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Hamiltonian description of the parametrized
scalar field in bounded spatial regions

1,2
I

J Fernando Barbero G'~, Juan Margalef-Bentabol'* and

Eduardo J S Villaseiior®>*

Abstract

We study the Hamiltonian formulation for a parametrized scalar field in a regular bounded
spatial region subject to Dirichlet, Neumann and Robin boundary conditions. We generalize
the work carried out by a number of authors on parametrized field systems to the interesting
case where spatial boundaries are present. The configuration space of our models contains both
smooth scalar fields defined on the spatial manifold and spacelike embeddings from the spatial
manifold to a target spacetime endowed with a fixed Lor-entzian background metric. We pay
particular attention to the geometry of the infinite dimensional manifold of embeddings and the
description of the rele-vant geometric objects: the symplectic form on the primary constraint

sub-manifold and the Hamiltonian vector fields defined on it.

Keywords: parametrized field theories, Hamiltonian formulation, bounded domains

1. Introduction

Parametrized theories are interesting examples of diff-invariant field systems. They were
introduced by Dirac [1] circa 1950 in order to explore the idea of forgoing the use of fixed
spacetime foliations with flat spatial slices, and consider a more general approach to the study
of relativistic field theories. They were further analyzed by other authors, in particular Kuchar
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Isham, Héjicek and Torre [2-5], in the case where the spatial manifolds were taken to be
closed (i.e. compact without boundary). Parametrized scalar fields have been recently used to
explore the resolution of a number of technical issues related to the treatment of diffeo-
morphisms in loop quantum gravity [6, 7] and in the search for boundary observables [8].
Moreover, some interesting gravitational models, such as Einstein—Rosen waves in vacuum or
coupled to massless scalar fields, are known to be dynamically equivalent to a parametrized
massless scalar field with cylindrical symmetry [9, 10] (see also [11] and references therein).

The main idea in the parametrized framework is to adjoin space diffeomorphisms as
dynamical variables to the usual set of fields. This is done in such a way that the solutions to
the standard field equations can be naturally mapped to the ones of the parametrized model
and vice versa. However it is important to point out that the interpretation of parametrized
models differs in some important aspects from the standard ones from which they are derived.
One reason for this is the presence of gauge symmetries associated with the reparametrization
invariance introduced by the diffeomorphisms.

The standard Hamiltonian formalism of mechanics is essentially geometric: dynamics
takes place in the cotangent bundle associated with a space of physical configurations, a
differentiable manifold itself, which is infinite-dimensional in the case of field theories. It is
then necessary to be aware of the difficulties that this dimensionality issue may present and
choose the right mathematical tools to deal with them. As we will show in the paper, this is
not difficult once the proper formalism has been identified. A large part of the physical
literature on parametrized field theories—certainly full of useful insights at the geometric
level [12, 13]—has some technical /practical disadvantages: the first one is the local character
of the standard approach (use of particular coordinate systems and a certain forgetfulness
about global issues), the second is the use of distributional objects at a basic level (i.e. the
definition of the fundamental Poisson brackets). Although distributions can, of course, be
dealt with and profitably used in a completely rigorous way, they may pose some problems in
practice, in particular for the type of systems that we want to study where manifolds of
different dimensions (spatial manifolds and their boundaries) coexist in a non-trivial way. In
this paper we will hence use coordinate-free, global, geometric methods. As we hope to show,
once the proper set up is identified, computations are straightforward.

A very important feature of parametrized models is their singular character: their
Lagrangians do not lead to a one-to-one fiber derivative (used to define the Legendre
transformation). This means that it is not straightforward to obtain a consistent Hamiltonian
description for them. The most popular approach to this problem relies on the Dirac theory of
constraints [14]. A more geometric way to do it uses the so called GNH method developed by
Gotay, Nester and Hinds [15-17]. Among the strong points of the latter are its global
character and the possibility of naturally taking into account the necessary functional analytic
issues relevant for field theories. In the particular case of parametrized models this method is
very simple to use and, hence, will be employed here.

The introduction of boundaries is interesting from a physical point of view. For obvious
reasons, they are relevant in condensed matter systems but also in other contexts, specially in
general relativity, where boundaries play a very significant role (spatial infinity, black hole
horizons, holography, etc). A covariant Hamiltonian approach to general relativity coupled to
different types of matter fields—in particular, scalar fields—in bounded spatial regions is
discussed at length in [18, 19]. In the present paper we rely instead on the standard Hamiltonian
description in phase space to study parametrized scalar fields. This is the simplest parametrized
field system although some more complicated models can be considered (see, for instance,
[20]). Our results can be compared with those of [18, 19]—and checked to be compatible—by
considering fixed foliations and non-dynamical metrics respectively. Notice, however, that our



description uses the canonical phase space and, hence, the conditions involving momenta are
not obvious in the covariant setting. An interesting application of the results that we give in the
paper is the extension of the polymeric quantization carried out when no boundaries are present
to these richer models with a more complicated phase space description [6, 7].

