PHYSICAL REVIEW D 91, 124034 (2015)

Canonical linearized Regge calculus: Counting lattice gravitons
with Pachner moves

Philipp A. Hhn"

Perimeter Institute for Theoretical Physics, 31 Caroline Street North, Waterloo, Ontario, Canada N2L 2Y5
(Received 24 November 2014; published 10 June 2015)

We afford a systematic and comprehensive account of the canonical dynamics of 4D Regge calculus
perturbatively expanded to linear order around a flat background. To this end, we consider the Pachner
moves which generate the most basic and general simplicial evolution scheme. The linearized regime
features a vertex displacement (diffeomorphism) symmetry for which we derive an Abelian constraint
algebra. This permits us to identify gauge invariant lattice “gravitons” as propagating curvature degrees of
freedom. The Pachner moves admit a simple method to explicitly count the gauge and graviton degrees of
freedom on an evolving triangulated hypersurface, and we clarify the distinct role of each move in the
dynamics. It is shown that the 1-4 move generates four “lapse and shift” variables and four conjugate vertex
displacement generators; the 2—3 move generates a graviton; the 3-2 move removes one graviton and
produces the only non-trivial equation of motion; and the 4—1 move removes four lapse and shift variables
and trivializes the four conjugate symmetry generators. It is further shown that the Pachner moves preserve
the vertex displacement generators. These results may provide new impetus for exploring ‘graviton

dynamics’ in discrete quantum gravity models.
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I. INTRODUCTION

The canonical formulation of a physical theory usually
offers convenient tools for extracting its dynamical content
and, at the same time, gives a clear picture of the time
evolution of relevant degrees of freedom. Specifically,
in gravitational physics, a Hamiltonian formulation—
with initial value problem and equal time surfaces—allows
for an intuitive picture of the dynamics and simplifies the
identification and counting of physical degrees of freedom.
Suggestively, the seminal paper [1] by Arnowitt, Deser and
Misner, introducing their canonical formulation of general
relativity, carries the unequivocal title “The dynamics of
general relativity.” The beauty of this formulation of
general relativity lies in the fact that it gives the latter
the interpretation of describing the dynamics of spatial
hypersurfaces in spacetimes.

In this spirit, we shall attempt to explore the dynamics
of Regge calculus [2—4], the most well-known simplicial
discretization of general relativity. More specifically, by
building up on the general canonical formulation of Regge
calculus developed in [5,6], we shall systematically inves-
tigate, in canonical language, the dynamics of perturbative
Regge calculus to linear order in an expansion around flat
background solutions [7-13]. This linearized regime is
governed by an expansion of the Regge action to quadratic
order around a flat background. The motivation is the same:
to give an intuitive picture of the linearized Regge
dynamics and to identify and clearly distinguish
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propagating lattice graviton from lapse and shift type gauge
degrees of freedom.

The presence of curvature in a Regge triangulation
generically breaks the continuum diffeomorphism sym-
metry [13-15]. More precisely, for flat Regge solutions
there exists a continuous gauge symmetry corresponding to
displacements, within the flat embedding space, of vertices
in the bulk of a triangulation which leave the geometry flat.
This vertex displacement symmetry can be interpreted as
the incarnation of diffeomorphisms in triangulated space-
times. It persists in the linearized theory because in this
regime solutions to the equations of motion are additive
such that (linearized) solutions corresponding to displace-
ments in flat directions can be added to solutions with
linearized curvature—without changing boundary data.
However, to higher order in the expansion around flat
triangulations, the symmetry becomes broken [12,13]. This
has crucial consequences: since the presence of the vertex
displacement gauge symmetry is configuration dependent,
so is the dynamical content of Regge calculus.

It should be emphasized that this breaking of the
continuum symmetries is a consequence of the particular
manner of discretizing the curved continuum geometries
and dynamics in terms of piecewise flat Regge triangu-
lations. There exist, in principle, also discretizations of
continuum theories which preserve the continuum sym-
metries and dynamics, yielding so-called “perfect discre-
tizations” [16-23]. However, in the gravitational context
this involves curved, rather than flat simplices in the
triangulation [18,22]—in contrast to the Regge case studied
here. Unfortunately, especially in the 4D case such perfect
discretizations are difficult to construct explicitly. In any
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case, the breaking of the symmetries must disappear in a

consistent continuum limit [17].

The configuration dependence of the dynamical content
severely complicates a detailed and explicit account of the
dynamics in full Regge calculus beyond general aspects
[5]. It is therefore instructive to restrict the dynamics to a
well-defined subregime which permits an explicit explora-
tion. This is where the linearized sector of Regge calculus
assumes a special role: it is the only regime in which there
is gauge symmetry and at the same time a nontrivial
propagation of geometric degrees of freedom. And it
permits us to solve the equations of motion.
Furthermore, this near-flat sector of the theory may be
relevant for the continuum limit where the diffeomorphism
symmetry of classical general relativity ought to be restored
and geometries are locally flat [9-11].

Since the gauge symmetries are generically broken for
curved Regge triangulations, first class symmetry gener-
ators for full 4D Regge calculus do not arise [5,6].
However, the linearized theory, as we shall see, does
feature proper symmetry generating constraints (see also
[12]). These, finally, will help us to shed light on the
concept of propagating lattice “gravitons” and their dynam-
ics in Regge calculus—although their relation to the
gravitons in continuum general relativity remains to be
clarified.

In order to afford a systematic and comprehensive
account of canonical linearized Regge calculus, we shall
consider the simplicial dynamics generated by Pachner
moves [5,6,24-26]. The Pachner moves are elementary
and ergodic moves which locally change the spatial
triangulation and constitute the most basic and general
simplicial evolution scheme. As they change the spatial
triangulation, they also lead to a varying number of
degrees of freedom in discrete time which requires the
notion of evolving phase and Hilbert spaces [5,6,27-29].
As such, these moves can also be nicely interpreted as
defining canonical coarse graining/lattice shrinking or
refinement/lattice growing operations and thereby be used
to study embeddings of coarser into finer phase or Hilbert
spaces [6,16,26-29]. Specifically, for loop quantum
gravity (LQG) such considerations have led to the
discovery of a new geometric vacuum for the theory
[30] and a proposal for constructing both its dynamics
and continuum limit [17,31].

For 4D linearized Regge calculus, the Pachner moves
offer a simple and systematic method to count and describe
the generation and annihilation of “lapse and shift” gauge
modes and graviton degrees of freedom on the evolving
spatial triangulated hypersurface. In summary, in this
manuscript we shall

(1) elucidate the origin of the vertex displacement gauge

symmetry in linearized Regge calculus,

(ii) derive the (first class) constraints generating this

symmetry for arbitrary triangulated hypersurfaces,
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(iii) show that these constraints are preserved by the
linearized dynamics,

(iv) identify gravitons as (potentially) propagating cur-
vature degrees of freedom that are invariant under
the vertex displacement symmetry,

(v) demonstrate how to count such gravitons via
Pachner moves, and

(vi) study the distinct role of each of the Pachner moves
in the dynamics.

These results may provide new impetus for the discus-
sion of graviton propagators in spin foam models of
quantum gravity [32,33]. While spin foam models—and
loop quantum gravity—are based on a generalization of
Regge geometries, namely rwisted geometries which con-
tain Regge geometries as a subset [34-36], they yield the
Regge action in semiclassical expansions of the transition
amplitudes [37-39]. More generally, these results may
contribute to a better understanding of discretization
changing dynamics in discrete models of (quantum) gravity
[5,26-28,40-46].

The remainder is organized as follows. In order to make
this manuscript as self-contained as possible, we begin by
reviewing Regge calculus in Sec. II, the Pachner move
evolution scheme in Sec. III, the general canonical formu-
lation of Regge calculus [5] in Sec. IV, and an argument
from [12], elucidating the relation between the contracted
Bianchi identities and the vertex displacement symmetry
of linearized Regge calculus, in Sec. V. (The acquainted
reader may skip these sections.) Subsequently, in Sec. VI,
we discuss degeneracies of the Hessian and the Lagrangian
two-form on flat background solutions, resulting from
vertex displacement symmetry. Section VII introduces
the canonical variables and constraints of linearized
Regge calculus, while Sec. VIII identifies ‘lattice gravitons’
as gauge invariant curvature degrees of freedom. In Sec. IX,
a general counting of ‘gravitons’ and gauge degrees of
freedom is carried out using the Pachner moves. A
procedure to disentangle the gauge from the ‘graviton’
variables of the linearized theory is provided in Sec. X,
before we finally discuss the canonical Pachner move
dynamics of 4D linearized Regge calculus in detail in
Sec. XI. Section XII closes with a discussion and an
outlook. Technical details of this paper have been moved to
Appendixes A and B.

II. SYNOPSIS OF REGGE CALCULUS

The principal idea underlying Regge calculus [2—4] is to
replace a given smooth four-dimensional spacetime (M, g)
with C? metric g by a piecewise-linear metric living on a
triangulation 7 which is comprised of flat 4-simplices o.
The metric on 7 is piecewise linear because it is flat on
every simplex ¢ and simplices are glued together in a
piecewise-linear fashion. In fact, Regge calculus is usually
considered on a fixed triangulation 7. This discrete
(triangulated) spacetime is commonly viewed as an
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approximation to the continuum spacetime, but may
equally well be taken as a regularization thereof.

While the geometry within continuum general relativity
can be entirely encoded in the metric g, the length variables
associated to all edges e in the triangulation 7, {I°},c7,
completely specify the (piecewise—linear) geometry of the
triangulation (assuming generalized triangle inequalities
are satisfied). In other words, the edge lengths /¢ of the
triangulation completely encode the piecewise—linear flat
metric living on 7 and are therefore the configuration
variables of standard (length) Regge calculus. For formu-
lations using other geometric variables (e.g., areas and
angles) see, for instance, [47,48].

The challenge in formulating the Regge action is to
translate the Ricci curvature term R from the Einstein—
Hilbert action into the triangulation. To this end, note that
from the edge lengths one can compute any dihedral angle
69 around any triangle ¢ in 7. 67 is the inner angle in the
4-simplex o between the two tetrahedra sharing the triangle
t. Curvature in the discrete arises as follows: take a triangle
t in the bulk of 7. 7 will be contained in many 4-simplices.
(Levi—Civita) parallel transporting a vector along a closed
path around ¢ rotates the vector by the deficit angle

e =2m—» 07

oDt

(2.1)

in the plane perpendicular to ¢ (the sum ranges over all
4-simplices ¢ containing ). €, measures the deviation from
2z of the sum of the dihedral angles around the triangle
and thereby the intrinsic curvature concentrated at 7." That
is, it is the bulk triangles which carry the curvature of the
triangulation in the form of deficit angles in 4D Regge
calculus.

The Regge action, without a cosmological constant term
(and in Euclidean signature), defining a discrete spacetime
dynamics for a 4D triangulation 7 with boundary 07 and
interior 7°:= 7\07 1is given by summing over all curva-
ture contributions and consists of a bulk and a boundary

term [2,49]*
Sg = ZAtet + ZAIWZ’
tcT® tcoT

(2.2)

where A, denotes the area of the triangle ¢ and appears
because ¢, only has support on f. The boundary term is in
shape identical to the bulk term, except that deficit angles
are replaced by extrinsic angles,

wt:ﬂ—zef for t c 0T

oCt

(2.3)

"This notion of curvature is distributional and only has support
on the triangles because any closed path which is contractible
(i.e., does not wind around a triangle) will yield a trivial
holonomy.

*We work in units of ¢ = 872G = 1.
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which measure the deviation from 7 of the sum of dihedral
angles around the triangles in the boundary of 7. Notice
that all quantities appearing in (2.2) are functions
of {le}eET'

Thanks to the boundary term in (2.2) the action is
additive in the following sense: if we glue two pieces of
triangulations together then the total action contribution
of the resulting glued triangulation is simply the sum of
the action contributions of the two pieces of triangulation
that we glued together.” This will be important in the
canonical Pachner move evolution below where we glue a
single 4-simplex onto a 3D triangulated hypersurface X
during each move. The action of a 4-simplex ¢ is a pure
boundary term

Sp = Ak —067). (2.4)

tCo

The coefficient k, depends on the gluing process: if ¢ is a
new triangle in X k, = 1. If, on the other hand, it is
already present in X before the gluing of o, only the new
dihedral angle of the simplex must be subtracted from the
already present extrinsic angle (2.3) so that in this
case k, = 0.

Varying the action (2.2) with respect to the lengths /¢ of
the bulk edges ¢ C 7° and fixing the lengths of the
boundary edges e C 97 yields the Regge equations of
motion. To this end, the Schlifli identity,

> A807 =0,

tCo

(2.5)

is essential which shows that the variation of the deficit
angles vanishes. (It is the four-dimensional generalization
of the two—dimensional fact that the sum of the dihedral
angles in a triangle is constant.) This gives the Regge
equation of motion the following form:

DA,
PIG

De

e, =0. (2.6)

In this article we will be primarily concerned with
perturbations (to linear order in an expansion parameter)
around special Regge solutions, namely around flat sol-
utions with vanishing deficit angles ¢, =0, Vte 7°.
Abstractly, flat Regge triangulations only occur for special
boundary configurations, but concretely, of course, any
triangulation of flat 4D space will be such a solution. Flat
solutions are not unique because vertices in the bulk can be
displaced within the flat 4D embedding space without
changing flatness. This is ultimately the reason for a vertex
displacement gauge symmetry for flat configurations and

*This is not true for an action _,sin(e,)A, although it
converges to the Regge action in the limit of small deficit angles.
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FIG. 1. The problem of foliations: in a generic triangulation,
hypersurfaces overlap and are comprised of different numbers of
simplices o which carry the variables of the theory.

linear perturbations around them. We shall discuss this in
detail in the sequel. On the other hand, there is strong
numerical evidence [13] that curved solutions to (2.6) are
generally unique. In consequence, the gauge symmetries of
the flat and linearized sector of Regge calculus are broken
to higher orders [12].

We shall henceforth work in Euclidean signature to avoid
subtleties arising from causal structure which would only
unnecessarily cloud the main results. Note, however, that
the canonical formulation below makes a priori no
assumption about the signature and is equally applicable
to Lorentzian signature.

ITII. CANONICAL EVOLUTION FROM
PACHNER MOVES

We shall review crucial ingredients for a canonical
evolution scheme for simplicial gravity. A key hurdle to
be overcome in a general formulation of canonical Regge
calculus is the problem of foliations: different 3D triangu-
lated hypersurfaces of a generic foliation of a 4D Regge
triangulation support different numbers of edges and thus
configuration variables (see Fig. 1). A generic Regge
triangulation implies varying numbers of degrees of free-
dom in ‘time’ and requires the notion of evolving phase
spaces [5,6,29]. Furthermore, hypersurfaces will generi-
cally overlap.

