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Disordered locality and Lorentz dispersion relations: An explicit model of quantum foam
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Using the framework of quantum graphity, we construct an explicit model of a quantum foam, a
quantum spacetime with spatial nonlocal links. The states depend on two parameters: the minimal size of
the link and their density with respect to this length. Macroscopic Lorentz invariance requires that the
quantum superposition of spacetimes is suppressed by the length of these nonlocal links. We parametrize
this suppression by the distribution of nonlocal links lengths in the quantum foam. We discuss the general
case and then analyze two specific natural distributions. Corrections to the Lorentz dispersion relations are
calculated using techniques developed in previous work.
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I. INTRODUCTION

A fascinating idea proposed by Wheeler in the early years
of quantum gravity, is that, at the Planck scale, geometry
may be bumpy due to quantum fluctuations. This is the
quantum foam [1]. While intuitively natural, this idea is
very complicated to put into action. In the present paper, we
will use the framework of quantum graphity [2—4] to con-
struct a simple model of quantum foam.

A key feature of a quantum foam is its nonlocal nature.
While nonlocality is undesirable in quantum field theory,
the situation in quantum gravity is open. It is often said that
the only way to cure the divergences appearing perturba-
tively in quantizations of gravity without introducing new
physics (i.e., string theory or supersymmetric extensions of
gravity), is to introduce some kind of nonlocality in the
action which smears out Green functions evaluated on one
point only. Until now, ghosts in the theory have blocked
research in this direction (some progress has been achieved
recently in [5]). For the purposes of the present work, it is
important to note that there are two possible types of non-
locality which contribute in different ways. One, violation
of micro-locality, disappears when the cutoff is taken to
zero, while the other, violation of macro-locality, or dis-
ordered locality, does not [6]. Violations of macro-locality
amount to the presence of what a relativist would call a
wormhole [7], a path through spacetime disallowed in a
Lorentzian topology. General relativity allows for such
paths and, in principle, they should be taken into account
in a full quantum theory of gravity. In principle, in order to
have traversable wormholes, the common positive-energy
conditions and some other conditions on the throats have to
be satisfied.

On the other hand, in graph-based quantum gravity
states, such as in loop quantum rravity [8], causets [9] or
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quantum graphity [10], spacetimes which are not macro-
local are very natural, and violation of macro-locality
appears in the form of nonlocal links. A first study of the
physics of these nonlocal links was carried out in [6,11].

We propose, in the present paper, to use the framework
of quantum graphity to provide a concrete implementation
of Wheeler’s quantum foam, based on the assumption that
the nonlocal link can be used to cross from one end to the
other one.

Quantum graphity models [2,3] are spin system toy mod-
els for emergent geometry and gravity. They are based on
quantum, dynamical graphs whose adjacency is dynamical:
their edges can be on (connected), off (disconnected), orin a
superposition of on and off. We can interpret the graph as
pregeometry (the connectivity of the graph tells us who is
neighboring whom). A particular graphity model is given by
such graph states evolving under a local Ising-type Hamil-
tonian. The graphity model of [3], for example, is a toy
model for interacting matter and geometry, a Bose-Hubbard
model where the interactions are quantum variables.

In [4], we solved the model of [3] in the limit of no
backreaction of the matter on the lattice, and for states with
certain symmetries that are natural for our problem, which
we called rotationally invariant graphs. In this case, the
problem reduces to an one-dimensional Hubbard model on
a lattice with variable vertex degree and multiple edges
between the same two vertices. The probability density for
the matter obeys a (discrete) differential equation closed in
the classical regime. This is a wave equation in which the
vertex degree is related to the local speed of propagation of
probability. This allows an interpretation of the probability
density of particles similar to what is usually considered in
analogue gravity systems: matter inside this analogue sys-
tem sees a curved spacetime.

We will extend these results we obtained in order to
describe a quantum foam: instead of a classical back-
ground state (a single graph), we will consider a state
that is a superposition of many graphs. This amounts to a
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quantum foam with a superposition of Planck-scale-sized
nonlocal links. In our setting, the intrinsic discreteness of
the graph sets the minimum scale. Assuming foliability of
the graph, we can define a metric distance as in [4]. We can
then study the effect of the quantumness of the graph on the
dispersion relations.

Quantum graphity models are lattice models in which the
lattice becomes a quantum object. As in any lattice model,
the continuum limit is obtained as in any other lattice theory,
but consider it together for all the states on the graph.