To the best of our knowledge, [8] is the first paper which considers the Hamiltonian
formalism for parametrized scalar fields subject to different kinds of boundary conditions (in
particular of the Robin type). In that work the Dirichlet and Neumann cases are dealt with by
resorting to standard Hamiltonian methods. On the other hand the Robin case is studied by
using covariant Hamiltonian techniques because the boundary term introduced in the relevant
action gives rise to some difficulties when going to phase space. As we show in the present
paper the geometric and global methods that we use here can easily handle the Robin case
while providing a very natural and simple interpretation for the results corresponding to
Dirichlet and Neumann boundary conditions. We would like to mention here that our point of
view is useful to understand in a clear way the bifurcation phenomenon in the constraint
algorithm characteristic of parametrized gauge systems discussed in [20].

The structure of the paper is the following. After this introduction we discuss in section 2 the
action principle for the parametrized scalar field with the boundary conditions considered in the
paper: Dirichlet and Robin (of which Neumann is a subcase). Section 3 is devoted to the 3 + 1
decomposition of the objects that we use throughout the paper. The most relevant results related
to the configuration space and its tangent and cotangent bundles, where embeddings play a
central role, are discussed in section 4. Section 5 is devoted to the Hamiltonian formulation. We
end the paper in section 6 with a discussion of its main results and an appendix where we collect
the variations of a number of geometric objects defined on the manifold of embeddings.

2. The parametrized scalar field in bounded spatial domains

Let us consider a four-dimensional Lorentzian manifold (M, g) diffeomorphic to a product
manifold [#, #,] x X, where X is a smooth, orientable, compact, three-manifold with smooth
boundary (possibly empty). In this situation OM can be written as the union
OM |J OsM U 0,M, where OxM is diffeomorphic to [#, 1,] X 0% and O:M (i = 1, 2) are
diffeomorphic to . We will assume that ;M are spacelike and that the Lorentzian metric g,
with (e, 4, +, +) signature, induces a Lorentzian metric g, := j(;k g on OxM, where ]{;"
denotes the pullback under the inclusion map j; : OgM < M. We have introduced the
parameter ¢ = —1 to allow for a straightforward extension of our results to the Euclidean
(Riemannian) case. We will restrict ourselves to the case where (M, g) is time oriented.

The starting point to arrive at the action for the parametrized scalar field that we study in
the paper is

$(p) o= [ (s @, dip) — mpvol, — | Bl @
2JIMm 2 Josm J

where ¢ : M — R is a real scalar field on M, B : 0xM — R is a fixed smooth function and
we are using the metric volumes on M and Oy M. This action is the obvious generalization of
the one used in [21] to discuss the Hamiltonian formulation for the scalar field with Robin
boundary conditions (it can be essentially found in [22] p 227). Our results can be trivially
extended to the case where a potential term V () is included as in [3].

The different types of boundary conditions that we consider in the paper are:

(1) If X is closed then we have the simple example of a massive (Klein—-Gordon) scalar field
without boundary.



(2) If ¥ has a non-empty boundary and we demand ¢ o j; = 0 we describe a massive scalar
field subject to homogeneous Dirichlet boundary conditions.

In these first two cases B plays no role and can be taken to be zero.

(3) If ¥ has a non-empty boundary and we take B = 0 then we have a massive scalar field
with homogeneous Neumann boundary conditions.

(4) If X has a non-empty boundary and we take B arbitrary then we have a massive scalar
field subject to homogeneous Robin boundary conditions.

In the last two cases no conditions on ¢ o j, are imposed a priori. Notice, also, that the
Robin conditions include the Neumann ones as a particular example.

Several comments are in order now. First, just mention that the non-homogeneous case is
straightforward once the homogeneous one is understood (see [21]), so we will only consider
the latter. A second comment refers to the way the variational principle works. We get the
field equations by demanding that the action is stationary under admissible variations of the
fields with their values kept fixed at ;M and 0,M . The variations of the action are directional
derivatives which may have both interior and boundary contributions. The presence of the
latter does by no means imply that the action ceases to be differentiable. In fact, boundary
contributions to the variations are actually the origin of natural boundary conditions such as
the Neumann or Robin ones.

Dirichlet and Robin conditions are implemented at the action level in different ways. In
the first case one has to restrict oneself to field configurations (and, hence, also variations) that
vanish at the boundary dgM, whereas in the second the boundary conditions themselves
appear as a consequence of the requirement that the action is stationary under arbitrary
variations. The Hamiltonian description of these models based on the use of the GNH method
can be found in [21].

In order to parametrize the action (2.1) we introduce diffeomorphisms Z : I x ¥ — M
such that, for every ¢ € I := [, t;], the image Z (3,) of the slice ¥, := {¢} x X is spacelike
and TZ.0, is timelike and future pointing. These diffeomorphisms are taken as dynamical
variables in addition to the scalar field. We consider now the action

1 *)—1 2002 . I 24 2vol .«
SW.2)= 2 [ (@@ av) — mriPvolyy, — = [ B 0 ZyvAvolysy,
(2.2)

where Z*g denotes the pullback of gto I x X and ¢ : I X ¥ — R is a new scalar field.
Regardless of the considered boundary conditions, the evolution of the scalar field v is
given by the Klein—Gordon equation

(e O z5 + m»)y =0, (2.3)

where the d’Alembert operator is defined in terms of the Levi—Civita connection associated
with Z*g. There are no extra conditions on the fields if 3 is closed. In the case of imposing
Dirichlet boundary conditions we must require that v vanishes at I x 0%, and in the Robin
(Neumann, B = 0) case the variations of the actions provide the equations at the boundary

(eTZ'V(@W) + (B> 0 Z)1)) =0 at [ x 0%,

where 7Z~1.V is the push-forward by Z~! of the unit, spacelike, outer normal V to OxM. No
independent field equations are obtained by varying in Z as in the case when no boundaries
are present, however it should be noted that the diffeomorphism Z must take I x 9% to OsM.



