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Abstract

We study the SL(2,C) Clebsch-Gordan coefficients appearing in the lorentzian EPRL spin foam ampli-
tudes for loop quantum gravity. We show how the amplitudes decompose into SU(2) nj—symbols at the
vertices and integrals over boosts at the edges. The integrals define edge amplitudes that can be evaluated
analytically using and adapting results in the literature, leading to a pure state sum model formulation.
This procedure introduces virtual representations which, in a manner reminiscent to virtual momenta
in Feynman amplitudes, are off-shell of the simplicity constraints present in the theory, but with the
integrands that peak at the on-shell values. We point out some properties of the edge amplitudes which
are helpful for numerical and analytical evaluations of spin foam amplitudes, and suggest among other
things a simpler model useful for calculations of certain lowest order amplitudes. As an application, we
estimate the large spin scaling behaviour of the simpler model, on a closed foam with all 4-valent edges
and Euler characteristic x, to be NX75F+V/2 The paper contains a review and an extension of results
on SL(2,C) Clebsch-Gordan coeflicients among unitary representations of the principal series that can
be useful beyond their application to quantum gravity considered here.
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1 Introduction

A compelling approach to the dynamics of loop quantum gravity is the spin foam formalism (for reviews,
see [II, 2]); It defines transition amplitudes for the spin network states of the canonical theory in the form
of a sum over histories of quantum geometries, providing a regularised version of the quantum gravity path
integral. The state of the art is the model proposed by Engle, Pereira, Rovelli and Livine (EPRL) [3] (see also
[4, 5, [6, [7]), notably for its semiclassical properties [8 [9] and the fact that it provides transition amplitudes
for all possible spin networks [I0, II]. Spin foam models in general have the mathematical structure of
a gauge theory on an arbitrary lattice, which represents a discretisation of spacetimeﬂ The key object is
however not the plaquette, but the vertex amplitude. This is defined by integrals of tensor products of
irreducible representations over the gauge group. For Euclidean signature, the relevant group is SU(2), and
these integrals can be evaluated in terms of its well-known Clebsch-Gordan coefficients. For Lorentzian
signature, the group is SL(2,C), and the expression of the amplitudes in terms of SL(2,C) Clebsch-Gordan
coefficients has not appeared yet, perhaps due to the fact that the latter are less known. Filling this gap is
the main goal of this paper. In doing so we review and extend existing results on SL(2,C) Clebsch-Gordan
coeflicients, and provide many analytical and numerical insights on the amplitudes, which we hope will be
of use for the notoriously difficult problem of explicitly computing physical processes such as [20].

The SL(2,C) Clebsch-Gordan coefficients we are interested in are those among the unitary, infinite-
dimensional irreducible representations (irreps) of the principal series. These have been studied at length in
the mathematical literature, starting from the seminal work of Naimark [21], and their formal properties are
summarised in the reference monograph by Ruhl [22]. Explicit values, symmetry properties and recurrence
relations have been studied by a number of authors, e.g. [23] 24] 25| 26] which are the ones most relevant to
our work. The literature is rather uniform insofar as the norm of the coefficients is concerned, less so for the
phase. Clarifying the phase differences and amending at places existing results was part of the work for the
present paper. In particular, we show following [25] [26] how to fix phase conventions such that all Clebsch-
Gordan’s are real, and thus also all invariant tensors, which is practical for applications and numerical studies
(These conventions are, unfortunately, not those of [22], which lead to complex Clebsch-Gordan’s, and differ
also from those of [23] [24], which lead to Clebsch-Gordan’s and invariant tensors which are either real or
purely imaginary).

The crucial property of the Clebsch-Gordan’s for SL(2,C) is that they can be decomposed in terms of
those for SU(2), times coefficients defined by integrations along a single boost direction. The same property
applies to tensor product and graph invariants, and shows up in the EPRL model: it is possible to factorise its
quantum amplitude in terms of SU(2) nj-symbols at the vertices, ‘boosted’ by edges amplitudes carrying the
non-compact integrations over the rapidities r’s. The qualitative structure of this factorisation is probably
already familiar to experts in spin foams (it follows directly using Cartan’s decomposition of SL(2,C)),
however going into the details here allows us to define a number of relevant objects and to highlight a
few important properties that are new. In particular, the factorisation suggests the definition of a simplified
model, in which only the intertwiner labels and not the spins are boosted. The simplified model is significantly

!The continuum limit has then to be reached either via refining (e.g. [12]), which may require renormalisation, see e.g.
[13, 14, [I5] for work in this direction, or via a resummation over the 2-complexes, defined for instance using group field
theory/random tensor models, see e.g. [16} 17, [I8] [19].



faster to evaluate numerically, and turns out to provide a useful first order approximation for certain large
spin regimes.

Next, we show how the boost integrals defining the edge amplitudes can be performed exactly in terms
of finite sums of Gamma functions, using and amending a key result by Kerimov and Verdier [25]. Together
with the factorisation, this leads to a pure state sum formulation of the model, in which all the group integrals
have been completely eliminated. When intertwiners are present, the application of the finite sums formula
requires a recoupling scheme and introduces a new feature in the EPRL model, namely virtual Lorentz
irreps off-shell of the simplicity constraints. Remarkably, the amplitudes are strongly peaked at values of
the virtual irreps satisfying the constraints.

To complete the analysis, we study numerically the edge amplitudes in the special case of 3-valent (no
intertwiners) and 4-valent (single intertwiner) cases, to identify the scaling behaviours. Our investigations
show a few characteristic features. First, the amplitudes are generically peaked on the minimal spin con-
figurations used in the simplified model, thus supporting its relevance. The peakedness is power-law in the
shift away from the minimal configuration, and its details depend on the actual irrep considered. We also
investigate the large spin scaling. For the minimal configurations, we find (oscillating) power laws with a
universal scaling N ~3/2 (except for degenerate cases in the 3-valent amplitude) and peakedness on diagonal
intertwiner labels, confirming the results of [27] based on a saddle point analysis. For non minimal config-
urations, we find faster power laws or exponential decays, as well as peakedness on non-equal intertwiners.
On general grounds, the various peakedness properties tend to be sharper for smaller values of the Immirzi
parameter 7.

As a simple application of our results, in the final Section [6] we use the factorisation and the scaling
properties to estimate the scaling behaviour of the simplified model in two examples, obtaining NX—5/2E+V/2
for a foam with only 3-valent edges, and NX~5E+V/2 for a foam with all edges 4-valent.

Although mainly motivated by their applications to quantum gravity, our review and extension of results
on SL(2, C) Clebsch-Gordan coefficients are general and can be of interest beyond the applications considered
here. In particular, Sections 3,4 and 5 and the Appendices can be read without any reference to spin foam
models.

2 EPRL spin foam amplitudes and their factorisation

We assume that the reader is familiar with the EPRL model, and refer to the original literature [3} 5] @] [7]
and existing reviews (e.g. [I, 2]) for motivations, details and its relation to loop quantum gravity. The
only technical aspect that we need to recall here is the interplay between SU(2) and SL(2, C), which plays a
major role. While the local semi-simple gauge group of general relativity is the non-compact Lorentz group,
the use of real Ashtekar-Barbero introduces an auxiliary group SU(2), embedded non-trivially in SL(2, C).
The embedding is determined by the simplicity constraints relating general relativity to the topological BF
theory, and depends on the Immirzi parameter y. The Lorentzian EPRL model provides an implementation
of this set-up at the non-perturbative quantum level: The partition function of the theory is defined via
a summation over SU(2) spins only, as typical in spin foam models, but the SU(2) labels are non-trivially
embedded in the unitary irreducible representations of the Lorentz group.

2.1 Definition of the model

The partition function of the EPRL model on a closed 2-complex C is a state sum over SU(2) spins j; and
intertwiners 4., associated respectively with faces f and edges e of the 2-complex,

ZEPRE = N 11, [T i [T Aoliyoie)- (1)

{dprie} f e v

Here d; := 2j +1, the face weights are chosen requiring the convolution property of the path integral at fixed
boundary graph, and the edge weights can be reabsorbed in the vertex amplitude, so that the expression in
which they do not appear is also found in the literature. In the following our main object of interest will be
the vertex amplitude A,,, constructed from unitary irreducible representations of the principal series. These
are labelled by a pair (p € R,k € N/2), with canonical basis chosen to diagonalise the operators L? and L,



of the rotation subgroup SU(2) of SL(2,C) [2I], 22]. The basis vectors thus read |p, k; j,m), and the group
elements h are represented by the infinite dimensional unitary matrices

DR (), (i) =k, —j<m<j, —l<n<l,  heSLE0). 2)
Notice that because of the symmetries of these matrices, see Appendix [A] attention can often be restricted

to positive labels. Among these irreps, the EPRL model selects a special class satisfying the following
conditions,

This crucial restriction on the labels, denoted Y-map in [3], is what implements the primary simplicity con-
straints linking general relativity to topological BF theory. Without these constraints, the vertex amplitude
of the spin foam model would correspond to SL(2,C) BF theory.

A brief comment on the constraints, referring the interest reader to the cited literature for details on
the origin and geometrical meaning of the constraints. The first restriction is Lorentz invariant; the second
one is not, as it relates the Lorentz-invariant irrep label k to the matrix element label j invariant only
under the canonical SU(2) subgroup. This fixed ‘time gauge’ formalism is convenient to define the quantum
theory, and the amplitudes have been shown to be perfectly gauge-invariant [28|, 29]. The restricted matrix
elements satisfying are the discrete equivalent of the non-trivial embedding of the Ashtekar-Barbero
SU(2) connection in SL(2, C) variables, as mentioned above. See e.g. [30] for a recent detailed discussion of
this point.

Then, to write A, in a compact form for a N-valent vertex, it is customary to consider the boundary
graph to the vertex, and denote by a,b = 1,..., N its nodes, dual to the edges at the vertex, and by ab
its links, dual to the faces; so that spins are associated with links ab and the 2-complex orientation can be
used to distinguish the source magnetic numbers mg;, and the target ones my,. The vertex amplitude in the
magnetic index basis i{’]

N—-1
Al o) i= [ T da TL DS 20) 0 ), (4)
a=1 (ab)

with the integrations being over the group manifold SL(2, C), and the simplicity constraints are imposed
on each face of the 2-complex. The key property of the model is that for a 4-simplex vertex graph, a saddle
point approximation of the above integrals at large spins j; gives exponentials of the Regge action [8,9], thus
supporting the geometric interpretation of the model as a sampling of path integral of quantum geometries.
The quantum numbers being summed over describe fuzzy polyhedra, each dual to a half-edge and forming
the boundary of a flat polytope dual to the vertex; h; 'h;, carries the extrinsic curvature of this boundary,
and the Y map imposes that the polyhedron shared by two adjacent polytopes lives in the same space-like
hyperplane. Thanks to this property, the intrinsic curvature of the discrete spacetime can be described via
a deficit angle a la Regge. The geometric interpretation has been further investigated in a number of papers
(e.g. [B11 132 B3] 34} 35, B0} 37, B8, [39]), and it is in our biased opinion much clarified using twistors and
twisted geometries [40] [41], [30].

The original model was defined for the special case of a 2-complex dual to a triangulation of spacetime with
flat 4-simplices [3], and later generalised to an arbitrary 2-complex [IT, [0} 37]E| Care is needed however in
considering general 2-complexes: first of all, arbitrary 2-complexes can correspond to very singular manifolds,
whose relevance for quantum gravity is debatable; Secondly, not all graphs are integrable, because of the
unboundness of the group integrals, unlike in Euclidean models. For the amplitude to be well-defined, one
has to eliminate a redundant SL(2, C) integration per vertex, which is the reason why in the above formula
we only have N — 1 integrals; And even so, some graphs lead to divergent amplitudes and have thus to be
excluded in the definition of the generalised model. A sufficient condition for integrability, as argued in [43]
and proved in [44], is for the graph to be 3-link-connected, meaning that any partition of the nodes of the
graph can not be disjointed by cutting only two linksﬁ

2 Another common representation uses the holonomy basis, see [2].

3And also to constantly curved 4-simplices via the use of quantum groups, e.g. [42].