It is natural to construct graph states in which the largest
contribution comes from the graph with the Lorentz-
invariant dispersion relations. The states with nonlocal links
violate macro-locality and give corrections to Lorentz in-
variance. We will construct states with a distribution of
nonlocal links which is suppressed by their combinatorial
length. These states resemble coherent states as considered
in loop quantum gravity. In principle, they could be ob-
tained as correction to the ground state due to a nonzero
temperature bath in quantum graphity. The distribution
depends on their density. We will then calculate the effect
on the Lorentz dispersion relations in the continuum limit.
The result is, as expected, a nonlocal differential equation
for the evolution of the particle probability density.

It is reasonable to expect that a nonlocal link will violate
local Lorentz invariance. A particle can hop through the
link and behave like a superluminal particle. As we will
see, the presence of all these shortcuts has an effect on the
local speed of propagation of probability density. Also, we
will find that the probability density acquires a mass which
depends on the density of nonlocal links. The overall
dispersion relation is thus Lorentz-invariant and with a
square-positive mass. However, this depends on the distri-
bution and thus we will study two particular cases. Using
the framework of quantum graphity and the techniques
developed in [4], we will calculate the emergent mass
and the constants appearing in the effective equation.

This paper is organized as follows. In Sec. II, we sum-
marize the quantum graphity framework and the results of
[4]. In Sec. III, we show the effect of a superposition of
graphs on the differential equation governing the time
evolution of the probability density. In Sec. IV, we introduce
our choice of the quantum state of the graph. In Sec. V, we
analyze two particular nonlocal link distributions and their
effect on the dispersion relations. Conclusions follow.

II. THE MODEL

In the following we review the model, as defined and
first studied in [3] and the effective geometry encoded in
the graph, as obtained in [4].

A. Bose-Hubbard model on a dynamical lattice

In this section we will introduce briefly the model. For
more a more detailed introduction we refer to the previous
papers [3,4].
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We associate a Hilbert space JH; to the degrees of
freedom on the nodes of a graph, with i labelling the nodes.
These degrees of freedom represent matter on the graph
and thus can be, in principle, generalized to other fields.
We choose H ; to be the Hilbert space of a harmonic
oscillator. We denote its creation and destruction operators
by b;r and b; respectively, satisfying the usual bosonic
commutators. Our N, physical systems then are N,
bosonic modes and the total Hilbert space of such modes
is given by

N,
j-[bosons = ®Hl (1)
i=1

If the harmonic oscillators are not interacting, the total
Hamiltonian is trivial

=

v NU

a,=NA,=-Y ublb, (2)
i=1 i=1
The Hamiltonian reads as
A=H+Yh, 3)

l

®
m

I

where ﬁe is a Hermitian operator on H; ® H; representing
the interaction between the system i and the system j.

We introduce a primitive notion of geometry through the
adjacent matrix A, the N, X N,, symmetric matrix defined
as

if 7and j are adjacent

1
Aij = {O otherwise. “)

A defines a graph on N,, nodes, with an edge between nodes
i and j for every 1 entry in the matrix. The total Hilbert
space for the graph edges is then

N,(N,—1)/2
g-[graph = j-[e: (5)
e=1
with H ', = span{|0), | 1)} a qubit representing on/off links.
Therefore, the total Hilbert space of the model is

‘7—[ = }[bosons ® ngaphr (6)

and a basis state in H has the form
|\I}> = |\I,(bosons)> ® |\I;(graph)> (7)
= ny,....ny)® ey, ..., e, v, ~1)/2) @)

The first factor tells us how many bosons there are at every
site i, while the second factor tells us which pairs (i, j)
interact.

We note that it is the dynamics of the particles described
by

ﬁhop = _EhOpZAij(&;'r&i + H.C.),

i<j
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that gives to the degree of freedom |e) the meaning of
geometry and 4.c. denotes the hermitean conjugate.

The hopping amplitude is given by ¢, and therefore all
the bosons have the same speed. Note that, for a larger
Hilbert space on the links, we can have different speeds for
the bosons.

As mentioned above, the long-term ambition of these
models is to find a quantum Hamiltonian that is a spin
system analogue of gravity. In this spirit, matter-geometry
interaction is desirable as it is a central feature of general
relativity. The above dynamics can be considered as a very
simple first step in that direction.