3. Some remarks on the 3 + 1 decomposition

We give here some results that we use to decompose geometric objects in [ x X and get the
Lagrangian for our system. To this end we introduce a unique decomposition of any tensor
field on I x > with the help of the projector I := Id — dr ® 3J,, which is a (1,1)-tensor field.
For instance, vector fields Y € X (I x X) can be written as Y = dt(Y)9, + II(Y) and one
forms o€ QU x ¥) as o= a(d)dr+ II(a). We will also use the notations
I : XU x X)) — XU x ) and IT* : Q' x ) — QI x ) to refer to these maps.

Metrics

Any metric § on I x X (in particular the pullback § = Z*g that we use throughout the paper)
can be decomposed with the help of the identity Id = dr ® 9, + II:
§=2800, 0)dt @ dt + dt @ §(0;, Iy ) + §(0y, Iy -) ® dt + g (Il - Ik -). 3.1

This is usually written in the form

§=EN"+5'B, Bdt@di+dr @ B+ B od+ 7, (3.2)
where the so called shift 5 € Q'(I x ¥) satisfies 3(9,) = 0, 4 is a symmetric (2,0)-tensor
satisfying (-, 8,) = 0 and 4~! (a symmetric (0,2)-tensor) is the unique pseudo-inverse of 4
such that 4~!-4 =11 and 4 !(,df) = 0. Finally the nowhere vanishing function
N € C>(I x Y) is the lapse. The inverse metric §~' can be conveniently written as

gl = %(3, — 57BN @@ - 5B )+ A7 (3.3)

Diffeomorphisms and embeddings

Let Z : I x ¥ — M be a diffeomorphism such that Z (3,) C M is spacelike for each ¢ € I.
We can define a decomposition of Z and its tangent map 7Z adapted to the product structure
of I x X by using the projector tensor field II introduced above. The tangent map
TZ : T x ¥) — TM acting on a vector field V € X(I x X) gives

TZ.V =TZ.(dt(V)0, + I14V) = dt (V)TZ.0; + TZ.11,V. (3.4)
We can, hence, write TZ = Zdr + TZ with Z := TZ.0, and TZ := TZ.II,. Notice that
TZ.V € X(M) is tangent to the submanifold Z (3,) for each z € I.

We can apply the preceding results regarding the decompositions of the metric and

diffeomorphisms to the particular case of § = Z*g. Let Vi, V, € X(I x X) then
(Z*) W, Vo) = (TZW,, TZV5) = g(dt(WZ + IZ. W, dt (V) Z + TZ.V5)

=g(Z, 2)dt(V)dt (V) + dt(Wg(Z, TZ.V5) + dt (W)g(Z, TZ.W))

+8(IZW, IZ.V,).

Comparing the previous expression with (3.2), we write

5, = g(IZ:, TZ), (3.5)
By =g (@, 1Z"), (3.6)
eN; = ¢(Z, Z) — 7' (Bz, B (3.7)

Notice that 4, is a symmetric (2,0)-tensor field on [ x X but it is not a metric
as 4,(0;, ) = 0.



For each ¢ € I let us define the map j, : ¥ — I x X : 5+ (¢, 5s), we have then that
) =%and Z,:=Z oj,: ¥ — M is an embedding for each ¢t € /. The fact that Z is a
diffeomorphism of the type considered in the paper guarantees that the images Z,(32), t € I,
provide a foliation of M by spacelike hypersurfaces. The diffeomorphism itself can be
reinterpreted as a smooth’ curve of embeddings. By using the j, map we can pullback the
tensors (3.5)—(3.7) to X. This way we get

V2 =0, = 2. (3.8)

ﬂ(Z,,Z,) = J[*BZ = g(Zt’ TZ[')a (39)
) . . -~

81\,(22,,2,) = 5],*Nz =g, Z) — ”Vzll (Bz,.2,)» Bz.2))- (3.10)

Although in the next section we will discuss with more detail the manifold of embeddings, it
is important to highlight at this point that the Riemannian metric 7, depends only on Z

whereas both Gz, 7, and 51\/(22 7 depend also on the velocity Z,, which is a vector field in M

along the embedding Z,. Moreover, (37, 7, is linear in Z, as a consequence of (3.9), as also is
Ngz,7,, because

Ngz,z) = enz,(Z)) = eg(nz, Z)), 3.11)

where we denote n, the future-pointing unit g-normal to Z,(¥) C M. In a similar fashion we
introduce 07, as the future-pointing unit gs-normal to Z,(9%) C OsM.

We introduce now two objects that will be useful in the following. If X : ¥ & M is an
embedding we define

(1x) = (TX)g, (3.12)
(ex)s = gy (TXVY- (3.13)

Here and in the following we will use the Penrose abstract index notation when convenient
(o, B, etc are abstract indices on M and a, b, etc abstract indices on ). These objects satisfy

()5 (ex)h = 84, (1) (ex)l = 6% — engny g, (3.14)
where n, = gaﬁnﬂ. From equation (3.9) we can write
& 5 = (ez N2/l (3.15)
It is straightforward to write now (2.2) in the form

— W er 52
ng, (Zr)

1 Nk .
S@, Z)= 5]; dtj; enz,(Z;) % + E'Vz[l (dif, o) — m?); vol,,

1 7 2,12
-2 f[ dr j; _ 02,Zob3 vl (3.16)

where ¢y == 1 1, ¢y = ¥, ¢ = A (), bz, == B 0 Z, 0 19, 7y, = 157, and 15 : O% = .
Although it is possible to read off the formal expression of the Lagrangian for our model from
the previous equation, it is important to pay attention to its domain, an appropriate subset of
the tangent bundle of the configuration space. We devote the next section to this issue.