First attempts [50,51] to circumvent this problem were
based on the continuum 3 4 1 splitting and triangulating
the spatial manifold Z, but keeping a continuous time. Such
an approach has two major problems: (1) The related
discretization of the continuum first class constraint algebra
leads to second class constraints (which are not automati-
cally preserved under the dynamics) [50-52]. (2) More
importantly, the end result of such a continuous canonical
evolution of a spatial triangulation clearly is not a four-
dimensional spacetime triangulation and, thus, not com-
patible with the covariant picture.

Instead, consistency requires that the canonical dynamics
be equivalent to the covariant dynamics, directly following
from the Regge action. In particular, a canonical dynamics
consistent with the discrete action must produce a discrete
time evolution. In contrast to the continuum, such a
dynamics cannot be generated by a set of constraints via
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FIG. 2. Global evolution by gluing fat slices at each step. This
evolution is not elementary.

a Poisson bracket structure which necessarily has an
infinitesimal action.* Rather, a well-defined set of evolution
moves is required to generate such a discrete dynamics, and
any constraints arising from the Regge action should be
consistent with the evolution moves [6].

What are possible evolution moves in simplicial gravity?
We shall henceforth label discrete time steps by k € Z. Let
2 be the 3D “spatial”5 triangulated hypersurface of step k,
constituting the future boundary of the triangulation to the
past of Z;. An evolution move evolves X, to 2, | by gluing
a 4D piece of triangulation 7, | to Z; such that part of the
boundary of 7 ,,;, consisting of tetrahedra, is identified
with a subset of the tetrahedra of X;. In particular, we
disallow singular evolution moves which do not preserve
the simplicial manifold property by identifying only lower
than 3D subsimplices (triangles, edges or vertices) of the
new simplex and the hypersurface.

Obviously, there are many possibilities for such sim-
plicial evolution moves. Fortunately, we can systematically
handle all of them if we impose an additional restriction
on the canonical dynamics: recall that in canonical general
relativity one restricts from the outset to globally hyper-
bolic spacetimes with topology M = R x Z, where X is the
spatial manifold. Similarly, we shall also restrict ourselves
to evolution moves which preserve the spatial topology
such that the 4D triangulation will likewise be of topology
T =7 x X, where Z is some (closed) interval.

Clearly, we could consider global evolution moves by fat
slices which evolve an entire hypersurface at once such that
X NZ =0 (see Fig. 2 for a schematic representation).
While such global moves are relevant for the canonical
dynamics [5,6], as we shall see below, they are neither
elementary because they can involve arbitrarily many 4-
simplices, nor do they admit a nice geometric interpretation
within the spatial hypersurfaces Z;. It is, therefore, difficult
to give a systematic and completely general account of the
canonical dynamics by means of global moves alone.

“The exception are topological models for which a continuous
time evolution can be recovered as a symmetry generated by
constraints, namely the translation of vertices in time direction.

>Since we work in Euclidean signature, we write “spatial” in
quotation marks.
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y 2k+1

FIG. 3. Schematic representation: at each time step k a single
4-simplex o is glued to X, giving a new X, .

Instead, a decomposition of the global moves into their
smallest 4D building blocks, namely the 4-simplices,
does allow for a clear and systematic description of the
canonical dynamics under the above restrictions. We shall
therefore consider the simplest evolution moves conceiv-
able: gluing locally at each elementary time step k a
single 4-simplex ¢ onto X, (see Fig. 3) [5,53]. In this
way, we evolve the hypersurface forward in a multi-
fingered time through the full 4D Regge solution, in
close analogy to canonical general relativity. There are
precisely four different possibilities for gluing a single
4-simplex ¢ onto X;: one can identify one, two, three or
four of the five tetrahedra 7 of ¢ with tetrahedra in X,
but clearly one cannot glue all five tetrahedra at once to
%.. These four different gluing types have the nice
interpretation of 3D (or canonical) Pachner moves
[24,25] within %;. More precisely, in order of increasing
number of identified 7 these are as follows (see [5] for
further details).

1—4 Pachner move: introduces one new vertex v* and four
new boundary edges in X, |, but does not generate any
internal triangles or bulk edges of 7 (see Fig. 4). Accord-
ingly, this move neither produces curvature (deficit angles)
nor a Regge equation of motion.

2—3 Pachner move: introduces one new boundary edge n
and one new bulk triangle ¥, but does not generate any
internal edges (see Fig. 5). Accordingly, this move pro-
duces curvature through a single new deficit angle, but does
not give rise to a Regge equation of motion.

3-2 Pachner move: removes one old edge o which becomes
bulk of 7" and introduces three new bulk triangles, but does
not introduce new boundary edges (see Fig. 5). Accord-
ingly, this move produces one Regge equation of motion
and three deficit angles.

FIG. 4. The 1-4 and 4-1 Pachner moves within the 3D
hypersurface X are inverses of each other.
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4—1 Pachner move: removes one old vertex v* and four old
edges and introduces six new bulk triangles, but does not
introduce new boundary edges (see Fig. 4). Accordingly,
this move produces four Regge equations of motion and six
deficit angles.

Notice that the 1-4 and 4-1 moves, as well as the 2-3
and 3-2 moves, are inverses of each other, respectively.
All four Pachner moves are discretization changing
evolution moves: they change the connectivity of X
and the number of edges contained in it and therefore
produce a temporally varying discretization and number
of degrees of freedom. In particular, the 1-4 and 2-3
moves introduce new but do not remove old edges and
can thereby be interpreted as canonical refining (or lattice
growing) moves. On the other hand, the 3-2 and 4-1
moves remove old but do not introduce new edges and
may thus be viewed as canonical coarse graining (or
lattice shrinking) moves [26-29].

The Pachner moves [24,25] are exactly what is needed in
order to construct the most general canonical evolution
scheme for Regge calculus. They are

(1) elementary in that they involve only a single
4-simplex at the 4D level and between one and
four tetrahedra within the 3D triangulated hypersur-
face X. That is, the moves are local in .

(ii) ergodic piecewise-linear homeomorphisms; any
two finite 3D triangulations ¥ and X’ of the same
topology are connected via finite sequences of the
Pachner moves. In particular, any other local or
global evolution move can be decomposed into the
latter.

(iii) applicable to arbitrary Regge triangulations.

Consequently, understanding the role of the four Pachner
evolution moves in detail in canonical language means
essentially understanding the full canonical dynamics of
Regge calculus. We shall review their canonical imple-
mentation and then focus on their specific role within
linearized Regge calculus.

IV. REVIEW OF CANONICAL
REGGE CALCULUS

In order to make this article self-contained, we shall
summarize the canonical formulation of Regge calculus, as
developed in detail in [5,6,53] which we will later employ
for the linearized theory.

Consider a global evolution move 0 — k from an
initial triangulated hypersurface X to another hypersur-
face X, as depicted in Fig. 6. Denote by S, the piece of
Regge action of the entire triangulation between X, and
2. We shall label the edges in X; by e and denote the
corresponding lengths by [f, while edges which are
internal between X, and X, are labeled by i and have
lengths /i. To distinguish the edges in the initial
hypersurface ~,, we label these edges by a and denote
their lengths by /4 such that S, = S(/%,1i,14). This
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FIG. 5.
by o for the ‘old’ removed edge.

Sk

— 3

FIG. 6. Global evolution from % to %;. S} is the contribution of
the Regge action to this piece of triangulation. For simplicity, we
assume here X£yNZ;, = 0.

piece of action can be taken as a Hamilton-Jacobi
functional, i.e., generating function of the first kind,
depending on old and new configuration variables. The
canonical momenta conjugate to the lengths then read
[5.6]

+k_% +k_%_0 —0__8Sk 4.1

Pe=pe P =g =% TPa= (4.1)
We emphasize that these equations are well defined
regardless of the number of variables at the various time
steps; they hold specifically for temporally varying spatial
triangulations. The *p are called “postmomenta,” while
the ~p are called “premomenta.” In fact, the (1, *p¥) and
(Ii,*p*) form canonical Darboux coordinate pairs on the
phase space Py :=T*Q;, where Q= RII’JFNE is the
Regge configuration manifold of the edges labeled by i
and e and N;, N, are the numbers of edges labeled by i, e,
respectively [6]. Similarly, (14, ~p3) are canonical Darboux
pairs on the phase space Py := T*Q,, where Q, = R L s
the Regge configuration manifold for X, In analogy to
continuum general relativity, the pairs (I¢, *p%) encode the
intrinsic geometry of X, via {/{},cs, and the extrinsic
geometry of X, via {*pi},y—an observation that
becomes more apparent when writing S; in terms of
the Regge action (2.2) [5].

Notice that (4.1) defines an implicit Hamiltonian time
evolution map §,: Py — P; given initial data (1%, ~pY) one
can try to solve these equations for (I¢, * p¥) and (£, * p¥).
This will clearly not give unique solutions in general. More
precisely, if the coefficient matrices of the Lagrangian

The 2-3 and 3-2 Pachner moves within the 3D hypersurface X are inverses of each other. For the 3—2 move replace the label n

two-form on Qy x Q, (see especially Appendix A of [6],
but also [5,54])°

S, S,

~ Dk grandte — 22k ganap;
arcars ¢k T girgre “oN

(4.2)

possess any left or right null vectors (degenerate directions)
then the implicit function theorem implies that (4.1) does
not define an isomorphism between P, and P;.

However, for a genuine canonical formulation of Regge
calculus we would rather like to have time evolution maps
directly between the ‘equal time’ hypersurfaces X, ;.
Noting that the second equation in (4.1) constitutes the
Regge equations of motion for the bulk lengths /,” one can
solve these as a boundary value problem for [} (I¢, %, k).
This will generally not be uniquely possible in which case
free parameters x;, must be chosen. Substituting this into
the piece of Regge action S, yields an ‘effective’ action (or
Hamilton’s principal function) Sy (/¢, 1§) from which the
again drop out [6]. This permits us to define a new effective
Hamiltonian time evolution map f)o Py — 73k, where
Py = T*IRX“, via

S
-0 :—7]( 4
p(l alg ’ ( '3)

-
<o
i.e. for variables only associated to X, X;. Note that

dim P, # dim P, is expressly allowed such that we have
evolving phase spaces.
If the coefficient matrices of the effective Lagrangian

two-form associated to S’k [6],

OF = o5, —*qigndie (4.4)
QLIS ke '
®We emphasize that the coefficient matrix QF, = a? (S)‘l of the

Lagranglan two-form is not symmetric in the mdlces 'a "and e,

k. # QK. because both refer to different variables from differ-
1ng time steps. In particular, on a temporally varying spatial
triangulation a may run over a different number of edges than e in
which case Qf, is not even a quadratic matrix. Accordingly, (4.2)

does not vanish trivially.
"These lengths do not occur in any other action contribution.
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possess left or right null vectors, the implicit function
theorem tells us that the left and right equations in (4.3)
cannot each comprise an independent set such that there
must exist primary constraint relations,

TCHIE P =0, TC(5.7pe) =0, (4.5)
among only variables of X, and X, respectively. These are
the post- and preconstraints, respectively, which form two
first-class sets of constraints [5,6]. In fact, the postcon-

straint surface C; C 731( is the image and the preconstraint
surface C; C Py is the preimage of §. It can be shown that

§y preserves the symplectic structure restricted to these
constraints.

To every hypersurface X, there are associated both
pre- and postmomenta ~p* and Tp* and, if occurring,
both pre- and postconstraints ~C*, *C¥. For instance, if one
continued the global evolution of Fig. 6 by another fat
slice bounded by %, to the ‘past’ and some X,y to the
future, one likewise would have an effective Regge

action contribution, call it S‘k_(li, l,i;x), associated to it.

Equations (4.3) could then similarly be written for S It
turns out that the Regge equations of motion for e C X,
arising when gluing the new fat slice onto X, are equivalent
to a momentum matching [5,6,29,54]

D < pk. Vecyz,. (4.6)

As a consequence, on solutions to the equations of
motion, both pre- and postconstraints ~C*,*C* have to
be implemented simultaneously. This has many nontrivial
consequences, as the two sets may in general be indepen-
dent. A thorough constraint analysis and classification has
been devoted to this issue [6,29] which we shall not repeat
here, but in summary: (1) gauge symmetry generators are
coinciding pre- and postconstraints C¥ = ~Ck = +Ck and
first class (we shall see them as vertex displacement
generators in linearized Regge calculus below) and (2) when
taken together, —Ck, T C*, can become second class, fixing
free parameters. These two cases stand in close analogy to
the continuum. However, there are two further possibilities
which are specific to a temporally varying number of degrees
of freedom in the discrete: (3) preconstraints can be “coarse
graining conditions” [26-29] which are first class (thus
reducing the dynamical content by one canonical pair each)
but no symmetry generators. These preconstraints ensure
that a finer 3D hypersuface X, carrying more dynamical
data, can be consistently evolved into a coarser X, , y which
can support less dynamical information than X;. Similarly,
(4) postconstraints can be “refining conditions” [17,26-31]
which are first class but not gauge symmetry generators.
These guarantee that the smaller amount of dynamical
information of a coarser £, can be consistently embedded
in the larger phase space of a finer X, x.
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The discretization changing dynamics in discrete gravity
will generically generate such coarse graining and refining
constraints and we shall also see them below in the Pachner
moves. This is important because it entails that canonical
constraints generically arise in Regge calculus which are
not the discrete analogue of Hamiltonian and diffeomor-
phism constraints, but which assume another crucial role.
In particular, as mentioned in Sec. I, the existence of the
vertex displacement gauge symmetry (the discrete analogue
of diffeomorphisms) is highly configuration dependent in
Regge calculus; this symmetry is broken for curved
solutions [13]. One can, therefore, not expect a discrete
version of the Dirac hypersurface deformation algebra for
generic Regge solutions [5,55]. However, if the vertex
displacement symmetry is present in the solution, the set of
pre- and postconstraints will contain the generators of these
vertex displacements. In the sequel, we shall see this
explicitly for linearized Regge calculus for which these
vertex displacement generators even satisfy an Abelian
algebra. This is as close as one comes to a consistent
hypersurface deformation algebra in standard Regge cal-
culus with flat simplices.

In this article we will be concerned with the notion of
propagating degrees of freedom on temporally varying
discretizations. To this end, consider again the global
evolution 0 — k of Fig. 6. In the presence of pre- and
postconstraints (4.5) there will generally not be sufficient

equations in (4.3) for B, to be invertible. For every
postconstraint +Ck there will exist an a priori free
configuration datum 4, which cannot be predicted via ¥

[6,29]. Similarly, for every preconstraint ~C° there will
exist an a posteriori free configuration datum y that cannot

be postdicted using §, and given final data (1¢, T pk).
A priori and a posteriori free data, therefore, do not
correspond to degrees of freedom which propagate in
the global move 0 — k.

Instead, the propagating data of the move 0 — k corre-
sponds to those canonical data at X, and X; which can be
uniquely mapped into each other, using the effective time

evolution map §, (4.3). This set of propagating data is

isomorphic to Py//Cy = Pi//C; and thus is incarnated at
step 0 as the set of Dirac preobservables on C; which
Poisson commute with all ~C® and at k as the set of Dirac
postobservables on C; which Poisson commute with all
+Ck [6,29]. In linearized Regge calculus we shall see them
as lattice gravitons below.