In the present work, we study the model for a particular
class of graphs that have been conjectured to be analogues
of trapped surfaces. We are interested in the approximation
k < t, which can be seen as the equivalent of ignoring the
backreaction of the matter on the geometry. As in [4], we
will consider a Hamiltonian of the form

H=H, + Hy,,. ©)

In this case, the total number of particles on the graph is a
conserved charge. H, and H,,, are constants on fixed
graphs with fixed number of particles. The Hamiltonian
is the ordinary Bose-Hubbard model on a fixed graph, but
that graph can be unusual, with sites of varying connectiv-
ity and with more than one edge connecting two sites. Our
aim will then be to study the nonlocal and quantum cor-
rections to the effective geometry which can be encoded in
the graph, as shown in [4]. Even on a fixed lattice, the
Hubbard model is difficult to analyze, with few results in
higher dimensions. It would seem that our problem, propa-
gation on a lattice with connectivity which varies from site
to site is also very difficult. Fortunately, it turns out that for
our purposes it is sufficient to restrict attention to lattices
with certain symmetries and then to restrict to an effective
1 + 1-dimensional model.

B. Rotationally invariant graphs
and the encoded geometry

Let us present next our definition of rotationally invari-
ant graphs, which allows to reduce the problem to a one-
dimensional Bose-Hubbard model in the single particle
sector.

A graph G is called N-rotationally invariant if there
exists an embedding of G to the plane that is invariant by
rotations of an angle 277/N. In principle, the edges of the
graph, once embedded, can be overlapping. The main
property of the rotationally invariant graphs is that groups
of subgraphs can be labeled by an integer number i. These
graphs can be very far from triangulations, as the rotation-
ally invariant graphs in Fig. 1 and 2 show.

These graphs can be labeled by a set of two integer
coordinates, (n, #,), where n labels a set of nodes,
while 6, is a coordinate internal to the subgraph. For
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FIG. 2. A nonplanar graph which is rotationally invariant.

convenience we will drop, from now on, the subindex n
in the 6 coordinates.

We can make use of the coordinates (n, 0) in order to
write the Hamiltonian defined by a rotationally invariant
graph as

N-1
Hoy=—3 Y A,blybuy + He.
6=0 n,n'
N-1N-1 "
=3 Y B bl by, +He,  (10)
6=0 ¢=1nn'
where bl’ 9 (b,p) s the creation (annihilation) operator at
the vertex (n, ), A,y is the adjacency matrix of the graph
and Bgﬁz, is the adjacency matrix of two angular sectors at

an angular distance ¢ in units of 277/N.
Let us introduce the rotation operator M defined by

(11)

A

Mb,y = by M  Mb},=bl, M.
The effect of the operator M is particularly easy to under-
stand in the single-particle case:

MIn, 6) = Mb} |0y = bl . MI0) = |n, 6 + 1), (12)

where we have assumed that the vacuum is invariant under
a rotation M|0) = |0). Note that M is unitary and its
application N times gives the identity, M" = 1. This im-
plies that its eigenvalues are integer multiples of 277/M.

Another interesting property of M is that it commutes
both with the rotationally invariant Hamiltonians and with
the number operator N s

[Flrov M:l = [Np’ M] = [I:Irot’ ]\7[)] = 0. (13)
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Therefore H,,, N p»and M form a complete set of commut-
ing observables and the Hamiltonian is diagonal in blocks
of constant M and N e In this sector of the Hamiltonian, we
can reduce the Hamiltonian to

L—1
Ho= funei(n)n + 11+ |n+ 1)nl) + D w,ln)nl,
n=0 n

(14)

with f, ,+1 depending on the degree of the graph and n
being the label of the shells we are reducing with the
rotational symmetry and L the total size of the one-
dimensional lattice.

C. Restriction of the time-dependent Schrodinger
equation to the set of classical states

Since we want to study the dynamics of a single particle
on a fixed graph, it is only necessary to consider the single-
particle sector. The one-dimensional Bose-Hubbard model
for a single particle reads as in (14), where f, ,1 are the
tunneling coefficients between sites n and n + 1, u, is
the chemical potential at the site n, and M is the size of the
lattice.

In this setup, let us introduce the convex set of classical
states M, parametrized as

L—1
p() = p(¥(@) = Y W,ln)nl, (15)
n=0

where W, is the probability of finding the particle at the
site n. The states in M are classical because the uncer-
tainty in the position is classical, that is, they represent a
particle with an unknown but well-defined position.