5 We will not discuss topological issues here but just mention that they can be handled by the convenient calculus
approach of Michor [23].



ynamics: geometric arena

figuration space

configuration spaces of the different parametrized scalar fields systems that we consider
e following sections are

Cp = CF(E) x Emb) ((2,M) C C() x Emb, 4(2,M), “.1
Cr = C(2) x Emb_((5,M) C C*(X) x Emb, (2, M). 4.2)

 Cpl(X) = C*(2) consists of smooth scalar fields while the elements of C;°(X) are
oth functions that vanish at the boundary 03. Emb,_(3,M) is the space of smooth,
elike embeddings of X in (M, g). This space has been studied in [3, 4] (see also [24]). Our
e Embg_sl(E,M ) is the subclass of such embeddings taking 0% to sM. For J € {D, R}
vill denote a configuration (¢, X) € C; where ¢ : ¥ — R is a smooth scalar field and
>, & M is an embedding.

city space

e following we will use the standard notation for fiber bundles so, for instance, I'(X*TM)
denote sections of the pullback bundle X*TM defined by the embedding X. The velocity
e—space TC; is the product manifold

TC; = TC;*(¥) x TEmb) (X, M), 4.3)
e TC;°(X) = C°(X) x C7°(X) and for each X € Embg_sl(Z,M) we have:
mb)_(3,M) = DI (X*TM) = {Vy € T(X*TM) : |0S € T (X*TOxM)}.

This can be restated in terms of the commutativity of the following diagrams

™ TosM
ey e

e the vertical arrows represent the natural projections in the respective tangent bundles.
condition defined by the second diagram implies

g(VX|629 VX) = Os (44)

e vy = Vo X o1y and V is the unit, spacelike, outer normal to dxM. For generic
ents of Ty Emb,_(X,M) = ['(X*TM) only the left diagram applies, as is the case for ny.
e following, a typical element of the velocity phase-space Tj, x)C; will be denoted as
= (v, V), where v € C;°(X) and Vy € T9(X*TM).
A comment about the notation that we have used so far and will be used throughout the
1 is in order now: if we consider some tensor field V € I'(T"*Emb(X,M)) over the space
mbeddings we will denote Vy € Ty*Emb(X,M). The same subindex notation will be
ied for more general objects like 7 and e, that whenever they are considered over a fixed
edding X, will be denoted 7y, ex. Therefore if we consider V € X(Emb(3,M)) then
TxEmb,_g (3,M), and we have just seen that this element can be considered as a vector
over the embedding X. It is clear then that such vector field can be decomposed in the
 Vy = Vigny + 7x.Vy, where eV := g(Vx, ny) € C;°(X) and Vy € X(X) is defined by

T Voo — Vi Queh decomnacition can he made aver the enace of embeddinoc



writing simply
V=Vn+ 7Vl € X(Emb(Z,M)).

Although here both addends are vector fields on the space of embedding, notice that
VL Emb(Z,M) — C®(X) and VT : Emb(X,M) — X().

Finally notice that if M =1 x ¥ = I R%, the tangent bundle 7 Emb,_(2,M) is the
trivial bundle TEmb,_g(3,M) = Emb,.q(3,M) x C*(3,M).

Phase—space

The phase-space T*C; is the product manifold

T*Cy = T*C;* (%) x T*Emb)_((Z,M), (4.5)
where T*C°(X) = C°(X) x C°(X) and
T;Embg_sl(E,M) = {Px | Px : T9(X*TM) — R linear and continuous}. 4.6)

In the case M = I x R?® we have that T*Embg_sl(Z,M ) is a trivial bundle over the base
Emb,_q(3,M). A typical point of E”;,X)CJ is of the form p, ) = (p, Py), where p € Ccr Y
is a distribution, i.e. a continuous linear functional p:C;°(X) — R, and
Py: T9(X*TM) — R is a continuous linear functional defined on the space of vector fields
along the embedding X. The phase-space T*C; is equipped with the symplectic form
defined by

Qp oW 12) = Yoo (Yq) — Yo (Y2) + Yoo (Yxi) — Yo (Ye2), 4.7)
where

Y= (((‘1, X)’ (P’ PX))’ ((Yqi’ YXi)’ (Ypi’ YPI))) S Ti) T*CJ

As Y; are tangent vectors of the phase space, we have Y;; € C;°(%), Yx; € To(X*TM),
e C(X) and Yp; : T9(X*TM) — R. Notice that the sans-serif subindices are used to
denote the components of the vector field, in particular the subindex X of Yx is entirely
different from the subindex X used, for instance, in ny, where it denotes the evaluation of the
vector field n € X(Emb(X2,M)) at the point X.