It is important to note that in Regge solutions with
temporally varying spatial discretization X, the notion of a
propagating degree of freedom as a pre- or postobservable
depends on the triangulated spacetime region and always
requires two time steps—in contrast to the continuum. For
instance, the preobservables at ¥, depend on the future
hypersurface X,. Gluing another fat slice onto X; which
produces a new coarser future hypersurface X,y and
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which thus comes with coarse graining preconstraints at k,
in fact, generates new effective coarse graining constraints
at X, too in order to restrict the initial data on X, to the
subset which consistently maps onto the coarse graining
preconstraints at k [6,27-29]. That is, any preobservable
propagating from O via k to k+ X must also Poisson
commute with the new effective preconstraints on %,. In
this way, further evolution into the future can reduce the
number of degrees of freedom which propagate from X to
the future hypersurface under consideration. Nevertheless,
the dynamics is fully consistent—albeit spacetime-region
dependent—and reflects the fact that canonical coarse
graining or refining operations change the dynamical
content of a given 3D hypersurface X (for further details,
we refer the reader to [6,26-29]).

Finally, we review the implementation of the Pachner
moves into canonical language. A Pachner move X, —
241 can be viewed as locally updating the global move
Xy = X, to Xy = X, . Accordingly, the canonical data®
(I¢, p*) must be updated in the course of the move. To
clarify this, we introduce a new notation specific to Pachner
moves: edges in 2;NX;,; will be labeled by e, new edges
introduced during the 1-4 or 2-3 moves which occur in
241 but not in X; will be labeled by n, and old edges
removed during the 2-3 and 4—1 moves which appear in X,
but notin X, ; will be labeled by o. In order to describe the
temporally varying number of variables, it is convenient to
extend the phase spaces: for every pair (I{, ., pk™") which
appears at k + 1 but not &, one can artificially introduce a
new spurious pair (/%, p¥) and thereby extend the phase
space at k. Similarly, one can do the time reverse for
canonical pairs labeled by o such that one has extended
phase spaces of equal dimension before and after the move.

The correct local time evolution equations are given
by momentum updating which for the 1-4 and 2—3 Pachner
moves (see Figs. 4 and 5) is identical in shape and
reads [5,6]

0S, (15, ,, 1}
alkJrl

4.7)

pk+] _ 8Su(li+1 ’ lerl)

- (4.8)
iy

pk =0,

except that n runs over four new edges for the 1-4 move
and a single new edge in the 2-3 move. S, (I(, ., [}, ) is the
Regge action (2.4) of the newly glued 4-simplex o. (We
refer to [5] for details on how to write (4.7)—(4.10) in terms
of the Regge action.) The last equation in (4.8) defines four
phtl — w for the 14 and

one similar postconstraint for the 2-3 move. In particular,

postconstraints T Ck! =

*We shall, henceforth, often drop the superscript © on the
postmomenta, tacitly assuming that (4.6) holds.
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there are no equations of motion involved in these moves
such that [} | is unpredictable and thus a priori free, given
the data at k; notice that /., and "Cy ™" are conjugate. (The
spurious /; are pure gauge.) This has distinct consequences
for the two types of moves.
1-4 move: The four unpredictables [}, are the lengths of
the four new edges at the new vertex v*. These can be
interpreted as lapse and shift degrees of freedom. We shall
see below that these are indeed gauge degrees of freedom
in linearized Regge calculus and the four corresponding
+CM1 turn into discrete diffeomorphism generators.
2-3 move: The deficit angle around the newly generated
bulk triangle 7* depends on the unpredictable [} ;. Thus,
the new curvature variable is itself a priori free. We shall
see below that, in the linearized theory, this unpredictable
deficit angle corresponds to a gauge invariant graviton and
the corresponding single TCX*! assumes the role of a
“refinement consistency condition.”

On the other hand, for both the 3-2 and 4—1 Pachner
moves, momentum updating is given by [5,6]

08,(1;. 1Y)
ol

b — k1 _

Loy =1l pe=pe (4.9)

95, (15.17)
ol

k+1 — k
’

ph Ph= (4.10)

except that o runs over a single edge for the 3-2 move and
over four edges for the 4-1 move. The last equation in
(4.10) constitutes a single preconstraint for the 3-2 and four

preconstraints for the 4-1 move. These preconstraints
~CK = pk + %ﬁilk) are equivalent to the Regge equations
of motion for the new bulk edges labeled by o. (The
spurious Iy, are pure gauge.) The repercussions are

3-2 move: The preconstraint is generally nontrivial. It can
be viewed as a coarse graining consistency condition. This
will also be true in the linearized theory below where,
furthermore, [{ will correspond to an annihilated lattice
graviton.

4—1 move: While the four ~C% may be nontrivial in full
Regge calculus, we shall see that they are automatically
satisfied and diffeomorphism generators in the linearized
theory. The [{ are the lengths of the four edges adjacent to
the removed vertex v*, corresponding to lapse and shift.

The notion of propagation remains the same for Pachner
moves: variables at k+ 1 which are predictable under
momentum updating correspond to propagating degrees of
freedom on the evolving phase spaces.

A final observation: the general pre- and postconstraints
(4.8), (4.10) of the Pachner moves are associated to edges.
By contrast, the gauge symmetry of flat and linearized
Regge calculus corresponds to vertex displacements. We
shall now turn to the linearized theory and explore how the
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vertex displacement generators can be produced from the
edge pre- and postconstraints.

V. BIANCHI IDENTITIES AND VERTEX
DISPLACEMENT SYMMETRY

The contracted Bianchi identities, V¢G,, = 0, of con-
tinuum general relativity follow from the diffeomorphism
invariance of the Einstein-Hilbert action [56]. They con-
stitute four differential relations among the ten Einstein
field equations such that the latter are not fully independent
and the ten metric components cannot be uniquely
computed—given enough boundary or initial data.

The situation is somewhat similar for Regge calculus
[7,8,12,15,57-59]. In contrast to the continuum, however,
the contracted Bianchi identities are satisfied as geometrical
identities on rotation matrices rather than dynamical
variables [59,60] such that they generally do not render
the Regge equations of motion interdependent. The excep-
tion is the regime of small deficit angles (and sufficiently
“fat” simplices) where an approximate interdependence
among the equations of motion arises thanks to the
contracted Bianchi identities [15]. In fact, this interdepend-
ence becomes exact in the linearized theory on a flat
background triangulation. This is the origin of many of the
special dynamical features of linearized Regge calculus
which shall be discussed in the core of this manuscript.
For the sequel, it is therefore necessary to summarize the
relation between the contracted Bianchi identities, the
degeneracies of the Hessian of the flat background
Regge action and the vertex displacement gauge symmetry
of linearized Regge calculus as originally clarified in [12].

In a flat triangulation the bulk vertices can be freely
displaced within the flat embedding space without
affecting the (vanishing) deficit angles and thereby without
violating the Regge equations of motion (2.6). Such vertex
displacements in flat directions are thus gauge symmetries
of the Regge action on flat solutions [7,8,13,61-63].
Infinitesimally, for every vertex v, the corresponding length
changes 6/ of the adjacent edges are encoded in a set of

four vectors 6l5; = Y, (I = 1,...,4), where
B, E°
vy = —L. (5.1)
BB

Every edge e connected to v is associated to a 4D vector Ef
in the embedding space which points along the edge and

whose length coincides with the edge length. The 791
comprise a basis in the 4D flat embedding space corre-
sponding to four linearly independent displacement direc-
tions. Clearly, the components of Y¢, for edges e not
connected to v vanish.

On flat backgrounds, the Y¢, leave the deficit angles
(2.1) around bulk triangles ¢ invariant
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. Oe
L oe

=0 Vol,rut.
flat

(5.2)

Contracting with a factor 9A,/01¢ and summing over
triangles, yields

0A, Oe,
Ye — 7. =0 (5.3)
Iz;: al‘ 81 flat
Notice that ¢’ can also be a boundary edge.
On the other hand, thanks to the Schlifli identity (2.5),
the matrix of second partial derivatives of the Regge action
(2.2) on a flat triangulation, ¢, = 0, V ¢, reads

9*Sx A, Oe,
ol Zt: ale ol

, (5.4)

flat

where e, ¢’ are either both bulk edges or one of them is a
bulk and the other a boundary edge (if both edges were
boundary edges, this relation would not hold). Hence,
(5.3) shows that this matrix is degenerate with the vector
fields Y¢;, v C 7°, defining the degenerate directions.
Furthermore, (5.4) entails that the derivatives appearing
in (5.3) commute if both e, ¢’ are edges in the bulk 7 ° of the
triangulation. In particular, the Hessian of the Regge action
is given by the matrix of second partial derivatives with
respect to the bulk length variables, i.e.

S, A, de,

Hee’ = 7 == 7 10 ) /CT°7
17 D1 Zaze o ¢

(5.5)

flat

such that (5.3) implies that the Hessian is degenerate,
Y$H,y =0,vCT"

Next, in the linearized theory, the lengths [¢ = O)e +
£y° + O(€?) are expanded to linear order in an expansion
parameter . The previous equations imply that the linear-
ized Regge equations of motion are, in fact, linearly
dependent with four relations per vertex v,

0A, O¢,
”’Z ol ol

These equations constitute the linearized Bianchi identities
and can be independently derived from a first order
expansion of the approximate Bianchi identities [15,57,58]

Z BTG Te, = 0.

The linearized Bianchi identities (5.6) and the degeneracy
of the Hessian, Y¢,H,, = 0, are equivalent.

In conclusion, as a consequence of the vertex displace-
ment gauge symmetry, in linearized Regge calculus four
length variables per vertex cannot be determined from the
equations of motion. This symmetry is directly inherited

y¢ =0.
ﬂat

(5.6)

(5.7)
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FIG. 7. Evolution from X, to Z;. Glue a piece of triangulation
T s ONto X in order to complete the 4D star of v C ;.

from the flat background where, per bulk vertex, one
obtains a four-parameter set of flat solutions so that the
extremum of the action corresponding to flat solutions is
not an isolated one, but admits four constant directions.

VI. DEGENERACIES OF THE HESSIAN AND
THE LAGRANGIAN TWO-FORM

In the sequel we shall frequently employ (effective)
Hessian matrices and Lagrangian two-forms of flat Regge
triangulations since these matrices of second partial deriv-
atives of the Regge action evaluated on a flat background
solution define the linearized dynamics. (In the linearized
theory one expands the Regge action to quadratic order
around a flat solution with the linear terms being zero on
account of the background solution.) Consequently, we
wish to examine the properties of these matrices for Regge
calculus evaluated on a flat solution and their relation with
the vectors Y ,; further.

To this end, consider again the global evolution 0 — k
from Sec. IV. Pick a vertex v C X; and glue a piece 7 o of
flat triangulation onto X; such that this vertex » becomes
internal, i.e. such that the 4D star’ of v is completed and all
edges adjacent to v C X become bulk (see Fig. 7). We need
the contribution from this additional piece of triangulation,
in order to make use of the results of the previous Sec. V.
The particulars of 7 . are not important; what matters is
that » becomes internal.

Using this and the results of Sec. V, we show in
Appendix A that for a Hessian null vector Y,; at v,

. 0S8,

1 —

orow

k ye k yi e azsk
Queyul + 'Q‘ainI ==Yy 91¢o1a -
k=00

El

(6.1)

such that the relevant components of Y ,; also define a right
null vector of the Lagrangian two-form QF (4.2) at step k.
Furthermore, it is shown in Appendix A that the spatial
components of Y¢, associated to the edges e C X, define

“The star of a vertex is the collection of all subsimplices in the
triangulation which contain » as a subsimplex.
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also right null vectors of the effective Lagrangian two-form
QF (4.4,

- 9’8,
Qk ye, = —ye
aet vl "Lolols

=0, (6.2)

where (the 7, are a maximal set of linearly independent

&5
oLt oI
in order to factor our the null direction of the latter
matrix)

nondegenerate directions of which are necessary

e O0S,  PS, S,

Qf, = — =- :
“ T Bleols T DILOl T DI

><T‘A(T'Al 1-1 1-2 TA2/> TA/i,—a.
oL DI ol ol

(6.3)

In identical manner one shows that Y, likewise
defines a left null vector of the Lagrangian two-form
QK> at step k (and similarly of its ‘effective’ version),
where Qf** arises from the action contribution S,_
associated to the piece of future triangulation correspond-
ing to the forward evolution from X; to some X, , (see
also the discussion in [5]).

In Sec. V it was shown that the complete vectors Y,;
(including the components associated to all bulk edges
adjacent to v) are null vectors of the bare Hessian. In
Appendix A it is demonstrated that, similarly, the spatial
components Y¢; define degenerate directions of the effec-

tive Hessian H,,/,

Y Heo = 0, (64)
for which the lengths of all edges in the triangulation
between X and X, and in 7 . are integrated out except the
lengths [{ of the spatial edges in Z;.

In the remainder of this article we shall work with the
effective Hessian and Lagrangian two-forms of the Regge
action. The remaining dynamical variables /{ are associated
to the hypersurface X;—defining time step k—and thus
the relevant variables for the canonical formulation. The
matrices of second derivatives of the effective action will
define the linearized canonical dynamics.

VII. CANONICAL VARIABLES AND
CONSTRAINTS OF THE
LINEARIZED THEORY

The linearized theory of canonical Regge calculus is
given by an expansion of the canonical variables
I = O eyt + 0(e?), pk=Opktenk+0(?), to
linear order in some expansion parameter £ around a flat
background triangulation. (V7¢, (V) pk denote the canonical
variables of the flat background solution.
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Consider again the evolution 0 — k£ from an initial
triangulated hypersurface X to another hypersurface ;.
Using this expansion, it follows from the expressions
in (4.1) that the equations for the linearized pre- and
postmomenta now read'’

S PSS
+ k __ k a ki ke
e + 7 + / ’
e = o™ " aror " oot
S P, S
ok = — Sk ya g Tk Kl ),
P onoi”0 T arian 7t T arar
RS, . PS, . PS
Tmy = ¥ i £ye (7.1)

~ oo T arar’t  aisor

One can check that solving the equations of motion,
+7Ti-( = 0, for the bulk linearizations yj'( and inserting the
solutions into the other two equations yields

+k _ Atk L€ k \a
TTe = Nee/yk - Qaeyo’

70 = —Mga,ygl + Qﬁeyz. (7.2)
QF, denotes here and henceforth the effective Lagrangian
two-form (6.3) (for notational simplicity we drop the tilde
from now on) and the matrices N ’e‘e,, M(a)a, are given by

R TR R T <T"1 Sy ,-2)—1

« ool ool oLl A\ A g A
;028
A ou ol
ool alsoly ool A\ oo A
. 08,
ZIT, 73
A ort ol (7.3)
where, again, the 74 define a maximal linearly independent
set of nondegenerate directions of a?'z;];"z (see also
k 7Tk

Appendix A). We emphasize that N* , is not the effective
Hessian HY, (A6) of the action at step k, such that
generally Y¢,N*,#0. Instead, one would have
H];e’ = N];e’ + Mlge"

Contracting (7.2) with the right and left null vectors
R, L, of QF yields the post- and preconstraints

Ok = (R (b= Ny,

TC0 = (Lo)* (T + Mg ). (7.4)

1Orf 2oNZ; # 0, we count any edges contained in this overlap
simply to step k. That is, the corresponding linearized variables
are among the y¢, z%.
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which must vanish and which only depend on the canonical
variables from one time step. In particular, in Sec. VI we
saw that the spatial components Y¢; define (i) right null
vectors of the effective Lagrangian two-form QF at k,
(ii) left null vectors of the effective Lagrangian two-form
Q¥+ at k, and (iii) null vectors of the effective Hessian H.,,
at k. This is important because it was shown in [29] (see
also the discussion in [6]) that, in this case, the correspond-
ing constraints

Chy = (Ya)o (Pat = N,

€Y = (Yo)o,(“ml + MO8, (15)
are, in fact, (1) simultaneously pre- and postconstraints
(accordingly we drop the * indices), (2) genuine gauge
symmetry generators, (3) Abelian first class, "and (4) asso-
ciated to genuine gauge variables x};” 2 In Sec. XI, we shall
discuss these gauge degrees of freedom further and show
that these constraints are preserved by the linearized
dynamics.

