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We state conditions under which a symplectic Hamiltonian system admitting a certain type of
symmetry (a scaling symmetry) may be reduced to a type of contact Hamiltonian system, on a space
of one less dimension. We observe that such contact reductions underly the well-known McGehee
blow-up process from classical mechanics. As a consequence of this broader perspective, we associate
a type of variational Herglotz principle associated to these classical blow-ups. Moreover, we consider
some more flexible situations for certain Hamiltonian systems depending on parameters, to which
the contact reduction may be applied to yield contact Hamiltonian systems along with their Herglotz
variational counterparts as the underlying systems of the associated scale-invariant dynamics. From
a philosophical perspective, one obtains an equivalent description for the same physical phenomenon,
but with fewer inputs needed, thus realizing Poincaré’s dream of a scale-invariant description of the
universe.

I. INTRODUCTION

Symmetry plays an important role in physics. When considering observations of measurable quantities, the
action of symmetry should be carefully considered in its effect not only on the quantity being measured but also
upon the apparatus through which the measurement is made. This is common when considering most physical
symmetries. On applying a Galilean transformation to a system — for example transforming reference frames — we
argue invariance of observation based on applying the transformation to both the observer and the observed quan-
tity. Absolute motion should not be observable as it is not invariant under Galilean transformations. Physically
meaningful quantities and their equations of motion are those invariant under such symmetry transformations.

It has been argued, at least since Poincaré (see e.g. [33] for a detailed discussion), that the same considerations
should be applied to the absolute scale of a system. In [44], pg. 94, Poincaré imagines that overnight all dimensions
in the universe have been scaled, and argues that there will be no detectable change upon waking due to both
the observed system (the universe) and any possible measuring apparatus (e.g. one’s height), having undergone
a scaling by the same factor. Accordingly, we refer to writing the equations of motion of a system in terms of
scale-invariant quantities as Poincaré’s dream or a scale reduction of the system.

The counter to this argument was long held to be the fact that physical constants can be used to give an overall
scale based on, for example, the Planck length. However in recent work it has been suggested that if these are
included not as given facts about the universe, but rather as physical observations of quantities which must be
measured, such a scaling symmetry can be restored [48].

It should be clear that in any scale-invariant description of the physical world one would need one less piece
of information with respect to the standard descriptions that include reference to some (unmeasurable) absolute
scale, the datum being removed being precisely the one corresponding to the scale.

There have been a large number of works based upon removing a ‘scale’ or ‘size’ variable from the equations
describing physical systems. For example McGehee’s works, eg [38], on blow-ups of classical mechanical systems
(see as well [20] [43]), essentially consider coordinates in which the equations of motion are decoupled from the
total size of the system. Such blow-ups contain, for instance, valuable properties of such systems near total
collapse singularities. The study of singularities by decoupling the equations from a total-size variable has been
exploited in various other situations as well, e.g. [35 39, 41l 46]. Moreover, interesting dynamical properties
of these scale-reduced systems, such as a dissipative-like behavior, have been observed, which can provide a
natural origin for the observed arrow of time [4], [32] [45]. Remarkably, J. Bryant observed already in [I2] and [I3]
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that McGehee’s blow-ups of n-body systems can be reformulated as a contact Hamiltonian system (we thank
A. Albouy for pointing us to this reference).

Despite the large amount of works on this theme, still the treatment of scaling symmetries and of their
corresponding reductions so far has been based on a case-by-case study (with the exception of [45]), focused on
specific systems or classes of systems. Moreover, in such works, various choices are made for the overall ‘size’
of the system to determine the resulting scale reduction, and are justified according to the specific goals of the
study. While in simple systems such as the 2-body problem the choice of the distance between the two bodies as
the overall size is quite natural, when we consider the n-body problem such choice is not so apparent — one could
use the mean separation of particles, or the largest separation, or some combination of any variables that scale
in a similar way. Would the resulting scale reductions ensuing from these various choices be related somehow?
Although it is not difficult to observe in particular cases such reductions are indeed related, this highlights the
arbitrary nature of such choices, and begs the question if such reductions are based on a more general principle.

In this work we provide for the first time such a general principle underlying these scaling reductions of
Hamiltonian systems. Our main results may be loosely stated as the principle:

Theorem. A symplectic Hamiltonian system admitting a scaling symmetry (Deﬁnition@ below), may be reduced
to a contact Hamiltonian system on a space of one less dimension.

See Theorems [I] and [2] below for more precise statements. This reduction of a symplectic manifold to a lower-
dimensional contact manifold is in a sense inverse to the symplectification — a higher-dimensional symplectic
manifold — of a contact manifold, in particular, only involving some fundamental relations between contact and
symplectic manifolds. The main thrust of this article is not merely this observation, but also to present examples
illustrating the broad scope in which such reductions may be found.

As a consequence, we obtain a great deal of structure underlying these scaling reductions, which appears to
have been largely neglected in the previous case-by-case studies. For instance, one obtains associated Herglotz
variational characterizations of these scale-reduced systems. In particular, the McGehee blow-up equations of
classical mechanics [20], B8], 43| come with a variational characterization (see Proposition E[)

Moreover, we state explicitly the resulting scale-invariant equations of motion (Corollary [2| and Remark @
resulting from a choice of scaling function or ‘size’ of the system. Throughout the manuscript we provide a
collection of examples to illustrate the process of such reductions.

The paper is laid out as follows: in Section[[I|we give a precise definition of a scaling symmetry and prove that
reducing a symplectic system with a scaling symmetry in general yields a ‘piecewise’ contact system: given by
two contact systems on different regions, which coincide exactly when the degree of the scaling symmetry is one
(Theorem |1| and Corollary . Besides, in Corollary [2| we prove a general invariance (up to time reparametriza-
tions) of the reduced system with respect to the choice of the scaling function. Then, in Section [III| we show that
Hamiltonian systems which do not exhibit scaling symmetries can be lifted into a broader space of models in
which such a symmetry is present, by promoting physical constants (couplings) to observable variables within the
system. In this setting one may reduce such systems to a contact Hamiltonian (or Herglotz variational) system on
a reduced space (Theorem. We proceed in Sectionto present a host of applications of the contact reduction
to the case of Hamiltonian systems on cotangent bundles, which, among other things, allows us to re-state our
main results in terms of the variational approach of Herglotz to contact systems. A further crucial new result
of this section is the derivation of McGehee’s blow-up in terms of a contact reduction and, equivalently, as a
Herglotz variational system. We conclude in Section [V]with an outlook on future work and applications. To have
the paper as self-contained as possible and in order to further motivate our constructions, in Appendix [A] we
introduce the symplectic and contact Hamiltonian systems that we consider, and briefly summarize some known
relationship between them.

All the objects used in this work are assumed to be smooth. Furthermore, we will repeatedly use the following
notations: R* := R\{0} and RT := (0, +00).

II. SCALING SYMMETRIES, CONTACT REDUCTION AND SYMPLECTIFICATION

In this section we describe how a special type of symmetry, called ‘scaling symmetry’, provides a new link
between symplectic mechanics and contact mechanics (see Appendix [A] for the relevant definitions and our sign
conventions). Such symmetries have been found to be present in cosmology, the Kepler problem and a host of
other physical contexts [33], 45H4S].

A. Scaling symmetries

We start with a general definition, comprising all those transformations that reparametrize the dynamics
without altering the (unparametrized) orbits.



Definition 1. A dynamical similarity of a vector field X € X(M) is a vector field Y € X(M) such that
[Y, X] = fX, for some (in general non-constant) function f: M — R (Y is also called a conformal symmetry).

In other words, a dynamical similarity is a symmetry of the one-dimensional distribution, or line field, generated
by X. When Y # 0, such symmetries give rise to a ‘local reduction of order’ [3], pg. 7, in describing integral
curves of X.

Among dynamical similarities, there is a special class appearing in Hamiltonian systems that is often found in
physical applications, the so-called scaling symmetries.

Definition 2. D € X(M) is a scaling symmetry of degree A € R for the Hamiltonian system (M,w, H) if
i) Lpw=w
ii) LpH = AH.
Note that with this definition
D, Xu] = (A =1)Xp (1)

and therefore scaling symmetries of symplectic Hamiltonian systems are a very special case of dynamical simi-
larities.

Example 1 (Kepler scalings). Our archetype motivating this definition is the map between solutions to the
(planar) Kepler problem, with

M =T*(C\{0}) = (C\{0}) x C > (q,p), w=dpAdg=d(p-dg), and Hxg="—-— (2

where we remark that, in this representation, the usual dot product is
x -y = Re(zy).
In this case it is well-known that the Kepler scalings
q— \q and p—A1p,
for A € R*, send orbits into orbits. Considering the generator of these scalings in the phase space,
Dx=2¢-0;—p-0p, (3)

one has Lp,w =w and Lp, Hx = —2H[, that is, Dk is a scaling symmetry of degree —2. By equation , it
follows that the time parameter should be rescaled ast — A3t in order to match the corresponding parametrizations

(‘Kepler’s third law’).

Before exploring further the role of scaling symmetries in Hamiltonian systems, the following two related
remarks are at order:

Remark 1. The set of vector fields satisfying Lpw = w (the Liouville vector fields) form an affine space, directed
by the symplectic vector fields: Y € X(M) such that Lyw = 0 (equivalently iyw is closed).

Remark 2. A scaling symmetry need not be unique, in fact for any two scaling symmetries, D,D’, of H one
has ip/w = ipw + « for some closed 1-form « satisfying ix, o = (N —A)H, where A', A are the degrees of D', D.
Conversely, any closed 1-form with ix,a = (A —A)H determines another scaling symmetry of degree A’ through
ip/w = ipw + a. For example, given a first integral F of H, and scaling symmetry D, we have that D + Xp is
also a scaling symmetry of the same degree as D. For example, one may always add Xy to D.

Let us conclude this section by introducing a re-characterization of scaling symmetries that is equivalent to
our definition above but will at times be more useful in computations.

Proposition 1. (M,w, H) admits a scaling symmetry of degree A if and only if there exists a primitive, A, of w
(d\ = w), satisfying

ix A= AH. (4)

Proof. One takes A = ipw so that dA\ = w is equivalent to Lpw = w. Moreover, one then has the relation
ixy A = LpH yielding the equivalence of the condition in Eq. to (ii) of Definition O

We can now pose our key questions:

1. Given that many symplectic Hamiltonian (resp. variational) systems admit a scaling symmetry, how may
one use it in order to reduce the system to one defined on a lower-dimensional manifold?

2. Can we do so in such a way that the reduced system has a contact Hamiltonian (resp. variational) structure?
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B. Scaling symmetries: from symplectic mechanics to contact mechanics

Once a scaling symmetry D is in hand, the idea is to quotient by its action and obtain a reduced dynamics on
a lower-dimensional manifold.

More precisely, we consider the projections of trajectories of the Hamiltonian system to the quotient of M by
D’s flow: M/D = M/ ~ where m ~ m’ when m and m’ lie on a common integral curve of D. In general this
quotient space need not be a manifold. Throughout, we will simply assume that all quotients, such as M /D, are
manifolds, e.g. that D’s flow acts freely (D has no zeroes) and properly, with submersion M — M /D.

The first step is to describe the additional structure on this reduced space which may be used to characterize
these projected trajectories. This is the content of the next results.

Proposition 2. Suppose the flow of D is complete, acting freely and properly on M so that C' := M/D is a
smooth manifold with submersion

Tm: M — C.

Set A := ipw. Then
(i) C is a contact manifold with contact distribution 2 := 7. (ker A),
(ii) on Z there is a conformal symplectic structure,
(iii) there is a local (exact) symplectomorphism from (M, d)) to the symplectification (C, da) of C.

Proof. (i): see e.g. [23], pg. 36 (or Proposition[12]below). Since there are no zeroes of D, we have local coordinates
on C by taking a local transverse slice, ¥, to D. Then with A = ipw we have that A A (d\)" = %ti”., where
2n = dim M, is non-degenerate on X, thus determining a contact distribution ker M|z on ¥, i.e. . ker A on C.