As we will see, the distributions p and Py that we will need in the paper can be defined in
terms of a scalar field p e C>®(¥) and two covector fields along X;
Py : TOX*TM) — C>°(X) and Pyy : T?(X*TOsM) — C*°(0X). They have the form

pv) = fE pv voly, 4.8)

4.X)

Py(V) = j; Py (V)vols, + fa _ Pox(V)voloy, (4.9

Here voly, and volyy, are fixed volume forms on ¥ and 0%, respectively. These distributions
can be alternatively expressed in terms of the metric volume elements of the Riemannian
metrics v, = X*g and v,y = (Xo1y)*g = 13y

p(v):f pvvolg:f A4 vol, ,
) s x X

Py(V Pox (V
Py(V) = f Py (V)vols, + f Pox (V)volys = f ﬁvolwx—&— f ﬂvo%.
s % s i T [ ox




After having introduced these geometric elements we discuss now the Hamiltonian
formulation.

5. Hamiltonian formulation
From the 3 + 1 expression (3.16) of the action, we can define the Lagrangians L; : D; — R
for J € {D, R} given by

nx (V)

1 2
-3 fa _ b (V)bigPvol,,, 5.1)

1 v —ex(dg, V) :
Li(Vgx) = > J; 5nX(V)((#) + e75'(dg, dg) — m?q*|vol,,

where
Dj = {V(q,X) € TCJ . Enx(V) > 0}
The Hamiltonian formulation of dynamics is defined in the cotangent bundle of the
configuration space. In order to go from the tangent to the cotangent bundle we need to
compute the fiber derivative defined by our Lagrangian. This is simply

(( v—ex(dgq,V)

FLJ (V(q,X)) . V(q,x) = — f )ex (dq, V))VOL/X

by e ng (V)
1 O v—ex(@g. V) o

+—f € dg,dg) — m2q?* —| —=——"2| |eny (V) |vol,
5 E((vx(q q) q (V) x (V) [vol,,
lf N2 V_eX(dq’V)_

— [ cox(V)b2gvol, +f Y x4 Vg 52
3 Joy SOxWIbRavOLy | ) i >-2)

The fiber derivative defines, among other things, the canonical momenta. Calling

— dg,V
(Px)a = — ﬁx(%)mz (d),

Vi oo (voexdg. V)Y
+ = [mx (dg,dq) — m*q (V) € (nx)as

’Yf
(Pox)o = — ;X b2 g% (0x )

v —ex(dg, V)

e nx(V) Ve

it can be seen that the distributions defined in (5.2) belong to the class defined by
equations (4.8) and (4.9). If we introduce now

Halg, p) = p(dq)a, (5.3)
2

Hi(q, p, X) = %(mzq2 + 1;— — &7y (dg, dq)), (5.4)
X



Him,xr:i%ﬁb%fwz, (5.5)

the primary constraint submanifold M = FL,(D;) can be written as
M =1{C, =0,, ¢ = 0,}, where

Ca(q, X, p, P) := (Px)a + €(nx)a Hi(g, p, X) + (ex)aHa(q, P, (5.6)
Cl(q, X, Py) = (Pox)a + £(0x)uH (g, X). (5.7)

As the Lagrangian is homogeneous of degree one, it is immediate that the energy

E (Vg x)) = FL; (Vig.x) * Vig.x) — Ly (Vig.x)) (5.8)

vanishes in the full tangent bundle of the configuration space. The Hamiltonian H is defined
on ./\/l{ as E =: H o FL; and, hence, it is also zero.
The equation defining the Hamiltonian vector fields Z on M is simply

i,w=0 (5.9)

where w is the pullback of  to M{ and Z := (((g, X), (p, P)), ((Zg, Zx), (Zy, Zp))) denotes
a vector field on ./\/llj . Notice that the components (Z,, Zp) are of the form (4.8) and (4.9)
respectively.

The easiest way to solve the equation for the Hamiltonian vector field is to find the
solutions to w(Y, Z) = 0 for all Y € X(M]). As we are looking at M as a submanifold
embedded in phase space we must find a convenient way to characterize and use these fields.
In the present case this can be done by requiring the vanishing of the directional derivatives of
the constraints along the field.

Let us consider a point p,, ) = ((¢, X), (p, P, Py)) in phase space, then w is given by

1

wp, o (¥s 2) = fE ZoYy — YoZq + Zoa Y5 — YouZg)vol,,

Tx
n fa ) ;X @ Ye — Yo ZRvol.,, (5.10)
where
Yoo = D(—engHy — e?My),  Zpo = D(—engHy — elHy), (5.11)
Y2, = D(—eO,H)), zd = D(—e,HY) (5.12)

denote the variations (A.1) and (A.3) given in the appendix A. The concrete form of w (Y, Z),
obtained by a long but straightforward computation, is given by

10



w(Y, Z) = fz [Zq - [%snu + e (dq)b]Z;z]

Y , p
x | — + mqYy + dlv,[gYXL grad g — —Y)—{] vol.,
lﬁ o NG !