4The integrability condition is the same for both the EPRL and its predecessor the Barrett-Crane model [45]. The two differ
in fact only in the restriction of the labels, which does not affect the leading divergent behaviour in the integrals.



In dealing with the model, it is practical to use a graphical notation, where each representation matrix is
represented by an oriented line, with rows associated to the end point and columns associated to the starting
pointﬂ Each edge of the foam is split into a multi-strand line according to its valency (i.e. the number of
faces sharing that edge), and a vertex is identified by the intersection of the edges; a squared box indicates
an integration over SL(2,C), and a blue thin and filled box a ¥ map. To give an explicit example, for a
vertex o dual to a 4-simplex, we have (neglecting the orientation of the links not to clutter the picture)

Ao [jaln mab] =

The outgoing blue lines represent SU(2) magnetic indices m;, which are glued to the next vertex amplitude
and summed over. The integration over SL(2, C) induces SU(2)-gauge-invariance of the boundary, therefore
the magnetic indices can be contracted for free with Wigner’s generalised 3jm-symbols, giving the vertex
amplitude in the form

In this way, the summations over magnetic indices at each edge can be replaced by summations over inter-
twiners, once we have chosen a basis for each recoupling, and one obtains the state sum formula . When
boundaries are present, there is a single integration at the boundary edge, and spins and intertwiners of
faces and edges at the boundary are not summed over, but become the spins and intertwiners of links and
nodes of the boundary EPRL projected spin networks [46], 28§].

Before concluding this brief review, notice that the Y-map is present only on one side of each group
element in , the one reaching out to the next vertex: the two group elements joining at the vertex are
instead multiplied together without the Y map, a property that should be clear in the graphical notation.
Accordingly, the infinite-dimensional matrix product h; 'h; contains an infinite summation over SU(2) spins
(which are just like magnetic numbers from the perspective of the infinite-dimensional SL(2, C) irrep),

l
D(’Yjvj) (hglhb) _ Z Z D('ijj)(h;l)D(’Yjvj) (hb) (5)

jmgjm/’ jmlin Injm/’
1>7 n=—1

If we make these summations explicit at each vertex, the partition function will have as many new spins [y,
per face as its valencef]

2.2 Factorisation in SU(2) vertex amplitudes

As a first step to deal with the SL(2, C) integrals, we exploit the Cartan decomposition of h as

h=wue2%%v71, (6)

5This is the convention associated with action from the right, and it is the one used in the twistorial papers. The opposite
convention, rows on source and columns on target can also be commonly found and corresponds to the action from the left.

6These implicit extra variables are often neglected in Euclidean models, but they are present from the start in the general
definition of spin foam models based on wedges [47].



where u and v are arbitrary rotations, and r € [0, 00) is the rapidity parameter of a boost along the z axis.
The parametrization has a U(1) gauge of common rotations of u and v along the z axis, but this redundancy
is harmless since the orbits are compact, and can be easily taken into account normalising the Haar measure
as in [22],

1
dh = du(r) dudv, du(r) = = sinh® 7 dr, (7)
T
where du and dv are Haar measures for SU(2). In an arbitrary unitary irrep of the principal series, @ reads
.k k _
DY () = 3" DY )dfP () DY), (8)
P

where D) are Wigner’s matrices for SU(2) and the boost matrix elements d(**) are given as sums of
hypergeometric functions in Appendix[A] Using this decomposition it is easy to see that the partition function
factorises into SU(2) nj-symbols at the vertices, times integrals over the boost parameter associated with
the edges.

Consider an edge in the bulk of the spin foam, and the two SL(2, C) integrations along it. For concreteness,
let us fix a four-stranded edge with all strands oriented left to right, being part of a simplicial spin foamm
Denote as in (5)) by {j,m} the labels in the middle of the edge, {l,n} and {I’,n'} those respectively on the
side of the source and target vertices of the edge. The integration on the first half-edge gives

/ " ®D§7’%l / dudodutr) ) 3 DY (0 DR () ()

i=1 p;

i @ 7 \®
:zk:dzdk( g > < N > BZ(]ivli;ka)a

7

where we defined the following half-edge weight, or dipole graph amplitude,
i @ /o \® 4 (e )
Blntsih) = [au) S (5) (1) @ dii ), (10
pi ! ! i=1

and we used twice the SU(2) result

du®D,(ggpL SVIE NEAN (1)
/ () (3)

in terms of Wigner’s 4jm symbols, see Appendix The dipole graph amplitude describes two of these
SU(2) symbols averaged over all possible z-boosts relating them, and it will be a central object of interest
of the paper.

Next, gluing this expression to the integral on the second half of the same edge integral, and using the
orthogonality of the 4jm symbols on the m; indices (see (B.26])), we obtain

/ d ®Dm, ) [ an ®D§7zz;fm (12)
= Z didydy ( nl > ( o ) B] (ji, liyi, k) B (i, U5, k).
ik, k! ¢ i

When we glue the strands to the vertices, the 4jm-symbols above with magnetic labels n; and n} contract
to form SU(2) nj-symbols at the vertices, and we are left with the following edge amplitude,

dieAz(jfy 7;67 lf’U7 kevy kev’) = diedkevdkcv/B’y(j‘f’ lfv;iev kev)B’Y(jfa lfv’;iev kev’)- (13)

If a strand has a different orientation the formulae below are modified as in the usual graphical calculus for SU(2), inverting
the relevant group element and intertwiner.
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Figure 1: (In color in the online version) The steps leading to , in graphical notation. Each edge contains
two group integrations, represented by boxes, joined by a Y map, represented by the blue bar. Using @, we split
each SL(2,C) integration in three: first, an SU(2) integral on the vertex side, whose evaluation leads to an SU(2)
nj-symbol labelled by the spins l; second, an integral over the boost parameter r, bridging between the | and j vectors;
third, another SU(2) integral absorbed by the SU(2) intertwiner gluing the two half-edges. Owver the whole edge, we
have two integrals over the boost parameter on either side of the edge intertwiner, i., connected via summations over
new SU(2) intertwiners, say kev and ke,r, to the SU(2) vertex amplitudes labelled with spins ly,. The graphical
notation motivates the name dipole amplitude for B]. In the last picture we have kept just the blue colour in the
dipole diagrams to mark the Y map still present on one side of the dr integrals. Finally, attaching the edge to its
source and target vertices gives a graphical representation like in Fig@

As a result, the partition function for a 5-valent complex takes the factorised form
ZEPRL = Z def HdieAZ(jfaiealfvakevakev/)H{15j}v(lfvakev)' (14)
Jpsteslforken f e v

These simple algebraic manipulations can be done compactly using a graphical notation, as shown in Figs.
and 2, and make it natural to refer to as a dipole graph amplitude, or dipole amplitude, for short.

kcv @ Le @ kcv’
plIg G5 e

lfy lfU/

O,

Figure 2: (In color in the online version) The EPRL spin foam after the factorisation, assuming a 4-valent edge
connecting two 5-valent vertices. The original spins and intertwiners, in blue, are carried only by the y-dependent
edge amplitudes, and the vertex amplitudes are pure SU(2) nj-symbols like in SU(2) BF theory. Summations over
the spin and intertwiner numbers are implicitly understood, as well as d; weight factors.

The vertex structures are now purely SU(2), and the edge amplitude contains all the dependence on
boosts and on the Immirzi parameter. Geometrically, one can think of this construction as SU(2) areas and



shapes associated with individual polyhedra being boosted between adjacent polytopes. The trade-off for
this factorisation is that one has to make explicit the infinite summations over the spin labels .

A few comments are in order. First, the factorisation generalises to an arbitrary 2-complex, provided the
amplitude is integrable: the edge amplitude now carries a set of v, — 3 intertwiner labels ({i.}, {kev}, {kev' })
per edge of valency v, and the SU(2) {15j}-symbol of Fig. |2| is replaced by the relevant {nj}-symbol
associated with the valence and combinatorial structure of the vertex. The partition function factorises as

ZgPit = > LT s TT iy A2Giss {ieds Lros (ke ds fhenrd) H{W} (v kev).  (1D)

Jpfieblvdken}{kenr} f e

Again, the edge amplitude is the product of dj factors and two dipole amplitudes, each given by

Bl (1 ) = [t Y (2 )({i}) (4 )({k}) a3 1), (16)

pi 7

see Appendix for details on the generalised njm symbols.

Second, we restricted attention so far to the simple representations , but the factorisations and
hold for arbitrary representations, with (74, j) in the dipole amplitudes replaced in (p, k). For instance,
a similar decomposition can be obtained also for the Lorentzian Barrett-Crane model [45], or in general for
relativistic spin networks and projected spin networks [48]. Indeed, this factorisation is just an example of
a more general factorisation property of SL(2,C) Clebsch-Gordan coefficients, to be reviewed in the next
Section.

Third, the partition function is real, and so must be the edge amplitudes, provided one Works with the
conventional, real SU(2) Clebsch-Gordan coefficients. The individual dipole amplitudes (L0) and (L6) are a
priori complex, but can be made real if we choose the right phase conventions for the boost matrices d(PF),
as we discuss in the next Section.

Summarising, applying the Cartan decomposition @ to 7 one obtains a factorisation of the EPRL
model in terms of SU(2) nj-symbols at the vertices, ‘boosted’ by edges amplitudes carrying the non-compact
integrations over the rapidities 7’s. The edge amplitudes contain the dependence of the model on -, and are a
product of two dipole amplitudes or in general. Our next goal is to show how the integrals defining
the edge amplitudes can be explicitly computed, using the explicit form of the boost matrix elements, and
the precise relation between the dipole amplitudes and SL(2,C) Clebsch-Gordan coefficients.

2.3 Simplified EPRL model

Before moving on, let us take advantage of to suggest the introduction of a simplified EPRL model,
useful in certain approximations. The factorisation property of the EPRL model is somewhat hindered by
the proliferation of spin labels, with as many new ones per face as its valence. This is of course unavoidable,
as these summations are present from the start in , just implicit in the matrix product. In the light of
the known computational complexity of the EPRL model, it is tempting to consider a natural simplification
where all the new spins lf, are fixed to their minimal values j¢. This amounts to imposing an extra Y
map also between the two SL(2,C) group elements h, and hy in the definition of the vertex amplitude.
Geometrically, it means allowing only the shapes of the polyhedra (namely the intertwiners) to be boosted,
and not the areas (namely the spins). This simplification may appear drastic; but as we will see below,
the largest contributions to the EPRL edge amplitude do come from configurations with I; = j;, that is the
minimal admissible values for the [; spins, which suggests that the simplified model can still capture some
relevant properties of the full model.
For this simpler model, there is a single spin per face, and the partition function reads

ZEPRLS = Z def HdzeA jf)lea]fa ev H{n]} ]faze (17)
Jritesken f e
Furthermore, the associated dipole diagram amplitude is
i {ih) i ({k}) (vie.do)
B i), () = Gt i 0 = [an) (2 (2) @dien oy
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in which only the ‘spin-diagonal’ boost matrix elements (24]) enter. These are given by a single hypergeometric
function (see below). Thanks to the reduced spin summations, and the simpler boost matrix elements,
the model so defined is significantly simpler than the original one, and much faster to evaluate.