(ii): this is a familiar property of contact manifolds. Namely when a contact distribution, 2, is given by the
kernel of a 1-form 7 then dn|g is a symplectic form on 2. Changing n to fn, with f # 0, modifies d(fn)|o to
fdn|2, and therefore there is a conformal symplectic structure on Z. In our situation, this conformal symplectic
structure is represented by [w(ty,U2)] for ma; = u; € 2.

(iii): recall (see Definition that C' = Ann(2)\C C T*C, the symplectification of C, is an R*-principal
bundle over C' with exact symplectic structure, da, given by restriction of the standard symplectic structure on
T*C. Consider ¢ : M — C' defined by

(p(m), mv) == A (v)

for all v € T,,, M and with (-,-) the natural pairing of a vector space and its dual. One computes that

. ~ def of o™ /. def of & ~ def of
(9" @) 0) L7 (@pmys 220) *2F (o), (Fe)uipev) = (0(m), m) 2P An(v) Vo € T M,
that is, p*&@ = A, and so ¢ is a (local) exact symplectomorphism. O

By item (ii) in Proposition [2| there is sense in taking orthogonal complements with respect to the conformal
symplectic structure in 2. We will denote these complements by +. As for the projected orbits in C, we have

Proposition 3. The line field span(Xg) on M determines a line field
¢ := m.span(Xgy)

on C. Integral curves of ¢ are projections of orbits of the Hamiltonian system to C. Moreover, letting ¥y :=
m(H = 0), we have

ls, = (TEZoN D) C TSN 2.

Proof. ¢ is well defined from the scale invariance of span(Xg): LpXyg = (A — 1)Xpgy. Since the conformal
symplectic structure of Proposition[2] (ii) is given by [w(i1, G2)] with 7,7, = u; € Z, we will show that w(i, Xg) =
0 for any m.u € TXo N 2. First, note that D is tangent to H = 0 and by ix, ipw = AH, that Xg|g—o € ker A.
Hence (|5, C 2. Let u € TXoNZ. Any lift, 7.0 = u, of u lies in T'(H ~*(0))Nker X and so w(t, Xg) ~ dH (@) = 0,
since u is tangent to H = 0. O

Note that for degree zero scaling symmetries, A = 0, then D is tangent to each energy level, and the last
proposition applies to arbitrary projections of energy levels to determine the line field £ on C. From here on we
will consider the case A # 0. As for describing this line field more explicitly in the general case, we first define:



Definition 3. A scaling function for D is a function p : M — R such that Lpp = p.
Then we have the following properties.
Proposition 4. Given D, the following are equivalent:
(i) the existence of a global scaling function, p : M — RT, for D
(ii) the existence of a global contact 1-form (kern = &) on C,
(iii) an embedding ¢ : C — M as a slice of the D-action (7 o ¢t = id).

Proof. The equivalence of (i) and (ii) is through the relation 7*n = A/p. (ii) and (iii) is through (*A = ». (iii)
and (i) is through ¢(z) = m s.t. p(m) = 1. O

Example 2 (Kepler scaling functions). Consider the Kepler problem from Example . Here there are a number
of natural choices for scaling functions available, for example any of:

1 .
lq|'/?, —, p-ig, p-q
|p|

are scaling functions of Dg = 2q -0y —p - 0p (a degree —2 scaling symmetry of the Kepler Hamiltonian, Hx =
2
% — \TII) Observe that p - iq is the angular momentum and p - q is (half) the rate of change of the moment of

inertia, q - q. The quotient, C = M /D, may be identified with S' x C.

The choice of such a scaling function p leads to explicit local coordinate expressions for the scale reduced line
field over p # 0, see Egs. below, due to the following relation to contact Hamiltonian flows, generalizing
Arnold’s description of contact Hamiltonian vector fields (see Proposition [10|in Appendix and Corollary
below).

Theorem 1 (Contact reduction by scaling symmetries: general case). Let D be a degree A scaling symmetry of
H on M, with p: M — R" a global scaling function, and corresponding contact form 7*n = \/p on C' = M/D.
Set ¥g := 7(H = 0), and ¢ := m,spanXy. Then:

(i) the contact Hamiltonian 7% := H/p"* has contact Hamiltonian vector field spanning £ on %,
(ii) the contact Hamiltonian |.7|'/* has contact Hamiltonian vector field spanning ¢ on C'\Xo.
We call this reduction a contact reduction by scaling symmetries, or simply a contact reduction.

Proof. Recall from Proposition |10 that Hamiltonian flows of degree one functions F' on M (LpF = F') commute
with the scaling action of D and so induce contact Hamiltonian flows associated with 7. Item (i) follows by
considering the degree one function H' := p' ™ H and item (ii) with the degree one function |H|'/*. Note that
the Hamiltonian vector fields, Xy and Xy, are proportional over H = 0, while those of Xy and X g/ are
proportional over H # 0.

Before proceeding, some further comments are in order:

Remark 3. In practice, the reduction may be carried out by embedding C as a hypersurface & = {p = 1}
transverse to D. Then n = A|x and A = H|x are obtained simply by restriction. An equivalent way to state
Theorem |1| (without cases), is using Definition 13 in Appendix . Then the A-Hamiltonian vector field of 7
spans £ on C (see Corollary[3 below).

Remark 4. Case (i) in Theorem is exactly the case considered in [[3]. In many relevant physical examples
the scaling function p can be so chosen so that it is non-vanishing globally on M and is physically interpreted as
the overall scale of the system, thus being an irrelevant (unmeasurable) degree of freedom for intrinsic observers.
Therefore the system can be reduced by eliminating this overall scale and considering only the relational (shape)
degrees of freedom (see also [33, [{§]).

Case (ii) in Theorem is also somewhat familiar. Namely, there is always over C\YX¢ a contact 1-form and
an embedding into M associated to the scaling function p = \H|1/A (the associated embedding being given by
restricting to the energy surfaces H = £1). Then n = N pg=+1 and ¢ is defined by igdn = 0 (i.e. the dynamics
may be parametrized as the Reeb flow of N g—+1), see [10,[27).



Remark 5. It may be the case that D does not admit a global (non-vanishing) scaling function on M. Indeed,
by Proposition [§] the existence of a global scaling function is equivalent to the symplectification of C being a
trivial R* -principal bundle, with connected components, C+, symplectomorphic to M, i.e. that C admits some
global contact one-form. In what follows, we will simply assume that there is a global scaling function, or if the
reader prefers that we are working locally over the set p > 0 of some scaling function, corresponding to a local
trivialization of R - M — C.

For comparison to standard constructions in projective geometry and the ‘s-scalars or vector fields’ used in [,
as well as the structure used in [28] and [29], one may state all our results here in terms of appropriate associated
bundles over C, whose sections correspond to degree o functions, vector fields, one-forms, etc. on M under D. Our
scaling functions (and their resulting coordinate descriptions) correspond then to working in a local trivialization
of these bundles. In what follows however, we will simply use scaling functions on M to obtain explicit expressions.

By Theorem [I| one may treat the general reduction of the symplectic Hamiltonian system to a contact system
locally as two subcases: with the degree one |H|1/A over H # 0, or with p!=*H over H = 0, for some scaling
function p. It is important to stress that for A # 1 none of these two cases can be non-trivially extended as
contact vector fields (whose flows preserve 2) to the other region. While this is obvious for |H|'/* over H = 0,
as it is not differentiable in general, it is not so immediate for p!=*H over H # 0, and this will be explained
in more detail shortly (see Corollary . Clearly there is a very important special situation in which the two
subcases coincide, i.e. when A = 1. In this situation, the two contact Hamiltonian flows in Theorem [I] coincide
and we obtain the following reduction:

Corollary 1 (Contact reduction by scaling symmetries: degree one case). Let (M,w, H) be a Hamiltonian
system admitting a scaling symmetry D of degree one. Then:

i) Xy defines a contact vector field X = 7, Xy on C,
ii) for a scaling function p, and 7*n = A/p, X is the contact Hamiltonian vector field of 7*.52 = H/p.

By virtue of the above Corollary, in the case A = 1 one obtains a ‘full’ contact reduction, meaning that the
reduced contact system is completely determined by the original symplectic one (this is precisely the content of
Proposition in Appendix which we have recovered as a particular case). Note also that in this case H
itself may be chosen as a scaling function giving the reduced dynamics as a Reeb flow of 7*n = A\/H on C\%,.

In the general case, the line field we have been considering may in fact be described more explicitly with the
use of a scaling function, as detailed in the following

Corollary 2 (Dependence on the scaling function). Let (M,w, H) be a Hamiltonian system admitting a scaling
symmetry D of degree A and p a scaling function for D. Then the line field £ on M /D is spanned by

X=X+ (A= 1)HR, (5)

where X s is the contact Hamiltonian vector field of 7*# = H/p* with respect to 7*1n = \/p and Z is the Reeb
vector field of n on C. Moreover, for any other choice of scaling function, p, we have

B ~\ 1—A
X = (”) X.
P

Proof. Given a scaling function, p, then by Eq. , the vector field p' =" X is scale invariant and projects to a
vector field,

X = ﬂ*pl_AXH,

on C spanning ¢. Set H' := p'~*H, a degree one Hamiltonian on M with 7, Xz = X, the contact Hamiltonian
vector field of 7% = H/p™ with respect to 7*n = \/p. Then

dH' = (1 —AN)p ™ H dp+ p*~ dH
so that
Xpr=QQ—-ANp™™H X, +p""* Xp. (6)

Note that by Corollary [1} the Hamiltonian vector field X, of p projects to the Reeb vector field Z = m.X, of
on C. Applying 7, to the last equation we have Eq. .

For the last relation, note that for two scaling functions, p and p, we have that p/p is scale invariant, so there
is a function o on C through n*o = p/p. Then

X =mp Xy =0""2X.



Remark 6. In Darboux coordinates 1 = p,dq® — dS on C, Eq. reads

(¢*) = 0,, 2, (pa)' = —04a H—poa0s I, S" = paOp, H — NH .

Then, for 7 (q,p,S), we have that
H(Q07Q7P07P) = QJOX‘%ﬂ(QaP/Q07PO)

since H/p™ = 2. By chain rule, Hamilton’s equations of motion are given as:

p' S = by, H —AK, PN = pdsH,
p' gt = 0,2, P Mpa = —0ge A —pa0s H

When A < 0, this blow-up is given as the (invariant) set 3o = { = 0}.

Remark 7. The flow of the vector field X in Eq. , induced by a scaling function p, does not in general
preserve 9. However restricted to the invariant set Yo = { = 0} it does, being a contact Hamiltonian vector

(7)

These equations may also be derived directly from Hamilton’s equations for H by following Remark[3 Namely,
given a scaling function p, we take ¥ = {p = 1}. Then a system of contact coordinates, n = podq® —
may be extended to symplectic coordinates Py = S,Qo = p, P = pp,Q = q on M with A = pn = —QodFPy + P - dQ.

dS on C,

(8)
9)
which project onto ¥ = {p = 1} as Eqs (7). It is also evident from Egs. . @ of this last computatzon

that, under the reparametrization p*~dr = dt, the scale-reduced equations of motion contain a ‘blow-up’,
Hamilton’s equations of motion to p = 0, as one might expect (compare with [12, [13, 43/ for n-body problems).

of

field (case (i) of Theoreml) In general, one may rescale X away from this set so that its flow does preserve 9.

Namely, for the scaling function p = |H|'/*, we have H =1, and X = AZ is a constant multiple of the Reeb

vector field of 7] (case (ii) of Theoreml) so that | )" ~V/MX = X preserves 9.

Another interesting aspect about Theorem [I]is the fact that it provides a direct connection with the physics
of the problem. Indeed, the function p is usually connected with a global scale within the physical description
(hence the ‘scaling function’ name), and therefore by using it in order to reduce the dynamics we automatically

obtain a description of the same physical problem in terms of scale-invariant functions only.

While it may seem that the ‘ambiguity’ in Corollary [2] due to one’s choice of scaling function is a defect of the
general contact reduction, we posit instead that this reparametrization freedom to choose a scaling function to
describe the projected trajectories is in fact an asset of the theory, allowing one to highlight certain aspects of
the original systems dynamics by various choices of scaling function corresponding to various reparametrizations.

We illustrate the reduction procedure with the Kepler problem in the following example.

