibrewise isomorphism, as is evident from the coordinate
representation

u“ox =u’, woyx= (xo)_luo

of the isomorphism Tj+91(VM) — W,[+91M. Two other significant facts about WM are worth mentioning. First,
the fibres of x : T(VM) — VWM are the integral curves of 7€, the complete lift of 7" to T (VM). Second, we may
identify T (VM) with the pullback v*(WM) by the map & +— (tyy (&), x(&)).

We will denote the vector space of vector fields on VM by X(VM), and the subspace of vector fields projectable
to sections of T : WM — M by X3, (VM). The latter is a proper subspace of the space of ‘projectable vector fields’
in the ordinary sense, that is those projectable to vector fields on M: for instance dy projects to a vector field on M
(the zero field) but does not project to a section of t. In fact X, (V M), although not a module over the ring of all
functions on VM, is a module over the sub-ring of functions constant on the fibres of v. If X € X); (VM) then X
must satisfy X, (+6] = ts«(X[+6]), and a local basis for the module is given by {1, 9/0x“}. The global condition
for X € Xy (VM) is [X, 7] = 0, and the Jacobi identity then implies that X,(V M) is a Lie subalgebra of X(VM).
We will denote the image sections of the local basis by {eq, e,} (Where of course eq, as the image of 7', is defined
globally).

It follows from the preceding remarks that the bundle T : WM — M is a Lie algebroid, with base dimension
m and fibre dimension m + 1. If x : Xy (VM) — sect(r) denotes the induced map of sections (so that
X (X)vxe1 = x(X[+e1)) then x is a module isomorphism, and so may be used to define a Lie bracket on sections
of 7; the map p : WM — T M is the anchor map. In fact T : WM — M is the Atiyah algebroid of v : VM — M,
considered as a principal bundle. This explains why we call this bundle the Cartan algebroid of M. However, it
contains no more information than the canonical tangent bundle algebroid because the global section eg is in its
centre: [eq, ¢] = 0 for any section e.

The quotient of the Cartan algebroid by the equivalence relation of non-zero multiplication in the fibres is the
Cartan projective bundle PYW M ; this is the projective bundle with m-dimensional fibres that we need.

We have proposed that the construction of the Cartan projective bundle PYWM corresponds to Cartan’s notion of
attaching a projective space to each point of the manifold M. To make this correspondence even clearer, we now
point out just how firmly the projective spaces are attached to M by our construction: the Cartan projective bundle is
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actually soldered to M. (If one is given a Cartan projective connection one can use it to define a soldering: but here
we are dealing just with the Cartan projective bundle and make no appeal to the existence of a connection.)

The following definition is taken from Kobayashi [16]. A fibre bundle B — M with standard fibre F is soldered
to M if the following conditions are satisfied:

e dim F = dim M;

e B admits a cross-section which will be identified with M

e let TM be the space of all tangent vectors to Fy (fibre over x € M) for all x € M: then T M is isomorphic to
T M; more precisely, there is a mapping o of T M onto T M such that, for each x in M, o is a non-singular linear
mapping of 7,y M onto the space of all tangent vectors to F at x.

We now show that PWM is soldered to M according to this definition.

The condition on the dimensions is clearly satisfied. We know that PWWM — M admits a global section, namely
[eo]. Notice that the projection p : WM — T M maps the section ey of WWM to the zero section of T M, and more
generally that the kernel of p (as a vector bundle over M) is just the 1-dimensional sub-bundle of WM spanned by ep.
Let Vo(WWM) be the restriction to the section eg of the vertical sub-bundle of T (WM), and V(T M) the restriction to
the zero section of the vertical sub-bundle of 77 M, which can of course be canonically identified with 7 M. Then p,
restricts to a linear map of Vo(WM) onto V(T M), which is just p in a different guise; its kernel is again spanned by
eo, considered now as a section of Vo(WM) via its vertical lift e(\)]. We will show that Vo (PYWWM), the restriction to the
section [eq] of the vertical sub-bundle of T (PYWM), is canonically isomorphic to Vo(WM)/ (e(Y ), the quotient bundle
of Vo(WM) by the 1-dimensional sub-bundle spanned by e(\)/ . It will follow that Vo(PWYWM) is canonically isomorphic
to Vo(T M), and therefore to 7'M, as required.

This is simply a matter of identifying the tangent space to a projective space in an appropriate way. Let W be a
vector space with distinguished non-zero element e, PW the corresponding projective space with distinguished point
[e]l, and 7 : W — PW the projection. Then 7, : T.W — T, (PW) is a surjective linear map whose kernel is the
1-dimensional subspace of T, W which is the tangent space to the ray through e; and 7, W is canonically isomorphic
to W, with the tangent space to the ray through e corresponding to the 1-dimensional subspace of W spanned by e
itself. Thus Tj.)(PW) is isomorphic to the quotient space W /(e), and the result follows.

It is worth noticing that the soldering isomorphism is canonical only because there is a canonical way of choosing
a representative of the projective point [eg], that is, because VWM has a canonical global section ep.

