BI-CONTACT STRUCTURES WITH SYMMETRY: LOCAL NORMAL FORMS

CONNOR JACKMAN

ABSTRACT. A pair of transverse contact distributions on a 3-manifold will in general admit no 1-
parameter families of symmetries: a flow preserving both contact distributions. Here, we will determine
local normal forms for such pairs admitting symmetries. In particular, we observe that orientable Anosov
flows may be globally given by the intersection of a pair of oppositely oriented contact distributions ad-
mitting, around any point, maximal local symmetries.

1. INTRODUCTION

Pairs of transverse contact distributions on a 3-manifold have been an active topic of interest primarily
due to their relations to projective Anosov flows (see §2.2 of [4], and §4 of [13]), and in particular Anosov
flows (eg [9], [12]). Here we examine such pairs admitting infinitesimal symmetries, where:

Definition 1. A contact distribution, &, on a 3-manifold M is a non-integrable rank two distribution
on M. We write (M,£,€) for a pair of transverse contact distributions £,& on the 3-manifold M. A
symmetry of the pair is a diffeomorphism ¢ : M — M preserving both contact distributions:

P =&, Pl =¢.
A infinitesimal symmetry of the pair is a vector field whose flow is by symmetries of the pair.

Definition 2. We call the local symmetry algebra, g, of (M, &, é) around a point m € M, the Lie algebra
of infinitesimal symmetries of the pair defined in some neighborhood of m € M.

Note that the local symmetry algebra around a point is a real vector space, having a Lie algebra
structure by Lie bracket of vector fields.

As is well known, a single contact distribution on a 3-manifold admits many infinitesimal symmetries:
all are locally equivalent to the standard Darboux normal form: ker{dy — pdx}, (z,y,p) € R?, and any
function H(x,y,p) generates an infinitesimal symmetry via its contact Hamiltonian vector field, eg:

(1) Hypo, + (pHp - H)ay — (H, +pHy)ap

where here, and in what follows, we write subscripts for partial derivatives (H, = 9,H, etc.).

On the other hand, as it turns out (see [I1]), a typical pair of transverse contact distributions will admit
no infinitesimal symmetries. As for those pairs of transverse contact distributions admitting infinitesimal
symmetries, we find here the following local normal forms:

Theorem 1.1. Suppose a pair of transverse contact distributions 5,5 on a 3-manifold M admits an
infinitesimal symmetry around m € M transverse to € NE. Then around m, the pair is given in some
coordinates by one of the following local normal forms:
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(I) For ¢ € R\{0,1} a constant:
¢ ={dy = pdz}, &= {dy= cpdz}.
The symmetry algebra of such a pair is given by the vector fields of the form:
g = (u()0z + v(y)dy + p(v'(y) — ' (2))0p)

where u(x),v(y) are any smooth functions of x and y respectively, and u',v’ their derivatives.
(I) For c* <4 a constant,

¢ ={dy=pdr}, &={(p+c)dy+dv=0}
The symmetry algebra of such a pair in these coordinates are those vector fields of the form:
g = (uds +v0y — uy(1+cp+p?*)3,)
where u(x,y) is any solution to
Uggy T Uyy = Cllgy
and v(x,y) its conjugate solution determined, up to addition of a constant, through:
dv = —uydx + (ug — cuy)dy.
(1I;) For f(y) a function:
£={dy=pde}, E={(p+f(y)dy+de=0}, g=(d).
(IIy) For f(y) a function:
£ ={dy =pdz}, &={dy=f(ylpde}, = (u(2)d, —pu'(2),).
In the symmetry algebra, u(x) is any smooth function of x and u' its derivative.

(I11;) For functions a(y),b(y), f(p):
f(p) + aly)

IR 2k C) R S " -

(Il1y) For a function f(p):
§={dy =pda}, &={dy= f(p)da}, g=(Dx,0y,20x +yy).
(IV) For a function f(y,p):
§={dy =pdz}, &={dy=[f(y,p)dz}, = /(0a)-

Remark 1. These normal forms are determined up to re-labelings of the contact structures, and the open
set containing m € M is identified in each case with an appropriate open set U C R® (namely one where
£, € are transverse contact distributions in these coordinates). For example in case Iy, a neighborhood of
m € M is identified with an open subset U C {p # 0} C R3, or for I, with U an open subset of the origin
z =y =p=0. In the functionally dependent families II - IV, the functions are not arbitrary but subject
to certain restrictions in order to define transverse contact structures on some open set. Explicitly, for
I, we may take a neighborhood U of the origin in R3, for IL: we can take U some neighborhood of
=y =0,p=1 for f(y) # 0,1 for y near 0. For types III we may take U as a neighborhood of the
origin, where we have a(y) # b(y) for y near zero and f(p) # p having no fized points for p near zero
and f'(p) # 0 for p near zero. For type IV, we may take some neighborhood of v =y = 0,p = 1 where

we have f(y,p) # p and fp(y,p) # 0 around y =0,p = 1.
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Remark 2 (On the transversal condition to the axis.). For (M,&,€) admitting a non-trivial (non-
vanishing) infinitesimal symmetry Y, the locus where Y € £NE is tangent to this ‘axis’, £ NE, is of
codimension at least one (and in general of codimension two, locally given by an isolated integral curve
of this axis) being the intersection of the hypersurfaces {Y € £} N{Y € é} (as'Y # 0 these are locally
hypersurfaces as follows from ) It is possible, in certain cases, that the hypersurfaces {Y € &} and
{Y € &} coincide, for example: ¢ = {dy = pdz}, € = {dy = +pdx + dp} and Y = 8,. Here we will be
focused on normal forms around ‘reqular’ points: where such a symmetry field is transverse to this axis
&N 5 It would be natural in further work to examine further local normal forms around such ‘singular’
points, for example: where a pair admits a symmetry tangent to gmé at said point, or around a point at
which a symmetry field vanishes.

Remark 3. We would also like to note that our choice of coordinates in which we present the local
normal forms above is somewhat arbitrary: only determined up to arbitrary diffeomorphisms. The forms
presented in the above theorem[1.1] are merely those which appeared to us to have the ‘simplest’ defining
formulas.

The items in theorem can be distinguished by considering certain local invariants associated to a
pair (M, £,€) in order to be certain the items I-IV can be realized by truly distinct pairs (not equivalent
under any local diffeomorphism). These local invariants can be determined using Cartan’s equivalence
method, as carried out in [I1]. See table [1| below, for a summary of these conditions (our labelling into
the types I — IV being motivated by the different types of invariants involved in this table), as well as
remark [0] below for some of their simpler distinguishing properties.

The paper is structured as follows: in §2| we will define some basic invariants of a pair (M, ¢ ,5) of
transverse contact structures, and in §4]carry out the relevant computations to establish the normal forms
stated in the main theorem introducing the additional invariants which may be used to distinguish
them along the way. In we will give a pair of examples in which the normal forms of items Iy
(with ¢ = —1) and Iy (with ¢ = 2) are realized: relating to Anosov flows and integrable contact flows
respectively.

2. INVARIANTS
We define some basic invariants of a pair of transverse contact structures. First:
Definition 3. For (M,¢,€) we call the line field
A=¢€ne
on M the axis of the pair of transverse contact structures.