Example 3 (Contact-reduced Kepler). Consider the Kepler problem from Example . To illustrate the contact

reduction process, one may first consider polar coordinates:
a=re?,  p=(p+it)e",
r

with scaling functions (Ewample@ that we denote:

1/2 _ 1/2

p:=|q| J:=p-q=rp, G :=p-iq = p,

In the coordinates (p,0,J,G) on M = T*(C\{0}), we have
p-dg = 2J@ + Gdb,
p
so that

2dJ N dp

=d(p-dq) = + dG A db,

and

J
Di=p0p+J0;+ G0, A=ipw=Gdi—2]dlog~,  Hi="—55 p*
p

J24+G 1

(10)

(11)

The functions J/p, G/p and 0 are D g-invariant, determining coordinates (j, G, 0) on the quotient M /Dy by:

™ J=J/p, mG=G/p, TH=0
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where 7 : M — M/Dg = C. According to Theorem the scale-reduced orbits may be described on C using:
J? 4 G?
2
with 70 = N/ p and 7* A = p>Hg. More explicitly, by Corollary or Remark@ with A = —2, the scale-reduced
equations of motion may be written:
e L GJ i
JI:7+%, G/:—7, G/ZG (13)
Remark 8. The scaling symmetry, Dk, of the Kepler problem and its corresponding scale-invariant functions,
e.g. J,G, 7, have long been known and used in celestial mechanics, in particular their analogues for n-body
problems. See for example Section 2.3 of Chenciner’s [T])], where relations of the scale reduction to McGehee
blow-up are explained. On the other hand, the contact structure associated to these contact reductions, although
present already in the works of Bryant [12, [13], has been emphasized only more recently [45]. Observe that the
contact reduction here is closely related to the structure of ‘b-manifolds’ in [3]. In particular compare Eq.

here to the Darboux normal form (Theorem 2 of [3]) of a ‘b-symplectic form’ and Example 8.2 of [42] to our
construction here of a scale-reduced contact form.

n=Gdo—2dJ, A= 1 (12)

An important property of the reduction by Theorem [I] is its relation to certain blow-ups as mentioned at the
end of Remark [} We illustrate this relation with the scale-reduced Kepler problem.

Example 4 (Kepler blow-up). We continue from the previous example with the scale-reduced Kepler problem
using the global scaling function p = |q|1/2, According to FEgs. and @D with A = —2, the scale-reduced
equations of motion on w* A = p?Hy = 0, represent a blow-up of the dynamics at p =0 (collision).

One may apply Proposition@ to determine the scale-reduced orbits on 7€ = 0. From FEy. , we have:

9 = kern = span{20y + G;,05}
while . = {A =0} is a torus, parametrized by the angle 6 € S* and the circle J> + G* = 2. So:
TYo = span{dy, GO5 — JOg}.

The collision orbits of the Kepler problem are the homothetic motions. They tend in forwards or backwards time
to the fixed points of Fgs. , J = +v2,G = 0. Observe that 9 is tangent to Yo exactly at these fired points.
Away from these points, by Proposition[3, the projected Kepler orbits on ¥ are integral curves of:

Ly, = 2 NTXEy = span{20y + éaj — Jaé}
Taking the (D -invariant) angle @ by p = |p|e®®, this is the line field:
tl5, = span{), + 20p}.

The scale-reduced dynamics on this torus, ¥g, are a blow-up at collision p = |q|1/2 = 0 of the equations of
motion for the Kepler problem. We recover the well-known ‘elastic bounce’ reqularization and collision torus (see
§1.3 of [20]), although our path here has been rather different.

In Section[IV Q we consider some more cases of contact reductions by scaling symmetries in celestial mechanics.

We close this section with an interesting comment about the relationship between Corollary [1} and the contact
reduction in [49], which in turn gives yet another proof of Arnold’s Proposition [10|in terms of a contact version
of symplectic reduction.

The relevant statement from [49] concerns an R-action on a contact manifold N with choice of contact one-
form 7} by ezact contactomorphisms: Lx7 = 0, where X € X(N) generates the R-action and where A is an
R-invariant contact Hamiltonian, X2 = 0, on N. Let Jy := (ixn)~1(0) C N. Then X, X, are tangent to Jy
and the quotient Py := Jy/X is a contact manifold with reduced contact dynamics, (2, n), defined through the
following diagram:

0+ X ,p = Xop for my it = Lgt%z, mon = -



Applying this construction, we obtain

Proposition 5. Consider a Hamiltonian system (M,w, H) admitting D as a degree one scaling symmetry. For
A = ipw and a global scaling function p : M — R, let N := R x M with 7 := e~ *(\ + dp) — dt where t is the
coordinate on R. Then

(i) N is a contact manifold and D=9, +D generates an R-action on N by exact contactomorphisms of 7,
(i) the contact Hamiltonian 57 = e *H on N is invariant under the flow of D.

(iii) The contact manifolds C' = M/D and P, = Jo/D are contactomorphic and moreover the reduced contact
dynamics (of [49]) on P, corresponds to the contact Hamiltonian dynamics on C' (of Theorem .

Proof. The corresponding moment map of [49] is ipn = e 'p — 1 and so Jy is the graph {e' = p} C N,
identified with M via ¢ : m — (log p(m),m). Under this identification, we have 1,D = 8§, + D = D|;, so that
C = M/D = Py = Jy/D|;,. Moreover, :*ij = \/p and t.(e *H) = H/p. Hence, the contact-reduced flow
corresponds to the contact Hamiltonian flow of 7* 52 = H/p with respect to 7*n = A/p. O

III. CAN ONE ALWAYS FIND A CONTACT REDUCTION?

Given the above discussion on the general existence of a contact reduction ensuing from Theorem [If and
Corollary [1} we are now interested in the following fundamental question:

given a symplectic Hamiltonian system (M, w, H) admitting a scaling symmetry D of degree A, can one
transform D to D such that the new vector field is a scaling symmetry with A = 17

This will be the content of this section. We will first prove that D always exists locally and find an explicit
algorithm to construct it, and then we will use an example in order to make clear that such a symmetry cannot
be found globally in general on M. This will lead us to consider an extension of (M,w, H) to a ‘lifted system’,
where various parameters are considered as dynamical variables (together with their conjugate momenta). Rather
surprisingly, in this space we can prove the existence of a scaling symmetry of degree one, and therefore obtain its
corresponding contact reduction, even for cases in which the original Hamiltonian system on M had no (evident)
scaling symmetry at all.

A. Locally on M: yes

We begin with the following observation: for any Hamiltonian system in a neighborhood of m with Xz (m) # 0,
there exist Darboux coordinates such that H = p; and w = dp, A dg®. Then D = p,0,, is a degree one scaling
symmetry with A = p,dq® = igw. We conclude that locally, away from critical points of H, it is always possible

to find a scaling symmetry, D, of degree one. B
This observation may be described in the following algorithm to find D locally:

1. fix some primitive, A, of w and seek a closed 1-form « such that

ixgy(A—a)=H. (14)

2. By the discussion in Section m (see e.g. Proposition , the vector field D corresponding to A — a via
ipw=A—a (15)
is the generator of a degree one scaling symmetry.

We conclude that is the equation to be solved (for ) in order to find D.
Notice that, locally at least, a = dS for some function S : M — R and then by its associated Hamiltonian

vector field X is such that D = X + Xg, with X the Liouville vector field satisfying i yw = A. Locally therefore,
we can make (14) even more explicit. Indeed, we obtain

XpS=ixygA\—H. (16)
In particular, in local Darboux coordinates with A\ = p,dq®, this gives

S =peg*—H=L, (17)
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and therefore S is the action. Remarkably, it is always possible to solve (|17)) locally away from critical points
of H by the choice of a transverse slice ¥ to Xy identifying M = ¥ x (—¢,e) 3 (s,t) and taking S(s,t) :=
fot L(p,(s)) dr. However, it is clear that globally there may be obstructions to solving — resp. —in
general (see e.g. the Kepler case in Section . Therefore an alternative route should be put forward, as we
will do in Section [ITCl

_In order to illustrate the above procedure, we consider now a very simple case in which the scaling symmetry
D can be found explicitly:

Example 5 (The 2d harmonic oscillator). We have H = M, A=p-dq and w = dX. Imposing ixw = A
we get X = p - 0p which is by definition a Liouville vector field, however not a scaling symmetry of H.

Now we seek a function S such that D = X + Xg is a scaling symmetry with A = 1. Solving we get

S:p2%q+cp-iq (18)
where ¢ is a constant of integration that we will fix to 0 (this freedom in fixing D comes from the fact that p-iq, the
angular momentum, is an integral of motion, cf. the discussion in Remark @) This degree one scaling symmetry

withc:Oisjust]j:X—i—Xs:M.

Note that in the last example S (and thus ]3) is globally defined on M. In the next section we will see an
example in which a global solution to Eq. on M cannot exist.

B. Globally on M: no

Let us consider the Kepler problem of Example [I] This admits the ‘standard scaling symmetry’ Dy =
2q - 04 — p - Op, which has degree —2. May we apply our algorithm to find a different ‘hidden scaling symmetry’
of degree 17

By the discussion in the previous section, this question is equivalent to finding a primitive A of wyx with
iXp, XN = Hg. The degree one scaling symmetry is then defined by igwrx = X. So, let A = p,dg® be the
canonical 1-form, then all of our options for primitives are given by A — a with « a closed 1-form.

It is instructive to consider first the case in which a = dS is exact. Then we look for a solution of . As an
immediate observation, we see that for the Kepler problem a solution S fails to exist globally because there are
periodic orbits with positive action. Namely, for an elliptic orbit, v C T*(R?\{0}), with period 7" and (negative)
energy E, a solution S to would satisfy:

0= ﬁdS = S(s,T) — S(s,0) = /OT L(p-(s)) dr = 3m (27;) v = 377\/; >0. (19)

In general, for any closed a as above, consider two periodic elliptic trajectories v1,v2 C T*(R?\{0}) with differ-
ent values of (negative) energies, Ey # E respectively. Such trajectories bound some surface, ¥ C T*(R?\{0}),
in the phase space. Then, since « is closed, da = 0, we have by Stokes theorem:

£1a2£2a (20)

As we have fixed A\ = p,dq® as the canonical 1-form, Eq. reads

z'XHa:pag?H—H:L. (21)

a

Therefore, since v1, 72 are integral curves of X, (20) now reads

Tl T2
/ L () dt = / L(ya(t)) dt (22)
0 0

where T7 # Ty are the periods of v1,v2. This is impossible, because for the Kepler problem, the total action
around an elliptic orbit is a non-constant function of its energy (and period). We conclude that such a o cannot
exist in the Kepler case.

In Example [5| for the 2d harmonic oscillator we have used precisely this route to find a = dS. Note that in
that case we have that the condition is identically satisfied (both sides always being zero).
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C. Global contact reductions. The evolution of couplings

Hamiltonian systems, typically, depend on various parameters (e.g. masses, gravitational constants, etc.) whose
values are given in certain physical units. The scaling symmetries —acting on positions and momenta— we have
been considering, boil down to rescalings of these units. Thus, from a physical point of view, it is natural for
such a scaling symmetry to induce an action on these parameters.

We will consider then the following general situation. Let (M,w, H4) be a Hamiltonian system depending on
some parameters A € R¥. In place of considering only rescalings on M, we would like to admit the possibility to
act on the parameters A. We will state conditions under which such ‘extended’ scaling symmetries may be used
to produce scale-reduced contact Hamiltonian systems depending on parameters.

Remark 9. Intuitively, the objective is the following: for a symplectic Hamiltonian system, Ha, depending on
k parameters on a symplectic manifold of dimension 2n, one would aim for —as its scale reduction— a contact
system on a contact manifold of dimension 2n — 1 depending on k-parameters. Alternately, we may view the
symplectic Hamiltonian system with parameters as dynamics on a space of dimension 2n + k admitting k first
integrals, whose tnvariant level sets are symplectic manifolds with symplectic Hamiltonian dynamics. Then we
aim for —as a scale reduction— a dynamics on a space of dimension 2n — 1 + k admitting k first integrals, whose
imvariant level sets are contact manifolds with contact Hamiltonian mechanics.

In many cases, one may simply redefine the parameters so that H 4 is degree one in A. For this, it is convenient
to introduce the following definition.