Below in Section [6] we will use the results on the large spin scaling of the dipole amplitudes to estimate
the overall scaling of the simplified model . Another interesting property of the simplified model is that
it can be entirely re-expressed in terms of spinors, using formulas like below.

3 Boost matrix elements and SL(2, C) Clebsch-Gordan coefficients
For generality, we consider in this Section arbitrary irreps. We will specialise to the ~y-simple irreps
relevant to the EPRL model in the next Section.

3.1 Boost matrix elements for simple representations

The explicit z-boost matrix elements can be found in the literature (e.g. [21] 22, 49, (50} 22| [51]), but in forms
that may differ by a phase. This is a delicate point, as the phase determines the reality of Clebsch-Gordan
coefficients and dipole amplitudes. For this paper, we take

459() = (~1)'5 e¥ems9t YDV i+ ) — R+ = DI+ P ]

i G+1+1)!
X e~ (k=iptp+ir $ (D) *He " (k+p+s+)(+l-k—p—s—1t)
! sl—k=s)l(Gg—p—s)lk+p+s)tll—-k—-t)!l—p—t)/(k+p+1t)!
X oFi[l+1—ipk+p+1+s+t,j+l+21—e ], (19)
where o
i _ L'(j+ip+1) ' (20)
IT(j +ip+1)]
The phase is chosen to have the following symmetry property,
k i—1 /(p.k
ot (r) = (=11t (), 21)
which in turns implies the symmetry
—p—k K
din ™ ) = difi) () (22)

and the reality of group-averaged tensor products and dipole amplitudes (16]), as proved in Appendix
This phase convention differs from the one in Ruhl’s monography [22], which lacks the first three factors
in (I9). The factors (20) are already present in the conventions of [49, 50], and used in the literature on
Clebsch-Gordan coefficients [23], 24, 52]E| They lead to dipole amplitudes which are either real of purely
imaginary. The additional factor (—1)]2;1 makes the dipole amplitudes always real. All three choices ,
[22] and [49, 50] are related by a straightforward unitary transformation. The precise phase choice is to some
extent irrelevant for spin foam amplitudes, as the latter are real by construction: any complex phase in the
dipole amplitudes would cancel out when these are glued together. Nonetheless, it is convenient to work
with real dipole amplitudes as it make it easier to investigate analytically and numerically their properties,
as we will do below in Sections Ml and Bl

8 A similar phase is also considered by Ruhl, for what are referred to as functions of the second kind,

(o) _ (F(J'+ip+ 1))1/2 (F(l —ip+ 1))1/2 4Pk
Ruhl * F(j*ip+ 1) F(l+’ip+ 1) Ruhl"’

However with the phase factor defined by the square root instead of the norm as in (20)), these functions fail to be a representation
of the group — as appropriately pointed out in [22] —, for the trivial reason of extra minus signs appearing in the multiplication
law. This is also the wrong phase definition appearing in [25], as we will comment upon below in Section



The expression simplifies in the case of the y-simple representations, in particular fixing k£ = j kills
one summation, and we have

1/2
B30 0) = ()7 e e LB Ty i - g2 (23)

it RCENES] () - p)!
(i r (—1) 67257“ L. . —2r
x ¢TIty ZmaFl[Hl—zw,j+p+1+s,g+z+2,1_e o],

A further simplification of the matrix elements occurs in the minimal, or ‘spin-diagonal’ case [ = j: only
the term s = 0 survives in the summation, and the matrix elements are given by a single hypergeometric
function,
A0 (r) = e U= B[ 4 p+1,5(1 —iy) + 1,2 +2,1 — e ). (24)

Below in Section [6] we will consider a simplified version of the EPRL model in which only these matrix
elements occur.

The complicate expressions of the above boost matrix elements can be compared with the much simpler
ones appearing in the Lorentzian Barrett-Crane model [45]. This is defined for space-like faces using the
matrix elements k = j = [ = 0, for which we have the elementary form

0 sin(pr)
i’ (1) = G (25)

and the relevant Clebsch-Gordan coefficients have a simple, compact expression, see below. Of course,
the Barrett-Crane model has the drawback that the large spin limit does not capture the (discrete) Levi-
Civita condition for the connection [53], so it fails to reproduce approximate solutions of general relativity
in this limit[]

3.2 SL(2,C) Clebsch-Gordan coefficients and dipole amplitudes

The spin foam vertex amplitude has a similar structure also in Euclidean signature, with the irreps and
integrals of SL(2,C) replaced by those for the compact groups SU(2) or SO(4). It is then customary to
perform explicitly the integrations in terms of Clebsch-Gordan coefficients, using formulas like , and
obtaining state sum models described by Wigner’s nj-symbols. The same can be done in the Lorentzian
case, with the corresponding SL(2, C) Clebsch-Gordan coefficients. These may be less familiar to the reader
than those for SU(2) or SU(N), but have been studied at length in the literature, and relevant results will
be recalled in this Section.

As shown initially by Naimark [21], tensor products of SL(2,C) unitary irreps of the principal series
decompose among themselves with each irrep in the decomposition appearing only once. This allows to
define the Clebsch-Gordan coefficients as usual,

k .
p1, ks jima) @ |p2, k2; ja, ma) /dp Z Slﬁf}lmmmmlp,k;y,m>~ (26)
k,j,m

The recoupling conditions [21] turn out to be the usual triangle inequalities for the SU(2) spins,

lj1 —jo| < Js < ji+J2 (27)

9The Barrett-Crane model also describes time-like faces, for which the prescription is to take irreps of the category d©:F)  To
treat this case in the EPRL model, one has to take the normal vector defining the linear simplicity constraints to be space-like.
This leaves the first, Lorentz-invariant restriction p = vj untouched, but replaces the SU(2) label j in the second, non-Lorentz-
invariant restriction of k, by a representation of the SU(1,1) group stabilising the chosen space-like direction. The solution to
the simplicity and closure constraints describes time-like polyhedra, with both space-like and time-like faces possible, described
by SU(1,1) unitary irreps respectively in the discrete or continuous series (see e.g. [64]). A version of the EPRL model including
time-like faces is studied in [55], and it would certainly be of much interest to study the factorisation exposed here in terms of
the SU(1, 1) subgroup instead of SU(2). Notice that thanks to the freedom of choosing an arbitrary direction to be stabilised,
the EPRL model can in principle treat also null polyhedra [56], unlike the Barrett-Crane model.
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and so on cyclically, plus the trivial condition
S kel (28)

on the discrete irrep labels. It is sometimes convenient to split the Clebsch-Gordan coefficients into two
classes, those for which the k; themselves satisfy triangle inequalities like (27]), and those that do not. There
are on the other hand no restrictions on the continuous labels p;, a fact which will play a role below, so the
integral in runs on R.

The factorisation of the spin foam amplitude obtained in the previous Section is a direct consequence
of the following general factorisation of SL(2, C) Clebsch-Gordan coefficients in terms of SU(2) ones (see e.g.
[21)), . |

C£1g$1m1pzk2j2m2 = X(pl’ P25 P kl’ k2’ k;j17j2’j) C;Tmlj2m27 (29)

a property which follows more or less directly from the use of the canonical basis. For brevity of notation,
we will keep track from now on of the dependence of x on the SU(2) spins j; only, and write x(j1, J2, j3)-

To apply the Clebsch-Gordan decomposition to the matrices , recall that these provide a generalised
(in the sense of distributions) orthogonal basis of L3[SL(2, C), diifaar], with non-trivial Plancherel measure
appearing in the orthogonality formula [22],

& b d(p1 — p2)Ok,k
/dh D_;f’:nllll)’ﬂl (h)DJ(;anz)nz (h‘) = W §j1j2611126m1m26n1n2' (30)

Accordingly, the tensor product decomposes as

(p1.,k1) (p2,k2) _ > 2 2 ~pkjm pkin (p,k)
DjI:nI;InI (h)Dj27i12?2n2 (h) - / dpz4(p +k ) Z Cplk1j1m1p2k2j2m2Cp1k1l1m1p2k2l2m2Djmln(h)’
> k Jl,m,m
with the sum over k restricted by and the other sums by (j,1) > |k| and the usual triangle inequalities.
From the Clebsch-Gordan decomposition and the orthogonality it follows that

Jimiling Jamalang Jjamalzng prkijimipzkajoma~ p1kilimypakaloms

/th(_Phkl) (h)D(p2’k2) (h)D(Ps,ks) (h) — (P3kajsms P3kalsns (31>

e .. jam: l
= X(]17]27]3)X(l1’ 127 13)0]413::3]‘27”20[133?12”2 .

The left-hand side can be easily shown to be real, thanks to

D(pak) _ (71)j*l+man(.p7k) (32)

jmlin j—ml—m>

which follows from known properties of the Wigner matrices and our previous phase choice for the
boost matrices. See Appendix [A] for an explicit proof. Nonetheless, this does not imply that the individual
Clebsch-Gordan coefficients x(j;) appearing on the right-hand side are real; and indeed, if one works with
Naimark’s basis they are not, because the boost raising and lowering operators have complex coefficients.
For instance, the literature [23] [24] uses phase conventions that make them either real or purely imaginary.
It is however possible to make them always real, following [25] 26] as we will do below. We nevertheless
keep track of the complex conjugate in our formulas, so to make them applicable also for researchers using
different phase conventions. The (non-trivial) relation between the phase conventions of |23, 24] and [25] [26]
is discussed in Appendix

Using in the left-hand side of and known symmetries of Wigner’s 3jm symbols (see (B.19)), we
also have

3
. T Nl Yo
/dh®Dg(f:r;]j;1)nl(h) _ (71)]1 Jotjat+li—la+ls /djgﬂ/dlg < rzzz ) < ni )X(]l,jg,jg)x(ll,lg,lg). (33)
1=1

From this expression, it is immediate to find the precise relation between Clebsch-Gordan coefficients and
the 3-valent dipole amplitude. The latter is defined as in ,

Bkt = [ S (3) (1)@ dstoon 31

pi i=1
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and related to the left-hand side of by

iR ’1; lz .
/dh®D§fm iini (h) = ( 73% ) ( n; )B3(pivki;]iali)a (35)

where we used the Cartan decomposition and the property (B.23|) of Winger’s 3jm symbols. Comparing the
two, we read

Bs(pi, ki; jin 1) = (1) 92 tdsth=botls Jq. /i, (1, g2, ) x (11, D2, 13). (36)

Reality of this expression can be again proven using .

This relation extends to dipole amplitudes with n strands, with the appropriate generalised n-valent
Clebsch-Gordan coefficients on the right-hand side. These are defined in Appendix and as for the
more familiar SU(2) case, can be re-expressed in terms of fundamental 3-valent coefficients, introducing a
recoupling scheme with virtual links carrying irreps corresponding to the coupling of only two irreps at a
time. That is, we first use the Clebsch-Gordan decomposition to reduce the tensor product of four matrices
to three, and then apply to eliminate the group integral. Choosing to fix ideas to couple first the
channels 1 and 2, the intermediate step introduces virtual irreps (p12, k12), and the final result reads

i @ Dt = bt G [ S ) e

k12

. (J12) (l12)
L i l;
X E X1, 92, J12) X (J12, J3, Ja) X (ls b2y i) x(lia, I3, 1a) /dyrp A/ iy ( T‘ZL > ( ) )

n;
Jiz,l12

where we used the definition of Wigner’s 4jm symbol, see Appendix In this expression, the sums over
k1o are restricted by , those over ji2 and l15 by the triangle inequalities and by (ji2,l12) > |k12|. Notice
that since j; are fixed, this last condition means that the bounds over ji, by its triangle inequalities translate
into bounds on ki2, so that actually the sum over kio is finite. Hence, thanks to the finiteness of all the
sums and the uniqueness of the Clebsch-Gordan decomposition, we can safely swap the sum over kio with
those over ji2 and l12, obtaining

00 Jit+j2 li+2 J1+32 li+2 min{ji2,l12}
3 S 3 =Y - S @)
ki2=—00 jiz=max{|kiz|,|j1 —j2|} liz=max{|kiz|,|l1 12|} Jiz=lj1—j2| liz=|l1—l2| kiz=—min{ji2,l12}

Finally comparing the with the Cartan decomposition @, we read the desired result,

V dj12 V dl12 B4(pia kva]u li;lea 112) = (71)j17j2+j37j47l1+l2713+l4 V dj4 V dl4 (39)

min{ji2,li2}

X/ dp12 Z 4(ply + K25) X(d1, 325 G12)X (12, 53, Ga)x (11, L2, laz) X (L2, U3, La).

kiz=—min{ji2,li12}

The 4-valent dipole amplitude includes thus a linear superposition of all admissible virtual irreps. Notice
that the function Fy,,(p12) defined by the second line of (39), basically its integrand-summand, satisfies

Frpn(=p12) = Fogy, (p12), (40)

a non-trivial property which follows from . Therefore, both the integrand and the summand are even
functions, and the integration domain can be restricted to positive p12 when numerically evaluating ,
saving precious computing time at the bargain price of a factor of 2.