5.2. The Cartan principal bundles

By a frame of a vector bundle we mean an ordered basis of a fibre. We define an equivalence relation on frames
of the Cartan algebroid as follows. Let (¢,) and (Zy) be frames of WM at some point x € M; we let (Z,) = (&o) if
there is a non-zero real number A such that Ea = M¢y. The corresponding equivalence class will be denoted by [¢,],
and is a reference (m 4 1)-simplex for the m-dimensional projective space PYV, M. The bundle containing all these
equivalence classes at all points of M will be denoted by SyyM: it is a principal PGL(mm + 1)-bundle over M. If the
first element ¢y of such an equivalence class is a multiple of the global vector section ey then we will call it a Cartan
simplex. We will let CM C Syy M be the bundle containing all the Cartan simplices, and call it the Cartan bundle: it
is a principal H,,1-bundle over M, and is a reduction of Syy M.

As Cartan says: ‘It is natural to take each point of the manifold to be one of the vertices of the frame attached at
that point’; this corresponds precisely to restricting one’s attention to Cartan simplices, having first identified M with
the global section [eg] of PWM as specified in the definition of soldering.

The Cartan projective bundle PWM is an associated bundle of the principal bundle CM, using the representation
of Hy,, 41 as a group of automorphisms of the standard fibre P".

We will now calculate the transition functions for the Cartan bundle CM relative to local trivializations of the
form [e,], where (ey) is a local frame field for the Cartan algebroid VWM which is the image of the local frame
field (7', 9/9x%) on VM, which in turn is an ordered local basis of the module X ; (VM) of vector fields projectable
to WM. In fact if (ey), (€4) are two such local frame fields for WM, corresponding to coordinates (x?), (x¢) on
overlapping coordinate patches U, U on M, and we define a GL(m + 1)-valued function G on U N U by ey = Ggé/g,

then the transition function for U N U is just [G], the projection of G into PGL(m + 1).
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We must first find the transformation law for theA above local basis of Xj/(VM) with respect to coordinate
transformations on M. Suppose that (U, x%) and (U, x*) are overlapping coordinate patches on M, and that
W~ H(U), x%) and (v~1(U), £%) are the corresponding coordinate patches on VM. Then from £0 = |J|~1/+Dx0 we
obtain

0 _ g d 9808 0 1080
dxa  TTARb T xR0 T 9Rb T R0 9y
_ b ad 1 810g|J|T

“o5b T m1 9xa

As we have noted before, 1" is a global vector field and is unchanged by the coordinate transformation. To obtain the
corresponding transformation for the e, we have merely to replace 9/dx“ by e, and T by ¢ in these formulae. Thus

] 1 dlogl|J|
G = m+1 9xb
0 Jy

So in fact G takes its values in the affine group A(m) (in its standard representation in GL(m + 1)).

The transition function for CM with respect to local trivializations [ey], [éq], iS just the projective equivalence
class of G. We may represent this projective class by a single matrix with determinant 1 for m even, or by a
pair of matrices with determinant £1 for m odd, as before. Note that det G = J. When m is even we can form
(det G)~V/m+D — j=1/0m+1) whatever the sign of det G, and then (det G)~'/"*+DG is the unique member of the
projective equivalence class of G whose determinant is 1. When m is odd, on the other hand, we must treat the
cases detG > 0 and det G < O differently. In the first case we can form (det G)_l/ m+1) — y=1/m+D anqd then
(det G)~1/m+D G gives the two members of the projective equivalence class of G with determinant 1. In the second
case we can form (—det G)~V/m*tD = (—)=1/+D "and then (—det G)~'/™*+DG gives the two members of the
projective equivalence class of G with determinant —1. These prescriptions can be combined in the single formula

] 1 dlog|J|
[G] = &y|J|"/0m+D m+1 oaxt |,
0 Jg

as before, which shows that the transition functions for CM corresponding to the given local trivializations take their
values in H,,,; and are exactly the functions obtained from the consideration of Cartan projective connections in
standard gauge in the previous section. We conclude that the principal H,,+-bundle implicitly defined via Cartan
projective connections is (up to equivalence) CM.

5.3. Further structure of the Cartan bundle

We have just defined the Cartan bundle CM as a principal H,,+-bundle over M, where H,,+1 is the projective
image of the subgroup of GL(mm + 1) consisting of matrices with zeros below the diagonal in the first column. We will
now show that the Cartan bundle has a second principal bundle structure; this new structure will be important when
we come to generalizing the Cartan connection to arbitrary sprays.

In order to motivate the construction we go back to consider the relevant Klein geometry. In the affine case this is
m-dimensional real projective space P, represented as a homogeneous space of the projective group PGL(m + 1),
with stabilizer subgroup Hy,+1.