Definition 4. A system of coupled Hamiltonians is a system (M,w, Ha), where
Hy=AH +..+AH,=A-H (23)

with parameters A; € R called the couplings and H = (Hy,...,Hy) : M — RE. Moreover, to avoid considering
repetitive cases, we will always assume in what follows that

1. A;>0forall j=1,...,k.
2. There is a Liouville vector field D on M with DH; = A; H;.
3. Ai # Ajforall i # j and Ay # 1.

Indeed, if some A; = 0, one would simply proceed with less parameters, while if some A; < 0 it would just
amount to changing the sign in front of the corresponding term in . On the other hand, if all A; were equal,
one could proceed by applying Theorem |1| Further, note that one may collect the corresponding terms of
for those j’s with A; = Aj/ to take as a new Hjs term, so that we assume all A; are distinct. In particular, at
least one A; is not equal to 1, which we take without loss of generality as Ay # 1.

Our main result (Theorem 2| below), extends Theorem [1| to this situation in line with Remark @ Our starting
point is the following computation:

Proposition 6. Let (M,w, H4) be a system of coupled Hamiltonians. Then, taking the extended space
M::Mlej_kaB(m,a,b), w:=w-+daANdb,

with

1

aj::AjlfAj>0, D:=D+a-9,,

and considering H:M->R given by
H:=al™ Hy + ... +a; Hy, (24)
we have
DH=H, Lpo =0,
that is, D is a degree one scaling symmetry for the symplectic Hamiltonian system (M , W, H ).

Remark 10. The symmetry of D may be understood as follows. If 1, is the flow of D on M (and Vs the induced
flow of D on M x RF (TIL, a)) then for v4,(t) € M a trajectory of Xu,, we have that ¥s(v4(t)) is a trajectory of

X, where a; = e*a; = Ps(ay).
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From the last proposition, we may apply a degree one contact reduction (cf. Corollary (1) on M to obtain:
Corollary 3. The quotient:
7N C = N/D
is a contact manifold, with contact distribution
9 = #, ker A

where \ = inw = A+a-db for \ = ipw. The symplectic Hamiltonian vector field, X 5 of Hon M projects to a
contact vector field, X, on C’, given by

X = ﬁ' *® X i
We are however not yet done since C is too large to qualify as a reduced space. Nevertheless, we may still use

the following:

Proposition 7. On C there is a contact action of R¥*1. generated by the commuting vector fields
X =Xy Xi=%Xa, oo Xp=Xa,.
As well, we have k independent first integrals on C of these vector fields, aq, ..., &g, given by
76y =aj;/ar >0, j=1,...,k—1, and T ay /ak

Proof. Consider the Hamiltonian vector field X,, = 0, of a; on (M,&). Since ]jaj = a; we have an induced
contact vector field X; = 7.X,; on C. These vector fields and X mutually commute since their lifts, Xz, X,

commute. The functions &, ..., & are first integrals since their lifts, a;/a; and H /ag, are first integrals of
X X, O
o< a;

Remark 11. Given a choice of a contact 1-form w*7 = 5\/p“ on C, with say p > 0 some scaling function of D,
the contact vector fields X1, ..., X} correspond to k dissipated quantities of X, given by (see [7, [19])

Dzsszpated quantities of a contact Hamiltonian system determine first integrals by considering their ratios. Here,
for H = = 1417 the contact Hamiltonian of X, these corresponding first integrals may be given as those of the
previous proposition:

aj:; j=1... k-1, and Qp =

From the last proposition, one sees how to produce a full reduction of a system of coupled Hamiltonians
(M,w, H4). Namely, one restricts to a level set of the first integrals &y ..., & and passes to its quotient under

the RF-action generated by X1, ..., X}, obtaining an induced dynamics of X ona (dim M — 1)-dimensional space.
More precisely, we have the following main result:

Theorem 2 (Contact reduction of systems of coupled Hamiltonians). Let (M,w,H,lﬁ be a system of coupled

Hamiltonians. Consider the resulting contact system C, X, as described in Proposition C’oro]lary@ and Propo-
sitz’onlj above, with first integrals &; and contact symmetries X; generating an R*-action on C (cf. Remark ,
Then, for a regular level set {(; = const.} of these first integrals, its quotient:

Co = ({&j = const.}\f)) /R*
is a contact manifold, where
=#({DH =0}).

Moreover, the vector field X, induced on C, by X is spanned by a contact vector field.



13

Proof. To describe this reduced space, C,, let us first consider the quotients under the R*-action generated by
Xj = 7.0y, . First, note that the ‘upstairs’ quotient:

A M — M/RF = M = M x R* 5 (m, a)

is just the standard projection (m,a,b) — (m,a). As well, the scaling vector field D on M projects to a scaling
vector field, D = D + a -9, on M. These spaces are related in the diagram:

™M

it
|
¢

(@] (7* Er

mD=D, C=M/D, C=M/D=C/R".

We may project the R*-invariant structures on M and C to their analogues on M and C. Thus we have a D-
invariant vector field, w7, X 5, and D-invariant function, 7 MH H on M. The induced scale-reduced dynamics

on this quotient, C' = C’/Rk, being given via:
X = WC*X = TTrX g
and also admitting k independent first integrals &g, ..., &, defined by
Tahy = G;.
Finally, the contact distribution, 7 is RF-invariant, projecting to a hyperplane distribution on C:
P = ﬂc*.@ = T, ker A, A = ipw.

Now, we may form the following explicit description of the quotient C,, = {&; = const.}/R¥ = {a; = const.} C
C by first lifting upstairs to C, € M= M x RF, given by

- a; H _ _ _
CO = {] = Cj, _— = Ck} = {aj = cjak, (clak)l AlHl + ...+ (ck_lak)l Ak_lHk_l +a,1€ Aka = ckak} 5

where ¢; > 0,7 =1,...,k —1 and ¢; € R are constants. Then C, = C’O/]j is identified with:

c,~C,

= {ClHl 4+ ... +Cr_1Hp_ 1+ H, = Ck} cM

{akzl

for constants C; = c;fAj >0 and c; € R.

The induced distribution is determined by the restriction of A = ipw to C,. This distribution is contact on
C,\{DH = 0}, where DH|¢, = (C1A1H1 + ... + Cx—1Ap—1Hp—1 + ApHy)|c,, since here the Liouville vector
field D on M is transverse to C,, that is, C,\{DH = 0} is of contact type (see Definition [15). Moreover, the
induced vector field, X, = X |c, on C, is given by the restriction of the Hamiltonian vector field of C1Hy + ... +
Cy_1Hyi_1 + Hy to C,. Finally, note that XO/(DI:[)|CO is in fact the Reeb field of A|¢,. O

Remark 12. Note that we find that the D-invariant region {DI:I =0} C M plays an obstructing role to this
fully reduced space being a contact manifold with an induced contact dynamics. However, in many eramples
(see Section below), this ‘singular’ region is in fact empty, and typically it is (at least) codimension one
in C,, since the component functions H; of the system of coupled Hamiltonians have some independence and,
e.g. Ap # 1.

Remark 13. The space C has dimension dim M — 1 + k with induced scale-reduced dynamics of X ¢ %~(C~')
admitting k first integrals. The level sets of these first integrals are —away from the ‘singular’ set ¥ = 7#({DH =

0})- contact manifolds on which the restriction of X is proportional to a contact vector field. Thus we realize
our initial description outlined in Remark [
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Remark 14. The action of R¥ on (M,cf)) is symplectic, and M = M/Rk is its Poisson reduction (w being a
‘pre-symplectic’ form on M = M x R*). The symplectic reductions ofM by this R*-action are just (M, w) realized
as the symplectic leafs M x {a} € M. One can thus view C = C/R* as an analogous pre-contact (see e.g. [29])
manifold: having a hyperplane distribution and foliation —away from Y- into ‘contact leaves’ corresponding to
contact reductions of C'. In general, relations between symplectic reductions and scaling reductions will be an
interesting theme for future work to explore and apply in determining ‘full reductions’ of explicit examples.

This type of contact reduction is a slight variation of that from [I7]. Namely we do not require the contact
action to leave invariant any specific contact 1-form, and as well admit the possibility to obtain ‘singular’ contact
reductions. More precisely, consider a contact action of RFt! generated by vector fields Xo, ..., Xi, on a contact
manifold N, with X1, ..., X} transverse to the contact distribution, and admitting first integrals:

J: N — RP*
such that for each choice of 1-form 11 on N one has
J(x) = [ixon(z) - ix, ()]

Then the space N = {J = J,}/R* —reduced by the R¥-action generated by X1, ..., X}, inherits a hyperplane
distribution, locally given by the kernel of a 1-form 7 which is contact away from ix,n = 0.

Using this structure, it is not hard to derive some explicit coordinate descriptions for the scale-reduced equations
of motion, upon choice of a scaling function. We start with the following explicit expressions.

Corollary 4 (Contact reduction of systems~of coupled Hamiltonians with a scaling function). Let p: M — I~R+
be a scaling function of D =D +a -0, on M = M x RE. Then we have the following functions on C = M /D:

A =H/p,  7a;=aj/p, T6=DH/p
as well as the vector field and 1-form.:
X =7, Xpy, and 7N = A/p, where \=ipw.

Then X admits the first integrals:

Let X = {6 =0} C C. Then a regular level set:
C, = {a; = const.}\¥

of these first integrals is a contact manifold, with contact 1-form:

Mo = 77|Co'

The restriction off( to C, is not in general a contact vector field, however it is proportional to a contact vector
field. Explicitly, for Xa, the contact Hamiltonian vector field of ax|c, with respect to 1,:

- o
X|Co == Xflk : (25)
a
Equivalently, since ax # 0, we have:
Xle, = =%
ar

where X is the Reeb vector field of &ik|co.

There are a few natural choices of coordinate systems on C: one corresponding to a choice of one of the
parameters as a scaling function, and the other to a choice of a scaling function of D on M.
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Remark 15 (Contact reduction with scaling function ag). For ay : M — Rt as a scaling function of D, we
have:

C=MxR13 (m,d)
where a’ = (ay,...,ar_1,1). Let us set as well:

Aj=a; M, A = (A, A1)

The distribution on C is given by the kernel of the 1-form A = ipw, whereas the vector field X is just the
Hamiltonian vector field of:

Hy=A"-H,  H=(Hy,.. H)

determined by i ¢d\ = —d(Har|ar=cst.) and XA’ = 0. Note that X also satisfies igA=DHa = AA"- H, where
A =diag(A1,...,A). The first integrals, &;, are then given by A" and Ha:.

In the coordinates of Remark it is easy to see Theorem [2| (indeed, the proof of Theorem [2 boiled down to
using these coordinates). Namely, the contact reduction of the system is given by fixing the parameters A and an
energy level H4 = ¢ in M, which is transverse to the Liouville vector field D on M away from where DH4 = 0.
The Hamiltonian vector field on this level set is then proportional to the Reeb field of A = ipw restricted to the
energy level.

Nonetheless, the additional ‘lifted’ contact structure is still quite useful, not just conceptually, but as well for
deriving coordinate expressions more simply (& la Corollary .

Remark 16 (Contact reduction with scaling function on M). For a global scaling function, p: M — R*, on M
of D, we have:

C~(C xRF

where C' = M/D and 7*a; := a;/p are the coordinates on R*. We set A; := EL;_Aj. Moreover, for m*n = ipw/p,

a contact 1-form on C, with Reeb field Z, the vector field X on C is determined through:

ign=AA-H, igdy=—dA +RAn, Xai=a RHA (26)
where A = diag(Ay, ..., Ay) and 7 = H/p is:
H=ay M A+ va A=A

for @ = H;/p™i, and H = (JA,.., 7). The first integrals are then given by: & = g—;,...,dk,l =

Gk L&, = Z£. Then we have that, away from ¥ = {Ajl - A =0}, a level set of these first integrals is a contact

a ak

manifold with contact 1-form given by restriction of n, and moreover that the vector field X restricted to this
level set is proportional to a contact vector field (the contact Hamiltonian vector field of ay’s restriction to the
level set). In local contact coordinates, n = p-dq — dS, on C, the equations of motion (26) take the form:

G= 0y,  p=—0,0 —pdsH, S=p- 0, —ANA-H, Ga=—adgH. (27)

Remark 17. Some important comments here are in order:

The first point is the fact that the assumption on H,4 in Eq. is in practice hardly restrictive at all. Indeed,
by introducing such parameters, basically any physical Hamiltonian can be written as a sum of pieces that scale
differently. This allows one to apply contact reductions to a much more general class of Hamiltonian systems
than those which admit a scaling symmetry of some degree A, as the examples below shall show.