Remark 4. We regard A — M as a line bundle over M , with dual line bundle A* — M, and in particular
a line bundle of quadratic forms on A we denote: (A*)? = A* @ A* — M.

Recall that the integral curves of a Legendrian foliation of a given contact structure (a foliation by
curves tangent to the given contact structure) inherit a projective structure: see figure [I| below, or eg
§4.2.1 of [2], where:

Definition 4. A projective structure on an n-dimensional manifold N is an atlas, ¢, : U, — V, C RP",
whose transition functions are by projective transformations.

Since the integral curves of the axis are a Legendrian foliation with respect to two contact structures,
they inherit a pair of (in general distinct) projective structures. Let us recall (see for example [14]):
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Definition 5. For f : RP* — RP' a local diffeomeorphism at x € RP, its Schwartzian derivative S, (f)
at x € RP' is the quadratic form on Tz(RIP’l) given via the cross-ratio expansion:

[f (@), f(21); f(2), f(3)] = [z, 21; 22, m3] + £2S2(f) (v) + O(£?),

where v € Ty (RP') is extended to a vector field around x with flow ¢ and zj = pj-(x). Its formula in
an affine chart: (1:p)— (1: f(p)) is:

0= ((5) 35 o

Note that S(f) = 0 exactly when f is a projective transformation (in an affine chart: f(p) = ap'“’).

cp+d
A
ém M
fm
jﬁ
m(m) e M/A

FIGURE 1. Locally, integral curves A of a Legendrian foliation on (M, ) are canonically
identified with RP' (up to projective transformations). For ¥ 2,. M/A, a local slice,
send m € A to . (§m) € P(Tr(m)X) (by the contact condition, a local diffeomorphism).

Proposition 2.1. A pair of transverse contact structures, 5,5, with axis A determines a section:

S: M — (A*)?
gwen, at each point m € M, as the Schwartzian derivative at m between the induced projective structures
on the integral curve of the axis through m. We call this section the Schwartzian invariant of (M, &, §).

Proof. Explicitly, this invariant is defined as follows: let A,, be the integral curve of A through m,
and consider the maps Sy O+ Ay — P(T,,M/A,,) sending a € A, to p_; &, (resp. gp,t,*ga) where
a = @¢(m) for ¢; the flow of some vector field X spanning A. By the contact condition on &, € these maps
are local diffeomorphisms. Then pull back by ,, the Schwartzian derivative of &, 0" : P(Tp M/Ap) —
P(T,,M/A.,) at §,,(m) to have a quadratic form S,,, on A4,, = Tp,, Ay, O

Corollary 2.2. The Schwartzian invariant vanishes, S = 0, iff the integral curves of the azes inherit a
common projective structure from the pair of contact distributions. In local coordinates (x,y,p) for which

¢ ={dy=pdx}, {={dy=f(z,y,p)dz}, we have:

s=(a(f)- 3 () ) o

The vanishing of S being equivalent to f(x,y,p) having the form: f = (@.y)p+b(z.y)

c(@,y)p+d(z,y) °

To define further invariants, we will make some orientation conventions. Recall that a contact structure
¢ on the 3-manifold M induces an orientation on M given locally by a A da for some (local) choice of
contact 1-form with £ = ker . Since dim M = 3 (or more generally for a contact structure on M with
dim M = 4k — 1) this (local) orientation is independent of arbitrary scalings of «, and so defines a global
orientation on M induced by &.
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Definition 6. We call a pair (M,€,€) commonly (positively) oriented (resp. oppositely (negatively)
oriented) when the orientations induced by the contact distributions coincide (resp. are opposite). We
denote such pairs by:

(M7§7§~)+7 (Magag)—

for common orientations (+’) and opposite orientations (‘—’).

Note that an isolated contact structure (M, &) can only have a sign relative to some choice of orientation
on M. The case of an oppositely oriented pair, (M,¢ ,5),, usually called a bi-contact structure, is the
relevant case for projective Anosov flows, where the integral curves of the axis are the integral curves of
the projective Anosov flow. Following [12] §2:

Definition 7. We call a pair («, &) of contact forms kera = €, ker & = £ for (M,f,é)i balanced when:
aANda =taAda.

Supposing the axis has been oriented by A = span, {X}, we take the normalized vector field X : M — A

spanning the axis through:
ix(anda)=aNa

for a, & a choice of balanced contact forms. The corresponding one form along the azis we denote as,

ds: M — A*, with ds(X) = 1. For a function f: M — R, we denote its derivative along the axis by:
fl=Xf:M—R.

As well, we have an induced function, which we call the generating invariant:

aNdé+ a AN do

a A da
where a, & are balanced contact forms such that ix (o A da) = a A Q.

I-M—-R, I:=

Remark 5. The conditions of being balanced as well as ix(aAda) = a A& determine the contact forms
a, & up to simultaneous scalings: a, & — Ao, Aa for some function X # 0. The 1-form ds along the axis,
and function I, are independent of such simultaneous scalings (only their sign depending upon choice of
azis orientation).

Remark 6. The combination a A da + & A da used here to define the generating invariant I, plays a

main role already in [6], and [ (see eq. (2.2) of ch. 2).

Remark 7. For any I-form 8 with B|a = ds, and balanced contact forms «, &, we have:
aNda=aNaAlp,

since a dual frame to o, &, with Bla = ds is of the form X1, X5, X for X the normalized vector field

along the axis. Consequently:
aNaNdf

r_
r= aAda
In local coordinates, we have the following explicit formulas:

Proposition 2.3 (explicit formulas). For (M,¢&,€) given in local coordinates by & = {dy = pdx},& =
{dy = f(x,y,p)dx}, (and axis oriented by span,{0,}) we have:

A

d -
A" 7,72
IRy L AN i |
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a(@p+b(zy) ypon. [ 4 atd

c(z,y)p+d(z,y)’ v/lad—be|

In the special case S =0, with f =

Proof. The contact forms

(2) a=dy—pdx, a=|f,|"'? <p—f> (dy — fdx)

p— fl
are balanced contact 1-forms for £ = {dy = pd:c},g = {dy = fdz}. The stated formulas follow then by
differentiating and using definition m O

Remark 8. One can also verify (for example in local coordinates of the last proposition that the
Schwartzian invariant of proposition s given by:

(3) S = 2I'(ds)?.

In particular, for any integral curve, v(t), with v = X of the normalized vector field X along the ais,
we have:

b
% / S(4) dt = I(+(b)) — I(+(a)).

For example in case one has S > 0 everywhere, the integral curves of the azxis admit no periodic orbits
(if M is compact however, there are always zeroes of S, eg at any critical point of I).

Remark 9. Already these basic invariants can be used to distinguish between several of the types presented
in theorem . For example, I, with c = —k? < 0 are all oppositely oriented and have I = k — % = cst.,
whereas I with ¢ = k% > 0 are commonly oriented pairs with I = k + % = cst. > 2. In type I we have
only commonly oriented pairs with I? = ¢ < 4. Types I, II all have S = 0, so that the types III, IV with
S # 0 are then distinct from I, II. Distinguishing between the remaining subtypes will be a main focus of
by using some finer invariants of such pairs (see table .