In a similar manner, one can extend to higher valence the relation between dipole amplitudes and squares
of generalised SL(2,C) Clebsch-Gordan coeflicients. Knowing these precise relations between the dipole
amplitudes of interest in spin foam models and the x coefficients will allow us to use existing results in the
literature to evaluate the spin foam amplitudes.

12



3.3 Kerimov-Verdiev’s finite sums formula

Explicit evaluations of Clebsch-Gordan coefficients for unitary irreps of SL(2,C) have been studied in the
literature by many authors, and as we can see from the above construction, it boils down to evaluating the r
integral in (34)) to compute the norm of , and to provide a scheme to determine the overall sign and phase,
since they are not always real. A simple way to evaluate the r integral, considered for instance in [23], is
to use and the explicit definition of the hypergeometric function as an infinite series of monomials in
r. The r integral can then be performed analytically, and one obtains a triple infinite series of an Euler 3
function. More interesting is an evaluation of the integral in terms of finite sums of Gamma functions, which
was derived by Kerimov and Verdiev [25]. Using their result requires some adaptations and some care, as
we now describe.
Let us introduce the shortcut notation

J:Zji, K:Zki, P:Zpi. (41)

The result of [25], properly adapted as explained below, reads

K+J
2

. . . _1 —i —iP— .
x(31,12,33)=(1h}%x(m,ki)ﬂ1 PO (A=8=KY) Jd;, dj, dj, 5(pis, ki3 i), (42)

where:
. ks —ky i (@1 P2 _grs) (—1)T1 T2 T (G — k) (ja + ka)! Yz
K(piy ks gi) = (—=1) R 7k2e (@5 +al ¢]3)( { - - 43
(pir ki o) = (1) Ty LG R — k)l )

X

min{ji,k3+7j2 . . . i .
Y J}[(Jl—n)!(Jz‘st—")!]l/Q <J1 B2 s )
(j1 +n)!(j2 — k3 +n)! no ks—n —ks

n=-—ji

g1 Jj2 (—1)s1Fs2=kitka (i) 4 51)1(ja + s3)!
x> 2 (1 = s1)! (51 — k1) (51 — n)!(j2 — s2)!(s2 + k2)! (k3 — 1 4 s2)!

s1=max{k1,n} ss=max{—ko,n—ks}

1—i(p1—p2—p3)—K+2s; 1+i(p1—p2+p3)+K+2s2 1—i(p1+p2—p3)—ki+ko+ks—2n+2s142s9
Tl I ) L) I 2 )

)

F(l — Zpl + Sl)F(l — Z,OQ + SQ)F(l + ’L,D3 + 81 + Sg)r( 17iP7k1+2k2+k372n)

an expressions which contains only finite sums, and

F( 1+i132‘7K) )

L(=57)

F(1—i(—P1+92+P3)—k1+k2+k3) F(1—i(P1—p2+p3)+k1—k2+k3) F(1—1(—P1—P2+P3)—k1—k2+k3)
2 2 2
|F(1—¢(—P1+P2+§3)—k1+k2+k3)| ‘F(1—i(p1—p2+p23)+k1—k2+k3)| |F(1—1(—P1—P2+§3)—k1—k2+k3)|'

z(pi, ki) = (44)

is an additional phase which makes the coefficients always real.

We did not attempt to rederive this remarkable formula, based on previous results by Naimark on
SL(2,C) generating functions [2I] and a series of non-trivial manipulations using properties of integrals
of hypergeometric functions; we merely contented ourselves to perform a series of analytic and numerical
checksm Doing so we confirmed the general validity of the formula, but with a few minor changes which we
now discuss in details.

First of all, apart from trivial notational changes, our formula differs from the one in [25] by an additional
factor 1/(4v/272), which comes from different normalisations of the Haar measure. Then, we needed three
minor corrections to the Kerimov-Verdiev’s formula.

The first concerns the choice of phases. In [25] they use Nf := [T'(j +ip + 1)/T(j —ip + 1)]*/? instead of

our exp{i@? } given by . In other words, their boost matrices are precisely those called e(?*) in Ruhl, see

10For the interested reader, we performed extensive numerical checks of three types: first, (49)) versus the integral expression
(34)); this checks the absolute value of (43) and the relative phases with I; # j;. Second, (i-)reality of (43]); this checks the phase
(44). Third, behaviour under permutations.
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footnote 8] But these, as discussed in that footnote and in [22], are not really good representations matrices,
albeit for rather trivial reasons of some wrong minus signs. One should rather use with the absolute
value instead of the square root, as defined in [49) [50] and already used in the literature on Clebsch-Gordan
coefficients [23, 24] [52]. Accordingly, one has to correct also the phase term , switching from the use
of square roots in [25] to the absolute values used here. These changes in the phases affect the Kerimov-
Verdiev’s formula by an overall factor e?(Pi-Fi:7i)™/2 and none of the steps in their derivation, as far as we
can tell.

The second correction concerns the reality of the coefficients. Neither the original formula with N jp nor
the amended one with exp{i®} (and the corresponding x(p;, k;) phases in the two cases) give real values, but
either real or purely imaginary values. To achieve reality, and preserve (36)) — which fixes the j-dependence
of the overall phase of the x’s —, we need to add to the formula of [25] the phase (—1)E+7)/2 explicit in
, plus an additional (—1)~*3, which cancels a similar term in the original formula, leading to . This
missing phase may simply have been an omission: [25] refers to a previous paper [26] for the proof of reality,
a paper in russian initially unavailable to us. There a phase factor (—1)(k1+k2_k3)/ 2 does appear; it and the
(—1)7/2 factor may simply have been lost in the steps from [26] to [25], which include also a change of basis
and different conventions[™]

The third and final correction concerns the upper bound on the n summation, which is given as j; in [25].
This would actually be correct for the y-simple irreps , but not in general: (js + k3 — n)! may introduce
a smaller bound, hence the amendment in (a max{—7j1, —j2 + k3} could also be specified for the lower
bound, but omitting this is harmless). This is certainly a minor mistake, but it can be frustrating to look
for when obtaining wrong numerical results from such a complex formula, and we think that pointing it out
is useful.

For the ~-simple irreps , one summation collapses to its maximal value s; = j1, and it is possible to
use the explicit form of the 3jm-symbol to simplify to

_i(q);flw];z_éxs) (—1)dr—da+is A(jl.)au!r(%) J1 (=117 (jy + j5 — n)!
djy P+ =) 2=, G =)z = s +n)!

J2+S F(1+J*2i’w12 45— n)r(1+J+2i7a13 + S)

(2 = 9)/(js = n+ &) T (H22=0 — n)T(1 — ingio + $)T(1 + ivjs + j1 + 52)

k(VJi»Jiy Ji) = €

21

(45)

where

1/2
C , [1:(25:)!
a2 = j1 +J2 — Jj3, ete., A(j;) = - - L } 46
12 = j1+j2 — Js (4:) <(]1+32+13+1)!Hi<j%! (46)
Once again, we can compare the complexity of the EPRL model with the much simpler Barrett-Crane model,
for which

1

47
4v/2p1p2p3 (47)

x(pi,0;0) =

" ( sinh 7p; sinh 7pg sinh 7p3 ) 1/2
cosh 5 (p1 + p2 + p3) cosh 5 (—p1 + p2 + p3) cosh 5 (p1 — p2 + p3) cosh T (p1 + p2 — p3) '

Another interesting way of evaluating the coefficients is to use recursion relations, a procedure that can
certainly also help speeding up spin foam calculations. This approach was developed in [24]. While the
norm of the coefficients so obtained coincides with the ones above, the phase conventions are different, hence
some care is needed in using the results of [24]. For the interested reader, we describe in Appendix the
detailed comparison.

3.4 Dipole amplitudes with the finite sums formula

To complete this Section, we apply the amended Kerimov-Verdiev formula to express the dipole amplitudes
with the r integrals analytically solved. This is a simple exercise, but it is useful to have explicit formulas

1With [26] initially unaccessible, the additional (—1)~*3 was missing in the first version of this paper, available on the
arXives, resulting in Clebsch-Gordan coefficients which are real for k3 € N, and purely imaginary for ks € N+ 1/2.
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handy. Specifically, some of the phases simplify, and we can use the basic identity

272
cosh(mP) + cos(mK)

[P () [P P (=) [ =

(48)
to remove some Gamma functions. For the 3-valent dipole amplitude we have, starting from , applying
and paying attention to the various phase factors,

pz, kz;jz) (Pu ki; l; )
cosh(mP) + cos(mK)

J*L

3
. iy
Bs(pi, ki jisli) = (— 16 dj.di,
=1

(49)

The reality of this expression is by no means manifest, and indeed, the phase prefactor shows that the rest
of the expression can still be purely imaginary.
For the 4-valent one we proceed in the same way, starting from this time, and we get

min{ji2,li12}

. . J—L
Bu(pis ki3 is lis iz, ha) = (=1) 72 (=1)7127 lu*dmdllz H vV dj.di, / dp1 Z (P12 + ki)

kio=—min{ji2,l12}

w(J1, 32, J12)K(F3, Ja, J12) kL1, L2, li2) K(ls, 1a, 112)
x
[cos(m(ky + ko + k12)) + cosh(m(p1 + p2 + p12))][cos(m (ks + k4 + k12)) + cosh(w(ps + pa + p12))]

» (50)

where we used the fact that the integrand is even, as explained above, and a permutation symmetry of the
X’s to rearrange the terms, see and .

We see that the Kerimov-Verdiev formula allows us to express the 3-valent dipole amplitude in terms
of finite sums. The 4-valent amplitude still requires an integration, the one over the virtual irrep pis.
Trading the r integral for the one over pis turns out to be convenient. When we use these formulas in the
EPRL model, we simply have to restrict the face irreps to the ~-simple conditions . However, nothing
restricts the virtual irreps pi2 and ki, which are free to take arbitrary values admitted by the Clebsch-
Gordan decomposition. Hence, we have introduced in this way new, virtual irreps which are off-shell of the
simplicity constraints. The existence of non-simple irreps in the EPRL model, albeit virtual ones, was not
expected to us, and it would be of valuable interest to understand their geometrical and physical meaning.
Remarkably though, numerical investigations reported below show that both labels are strongly peaked on
the corresponding simple values, pJs = vj12 and kfy = ji12. The situation is thus somewhat reminiscent of
off-shell propagation in Feynman amplitudes, where virtual particles can have off-shell momenta, but the
amplitudes are peaked on the on-shell values. From a practical viewpoint, the peakedness has the important
consequence that the expression remains much faster to evaluate than the r-integral one , in spite
of containing an indefinite integration itself.