The second crucial point (which might have interesting consequences on the way we formulate physical theories)
is the fact that while on the lifted symplectic system H the dynamical variables a; are constant, on the corre-
sponding reduced contact system their counterparts, given by 7*a; = a;/p, correspond to dissipated quantities:

X ,p0 = R(H)a (see Remark |11| and [7, [19, [22] to see that this is the equivalent of conserved quantities for
the contact case). However, the global equivalence of the two dynamics is well established by the discussion in
Section[Il. Therefore, we are ready to remark the significance of Theorem[J: as anticipated in the discussion on
Poincaré’s dream in the Introduction, since the parameters in a Hamiltonian description of the physical reality
are inferred from measurements based on the observed trajectories and on the specified model, there is no reason
a priori to think of them as fized numbers. Indeed we see from Theorem [ that if we allow the ‘space of physical
Hamiltonian (variational) theories’ describing a given phenomenon to vary, meaning that the coupling constants

(T
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Dave
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of each theory are different, then what we have just proved means that there always exists in this space a way to
reduce the description to an equivalent theory based on a contact Hamiltonian (or Herglotz variational) theory on
a reduced space. Despite the dynamical equivalence among all such theories, the contact Hamiltonian one involves
fewer elements for its complete description. Following arguments in [54), the extra elements can be considered
superfluous structure which should be ‘pared down, being careful not to jeopardize their capacity to embed the
phenomena’. The embedding of equivalent phenomena is guaranteed by the equivalence of the dynamics, to leave
a theory with more ‘descriptive power’. See for example [33, [78] and references therein. We call this a reduction
to a more descriptive theory. We note that the universal dissipative nature of the reduced system provides support
for the position that open systems are fundamental to physics [16].

D. Further examples

We consider some simple examples that illustrate the flexibility of Theorem [2] In particular, such reductions
may be applied even when the original system —without any parameters introduced— does not possess any evident
type of scaling symmetry of the type in Theorem

Example 6 (Kepler revisited). Let us revisit the Kepler problem (see Examples . Now, we would like to use
Theorem[3 to reduce by some more general sorts of scaling symmetries of this system. Consider then:

W
with a parameter A > 0. Then, for D = %, we have:
DH, = Hy, DH; = —%Hg.

In particular, here, DH 4 = % (|p|2 + I%I) > 0, so that the singular region, s, of Theorem@r is empty.
We thus, according to Proposition [, consider the scaling by:

D=D+a-d,, a= A3

on M = M x Rt 3 (m,a), where M = T*(C\{0}) > (¢,p).
Now Theorem [3 boils down to the observation that for a fized value of A, an energy level, Hy = cst., of the
Kepler problem is a contact manifold with contact 1-form given by the restriction of

p-dq—q-dp

A=1 =
1DW B)

to this energy level. Moreover, the Reeb field of this contact 1-form on the energy level is proportional to the
restriction of the Hamiltonian vector field of the Kepler problem.

On the other hand, the overlying structure exposed in the proof of Theorem [3 allows one to determine this
contact structure in various coordinates in a systematic way (see Corollary . Consider for example the scaling

function p = r? = |q|?>. Then we obtain the contact system on C given by restriction of A= \+adb and H to
{p =1} C M, namely, the contact Hamiltonian system.:

. N dj PR 2162 .
ﬁ:A|p:1:Gd07?J+&db, %:H|p:1:¥f/1

3/2.

where ¢ = re'?, J = p-q/p, G = p-iq/p, a = a/p, and A=a The equations of motion on the quotient

C = C’/@b, Eqgs. , then read

0 =G, G =-2JG, J=G-J"-A, ' =-2Ja,

with the first integral & given by:

Note that in this case, due to the rotational symmetry, we have a remnant of the angular momentum, correspond-
ing to the additional first integral: G/a of the scale-reduced system.
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Moreover, each level set of & is a contact manifold, and on this manifold the restriction of the equations
of motion is proportional to a contact vector field. This observation of Theorem |4 is —in these coordinates at
least— quite non-trivial to see. For example thanks to the recipe in Corollary || I —cf. Eq. ( .7 on the level set

C, = {a = 0}, one has that n, = Gdo — ¥ and that the fully-reduced dynamics X|C 18 proportional to the
contact Hamiltonian vector field, X g, wzth
.\ 2/3
o J2 G2
F(0,8,.J) = e, = (;) .

Contrary to the Kepler example, in the next case we present a system that does not possess any evident scaling
symmetry of degree A, but to which we can still apply Theorem [2}

Example 7 (Coupled Kepler-Hooke System). With M and w as before, consider now a Hamiltonian which
combines the Kepler (1/r) and the Hooke (r?) potential:

Hin i lpl* | elal® _, 1
= 5 i
\ , lal
Hq Hs
with parameter A > 0. Then, for D = %, we have:
1
DH, = Hy, DH2:7§H2.

Thus we consider the scaling:

D=D+a-0,, a= A3

on M xR*" 5 (q,p,a). Again, we have here that DHyp = (\p|2 +clq)* + ) > 0 so that (when ¢ > 0, i.e. the

two central forces are attractive) the singular region, f], is empty. The Teduced equations may be obtained in the
same way as the previous example, using the scaling function p = |q|?. One obtains the scale-reduced equations:

0 =a, G =-2JG, J=G-J]P—A—c, a =—-2Ja,
having the first integrals: G’/&, a = %Z/&, where S = @ +c—A.

We can generalize the last example at once to the case of any potential that can be written as a Laurent series
of r as follows.

Example 8 (General Laurent series potentials). Consider now a Laurent series Hamiltonian:

na

IP\2 j

+ > Ajlgl .
j=—n1

Hkln \w_/

32, AH,

P-0p+q-0q4
2

In this case one does not have an (evident) scaling symmetry of degree A. However, for D = , we have:

Lp Hyin = Hyin and LpH; = %Hj

leading, in the same way as the previous two examples, to the scale-reduced equations of motion:

0 =G, &= 2iG, =@ P N A, A=l
Note that, in case each potential term is attractive (meaning sgn(A;) = sgn(j)), the singular region 3= {DH =
0}, is empty here as well.

The next example is somewhat simpler, but it has important physical ramifications in cosmology, and therefore
it is worth presenting it at this point.
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Example 9 (FLRW Cosmology). In the field of cosmology, homogeneous, isotropic solutions to Einstein’s equa-
tions are given by the Friedmann-Lemaitre- Robertson- Walker metrics. The symmetries of such space-times allow
us to reduce a full field theory to a finite-dimensional ‘particle’ representation. In these solutions, the space-time
manifold is R x Xy, in which Xy is the three-dimensional spatial slice, consisting of a three sphere (S% k > 0),
Euclidean space (R®,k = 0) or hyperbolic space (H,k < 0). The metric is determined by the topology of the
spatial section:

dr?

2 2 2

+ r%(df? + sin? 9d¢>2)) .
In the case of a mon-compact topology, the volume, v is measured with respect to some fized, fiducial cell. For
minimally coupled matter, the dynamics of which are given in flat space by a Hamiltonian H,,(p,q), we find the
equations of motion for the gravitational sector, v,I1, from the Hamiltonian:

3112 k

H=v (——f—Hm (E,q) - 2) , w=dlI Adv+dpAdg.

8 v V3
For flat (k = 0) spatial slices the Hamiltonian admits a degree one scaling symmetry D = v0, + pd, (summed
over all matter momenta p if multiple are present), with ipw = —vdIl+ pdq. Therefore in this case the reduction
to the contact dynamics on C = M/D is immediate, and following Comllary with the scaling function p = v,
we have the contact system:

3112

Hy = o T Hp(p,q)  and  n=pdg—dll.

To extend our results to the case in which k # 0, we follow the process of Theorem[d Indeed, the Hamiltonian

in this case can be split as
3112 D
H=v(-2"+H, (7, ) k'3,
U( 8T * v ? ) <

H>

H,

and for D = v0, + p0, as before we obtain

1
LDH1 = H1 and LDH2 = 51127

which, by Proposition[6, leads to the degree one scaling symmetry
- 2
D=D+ gkak

on the extended space and, by Corollary to a scale-reduced contact Hamiltonian dynamics on C = M/f) The
scaling function v represents this contact system as:

H = —=— +Hulp,q) —k,  i=k*?db+ pdg - dII
U

with equations of motion on the quotient, C' = é/ab, being given by

311 . 3112 k . 11
] = 0pH, ) = —0,H —_— II = H,, — H, — + = = — 2
q 61) m p 6(1 m 4ﬂ_p7 pap m m S1 + 3 k 27Tk’ ( 8)

and admitting the first integral & = 5 ]|k|3/2. By Theorem @ on each level set C, = {& = G,} we have the

contact one form n, = pdq — dIl and the scale-reduced dynamics )N(\CU 1s proportional to the contact Hamiltonian
vector field X &, with

F(q,p,10) = [K[*?|c, ,
given implicitly through:

- 3112 2/3
GoF = & + H’H’L(p7 (Z) - 39”(@*? .

For instance, when &y = 0, we have the contact system given by:

31—[2 3/2
F(q,p,1I) = [Sgn(k) (Hm(p, q) — &r)} ;Mo = pdq — dIL
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Remark 18. There are two interesting facets of cosmological dynamics that are highlighted by this construction.
The first is that the apparent ‘Hubble friction’ arising due to the expansion of the universe can be directly observed
since the equations of motion of these systems, with the effect of coupling H,, to gravity in the second term
acting as apparent friction when compared to the behaviour of matter in a non-expanding background. The
second is that both the dynamics of matter in an expanding space, and the expansion of space that results from
the presence of matter are described by taking a symplectic matter system (M,w = df, H,,) and considering,

. . . " 5 . . . 2
for k =0, on its contactification (M,0) = (M x R,0 — dIl) the matter-gravity Hamiltonian € = H,, — %.

When k # 0, one may work on the same contactification but using instead, for total energy zero, the contact

Hamiltonian: 76, = (sgn(k)(Hpm — %))3/2. In this case, the contact Hamiltonian is equivalent to that obtained

from dividing our original Hamiltonian by v'/3 and treating the curvature as the new ‘total energy’ of this system.

IV. APPLICATIONS
A. Contact reductions of cotangent Hamiltonian systems

The most standard case of Hamiltonian system is dynamics on a cotangent bundle by H : T*Q) — R, where
T*Q is equipped with its standard (exact) symplectic structure, w = dX,. In this case one has more explicit
expressions of the contact reduction when the scaling symmetries are lifts of scaling symmetries on the configu-
ration manifold (). Moreover, this case is of particular interest because in this setting we can develop also the
variational counterpart, cf. Section[[VB] Therefore we devote this section to consider scaling reductions especially
suited to these particular types of systems.

We start by singling out those scaling symmetries characterized by compatibility with the canonical projection

T°Q — Q.

That is, we are interested in scaling symmetries related to actions on the configuration space.

Definition 5. We call a vector field D on T*Q a basic scaling, when:
1. LpA, = A, for A, = p - dgq the canonical 1-form on 7@,
2. the projection, D € X(Q), of D to the base acts freely and properly on Q.

As well, we call a function p : Q — R a basic scaling function when Dp = p, and we say D is a basic scaling
symmetry of H : T*Q — R (of degree A € R) when D is a basic scaling and DH = AH.