We now turn our attention to P7 (P™), the projective tangent bundle of P™, and show that it too is a homogeneous
space of PGL(m + 1). Each point of PT (P") consists of a line through the origin in R”*! and a 2-plane containing the
line. The group PGL(m + 1) acts transitively on P7 (P™). The stabilizer of the point consisting of the first coordinate
axis and the 2-plane containing the first two coordinate axes is the subgroup K, of PGL(m + 1) which is the image
of the subgroup of GL(m + 1) consisting of matrices with zeros below the main diagonal in the first and second
columns; so we can identify PT (P™) with PGL(m + 1)/K,;+1. It is hardly necessary to point out that K,,; is a
subgroup of H,,+1; we can identify the coset space H,+1 /K41 with P"—L the standard fibre of PT (P") — P™.

We now show that CM is a principal K, -bundle over PT M.
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By definition CM consists of the Cartan simplices of the Cartan algebroid WM, that is, the simplices with first
element a multiple of the global vector section ep of © : WM — M. Let [{,] be a Cartan simplex of WM at
some point x € M, so that {y is a multiple of (ep),. Now ¢ is an element of YW, M independent of (ep),, and
therefore determines a non-zero element of 7, M under p : WM — T M, the anchor map of the Cartan algebroid. By
projectivizing we obtain a unique element of P7, M corresponding to the simplex element [{1]. Let ¢ : CM — PTM
be the map so defined. We show that ¢ is the projection map of a principal K,,+1-bundle structure on CM. We define
a right action of K,,4| on CM as follows. First we consider a transformation of frames (¢,) of the form (¢,) — (;:a)
where

to=kito, G =kjti+k, &=kt
where kgk% det(k;) # 0; we then projectivize. The corresponding transformation of simplices defines an element of

K41, and [fa] is a Cartan simplex if [¢y] is. We obtain in this way an action of K, which is clearly an effective
right action. Now p(eq) is the zero section of T M, so the orbit of a point of CM under the action of K, 1| is just a
fibre of the projection ¢ : CM — PT M.

We can define local sections of ¢ as follows. Given coordinates (x“) on M, and adapted coordinates (x*) on VM,
we obtain the global section e and local sections e, of WM — M as the images of 1" and 9, respectively. We can
introduce local coordinates on PT M by taking local coordinates (x%) on M and by noting that every equivalence class
of tangent vectors u®d/dx for which u' # 0 has a unique representative of the form

ad .0

R l_
oxl Y o

)

then (x¢, y') are local coordinates on PT M. We are effectively using affine (jet-bundle-like) coordinates on PT M, in
which we identify an open subset of the fibre of PT'M with an affine submanifold (a hyperplane) of the corresponding
fibre of TM, by (y') — (1, y"). In terms of such coordinates we set

lo=-eo C1=er+Yye, Gi=e;

then [¢,] is a local section of ¢. Thus ¢ : CM — PT M is a principal K,,;-bundle. We call CM with this bundle
structure the projective Cartan bundle.

We showed earlier that the transition function for the Cartan bundle CM relative to local trivializations (over M)
of the form [e,], [é] is given by projectivizing the GL(m + 1)-valued function G where

! 1 dlog|J]|
G = m+1 oxP
0 Jy

Now ¢y = Y(,{'S eg where Yf are the components of the locally defined (m + 1) x (m + 1)-matrix-valued function

1 0 0 --- 0
o 1 0 -~ 0
y=10 »¥ 1 -0
0 y* 0 - 1

Then the transition function for C M relative to local trivializations [, ], [{a] (over PT M) of the form given above is
the projection into PGL(m + 1) of Y ~'GY. It follows from this argument that Y~!GY takes its values in K41, afact
which is not self-evident, though it can be confirmed by explicit calculation without much difficulty.

We will now give an interpretion of this construction in the light of Cartan’s approach.

Cartan’s study of projective connections [3] covers both the affine and the general cases, although he describes the
latter explicitly only when m = 2. In the affine case, he envisages a projective space attached to each point of the
manifold. Our interpretation of this is that, for each point x € M, we should study the m-dimensional projective space
PW, M;; this space has a distinguished point [(ep)], the point at which the space is ‘attached’ to M. The geodesics of
the connection are the curves in M whose developments into these projective spaces are straight lines.
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In the more general case, we can no longer describe the developments of curves into a single projective space at
each point. Instead, we have to use a family of projective spaces at each point, with the family parametrized by the
set of rays (1-dimensional subspaces of the tangent space) at that point: the projective spaces will therefore need, not
just a distinguished point, but also a distinguished ray through that point. This is consistent with Cartan’s view in [3],
where he takes as a base manifold not M itself, but instead the ‘manifold of elements’, where an ‘element’ is a ray at
a point.

This suggests that we should consider the pull-back bundle 757 (7) : 5 O)WM) — T°M. The canonical global
section ey : M — WM gives rise to a global section of this pull-back bundle which we will continue to denote by
eo. There is now, however, a distinguished 1-dimensional affine sub-bundle 73, C 7y (WM), defined by specifying
that (v, ¢) € Ty whenever p(¢) = v: here we consider the pull-back as a fibre product ‘EX; OWM) =T°M xpy WM.
Any section of 7j; — T°M maps, under p, to the total derivative section T of rl‘f,I*(TM ) — T°M, and any two such
sections differ by a multiple of eg.