We also note that types II-IV may be realized by both commonly (“+’) or oppositely (‘—’) oriented
pairs. Namely type I} according to the sign £+ in £~ ={(p+ fly))dy = dxz = 0}, type Iy according to the
sign of f(y), types I according to the sign of f'(p), and type IV according to the sign of fp.

3. TWO EXAMPLES

Before beginning the computations of §4] to establish the normal forms of theorem [I.I] we mention a
pair of examples.

3.1. Anosov flows. The most well-known instances of pairs of transverse contact structures are the bi-
contact structures: when the pairs induce opposite orientations ((M, &, f), in the notation here), being of
grand interest due to their relations to projective Anosov flows. In particular, for orientable Anosov flows
(those whose invariant stable and unstable foliations are orientable) it has been established (theorem 1.1
of [9] and lemma 2.4, and §3.2 of [12]) :

Theorem. Let X be a smooth orientable Anosov vector field on a compact 3-manifold M. Then there
exist a pair of transverse and oppositely oriented C1 contact distributions:

¢ = ker a, E:kerd

with X € €N €, and balanced C' contact forms o, & so that ker{a + a}, ker{a — a} are integrable
distributions on M (namely the foliations by weak stable/unstable manifolds of the Anosov flow).

From which, in relation to theorem we find:
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Corollary. Let M be a compact 3-manifold, and X a smooth orientable Anosov vector field on M. Then
there exists a pair of oppositely oriented transverse contact structures (M,€,&)— on M with X € £N¢
such that, around any point m € M, the pair has the local form of item I, with ¢ = —1 of theorem[1.1]:

¢ = {dy = pda}, &= {dy=—pdx}.
where the coordinates x,y are C* and p a C' coordinate along integral curves of X.

Proof. Since the balanced C! contact forms of the previous theorem have a + &, o — & defining integrable
distributions, we have I = 0, which corresponds to type Iy with ¢ = —1. Because of the low regularity
in this case, we should take some care to keep track of the regularity of the coordinates, so we recall the
construction from proposition We first choose locally some C! functions z, y so that a+a = adx, oa—
& = bdy, for some (in general CV) non-vanishing functions a, b. Then we have in this neighborhood: (c, &)
proportional to (dy — pdz, dy + pdx) for p = —a/b. Since X and its flow ¢; are smooth, and &, € are C*,
the map: i(m) = @_t &, (m) € P(TnM/Xy,) is C' (and locally invertible). Consequently, for each m
in this neighborhood, R 3 t +— p(¢¢(m)) € R is also C! and locally invertible around ¢ = 0. O

In other words, Anosov flows can be (globally) supported by the ‘simplest’ types of bi-contact structures
(a bi-contact structure is said to be supporting a vector field X if X € A = £N¢). However, we note that
in general none of these local symmetries need extend to give any global symmetries of such a pair.

Remark 10. Because of the low (C*) regularity of the coordinates in the last corollary, rather than a
symmetry algebra it is more appropriate here to state the local symmetry group, namely the transforma-

tions:
(@20.0) = (F0), G0 3

Even in cases with higher reqularity (if this regularity is high enough, such flows are known to be topo-
logically equivalent to ‘algebraic Anosov flows’: quotients of geodesic flow on the hyperbolic plane, or
suspension of a hyperbolic linear diffeomorphism of a torus, see [7], [8]), we find the last corollary rather
surprising, since the local symmetry groups are infinite dimensional (depending upon two arbitrary in-
vertible functions of a single variable) rather than the naive expectation of say a mere 3-dimensional
symmetry algebra (sl2(R)).

p)-

There are many bi-contact structures supporting a given projective Anosov flow. It would be interesting
to examine to what extent more general projective Anosov flows might be globally supported by other
such ‘locally symmetric’ items of theorem

For instance, one might examine to what extent those projective Anosov flows which are not Anosov
might fail to be globally supported by item I;. For example, an oppositely oriented pair (M, ¢, 5)_ with
I = cst. (ie type 11 with ¢ < 0) has associated to it a pair of invariant foliations containing the axis (see
proposition below). It is known (see example 2.2.9 of [4]) that there exist projective Anosov flows
which are not contained in any invariant (rank 2) foliations. Thus, such projective Anosov flows cannot
be given globally as an intersection of a pair of oppositely oriented contact structures with generating in
variant, I, constant.

3.2. Integrable contact vector fields. On the other hand, we recall a definition of contact integrabil-
ity[]
Definition 8 ([10]). For a 3-dimensional contact manifold (M,€), a vector field Y transverse to & and

whose flow preserves £ (a Reeb field of £) is said to be contact integrable if there exists a Legendrian
foliation G (TG C &) of (M, &) preserved by Y.

LA definition can also be given for general contact vector fields: [I0]. Here we consider, for simplicity, the Reeb case.
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Remark 11. The Legendrian foliation G being preserved by Y is equivalent to the distribution TG®({Y) =
TF being integrable (such a foliation F is called a co-Legendrian foliation of (M,¢)).

In particular, since any symmetry field Y of (M, ¢, §~ ) will preserve the Legendrian foliation by the axes
A = £N¢E, any such symmetry field, transverse to € say, is contact integrable in the above sense. One can
expect such a symmetry field to then have associated integrals by any invariants (eg I of definition |7]) of
the pair (M, ¢, €). Conversely:

Proposition 3.1. SupposeY is a contact integrable Reeb field of (M,§), and the associated co-Legendrian
foliation is given by:
TF=TG®(Y)=kery

for v some closed I-form on M. Then there exists a commonly oriented contact structure £~ on M
transverse to &, also preserved by Y, and so that (M,&,£)+ is at any point of m € M locally given by
item I of theorem with ¢ = 2:
~ dx

={dy = pdzx}, &= {dy+ =0}.
£{yp}§{yp+2 ¥
Proof. Let « be a contact form for £ having Y as its Reeb field (iyva = 1,iyda = 0), and note that
vy Ada = 0. Taking @ = a +v we find: @ Ada = a A da, so we have balanced contact forms «, a, for
the pair (M, &,£)+ where £ = ker&. This pair has I = 2, so by proposition is locally equivalent
around any point to item Iy of theorem with ¢ = 2. Moreover: Ly & = d(iya) = 0, so that YV is an
infinitesimal symmetry of this pair &, €. O

Remark 12. The condition that v be closed in the last proposition is rather restrictive. For example,
the holonomy of F must be trivial. It would be natural then to explore weakening this condition in future
work.

A contact integrable vector field Y might as well preserve some other pairs (M, &’ N ) different from
those of the previous proposition. It would be interesting to examine which items of theorem [1.1| may
arise in some more specific examples of integrable contact vector fields (in particular those items with
non-trivial invariants corresponding to non-trivial integrals of the system).

4. COMPUTATIONS

Here we will determine the normal forms of theorem [1.1] (see for a summary). In this section, we
will not concern ourselves with the regularity of the contact structures (everything will be assumed as
differentiable as necessary). For many of the proofs, one may be able to get by with less regularity (as
we have seen above for the Anosov flows example . First, we have:

Proposition 4.1. Suppose (M, &, é) admits an infinitesimal symmetry transverse to the axis at m € M.
Then there are local coordinates in which: & = {dy = pdx}, £ = {dy = f(y,p)dz}.