Remark 19. Note that the first condition, LpA, = Xo, of the previous definition implies that D € X(T*Q)
projects to a vector field D € X(Q) on the base under the canonical projection T*Q — Q. Equivalently, D is a
basic scaling, when it is of the form:

D=D*+D,
where D* is the cotangent lift of a vector field D on Q and D, = p - 0Op is the standard Liouville vector field on
7°Q.
Proposition 8. Suppose (T*Q,w) admits a basic scaling D, with basic scaling function p : Q — RT. Then, for

Q:=Q/D,
one may identify the contact-reduced space
C=(T"Q)/D=T*Q xR

as the contactification of T*@Q, that is, having contact 1-form:

n=MX, —dS,

where )\, is the canonical 1-form on T*Q, and S given by 75 = % the coordinate on R.
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Proof. First, we will describe the form of the flow, ¥ : T*Q — T*@Q, of D more explicitly. Let D, be the Liouville
vector field on T*Q, ip,w = A,, whose flow 1)? acts by scaling the fibers. Then, since XX\, = e*A, = (¥2)* Ao,
we have:

(“s Uzs ) * /\0 = )\0

Consequently, 1,° _ is given by the cotangent lift of some diffeomorphism, 1, : Q@ — Q (the flow of D), ie:

—S

Vs(q:p) = (Ws(q), €*Y* ,p).

Alternately, we have D — D, = D* is the cotangent lift of D € X(Q) (the Hamiltonian vector field of ipA,).
Given our basic scaling function p : Q — R, let:

T:Q—Q=Q/D.
Then we identify, 7 : T*Q — (T*Q)/D = C, by sending the D orbit, [g, p] through (¢,p) € T*Q to:
C>lg,pl— (4,p,8) €T*Q xR
iDAo

where ¢ = 7(q), 7*S = a2 e S = p(D)/p(q), and 7*p = @, which gives a well defined covector p € Tq*(?

(essentially, p— Sdp vanishes on D). Moreover, one computes, the canonical 1-form, \,, on 7*Q pulls back under
T:T*"Q - C=2T*"Q xR to:

TN = — L, (29)
Now we describe the contact 1-form under this identification. Let A = ipw, and 7*n = \/p define the contact
1-form, n, on C =2 T*Q x R. Then:
Ao = LpXo = A+ d(pr*S) = A+ pr*dS + n*Sdp
so that: 7*\, = 7*(n + dS), ie, n = A\, — dS where ), is the canonical 1-form on T*Q. O

According to Theorem above (see also Remark, the projections of trajectories of such Hamiltonian systems
admitting a basic scaling symmetry may be described as follows.

Corollary 5. Suppose the Hamiltonian system (T*Q,w, H) admits a basic scaling symmetry, D, of degree A
with basic scaling function p: Q — RT. Let Q = Q/D = {p = 1}. Then its scale-reduced orbits are trajectories
of the vector field:

X eX(T"Q xR)
determined through:
ign = A, ixdn = —dH + (ZH)n
where n =\, — dS, 78 = % and A = H/p™.

Remark 20. Let ¥ := {p = 1} C Q, with inclusion ¢ : ¥ — Q. Then we have (T*Q)/D = *(T*Q). This
contact manifold is then identified with the contactification of T*X:

T*S xR, 5=\ — dS.

where Ay, is the canonical 1-form on T*Y and S = iD/\O|L*(T*Q) the coordinate on R. A degree A Hamiltonian
then passes to the quotient via restriction: A = H|,-(7+q)-

B. Contact reductions of Lagrangian systems

One may obtain ‘Lagrangian analogues’ of our results above by applying the Legendre transform to Hamiltonian
systems and their contact reductions (cf. Appendix|A 3)). Here we only consider regular systems, that is, systems
for which Legendre transforms are diffeomorphisms. It is instructive to first consider a local coordinate analogue

of Proposition or Corollary [1| (the degree one case).
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Example 10. Consider a Herglotz-Lagrangian system £(q, ¢, S) corresponding under Legendre transform to the
contact Hamiltonian system 5 (q,p,S), n=p-dq—dS. This contact Hamiltonian system (see, Remark@ above)
is the scale reduction of the Hamiltonian system:

H(p,q,S,P) = pH(q,P/p,S)

on the symplectification, w = d& = d(P - dqg — p dS), by the degree one scaling symmetry D = pd, + P - 0p. We
identify this symplectification with the cotangent bundle of Q > (p,q) by taking S = p,, with canonical 1-form:

Ao =pp dp+ P -dg=a+d(pp,),

for which S = %. Now, the Legendre transform of H is the Lagrangian system L = pS + p£, where

L—jS
p

<z

is our original Herglotz-Lagrangian system on q € Q = Q/p0,, which we consider as the scale reduction of the
Lagrangian system L by the scaling symmetry D = pd, + pd; (corresponding to D under Legendre transform).
We note that we have as well the equivalent coordinate expressions:

£ =0,L, S=0,L.

The description of a scale reduction of a Lagrangian system may be obtained by applying the Legendre
transform to a Hamiltonian system and its contact reduction of the form in Proposition [8] The relationship is
laid out in the following commutative diagram:

Legendre

Q. L Q. H
Quotientl lQuotient
TQ xR, % Lggendre T Q x R, #

Thus, on the Lagrangian side, we define:

Definition 6. A basic scaling symmetry of degree A for a Lagrangian system (Q, L) is a vector field D on TQ
such that D(L) = AL, LpAy, = A, where A\, = ;L - dq is the Lagrangian 1-form (the pullback of the canonical
I-form by the Legendre transform), and, moreover, its projection D € X(Q) under 7'Q) — @ induces a free and
proper action on Q.

With this definition, we have:

Theorem 3 (Counterpart to Theorem . Let (@, L) be a regular Lagrangian system, admitting a basic scaling
symmetry, D, of degree A and a basic scaling function p : Q@ — R*. Then one may identify

7:TQ — (TQ)/D=TQ xR > (q,q,95)

where 7S = ipAr/p. Let § : TQ — TQ be the reparametrizing dilation: v — p(q)*~tv for v € T,Q. Then,
extremals of the Lagrangian system project to extremals of the A-Herglotz system:

oy
w*$=< Aps)oa.
o

Proof. We sketch the proof, leaving the details to the reader. We consider the same setting of Proposition [§]
above, and note that a regular Hamiltonian system, H, on T*(@), induces a regular contact Hamiltonian .7
on T*Q x R, as can be seen from Remark This establishes the commutative diagram above relating the
quotients and appropriate Legendre transforms. Then the result follows by applying the correspondence between
the (reduced) A-Hamiltonian and A-Herglotz systems via the Legendre transform detailed in Remarksand
The relation between the Lagrangian L and its scale-reduced A-Herglotz Lagrangian .Z is obtained upon using
the relation between the canonical one-forms, that 7*5¢ = H/ p, as well as the relations:

Ldt=)\ —Hdt, Ldr=2\ — A dr,

where the reparametrizing factor is by p'~*dr = dt.

yeah, also
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Remark 21. As in the Hamiltonian case (see Remark@ above), the scale-reduced trajectories are reparametrized
according to

pt N = dt,

d

and we write ' = <= Note for A = 1, the Lagrangian system scale-reduces to a Herglotz-Lagrangian system,

cf. Example[10

Example 11 (The 2d harmonic oscillator). Let us consider the two dimensional harmonic oscillator of Exam-
ple[5, with Lagrangian

72+ 1202 — k2

L= :
2

(30)

in polar coordinates. We have the basic scaling symmetry: D = %(r@r +10;), of degree one, and scaling function
p = r2. Following Theorem@ we write

DA ' 3S + pb* — k
gL _ P POk (31)
p 4p 2
to obtain the scale-reduced Herglotz Lagrangian system:
L—pS 0%~k
g==TP — 282 (32)
p 2

on TS' xR > (0,9.,5). Note that £ is the (contact) Legendre transform of 5 = pgTJrk +252% on T*S' xR
obtained by contact reduction of H = M by the scaling symmetry M and p = |q|*.

Example 12 (Herglotz-reduced Kepler). We consider the Kepler system of Example @, with Lagrangian:

4* , 1
L="+4+—
2 g
and basic scaling symmetry Dg = 2q - 0 — ¢ - 04, of degree A = =2, and scaling function p = lq|'/%. Following
Theorem [3, we take polar coordinates and write:

iDA S + pt0? 1
S:ZDL:4p2p', L:i_’_?
2 p
to obtain the scale-reduced —2-Herglotz system:
9/ 2 SQ
L =p*(L—pS)od = ( 2) +l-3

on TS xR > (0,0',S) (using’ to denote % where pPdT = dt). Again, note that . is related by Legendre trans-
form to the —2-Hamiltonian system, F€, obtained by an analogous contact reduction of the Legendre transform
of L. Observe that the reparametrization p>dr = dt has:

/2 /2

2 -
Ldtzp(p2 ++1>dT=LdT
p 2

where £ = % gives the scale-reduced —2-Herglotz system (S = 4%).

Finally, we consider a counterpart to Theorem |2| for certain Lagrangian systems depending on parameters, A;,
of the form:

k
La=T(q.9)+ ) A;L;q) (33)
j=1
and for which we have a vector field D on T'Q) with

D(T) =T, D(L;) = AL, LpXp = A (34)

Note that the third condition in fixes the parametrization of D, being the precise analogue of the first
condition in Definition
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Theorem 4 (Counterpart to Theorem . Consider a regular Lagrangian system depending on parameters as
in Eq. , and admitting a vector field D as in Eq. . Then the Lagrangian system

k I 3
E:zT—i— X | 32
; J<Xa‘>

Tj
on@Q:=QxRF> (¢, X) admits D as a basic degree one scaling symmetry. Moreover, the projection to @ of an
extremal of L is an extremal of L4, with parameter values

5\
e ()
J

- . N\ L/A;
Remark 22. More generally, for L = Y A;L;, one may consider L = ) X; (%) . Under Legendre
J

constant over the extremals of L.

~ R . 1_#

transform, this lifted system, L, corresponds to the Hamiltonian system H =Y A;H;, where AjA; = %) 4
J

yields a

and Hj = 04L; - ¢ — L; is the Legendre tranform of L;j. A Legendre transform oflj from Proposition
degree one scaling symmetry for this Lagrangian system, L (which in general is not D).
An alternate possibility —to avoid exponents involving the Aj’s— would be to consider:

L:= Z erJrLj

as the lift of the Lagrangian syAstem, La=) A,L;, where eXitLli = Aj is constant over extremals of L, with the
degree one scaling symmetry D = an-

Example 13 (The Kepler-Hooke potential). Let us consider the system described in Example and extend the
system to include a Kepler potential:

P> p0*  kmp | kx

8p+ 5 9 +\/ﬁ POy + PO, (35)
—_—
Ly Lo

For this system, D is not a scaling symmetry, as D(L1) = Ly but D(Ls2) = *%LQ. Howewver, following Theorem
we can consider

-2 2 73

- p7  po*  kmp X°p

i— _ 36
8p+ 2 > T k2 (36)

for which D is a scaling symmetry. We then impose the initial condition X, = ( :)Kl , where rq is the initial value
—2)3ry

of r. This gives Tise to the same equations of motion as the original system. Since this is a Lagrangian system
with a scaling symmetry of degree one, we can follow Example and find the equivalent Herglotz Lagrangian
system:
0> kg X°
L=-28+ - — =+ . 37

AR k3 (37)
Remark 23. Note that we could have dropped ki entirely from the description of the system in equations (306))
and by appropriately choosing a boundary condition for X, and hence we have in essence exchanged specifying
a coupling constant, ki, for an initial condition.

C. Blow-ups in celestial mechanics

In this section we remark on the contact reduction by scaling symmetries presented here in relation to some
well-known constructions in celestial mechanics (see for example [I2HI4] [42] [43]). The main observation here is
to see how from the results in this work it follows that McGehee’s blow-up equations have a variational structure
(see Proposition [9] below).
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Let us first recall the scale-reduced Kepler problem (Examples [IH4). We denote the scaling functions of
Example 2] by
1 .
p=lg?, k= G:=p-ig, J:=p-q.

Ip|’

where p* = ¢ - ¢ is the moment of inertia, and 5—12 = p-pis (twice) the kinetic energy.

Of course, the contact reductions corresponding to each choice of scaling function represent the same curves
in C = M/D obtained by projections of Kepler orbits. They are merely different choices of coordinates for C.
However, each choice of coordinates highlights certain properties of these scale-reduced curves. For instance,
the scaling function p is naturally associated to a blow-up of the collision orbits (Example , while the scaling
function k to a blow-up of orbits with |p| — oo (as well the collision orbits in the Kepler problem).