Since our particle is under the effect of a noisy environ-
ment, its density matrix is going to be constantly dephased
by the interaction between the particle and its reservoir. For
a more detailed discussion about this procedure and the
connection with the physics of decoherence, we refer to
[4]. The dephased state in the position eigenbasis that best
approximates p(z + Ar) can be easily determined by com-
puting the double commutator of the previous equation,
which was shown to lead to a closed equation in [4]. It
obeys the evolution

”;a%\lfm): 2 (W (1) + Uy (1) — 2,(1)

n—1,n

+ (f%-#l,n - l%—l,n)(qln-%—l(t) - \I,n(t))

This equation becomes a wave equation in the continuum,

?W(x, 1) — 9,(c*(x)0, ¥(x, 1)) =0, (16)
where

LS I O a7

e N2PWEG,  Ep2700)
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and W(x, 1) and f(x) are the continuous limit functions of
W, (1) and f, ,—; respectively. Eq. (16) is the equation of
motion for a scalar field with a space-dependent refraction
index. As it is well-known, this equation in higher dimen-
sion is connected with the Gordon metric. In fact, to the
refraction index it is possible to encode a spacetime ge-
ometry with spatial curvature and no extrinsic curvature,
i.e. a preferred direction of time. The time direction is the
same as the quantum mechanical underlying model. This
equation is the starting point for what we will do in the
following. However, let us first recall how the continuum
limit is performed.

D. Dispersion relation and continuum limit

Let us consider in more detail the translationally invari-
ant case in which f,,_; , = f and u, = u for all n. In this
case, the continuous wave Eq. (16) becomes

?W(x, 1) — 202W(x, 1) = 0, (18)

where c is the speed of propagation.

Let us recall how this limit was performed in [4]. Let us
first introduce a discrete Fourier transform in the spatial
coordinate and a continuous Fourier transform in the tem-
poral coordinate, given by

1 L-1 )
V() = = 3, Wilememon, (19)
k=0

and W, (1) = Ael®' + Be ' After a straightforward cal-
culation, we find that the relation between w; and k is

given by
2
wie = */51/1 - cos(T k). (20)

Now we can rescale w, — @;/L (or equivalently c¢) and

find that
- 2
&,c= L\/QJI - cos(Tk), 1)

and, therefore,
. k
lim @, (L) = 27 —.
L—oo C

That is, only modes that are slow with respect to the time
scale set by ¢ see the continuum. Note that by rescaling the
speed of propagation ¢, the continuum limit can be
obtained by a double scaling limit, Ey,, — Ehop/L and
L — oo for lattice size L. In this limit, the probability
density has a Lorentz-invariant dispersion relation.

III. A NON-LOCAL STATE DISTRIBUTION

In this section, we show the effect of having a quantum
superposition of graph in (24) on the Eq. (16).
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The effect of a quantum superposition of graphs

In order to do the explicit calculation, we will modify
the Bose-Hubbard interaction. Let us consider a one-
dimensional Bose-Hubbard of the form

A=Y4;,_,(ala; +Hc) (22)
and then consider its generalization, from A;; = 6;; | +
0ji+1> tO Ai = N,;, with N;; I;;rjl;i and blj, bT the

ladder operators on the Hllbert space of the link ij. N ij 1
then the number operator on the Hilbert space of the graph,
as usually considered in quantum graphity. This allows,
instead of using fixed classical graphs, fixed quantum
graphs, where the state |/ 4,,,,) i superposition of different
graphs. The full quantum Hamiltonian for the system is, as
usual, on a Hilbert space of the form

| ¢’tolal> = Span{l ¢’graph> ® |l//bosons>}-

Using this, we want now to repeat the same calculation
we performed in the previous paper, i.e. compute:

a2y (1) = —iTe{[A,[H, p(OTINL}, (23)

with ¢, = (N'), N’, number operator on the bosons de-
fined on the node n, and p the density matrix on the total
system. Let us assume that the graph is not dynamical. We
will also use the Born approximation, that is,