The two sets of constraints (7.5), indeed, generate the
displacement of the vertices in X and X in flat directions
in the flat 4D embedding space: they lead precisely to the
corresponding infinitesimal lengths changes of the edges
e C X, or a C X, adjacent to the given vertex,

ol = {vt. C];1} = (Yu)or slg = {v§. C(@)J} = (Yo)5;-
(7.6)

The contraction with the vectors Y,; associates these
constraints invariably to vertices rather than edges.

For later purposes, let us now count how many linearly
independent gauge generators C’;, we have at step k. As
seen in Sec. V, there are exactly four vectors Y,; associated
to each vertex v in X; describing displacements of » in four
linearly independent flat directions. Accordingly, if there
are V vertices in X there are 4V such constraints C¥, at step
k. However, these are not all independent: there are 10
independent global translations and SO(4) rotations which
move the entire 3D hypersurface (and the underlying 4D
triangulation) in the flat 4D embedding space without
affecting the triangulation. Let E be the number of edges
in X;. That is, there exist AY' # 0, m = 1, ..., 10 such that

{y¢,AYICk,} = AYe, =0, e=1,...E. (7.7)
These ten conditions imply that rank(Y¢,) = 4V — 10 and,
therefore, that there rather exist 4V — 10 linearly indepen-
dent constraints Cﬁ ; which generate vertex displacements.

1;{Cf,1, ) = 0 follows directly from N*, =Nk .

In the classification of [29], these vectors and the corre-
sponding symmetry generating constraints are of type (1)(A).
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The (vertex displacement) gauge orbit at step k is therefore
(4V-10)-dimensional.

The explicit form of the constraints (7.5) in terms of
areas, angles and lengths is not relevant for this article
and will therefore not be exhibited here, however, has
been derived in [12] with the help of so-called “tent
moves.” It has also been shown in [12] that (a) the spatial
components Y¢,; are fully determined by the background
lengths of the edges in the 3D star of » in Zk,m and
(b) the contractions Y,;- N*¥ and Y,;- M° depend on
background variables from X; only. Accordingly, the
constraints in the first (second) set in (7.5) contain
linearized as well as background variables from step k
(step 0) only.

Finally, a few comments are in order about the
symplectic form which we are working with in the
linearized theory. Using the above expansion of
the variables, it can be obtained from an expansion of
the symplectic form of the full theory w* = di{Ad™ pk
to order &> around a flat background solution, where the
*x% are given in (7.2). Noting that the background
variables are fixed, this yields

Sk = dy¢nd*rk (7.8)
as the symplectic form of the linearized theory. On
account of the postconstraints in (7.4), dw* is degenerate
when restricted to the postconstraint surface.

The effective Lagrangian two-form of the linearized
theory can be obtained from dw* by pull back under the
effective discrete Legendre transforms [6] and similarly
reads (the exterior derivative d does not affect the flat
background variables)

2T

025
5Qk = — i al;g dygndy; = Qg dygady;.

(7.9)

The degeneracies of the Lagrangian two-form Q¥ (7.9) of
the linearized theory are, therefore, identical to the ones
from the background theory.

VIII. LATTICE GRAVITONS IN LINEARIZED
REGGE CALCULUS

After discussing the vertex displacement gauge sym-
metries of linearized Regge calculus, let us now identify
the propagating degrees of freedom. Presuming a close
link to the continuum and to simplify referring to them,
we wish to call the propagating lattice degrees of freedom
of linearized Regge calculus hereafter by the name
gravitons. However, we emphasize that their relation to
the continuum gravitons under a continuum limit is

PThe 3D star of v is the collection of all subsimplices in X; of
dimension 3 or less that share the vertex v.
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unclear at this stage and we shall also not investigate
this relation here.'* Nevertheless, we shall see shortly that
the lattice gravitons correspond to curvature degrees of
freedom—just like their continuum analogues—and, in
fact, provide a linear basis of the propagating lattice
degrees of freedom. The dynamics of these gravitons is
generated by the evolution moves with respect to the
background discrete time because there are no constraints
generating the dynamics—in contrast to the continuum
where the graviton dynamics is generated by a quadratic
global Hamiltonian. In this article we shall discuss the
canonical Pachner move generated dynamics.15

In the present section we shall first discuss invariance
under vertex displacement gauge symmetries. Being propa-
gating observables, we expect the gravitons to be invariant
under the action of the constraints C¥; generating the vertex
displacement gauge symmetry and, furthermore, to be
associated to curvature. Indeed, by (5.2) we know that
the deficit angles are invariant under the vertex displace-
ments in flat directions. Additionally, Barrett’s fundamental
theorem of linearized Regge calculus [9] shows (for
topologically trivial triangulated manifolds) that the set
of linearized edge length perturbations y¢ around a flat
background, modulo the subset of linearized length defor-
mations corresponding to vertex displacements in flat
directions, is equivalent to the set of linearized deficit

angles (obviously, Ve, = 0)

Se. — Oe,

— e 2
t gale ﬂaty +0(€ )’

(8.1)

satisfying the Bianchi identities. In other words, the
physical (i.e. dynamical) content of linearized Regge
calculus is encoded in the space of linearized deficit angles.
Accordingly, the lattice gravitons must be closely related to
these curvature variables. However, notice that a priori €,
depends on the lengths of all edges in staryp(?), the 4D star
of the bulk triangle 7 (i.e. the collection of simplices which
share ¢ as a subsimplex).

We therefore wish to translate such deficit angles into
canonical variables at step k which are invariant under the
gauge generators C¥,. To this end, consider a hypersurface
%, and a bulk triangle ¢ such that O(star,p(¢))NZ; # 0 and
the boundary of the 4D star of ¢ touches X, ‘tangentially’
(i.e., X; does not cut staryp(7) into two disconnected
pieces). Next, we integrate out all edges which are bulk
between X, and X;. Employing the equations of motion for
the internal edges,

“This relation is clearly nontrivial because the continuum
limit might be achieved via some coarse graining procedure
[16-21,64]. This will generically change the dynamical content
of the system.

“For tent moves it was shown in [12] that the ‘gravitons’
satisfy discrete second order evolution equations which, in some
rough analogy, can be taken as a lattice wave equation.
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S S,
oric” " altar”"

aZSk i

— V) + =0, 8.2
RICIR Yk (8.2)
and making use of (8.1), one finds the corresponding
linearized effective deficit angle

5 0, , &

€, _g(a_l,{yk+6_l(‘§y°> +0(g2), (8.3)
where in analogy to (7.3),
0 _ OO, (Tj; S g,)_ng,ﬂ,
ol — ol ol ol ol oIl
0 e (g TSy S
olg — olg Il oL oI oL ol

(8.4)

Starting from (5.2), and in precise analogy to (A4), it is
straightforward to convince oneself that also the effective
deficit angles are invariant under the spatial null vectors
Yo Yor

e,

. 0¢

e T — O, _— = O 85
vl 8li vl 618 ( )
Defining
e
fi= Lye 8.6
Yk ol Vi (8.6)
it is clear that
P
LCh Y=Y, 5= 0 Yol (8.7)
ol

Hence, those contributions y/ of the linearized effective
deficit angles (8.3) which depend on data in X; con-
stitute nontrivial configuration variables at step k that
are invariant under the action of all gauge generators
C,. These y! admit a geometric interpretation as
curvature degrees of freedom and are nonlocal quantities
in that they involve effective expressions obtained after
integrating out internal degrees of freedom. We shall see
in the sequel that these y} are generally propagating
degrees of freedom. Accordingly, we wish to call the y},
gravitons.

IX. COUNTING GRAVITONS VIA
PACHNER MOVES

Prior to constructing the momenta conjugate to the
gravitons and analysing their propagation under the
Pachner evolution moves, let us count and check whether
the yj actually provide a complete set of propagating
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degrees of freedom. We just verified in Sec. VII that there
are 4V — 10 linearly independent vertex displacement
gauge generators C¥; at step k. Hence, if there are E edges
in X;, we should find E —4V 4 10 independent such y;
configuration gravitons, i.e. 2(E —4V + 10) phase space
graviton degrees of freedom at k. We shall show momen-
tarily that this is, indeed, the case for closed Z;.

Before we do this, a few important comments are
necessary to prevent confusion: first of all, as explained
in [6,29] and summarized in Sec. IV, the notion of a
propagating degree of freedom in the discrete requires two
time steps, say, O and k, between which the degree of
freedom can propagate. In the case of evolving phase
spaces, as necessary for the discretization changing
Pachner move dynamics, this strongly depends on these
two time steps. The number of phase space degrees of
freedom propagating from X, to X, reads in the present
case [6,29]

No_x = 2E — 2#(preconstraints at 0)
= 2F — 2#(postconstraints at k)
= 2E — 2(4V — 10) — 2#(postconstraints *C*
at k with TCk+#£Ck).

On the other hand, the number 2(E — 4V + 10) at k is
clearly independent of X,. Consequently, the number of
2(E — 4V + 10) gravitons which we are counting at step k
does not necessarily coincide with the gravitons that
actually propagated from X, to X, or, likewise, that
propagate from X; to some %, . In particular, the number
of postconstraints (or preconstraints) at step k differing
from the gauge generators C’; ; depends, in general, strongly
on %, (or X, ) thanks to the coarse graining or refining
discussed in Sec. IV. Hence, the number of gravitons
among the 2(E —4V + 10) independent ones at k that
actually propagated from X, to X, is generically smaller
than 2(E —4V + 10) (and likewise for propagation from
2‘k to 2k+x)-

As a result, it is more appropriate to view these
2(E — 4V + 10) phase space graviton degrees of freedom
rather as gauge invariant potentially propagating degrees of
freedom; it depends strongly on initial and final hyper-
surfaces whether these gravitons from hypersurface X,
actually propagate. But if there are propagating degrees
of freedom, they will be contained in this set of gravitons.
We shall come back to this below.

The appearance of nondynamical, yet gauge invariant
degrees of freedom in linearized Regge calculus has been
exhibited before [7,8]. Given that these variables are also
linearized deficit angles, they will be contained in the set of
nonpropagating gravitons discussed here. Their appearance
can be related to the fact that a generic vertex carries more
edges than the number of degrees of freedom contained in a
4D metric and is thus not related to coarse graining or
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refining dynamics.16 On the other hand, the set of non-
propagating gravitons studied here can also contain linear-
ized deficit angles which do not propagate as a consequence
of the appearance of coarse graining or refining constraints,
as discussed in Sec. IV, and is therefore more general.
Let us now return to our attempt to count and show that
the gravitons y;, indeed, form a complete set of gauge

invariant degrees of freedom. Viewing (%) as an E x N,
k

matrix, where N, is the total number of bulk triangles ¢

whose O(staryp(#)) touches X, tangentially, the first con-

dition in (8.5) implies

rank % < E-4V +10.
oly,

(9.1)
Let us show that N, > E — 4V + 10 and subsequently that
the upper bound in (9.1) is saturated. From this it follows
that the y} (8.6) constitute a complete set.

It is convenient to count the variables by means of the
Pachner evolution moves. To this end, we recall the proper-
ties of the four Pachner moves from Sec. III and, in
particular, that the deficit angle around the new bulk triangle
generated by means of a 2—3 Pachner move is an a priori free
variable. All deficit angles resulting from the 2—3 moves are
thus a priori independent. Denoting by E,; the number of
edges in X; produced by 2-3 moves, it is, therefore,
sufficient to show E,3; > E — 4V 4 10, which we shall do
momentarily. The total number N, is, of course, generically
much larger than E,; as a consequence of the 3-2 and 4-1
moves. However, the linearized deficit angles generated
during the latter two moves are generally linearly dependent
on the deficit angles from the 2-3 moves because there are
no new edges introduced in these two types of moves. We
will discuss this in more detail in Sec. XI below when
studying the linearized Pachner moves. For simplicity, let us
assume 2;NX, = 0 and that the hypersurfaces are closed.

Proposition 9.1. For any closed triangulated 3D hyper-
surface X; with £,NZ, = 0 it holds

Eyy > E—4V + 10. (9.2)
Proof. Let 2 be a closed connected hypersurface such that
XoNZ; = 0. Denote by E;4 the number of edges in X,
produced through 1-4 moves. It holds E = E 4 + E»3 (the
3-2 and 4-1 moves do not introduce new edges). Given that

"°In fact, the equations of motion of the redundant gravitons
studied in [7,8] are relations between only configuration variables
of a fixed time step [7,8] and thus holonomic constraints. Within
the classification of [29] these redundant gravitons are degrees of
freedom of type (1)(B), corresponding to vectors which define
null modes of the Lagrangian two-forms, however, not of the
Hessian matrix. Such a mode as type (1)(B) is nonpropagating
and associated to a pair of pre—and postconstraints which are not
symmetry generators and neither coarse graining nor refining
conditions.
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%, is closed and ZyNZ; = 0, there must exist some closed
hypersurface Z,,, (it could be X;), which does not intersect
X, but whose vertices are connected to the vertices of ;. A
sequence of Pachner moves can be glued onto X, to
produce X;. Since the minimum number of vertices in a
closed 3D triangulation is five (the boundary of a 4-simplex),
we must glue at least five 1-4 Pachner moves in order to
introduce the vertices of X;. The first of these 1-4 moves
must be glued to one tetrahedron with all four of its vertices
in X, since no other types of Pachner moves placed on X,
introduce new vertices. The second of the 1-4 moves must
be glued to a tetrahedron with at least three vertices in X,
(the fourth one could be the new one from the previous 14
move). Likewise, the third of the 1-4 moves must be glued to
a tetrahedron with at least two vertices in Z,,, and the fourth
of the 1-4 moves must be glued on a tetrahedron with at
least one vertex in X,,.. Consequently, there are at least
44+34+2+1=10 edges generated during 1-4 moves,
connecting the vertices of X, with those of Z,,,. But these
edges must be internal because X, does not intersect with
2. Hence, we conclude that necessarily

E,, <4V —10.