Proof. If a pair (M,¢,€) admits a symmetry field Y transverse to its axis £ N &, we can consider the
various cases according to whether at m € M: (i) Y, is transverse to both &, & (the ‘generic’ type of
point), or (i) Y, € ém, or (iil) Y;, € &n. Clearly, up to re-labelling of the pairs it is enough to consider
the cases (i) and (ii): both having, at m € M, that Y,, is transverse to &,,.

We may always take local Darboux coordinates (z,y, p) in which £ = {dy = pdz} and the axis is recti-
fied as (8,) so that its pair is given by £ = {dy = f(z,y, p)dz}. Note that any contact transformation of &
preserving this axis (0p) projects to a transformation of the zy-plane, and conversely any transformation
of the xy-plane lifts (its ‘contact lift’) to a contact transformation of & = {dy = pdx} (view (z,y,p) as
coordinatizing the contact elements of the xy-plane with standard contact structure dy = pdx, explicitly
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(z,y) — (F(x,y),G(z,y)) lifts to (x,y,p) — (F(z,y),G(z,y), S’;:igyf)) Such contact transformations

are generated by the contact lifts of vector fields u9, + vd, on the xy-plane:
w(@,y)0y + v(x,y)0y + wop, w = vy + pvy — p(ug + puy)

for such a vector field to also preserve dy = f(x,y,p)dz we have the further condition:
(4) 0= f(vy — fuy) — (fy +wfp) +ve — (fu)s.

Suppose then that such a pair &, 5 , admits an infinitesimal symmetry transverse to the axis. Then, since
this infinitesimal symmetry is transverse to the axis, (0p), it projects to a non-singular vector field on
the xy-plane. We then consider a change of coordinates on the zy-plane (x,y) — (s,t) rectifying this
symmetry field to say d, in these new coordinates. Without loss of generality, we may always assume
at a given point that we have chosen our transversal curve to the symmetry field (the t-axis) to be
transverse to the pair of contact structures at this point (analytically: we may apply transformations
(s,t) = (s + f(t),g(t)) = (S,T) with, still, the symmetry field 95 — 0ds). Under a contact lift of such
a change of coordinates, (z,y,p) — (s,t,0) with the t-axis transverse to the contact structures at the
correspondent point to m € M, we then have the form dt = ods, dt = F(s,t,0)ds where for cases (i), (ii)
we have that m corresponds some point with o # 0 (for case (iii) some point with ¢ = 0). In any case,
we have a symmetry field d; of the pair dt = ods,dt = Fds and equation reads Fs =0, ie F(t,0) is
independent of s as claimed. O

This simple computation establishes our general normal form of a pair admitting a symmetry (item
IV of theorem and includes all the other items as certain sub-cases. However it is not clear from
this last proposition whether such a pair might admit more infinitesimal symmetries. The main
thrust of theorem and the following computations in this section, is to give a finer description of
distinct subcases of proposition and in particular their explicit characterizations in terms of relevant
invariants of the pair. For this finer description, we will often use (following directly from definition :

Proposition 4.2. Let o, & be balanced contact forms for (M, &, f)i and 8 a 1-form on M with B|a = ds.
Then such contact forms satisfy:

(5) dao=haNa+anB+gBAa, di=hahNa+(I—g)ahB+BAa

for some functions h, h, g on M (and where I : M — R is the generating invariant from deﬁm’tion@, Note
that o, & are determined up to simultaneous scalings: o, & — A, A&, and B up to shifts B — B+bia+boa.

Proposition 4.3. Let o, & be balanced contact forms for (M, &, é)i Then the kernel of a+pa determines
an integrable distribution containing the axis when the function p satisfies:

(6) p=1+1Ip+p*

Proposition 4.4. If Y is an infinitesimal symmetry of (M,f,é) transverse to the axis, then A®Y is
an integrable distribution (recall A =& NE is the axis of the pair).

The normal forms in theorem are then obtained essentially by applying Cartan’s equivalence
method to find certain co-frames «, &, 8 as in associated to the pair (M, ¢, 5), whose coefficents h, h, g
allow us to constrain possible symmetries, and determine appropriate solutions p to @ which allow us
to integrate the structure equations to find directly the local normal forms stated above.

Remark 13. In ‘counting’ the symmetries we recall (see, eg, Lecture 6 of [B]) that if there is a given
co-frame (or e-structure) w’ on some manifold M (so w',...,w™ are a basis for T*M ) then a symmetry
@ : M — M preserving this co-frame, p*w? = w’, is determined by where it sends a single point (by
appropriate application of the Frobenius theorem to the graph in M x M of such a symmetry). Possible
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symmetries are thus parametrized by where they send a single point. In particular, the symmetry group
of the co-frame has dimension at most dim M. The coefficients I}, : M — R of the structure equations:
dw’ = I,zlwk AW of this co-frame, and their successive derivatives dlil = I,zl;mwm, ...etc... may obstruct
such symmetries, by constraining the image of a point to their common level sets. In case one has that the
rank, v, of the differentials spanned by these invariants and their successive derivatives is constant around

some point m € M, then the (local) symmetries of the co-frame around m have dimension: dim M —r.

Remark 14. We also recall that a Ricatti equation: f' = 1+ 2bf £ f2, has to any pair of solutions,
f1, fa, its general solution, f, given through: % = ce for ¢ =0 constant and N = +(f; — f2). In the
case of constant coefficients b’ = 0, each solution f, has an associated solution, f., through: fy4+b= %

(and the general solution can be given explicitly if need be).

To consider some more particular forms of proposition we will seperately consider the cases when
S =0and S # 0 (see prop. [2.1)).

4.1. Vanishing Schwartzian. We first determine local normal forms when the induced projective struc-
tures on the integral curves of the axis coincide (S = 0). As we have already noted above (corollary 7
such pairs already have a rather specific form, in fact:

Proposition 4.5. Suppose (Mf,é)i has 8 = 0. Then there are local coordinates (x,y,p) with: £ =
{dy = pdz}, &€ ={dy £ I%leda: = 0}, for some functions b(z,y), I(x,y).

Proof. For common orientations, (M, £, €), choose some (local) non constant (p’ # 0) solution p to ().
Since « 4 pa is integrable, we may take locally some function so that dx ~ « + pa, or by re-scaling the
balanced contact forms by an appropriate integrating factor have:

dr = a+ pa.

Now, from I’ = 0 (eq. ), we have another solution p, = —C + ii_cl to @, for C =1/2, and so a+ p.a
is integrable, and we may take:

dy = p(=(p+ Cla+ (Cp + 1)a)
for some integrating factor p (in fact differentiating these equations and using , one finds duAdxAdy =
0, so that u(z,y)). Solving for the contact forms we find:

pp'o = p(Cp+1)dx — pdy, pp'a = p(p+ C)dx +dy

which can be re-arranged in the stated normal form (since p(z,y), C(z,y) there is some integrating factor
M (z,y) such that locally M (dy+uCdx) = dY is exact, then we may take p = pM (I + %), and b = —puM).