We now projectivize this construction, both in the fibre and in the base, to give the pull-back bundle 7y, () :
w3y (PWM) — PTM where myy : PTM — M and 7w : PWWM — M are the projective tangent bundle and projective
Cartan algebroid respectively. This new bundle also has a global section which we continue to denote by [eg]; thus
each projective fibre of 7y, (PWM) has a distinguished point, the image of this global section. But now each fibre
also has a distinguished line containing that point: we define P7y; C my,(PWM) by specifying that ([v], [¢]) € PTy
if either [p(¢)] = [v], or else p(¢) = O (so that, in the latter case, [¢] = [ep]x, and then ([v], [¢]) is the distinguished
point in the fibre at [v]). Another way of constructing P7y; would be to take the 2-dimensional linear hull of the affine
sub-bundle 7, giving a projective line in each fibre of 7, (PWWM) — T°M; these lines then map consistently to
lines in the fibres of =y, (PWM) — PTM.

We construct the pull-back bundle 7}, (Syy M) — PT M in the same way: this is, of course, a principal PGL(m+1)-
bundle. Then the projective Cartan bundle ¢ : CM — PT M is the sub-bundle of 7}, (Syy M) — PT M containing
pairs ([v], [¢y]) where [£o] is the distinguished point and [{]] is some other element of the distinguished line, so that
[¢0] = [eolx and [p(¢1)] = [v] (here, of course, ¢p and {1 must be linearly independent, so the case p(¢1) = 0 does
not arise).

6. The normal Cartan connection for a projective equivalence class of sprays

We show how to construct a normal Cartan connection associated with the projective equivalence class of an
arbitrary (not necessarily affine) spray. This will be a Cartan geometry on the projective tangent bundle PT M of an
m-dimensional manifold M, modelled on PT (P") = PGL(m + 1) /K, +1.

6.1. Construction of the connection

In any coordinate neighbourhood on M, and the corresponding neighbourhood on 7°M, we have the sl(m + 1)-
valued 1-form

- 0 — Rpedx®
w = m—1 ,

dx? I dx¢

defined in terms of quantities determined by the projective equivalence class of sprays. Thus @ is formally identical to
the normal Cartan connection form in the affine case, though of course it is defined on 7°M, not M. The coefficients
II. and Ry, are local functions on 7° M which are homogeneous of degree 0. We may therefore think of @ as defined
locally on PT M. The transformation rule for such 1-forms under a coordinate transformation on M is exactly the
same as that for the affine case, namely

1 odlogl|J|

~ 2 1 [ —
&=h"'oh+h"'dh where h = g,|J|” /"D m+1 oxb
0 Jg

We now adapt these 1-forms more closely to the underlying manifold PT M by introducing affine coordinates y’ on
the fibres, i = 2,3, ..., m, and carrying out a gauge-type transformation with the matrix ¥ introduced in the last
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section; that is, we set

1 0 O 0
0O 1 0 0
2
wo=Y'oY + Y 'dY wherey = |0 ¥y 1 0
0 y" 0 oo 1

It follows from the transitivity property of gauge transformations that the effect of a coordinate transformation is to
transform & to @ = k~'&k + k~'dk with k = Y~'hY. But this is a transition function for the projective Cartan
bundle. Thus the collection of local s[(m + 1)-valued 1-forms w determines a global sl(m + 1)-valued 1-form on the
projective Cartan bundle, of which each local 1-form is a representative in an appropriate gauge.

To show that this global sl(m + 1)-valued 1-form is the connection form of a Cartan connection we have to show
that each local 1-form w is non-singular as a linear map 7,(PT M) — sl(m + 1) /€, 1 (where &,,4 is the Lie algebra
of K41, the group of the principal bundle CM — PT M). To do so we merely have to give the explicit formula for
w, which is easily found to be

1 , 1
0 — (i + ¥ Rig)da — Ry dx
du! (ILL, + Y I ydx® 1} dx? ;
de! —y'dx'dy' 1T, — Y T 4 YR, — YT dx T, — Y T )dx

the crucial point is that the 1-forms in the positions below the diagonal in the first and second columns constitute a
local basis for 1-forms on PT M.

6.2. Some properties of the connection

We have constructed a Cartan connection on the projective Cartan bundle, associated with a projective equivalence
class of sprays. By analogy with the affine case we call it the normal Cartan connection of the projective equivalence
class. We will next establish some properties of the normal Cartan connection.

One might expect for a Cartan geometry on P7' M modelled on P7' (P™) that the projective tangent bundle structures
should be compatible. Such an expectation is made explicit in the second part of Cartan’s paper [3], for the case m = 2.
We will now show that the structures are compatible for the geometry we have just constructed.