To determine some contact reductions (Tablebelow) for various choices of scaling function, we first note that
the scaling functions above are not independent, satisfying the relation x%(J% + G?) = p*. One may use any
three of these scaling functions, along with a scale-invariant angle, as coordinates on the phase space. There are
essentially three (dependent) natural angles, 0, ¢, d = ¢ — 6, present, where

, 1 . .
q=pe?, p=—¢€¥, p2e’® = k(J +iQ) (38)
K
for 0 the angle between position and momentum.
To see the equations of motion obtained by these various choices of scaling functions, we will consider (p, 6, J, G)
for coordinates on the phase space. Then we have (Eq. above):
A:Gd@—f—ZJdlog(B), HK:i_i7 KQ(J2+G2)ZP4'
J 22 p?
One may describe the contact reduction for various choices of scaling functions according to Remark [3] by
restriction of A and Hy to a level set of the scaling function, obtaining the following representations of the
scale-reduced Kepler problem presented in Table [I}

HScaling function Contact system ‘ Scale invariant equations of motion H
1. p n=Gdo—2dj, # =3 1 J=S4 ¢=-92 ¢-¢
2 =Gpdp—dl., H=2L-—21 J —om + %% ) — _Gulx o — Gy
- kK Nk = r ap Ky <%k ™ 9 R .»:_=H+R3’ K R3790_R3
3 G nG:dg_JGdlog(Jﬁ)Z Sy = Tet12G Jb= L 4O, pa= 2%, 0 =L
. e ) ; 2p‘é;2 G 0%, ) G 203, 2P4G
4. J ns =Gy df+dlogp3, ;= 7G"J;2§2p'] h=—-Gs25 + %), o= —psity — 2%%,7 0 = %;

TABLE I: Contact reductions of the Kepler problem with various scaling functions. In row 2 we set R := v/J2 + GZ2.

The contact reduction with p (row 1 of Tablell]) is Example [3{above. In this table we used, for example, in the
K case, the notation:

' Je =J/k, TG.=G/r, Tp=¢, K =~r*Hg, 7nN.=Nk,

the subscript notation in the other cases taking the analogous meaning. Moreover, in row 2 we defined the
quantity R := \/JZ + G2.

Remark 24. We have already seen (Example , the relation of row 1 in Tablem to the blow-up of the collision
orbits. Likewise, row 2 yields a blow-up of |p| — oo orbits. Here, for the Kepler problem, these are as well the
collision orbits. In general n-body problems, choices of various mutual distances as scaling functions or analogues
of k will be interesting to examine.

We also remark that the use of a first integral as a scaling function, as in row 8, corresponds to a first integral for
the scale-invariant curves. Here, this first integral, m* #5 = G*H, is a well-known scale invariant (sometimes
referred to as the Dziobek constant). Also observe that the equations of motion for the scaling function J are
forms of the well-known Lagrange-Jacobi identity.

The reduction based on the scaling function J of row 4, is used in Barbour et. al’s [J)] (with n-body problems),
where it is referred to as the dilational momentum and used, for instance, to describe long-term ‘clustering’
behavior of solutions.

Remark 25. One has an analogous contact reduction for certain inverse power force laws:

_ el

H,
2 alg*
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with Dy, := W a scaling symmetry of degree A = —2{—“& (when o # 2). Note that J,G above are still
scaling functions, as is po = |q|'~*/2. Carrying out the analogue of Evample|}| here gives exactly the blown-up

collision tori (see §1.3 of [20]) of these central force problems.

The contact reduction may be carried out similarly for n-body problems. Indeed, collecting the above structure,
we obtain the following result.

Proposition 9 (McGehee’s blow-up as a —2-Herglotz system). McGehee’s blow-up equations (see, eg, [43)])

- 1 -~
s'=y—Js, y'zin—i-VU(s)7 (39)
where: (s,y) € S"4~1 x R, J=s-y= S/2, for the Newtonian n-body problem, may be described variationally
as a —2-Herglotz system (see Def. , on TS™=1 x R, with Herglotz Lagrangian:
/(|12 52
fz@—&-U(s)—?. (40)

Proof. Consider the n-body Hamiltonian system

2
w=dpAdg=d(p-dq), H:@fU(q)

with
q= (Q17-~-7Qn) GRnda p= (pl;-~-7pn) GRnd
for ¢j,p; € R, and where U(\q) = A~'U(q) is homogeneous of degree —1. For simplicity set the masses to
unit (otherwise, one may take, || ||, and its associated inner product with suitable mass coefficients). The system
admits the degree —2 scaling symmetry:
D=2¢-0,—p:0p.
Taking p := ||¢||'/? as a scaling function, the quotient R?"¢/D = §7¢~1 x R4 has scale-invariant coordinates:
s:=q/p® € S y = pp € R™,

Carrying out the cotangent scaling reduction of Proposition [§] we have:

g— in(p - dq)
p

=27, j:s-y

with associated contact 1-form, pn = ipw = —2¢ - dp — p - dg = —p(dJ + s - dy), given as:
n=o-ds—dS, U::y—jseT:S’"d_l.
That is, the contactification of 7*S™4~1. The associated scale-reduced Hamiltonian, .# = p?>H, is then:

_ lel® 5

%:M—U(s) U(s)—|—8.

2 2
The corresponding scale-invariant equations of motion (Egs. , with A = —2) are exactly the usual McGehee
blow-up equations (39) (e.g. §4.2 of [43]), the collision manifold being given by the invariant level . = 0 (see
as well [40]). Recalling the discussion in Section we conclude that these McGehee blow-up equations are a
—2-Herglotz system with Lagrangian function given by via Legendre transform of 7. O

Remark 26. In the coordinates TS™ ™1 x R > (s,s',5) corresponding to the scale reduction’s structure as a
contactification, these scale-reduced equations of motion , read:

= = S S?
Vs =VU - =¢, S =252 - U) + =—
4 4
where V is the Levi-Cevita connection on the sphere S™*~1. Note the Herglotz constraint for the curves reads as
the equation for S’.
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Remark 27. One may of course apply Proposition [J to the translation reduction of the n-body system. For
example, applied to the planar 3-body problem, one obtains a degree —2 contact system on the contactification:

752 x R.

To fully reduce the problem, one may exploit as well the rotational, S*, symmetry which descends as contact
symmetries of this scale-reduced system. More explicitly, the angular momentum, G = p - iq, corresponds to the
scale invariant: 4 = G/p = o -is. This 4 1is no longer a conserved quantity, rather a dissipated one:
y_ S y_ S
9 = 4% , H' = 2 H

and associated to the integral (‘Dziobek constant’): G2, of the scale-reduced system. Upon fizing this integral
and quotienting by the (contact) rotation action, one may obtain —analogously to the coupling constants reduction—
a 5-dimensional ‘fully reduced’ contact system. This full reduction corresponds to that obtained by first performing
a symplectic reduction by rotations at a fixed angular momentum value and considering there an energy level of
the rotation-reduced (symplectic) Hamiltonian. Describing this structure on the fully reduced n-body systems more
explicitly will be developed in future work.

V. CONCLUSIONS

Let us recapitulate the main points of our work. We have shown that a general class of scaling symmetries
exist within symplectic systems, and how this symmetry can be used to reduce the system onto its invariants. In
Theorem[I]and its Corollary [T] we have shown that the reduction by identifying orbits of the scaling vector field on
the symplectic manifold yields a contact manifold, that the Hamiltonian vector field on the symplectic manifold
projects onto a (contact) Hamiltonian vector field on the contact manifold, and that the contact Hamiltonian
and contact form that generate this vector field are obtained by a simple and explicit procedure. We refer
to this procedure as a contact reduction by scaling symmetries, or simply contact reduction. This process has
been further generalized beyond simple systems admitting a scaling symmetry. Indeed, by lifting systems with
multiple couplings we find that there is a general process under which these also admit a contact reduction to an
equivalent scale-invariant description (Theorem , thus realizing Poincaré’s dream. The resultant scale-reduced
systems, being contact systems, have interesting features not apparent in the unreduced symplectic manifolds,
such as measure focusing and dissipation of previously conserved quantities. Such features have important roles
in describing physical phenomena such as the arrow of time [33]. Finally, we have presented several examples,
especially related to blow-ups in celestial mechanics. Among these, the most striking result is having re-obtained
McGehee’s blow-up for collisions in n-body systems in terms of a contact reduction and, therefore, as a A-Herglotz
system (Proposition [9).

For future work, a neat and general framework for the realization of our contact reduction is the one put
forward in [28] [29]. Thus we expect to analyze some of the results presented here within this context. Moreover,
a most interesting application of the contact reduction is to examine the nature of ‘blow-ups’ (see Section .
For example, when the scale variable in the symplectic system approaches zero, such as at the total collisions of
the three-body problem. Many of the problems regarding the continuation of solutions beyond such points arise
due to the ill-defined evolution of the scale variable. Such a situation can be avoided in the reduced system as
the evolution of the scale is immaterial to the behaviour of the contact system. One can envision situations in
which the contact Hamiltonian vector field will remain well-defined on the contact manifold when the symplectic
Hamiltonian vector field becomes ill defined, and thus a ‘natural’ continuation of the symplectic system may be
considered as passing to the contact manifold for evolution beyond this point, and symplectifying the resultant
evolution. In cosmological systems [35, [39, [46] this has been shown to allow continuation beyond the initial
singularity, and in black holes beyond the central singularity [41].
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Appendix A: Symplectic and contact Hamiltonian mechanics

In this appendix we review briefly some of the main definitions and properties of Hamiltonian mechanics on
symplectic and contact manifolds, paying special attention to the relationships between the two that will be used
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in this work in order to have it self-contained. Most of the definitions and results presented here can be found
in [2] and [24], to which we refer for more detailed discussions.

1. Symplectic and contact: definitions

We begin with some general definitions that establish the notation and sign conventions.

Definition 7. A symplectic manifold is a pair (M,w), where M is a 2n-dimensional manifold and w is a 2-form
on M which is closed (dw = 0) and non-degenerate (w™ # 0). A symplectic vector field on M is one whose flow
preserves w : Lxw = 0.

Dynamics on a symplectic manifold is usually given by Hamiltonian systems, which are defined as follows.

Definition 8. A (symplectic) Hamiltonian system is a triple (M,w, H), where (M, w) is a symplectic manifold
and H : M — R is a differentiable function called the (symplectic) Hamiltonian. Given this structure, a unique
symplectic vector field Xy, the (symplectic) Hamiltonian vector field, is defined on M by the condition

ixyw=—dH. (A1)

By a theorem of Darboux, locally we can always find coordinates (¢%,p,), @ = 1,...,n, on a symplectic
manifold such that

w=dp, Ndg". (A2)

These coordinates are called canonical or Darbouz coordinates. It follows directly from (Al]) and (A2]) that the
trajectories of Xp — i.e. parametrized curves v : I C R — M satisfying %(t) = Xy (v(t)) — are solutions to the
symplectic Hamiltonian equations

_om . 0H
~ Opa Pa= "¢

e
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(A3)

On the contact side, we have the corresponding definitions

Definition 9. A contact manifold is a pair (C,2), where C is a (2n + 1)-dimensional manifold and 2 is a
maximally non-integrable distribution of hyperplanes on C. Locally at least, there always exists a 1-form 7 on C
such that 2 = kern and the maximal non-integrability condition is expressed as 1 A (dn)™ # 0. Such 7 is called
a contact 1-form. A contact vector field on C is one whose flow preserves & : Lxn ~ 1.

Note that a contact 1-form 7 exists globally if and only if & is co-orientable, meaning that the quotient line
bundle TC'/9 is trivial (see [24] or Remark [28| below). Furthermore, once we fix a contact 1-form 7 for 2, then
any other 1-form of the type ' = fn with f: C — R* yields a different contact form for the same &. That is,
there is a freedom in choosing contact forms for the same 2, up to re-scaling by a nowhere-vanishing function.
However, to define certain dynamics, the choice of 7 is relevant, as the next definition will show.

We recall that on a contact manifold to a choice of 7 there is associated a special contact vector field, its Reeb
vector field %, defined by

igpdn =0 and ign=1. (A4)

Now we are ready to introduce the Hamiltonian dynamics on contact manifolds (see as well Proposition [10] and
Remark 29| below for some context).