P0) = g ® py(0), (24)

with p, the density matrix of the graph and p,(1) the
density matrix of the bosons. This approximation allows
us to consider a particle disentangled enough from the
graph to be “followed” using the Eq. (16). It is also a
physical requirement, which accounts for the existence of
the particle on its own. In general, we expect that at long
times the full Hamiltonian thermalizes to a specific graph,
depending on the parameter of the Hamiltonian which
defines the metastable state. Later on, we will rescale the
coupling constant of the hopping Hamiltonian in order to
obtain the continuum limit. Thus, one could think that this
rescaling affects the state of the graph at infinity. However,
the hopping of the bosons allows the graph to thermalize,
as it has been shown in [3]. Rescaling this constant, just
changes the time it takes for the system to thermalize, but
not the asymptotic state of the graph. As a matter of fact,
we do not know yet a Hamiltonian which gives a specific
graph state asymptotically. However, the results of [12] in
two dimensions and those of [2], support the conjecture
that, in general, such a Hamiltonian exists. For the time
being, it is fair to say that the ground state of quantum
graphity coupled to a thermal bath are rotational invariant
graphs [13]. Thus, these graphs can at least be generated by
a known effectively two-dimensional model.

Based on these considerations, we conjecture the
following graph state, [t yqpn) = |40 + [,) Wwith
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(Pl = 0. |, is a correction to the classical graph
state |4 ,,;) considered in [4] that we will discuss (and
construct) in the next section. For the time being, let us
consider the effect of this correction on Eq. (16). We have

p g = | (pgraph)( {pgraphl' Thus

ﬁg = | l//cl><¢cl| + | ¢n1><¢nl| + (l ¢n1><¢cl| + | ¢cl><¢nl|)~
(25)
Let us now evaluate these traces. A straightforward calcu-
lation shows that
2

E . . o
- h;"’ a2, =Tr{(H*p + pH*—2HpH)N ,}

=2 Y [T{A;A,,p,¥Tr{al a;aha,p,N
ijmn
= Tr{A;p At Trlal a;pp0450,N 31 (26)
We now substitute the equation for p,, and obtain

E2
“°P 2, = A, (1) + C, (1),

with A, (1) is the discrete second derivative and C,(7) is

Co(1) =2 3 [Py Tr{a] ajaha,p,N }
ij,mn

- Qiijn Tr{&jdjﬁbdzi&n

A

N_ 1] (27)
with

ljml‘l <lr//nl|At/Amn|d/nl> Qlj = <lr//nl|Aij|¢/nl>J

where we used the orthogonality condition {i ;| ;) = 0.
Our task now is to evaluate these two quantities on
different classes of interesting states.

IV. THE CHOICE OF THE QUANTUM
STATE FOR THE GRAPH

Let us now introduce the states on which we will evalu-
ate the quantities defined in the previous section, P;;,,, and
Q;;- Motivated by the fact that we can reduce using the
translationally symmetric graphs to one line, we will re-
strict our attention to a one-dimensional lattices. These
states will resemble coherent states as considered in loop
quantum gravity. In principle, they could be obtained as
correction to the ground state due to a nonzero temperature
bath in quantum graphity.

Let us consider first a metric on the classical graph, with
d(i, j) the distance between the nodes of the classical graph
| .;), with all the ordinary properties of distances. On a
one-dimensional line this distance could be, for instance,
given by |i — j|. Let us then construct states with nonlocal
links on top. We want to penalize states with too long
nonlocal links. We then introduce a factor p(i, j), which
depends on a distance d(i, j) evaluated on the base graph,
assuming that d(i, j) = 0, and a parameter [ describing
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how nonlocal the links are with respect to the length of the
graph. Then we define the operator

= > p(i, jaf, (28)
i<j
with
St j)? =1, (29)
i<j

which ensures that p(i, j)* can be interpreted as a classical
probability distribution. When applied to | ;) this opera-
tor generates a superposition of all the possible nonlocal
links which can be created on | ), with a factor that with
the distance of the links,

Lyl y =Tl (30)

and we can imagine to apply this operator several times to
create more nonlocal links,

TR
i) = oy e (31)

The meaning to give to [ is thus that of a cutoff in the length
of these nonlocal links. Note that we can bias the number
of links on which we want to peak the quantum nonlocal
state the same way

00 s

j“{f=zjf;=el<fz—1. (32)
s=1""

We see then that we can write the quantum state for the
graph in the convenient form

) = [+ Tl ). (33)
This state depends explicitly on two parameters, [ and K,
and on the classical graph together with its distance. On
this state we now want to evaluate

K’r A
zjmn <¢nl|AtjAmn|¢nl> - <¢CI|T lj

/\

mn Ij\ﬂfl lpcl))
(34)

and

ij = <¢nl|AAij|¢nl> <¢cl|TKT AUTI |¢cl> (35)