First, note that any curve in M has a natural lift to PT M obtained by adjoining, to each point on it, its tangent
line at that point. The compatibility conditions are that the development into P7 (P™) of a vertical curve in PT M is
vertical, and the development into PT (P™) of a lifted curve in PT M is a lifted curve. A curve in PT M is vertical if its
tangent vector is annihilated by the dx“, and a curve in PT M is a natural lift if its tangent vector is annihilated by the
so-called contact forms 6/ = dx’ — y’dx!. It is easy to see that

1 0 O
&y €8 1 0
é:l 77l 8;
is a local section of PGL(m 4 1) — PT (P™), and that the corresponding gauged Maurer—Cartan form is
0 0 O
dg! 0 0

dg’ —p'de' dn' 0
Let us write the connection form of the normal Cartan connection as
a)8 w(l) o’
o=lo o o

i
w, w;
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for convenience. The equations for the development of a curve ¢ in PT M into PT (P™) give
a' —biE' —n'EY) = (6, 0p), E —n/E) = (5, )
for some functions a(t), b; (1), c; (t). The compatibility conditions therefore require that if o is vertical (o, a)(l)) =

(o, a)f)) = 0, while if o is a lift {5, a)f)) = 0. It is clear from the explicit expressions for a)(l) and a)é that these
conditions hold.

A geodesic of the connection is a curve whose development satisfies g —piél = 0and ' = 0; thatis, a geodesic
is a curve whose tangents are annihilated by both a)g = 6" and a)’i. Now

of =dy' + I, -y I, + y-/H;a - yiyjﬂj»la)dxa
= dyi + (lel - yinlll + yjH}1 - yiyjjjjll)dxl
+ (T} — Y I 4+ AT — Y YR ITY e
= dy' + (I}, + 29/ IT{; + y/ YN IT — ' (T, + 297 1T, + 7y 1T, ) dx ! (mod 67).
But it follows from the formulae obtained earlier giving the [T in terms of the f i for a system of second-order
differential equations that
Iy + 20 I + y YR I — /(T + 299 T 4 37 yR T ) = — fF
thus a geodesic is a solution of the system of m — 1 second-order differential equations
5 .
B (b
d(xl)z Pdx! )’

or in other words that it is a path of the projective class of sprays, parametrized by the coordinate x!. That is, the
geodesics of the Cartan connection are the paths of the projective class of sprays.

We now consider the curvature of the connection. It may most easily be calculated as follows. Recall that
w=Y"'oY + Y~'dY where

~ 0 — Rpedx®
w = m—1
dx* I dx*¢
It follows that the curvature 2 of w is Y 1 2Y where {2 is the curvature of @, which is an s[(m + 1)-valued 2-form on
PT M, which it is easy to show is given (as a 0-homogeneous 2-form on 7°M) by

I p——— (Foterarde® A da? + Ry 97 A da?)
0= m — 11
0 5 Preadx A dx? + Df.,0¢ A dx?
It can be shown, with some effort, that the curvature {2 has the following properties:
25 =0;

Q? is semi-basic;

Qi is semi-basic;

if we set 27 = K*,,dy* A 6 mod(dx“ A dx”) then K};; = 0 and K
o if we set Qf = L;dx1 A 67 mod(8* A 0) then L* = 0;

kK —_ o
ijk = 0

and that these characterize the normal Cartan connection amongst all possible Cartan connections on P7 M where
the projective structures are compatible and the geodesics are the paths of a given projective class of sprays, or the
solutions of a corresponding system of second-order differential equations; see [8]. Then K ;  and L;. are the quantities
defined earlier. (There is also a more general approach, using the techniques of parabolic geometry as described in [2]
and, more specifically, in [9], which gives different conditions on the curvature {2 but results in the same normal
connection form; we shall not consider this alternative here.)
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Now the normal connection is not necessarily torsion-free. For it to be so we must have 20 = 0. A necessary
condition for this to hold is that L’/. = 0. We show that it is also sufficient. We know that if L’/. = O then P, = 0.

Now Qf depends only on the components 09, and does so linearly; moreover Qf is semi-basic. It follows that if
Py, = 0 then Qf = 0. Thus Q{ = 0 if and only if LS. = 0, and the normal connection is torsion-free if and only if the
sprays of the corresponding projective equivalence class are isotropic. This is the case discussed by Grossman [13].

6.3. What happens when the spray is projectively affine

If the second-order differential equation field is projectively equivalent to an affine spray, the connection w should
reduce to a connection on M gauge equivalent to the normal projective connection associated with the affine spray.
But what could one mean by ‘reduce’? We can obtain a connection on M by pulling w back by any local section of
PTM — M. Of course, different sections will give different reduced connections; the requirement is that the different
reduced connections should all be gauge equivalent, with the gauge transformation being taken from the gauge group
appropriate to the affine case, namely H,,,+1; we call such a gauge transformation a gauge transformation of the first
kind. This will be the case if, for every transformation 1 of PT' M fibred over the identity, ¥ *w is a gauge transform
of w by a gauge transformation of the first kind. An equivalent condition is that for any vector field V vertical with
respect to the projection PTM — M, Ly w should be infinitesimally gauge equivalent to w by a gauge transformation
of the first kind. That is to say, there should be a function H taking its values in b, 1, the Lie algebra of H,;, 41, such
that Lyw = [w, H]+ dH (the equation obtained by differentiating the gauge transformation equation at the identity).
Now

Lyw=V.ido+d(V,w) =V.i0+w, (V,w)]+d{w),

and (V, w) takes its values in h,,41. So if V1 2 = 0 then w satisfies the requisite condition with H = (V, w).