C?+1 _ Cp+1
O = —C |

The oppositely oriented case can be handled analogously using p, = C' +
To study in more detail the pairs with S = 0, we will introduce some more special co-frames than :

Definition 9. For (M,ﬁ,g)i with S = 0, we have to each (local) non-constant solution p of @, the
induced (local) co-frames:
a,a,8=dp/p"  dx,n,dp
where o, & are balanced contact forms scaled so that o + p& = dx is (locally) exact. We take
n:=(pxC)a¥x(Cp+l)a

for C =1/2 as an integrable one-form associated to the additional solution p, = :Fcp’fg of @ Given

p, such balanced 1-forms («, &), as well as the pair (dx,m), are determined up to simultaneous scalings
by functions A(z) depending only on x.
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For such induced co-frames we compute:

Proposition 4.6 (structure equations). For (M,f,é)i with S = 0, let p be some local non-constant
solution to @ with corresponding induced co-frames from definition @ Then these co-frames satisfy:

(7)  da=-phaha+anBFpBia, di=haha+ I +p)anB+pBAa, d,@z—gdl/\ﬁ.

2:Fl

o dl Ndx

(8) dn = <hda: + ;dl) Ap—P

Proof. The structure equations are a direct computation from using that a + p& is closed, while
follows by direct differentiation of 1 from definition |§| (and using @) |

In the special case that the generating invariant I (definition E[) is constant:

Proposition 4.7. Suppose (M, &, é)i has generating invariant I constant. Then in some local coordinates
we have:

~ dx
={dy = pdz}, &={dy+ = 0}.
§={dy =pdz}, {={dy P }
Proof. First, observe that if we have £ = {dy = pdx}, € = {dy = ggis dx} with a, b, ¢, d constants, then one
can take a linear change of the zy coordinates in order to have the stated form {dy = pdz}, {dy+ pd% =0}

for I = cst.. So, to establish the stated local normal form, it suffices to show that when I = cst. we can

write locally & = {dy = pdz}, E= {dy = zﬁj_'sdx}, with a, b, ¢, d constants.

For oppositely oriented pairs (M, ¢, EN),, the associated Ricatti equation @ is hyperbolic: having two
real roots k,—1/k of k> — Tk —1 =0 (so I = k — %) Taking some balanced contact forms so that
locally we have do = a + kd,dy = p(o — @) for p some integrating factor, we find the desired form
{dy = pdz},{dy = —k?pdx} for p = —pu/k?. Similarly one can treat the case (M,§,£)+ with 1% > 4,
arriving to dy = pdx, dy = k*pdx where I =k + .

When the associated Ricatti equation is elliptic or parabolic (namely, for (M, ¢, £)+ with 1% < 4) we
do not have a pair of constant solutions to @ at our disposal, and will need to make some more detailed
computations in order to establish the stated normal form. We note that the character (hyperbolic or
elliptic) of the Ricatti equation is related to the contact circles and contact hyperbolas of [6], [15].

Let us take then locally a non-constant solution p to @ with induced local co-frame (definition E[)
dx,n,dp with structure equation eq. reading (for I = ¢st.) as:

dn = hdx A 7.

Note that if h = 0, then we may take locally de = a+pa,dy =n = (p+C)a—(Cp+1)a where C = I/2 is

constant, and solving for the contact forms we arrive to the desired form of a ~ dy—pdz, & ~ dy = z;’is dx

with a, b, ¢, d constants. Thus, for this (M, €, €), case with 12 < 4, we are reduced to showing that there
exists locally some non-constant solution of @ with associated structure equation having h = 0 in
order to establish our stated normal form. The existence of such a solution will follow from:

Lemma 4.8. For I = cst. and (M,§,£)+, let p be some local non-constant solution to @, with induced
local co-frame dx,m,dp and structure equation dn = hdx An, where h = —u, /i, for un = dy. Then, for
a general solution of @

p+c(l+Cp)

P+ 0)
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where c(x,y) is an arbitrary function with ¢ =0, and C = 1/2 is constant, having induced local co-frame
4, 7, dj
we have its structure equation dn = hdz A 1 where:

My + hM + p(C? — 1)(cM),
M2(1+ c(1-C?))

M
My+<c) ~0.
w/y

Proof. We have: a+pa = 1_‘1:(%”7 so that 0+ 50 = di for (0,0) = A(a, @), and A = M(1—c(p+C)), and

}(L:

where M (x,y) satisfies:

+0)’
M (x,y) satistying: M, + (%) = 0 where un = dy. Then, directly differentiating % =¢(1—-C?)dx +n,
we find the stated expression for h. |

From the Lemma, our result follows, since given p with its resulting h(z,y) and p(x,y) through p, =

—hp, we may take M (x,y), c(x,y) solutions of the system of quasi-linear 1st order PDE’s: M, = — (%)

and ¢, = % + 47 (%)x, which are in Cauchy-Kovalevskaya form, so admit (local) solutions (if
+e(1+Cp)
p17¢(p+cp) then

has induced local co-frame with h = 0 so that di = o + pa, dy = 7 as desired. a

C =1, one can take M = p and c(x,y) solving ¢, = —puy). The resulting solution p =

Otherwise, when [ is not constant, we have an additional invariant:
Definition 10. For (M,{,é) with S =0 and dI # 0, there is an induced function:
J: M —RP', T =(ji:72)
by writing dI = jia + ja&, for some balanced contact forms. When j1 # 0, we set: J = ja/j1.

For this case, S = 0,dI # 0, we have then always j; # 0 or js # 0 and will without loss of generality
consider that j; # 0, up to a re-labeling of the pairs of contact structures. Then, we find the more refined
form of proposition
Proposition 4.9. For (M,¢,€)s with S =0 and dI # 0 then

(1) in case J' # 0, there are local coordinates (x,I,.J) in which:
~ Bdzx
={dIl = BJdx}, ={dl + =0
£=1{ o), E=fdr= 21 o)

for some function B(I,x) > 0. The pair admits exactly one symmetry iff B is separable:
010, log B =0 (ie, its invariant G, defined below, @, vanishes).
(2) in case J' =0 there are local coordinates (x,I,p) in which:

¢ ={dl = pdz}, &= {xJ%dI = pdx}
where J(I) is a root of 1+ 1J 4+ J* = 0.

Proof. We will consider the commonly oriented case (M, ¢, £)+ (the oppositely oriented case is handled
in the same way), and scale our balanced contact forms so that dI = o + J&. Then J is a solution to
(©): J' =1+ 1J+ J% In case J' # 0, we then have a definite co-frame on M:

dI,n,dJ
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where we take ) = (J+ £)(a+J.@) as the integrable distribution associated to the solution: J, = — C}‘fcl
for C' = I/2 of (6)). Since we have in this case a co-frame on M and at least two non-trivial invariants
(I,J), we have by remark that such pairs admit at most a one-dimensional local symmetry group. The
structure equations , with z = I and p = J are then:

dn=HdI \n
where the coefficient H, having H' = 0, is another invariant, as well as its derivatives along this frame:
9) dH = FdI 4+ Gn

being further invariants. If G # 0, then H,I,J form local coordinates in invariants and such a pair
admits no infinitesimal symmetries. In any case, since 7 is integrable, we may always choose locally some
function I, with

dl, = pn,

by taking some integrating factor u(I, I.) satisfying Orp = —Hp (use dn = HdI An and H' = 0). The
contact distributions in these coordinates (I., I, J) are then given by:

1
AL+ p(C + 5)dI =0, w(C+ J)dl =dL, C=1/2.

Which we may put it in the stated normal form of the 1st item by taking another integrating factor
M(dI, + pCdI) = —dz and setting B = Mu. Note that if the pair is to admit exactly one symmetry
(see remark [13), we must have G = 0, so that dH = FdI and H(I) is a function only of I, and then as
well our integrating factor p(I) (solving Orpu = —H(I)p) can be taken as a function only of I and the
coefficient B above is separable (we may take B(I) = u(I)).