Definition 10. A (contact) Hamiltonian system is a triple (C,n, 7), where (C,n) is a contact manifold with
a given choice of contact 1-form and . : C — R is a differentiable function called the (contact) Hamiltonian.
Given this structure, a unique contact vector field X ;», the contact Hamiltonian vector field, is defined on C, by
the conditions

ix,,dn = —dI€ + X(H)n and ix,,n =5 (AD)
By a theorem of Darboux, locally we can always find coordinates (¢%, p,,S) on a contact manifold such that

0
= padg® — dS, d S— A
17 = padq S an K74 55 (A6)
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These coordinates are called contact or Darbour coordinates. It follows directly from (A5) and (A6)) that the
trajectories of X ,» are solutions to the contact Hamiltonian equations

Y Y Y

S T o Tos

o
Opa

q* S =p, — . (A7)

It should be stressed at this point that the dynamical vector fields Xy and X ,» can be given variational definitions,
provided the corresponding Lagrangians are (hyper-)regular, both in the symplectic and in the contact case.
While in the symplectic case Hamilton’s variational principle and the corresponding Lagrangian mechanics is
well-known, its contact counterpart, known as Herglotz’ variational principle, has been far less studied until
recently (see [I8] 25 [52]). In Appendix we detail this correspondence, and we re-state the main results of
this work from the variational perspective in section [[VB]

2. Symplectic and contact: known relationships and new definitions

Now we review some known relationships between symplectic and contact manifolds, together with the respec-
tive Hamiltonian dynamics.

We start with a procedure by which there always exists a natural extension of a contact manifold to a symplectic
one (see [2], Appendix 4).

Definition 11. Given a contact manifold, (C, 2), the symplectification, C, of C is:
C:={B, €T:C :ker B, = P} C T*C. (A8)

Note that C' is an R*-principal bundle over C' with (exact) symplectic structure da defined by restriction of
the canonical symplectic form on T*C"

az(§) = #((rc)«£) , (A9)
where 7¢ : C' — C'is the projection (see also [IT]).

Remark 28. The symplectification of C' consists of the non-zero elements, Ann(2)\C, of the annihilator of P :
Ann(2) :={pB : Bla = 0} and so is naturally identified with the non-zero elements of (TC/2)*.

When the contact distribution is co-orientable (TC/2 is a trivial line bundle), then so too is the symplectifi-
cation a trivial principal bundle: ~C~’ >~ C x R*, trivialized by a global choice of contact 1-form n. In this case C
has two connected components, C+ and, when a contact 1-form n has been chosen, it is convenient to refer to
the component C’+ := {e°n} consisting of positive multiples of n as the symplectification.

To understand further the relationship between C' and C, we introduce the following definition.

Definition 12. Let (M,w = d\) be an exact symplectic manifold, where a choice for the symplectic potential A
has been made. The vector field D € X(M) such that

iDw = A (A10)
is called the Liouville vector field of A.

Then, for (C’, &) the symplectification of C, the generator, D, of the R*-action on C’s fibers is the Liouville
vector field of &. It turns out that there is a very special correspondence between contact vector fields on C' and
certain Hamiltonian vector fields on C. To see this, observe first that symplectic flows of X € X(C') commuting
with the flow of D are in fact Hamiltonian, and induce flows of X = (m¢),X € X(C) preserving Z (contact
flows). This leads to the following result (see [2], Appendix 4):

Proposition 10. Every contact vector field on C' can be lifted to a symplectic Hamiltonian vector field on C (the
symplectification of C') whose Hamiltonian is homogeneous of degree 1 with respect to D, that is, LpH = H.
Conversely, every Hamiltonian vector field on C such that H is homogeneous of degree 1 projects onto C' as a
contact vector field.

Remark 29. When a contact 1-form, n, of C has been chosen, any contact vector field X on C may be associated
with a function € = ixmn. The vector field is recovered from the function (and contact 1-form), by the conditions
ixn =, Lxn ~n, which define a contact Hamiltonian vector field, cf. Eq. . According to Proposz'tion
there is a Hamiltonian, H,~ on C determined by X, which we refer to as the symplectic lift of 5, related to
by .*H = 5, for 1 : C — C the section associated to 7.
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See e.g. [2] and [50, [5I] for applications of this correspondence to thermodynamlcs Above (Theorem I 1] and
Corollary ID we extend this relationship for Hamiltonians, LpH = AH of degree A, on C.

Definition 13. The A-Hamiltonian vector field, X f;\f, of a function Z on the contact manifold C' with respect
to the contact 1-form 7, is determined by the conditions:

ixan=AKX, ixa dn=—dAH + (ZH)n

Using this definition, the results of Section [[IB] above may be stated in a more analogous manner to their
degree one counterparts, as detailed in the following observation.

Remark 30. For A =1, Definition[13 is exactly the definition of a contact Hamiltonian vector field. In general,
the trajectories of a symplectzc Hamiltonian system of degree A on C project to (reparametrized) trajectories of
the A-Hamiltonian vector field on C' determined by S = 1*H, where 1 : C — C is the section associated to n.

As a completely analogous construction to the symplectification, if (M,w) is exact symplectic, there is also a
natural procedure to extend it to a contact manifold (see [2], Appendix 4).

Definition 14. Given an exact symplectic manifold (M,w = d\), the contactification of M is
M:=MxR, X:=mjA—dS, (A11)
where 7y : M — M is the standard projection.

Again, there is an explicit relationship between Hamiltonian vector fields M and certain contact vector fields
on M, given by

Proposition 11. Every symplectic Hamiltonian vector field on M can be lifted to a contact Hamiltonian vector
field on M (the contactification of M) whose Hamiltonian is

H =1y H. (A12)

Conversely, every contact Hamiltonian vector field on M such that 24 = 0 projects onto M as a symplectic
Hamiltonian vector field X . In this case we call 5 the contact lift of H.

In Darboux coordinates (¢%,p,) for M, one has A= Padq® — dS and the integral curves of X ; are given
by by setting %Z(qa,pa, S) := H(q% pa) (note that in particular &}?/5‘5 =0).

Note that, by definition, the flow of X is just the projection of that of X ,>. However, on M there can be
defined contact Hamiltonians that are not lifts of any symplectic Hamiltonian on M. This has been exploited
largely in recent years to describe mechanical systems with dissipation (classical and quantum), thermostatted
systems and thermomechanical phenomena in a Hamiltonian framework (see e.g. [6H9, [15] 211, 26, 27, B0, [31]).

Dual to the above constructions, in which we extended either a contact or a symplectic manifold, under the
appropriate hypotheses one can also reduce one of these structures to the other. In particular, we have

Definition 15. Let (M,w = d\) be an exact symplectic manifold and D € X(M) its Liouville vector field. Any
hypersurface C' transverse to D is called of contact type.

Hypersurfaces of contact type on an exact symplectic manifold are naturally endowed with a contact structure
as follows.

Proposition 12. Let (M,w = d\) be an exact symplectic manifold, D the Liouville vector field and vc : C' — M
a hypersurface of contact type. Then the 1-form np := (ipw = ¢&A is a contact form on C.

Example 14 (Transverse H levels). A typical example of a hypersurface of contact type is given by any reg-
ular energy level Cr := H™Y(E) of a Hamiltonian system on the cotangent bundle (T*Q,dc), where « is the
canonical 1-form, which is transverse to the Liouville vector field. Interestingly, in this case the restriction of the
Hamiltonian vector field Xy to Cg is just a reparametrization of the Reeb vector field of nx. Indeed, one has
X = XH#, and therefore the orbits — the unparametrized trajectories — of the two vector fields are the same.
B

Analougously, one can reduce a contact manifold to an exact symplectic one on a proper ‘energy hypersurface’
of the contact Hamiltonian and find an equivalence between the orbits of the contact Hamiltonian vector field
and the Liouville one as follows (see [10]).

Definition 16. Let (C,n) be a contact manifold and Z € X(C) its Reeb vector field. Any hypersurface S
transverse to Z is called of symplectic type.
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Hypersurfaces of symplectic type on a contact manifold are naturally endowed with a symplectic structure as
follows.

Proposition 13. Let (C,7) be a contact manifold, Z the Reeb vector field and tg : S — C a hypersurface of
symplectic type. Then the 2-form © = df, with § = (%7 is an exact symplectic form on S.

Example 15 (Transverse ¢ 0-level). Let 7 : C — R be a Hamiltonian function on a contact manifold (C,n)
with Reeb vector field # and assume that S = 571(0) # () is transverse to Z. Then (S,Q) is an exact symplectic
manifold as above. Moreover, if A is the Liouville vector field of the exact symplectic manifold (S, ), then X |
is the reparametrization of A given by Xpls = —(%(H) o 1s)A.

Finally, let us also note that all the above relationships have motivated the definition of a symplectic sandwich
with contact bread, see [10], where it was proved that the existence of an invariant measure for X ;¢ |g is equivalent
to the existence of a symplectic sandwich with contact bread.

3. Symplectic and contact: variational principles

We conclude this appendix on the known relationships between symplectic and contact systems by recalling
some known facts about their variational descriptions. We refer to e.g. [18| 25] 52] for the variational formulation
of contact systems and to [36] 37, 53] [54] for the use of variational techniques in order to study dynamical
properties and solutions of the related Hamilton-Jacobi equations.

Let us recall that certain Hamiltonian systems admit Lagrangian variational descriptions.

Definition 17. A Lagrangian system is a pair (@, L), where L : TQ — R. The action of a curve ¢(t) € Q is
S:= [ L(q,q) dt.

The extremals of the action, with say fixed endpoints, satisfy the well-known Fuler-Lagrange equations:

d (0L oL
=)= = Al
dt ( 9q ) Jq (A13)

The contact analogue of a Lagrangian system is

Definition 18. A Herglotz Lagrangian system (also known as a contact Lagrangian system) is a pair (Q,.%),
where .Z : TQ xR — R. The action of a curve q(t) € Q is AS := [ %(q, ¢, S)dt, where S(t) solves S = Z(q,q, S).

This definition extends the scope of Lagrangian systems to allow for dependence on the action. The extremals
of this action, with say fixed endpoints and initial condition S(0) = Sy, satisfy the Herglotz-Lagrange equations:

d (83)_8@”63 A $_ o (A14)

N\ == =5 1T 5
dt \ 9q oS 9q dq
The connection between Herglotz Lagrangian systems and contact Hamiltonian systems runs in parallel to the
usual connection between Lagrangian and Hamiltonian systems. Under the Legendre transform,

s

Leg:TQ xR — T*Q x R, p=5
q

the Herglotz-Lagrangian extremals correspond to trajectories of the contact Hamiltonian system
C=T"Q xR, H=p-¢— %L, n=rp-dq—dS. (A15)

Remark 31. Here we consider regular systems, whose Legendre transform is a diffeomorphism. One way to
see the connection of a contact Hamiltonian system to its Herglotz variational principle is via the Poincaré-
Cartan form: o :=p-dq— I dt and 1 := o — dS = n— J dt on the extended space, C X R > (¢,t). The
world lines of trajectories of the contact Hamiltonian system are characterized by lying tangent to the line field
ker i N{X :ixda ~ 7}, or equivalently as extremals of v f7 a among curves satisfying the constraint |, = 0.

As we have observed in Remark [30] the trajectories of a symplectic Hamiltonian system admitting a scaling
symmetry of degree A scale reduce to trajectories of a A-Hamiltonian vector field on C. Such trajectories may
also be described variationally.

Definition 19. A A-Herglotz system is a pair, (Q,.Z), where .Z : TQ x R — R. The action of a curve ¢(t) € Q
is Sa := [ Z(q,q',S) dt, where S solves 8" = Z + (1 — A)&, for & := Leg*H = 0,2 - ¢ — .
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Remark 32. Under Legendre transform, 5 = p-q— £, extremals of the A-Herglotz system £ correspond
to trajectories of the A-Hamiltonian vector field of S (Definition . One way to see this connection is via
the Poincaré-Cartan form: o = p-dq— S dt and fjp := n — AFL dt on the extended space, C x R > (¢, t).
The world lines of trajectories of the A-Hamiltonian vector field are characterized by lying tangent to the line
field ker iy N {X : ixda ~ fr}, or equivalently as extremals of v — fy a among curves satisfying the constraint

faly = 0. Alternately, one may verify the correspondence directly via the equations of motion (Egs. above).
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