This concludes the main body of analytic results of the paper. We then proceeded to test numerically both
formulas and against the integral expressions and . These numerical studies highlighted
many interesting properties of these amplitudes, and are reported in the next two Sections.

4 Numerical studies: 3-valent case

In this and the following Section, we report on numerical studies of the 3-valent and 4-valent dipole amplitudes
(16). We restrict attention here to the ~-simple irreps , those directly relevant for spin foams. Although
the 3-valent case is rarely considered in spin foams, as the quantum geometry associated to it has zero 3-
volume, it is useful to consider it first for its simplicity: There are no intertwiner degrees of freedom, and the
dipole amplitude Bj (j;,1;) = Bs(vji, ji; ji» li) is determined by the spins only. At fixed spins, the r integrals
in can be performed with Wolfram’s Mathematica, and give elementary trigonometric functions, for
instance

277(4 + 9v?) cosh® (%)
256(1 + 2)3 sinh(2my)’

(1 +49%)
8(1+1+2)3

Bi (33,133, 1) = coth? (1) tanh(my),  Bi(L1,151,1,1) =
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and
BJ(1,1,1;1,2,2) = M(umh(%) — coth(3TY =),

2048(1 +~2)3 2

These expressions can be derived also from the finite sums formula E As shows, the number
of terms grows with increasing spins. In spite of its complexity, the expression in terms of finite sums
is useful for analytical manipulations, and we found it to be much faster to evaluate numerically using
Wolfram’s Mathematica: For instance, computing the first thousand non-zero values of B3 with spins up
to 6 takes us about 20 minutes using the integral representation , and only 20 seconds using the finite
sums expression . Some explicit values are reported in Appendix comparing evaluation times with
the two methods. This said about computing times, we should also add that we are by no means experts on
Wolfram’s Mathematica nor coding in general, and it is quite likely that the numerical integration can be
largely optimised. The numerical evaluations are also a way to explicitly check the correct equivalence of
and , including the overall sign. The two main results emerging from the numerical investigations are
the peakedness of the amplitude on the minimal spin configurations I; = j;, and the asymptotic behaviour
for homogeneously large spins.

4.1 Peakedness on the minimal configurations

Recall that in the dipole amplitudes we have I; = j; + Al;, Al; € N,Vi. To investigate the relative weight
of non-minimal configurations, we considered homogeneous shifts Al; = Al Vi, and numerically evaluated
the ratio BJ (ji; ji + Al)/B3 (ji; i) as a function of Al, for various choices of v and j;. In almost all cases
considered, the behaviour shows a clear peak at the spin-diagonal values Al = 0, and a monotonic or
oscillating decay. See Fig. [3] for a set of representative examples. The only minor exception we observed
occurred at large v and small j;, see top-right panel of Fig. |3] where the peak is at a small but non-zero Al,
before the decaying behaviour sets in. Although we could not push the numerics beyond the values shown,
it is reasonable to imagine that the observed behaviour of the j = 10 and j = 20 lines moves towards a
local maximum, smaller that 1, before decreasing again, something like a long period oscillation. So that
the maximum at non-zero Al moves to the right and well beneath the value 1 as j; are increased. We found
similar situations in all large -y investigated case for which the shifted peak is initially present at small spins.
Similarly for oscillating decays like at non equal spins in the Figure, increasing v can increase the amplitude
of the oscillations for small j; (although we did not observe situations where it goes above 1), and increasing
ji the effect is strongly reduced, restoring the same qualitative decay as in the pictures. Hence, we conclude
that the peakedness at the minimal-configurations is a generic feature of the amplitude at large spins, and
valid also for small spins at at small ~.

Concerning the decay itself, it is in general roughly power-law. For the simplest case with all spins equal,
a best fit gives a power-law decay Al='/2, see Fig. 4l Another way to expose this peakedness is to study the
large spin asymptotics for diagonal and non-diagonal configurations, as we show next.

4.2 Large spin asymptotics

We report first the asymptotic behaviour of the spin-diagonal configurations. Evaluation in this case is
significantly faster, especially using the finite sums formula, and it becomes manageable to go up to spins
of order 107 in less than an hour. These numerical investigations show that Bj (Nj;; Nj;) can have two

12To get a flavour for this, recall that T" functions are related to trigonometric functions, for instance |T'(iy)|? = 7 /y sinh(7y),

n

k’2 r 2n+3+zy 2 Qk 1 2 2 .
T162 45, I P = S cosnirgym L1+ 17 + 47

ID(n+1+iy)? =
ysmh 7ry)
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Figure 3: (In color in the online version) Study of the peakedness of BJ (ji,1;) on the ‘spin-diagonal’ configurations
l; = j;. Top panels: cases with equal spins, the plots show B3 (j,7,7,7 + Al,j + Al,j + Al)/B3 (4, 7,7) with different
values of j (shown in different colours), v =1 (left) and v = 10 (right). For v = 1, the spin-diagonal configurations
dominate at all studied spins, and the decay is a power law, see Fig. m For smaller v the plots are very similar. On
the other hand, local mazima can appear for v > 1. For small spins the maximum can even exceed 1, thus shifting the
actual peak of the ratio. This we observed only for small spins. Notice that here the amplitude vanishes identically
for Al odd, due to symmetries of the Clebsch-Gordan coefficients. Bottom panels: examples with non-equal spins,
Bl (5,7+1,742,i+ALj+1+ALj+24+Al)/B3(j,j+1,j+2) withy =1 (left), and B3 (4,j+2,7+3,7+ Al j+2+
Al j+3+Al)/B](j,7+2,5+3) withy = 7/2 (right). The values for odd increments are this time non-zero, although
they can be 2 orders of magnitude smaller and indistinguishable on the plots. Oscillations and negative values are
shown in these cases, and the power-law peakedness at least for large spins is manifest.

(i) V=1

e j=1

s j=2

Figure 4: (In color in the online version) Fit of the fall-off in Al of B3 (j:; j: + Al) for the simplest configuration,
all spins equal. The same function of the top-left panel of Fig.[3 is here shown on a log-log plot, and together with
the numerical best fits: 1.1AI"Y2 for j =1 and 1.8A17Y/2 for j = 2.

different power law decays,

BY(Nji; Nji) ~ er (v, )N~ it Y ji=2n+1, (51)

B3(Nji; Nji) ~ ea(7,ji)N~L it ) ji = 2n, (52)
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see Fig. 5| for examples. Experience with saddle point analysis of this type of integrals (e.g. [B]) suggests

B3(j.,4.9) B3(j,24,3j)
0.05F o °

0.011
0.01F

0.001+
0.001

Figure 5: (In color in the online version) Left panel: Asymptotic behaviour of B3 (j,j,j) as a function of j,
for v =1, on a log-log plot. The numerical evaluations are the (blue) dots, the (red) line is a best fit using data
j € [50,70], which gives 0.038852/2. Right panel: Asymptotic behaviour of B3 (j,27,37), again for v = 1, and fit
0.0154 5.

C1 (’}/aj’l = 1)
0.1

0.011

0.0011

Figure 6: Behaviour of the numerical coefficient of the fit for B3 (4,7,7;4,7,7) at spins of order 40, for varying -,
versus the asymptotic formula found in [27]. Log-log plot.

that these two behaviours can be explained by a degenerate Hessian in the second case, probably related to
the existence of aligned directions in the phase space. We also investigated the dependence of the coefficient
c1 on 7, see Fig. This matches the result (1 4 42)7%/2 of [27] (see below), although the precise
numerical agreement is slightly short. The discrepancy could be due to the spins in our numerics not being
high enough.

Next, we considered the asymptotic behaviour for non diagonal cases with different spins but all ho-
mogeneously rescaled, that is B3 (Nj;; NI;). The numerical evaluations are a bit slower, but can still be
done efficiently using the finite sums expression. A variety of different behaviours is now possible, including
power laws and exponential decays, with or without oscillations. In no case we found a behaviour as slow as
j~3/2, thus providing further evidence for the peakedness of the amplitude on the diagonal configurations.
A representative selection of various cases is shown in Fig. [7]

Clearly, these numerical studies point out the existence of an interesting zoo of different behaviours, and
plead for an analytic investigation. At least for the case of diagonal configurations, a useful tool would be the
use of spinors. For instance, using the generating function of Wigner’s 3jm-symbols [57] (see also [58] [59])
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Figure 7:  Ezamples of asymptotic behaviour in the non-diagonal case, showing a variety of different possibilities,
mizing power laws and exponential decays with or without oscillations. In the former case, we have added an inter-
polating line to help the visualisation. Top-left: power-law damping ~ j~2 with oscillations; top-right: oscillations
and exponential decay (notice a rescaling by exp(55/6) has been artificially added to enhance the visibility of the plot);
bottom-left: also oscillations and exponential decay, but always with positive values (and again an artificial rescaling);
bottom-right: exponential decay without oscillations.

and the spinorial formalism for SL(2,C) as in [9], 4T], (34) can be written as

) dp(w;) e
B3 (ji) = / dp(r / dp(Gi) / dp(G; / eSrwnti) - (53)
3 i) = H T B dtr, [ P ) (

with all the integrals over CP! with its SU(2)-invariant measure du(z), and

Cz|€203|w1> (wil¢h)? tn [GilCi 1) [CitalCi) +n <C1{41‘4{]<<{‘C/"2]

7y Jwi 12/ [l [2) [Gig1lCiga) (Ci12Si34]

Here |w) € C? is a spinor, ||w|[* = |w°|? 4 [w'[?, d(r, t) is defined in (A.4) in the Appendix, [¢) :=n({)|3, ),
I¢] :=n(¢)|5,+) are Perelemov’s coherent states in the fundamental representation, and finally + is a sum
modulo 3. A more detailed analytic study of the asymptotic scaling is postponed to future work [60].

S(T Wvaﬂ Z]z (54)

5 Numerical studies: 4-valent case

The 4-valent dipole amplitude is the case of most common interest in LQG and spin foams, and we
study it in details in this Section, restricting again attention to the simple irreps . For short-hand, we will
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denote it BJ (ji; li; j12, l12) = Ba(pi, ki3 ji; li; j12, l12), consistently with . It is the simplest amplitude
with non-trivial intertwiners, and geometrically, it corresponds to a quantum tetrahedron being boosted
among adjacent frames: The two sets j; and [; describe the four areas of the tetrahedron in the two frames
connected by a boost, and the two intertwiners, say ji2 and l1o, describe the quantum intrinsic shape of the
tetrahedronE Again, we performed numerical simulations using both the r-integral expression and the
one obtained using Kerimov-Verdiev’s finite sums formula : our numerical studies served first as a test
ground to check the equivalence of the two expressions, and then to study various properties and asymptotic
behaviours of the amplitude. Anticipating on the results presented in details below, the amplitudes are
dominated by the minimal I; = j; configurations and by diagonal intertwiners, and show a power-law decay
N—3/2 for large spins:

Vi \/di, BY (Njis Njis jiz, liz) ~ (v Jir 512) N7228 411, (55)

The dimensional factors on the left are added for convenience since our 4jm-symbols used in By are not
normalised. These numerics confirm the results of [27], where this leading order estimate was obtained with
a saddle point analysis. The decay away the non-minimal configurations is again roughly power law, and
the square of the 3-valent case, that is

BZ(ji;ji+Al;j12,l12) ~ Al (56)

For the suppressed, non-minimal configurations I; # j;, the large spin asymptotics can have various be-
haviours, including exponential fall-offs and oscillations, and can be peaked at non-equal values of the
intertwiners. The peak on the intertwiner labels, whether equal (minimal spins) or not (non-minimal spins),
is generically sharper at small v, and broader at large ~.