Otherwise, when J' = 1+ IJ £ J? = 0, then J(I) is a function of I. In the oppositely oriented case,
we then have two integrable distributions dI = o + J& and da = p(Ja — &), whereas in the commonly
oriented case, necessarily I2 > 4 in order to have J’ = 0 and dI # 0, and we have the two integrable
distributions dI = a+ Ja and dx = u(Ja + &). Solving for the contact distributions in either case yields
the stated normal forms of the 2nd item when J’ = 0. ]

Proposition 4.10 (Explicit formulas). In local coordinates ¢ = {dy = pdx},& = {dy = f(x,y,p)dz},
these invariants can be given more explicitly as follows. First recall proposition[2.3 where we have given
X, I explicitly in such coordinates, as well as a pair of balanced contact forms, o, & in eq. , Set:

 O0s+ fOy D .= |fp|1/2

10 D:= , : 0z + p0Oy).
1o F-p PENTRaRRY
When § =0 and dI # 0, the invariant J is given by:
D1
/= D-I
with J' = X - J =1+ 1J £+ J*. When J' #0, set
_JD—(D-J)X _JD—-(D- )X
Xo="—Fp 71 Ty

and the invariant H is given by:

= ~(D (X1, X)) + 5



14 CONNOR JACKMAN

Setting X;H = H;, the invariants F, G (the condition to admit —exactly one— symmetry being G = 0) are
given by:
1J I
fF:<2-+Q (Ji2)H% +J'G=JH, —
Proof. The frame D, D, X is dual to the balanced co-frame a, &, ds in (2)), so that (j; : j ) = (D-1: D-I),

and when J' # 0, then X7, X5, X are dual to the co-frame 6, 6, dJj/J Wlth dl =0+ J9 and we obtain
the stated equations from ([7] . . @ for this co-frame. O

4.1.1. Associated path geometries. A general pair (M, &, é)i with & = 0 and dI # 0, J’ # 0 has associated
to it a pair of path geometries (see eg ch. 1, §6 of [I], or [3]), where:

Definition 11. The geometric structure of a 2nd order ODE or a path geometry is a 3-manifold M with
a pair of line fields Ly, Lo on M spanning a contact distribution & = L1 ® Lo on M.

Namely, to a pair (M,g,é)i with & = 0 and dI # 0,J" # 0, we associate its induced pair of path
geometries:
E=A®L, £=A0L
for L = &N (kerdJ),L = &N (kerdJ). The projections of integral curves of L, L under M — M/A each
locally form a pair of 2-parameter families of curves in M/A. In the coordinates of proposition these
curves are given as graphs ((z, I(z)) or (z(I), I) respectively) of solutions to the 2nd order ode’s:

(11) @_ B””+BI% ﬂ d27x_ l BI+BIdI dﬁ
d? B dz’ dz "B~ B I

for a function B(I,z) > 0.

Remark 15. Path geometries (M,§ = L1 & Lo) have two basic (generating) invariants, say Iy, I>. Let
us recall here their following properties. The projections of integral curves of Ly under M — M/Ls
are unparametrized geodesics of some affine connection Vo on M /Lo iff Iy = 0 (likewise projections of
integral curves of Ly under M — M /Ly are unparametrized geodesics of some affine connection Vi on
M/Ly iff Iy =0). The condition Is =0 on M/Ly is simple to state in local coordinates (x,y) on M/Lsy:
it is equivalent to this family of curves (the projections of integral curves of L1) being given locally by
the graphs (z,y(x)) of solutions to a 2nd order ode which is at most cubic in the 1st derivative, ie of the
form: 3" = alx,y) + Bz, )y +v(x,y) () +6(z,y)(y)2. Moreover, a relevant fundamental theorem of
path geometry is that a path geometry has both Iy = 0 and Iy = 0 iff it is locally flat: there are some local
coordinates (z,y) on M /Ly such that the projections of integral curves of L1 under M — M /Lq are given
by straight lines in the xy-plane. See for example eq. (5) of [3] for an explicit formula for the condition
I, =0 in terms of the 2nd order ODE y" = w(x,y,y’) in local coordinates (x,y) on M/Ls.

Since both 2nd order ODE’s of are at most quadratic in the 1st derivative, their solutions are
unparametrized geodesics of some affine connection. One may check, using for example eq. (5) of [3]) that
the pair (M, ¢&,€) with S = 0,dI # 0,.J’ # 0 admits a symmetry (B(I,z) of proposition is separable:
having 9;9, log B = 0) exactly when the 2nd order ODE’s of are each flat (each equivalent to " = 0
under some change of coordinates). Curiously, there is no system of coordinates in which the general
solution to both 2nd order ODE’s are simultaneously rectified to straight lines.

4.2. Non-zero Schwartzian. Now we consider when the induced projective structures on the axis are
distinct (S # 0). In this case, we have two invariants:

I,I' 40
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and will consider separately when these invariants are dependent dIAdI’ = 0 and independent dIAdI’ # 0.
First, for the dependent case, we have the general normal form:

Proposition 4.11. For (M,f,ﬁ) with S # 0 and I'(I) a function of I, there are local coordinates in
which: € = {dy = pec@Vdz}, € = {dy = f(p)e*@ ¥ dz}, for some functions c(x,y) and f(p).

Proof. The derivation is essentially the same as that in proposition We consider two solutions
p(I),p(I) to the Ricatti equation (6)):

I’(I)% =1+ 1Ip=+p?
and scale some balanced contact forms to have dz = a4 p& and dy = p(a + p&). The contact forms «, &
satisfy the structure equations with df = 0, for 8 = dI/I’, whose coefficient h has, by differentiating
and using dB = 0 that: b’ =0, so that h(z,y). The integrating factor u for o + p& then satisfies:

d
iﬁ‘hd.’bi(ﬁ—p)ﬂEO mod dy

I

and so has the form p = e“"(l)'*‘c(f’"?j) for p(I) =F [ p(II),(Ip(I)dI (and ¢, = —h). Solving for the contact
distributions we have a ~ dy — %e“"ecdx, a ~ dy — e¥edz, and the stated form above by setting
p= %ew(l)’ e?() = f(p). 0

In case there are symmetries:

Proposition 4.12. If a pair (M,E,é) with S # 0 and I'(I) # 0 a function of I admits an infinitesimal
symmetry then either

(1) there are local coordinates (x,y,p) in which:

¢ ={dy = pda}, €= {dy= f(p)da},

(2) or, there are local coordinates (x,y,p) in which:

p+aly) f(p) + aly)
E={dy="—-"2dz}, €= {dy = IR TRY) g
W= ™ S e
Proof. We prolong in this case to consider the principal R* sub-bundle of the co-frame bundle on M
R*—=B—>M

consisting of co-frames o, &, 8 = dI /I’ on M, where the R* action is by simultaneous re-scalings «, &
Aa, A& on the balanced contact forms «,&@. We first claim that we have on B a canonical co-frame
induced by the pair (M,¢,€) with I’(I) # 0. Let ©,0, 4 be the tautological 1-forms on B: 0y(v) =
a(ﬂ*v),(:)b(v) = a(mw), and 8 =7*p for b= (o, &,8) € B and 7 : B— M. Then:

Lemma 4.13. There is a unique connection 1-form v on B for which the co-frame 0,0,8,v satisfies
the structure equations:
(12) dO=vANO+0OAB, dO=vAO+IOANB+BAO, d3=0, dv=AOAO,
the coefficient A : B — R being another invariant of (M,ﬁ,g)
Proof. Indeed, for any choice of balanced contact forms with trivialization B =2 M x R 5 (m, A) through
O = A\a, © = \a, we take:
d\ =
= T—I—ha—hoz—i—gﬁ,

where a, &, § satisfy . O
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Now, having a canonical co-frame on the 4-dimensional B with (at-least) one non-trivial invariant I,
such a pair can admit at most a 3 dimensional symmetry algebra: only when A(I) is dependent on I. It
follows directly by differentiating that:

dA = A10 + As® + TAB — 2Av

so that A is dependent on I ( I'(I)f = dI ) iff A = 0. In case A = 0, we may take a co-frame as in
proposition and directly compute that A = 0 is equivalent to 9,0yc = 0, ie c¢(z,y) = a(z) + b(y) is
separable, and the normal form of proposition takes the form stated in item 1 above.

Otherwise, when A # 0, we have two independent and non-trivial invariants, I, A, and (at most) a
2-dimensional symmetry algebra. As it turns out:

Lemma 4.14. A pair (M,£,€) with I'(I) # 0 and A # 0 admits at most a 1-dimensional symmetry
algebra.

Proof. To realize a 2-dimensional symmetry algebra the additional invariants A;, Ao would need to be
functionally dependent on I, A. One computes directly that:

dAy = A11© + A19O + (TA; F A2)B — 3M v, dAy = Ao1© + Ag© + (Ay 4 2TA5)3 — 3Asv
where Ag; — Ao = 2A2. In particular, if dAy,dAs € (dI,dA) (and A # 0) then we find the contradiction:
2A% = A(Agy — A1) = 3(A1Ay — AjAy) = 0.
O
When A # 0, we may pass back down to M, where we have the co-frame:
0= |A|?20, 6 = |A|Y?6, p=dI/I'

whose structure equations we compute as:

(13) 9 = —%0/\§+9~/\ﬂ+gﬂ/\9, df = %0/\5+§0~A6iﬁ/\0, s =0

for the invariants

m = A /[AP2, 0= Ao /|A]P?
on M, having

~ I ~ I
dm = m10 + mof — (?in)ﬂ, dnn10+n29+<m+2n>ﬂ,

ny = mo + 2.
In general I,m,n : M — R are independent, and such a pair with A £ 0 admits no infinitesimal symme-
tries. Such a pair admits an infinitesimal symmetry only when the differentials (dm, dn,dm;,dms, dI)
have rank two:
mp Mo mq mo mq mo mi mo
(14) 0= , 0= , 0= , 0=

ni UP) n21  TN22 ma1  MM22 mi1r M2

Supposing the condition holds, we now proceed to determine the normal form of item 2, by seeking
appropriate solutions of our Ricatti equation @ Note that for any function f : M — R, writing
df = f10 + f20 + f'3, then by differentiating and using , one obtains the relations:

(15) (B = (P2 = ot Lo (P = () = Efr £ for fa = fro = P2
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for its higher derivatives. From (14), we set:
p=ma/my =ng9/ny, £=n/m,

and check from that p, ¢ are solutions to @ and, for dp = p10 + pp10 + p' B, we have:

0=p+22.

m
Note that we cannot have p; = 0 (ie £ = p) since differentiating n = pm, and using n; = my + 2 one
would then have:
mg = pmy = n1 = msa + 2,

which is impossible, so that p; # 0, and £ # p are distinct solutions to (@ Then, using - , one

computes: )
d (9 + pe) =0, d(m(O+10)) = dy n (m(6 +0))

P1
so that for the integrable distributions 6 + pf, 6 + £6 we have integrating factors:

< ey -
prdy =0+ o0, “dx =0+ 06,
m
and the contact forms are given through:
(16) m(l — p)8 = tmpydy — pe¥dz, m(p —0)0 = mpidy — eVdz.

To give them the more explicit form of item 2 above, we note, from , that all the invariants depend
only on y, I, and for a function f(y,I) we have:

Oyf =p1f1-
In particular, we compute that (pi£1m?)’ = 0, so that:
m?9,l = p1tym? = c(y)

is some function of y. Now, since p, £ are solutions to @, they have the form:

{—r NPT N
_— 7:b
= aleh L b

where r;(I) are any pair of solutions to (6) depending only on I (and MI) = + [ B5r2dl). Computing

then the partials 9,¢ = c(y)/m?, d,p = (p1)? and substituting into we arrive to the contact 1-forms:
ri() — a(Y)e* Dy (1) 1 - e*Da(y)
dy = dy = dx, dY = ——————=d
=D AT T T
for some function (y), which is in the stated form of item 2 above (set P = _%.- and f(P) = e, O

Remark 16 (associated path geometry). Similarly to our observations in section we have for a
pair (M7§,§~) with & # 0 and I'(I) # 0 an associated pair of path geometries on M/A by projecting
integral curves of €N ker(d[),gﬁ ker(dI) under M — M/A. In the coordinates of proposition we
see such integral curves project always to the same 2-parameter family of curves in M /A, given in these
coordinates as graphs, (x,y(x)), of solutions to the 2nd order ode:

Py _ ey dy
de? “Vir ) do
They are unparametrized geodesics of some affine connection on M/A, and we check (again with eq. (5)

from [3]) that such a pair admits the mazimal 3-dimensional symmetry algebra (0;0,¢c = 0) iff this 2nd
order ODE is flat (locally equivalent to Y =0).



18 CONNOR JACKMAN

Next, we consider the general case when we have two independent invariants: dI A dI’ # 0. In this
case we have further invariants:

Definition 12. For (M,&,€) with S # 0 and dI AdI' # 0, there is an induced function;:
K:M—=RP'Y, K= (k:k)

by writing dI' = kia+koa+ II—/,/dI for some balanced contact forms. When say k1 # 0, we set K := ko /k;.
Moreover, we have then a co-frame a, &, 8 = dI /I’ determined on M, where the balanced contact forms
are determined by the scaling condition:

dl' =a+ Ka+1"8, (B=dI/I').
The structure equations of this co-frame are given in below.