In conjunction with E = E4 + E,;, we thus obtain the
desired result. tl

Notice that each of the E,; edges in X; from a 2-3 move
is associated to a bulk triangle ¢ with O(staryp (¢))NZ; # 0.
That is, we indeed have N, > E — 4V + 10.

This is sufficient to argue that the bound in (9.1) is
saturated for the following reason: if it was not saturated,
there must exist a number larger than 4V — 10 of nontrivial

vectors V¢ such that V¢ gj’) =0,t=1,...,N,. Any such
k

Ve [by (8.3)] defines a transformation in a flat direction.

However, the displacements of the vertices in the triangu-

lation already account for all possible transformations in

flat directions. In conclusion, there exist precisely 4V — 10
N, > E —4V + 10, the bound in (9.1) must be saturated.

That is, among the N, gravitons y}, in (8.6) we can always
choose exactly E —4V 4 10 linearly independent ones
which we henceforth denote by y{, a=1,....E—
4V 4+ 10. In general, the linearized effective deficit angles
therefore provide an over-complete set of gauge invariant
gravitons at step k.

There is a sequence of theorems by Walkup [65] con-
cerning characteristic lower bounds for numbers of sub-
simplices involved in triangulated 3-manifolds which, in our
case, ensures that the number of gravitons cannot be negative
and which can be summarized in the following form [66]:

Theorem 9.1. (Walkup [65]) For any combinatorial
3-manifold the inequality £ —4V + 10 >0 holds with
equality if and only if it is a stacked sphere.

nontrivial null vectors of the E x N, matrix (57) and since
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A “stacked 3-sphere” is a triangulation of the 3—sphere
which can be obtained by performing a sequence of 1-4
Pachner moves on the 3D boundary surface of a single
4-simplex. It is not surprising that in this case the total
number of gravitons must be zero, since the 1-4 moves
only generate further boundary data, but do not introduce
any internal triangles and thus also no curvature.

Note, however, that the configuration of a stacked sphere
can also be obtained as the 3D boundary surface of a 4D
triangulation involving internal triangles and edges.
Nevertheless, any triangulation whose boundary configu-
ration corresponds to a stacked sphere possesses flat
solutions independently of the existence of internal trian-
gles. The reason is that the boundary data of a stacked
sphere arising from a single simplex and only 1-4 Pachner
moves can be freely chosen (modulo generalized triangle
inequalities) without changing flatness. In particular, it
can be chosen to coincide with the boundary data of any
triangulation whose boundary corresponds to a stacked
sphere (of the same connectivity), yet which possesses
internal edges and triangles.17 Any stacked sphere con-
figuration (involving internal triangles or not) is fully
constrained in the canonical formalism with as many
constraints as edges in the boundary (see also [5]).
Example 9.1. Consider a single 4-simplex and perform
five 1-4 gluing moves on the five tetrahedra of the
boundary. Subsequently, carry out five further 4-1, ten
2-3 and ten 3-2 Pachner moves, in order to obtain a new
3D boundary which does not intersect with the boundary of
the original 4-simplex. This is always possible. Thus, the
10 edges connecting the five new vertices in this surface all
resulted from the ten 2-3 Pachner moves (the 3-2 and 4-1
moves do not introduce new edges). However, the new
boundary configuration is identical to the one of a single
4-simplex and is, therefore, a stacked sphere with
E — 4V + 10 = 0 gravitons, despite the fact that all edges
are associated to internal triangles. This is only possible if
all contributions from the linearized deficit angles around
the internal triangles vanish. Indeed, both % and Y¢,; are
10 x 10 matrices, where the latter is nondegenerate due to
the presence of ten linearly independent directions for
displacing the five vertices in 4D flat space. Hence, (8.5)
implies ‘(’)j“ = 0 such that this configuration is devoid of
gravitons. Clearly, the present configuration is a fully
constrained one with 10 linearly independent vertex dis-
placement generators C,; and 10 edges in the boundary.

We stress that this example does not imply that
every spherical triangulation or every fully constrained

"In fact, there may exist special curved solutions as well for
boundary data otherwise admitting flatness. However, in contrast
to the flat solutions, these curved solutions are isolated in that
there exists no continuous symmetry of the solutions and rather
seem to constitute a discretization artifact [13]. We shall ignore
here such special isolated solutions.
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configuration is flat and devoid of gravitons. For instance,
the fact that the phase space at a given time step in the
evolution is fully constrained reflects the fact that no
degrees of freedom propagate through that time step but
it does not necessarily imply that no degrees of freedom
propagate away from this step in only either future or past
direction. This subtle issue has been thoroughly discussed
in [6,29]—also in the context of a discrete version of the
no-boundary proposal—and we shall not repeat it here. It
roots in the fact that in the discrete one always has to
specify two time steps in order to discuss propagation and
different pairs of time steps on a temporally varying
discretization may yield different numbers of propagating
degrees of freedom between them.

The example 9.1 of a stacked sphere (with internal
edges) shows that it is possible that £ = E,;. Hence, in
combination with Walkup’s theorem 9.1, we have shown
the following:

Theorem 9.2. For any closed 3D hypersurface %, with
2 NZy = 0 the sequence of inequalities

E>Epx>E—-4V410>0 (9.3)

holds with equality in the last relation if and only if it is a
stacked sphere.

From the considerations thus far, we can already predict
the role played by each of the Pachner moves in the
generation and annihilation of gravitons and gauge degrees
of freedom on the (nonextended) evolving phase spaces. At
the configuration space level, the number of gravitons at k
is E — 4V + 10, while it follows from the analysis in [6,29]
that to each of the 4V — 10 independent vectors Y ,; there is
associated one gauge degree of freedom (we shall exhibit
these gauge variables more explicitly below in Sec. X).
Denote the changes in the number of edges and vertices
when going from X; to X;,; by means of any of the
Pachner moves by AE and AV, respectively. Compute the
net changes in the numbers of ‘gravitons” as AN, = AE —
4AYV and the net changes in the numbers of gauge variables
via AN, =4AV. Using the geometric properties of the
Pachner moves exhibited in Sec. III, we conclude the
following:

1-4 Pachner move: generates 4 new gauge modes:
AV =+1, AE=+4 = AN, =0 and AN, = +4

2-3 Pachner move: generates 1 new graviton: AV =0,
AE=+1 = AN, =+1 and AN, =0

3-2 Pachner move: annihilates 1 old graviton: AV =0,
AE=-1= AN, =-1and AN, =0

4—1 Pachner move: annihilates 4 old gauge modes:
AV =-1,AE=-4= AN, =0and AN, = —4

We emphasize, again, that the gravitons at each step k are
invariant under the vertex displacement gauge symmetry
but only potentially propagate from or to X;. For instance,
the fact that the
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2-3 move evolving X, to X, | generates a graviton is to be
understood in the following sense: the new graviton of the
2-3 move is an a priori free variable at k + 1 that cannot be
predicted by the data at k. It, therefore, does not propagate
to X, . However, it may propagate from X, | onwards to
some X, ., x > 1, depending on the particulars of the
future triangulation.

3-2 move from X to X, ; annihilates a graviton means that
the number of (configuration) degrees of freedom poten-
tially propagating to or from X is decreased by one as
compared to X;. The removed graviton is a posteriori free
at k. Whether it actually propagated to X, depends on the
past triangulation.

We shall discuss these linearized Pachner move dynamics
further in canonical language in Sec. XI.

X. DISENTANGLING GAUGE AND GRAVITON
PHASE SPACE VARIABLES

It is convenient to perform linear canonical transforma-
tions on the linearized pairs (y;, z¥) in order to disentangle
the gauge from the graviton degrees of freedom. We shall
follow here the more general procedure developed in [29]
for arbitrary quadratic discrete actions. While in the general
case one can distinguish among eight different types of
degrees of freedom, it suffices for our purposes to only
distinguish between the two broad types given by the
gravitons as defined above and the gauge variables con-
jugate to the constraints. (It is the gravitons for which
one could distinguish further cases, according to whether
they actually propagate to or from X, or both or not at
all [29].)

We proceed as follows: choose 4V — 10 linearly inde-
pendent displacement vectors (Y;)¢,, vl =1,...,4V —10
(henceforth we include a time step label k) and E — 4V +
10 linearly independent {91:’ a=1,....E—4V +10. We

construct an invertible transformation matrix (7 )¢, where
the index set I" runs over both v/ and «, by first setting

(Tk)le - (Yk)fu (10-1)
and
oe*
\a
T =5 (10.2)

Clearly, (T;)¢,(T;')% = 0. Next, we choose E — 4V + 10
linearly independent (7' )¢ such that

(T = ol (103)
Certainly, these conditions do not uniquely determine the
matrix (T;)%. However, any choice satisfying the above

conditions is sufficient for our purposes. Assume, therefore,
that such a choice has been made at step k.
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Notice that each such (7} ), defines a variation of the
edge lengths in X; such that only a single (independent)
‘effective’ deficit angle is changed, since by construction

(Tk)ggl;f = &). That is, in contrast to the 4V — 10 (Y}),,
k

which leave the geometry invariant, the E — 4V + 10 (T}),
actually define geometry changing directions. As a conse-
quence, these (T), will generically not define degenerate
directions of (effective) Hessians such as (5.4). 18 We,
therefore, choose to label the nondegenerate directions
of the Hessian by a. We shall see that the (7;), may still
define degenerate directions of the Lagrangian two-forms.

Using this transformation matrix (7)f, we perform a
linear canonical transformation [29]

e=1,....E.
(10.4)

e = (Te)eve.  pr = (Te)ixt,

(For notational simplicity and assuming momentum match-
ing, we henceforth drop the *, = at the momenta.) In
particular, we now have the £ — 4V + 10 gravitons,

0e”

ye= (T = o Vi
k

However, their conjugate momenta pX thus defined are
generally not invariant under the vertex displacement gauge
symmetry generated by (7.5) because

C’éf} = —(Tk

may generally not vanish. As in [29], it is thus useful to
perform a second linear canonical transformation.

Beforehand, let us simplify the notation for the sequel
and define the following transformed matrices

{rt. VN (Ye)or (10.5)

aﬂ = (To)5 Q% (Ty)5,
= (TW)eNE (T
NEp = (TSN (Y4,
Nip ¢ (Yk)uNee (Yoo (10.6)

where QF,, N¥ , are given in (7.2), (7.3).

To cleanly disentangle the gauge from the graviton
variables, we carry out a second canonical transformation.
Obviously, there exist many possible choices for such
transformations. We choose one which leaves the configu-
ration data y” y¢ invariant,

BWe cannot preclude, in general, that there exist geometry
changing directions (7' ), which, nevertheless, are null vectors of
the Hessian, (T;)¢H,, =0, and leave the Regge action (ex-
panded to second order around the flat background) invariant.
The accompanying transformation would need to generate
geometry changes that lead to variations of the action which
cancel each other; this could only occur in special situations.
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k k. e k _ nkoya
Pyr 7 Ty = <Yk)vl7[€ Nvlayk'

k k . k k I
Pa = %y = (Tk)s/fe - Navlyllc) .

i =il
i =V (10.7)
It is straightforward to check that this defines a canonical
transformation with new canonical pairs (y{’,z%,) and
(y¢,7%). In particular, the vertex displacement generators
(7.5) now appear in a form devoid of graviton variables
Chy = my = Ny v (10.8)

The y¥!, therefore, constitute the 4V — 10 gauge variables
conjugate to the constraints. We may interpret them as
four linearized lapse and shift variables associated to each
vertex in X. Their conjugate momenta z¥, are constrained
by (10.8). Furthermore, we have

DRCY =0 {mh.Ch) =0,
such that (y¢, #%) form E —4V + 10 canonical graviton
pairs which are invariant under the vertex displacement
symmetry of linearized Regge calculus.

It is desirable to have a proper geometric interpretation
of the graviton momenta zX. For example, in linearized
continuum general relativity, the gauge invariant momenta
conjugate to the graviton variables are related to the extrinsic
curvature. In the present discrete formulation it is a bit more
difficult to give a precise geometric interpretation in terms of
extrinsic geometry, in part because (1) clearly the % are not
unique once the gravitons y{ are chosen, and (2) the matrices
(T,)¢ and N¥ , cloud the information about the background
geometry. For the time being, we leave the geometric
interpretation of the graviton momenta as an open problem
and content ourselves with the observation that the 7% are
generators of geometry (i.e. linearized deficit angle) chang-
ing transformations {y{, 7} = &

Let us now study their dynamics as generated by the
Pachner moves.

XI. PACHNER MOVES IN 4D LINEARIZED
REGGE CALCULUS

The Pachner moves locally evolve the spatial hypersurface
% forward in discrete time. When integrating out any new
internal edges produced by these local evolution moves, the
sequence of Pachner moves k - k+ 1, k+1 - k+2,...
is equivalent to the sequence of global evolution moves
00—k O—->k+1, 0> k+2,... In other words, the
Pachner moves update the global evolution moves and
one implicitly considers the propagation of data from X,
onto the evolving hypersurface X;. Since the number of
gravitons propagating from X, to X, cannot increase with
growing k, the rank of the symplectic form on the evolving
slice can only remain constant or decrease. Indeed, theorem
4.1 in [6] shows for full nonperturbative Regge calculus that
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the 1-4 and 2-3 Pachner moves preserve the symplectic
form restricted to the postconstraint surfaces, whereas the
3-2 and 4-1 moves can reduce the rank of the symplectic
form restricted to the postconstraint surface (depending on
the specifics of the Regge triangulation).

In Sec. IX we have already revealed the general role
assumed by each of the Pachner moves in the evolution. We
shall study these roles now in detail. In particular, we shall
see that the 1-4 moves generate the vertex displacement
gauge generators (7.5) and gauge variables x,’é’ at each
vertex which then are preserved by all Pachner moves until
a 4—-1 move renders the corresponding vertex internal and
trivializes the associated constraints. The preservation of
the four constraints per vertex in each hypersurface has to
be expected as we will always work on solutions which
inherit the gauge symmetry of the background. In fact, it
directly follows from the general theorem 4.1 in [6].
Nevertheless, we shall use it as an important consistency
check of the formalism. In addition, the 2-3 moves
generate gravitons, while the 3-2 moves annihilate them.
As the Pachner moves constitute an elementary and ergodic
set of evolution moves from which all other (topology
preserving) evolution moves can be constructed, the end
product of the present section will be a completely general
account of the linearized (canonical) dynamics of Regge
calculus in 4D. For better readability we shall move
technical details to Appendix B.

The decomposition of the canonical transformation
matrix (7;)¢ of Sec. X changes on solutions to equations
of motion because, in particular, the coarse graining or
lattice shrinking evolution moves change the dynamical
content of the system [29]. After all, the classification of
degrees of freedom is spacetime region dependent for
temporally varying discretizations. It will therefore not
come as a great surprise that we will not only have to extend
or reduce, but also transform this matrix along the way of
the Pachner evolution—after all, each X is equipped with a
different set of degrees of freedom. Specifically, a non-
trivial transformation of (7;)f will happen during the 3-2
moves which provide the only nontrivial equations of
motion of the linearized theory.