- j; qu - (%gna + e(f (dQ)b]Y)((Y]

Zp p
x| = + m¥qz; + div,(azxL grad_q — —2Zy | [vol,
lﬁ x o NG ’

Jrf qu ( eng + e, (dq);,)YX] st

x( Py, + €5 (dg) qu)yﬂ vol;
3 3 a — BT T, oy
N 1V
14 b a an
— Zqg— | —en, + d Zy |eYs
az[q (ﬁn ea(fZ)h) x] X
p [)7
X | —=eng + €§(dq)a — eb’qu; voldﬂ, (5.13)
Nai A

where we have written vy = T.vy + v'iny, [vg? = v, (v, vx) and we have dropped the X
subindex in all the elements to render the last expression more compact. Notice that due to the
antisymmetry of w, the Weingarten maps Ky and K)‘? appearing in equations (A.1) and (A.3),
cancel out in the final form of (5.13).

Requiring the previous equation to be zero for every ¥ € X(M;), we find that the
Hamiltonian vector field in the interior of ¥ is

Zq=

zx+ﬁzq—zx( p

ENY o + (eX)g (dCI)a], (514)
Tx

Vix

i . P T
Zy = —m2\/7—X qZy + Jx divy, (sz — eZg gradwxq] (5.15)

X

for all the types of boundary conditions that we consider here and, also, when X has no
boundary. Notice that, as we are working with smooth objects, equations (5.14) and (5.15)
must be extended by continuity to 0. In the preceding equations the gradient and divergence
are defined in terms of the metric -y, in the standard way, £ denotes the Lie derivative along
a vector field VT € X(X) and we have used the decomposition

Zx = Zyn + T.Zy.

When solving equation (5.9) no restriction over Zx in the interior of ¥ arises, hence it can be
chosen freely (within the class of regular objects that we are considering).

Equations (5.14) and (5.15) coincide with those appearing in the classic papers on the
subject [3]. For closed spatial manifolds this result is all that is needed to get the full
Hamiltonian description, however, in the presence of boundaries some extra conditions may
appear. In order to see this notice that, although the last boundary integral in (5.13) vanishes,
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because (5.14) is also true at the boundary, we need to require that

P b a 1| P a 2 ‘SVOlaA/ .
f Y — | —e€n, + e, dq)y |YX |€Zx | ——=¢ens + e5(dq), — b qus |V ;o (5.16)
o l (w/v NG ’ i [V
be zero for every ¥ € X(M).

5.1. Dirichlet boundary conditions

As we mentioned at the beginning of the paper, the way to deal with homogeneous Dirichlet
and Robin boundary conditions differs in some important details. Dirichlet boundary con-
ditions are enforced by restricting the configuration space to those scalar fields which vanish
at the boundary. As a consequence of this, the ¢ component ¥ of the admissible vector fields
Y € X(MP) must also vanish at the boundary, in particular the ¢ component (5.14) of the
Hamiltonian vector field must be zero. By continuity this leads to

8| Zxs X =0. (5.17)

82:2)%[ P

eny o + (ex) (dCI)a]
Tx

4 eny + 7x.grad_ g
Tx X
We can check now that this expression implies that the boundary integral term (5.16) vanishes
and, hence, there are no extra conditions on the vector field. Indeed, first notice that as
7Zx|0% € T'9(X*TOxM), whenever Zyg is not zero at the boundary 9%, equation (5.17)
implies

P cny + ry.grad, g o vy (5.18)
Tx

and then, the factor

’; eny o + (ex)(dg)y |V (5.19)
X

Yq_

of (5.16) is zero, because ¥3|0X = 0 and g(¥x, ¥)|0%X = 0 as a consequence of (4.4).
It is useful to rewrite equation (5.18) in a different way. If we denote
7x = Zx|0% = zxn + T.zy , the condition Zx|0Y € T'9(X*TOxM) becomes

e vxzx + i W 2x) = 0, (5.20)
while equation (5.17) is equivalent to
Lzt + e (grad, g, 50) =0 at O%. (5.21)

Vix

Equations (5.20) and (5.21) define an homogeneous linear system for the boundary
values zx, zy that has to be solved in terms of p and dg. We always have zx = 0 and z = 0
as solutions. Pointwise, a non-trivial solution is only possible if

i P T
EVy grad,yx q— vy | |02 (5.22)
Vix ]

Tx

is zero at s € 03. These conditions are not constraints in the standard sense but rather define
sectors in the primary constraint manifold. The best setting to understand the appearance of
these sectors is the study of the parametrized electromagnetic field (see [20]) where the all-
important Gauss law appears precisely in the same way. Labelling the points of M; by the

12



support of (5.22), we characterize the relevant sectors where the ‘number and type’ of the
independent components of zx changes. A dinamically relevant sector is the one with
elements (g, p, X) such that the associated expression given by (5.22) has empty support (or
equivalently the condition (5.18) holds everywhere). In that case zx can be different from
zero, and so the dynamics of the parametrized system allows the embeddings ‘to advance in
time’ and generate a genuine (local) spacetime foliation. If, instead, the zx were zero the
integral curve of embeddings would be forced to be ‘stuck’ to the same section X (X) of dxM
and, hence, would not be suitable to describe field dynamics in the usual way.

A consistency condition must be imposed now: the Hamiltonian evolution defined by the
Hamiltonian vector fields that we have obtained must be compatible with condition (5.18)
(equivalently the vanishing of (5.22)), which is a requirement to have proper dynamics for the
embeddings as we have just seen. This means that the Hamiltonian vector fields must be
tangent to the submanifold formed by the elements (g, p, X) for which (5.18) holds. This
points out to the existence of additional requirements necessary to have consistent dynamics.
This situation exactly mimics the one found in the Hamiltonian treatment of the scalar field
with Dirichlet boundary conditions (see [21]) and is in perfect agreement with the known
results for the scalar field in the smooth case [22]. From here on, the determination of the
infinite chain of conditions necessary to have well defined dynamics for smooth field and
embeddings, follows exactly the steps of the GNH algorithm as the main geometric issue
involved is the tangency of the Hamiltonian vector fields to the submanifolds defined by the
successive conditions. Although they can be obtained in a straightforward manner using
table 1 of appendix A, they are somewhat complicated and their particular form is not
specially illuminating, hence we do not give them here.