5.1 Off-shell peakedness

As anticipated below , the numerical evaluation of for simple irreps is still faster than that 0,
in spite the fact that both contain an infinite integration. This is because the integrand in the case of (50)) is
significantly localised. In fact, both the integrand and the summand in turn out to be strongly peaked
on the values that would solve the y-simple conditions, as we now report.

To study the peakedness in p12, we considered the integrand of , defined including the summation
over kqo, for various configurations. See Fig.[8|for examples. We generically observed an oscillating behaviour
of the integrand, with a clear principal peak. For diagonal intertwiners, jio = ly2, the principal peak lies
at approximately v712; the precise location of the maximum and shape of the peak depend on the values of
the spins and of 4: It is sharper for the minimal configurations I; = j;, and broader for very non minimal
ones; It broadens also as + is increased. For non-diagonal intertwiners (that have suppressed amplitudes),
the integrand is still peaked, this time on values which lie in between ji2 and lys, typically closer to the
smaller of the two, and the secondary peaks become more important.

To study the peakedness in k12, we considered the summand of , defined including the integral over
p12. For all considered cases, minimal or non-minimal spins, diagonal or non-diagonal intertwiners, small or
large 7, the plots show an exponential peak at the maximally allowed value k12 = min{ji2,l12}. See Fig. |§|
for examples.

Finally, notice also from the pictures that both the integrand and the summand are even functions, as

expected from .

5.2 Peakedness on diagonal intertwiner labels

Again, it is possible to compute explicit analytic values of at fixed spins with Mathematica. For example,
the first two configurations with all spin equals, j; = I; = j, give

4 4my(1 —~*) (coth(my) — 2tanh (51)) + 157%(2 — %) — 3
b 5y (1+2)"

By (ji = 4.l = 31 j12.l12) = 65 (57)

I3We recall this is half the information needed to characterise the classical intrinsic shape, see e.g. [61] for more on the
polyhedral picture of intertwiners.
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Figure 8: (In color in the online version) Plots of the integrand of @) for simple irreps, showing the approximate
peakedness of the virtual irrep pi12 on yji2, for lia = ji2, as well as the parity of the integrand in p12, a consequence
of (@) The spins, intertwiners and v values used are reported above each plot. Top panels: A minimal configuration
with all spins equal 2 and v = 1, varying ji12 = liz = ¢ = (1,2,3) (left, mazima at 1.27, 2.07, 2.93); or keeping
ji2 = liz = 1 and varying v (right, mazima at 1.27, 2.12, 2.76). Bottom panels: A non-minimal configuration with
all spins different, again with v = 1 varying ji2 = liz = ¢ = (1,2,3) (left, mazima at 1.31, 1.76, 2.35), or with
ji2 = liz = 1 and varying v (right, maxima at 1.31, 2.46, 3.57). For the suppressed non-diagonal configurations with
li2 # ji2, mot shown here, the position of the peak lies typically between the two values, much closer to the minimal
one.

and

BZ(JZ =1l =112, 112) = Oji2li2 fj127l12 (7) + 6j12,l12i2 fjlz,llz (’Y)’ (58>

o) = ATy P 1, (1) (Bcoth(my) — tanh(my)) +p3 ;L (7)
dr2b2 U = Be0m a1 1 224 (s + 1) (212 + (e + 1) (202 + 1)

(59)

where p§12 1,,(7) are even polynomials of order 8 in v which we do not report here. A plot of f;,,1,,(7), see left
panel of Fig. shows that these coefficients are much larger for diagonal intertwiner labels, jio = 12, than
for the only admissible non-diagonal value. Notice also from the picture that the diagonal values appear to
have a clear hierarchy among them. This reflects the lack of normalisation of the intertwiners, and it would
mainly wash out if we multiply By by +/dj,,+/di,,. The peakedness on diagonal intertwiner labels, sharp
at small v and broader at large ~y, turns out by numerical explorations to be a generic characteristic of the
minimal configurations, see right panel of Fig. [L0|for an example. This diagonal behaviour is suggestive that
the integral over r has a saddle point at r = 0, as indeed estimated in [27] and used to derive analytically.
Notice that the Kronecker delta would be the exact result for an ordinary SU(2) dipole amplitude. Since
our numerical investigations show that the next-to-leading order to is suppressed for small v, the EPRL
model appears to resembles the more and more an SU(2) theory in this limit.

On the other hand, the peak can move away from diagonal intertwiners for non-minimal configurations,
see Fig. But since the non-minimal configurations are sub-dominant (see next Subsection), these contri-
butions are also next-to-leading order, and the overall dominant behaviour remains .
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Figure 9: (In color in the online version) Plots of the summand of @) for simple irreps, showing the peakedness
of the virtual irrep ki2 on min{ji2,l12}. We report a configuration with equal spins (left panel) and one with different
spins (right panel), for both diagonal and non diagonal intertwiners. Both on a log plot, these examples show an
exponential peakedness on the maximally allowed value.
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Figure 10: (In color in the online version) Peakedness on equal intertwiners shown for j; = l; = 6. Left panel:
Behaviour of (@) for different values of (j12,112), log—log plot. We see that the non-diagonal intertwiner configuration
1s suppressed. The apparent different magnitudes of the diagonal ones is mainly due to the lack of normalisation of
the 4jm-symbol. Right panel: Peakedness on equal intertwiners shown for the example j; = l; = 6, li2 = 6, showing
how it flattens as ~y increases.

5.3 Peakedness on the minimal configurations

The next result we want to show is that as for the 3-valent amplitude, the 4-valent amplitude is also
dominated by the minimal configurations [; = j;. See Fig. where for convenience we kept the interwiner
labels fixed. The observed behaviour is qualitatively similar to the 3-valent case. In particular, we have a
nice power-law drop-off in the case of equal spins, and oscillations for non equal configurations. For the equal
spin case, taking the smallest possible spins to keep reasonable computing times, the plots in Fig[T3] show
a decay like Al™!, consistent with the square of the 3-valent case. This time we did not observe shifted
maxima for large 7 as in the 3-valent case, see Fig. [3] On the other hand, qualitatively similar figures were
observed for non-diagonal intertwiners. Since these are subdominant contributions anyways, we refrain from
showing these plots here.

5.4 Large spin asymptotics

For equal spins and at fixed intertwiners, the large spin behaviour of the amplitude shows a clear power-law
fall-off, see Fig. [14l The different powers shown in the plots reflect the lack of normalisation of the 45m
symbol, see |i if we rescale By as in , all diagonal intertwiner contributions scale like N—3/2. The
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Figure 11: (In color in the online version) Variation of the peak as non minimal configurations are considered:
Increasing l; from their minimal value the peak lowers in magnitude and may also shift to non diagonal values of the
intertwiners.
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Figure 12:

(In color in the online version) Peakedness of B] (ji;li; ji2,li2) on the minimal configurations l; = j;,

with fized intertwiners. Left panel: cases with equal spins, the plots show BJ](4,7,7,7;5 + Al,j + Al j + Al j +

with non-equal spins, BY (j,j,5+1,5+2 5+ AL j+AL j+ 1+ AL j+2+ Al 1,1)/B) (. 5,5+ 1,542 5,5,+1,4+2;1,1)

with v = 10.
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Figure 13:  (In color in the online version) Fit of the fall-off in Al of BJ(ji;ji + Al;0,0) for the simplest

configuration, all spins equal and zero intertwiners. The same function of the left panel of Fig. [I is here shown on

a log-log plot, and together with the numerical best fits: 1.3A17 for j =1 and 1.9A17* for j = 2.

figure also shows clearly the suppression of amplitudes with non-diagonal intertwiner labels, which are at
least one order of magnitude smaller.
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Figure 14: (In color in the online version) Asymptotic behaviour of B] for two minimal spin configurations
li = ji, for different intertwiner labels ji2 and li2, and corresponding fits. The exponential suppressed case (0j) is
not reported on the second plot. Other configurations show similar behaviours.
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Figure 15:  (In color in the online version) Left panel: Behaviour of the numerical coefficient of the fit for
Bl (ji = j;l; = j;j12,l12) on a log-log plot, for varying v and two different diagonal interwiner configurations, in
triangles. For comparison we plotted c1(y) for B3 (ji = j;li = j), round dots. Right panel: Ezample of oscillating,
exponential decay for a non-minimal spin configuration. The plot shows exp(3/25) B} (ji = 7; 7,7, 74,275 j12,l12) as a
function of j, for v = 6/5 and three different values of intertwiners. The artificial rescaling by exp(3/27) is made
for ease of visualisation only. We observe that in this subdominant non-minimal case, diagonal or non-diagonal
intertwiner labels can have the same scaling.

We also studied the dependence of the coefficient ¢(7, j;, ji12) of on -, for equal spins and different
values of the intertwiners, see left panel of Fig. For ji5 = l15 = 0 this is basically the same as for
the 3-valent asymptotics , reported for comparison in the picture. Increasing the intertwiners appears
to only introduce a constant shift, thus suggesting that c(v, ji, j12) = &(7,ji)f(j12). In [27] the following
estimate was given:

3/2
) . 1 6m
Vdji2\/di, B (Njis Njis jiz, liz) ~ (@n)? [(1+72)Nzijj 0j1alrs- (60)

Our numerical analysis clearly confirms the N~3/2 scaling and peak on diagonal intertwiners. As for the
(v, jis j12) dependence, while this formula worked with good accuracy in the (non-degenerate) Bs case, it
appears to be less accurate in the case of By, at least at relatively small spins: We performed checks with
spins of order 30, and the formula was typically off by a factor of order 1. See for instance in the left panel
of Fig. the matching of the equal spins scalings of Bs and B4 with ji2 = 12 = 0, whereas a relative ratio
(4/3)3/2 ~ 1.54 would be expected from . The (1+~2)~3/2 appears to be in good qualitative agreement,
but further numerics also suggest an additional explicit dependence on jio, with the accuracy of the formula
improving for large j12. More work will be needed to establish whether this is a limitation of 7 or simply
the fact that we did not push the asymptotic behaviour to high enough spinsE

14The estimate was on the other hand derived for arbitrary valence, and we run some numerical tests with the 5-valent
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For the non-minimal spin configurations, again the situation is richer, with exponential decays and
oscillations also present. Furthermore, in this sub-dominant configurations the amplitudes are no more
necessarily peaked at diagonal values of the intertwiners, see right panel of Fig.

6 Scaling behaviour of the simplified EPRL model

To control the properties of a spin foam model under refinement and rescaling, it is necessary to know its
scaling properties when all spins are large. Not much is known in this context, with explicit results basically
boiling down to the Euclidean estimate at v = 0 of [62], the Lorentzian self-energy analysis of [63]. As
an application of the results here exposed, in particular the factorisation property and the observed
asymptotic scalings and , we provide in this Section a simple estimate of the large spin scaling of the
simplified model on a fixed foam. The result is useful to study divergences and renormalisation properties,
and preliminary to the more refined estimate of the degree of divergence, which further requires studying
how many of the bulk spin summations are unbounded and diverge. Here we are merely studying how the
whole amplitude rescales as all the spins become large, and not the way the regularised amplitude scales
with a cut-off. We restrict attention to the simplified model: extending our analysis the the full model will
require deepening and extending the control on the sub-dominance of the non-minimal configurations. We
discuss two specific examples: first, the case of a foam with all edges 3-valent, a case possibly of not direct
relevance to quantum gravity models for the vanishing of quantum 3-volumes, but simpler and of interest of
tensor models. Then, all 4-valent, the standard case. In both cases we will consider a closed 2-complex, the
generalisation to an open one with boundary is straightforward.