Finally, as regards notation: we continue to label all
edges in 2;NX; .| by e, while, newly introduced edges are
indexed by n and old edges which are rendered internal are
labeled by o. The linearized Pachner moves involve second
derivatives of the action S, of the newly glued 4-simplex o.
To simplify the notation in the sequel, we define:

9*S
SO, = z
« Lol
S5 = (T1)eS, (TY)
Seur = (T)eS (Y4,
Sty = (Yk)ilsge’(yk)f;r

R}
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A. The linearized 1-4 Pachner move

A 1-4 Pachner move performed on X, yields four new
edges labeled by n, a new vertex v* C X;,,; and the
corresponding four new lapse and shift gauge variables
enumerated by »*I, but does not introduce new bulk
triangles (see Fig. 4). The momentum updating (4.7),
(4.8) reads in linearized form
Yo =Ye  ml=

7k =0,

=7k + A ,yk+1 + S0 Vi1

m = SZn’ykJrl + Sheis1- (11.1)
There are no linearized equations of motion involved in this
move. Notice that the very last equation constitutes four
postconstraints, one for each edge n.

Since y; , = y¢ and clearly y{, , = y{ (the previous
deficit angles do not change under the addition of a new
boundary simplex), we would also like to maintain the
same linearized lapse and shift for the old vertices, y;’ | =
yZ’ (y¢, are not needed in order to determine the embed-
ding of the old vertices).

In Appendix B 1, using a suitable extension at step k + 1
of the transformation matrix (7)f, we show:

(1) The vertex displacement generators of all already

existing v C XN, are preserved under (11.1) as

ko k kowd
Co=my =Ny =0 =
k+l _ k+1 k+1 o

Cr =Ny Vi =0

where v now includes both » and the new »*.

(i1) Similarly, the four new postconstraints in the last
equation of (11.1) become, upon contraction with
the new Y, the vertex displacement generators of
the new vertex v* C X, . The latter read

Okl = )

-5 nJyk+1 (11.2)

and are conjugate to the four new lapse and shift
gauge degrees of freedom yk +l associated to v*.

(iii) No new gravitons are produced. The momenta of the
existing gravitons evolve under (11.1) as

kbt =7k + Saﬁyﬁ

These are generally proper evolution equations and
will be called “graviton momentum updating.”
As before, the sets (ka, 75 and (y¢ .7kt are
canonically conjugate pairs of gauge variables and gauge
invariant graviton degrees of freedom, respectively.

B. The linearized 2-3 Pachner move

Performing a 2-3 Pachner move on X; introduces one
new edge labeled by n and a new a priori free deficit angle
€” (see Fig. 5). The linearized momentum updating (4.7),
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(4.8) corresponding to the 2-3 move is in shape identical to
(11.1)—with the sole difference that n now labels only one
new edge. Accordingly, no linearized equation of motion
arises (no new internal edge is created) and there is now one
postconstraint labeled by n. Again, y; | = yi, yi | = ¢
and we also choose to keep yi’, = yi'.
We show in Appendix B 2, using a suitable extension of
the transformation matrix (7)¢, that
(i) The vertex displacement generators of all » C
2 NZy . are preserved under the 2—3 Pachner move

Chy=ak, =Nk o =0 =

k+1 k+1 k+1
C =Ty NLIwak-H =0.

(11.3)

(i) The momenta of the old gravitons evolve according
to the graviton momentum updating,

under the 2-3 move, where a now runs over the old
gravitons a and the new a*.

(iii) The momentum conjugate to the newly generated
graviton y¢' | reads

il =8 ﬂka (11.4)

This is the postconstraint of the 2-3 move of the
linearized theory and a consequence of the vector
(Tiy1), being a right null vector of the effective
Lagrangian two-form Q! at step k + 1.

In contrast to the four new postconstraints (11.2)
produced during the 1-4 Pachner move which are gen-
erators of the vertex displacement gauge symmetry and
only contain gauge variables and their conjugate momenta,
the single postconstraint (11.4) of the 2-3 move constrains
the momentum of the new graviton and generically does
not constitute a gauge generator. It manifests the fact that
the new graviton y‘,ﬁll is an a priori free variable that cannot
be predicted by the data on X, (or X)), i.e. that this graviton
nyF | did not propagate from X (or Z) to X, ;. However, if
¥{,, does not turn out to be also a posteriori free, it may
propagate from X;,; onwards in an evolution k+ 1 —
k + x specified by initial data at k + 1 (see also Sec. IX).
The postconstraint (11.4) can be interpreted as a refinement
consistency condition which ensures that the fewer data of
the coarser hypersurface X, can be consistently embedded
in the larger phase space of the finer X, ;.

Finally, we note that (y;’ .z =, (yk+1,7r'f+1), again,
define canonically conjugate pairs of gauge and graviton
variables, respectively; all (yz 1 ﬂ’offl), a = a, a*, Poisson
commute with the vertex displacement gauge symmetry
generators (11.3).
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C. The linearized 3—2 Pachner move

A 3-2 Pachner move renders an old edge labeled by o
internal (see Fig. 5) and, as we shall see shortly, removes a
graviton which we label by a* (the 3-2 move does not
affect the number of vertices). This move causes quite a bit
more trouble. The momentum updating (4.9), (4.10) of the
3-2 move reads as follows in linearized form:

_ k — k+1 !
y]ech] _yi e = TTe _Sge/yli _S(e)—oyz’
k+1 k _ !
T, - O» Ty = _SZO’y;() - Sgeyi (115)

The very last equation constitutes the linearized precon-
straint of the 3—2 Pachner move. Using (7.2) and (7.3) for
7k, we can write it as the equation of motion of the new
internal edge labeled by o,

(Nbo + S50)37 + (Nbe + S20)yf = Qboyg = 0. (11.6)

In Appendix B 3 it is shown that this equation of motion
can be written entirely in terms of gravitons
(Nb g 4S5, )E 4 (Nog + o)y + oy = 0. (11.7)
(v} is a graviton on X,.) This preconstraint of the 3-2 Pachner
move yields the only nontrivial equation of motion for
linearized Regge calculus (the linearized equations of motion
of the 4—1 move below are automatically satisfied). Being a
preconstraint, it can lead to the following situations'’:

(a) Itisindependent of the postconstraints at k and does not
fix any of the a priori free data at k. That is, it is first
class and restricts the space of solutions (space of initial
data) leading to ¥;.”° The preconstraint prevents one
(configuration) graviton that propagated to X, from
propagating further to %, ,;. This can be seen from
(11.7) which cannot contain any a priori free ‘graviton’
in this case (otherwise it would become fixed) and thus
‘annihilates’ one independent propagating graviton at k
by linear dependence with the others.

(b) It is independent of the postconstraints but fixes one
a priori free datum via (11.7) which thus must be an
a priori free graviton. In this case, the preconstraint
will be second class®’ and nor prevent an actually
propagating ‘graviton’ from propagating further to
2,1 because only an a priori free graviton that did not

PIt is difficult to preclude that a third situation may occur in
which the preconstraint is dependent on the postconstraints and
thus automatically satisfied. However, in this case, the constraint
would be a gauge generator [29] despite only involving curvature
degrees of freedom. This case is not plausible and we shall
therefore assume it not to occur.

In this case the 3—2 move reduces the rank of the symplectic
form restricted to the postconstraint surface by two in the
evolution from k to kK + 1 [6].

Accordingly, it cannot further reduce the rank of the
symplectic form restricted to the postconstraint surface [6].
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propagate to X, gets fixed. (Recall that the set of
E —4V + 10 potentially propagating ‘gravitons’ at
each step may contain a priori free modes.)

In both cases, the equation of motion (11.7) will require a
nontrivial transformation of the matrix when going from
(Ty) to (Ty,) as shown in Appendix B 3. We may choose
yf to be the graviton that either gets annihilated as in (a) or
fixed as in (b). This change of canonical transformation
matrix at k + 1 entails a shift in the remaining lapse and
shift and graviton variables

I 1 Yol 1 R .
Vir1 = (Tk+1)1e Vit F Vi Vsl = (Tk+1)gy;c+l # Vi

despite y; , = yi. From step k+ 1 onwards we will
employ y{,, and y}jfrl as ‘graviton’ and gauge variables,
respectively. As mentioned earlier, this does not come as a
great surprise because the 3—2 move can be considered as a
coarse graining or lattice shrinking move which changes
the dynamical content of the system at a given time step.
The preconstraint (11.7) may be interpreted as a coarse
graining consistency condition, ensuring that the larger
amount of dynamical data on the finer £, can be mapped to
the smaller phase space of the coarser X, thereby
reducing the amount of dynamical data at k -+ 1.
Ultimately, on each hypersurface X, we consider a different
set of degrees of freedom: at step k + 1 we now consider
the propagation 0 — k + 1 and no longer 0 — k.

The necessity for the shift in the graviton modes may
also be directly seen from (8.3) which gives the linearized
effective deficit angles: the gravitons y, were only those
contributions from these effective deficit angles that depend
on the data at step k. When some of these data, in this case
y7, becomes internal, the corresponding equation of motion

shifts part of the contribution to y; from g—i{; vy to g—ia;yg

and g—;ki vi. That is, after y{ has been integrated out, the
contribution from the data in X, to the effective deficit
angles has shifted and, accordingly, the graviton modes
become shifted too. On the other hand, it is also clear that
the contributions of the various edges to the y*/, i.e. the
(T~")¥!, must be transferred to different edges in the course
of the Pachner move evolution since all edges which
initially determined the embedding of the vertex (e.g. after
a 1-4 move) may become internal before the vertex itself is
rendered internal. It is therefore neither surprising that also
the gauge modes—corresponding to the embedding coor-
dinates of the vertices—experience a shift.
Furthermore, using the transformed (7, ) at k + 1, it is
demonstrated in Appendix B 3 that
(i) The vertex displacement generators of all v C
2 NZy . are preserved under the 3—2 Pachner move

k _ _k k J _
Cvli vI_NIwa]l;V =0 =

.

k+1 __k+1 k1wl
Co =my —Nypyiin =0
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(i) The preconstraint of the 3-2 move trivializes into
the momentum conjugate to the annihilated or fixed
graviton

ﬂkfl =0.

(iii) On account of the change in the transformation
matrix when going from k to k£ + 1 one cannot write
the graviton momentum updating in the simple form
as for the 14 and 2-3 moves. The equations taking
its place are not illuminating and will not be
reproduced here. Instead, the remaining graviton
momenta can also be written as

mgt! = Ni;1 k+1 _Q]rc;rlyo
That is, through the nontrivial equations of motion
of the 3-2 move, the graviton momenta generally
depend on the initial data—in contrast to the
momenta conjugate to the gauge modes which are
just constrained.

Similarly to before also the shifted variables
S 7571) and (¥%, . 7&"1) yield a canonically conjugate
set of gauge and graviton degrees of freedom for step k + 1.

Finally, one may wonder whether the three new bulk
triangles generated during the 3-2 move yield any new
gravitons. Indeed, these lead to new linearized effective
deficit angles (8.6) and therefore to gravitons. However,
these are linearly dependent on the ones already present at
step k: it follows from Sec. IX that the rank of the matrix

L2 is (E— 1) — 4V + 10 after the 3-2 move because the
k+1

number of vertices did not change. Since we had E — 4V +
10 independent such gravitons at step k and there is only
one nontrivial preconstraint (11.7) in the move, the old set
of gravitons is simply reduced to precisely a set of
(E — 1) —4V + 10 independent ones at k + 1.

D. The linearized 4-1 Pachner move

A 4-1 Pachner move pushes an old vertex, labeled by »*,
and four old edges adjacent to it, indexed by o, into the bulk
of the triangulation (see Fig. 4). The momentum updating
(4.9), (4.10) of the 4—1 move in linearized form coincides in
shape with (11.5) of the 3-2 move, with the sole difference
that o in this case actually labels four new internal edges
and that, accordingly, there are now four preconstraints. In
particular, rewritten as the four linearized equations of
motion of the new bulk edges, they read

( ()() + SD- )

(){)

o=1,...,4.

(Nﬁe + SZc’)yli - QZ()y(a) = 07

(11.8)
As shown in Appendix B 4 all coefficients in (11.8) vanish

identically such that the equations of motion of the 4-1
move, in contrast to the one from the 3-2 move, are trivially

PHYSICAL REVIEW D 91, 124034 (2015)

satisfied. The four preconstraints of the 4-1 move coincide
with the four postconstraints at the four-valent vertex v*.
This does not come as a great surprise because, as we
already anticipated in Sec. VII, the vertex displacement
generators are constraints which are simultaneously pre-
and postconstraints. As an aside, from the discussion in [6]
it then follows that, thanks to this property, the 4—1 Pachner
move of the linearized theory preserves and does not reduce
the rank of the symplectic form (7.8) restricted to the
postconstraint surface on the evolving slice—in agreement
with the fact that it leaves the number of gravitons invariant.
As a result, and in contrast to the 3—2 move, for the 4-1
move the reduction of the transformation matrix (7 ) to the
new (T.) turns out to be trivial. Specifically, this gives
Vi = y6 e, = y¢and yt | = yi’. This implies that the
embedding of the remaining vertices v does not depend on
the edges adjacent to »* and that the gravitons do not
depend on the linearized lengths of the removed edges y;.
Employing the reduction of the transformation matrix, it

is further shown in Appendix B 4 that
(1) The vertex displacement generators of all surviving
v C XN, are preserved under the 4-1 Pachner

move
k k wJ __
C11 - ” -N ol Yk =0=
k+1 _ _k+1 k+1
C/‘l =Tyl NLIWJyk+] - O’

where w runs over both » and »*. The annihilated
lapse and shift y?'/ drop out after the move.
(i) The four vertex displacement generators of the
removed v* become trivialized
k+1 k+1
Ck,=rk, =N .y =0= Ct! =73 =o.
(iii) The gravitons experience a graviton momentum
updating during the 4-1 move

okl = gk 4 Saﬂyk
(The new graviton momenta are determined entirely
with the new (T}, ;).)

As in the other moves, the remaining (y;’,, 7571 and
(v%,, k") are canonically conjugate pairs of gauge and
graviton degrees of freedom, respectively; the (y¢,,, 74™")
Poisson commute with the surviving CkJrl and are thus
invariant under the vertex displacement gauge symmetry.

Last, we note that, since the number of independent
gravitons is left invariant by the 4-1 move, the six new bulk
triangles produced during the move yield six new gravitons
that are linearly dependent on the already present ones.

XII. DISCUSSION

In this article we have given a comprehensive and
systematic account of the canonical dynamics of 4D
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linearized Regge calculus by means of the elementary and
ergodic Pachner evolution moves. The origin of the vertex
displacement gauge symmetry of the linearized sector was
clarified and the Abelian generators of this symmetry were
derived. We have identified lattice gravitons as gauge
invariant and potentially propagating curvature degrees
of freedom. The temporally varying number of linearly
independent such gravitons on the evolving phase spaces
can be systematically counted using the spatial triangula-
tion changing Pachner moves. We have elucidated the
distinct role of each of the four Pachner evolution moves in
the linearized theory and showed that the constraints
generating the vertex displacement symmetry are consistent
with the dynamics and preserved under all moves.