As a final remark notice that if v = 0 at X (9%), or equivalently /§ is tangent to X (X)
at X (0%), the condition (5.22) immediately implies p|0% = 0 (as ¢ never vanishes). This
condition is found in the Hamiltonian treatment of the scalar field with Dirichlet boundary
conditions [21], where a special foliation with zx = 1 and zy = 0 is used.

5.2. Robin boundary conditions

In order to implement the Robin boundary conditions we allow the fields g to take non-zero
values at 0% and consider b arbitrary (if it is zero we would be in the Neumann case). In
general the boundary integral (5.16) would not vanish as before, so according to
equation (5.9) we have to require it to be zero for every ¥ € X(MF). Denoting again
7x = Zx|0%, we have

% - 5+ (ex)%(dq), — ebgquy g]yng =0 (5.23)
o

which plays a role analogous to the one of equation (5.17) in the Dirichlet case, despite their
very different origin.
Wherever zg = 0, equation (5.23) implies

l; eny + Tx.gradwq — 5b§qyx € Txo, OsM. (5.24)
X

Condition (5.24) is the analogous of (5.18). It is interesting to mention that in the Dirichlet
case we have that
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P eny + Tx .gradV q
\/’Y_X X
is normal to Oy, M, in the Neumann case (b = 0) it is tangent to it, and in the Robin it is neither
normal nor tangent. Clearly we can recover the Neumann case from the Robin one by making
b = 0, however, there is no such way to pass from Robin to Dirichlet. This shows once more
the intrinsically different nature of these boundary conditions.

As in the Dirichlet case, we can reexpress (5.24) in a language based entirely on objects
defined on 3. We have the equations

| Lt + dgv)) — ebiq| |82 =0 (5.25)
Tx
evyzx + Wy ) = 0. (5.26)

Again, these should be considered as a system of equations for zy, zy , which has non-trivial
solutions when the following compatibility requirement holds

dq(z/;) = 5b§q __? V)l( on 0X. (5.27)
Vix
Notice that the vector field
-
v
&y = X

V,YX(V;’ V;)

is the unit outer normal (according to 7,) to 9% and, hence

dg (vy) = 1 (g, vy) dg(&y)

is proportional to the normal derivative of the scalar field q.

We can see again the same phenomenon that we found for the Dirichlet boundary
conditions. There are sectors in the primary constraint hypersurface MX where the compo-
nents zx must necessarily vanish whereas in other parts of MX, formed by elements (g, p, X)
for which (5.24)/(5.27) hold, the zx components may be different from zero.

The situation at this point is conceptually equivalent to the one that we explained in the
Dirichlet case: the conditions (5.24)/(5.27) behave as secondary constraints whose stability
under the dynamics given by the Hamiltonian vector fields must be enforced. From a geo-
metric point of view this is a tangency requirement that provides an infinite chain of con-
straints (whose relatives in the unparametrized case are explicitly given in [21]).

We can make the same final remark as in the Dirichlet case, if we consider embeddings X
such that the normal to the boundary vy and the normal nyx to X (¥) are orthogonal (i.e. such
that 1& = 0), and taking into account that, in this case, 1/; = ¢, we recover the condition

(dg (&) — ebgq)|0X = 0 (5.28)

that we found for the non-parametrized case in [21].

6. Comments and conclusions
The main result of the paper is the precise description of the Hamiltonian formulation for a

parametrized scalar field defined in a bounded spatial region with or without boundaries.
When no boundaries are present we recover the results of [3]. We have considered boundary
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conditions of the Dirichlet and Robin types (Neumann boundary conditions are a particular
example of the latter) and worked within the class of smooth fields and spacelike embeddings.
We have obtained the constraint submanifold in phase space and the concrete form of the
Hamiltonian vector fields. Contrary to the statements in [8], we have found no obstructions to
get the full description in the Robin case. We expect that our detailed formulation can be used
to extend the polymer quantization of the scalar field to spatial manifold with boundaries, in
particular in the 1 + 1-dimensional case. Other systems that can be considered from this
perspective are Einstein—Rosen waves coupled with massless scalar fields [10]

There are a number of interesting facts that we would like to mention. First, the solutions
to equation izw = 0, giving the Hamiltonian vector fields, can be obtained pointwise on the
primary constraint hypersurface, however, it is a non-trivial issue to understand to what extent
they define smooth vector fields on M or a submanifold thereof. There are a number of
regularity issues that must be characterized and understood. For instance, there are sectors in
the primary constraint hypersurface where some components of the vector fields are forced to
be zero whereas in others, defined by the vanishing of specific functions of the configuration
variables and momenta, they can be different from zero. We have paid particular attention to a
sector which is specially important from the dynamical point of view: the one defined by
conditions (5.18) and (5.24) for the Dirichlet and Robin cases respectively.