If we assume that all edges are 3-valent, all vertices of the foam must have even-valued valence, say 2n,,,
to allow a correct routing of all the strands. A vertex of valence 2n,, has amplitude given by a 3n,, j—symbolE
whose asymptotic behaviour is [57]

{3nuj} ~ (732 (61)

Then, if we restrict attention to the simplified model, we can use the asymptotic behaviour exposed in
. Clearly it is the slower behaviour that matters when investigating the overall scaling, therefore we can
assume the second term to be dominant. Each edge contains two dipole amplitudes, and thus tributes a
scaling factor N~2. Collecting the results, we have

ZCE;PRLS ~ NF-2B-3/2%,(n,—1) _ NX75/2E+V/2’ (62)

where we used the fact that >, 2n, = 2E, and introduced the Euler characteristic of the 2-complex,
x = F — E 4+ V. In the special case of all 4-valent vertices, £ = 2V and the scaling reduces to

ZCE3PRLS ~ NX_9/2V. (63)

In the case of a standard foam with 4-valent edges, there is no restriction on the valence of the vertices,
and any n,j-symbol can appear. To estimate the edge amplitude. Using (56)), it is easy to see that the two
sums over the k intertwiners in have a single dominant contribution, scaling like N2 in the spins j -
As for the intertwiner label i., we trade this for coherent states following [5], and keep track only of the
rescaling of the spins. Hence,

ZCEPRLS ~ NF73E73/2 2o (ny—=1) _ NX75E+V/2 (64)
4 b
Assuming all 5-valent vertices as in the simplicial case , 2F = 5V and the scaling reduces to
ZCEPRLS ~ NX712V. (65)
4

These scalings have immediate applications to estimate the relative weights and divergences of different
foams, and we expect them together with their extension to the full EPRL model to play an important role
in future developments concerning, refining, resumming and renormalising spin foams.

dipole amplitude, confirming that for the minimal configurations I; = j;, the leading order large spin behaviour is diagonal in
the two pairs of intertwiners, and scales like N~3/2,
15The precise symbol will depend on the specific routing of the strands; however the scaling behaviour is always the same.
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7 Conclusions

Spin foam models for Euclidean signature are typically described performing all the group integrals and
expressing the amplitudes in terms of contracted Clebsch-Gordan coefficients. In this paper we have shown
how to extend this reformulation to Lorentzian models based on SL(2, C), and more specifically to the EPRL
model. The procedure has two steps. First, using the Cartan decomposition, part of the integrals can be
immediately performed in terms of SU(2) coefficients, generating familiar SU(2) nj-symbols at the vertices,
and isolating the non-compactness in boost integrals associated with the edges of the spin foam. This gives a
geometric picture of the Lorentzian EPRL model in terms of Euclidean polytopes linked by boosts — weighted
by the Immirzi parameter, and makes manifest and exact the separation of intrinsic and extrinsic variables
emerging at the saddle point analysis of [9]. Second, using a formula derived in [25] to explicitly perform the
boost integrals, in terms of finite sums of Gamma functions. The formulation makes the numerical evaluation
of the model much faster, but also allows to develop new analytic tools, exploiting the explicit factorisation
in SU(2) amplitudes and the off-shell behaviour of the virtual Lorentz irreps, or asymptotic properties of the
Gamma functions resolving the edge amplitude, or using formulas like to apply the spinorial techniques
that have already led to a number of useful results in spin foam models [33] (64, [41], [65] [66].

In the course of our analysis we also considered a simplified model in which only the intertwiners are
boosted, and not the spins. This is a strong truncation, motivated mainly by the desire to streamline some
calculations, but the numerical investigations performed show that the main contribution to the amplitudes
come from the minimal ‘spin-diagonal’ configurations, thus suggesting that the simplified model may be a
good approximation to the full model in certain regimes. Another result of our numerics is that the half-edge
dipole amplitude in the ‘spin-diagonal’ configurations is peaked on diagonal intertwiners and falls off like
N—3/2 for arbitrary valence (except 3 when a degenerate case also appears), confirming an analytic result
obtained in [27] using a saddle point calculation. We then used these scalings to estimate the overall scaling
of two different classes of generic foams. The various peakedness properties are found to depend sensibly on
the Immirzi parameter 7, and the generic trend is that the peaks are sharper for small ~, and broader for
large ~.

The analysis pursued here has been also the occasion to review and at places extend results of the
literature on SL(2, C) coefficients for unitary irreps of the principal series. We have showed how the phases
for the boost matrix elements can be chosen to guarantee reality of the edge amplitudes and more in general
of integrals of tensor products, and characterise and compare the various phase choices in the literature. We
have provided a definition of generalised SL(2,C) Clebsch-Gordan coefficients, and the SL(2,C) equivalent
of Wigner’s 3jm symbol.

We hope that our results provide new stimulus to improve the numerical and analytic understanding of
the EPRL model and of Lorentzian models in general, with physical calculations like radiative corrections
[63] or tunnelling amplitudes [20] in mind.
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A Boost matrix elements for general unitary irreps

To provide an explicit parametrization of the SL(2,C) unitary irreps, it is convenient to use the Cartan
decomposition h = uez?v~!, and write

D) = 3~ DG () D), (A1)

jmlin
p

where Dﬁ%(u) are the Wigner matrices for SU(2), and

DR (¢575) = 6, DR (€595) 1= §,nd 020 (1) (8.2)

jmlin jmlm jlm
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are the matrix elements of a boost in the z direction. The SU(2) Wigner matrices can be found in all SU(2)
literature. The z-boost matrices have also been extensively studied (e.g. [211 [49, 22} [51]), and are canonical
up to a phase. This phase difference turns out to be important when evaluating Clebsch-Gordan coefficients,
in particular the phase can be chosen as to guarantee that all dipole amplitudes B,, and in general all
group-average integrals of tensor products, are real. Since this is a delicate point, we discuss it in details,
reviewing the choices present in the literature.

The d»*) matrix elements can be written in integral form (see e.g. [22]),

(0) 1y — iV @) (97 _ 117D "
i (r) = z\ﬁf/ 1wd (2t — 1)d,,) <d(r,t) 1>, (A.3)

where ¢'¥i parametrises the freedom in the phase,
d(r,t) =te™" + (1 —t)e", (A.4)
and d), (2t — 1) are the little Wigner matrices with 2¢t — 1 = cos 3, explicitly

i _ jon NG MG —m)I(G +n)!( —n)! B\ 2ktmtn
i (cos ) 7;(71)“ Elk+m+n)l(j—m—k)(j —7’L—I<;)l(COS§)2k+ ™

sin é)2j72k7mfn'

Using this expression, the integral over ¢ can be given in terms of hypergeometric functions:

A (r) = e (- (jﬂfl) [+ ]G = R)G + )G = DU+ W= W+ P =) (A5)

w o—(k—ip+p+1)r Z (D) *e " (k+p+s+t)(i+l-k—p—s5—1)
slGg—k—=s)j—p—s)lik+p+s)t!l{—k—-t)I—p—-—t)(k+p+1)!

X oFil+1—ipk+p+1+s+t,j+1+21—e 2],

which can also be rewritten as an infinite series in powers of e™" [5I]. As used in the main text, there is
only one summation in the simple case j = k (corresponding to s = 0), and only one term in the “diagonal”
elements [ = j (corresponding to t = 0).

The matrix elements have a number of symmetries under conjugation, sign flips and permutations, see
22] E The one that is relevant to report here for the reality of the dipole amplitudes is the symmetry linking
complex conjugation to the parity map m — —m:

o200, PG+ip+ DT —ip+1) (o)
T(j—ip+1)T(+ip+1) it=m

d(P k)( )

jlm

(r). (A.6)

Using the property of the Wigner matrices relating conjugation to parity, namely

Diih(g) = (=1)""DY)._.(9), (A7)
(A.6) implies
Dj(i)nh)z - 627,@] ( 1) D](p 'rrzl n (A8)

with

2iaf, _ 20, FG+ip+1)T(1—ip+1)

¢ TG —ip+ )T +ip+1)

(A.9)

16The phase w;l = 01in [22]. We also adapted the notation of Ruhl’s monograph to the one most used in the modern literature,

that is p = prun1/2, kK = mgrun1/2. For experts in spin foams, we point out that the & mapping is opposite to the one used in [9],
leading to a y — —v flip in the amplitudes. Finally, notice also that Ruhl’s parametrization of Wigner’s d(?) matrices differs
by a factor (—1)™~™ from the one most commonly used nowadays [57]. This does not affect however the explicit evaluation

().
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Let us now study the reality of the dipole amplitudes. Starting from in the main text, and taking
its complex conjugate, we get

P3

/Dm,kl) DUk peake) _ 2i(afly, +alf,—afh ) (g ymatma—ma—m—natns (A.10)

Jimaling = jamalane ™ jzmslsng

Ji—mili—ni17" jo—mala—n2™" jz—mzlz—ng

% /D(Plakl) D(szkz) D(pmks) _

2i(afl, +a?2 —af3 mi+mo—ms3—ni—natns —(: - j—m la—n
e ( d1tr T Yl 3313)(,1) 1+ma2—mz—ni—n2 3X(]l,]Q,]S)X(llvl%l3)Cj1—m1jz—mzclf—n13l2—nz

= €2i(a§1111 ol o) (=177 X1, j2. ja)x (L, 15) CIT Cpne

Jimajame “linilang?

where in the last line we used (B.19) and the recoupling conditions on the magnetic indices. Looking at the
right-hand side of we see that the integrals are generically complex, and that a sufficient and minimal
choice for their reality is

e = (—1)7 . (A.11)
This property can be obtained choosing the phase

G = (1) et ()i LU ) TO=id ) (A12)
[T +ip+ D] +ip+1)]
which leads to the expression used in the main textm Accordingly,
a0 = (O, ), (1.13)
and -
pled) — (—1y-tmonpeh) (A.14)

Using then , one shows in the same way that all invariant tensors obtained from group averaging are
real, in particular the dipole amplitudes defined in the main text. With this choice, it also follows
immediately (specialising to j; = 1;) that x(j;) is either real or purely imaginary.

On the other hand, the phase choice in Ruhl’s monography is w;’l = 0, in agreement with the original
phase conventions by Naimark [21I]. While this parametrization has a simpler integral expression ,
it has the disadvantage of giving complex dipole amplitudes. It is immediate to see that the two phase
choices w;’l =0 and 1] are related by a unitary transformation, thus preserving the faithfulness of the
representation and making our phase choice perfectly admissible. Furthermore, our choice merely

adds a factor (71)’% to the one of [49] (0],

GV — i il LG +ip+1) TU—ip+1) 7
PG +ip+ DI —ip+ 1))

(A.15)

already largely used in the literature on Clebsch-Gordan coefficients [23], [24] (52 25]. This choice is sufficient
to make the y; either real or purely imaginary (more on this below in Section B.2), on the other hand,
¥ =11in and the dipole amplitudes are also real or purely imaginary.

Finally, notice that the choice corresponds to taking the parity tensor to be real and coincident

with the SU(2) one, that is,
PR = (=) s (A.16)

Jmi'm’ =
unlike in [22] where it carries the phase here reabsorbed in wfl.
For completeness, we report also the symmetry properties relating negative irrep labels to the positive
ones:

—pk i—1 (oK) N —k &
A0 () = (=177 ), d T ) = dR ). (A.17)
We respect to Ruhl’s choice w;-’l = 0, the first has picked up an extra phase (—1)’~!, and the second is
unchanged. Using these two properties and (A.13)), the property in the main text follows.