Now Y, given earlier, does define a gauge transformation of the first kind, and so the argument above applies
equally as well to @ as to w. Thus the condition for the connection to reduce to M can equivalently be expressed as
V. £ = 0. On the face of it, this amounts to two conditions, namely DZC 4=0 and 0Rpq/0u’ = 0. The first of these,
the vanishing of the Douglas tensor, is just the necessary and sufficient condition for the second-order differential
equation field to be projectively equivalent to an affine spray. But then I, is independent of u?, and therefore Ry, is
independent of u€.

We have shown that a necessary and sufficient condition for the second-order differential equation field associated
with the normal Cartan connection to be projectively equivalent to an affine spray is that the curvature satisfies V. {2 =
for all vector fields V on PT M vertical over M; and that this latter condition is necessary and sufficient for the
connection to be reducible to a projective connection of affine type. When the condition V{2 = 0 holds we may
choose any local section of PT M over M to obtain the reduced connection form. The obvious choice is y' = 0, and
with this choice the reduced connection is the normal Cartan connection associated with the affine spray in standard
form.

7. Projective connections

We now show how the theory of projective connections of Berwald, Thomas and Whitehead fits in with the theory
of Cartan, by showing how to construct the normal Cartan connection form of a projective equivalence class of sprays
from the BTW-connection, at the global level. There is an analogous, but somewhat simpler, construction in the affine
case, the details of which can be found in [7].

7.1. The construction in general

‘We therefore start with the BTW-connection on the volume bundle, and we will show how to construct from it the
normal Cartan connection as a global Cartan connection form on the projective Cartan bundle ¢ : CM — PT M. The
first step of the process can be described in quite general terms.

Consider a manifold N with reversible spray S and corresponding Berwald connection V, such that there is defined
on N a nowhere-vanishing complete vector field Xsuch that
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o N is fibred over an m-dimensional manifold M where the fibres are the integral curves of X;
o the complete lift X of X to T°A satisfies Lyc S = 0;
o the vertical lift XV of X to T°\ satisfies LyvS = X© — 2A.

The Lie derivative conditions are modelled on the first two conditions for a BTW-spray, of course.

Let £ : N' — M be the projection. Note that the vector fields X© and XV define an integrable distribution on TN
whose leaves are the fibres of the projection &, : TN — T M. The inverse image of the zero section of T M under
£+, £71(0), is the 1-dimensional vector sub-bundle of T\ spanned by X (considered as a section of Tnr : TN — N).
Denote by TX A the complement of £, 1(0) in T it is an open submanifold of 7\, fibred over \V, contained in
T°N. We denote by rj\(/ : TXN — N the restriction of Ty to TXN.

We denote by ¢, the 1-parameter group on N whose infinitesimal generator is X.

Let FN be the frame bundle of NV, Ij(/(]:/\/ ) its pullback over TN. We define a group structure on R? x R, x Ro,
where R, is the multiplicative group of non-zero reals, by (g, r, s, 1) - (¢', r', s, ') = (g + q', rs' +r', ss', tt'). This
group acts on r/t/(]:./\/ ) to the right by

Yig.rs.n - (X, u, {eq}) = (Pgx, Ggs(su +rXy), {t¢q*ea})-
Note that this action is fibred over the action ¥ of R* x R, on T\ given by

Vigrs) : (X 1) > (g, Pgslsu +rXy)).

This action leaves 7%\ invariant, and the quotient of TX A/ by it is PT M. Furthermore, the v action commutes
with the right action of GL(m + 1) on r]{/(f./\/' ), and leaves rf\f/’*(fj\/' ) invariant. Let Sy (PT M) be the quotient
of tX*(FN') under the ¥ action; it is a principal fibre bundle over PT M with group PGL(m + 1), and for any
a € GL(m + 1), 7% o Ry = Rya) o 7% where 7% : 1{*(FN) — Sy (PTM) and 0 : GL(m + 1) — PGL(m + 1)
are the projections.

Introduce local coordinates (x%, u®, xg) on 7:/”(/(.7-'/\/ ), where for a frame {e,}, e, = xo’? dg. The infinitesimal
generator of the 1-parameter group ¥(4,0,1,1) on r/"{/(f./\/' ) is the vector field ¥ where

X% 0 X% 0
R CRA. L R .
Ix« tu axB du“ t dx7 dxg

The generator of ¥ ,,1,1) is

0

XO[
oue’

=
—

while that of ,0,¢5,1) IS

A= u“i'
ou®’

—

Z is formally identical to XV, and A to A, but both are vector fields on rj’(/(}'/\/ ). The generator of v 0,1, is the
vertical vector field on the GL(m + 1)-bundle rj\‘/(]-'/\/ ) corresponding to the identity matrix I € gl(m + 1), that is

)
_

IM=x B @
The pairwise brackets of the vector fields ¥, =, A and IT all vanish except that [ =, A] = Z=. These vector fields,
when restricted to T f\(/* (FN), are linearly independent, and span an integrable distribution D there whose leaves are
just the orbits of the ¥y ,es ) action. The distribution is invariant under v(0,0,+1,+1)- The leaves of D, quotiented by
the action of v (0,0,+1,+1), are the fibres of the projection X tj{}( (FN) = Sy (PTM).