This stands in stark contrast to direct discretizations of
the continuum constraints generating the continuum diffeo-
morphism symmetry; these usually result in second class
constraints that are not automatically preserved by evolu-
tion [50-52]. The algebra of the discretized continuum
constraints typically closes only in the limit of vanishing
lattice spacing, while in the present work the consistency of
the algebra does not depend on the lattice spacing.
Furthermore, since the discretizations of the continuum
constraints are not derived from a discrete action their
action does not correspond to the dynamics or (broken)
symmetries of an action. By contrast, in the present work, if
the discrete action from which the constraints are derived
features a gauge symmetry this will be incarnated at the
canonical level by first class constraints (see also [6,29]).

One may wonder what happens to the dynamics at first
nonlinear order in the perturbation around flat Regge
solutions. At least for the so-called tent moves [67—-09]
this has been analyzed in [12]: to second order in the
perturbation, the gauge symmetries of Regge calculus
become broken. Consistency conditions arise which can
be interpreted as the first (in terms of orders of expansion)
equations of motion of the background gauge modes which
must propagate once the symmetries get broken. As a
result, linearized solutions can generally not be extended to
higher order solutions—unless the consistency conditions
on the background can be solved. As shown in [19], this
may generally not be feasible such that perturbative
expansions can become inconsistent. This appears analo-
gous to the linearization instabilities in general relativity
[70-72]. The difference is, however, that in perturbative
general relativity consistency conditions arise on the first
order physical degrees of freedom, while in perturbative
Regge calculus the consistency conditions constrain the
background gauge modes. Furthermore, as shown in [12],
the vertex displacement generators at first nonlinear order
turn into pseudo constraints [22,50,51,73—-75] with depend-
ence on background data from different time steps.

The Abelian Poisson algebra of the vertex displacement
generators may be interpreted as the discrete analogue
of Dirac’s hypersurface deformation algebra in Regge
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calculus. These generate 4D symmetry deformations of
the hypersurfaces (i.e. 4D lattice diffeomorphisms), how-
ever, do not generate the dynamics. This is as good as it
gets in Regge calculus because the symmetries become
broken to higher order and the generators turn into pseudo
constraints such that a hypersurface deformation algebra
cannot exist in full 4D Regge calculus. A consistent
hypersurface deformation algebra can only exist in sim-
plicial gravity if the diffeomorphism symmetry is preserved
[55]. To this end, one may attempt to change the discre-
tization by coarse graining techniques in order to improve
the action order by order such that the symmetry is
preserved to higher orders [17-21,23,64].

The Regge action also emerges in the semiclassical limit
of spin foam models for quantum gravity [37-39] for
which, moreover, proposals for a construction of a suitable
graviton propagator have been made [32,33]. The hope is
that the results of the present article, through offering a
detailed classical understanding of the lattice graviton
dynamics in linearized Regge calculus, can likewise con-
tribute to a better understanding of the graviton dynamics in
spin foam models. The hope is also that the present work
may provide novel insights into connecting the covariant
spin foam with the canonical LQG dynamics. For example,
a regularization of the LQG Hamiltonian constraint, moti-
vated from a spin foam perspective, has been put forward in
[43] and was shown to generate 1-4 Pachner moves in the
spin network, but the other moves were left open. This
article suggests that all four Pachner evolution moves
should, indeed, be considered in order to get a nontrivial
and complete dynamics—at least in Regge calculus and,
therefore, presumably also in spin foams and LQG. As
seen, starting from a single simplex, a pure 1-4 move
evolution generates stacked spheres with trivial dynamics.
The other moves are needed in order to get gravitons into
the picture.

Finally, we note that a consistent framework for a
quantization of linearized Regge calculus on a flat back-
ground already exists. The quantum formalism in [28] has
been designed precisely for a quantization of the Pachner
moves that directly yields an equivalence between the
canonical and covariant dynamics also in the quantum
theory. This quantization framework has thus far been
spelled out in detail for variational discrete systems with
flat Euclidean configuration spaces Q = R . But this is all
that is needed for linearized Regge calculus: while in the
full theory one has Q@ = RY (lengths cannot be negative), in
the linearized theory we can, in principle, have y; € R (if
the expansion parameter ¢ is sufficiently small). In par-
ticular, a generalized form of local evolution moves has
been quantized and their distinct coarse graining and
refining roles on evolving Hilbert spaces has been studied
in [28] in close analogy to the present classical inves-
tigations. These results are directly applicable to the
linearized Pachner evolution moves. To end with a specific
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example, these results imply that the quantum linearized
4-1 move always produces divergences in a state sum
because of the vertex displacement symmetry.
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APPENDIX A: DEGENERACIES OF HESSIAN
AND LAGRANGIAN TWO-FORM

In this appendix we shall demonstrate the statements
made in Sec. VI according to which the spatial components
Y¢, for v C Z; define degeneracies of effective Hessians
and Lagrangian two-forms on flat Regge triangulations.

Denote by S = S; + S, the action contribution of the
flat triangulation depicted in Fig. 7, where S, denotes
the action contribution from 7 .. We use the notation
explained in Sec. VI and, furthermore, label any edges
adjacent to v in 7 . which do not lie in Z; by g with ]
denoting their corresponding lengths.

Next, choose a vector Y, for the specific v C Z;, whose
4D star has been completed. (5.3), (5.4) imply

»*Ps . S »*S PS8,
¢yl 4y =Y :
T T T TR T L T T
, 0’8
+vi, ="k —o,
AL L,
S . 0% S S,
e _~ ~ y?! . Yq —Ye
orar T o i artelg 1 dIzalg
, S
+ Yo7 £ =
Al Al

(A1)

Let us explain the first equalities. The last terms on the left-
hand sides of (A1) vanish since the edges labeled by g will
not share any 4-simplex with any of the edges labeled by
a, i and, hence, second derivatives of S with respect to a

|
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pair of length variables associated to such a pair of edges
must vanish. Additionally, since the only simplices which
contain pairs of edges from the set labeled by a, i or pairs of
edges from both the set labeled by «, i and e already occur
in the triangulation at step k, we can restrict the second
partial derivatives of S in the remaining terms to the second
partial derivatives of S, and the expressions on the right-
hand sides of (A1) are obtained.

Using (4.2), the second line directly implies (see also
Appendix A of [6] for Q)

98,

4

. oS
Q]cgeyil—’—gk'yvl =-Y; d vl 77
oI o1

ait vl — vl 8128[8 -

—0. (A2)

Let us now show that the spatial components of Y¢,
associated to the edges e C X define also right null vectors
of the effective Lagrangian two-form QF, corresponding to
the effective action S‘k with the bulk lengths /; integrated
out. It is straightforward to check (e.g., see Appendix A of
[6]) that the effective Lagrangian two-form (4.4) reads

PS, PSS i S i\
= -~ T Ty ——=T%,
ALLDIE — DISDIS DI oL oI

. 028,

x Th, ——=
Y o1 olg

: (A3)

where T, are linearly independent nondegenerate directions

. 2

of the Hessian a?f ;zkf’ of the bulk between X and X;. We need
k7 k

to project the latter matrix with these 77 in order to factor out

the degenerate directions and render the resulting matrix

invertible (see also [29] for a related discussion). We note

that Y!, for v C %; will generally not define a null vector of

92 . . .
0(1)" OS;‘,., because the degenerate directions of the latter will
k7 Tk

correspond to displacements in flat directions of vertices in
the bulk of the triangulation between X, and X, and not
in the boundary surface X;. Otherwise, the first equation
e S,
vl DI}
possible. Accordingly, we may choose the four vectors Y!,
to be contained in the set 77.

Using the right-hand sides of both equations in (Al),
one finds

in (Al) would imply Y = 0 which is generally not

95,

o .Tg(i; e Z/)_l e
o ol oL d12 Lol

~ »*S s , %S
Ok ye, = —ye, — Sk — _ye — 2k _yi =K
aet ol Lo ol Lol ol

— e 1 —

=Yy, — L _yi X
PLotgots M o ol

—s"

vl

(A4)
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Finally, we shall briefly demonstrate that the Y¢, con-
stitute degenerate directions of the ‘effective Hessian” with
edges labeled by both i and ¢ integrated out. Namely,
consider the completed 4D star of the vertex v C X; as
given above with 7 . glued onto X;. Given that Y,; is a
null vector of the (noneffective) Hessian and in analogy to
(A1), we must have

S . 0*S
Yo ameam T Yo mam =0,
Towor, "ol ot
oS . 028
Yo Tt Yo =0 (A5)
oLl LIS

where for notational simplicity we have here combined the
two indices 7 and ¢ into the single index i. Analogously to
(A3), the effective Hessian of the effective action S with
Ii, I integrated out reads

-5 PSs PS ( i, 0%

-1
ool ool ool A\ ooz A
T ———. (A6)

, 0’
o1 o1

In conjunction with (A5), and in analogy to (A4), one finds
the desired result

Y¢,H, = 0.

APPENDIX B: LINEARIZED
PACHNER MOVES

In this appendix we shall confirm the claims of Sec. XI
concerning the linearized canonical Pachner move dynam-
ics. As regards notation, sometimes we shall use an index ¢
to label both e, n or e, o.

1. The linearized 1-4 Pachner move
We shall now demonstrate the statements of Sec. XI A.
Consider a hypersurface X; and assume the transforma-
tion matrix (7)f has been chosen according to the
prescription in Sec. X; that is, at step k we have

yi = (To)evil + (Teye. vt = (Tg")ye,

¥ = (Tees. (B1)
Perform a 1-4 Pachner move on X, yielding a new vertex
v* (see Fig. 4). Since we now have four new edges labeled
by n and four new gauge variables enumerated by v*/ (the
1-4 move does not introduce new bulk triangles) we must
extend the transformation matrix at step k + 1 suitably.
This extended matrix must be in agreement with the
prescription in Sec. X and should yield the new decom-
position:

PHYSICAL REVIEW D 91, 124034 (2015)

Yior = (Tee)oyity + (Tra)eyee, + (TS vty
Vier = Tty + (T2 + (Tig) vy
i = (Tei)dyin + (T

Vi1 = (Tys eV T (Tk+1)nyk+1’

yZJrll (T 1) yk+l <Tk+1) yk+1 (B2)

In order to maintain the same linearized configuration
coordinates for the old vertices, y\ | = yi/ (¢, = y§ and
Vs are not needed in order to determine the embedding of
the old vertices), we set

= (T;")e.  (B3)

(Tt = (TW)f (Teir)e
where I" runs over the old v/ and «a (but does not include the
v*I). Include both I" and the four »*I in a new index A, and
e and n in the index c. Using

(Te )3 (Tit) s = 65, (Teb )2 (T = 64,
it is straightforward to convince oneself that the new
components of the transformation matrix at k4 1 can
accordingly be chosen as (note that y} | do not contribute
to any gravitons),

(Tis1)pep = (Yiey1)op = 675
= (Yi1)5, =0, (B4)

(Tis1)r = (Yt )
(Tis1)n =0, (Trs1)5,
with inverse”

(Tt =0, (Tit)y! =6,
(TRt #0, (Tys1)y =0.

Given this choice of the new matrix (T, ){, we
may study the behavior of the gauge variables and
‘gravitons’ under the linearized momentum updating
equations (11.1) of the 1-4 move. Let us begin by
considering the momenta conjugate to the old gauge
degrees of freedom. Using (B3), (B4), (11.1), we find
(recall that ¢ runs over both ¢ and n)

K = (Vi )5y (k + 82,95, ,)
= 7h + N+ STy

Ty =

(Ys1)5 e

+ Sglwlyk—&-l + Sm*JyZJrJv (BS)

2The precise form of (Tk i )1 "I is not relevant for us. Notice,
however, that it cannot vanish, since, apart from the yj, ;, some of
the y{, are necessary in order to specify the embedding of the
new vertex [the position of a vertex » also depends on edges in the
boundary of starp(v)].
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where in the last equation we have made use of (10.7) and
(B2). As a consequence of the absence of equations of
motion for the 1-4 move, one finds in the present case
NKU = N, + 87, where N, is defined in (7.3).” As in
(10.7), the new momenta conjugate to the gauge modes
yih | are then (recall y¢,, = y%)

k+1 k+1
Ty = (YkJrl)vIﬂ: Nv[(l yk+l

_ i)

”LI + Svltjy;:+1 ’ (B6)
where » now includes both v and »*. Solving (1 0.8) for z*,,
inserting this into (B6) and noting that yk = y}(’frl, the
previous apparent evolution equations rather transform into
the new constraints at k + 1 generating the vertex displace-
ment of v in X,

Ck+l k+1 Nk+1

=T lelykJrl’ (B7)

which are, thus, preserved. Proceeding similarly with the
new gauge modes yk +l’ one finds the four new constraints
introduced by the 1-4 move which generate the displace-
ment of the new vertex v* in X; | as

k+1 c k+1 _ ¢o a
my = (Vi) oo e ST 1Ykt

Sﬂ*nJylﬁl’ (B8)

where (B4) and 7%, = (Y;,1)", 7% = 0 was used (recall
that 7% = 0).

Finally, let us examine the evolution of the graviton
momenta. In analogy to (BY),

(Tr )i = (Thn )57k + 89,96, 1)
vl

- ”5{ + Nm]yllél + S(z[)’yk+l + SavlykJrl

+ Sou 1)’11;;[1’
such that, using (10.7) at kK + 1 and noting that y{ = y{_,,
k= (Tk+1);”]c(-+l Niu yk+1

= 7k + Sy, (B9)

In contrast to (B6), these are generally not constraints.

2. The linearized 2-3 Pachner move

Next, we establish the statements of Sec. XI B.