17The minus sign in front of JT_l here may look confusing at first, compared to li but notice the factor (—1)j’l that pops
up in going from the integral representation (A.3]) to the hypergeometric representation.
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B Clebsch-Gordan coefficients, definitions and conventions

B.1 (Generalised) SU(2) Clebsch-Gordan coefficients

To fix our notations and conventions, we briefly review here some properties of Clebsch-Gordan coefficients
for SU(2). We restrict attention to those more directly relevant to the calculations of the paper, and we
refer the reader to [57] for a complete list of symmetries and properties of these symbols.

We use the standard [57] phase conventions for the SU(2) Clebsch-Gordan coefficients Cgf:nl jymy A0
their relation to Wigner’s 3jm-symbols given by
o _{)ii—da-m
Ju J2 ) _ (-1 Cj-_mm- - (B.IS)
mi Mo m /dj Jimijamsz

which has the advantage of more symmetric behaviour under permutations and sign flips. For instance, a
property we will use below is

< J1 Jo J >(1)j1+j2+j3( JuoJ2J ) (B.19)

—m; —Mmg —M mpy Mg m
The generalised coefficients for the coupling of three angular momenta are given by

Cdrzim — (22 ogm (B.20)

Jjimaijamajzms Jimaijeme ~ jizmizjzms?

where mi2 = mi + mg, and correspondingly one can define a generalised Wigner 4jm-symbol as

( 1 jo ja j >J12 _ (_1)]1 J2tJs+ lezj,*m (B.Ql)

mip Mg M3z M g /T /d]12 % Jimijzmajzmsg
=Y (~1yimm Jio J2 iz Jiz gz J
mi; My Mi2 —mi2 M3 M

mi2
The scheme can be straightforwardly extended to an arbitrary number n of external legs, iterating the step

above and introducing n — 3 extra recoupling labels ji2, j123, etc. We can define in this way the general
symbol

j \ @ ' N X

* — _1)Jiz2—miz2+ji2s—mi23+...

< m; ) B Z (1) (B.22)
mi12,M123,...

o (I T2 e Jiz J3 Ji23 Ji2s Ja ]
mip M2 Mi2 —Mmiz2 M3 Mi23 —Mmi23 Mg M ’
where {i} stands for the set of n — 3 virtual spins. In the main text we used this symbol also for the cases

n = 3,4, as a shorthand notation. _
With these definitions and the conventional definitions of Wigner’s matrices for SU(2), D{), (g9), we have

j j j J1 J2 J3 J1 J2 J3
/ dgD}y. ., D3, Dy = < e ) ( o ) (B.23)

. . . . (jlz) . . . . (j12)
j j j j _ JuooJ2 J3 J4 JuoJ2 g3 J4
[ 49D Dl Ditn Do =i (2 22 (0 )
J12
and so on for more general symbols.
We will also use the fact that the symbols satisfy the following orthogonality properties,

Z Ji J2 3 g2 s jsts Omsns (B.25)
mi,msa my Mm2 Mg mp m2 N3 dj?» ’
S (g2 s R T T N BN (B.26)
— mip Mo M3 mMm my M2 M3 m djlz ' '
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Notice from the second equation above that unlike the basic 3jm-symbol, the 4jm-symbol we defined is not
normalised. In the literature one also finds a normalised 4jm-symbol, obtained multiplying the right-hand
side of by +/d;,,. We chose the non-normalised convention because it is the one that corresponds to
a 4-valent node in the SU(2) graphical calculus (e.g. [57]).

B.2 (Generalised) SL(2,C) Clebsch-Gordan coefficients

As in the SU(2) case, the SL(2,C) Clebsch-Gordan coefficients have limited symmetries, and dimensional
factors may appear under permutations of the labels. For instance, from in the main text, it follows
that

X1, 3, d2) = (=10 225Gy, o, gs), (B.27)
J2

with f(p;, ki) depending on the phase conventions for the x’s. It can be then useful to define a more
symmetric symbol, an SL(2,C) version of Wigner’s 3jm-symbol, as

( P13k1 P23k2 P37k3 ) = (=1)7 2% Jd (i1, G2 G3)- (B.28)
1 J2 J3
This symbol is invariant under permutations up to a phase, for instance,
pr ki ps, ks p2ike ) _ (—1)~IrHiztiat (k) (1 ki pake pa,ks ) (B.29)
J1 J3 J2 J1 J2 J3

With this definition, starting from and using (A.14), we have

/th(PlJﬂ) plP2k2)  plesks) ( p, ki p2, k2 p3sks ) ( pr. k1 p2, ko P3,k3> (B.30)

Jimalini™ jomeolang ™ jsmslans 1 J2 73 1 lo l3

« J1 J2 3 L I 13
mip Mgz Mmg ny n2 N3 ’
in analogy with (B.23).

For the generalised coefficient coming from the recoupling of three irreps, we proceed as in the SU(2)
case, and define

CPlzkrlszjm — E Cp12k512j12m12 pkjm
p1kijimipakajamepsksjsms * prkijimipzkajama ™~ pi12kiz2jiamizpsksjsms
Jiz2
_ § s ; s\ Jizmas gm
- X(]17]27J12)X(J123.737])Cj1m1j2m2Cj12m12j3m37 (B31)
Ji2

where j1 + jo > ji12 > max{|kia|,|j1 — j2|}. Changing the recoupling basis goes as for SU(2), with the

relevant {6p, 6k }-symbol given using (B.30) and (B.28) by
{6p, 6k} :Z{%}( pr.ky ok psiks ) ( pr.ky ps.ks e, Ko )
Ji

J1 J2 J3 Ji J5 J6
« [ Po ks p2,k2 pe, ke pa, ks ps, ks p3, ks
Ja J2 Je Ja Js J3 ’

The factorisation of this symbol is just a toy example of the factorisation for the case of a tetrahedral
vertex graph.

The relation between the generalised coefficient and the group-averaged tensor product is obtained as in
the SU(2) case,

(prk1)  ppaka)  plesiks) pleaka)  _ [ 5 2
/thjfmlllnlDjf’"l’zlz'szDjs?ibsisnaDjan4l4n4 7\/ dp1224(p12+k12)

—0o0 k12

=i =i 1 1 e N—y ..
XY O O s Ol s Ol atyny X 20 J12)X (r2: G- da)x (1, L2 o) x (laz, B, La),

Jiz2,l12
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from which in the main text follows using (A.14)).
We conclude with a discussion on the phases of the coefficients x. With the choice based on [25], the

coefficients are always real. The downside is that we do not know explicitly the behaviour under permutations
. Numerical investigations show that the function f(p;,k;) depends non-trivially on p;, and we did
not try to evaluate it analytically, because it is irrelevant to our scopes: it never enter permutations of the
dipole amplitudes, where each x appears with a conjugate x with same (p;, k;) labels. The only permutation
that is easy to identify is the swap of the first two entries, which gives

X (s g1, 3) = (=1)7 X (1, gz, Js)- (B.32)

An alternative procedure to fix the phase was proposed in [24], based on the use of recursion relations
to generate the x’s, and on fixing by hand the phase of the seed coefficients so that they are always real
and, when possible, positive. The authors of [24] use Naimark’s basis amended by . With this choice,
the boost raising and lowering coefficients are generically complex. Hence, even choosing real seeds, they
obtain x’s which are either real or purely imaginary. The phases under permutations are then explicitly
known, they do not depend on p;, but they do depend on whether the k;’s are triangular or not, because this
changes the choice of seed (For triangular k;’s, one can take the minimal coefficients k; = j; as seed, whereas
for non-triangular k;’s one minimises the j of the exceeding k£ then completes to one of the smallest possible
spin configurations available). Notice that with this procedure it is not possible to give a closed formula for
the phase.

Finally, real raising and lowering boost matrix elements can be obtained rescaling the basis vectors by
(—1)(k+j )/2 as we did in our paper. This leads to a straightforward modification of the recursion relations
derived in [24], and once this is taken into account, the latter are applicable to the expression . Of
course, the phase generated in this way will be consistent with the phase of and not with that of [24].
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C Some explicit values and comparative times

Ji|Je|Js |l |l2a|l3] Bs Ji | Je|Js |l |l2|l3]| Bs Ji|Je|Js |l |l2a|l3] B3

1 1 1 1 1|11 0.0396 1 1 2 2121310 1 2 31313 | 3| 0.00668
1 1 1 1 11210 1 1 2 2 1 3] 3 ]0.00631 1 3 3 11]3] 3|0.0127

1 1 1 1 2 | 2 | 0.0295 1 1 2 3131310 1 3 3 2131310

1 1 1 12| 3 ]-0.00612 1 2 2 1122 0.0191 1 3 313131 3]-0.00405
1 1 1 13| 3] 0.0215 1 2 2 112 |3 |0.00211 2 2 2 12|21 2]0.0125

1 1 1 2121210 1 2 2 1 3| 3] 0.0171 2 2 2 2121310

1 1 1 212 1] 3] 0.0261 1 2 2 2121210 2 2 2 12| 3| 3] 0.00896
1 1 1 2131310 1 2 2 212 1] 3 |0.0112306 2 2 213131310

1 1 13| 3] 3]0.0246 1121211213 ]3]0 212113 |21]2]3]0.0107

1 1 2 1 1] 2| 0.0284 1 2 2133 | 3| 0.00726 2 2 31213 3 |-0.00181
1 1 2 12| 21-0.0109 1 2 3 112 | 3] 0.0169 2 2 3131 3] 3| 0.00490
1 1 2 12| 3] 0.0247 1 2 3 1|3 | 3 |-0.00626 2 3 312 13| 3| 0.00824
1 1 2 13| 3 |-0.00857 1 2 3122 | 3| 0.0079 2 3 313131310

1 1 2 12| 2] 2] 0.00319 11231231 3]0.000224 313113 |31]3] 3| 0.00644

Table 1:  Some explicit integer values of Bs(Vji, ji; ji,li), for v = 1.2, obtained with Mathematica. Generating this
table takes about 10 seconds with the integral formula and less than half a second with the finite sums formula.

Ji | Je2 |J3| I la |13 | B3 Ji | J2 | 3| I la |13 | B3
12 [1/2 1 [1/2 | 1/2] 1100765 1/2 3/2] 2 |3/2|3/2] 3 | 0.0223
12 |12 1| 1/2|3/2| 200676 | 3/2|3/2| 2 |3/2|3/2]| 2] 00177
12 |12 1323220 3/2(3/2]2|3/2[32|3]0

12 | 12| 1 |3/2 32| 3| 00671 | 3/2|3/2]|3]|3/2|3/2]| 3| 00164
1/2 13/2| 2 | 1/23/2] 200312 1/2|3/2]2|3/2)3/2]|2]00116

Table 2:  Some explicit half-integer values of Bs(ji, ji; Jisli), for v = 1.2, obtained with Mathematica. Generating
this table takes about 1 second with the integral formula and less than .1 seconds with the finite sums formula.

Gisli2) || J: 1 2 3 1 5 6 7 3 9 10
(0,0) 0.0236 0.00878 | 0.00485 | 0.00318 | 0.00229 | 0.00175 | 0.00140 | 0.00115 | 0.000967 | 0.000829
(G—1,7+1) 0.000260 | 0.0000712 | 0.0000297 | 0.0000154 | 9.06 10~ | 5.85 10~ | 4.02 10~¢ | 2.9106 | 2.17 10~ | 1.67 106
G,7) 0.00765304 | 0.0016 | 0.000604 | 0.000298 | 0.000171 | 0.000109 | 0.0000742 | 0.0000531 | 0.0000396 | 0.0000304

Table 3:  Some explicit integer values of Ba(vjs, ji; iy Ji), for v = 1.2, obtained with Mathematica. Generating this
table takes about 90 minutes with the integral formula and less than 6 minutes with the finite sums formula.
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