With respect to the Berwald connection V, any curve o in 7°N has a horizontal lift o to TV (FN) starting at
a given frame {e,} at o (0), defined as follows: aH(¢) is the frame at o (¢) obtained by parallelly transporting {e,} to
o (t) along o; a frame field {E,} along o is parallel if Vs E, = 0. Thus any vector field Z on 7°A has a horizontal



724 M. Crampin, D.J. Saunders / Journal of Geometry and Physics 57 (2007) 691-727

lift Z! to T* (FA); in particular the horizontal lift (X)H of X€ is given by

0 X 9 0
C\H o B _ Yo yé T
XH" =X Py +u 2P Iu xﬁFan ax;"
where of course
, 3 . 0 o 321«
if S=u*— —2I'“—— then Fﬁ = —
Ixe due Yo uPouy

Thus

X 9
v — (XOHH = FX5 —
o (B )

Now for any vector field X on A/ and Berwald connection V, the condition that £,vS = X C _2A, in coordinates, is
0X“
axh

so this condition is equivalent to

+ g, X7 = 8g;

7 — (XOHH =/t
We denote by w the connection form on 5*(FA) corresponding to V; in terms of local coordinates the matrix
components of w are given by
wg = x“FV xﬂdxE —i—x"ldxfj
where the matrix (xﬂ) is the inverse of the matrix (xg). A straightforward calculation shows that the condition

LycS = 0 entails that £ y@% = 0 (it would be natural therefore to say that X is an infinitesimal affine transformation
of the Berwald connection). It is also the case that Lzwj = 0: we have

ary
Lzof = & (Xka_af> xdxe,
u

and it follows from the coordinate form of the condition ¥ — (X€)H = I above, on differentiating with respect to
u*, that the coefficient vanishes. Furthermore, £ A@ = 0 by homogeneity, and Lt = [, w] = 0.

We now restrict to ‘( *(FN). We can write any vector field in D in the form Z = f¥ + g5 + hA + kI, so that
Lz0=(fLy+gLz +hLy+kLiw+ (T, 0)df + (2, w)dg + (A, w)dh + (IT, w)dk.

But (5, ) = (A, w) = 0, while (¥, ) = (IT, w) = I. It follows that Lzw = I(df + dk), that is, for any Z € D,
Lzw is a multiple of the identity element of gl(m + 1). Finally, w is invariant under ¥(0,0,+1,1) because S is reversible
by assumption, and under v¥(,0,1,+1) by inspection.

We can therefore define an s((m + 1)-valued 1-form & on Sy (PTM) as follows: for Q € Sy (PTM), w €
ToSy (PTM),

(w, @) = (v, 0x0p)

for any P € IX*(]:./\/) such that 7¥(P) = Q, and any v € Tp( *(FN)) such that 71 v = w, Where
2 glim + 1) — sl(m + 1) is the homomorphism of Lie algebras 1nduced by o : GL(m + 1) — PGL(m +1); o

is well-defined because o.wp (v) is unchanged by a change of choices of P and v satisfying the same conditions. We

have 7X*® = o0,w, and so for any a € GL(m + 1),

TRy (@) = Ri(*0) = R} (040)
= 04(Rw) = o,(ad(a™Hw) = ad(o(a) Ho,w
= 7% (ad(o(@) "),
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X *

o(a)

and so since 7 & = ad(o(a)~")@. Moreover, for any A € gl(m + 1) we have anT = (0. A)T,

and therefore

is surjective, R

B(0x(A)) = (rF &) (AT) = 0,0(AT) = 0,A.

Thus & is the connection form of an Ehresmann connection on the principal PGL(m + 1)-bundle Sy, (PT M).

We now turn to a further consequence of the condition £yvS = X© —2A. We can regard X, which is a vector field
on NV, as a section of tj‘i}k TN, and therefore calculate its Berwald covariant differential: using the coordinate form of
this condition we find that

0
axe’

We also have for the total derivative T = u“9/dx“

VX =dx* ®

o

VI=¢"® ax®

where as we explained in Section 2, ¢® is the 1-form du® 4+ I'%dx?, so that {dx%, ¢*} is the local basis of 1-forms
on T°N dual to the local basis {H,, V,} of vector fields associated with the Berwald connection. With an eye to the
description of the structure of CM — PT M given in the previous section, we seek those vector fields n on T°N
with the properties that V,,(f X) = 0 for some non-vanishing function f, and V,(gT + hX) = 0 for some functions
g and & with g non-vanishing; or equivalently, with the properties that V, X is a multiple of X, and V,/T is a linear
combination of X and T. Such n must satisfy (n, dx%) = AX% and (n, ¢*) = uX* + vu®. It follows that n must be a
linear combination of X€, XV and A.