So, in this situation we have a co-frame induced on M, as well as (at least) two non-trivial independent
invariants: I, I’. There can be at most one non-trivial infinitesimal symmetry of such a pair. Its normal
form, by proposition [I.1] is then given by item IV of theorem and to finish, we determine the
conditions on its additional invariants for when this is the case:

Proposition 4.15. A pair (M, ¢, é)i with 8 # 0 and dI AdI' # 0 admits an infinitesimal symmetry iff:
K =1+IK+K?,
KK =Ky, KHy=Hy

where F; :== X;F, F' = XF are the derivatives along the frame X1, X2, X dual to the co-frame o, &, 3
of deﬁnition and the invariant H is given by the structure equations of this co-frame below.

Proof. From , and 8 = dI/I’, we have for the co-frame of definition [12] the structure equations:

(17) do=HaNa+aANB+GBAa, da=Haha+(I-GarB+BAa
dr ~KanB+BAa
df=——F- NB= V7

whose coefficients, upon differentiating dI’ = o + K& + I3, satisfy the relations:

1"
H=-KH - K,, G:LlﬂFK—?,
KLy —Ly=1+KI+K?*- K’
for: dI"” = Liya+ Laa+1"3 and dK = Kia+ Koa+ K'3. The coefficient H in these structure equations
is an additional invariant, and we can consider as generating invariants:

H,1

from which all further invariants are determined from successive derivatives of H, I along the frame.

Assuming such a pair admits an infinitesimal symmetry, say the vector field Y, it must preserve all
these invariants (which must all be dependent upon I,1"). For X, X5, X the dual frame to «, &, 8, then
to preserve I, I’ we have the condition Y ~ K X; — X5. The distribution spanned by the axis A and Y
is an integrable distribution (since any symmetry Y preserves the axis) and this integrable distribution
is given by the kernel of oo + K&, ie K must be a solution to @ To determine the complete conditions,
note for a general function F' with dF = Fyia + Fya + F'3, we have

Fy1 — Fia+ FoH = Fi(KH + Ky),
1

I F’
(F')o — (Fo) + F1 + (Iﬁ:KJrLl)FgK

I I’
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II/ F/
(F1) — (F')1 + <L1:FK— I’> Fy :|:F2+7 = 0.
For this pair to admit a symmetry, we must ensure that all invariants (and their successive derivatives)
satisfy KFy = F» (ie YF = 0). For such a function, the previous formulas for its higher derivatives
simplify to:

(18) Fyy — Fip = F1Ky,  (F')y = K(F')

Using that K satisfies @ Now, we claim that if additionally K K; = K>, then for any function F'
satisfying Y F = 0, the same will hold for its higher derivatives. Indeed, by the second of we have
that F” satisfies Y (F’) = 0. Differentiating K Fy = F5 by X1, and using the first of , we find:

K\Fy +KFy = Foy = Fio+ 1Ky = KFiy = Fio
and so F satisfies as well Y F; = 0. Now we find that so too does Y F5 = 0, since:
Foy = KoFy + KF1o = KK\ Fy + KF19 = K(K1Fy + Fia) = KFy

from Fy; = (KFy); = K1F1 + KF1y = K1 F) + Fi5. Since all the invariants are generated from H, I (and
I already satisfies YI = 0), imposing as well that YH = 0, ie KHy; = Hs, along with K satisfying @
and KK; = Ky, then all invariants, F' (derived from H,I), satisfy YF = 0. In particular, all invariants
are then functionally dependent upon I, I’ as needed, and such a pair (see remark admits exactly one
infinitesimal symmetry. O

Writing the appropriate structure equations in terms of their dual frames, similarly to proposition
4.10), we find the following formulas for these invariants:

Proposition 4.16 (Explicit formulas). In local coordinates with £ = {dy = pdx}, &= {dy = f(z,y,p)dz},
we have given above explicit formulas for I, X (proposition in these coordinates, balanced contact
forms, a, & eq. , and dual vector fields D, D, eq. . In case I' # 0 and dI ANdI' =0, set

DI - D-I

X, Y=D-—

h=—-a(Y,Y]), h=—-a[Y,Y]), A=+/|Vh+Yh|

The invariant A from the proof of proposition [[.19 being a non-zero multiple of X. Such a pair admits a
3-dimensional symmetry algebra (item 1 of proposition iff \=0. When A # 0, we have additional

invariants m,n given by:

Y =D X

m = —QAd([Yl,}/é]), n = 2)\04([Y17Y2])
forY1 =Y/\ Y, = }N//)\ The conditions to admit (exactly one) symmetry being given above (with
fi=Y;f). In case I' # 0 and dI N dI' # 0, set:

4 —_ . /~— ~.
y,_ IP=(@-DX . I'D—(D-DX

- I'D-I'-I"D-TI’ - I'D-I'-I"D-I’

The invariants K, H are then:

I'D-I'-I"D-1 I .
K:I’DJ"*I”D«I’ H:_(D'I/_TD'I)Q([XIaXﬂ)

The conditions to admit (exactly one) symmetry being given above in pmposition (with F; = X;F).
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I S=0,dl=0 (M,D, D), I? = ¢st. > 4, or (M, D,D)_, I = cst.
I, S$=0,dl=0 (M,D, D), I? = ¢st. < 4.

11, S=0,dl #0 J #0,G=0.

11, S=0,dl #0 J =0

I, | S#0,dI AdI' =0 A0, BL = — My _ M2

Iy | S #0,dI AdI' =0 A=

IV | S#0,dI AdI' #0 K' =1+IK+K? K, = KKy, H, = KH,.

TABLE 1. The characterization of the normal forms listed in theorem [L1 in terms of
their invariants (see corollary definitions and propositions and
above).

4.3. proof of theorem The proof of the main theorem [1.1] follows upon gathering the results of
as follows (see table [1| for a summary):

Proof. (theorem If a pair (M, £, €) admits an infinitesimal symmetry (transverse to its axis), then by
proposition it has the general local normal form of item IV. A typical pair (M, ¢, é)i has § # 0 and
dI ANdI' # 0, and so by proposition it admits (exactly one) infinitesimal symmetry iff its invariants
K, H satisfy the conditions stated in the last row of table [} In case a pair with S # 0 has dI A dI' =0,
then by the proof of proposition [4.12] it admits a symmetry iff either its invariant A = 0, and it has local
normal form of IIl; (admitting exactly a three dimensional infinitesimal symmetry algebra), or A # 0,
and its additional invariants m, n satisfy (the conditions stated in the 5th row of table[1)) having the
local normal form of III; and admitting exactly one infinitesimal symmetry. In case the pair (M, ¢, é ) has
S =0 and I = cst. its normal form is given by proposition which can be split into type I;: consisting
of (M,§,£)+ with I? > 4 and (M,ﬁ,g), with I = cst. (the types with hyperbolic Ricatti equation @),
or the type Is: (M7§,§:)+ with 12 < 4 (the types with an elliptic or parabolic Ricatti equation @) In
case we have S = 0 and dI # 0, then by proposition such a pair admits a symmetry iff either its
invariant J has J' = 0 and we have the normal form of IIy, or when J’ # 0 then its additional invariant
G must vanish identically, and we have the normal form of type II; (admitting exactly one infinitesimal
symmetry). One may determine the symmetry algebras stated in theorem from . O
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