Second, for parametrized models the energy is zero and, hence, the appearance of dif-
ferent sectors is even more important in the Lagrangian symplectic approach. In this approach
the canonical symplectic structure is pulled back to the tangent bundle of the configuration
space with the help of the fiber derivative, and the dynamics is obtained by finding the
Hamiltonian vector fields given by its degenerate directions [16]. The standard Hamiltonian
approach can be mirrored in this setting, where no constraints show up and all the subtleties
associated with the singularity of the system must manifest themselves under the guise of
regularity issues of a nature similar to the one of those discussed in this paper.

Finally, we would like to point out that the Hamiltonian description accommodates, in a
straightforward way, some non stationary situations, where the metric g5 induced on the
boundary OsM has no timelike Killing vector fields. In the Robin case, it is furthermore
possible to introduce non-constant boundary conditions encoded on the value of the scalar
function B on OxM. These non-stationary situations fit quite naturally in our approach as
stationarity plays no role in any part of it but, of course, the integrability of the Hamiltonian
vector fields must be considered with due care.

The method that we have used in the paper is quite general and can be applied in a similar
way to other parametrized field theories (gauge fields [20], gravity, etc) defined in different
types of spatial regions (bounded and/or unbounded). We plan to explore them in the near
future.
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Appendix A. Variations in Emb(X, M)

A detailed description of the infinite dimensional manifold Emb(3,M) of embeddings
X : ¥ M in the case, where (M, g) is a Riemannian manifold can be found in [24].
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References [3, 4, 12] provide a summary on the relevant results concerning the manifold
Emb,_q (2, M). We refer the reader to those papers and references therein for further details.
In this appendix we just list a number of expressions for the variations of several geometric
tensor fields on Emb (X, M) that are necessary to get the Hamiltonian formulation for the
systems that we consider here. We give them in table 1, where we have corrected the typos in
equations (9.8) and (9.10) appearing in section 9 of [12].

Table 1. Variations of the relevant geometric tensor fields on Emb(3,M). Here and in
the following, K denotes the Weingarten map associated with X (3) C M, with
indices lowered and raised with the help of 7, and v%*, and V denotes the Levi—Civita
connection of (3, 7).

Jx Dx.x)f

by=BoX Dxxyb = dB(X)

vy =VoX Dy xyv = ViV

(ex)? Dixxyel = (KX 4 ey (@X)y)en, — 2 (VX — XK
(x )2 D x)e = KX " 4 e(dX ) )en® + 75 (VX" — X1K?)
ng Dixxyn® = —7¢ (KEX " + ey (dX™),)

(x)a = 8ok Daxsyna = —ef (KX " + £(dX™),)

(v Jab D)y = Woe VuX €+ %, X ¢ — 2X Ky,

y4b Dyxxyy™® = VX" — VPX T 42X Kb

vol,, Dx x)vol, = (VX" - XLK;)VOLV

Na Dx.x) 7 = (VX' — XLKf)ﬁ

Using table 1, it is immediate to obtain Yp, = D(—enH, — ef’Hb) in the form (drop-
ping the X subindex)

(15), p b ] ( . )
— =—|——=¢en, + ¢, [l | ¥, + | 7*(dq).en, — €5 — |(dYy)y — enam=qY,
Vi 7 i i)t ’

+ *%(dq)b (KPY(® + ey (dYy)e) — (V¥ P — Y K)(dg), (dg),

2
o ”—](vanT a_ Y%K;)]sna
.

NGl

a H
+ el [(VHYXT b Y%Kf)%(dq» + eﬁ(KabeT b4 e(dYxHa)].

(A1)

Substituting the ambient spaces M and 3 by 0yM and 0%, and considering the induced
embeddings X9 : 9% & OsM we can obtain a similar table of variations, where now the
relevant objects are associated with the boundary 0%. For instance we have to use the
Weingarten map K% of X(9%) C dxM and the Levi-Civita connection V7 of (9%, Yo)-
Also, for any given Wy € T'9(X*TM), we have to use the decomposition

Wy|02 = W0y + 74wdT, (A.2)

where 7% :=TX9, Wt = g(Wx|d%, Ox) and W' € X(0%) is defined by
T?(.W)?T = Wy — W)?LHX. With all these elements we find that Ypaa = D(—e@aHi) can be
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expressed as (dropping again the X subindex)

(¥,

Ner

= (VIy{Te - YQLK‘?“) q + bV 0°(db)s + Y47 (db)s)g? + bqY, |6,

b2
-9 (eAKGYL TP + e (d¥g)al.
(A.3)

As we have to make contact with the decomposition W = W'n + 7.W' associated with
n and 7, we need to use the following relations

an 1y L
wor - W woT — w4 LWV (A.4)
|1/ I’ lV'?

Plugging (A.4) in (A.3) and using (A.1), we obtain the final form of (5.13).

An interesting application of the results of table 1 is the derivation of the hypersurface
deformation algebra [12]. Considering V = V+n + 7.VT and W = W'n + 7.WT, vector fields
on the space of embeddings, we can define

[V, W] = Dvw - DWV

or, equivalently, [V, Wiy = D v )W — D(x,w,) V. From these, it is immediate to obtain the
decomposition

[V, W] = (DyW- — Dy V- + dVEWT) — dW-(VT))n
+7.(DyWT — Dy VT + 5(VLgrad,,X Wt — WLgradeVL) — VT, WT).
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