As before, take a hypersurface X; and assume (7 )¢ has
been chosen in accordance with the prescription of Sec. X
such that (B1) holds. Now perform a 2-3 Pachner move
on X, which introduces one new edge labeled by n and
a new a priori free deficit angle ¢* (see Fig. 5). The

*Notice that N¥, = 0.
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transformation matrix must be extended in a suitable way in
order to incorporate the new degrees of freedom in the
splitting between graviton and gauge variables, such that
after the 2—-3 move,

Yigr = (Te)sviin + (Tee)eyis + (Ti)evi
Vi = (Ter)ivihs + (Tee)ayies + (i) yi
Vil = (Tt )i + (Teb)n i,

Vi = (T )eyig + (Tl )mvis

Y = (Tei)E v + (T v (B10)

Again Vw1 = Vi Yiy1 = Vi and we also choose to keep
yit = yil. The extension of (T;)¢ at step k+1 can
therefore be performed in complete analogy to the exten-
sion of the transformation matrix in the course of the 1-4
move in Appendix B 1—just replacing v*/ by a* in the
equations and noting that n now labels a single edge. In
particular, we again keep (B3) and, in analogy to (B4), find

1
Ten)y = (Ve (T —
(Ter)sr = Yer)m (Tii1)y (TEL)
. ; (Tit)e .
(Ter1)g =0, (T = _%(Tk+l)a # 0,
( k+1)n

(B11)

with inverse (y;,; does not contribute to the deficit angles
inherited from step k)

* aéa

(Tt = o’ (Tt =0,
g 08" _
(Tk+1) 8lz+l ’ (Tk+1) O

We emphasise that, because the length [}, ; of the new edge
introduced in the 2-3 move determines the new deficit

angle, we generically have 2 01"

on the right-hand side of (Bll) are well defined. At this
stage, the new matrix of step k + 1 is chosen in agreement
with Sec. X. It should be noted that the only nonvanishing
component of the vector (T ), is (T4y1)s- correspond-
ing to the new a priori free edge of the 2-3 move. As can be
easily checked, this vector is therefore a right null vector at
step k + 1, i.e. Q8F(T,, )5 = 0, where ¢ labels both e, n,
in agreement with the fact that the new ‘graviton’ yz‘;l is an
a priori free variable.

Using the new transformation matrix, let us now study
the time evolution equations. The momentum updating of
the 2-3 move in linearized form is in shape identical to
(11.1) except that n now labels a single new edge. For the
momenta conjugate to the gauge modes we find, in analogy
to (BY),

# 0 and so the components
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(Yir1)5mt ™ = (Y ) (7 + 87,95,
= 7k 4 NS+ STV ey + STV
+ Svla*ykJrl’

such that (again, N’C‘jl = N’;C, + 87, because there is no
new equation of motion)

k1, k1 k+1
mop = (Yiepr )gme Ntlayk+l

= 7[@1 + Sv[wjyk-H’ (BlZ)

where @ runs over both @ and a*. Solving (10.8) for z¥,,
(B12) again transforms into the new constraints, generating
the displacement of vertices of X, ; in flat directions,

k+1 k+1 k+1
CL;_ _7[1)7_ NL?_wak+1’ (B13)

which are thus preserved under the 2-3 move.
Likewise, for the momenta conjugate to the old gravitons
one finds

(Trs)5mt = (Tipn)5(mk + S%,56,1)
=y + N,y + Sa/iyk+l + S5t
+ Sga*yzjrl ’
which yields as in (B9),

k+1 c k+l k41
g = (Tk+l) N(l@lyk+1

— c
71'(1 + S(lﬁ

Similarly, using (B11), 78 =0 and the fact that the old
gravitons satisfy yf = yﬁ 1> the momentum conjugate to
the newly generated graviton y¢, 41 reads

k1 P Y n k4 go P
T = (Ti)e ' = See Vi = (Thw ) 7 +S(,*,}yk+1

_ -k o
=Ty + Sa*/}yiJrl

=8 ﬂyk+l

3. The linearized 3—2 Pachner move

Here we shall support the claims made in Sec. XIC.

Consider a hypersurface X, on which we shall perform a
3-2 Pachner move which renders an old edge labeled by o
internal (see Fig. 5). Assume the transformation matrix
(Ty)E, where ¢ runs over both e and o and I runs over
vl, a, o, is chosen according to the prescription of Sec. X
such that
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= ( )I/ka + (Tw)ayi + (Tk)é*yi*,
(Tk)uy}é[+(Tk)aYk (T)e i

yk = (T)elye + (T)e'ye.
= (T)eyi + (T ey
l —( )E v+ (Te ¥7s (B14)

Ty

T 1

where y¢ is such that the old edge has a nonvanishing
contribution, i.e. (T~')% # 0 (such y¢ generically exists).
This will be the annihilated graviton.

Let E be the number of edges in X;. The task is to
appropriately reduce the E x E transformation matrix of
step k to a new (E—1)x (E—1) matrix at step k+ 1
which likewise disentangles the 4V — 10 gauges modes
yit | from the (E — 1) —4V + 10 ‘gravitons’ y¢, in ;|
and agrees with the prescription of Sec. X. After the move it
should yield

Yoo = (T oy + (T 5y
vl = (Tel)d e
Ve = (Tt )i (B15)

To this end, we must make use of the equation of motion
(11.6) or, equivalently, the preconstraint of the 3—2 move.
Thanks to the results of Sec. VI, one may convince oneself
that

(Yk>1C;I(N]c(0 =+ Sgo) =0. (B16)

In conjunction with the decomposition (B14), this implies
that (11.6) can be written as

( + Sga ) il + (Nléa + Sga)yk + Qyoy() - O (B17)

(use of QX,(Y()%, = 0 and a similar decomposition for X
has been made).

We can employ this equation to produce the new (7 ;)
from (7). This will require some work. First, we choose
yf to be the graviton that either gets annihilated or fixed by
(B17) (it was chosen to depend on y{). For this graviton we
may keep the old decomposition and set

(Tit)E = (TeE

such that yk = ka

Next, we solve the preconstraint in the form (11.6) for
yo(y¢,y8) (generically, N%,+ 89, #0) and insert the
solution into (B14), in order to rewrite the expressions
for y/, y&. It gives

Vi = (T)e v+ (Ti)alve = v + 0y’
v = (Tl + (Tel)ayh = i, + 66, (B18)
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where it can be easily checked that the coefficients of the
new (effective) inverse transformation matrix (with yj
integrated out) read

(Tkll) ( ) - ( )Z](Nﬁo + Szo)_l (nge + Sge)’

~~
~
ol
X
S%
;
O

(T;il)z’ (Tklr’(Néo + 89,)7'Q%,,

T )e(NK, + 85,)710k,.

Hence, using that by (11.5) y; ; = y; and dropping the
terms 6y(’§’ ,0yg depending on the initial data,

vl -1 \vl,e vl a
Yirr = (M) Vi #Y6- Yea

From step k + 1 onwards we will employ these shifted y{, |
and yk ', as graviton and gauge variables, respectively.

We proceed by using (B17) to solve for y¢ as a function
of y¢ and y!, and rewrite the first equation in (B14),

Vi = (Ter)oY§ + (Tre)oyi + (Tega )6y (B19)

which gives the components of the new (effective) (7))
as follows:

(TG = (Ti) = (Th) (N 4 854 ) T (Nog + S50),
(Trr1)g =0,
(Tk+1)u (Yi)sr

= (

(T]H-l) Tk) ( 5(1* + Sga*)_IQI;O'

Further using the new splitting (B18) and noting that by
(11.5) yi, = y}» (B19) may be conveniently written solely
in terms of the new graviton and gauge modes (one may
convince oneself that the contributions from the initial data
drop out),

Vie1 = (Tk+1)§y(1§+1 + (Yk+l)21y1€1+1-
Finally, making the ansatz
Yo = (Tee)oyier + (Ter) ey + (Tep) 9yt

one finds that

= (T3l )%y, # ¥5.
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(Tesr)a = (T = ((Tk)ii* - ﬁ)

2 (N];a* + SZa*)_l(N](ga + Sga),

1
(Tk ])Z* = T
" (Tkl)o

(Ter1)or = (Yo

yields the remaining components of the new (effective)
(Tt,1) which provides the new decomposition (B15), as
desired. It is straightforward to check that the new
transformation matrix follows the prescription of
Sec. X and is an invertible matrix that defines a canonical
transformation (provided the old one did). In fact, the
new matrix is now in shape analogous to the extended
transformation matrix of the 2-3 Pachner move (B11)
(with n replaced by o).

With the transformed matrix in hand, we are in a position
to determine the momenta conjugate to the new gauge and
graviton variables via (10.7). Noting that

Nlecj’l = (Nle{e’ + S(e’e/)
- (ngo + S(e)—o)(N](go + Sgo)_l (Nﬁgl + SZg/)’
(B16) implies
(Yk+1)i1N];:1 = (Yk)g1(N (BZO)

which allows us to define (recall (7). = 0)

k o
Ce/ + Sce/)7

Nﬁle = (Y1) N (Tk+1)
= Yk+1 or(Ney +82,)(Tisr)
N +1 vIN NTyi)s

+1) 01 o) (Tes1)s =0,
IC;INee’ (Yk+1>wj
c
vl

J(N* 487, (Yig1)s

As a result of 7Xt! = 0, this leads via (10.7) to the new
momenta at step k + 1,

kel k1 k1
ml = (Yee)ore ™ = Nogo Vi1

k1L e k1 _ njk+l
T = (Tk+1)aﬂe Navl yk+l ’

(Both new sets of momenta are computed entirely from
variables and matrix components associated to X, ;.) It is
not difficult to verify that the shifted variables (y!’,, 7%/
and (y¢,,,7&"") yield a canonically conjugate set of
gauge and graviton modes. In particular, using that
(Y1), = (Y4, (B20) and 75! = 0, one easily checks
that the vertex displacement generators (10.8) are preserved
under the 3-2 Pachner moves (11.5), yielding
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k+ k+1 k+l k+1 k+1  wJ
Cvl = (Yis1)5s (e - N, yk+1) =Ty - Ny, 1w)’k+1

Furthermore, noting that N*/1 =0 and (Ty,)% = 0, the
preconstraint of the 3-2 move (last equation in (11.5))
trivializes into the momentum conjugate to the annihilated

or fixed graviton,

k+1 =0.

For completeness, we mention that thanks to

ﬂ.k+

e I = - ”e + Secyk (N]éc + Sgc)yk Q]cfayo Nk+1yk+1

(11.6)
—Qkrye,

the remaining graviton momenta can also be written as

gkt = Nk k+1
=N, yk+1_gya 0

4. The linearized 4-1 Pachner move

Finally, we back up the claims made in Sec. XID
concerning the linearized 4—1 move.

Assume that a 4—1 Pachner move can be performed on a
hypersurface X, and that (7})f has been chosen in
conformity with the prescription in Sec. X. The 4-1 move
will move an old vertex, which we label by »* and four old
edges adjacent to it, which we index by o, into the bulk of
the triangulation (see Fig. 4). Accordingly, the index ¢ runs
over both e, 0 and at step k we have

= (T + (T + (Te)e i
(Tk)blyk (TOoyE + (T i
= (T ey + (T8,
= (Te"evi (Tk )ayis
yit = (T e+ (T8 g (B21)

In analogy to the 3-2 move, we must appropriately reduce
the old E x E canonical transformation matrix to a new
(E —4) x (E—4) matrix at k + 1 which disentangles the
surviving gauge and graviton variables

);)}1)’/2{4.1 + (Tk+1)ZYZ+1v
= (Tk+1> Vi1

e N
Vi1 = (T
ol —1 \vl,,e a
Yo = (T i Yi+1

Fortunately, and in contrast to the 3-2 move, for the 4-1
move the reduction of (7) to (7T;,;) turns out to be
trivial—just like the linearized equations of motion of
this move.

Clearly, at step k we must have (T})¢.; = (Y;)%,; =0
(components of the (Y;),, corresponding to edges not
adjacent to the vertex in question vanish). One easily
checks that the condition of invertibility of the T-matrix
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then leads to the following two conditions that must be
satisfied:

: _ !
5Z£J = (T : S (Th); *J*O Oy = (Tkl)Z(Tk)Zv: 0.
(Ty)%; = (Yy)%, is a nondegenerate 4 x 4 matrix (there
are four linearly independent gauge directions and four
edges adjacent to v*). Hence, (7T7')Y = 0 and (T;1)% = 0.
The conjunction of these results, as one may convince
oneself, implies that already the restriction of (7;) at k to
the (E —4) x (E — 4) submatrix

(Tel))?

where A only runs over v/ and « (but not »*I) yields the
desired invertible (7, ;) of step k + 1. The matrix reduc-
tion of the 4—1 move is just the time reverse of the matrix
extension of the 1-4 move. Speciﬁcally, this gives
Yo = Yo Vi = yf and il =y

Let us now study the time evolution equations. First, the
equations of motion read

(Tir)i = (T = (Ti)e

(NE, + 87,098 + (Nb, + Se.)ys — Qk,yg = 0. (B22)
However, for the 4—-1 move these are trivial because the

results in Sec. VI entail that
(Y)5 (N§e + 85.) =0

and, as a consequence of (Y;)J., being a nondegenerate
4 x 4 matrix, NX. + S5, = 0. Similarly, one finds QX, =0
such that all coefficients in (B22) vanish.

Next, we shall examine the consequences of the linear-
ized momentum updating for the gauge and graviton
variables. We recall that the linearized momentum updating
for the 4—1 move is in shape identical to (11.5) from the 3-2
move, except that o now labels four edges. We begin by the
momenta conjugate to the gauge variables that survive the
move. Noting that 78! = 0 and using (10.7),

= (V)5 = (Viern)5y (k4 87,55
= 7[111 +]\']1locyk +S61ayk +S{;ijyk ’

(Yk+1)1;lﬂe

where w runs over both v and v*. As a consequence of

Nk .+ 5%, =0 and despite new internal edges, N*' =
k o : a  _a : :
N;, + 8%, Since yi, | = y{, this gives
k+1,_ k+1 k+1 _ e —k+1
mol = (Vi) 5me ™ = Nyjo ¥ = (Vi)

- (Y/H—I)UIN JC]

= ”1;1 + SLIwak .

(Tk+1)a/y;§+1

The second equation in the first line shows that, as desired,
the new momenta can be computed from the reduced
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(T)+1). Again, solving (10.8) for 7%, converts this apparent
evolution equation into the vertex displacement generators
of step k41,
o R a5 k+
Cif' = m' = Nijuyih.

where, by (Y1), =0, N*/'1 =0 and the annihilated
gauge modes y} 7 thus drop out. The vertex displacement
generators (at neighboring vertices) are therefore preserved
under 4-1 moves as well.

On the other hand, for the momenta conjugate to the
four gauge modes associated to »* one finds (recall that

(Yer1)g = 0),

= (Yiq1) 0 mb™ =0 = (Yi)% (7h + S5.5%)

= ﬂv*l + (Yk)y*l((N]tga + Sza)yk + Sz])JyIE‘,)’
~————

=0

(Yig1)Se mit!

Using (10.7), this trivializes the four preconstraints of the
4—1 move by transforming them into the new momenta
conjugate to the annihilated gauge modes,

PHYSICAL REVIEW D 91, 124034 (2015)

k+1 _
=0= ﬂ: v I + Sv*h/.lyk .

Finally, let us address the evolution of the graviton
momenta. We have

(Trn)ems ™ = (Typg)smk ™ = (Ty)5 (b + 52,55

= ﬂ(l + walyk + Saﬁyﬂ + SavlleéI
Making use of N%.+S5.=0 and (Y;,;)%, =0, one
discovers that the annihilated gauge modes y}f’ drop out
so that (recall y! | = yi’)
mpt = (Tk+1)c77k+1 Nﬁu yk+] = (Tis1)ome AR
- (TkJrl) NkJrl leyk+1
=y + Saﬂyk
The second equality in the first line demonstrates that the
new graviton momenta can be determined entirely via

(Ti1), while the last equality constitutes the usual graviton
momentum updating.
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