Note that X and T are linearly independent over TX\/. Let us denote by FxN C r/)\(/* (FN) the sub-bundle
consisting of those frames whose first member is a multiple of X and whose second member is a linear combination
of T and X. Then at any point P € FxN, we have Hp N Tp(FxN) = ((XC)E, (XV)% ARy, that is, the
horizontal subspace at P (the kernel of wp) intersects the tangent space to Fx N at P in the 3-dimensional subspace
spanned by the horizontal lifts of X, XV and A to P. But (XV)H = =, AH = A, and (XOH = v — [T,
Thus kerwp N Tp(FxN) C Dp; so when we pass to the quotient, at any point Q € 7X(FxN) we have
kerdg N To (X (FxN)) = {0}.

We can apply the above results with ' = VM, X = T, S the BTW-spray of a projective equivalence class of
sprays. The manifold M is just M, and Sy, (PT M) is 7y, (Syy M), a principal PGL(m + 1)-bundle over PT M. Then
@ is an Ehresmann connection form on 7, (S, M) — PT M. Now the projective Cartan bundle CM — PT M is a
sub-bundle of 7}, (Syy M) — PT M. This sub-bundle has codimension 2m — 1 = dim(P7 M), and so the restriction
w of & to CM will define a Cartan connection if the intersection (in 7' (1, (SyyM))) of ker @ and TCM contains only
zero vectors ([23], Proposition A.3.1; [18]). But CM is the image in 7y, (Syy M) of the sub-bundle of rVTAj]-'(VM)
consisting of those frames with first element a multiple of 7" and second a linear combination of 7" and T, so this
follows from the results of the previous paragraph.

7.2. The connection forms

The Ehresmann connection form @ of the BTW-connection in the coordinate gauge (9, ) is given by

. 0 — xORpedx€
W(dy) = m—1

GOl Idx© + 85 (%) dx?

this is formally the same as in the affine case, but it must be borne in mind that @(j,) is a local matrix-valued 1-form
on 7°M rather than on M; it is semi-basic over T°M — M. We first change the gauge to (7', 9,); we obtain

1
. (XO)—ldXO _
(T3, = m—1

dx? 112 dx€ 4 88 (x%) " Tdx”

Rpedx©
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0o - Rpedx©
= ("1 + m—1
dx? Iy dx¢
The Ehresmann connection @ on the simplex bundle 713‘,1 (Syy M), in the gauge [e,], is therefore
1
N 0o - Rpedx©
Cl)[ga] - m — 1
dx? 11 dx°

To obtain the Cartan connection form we need to change the gauge to [¢,] where
fo=eo. Ci=er+Ye. G=e;
the result is
1 ; 1
0 ———Ria + yl%ia)dxa —— R dx?
m—1 m—1
du! (1), + y* Il Hdx® 11}, dx* ;
del — yidx! dy' + (I, — Y L+ YR I, — YR I dx® U, — ' Hjla)dx”
as given earlier.

7.3. The general construction in the affine case

Finally, we review the result of Section 6.3 — what happens when the spray is affine — from the present point of view.
We have in any case a global Cartan connection form w on the manifold C M, which satisfies the defining conditions

1. the map w), : T,CM — sl(m + 1) is an isomorphism for each p € CM;

2. Rjw = ad(k~Dw for each k € K,,,11; and

3. a)(AT) = A foreach A € &,,+1, where ¢, is the Lie algebra of K,,+1 and where At is the fundamental vector
field corresponding to A.

A Cartan projective connection form in the affine case is a form @ on the same manifold, satisfying the same
conditions but with H,,+ replacing K, 11, and with condition (3) being replaced, explicitly, by

3a. w(Ai) = A for each A € b,,41, where b, 41 is the Lie algebra of H,, | and where A¥ is the fundamental vector
field corresponding to A.

Now w is the restriction to CM of the Ehresmann connection form & on 7},(SyyM); and @, being an sl(m + 1)-
valued connection form, satisfies cI)(AT) = A for all A € sl(m + 1), and in particular for all A € Hj,4+1. The
submanifold CM C 7, (Syy M) is not invariant under the action of H,, 1 on 7}, (S)y M), and so the restriction of the
fundamental vector field AT to CM is not tangent to CM and, in particular, is not the same as AL 1t is, however, easy
to check that

&(AY = wah

at all points of CM for any connection form w arising in this way: thus, in order for w to be of affine type, it is enough
for the condition that Rjw = ad(h_l)a) for each h € H;,4+1 to be satisfied. The differential version of this condition
is that £ 41w = [w, A] for all A € Hy,41; if we express this in terms of the curvature {2 of w it becomes Al 0= 0,
so this is the necessary and sufficient condition for w to be of affine type. Since b, 11/€,,+1 parametrizes the vertical
subspaces of PT M — M at each point, and since necessarily At 2 =0forAe K41, this condition can be seen to
be essentially equivalent to the local one found in Section 6.3.
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