Let us then consider first the average. We note that, since
A;; acts like a projector, and states with different powers of
the T, operators are orthogonal, we can write

00 25

K ~
Qi =2, STWcl'T;XAijTISWcD’ (36)

s=1

To clarify the idea, let us consider the case in which we
add just a link. In this case, the state is the sum over all
possible links which can be created, with a factor p(i, j).
This link can be created in one way only, and so A,-j
projects on the only state which can be nonzero. A very

straightforward calculation shows that

PHYSICAL REVIEW D 86, 024019 (2012)

WalTH'ATH W ) = 292, ). (37)

For the higher-order term, we instead have

s—1
Dl )]

il,j']v"',l'xfl,jxfl =1

WulTF ATy = p2(, )

(38)

It is easy to see that

Z ﬂ p*(iy, j1) = 2°s(IL)’, (39)

iLju i1 js—1 =1

due to the fact that the integration is over the line, while the
distribution has an extension of circa [ combinatorial
points. The factor 2° comes from the fact that there are 2
points we are summing over and the s factor from the s
sums appearing in T}. Thus, we can write

Wl T AT ) = (i, N25s(LD ™. (40)

In principle, given a distribution, we can calculate this
factor from Eq. (39). We will calculate these factors later
for two particular distributions. Plugging Eq. (40) into Q;;,
we obtain

- K* .. ..
;=Y T2 s(LD 2 ey = pPl JRIKIL), - (41
s=1
with
00 K2s
R(K,IL) = Zl —pe2suLyT 42)
and, therefore,
Qi Qmn = p*(i, j)p*(m, n)R(K, IL)*. (43)

We can, in fact, do an analogous calculation for P;;,, and
find that

Ptjmn = pz(l! .])pz(m) n)L(K) ZL)) (44)

with

00 2s

K
L(K,IL) = ZST

s=1

c,(IL)*~225s. (45)

Going back to the original problem, we find that the
correction to the discrete Lorentz equation is

C.= ZZp (i, j)p*(m, n)[L(K, lL)Tr{aJ“ ata,p »N.}

ijmn

— R(K, ILY*Tr{al a,p,aha,N .} (46)
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FIG. 3 (color online).
appears in Eq. (48).

A plot of the function S(x) which

If we define

S(K,IL) = (IL)R(K, IL) = (IL)’L(K, IL), 47)

with S(K, IL) = 3%, K% ¢ (IL)*2’s, then we obtain

C.() =2 p2(i, j)p*(m, n)S(K, IL)[Tr{a] a,a}a,p,N }

ijmn

— S(K, IL)Tr{a! a;p,aha,N 3] (48)

We see that the function S(K, IL) depends, as a matter of
fact, on &€ = KVIL, S(K, IL) = S(¢&) = R cs[%]zfs. A
plot of the function S(K, [L) can be found in Fig. 3. The
traces can be evaluated, as done in ([4]), and the result is

C.(0 =22 p*(e NS(K, IL) (. — S(K,IL) ). (49)

1
(P4

Some comments are now in order. First of all, note that
the equation has the shape of a second derivative. To
understand this, we can look at a term of the form

D=2 (k)(f, — i ,44). This term can be written as
ZJ(k) = —J(Z)(l,bz+2 - 2% + (pz—Z)
3
- J(S)(¢z+3 - 2¢z + wz—3) - J(4) e

This is a sum of discrete second derivatives with a nonlocal
mass,

J(k)(¢z+k - 2¢z + l/jz—k)
= —JE)(Yori-1 + Popr1)

k=1
— J(k) Z(¢z+i+1 =244+ i),
i—2

so we expect, in the end, to obtain a mass term out of this
equation and, when we will have rearranged all the terms,
we will.
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Note that, for the case ¢, = 1, S(£) = 1 for £ = 0.903,
and so K = 07'9%. We then see that K? plays the role of the

density of nonlocal links per units of /L.
To end this section, we have to calculate the norm of this
state. This can be written as

|<¢nl| wnl>|
L (WoleKT KT )2+ 2R leK T o)), (50)

which reads,

Kl )l = A1+ (oK KTy 2 = 1) (51)

and substituting for the T operators, we finally find

N = Kl Z\j <Z( 1)? 4 Zp bJ) )

\]H(

) —_Ji+ k). 52

We can thus normalize the graph state by dividing by a
factor of IV

i (s ‘)2

V. THE MODIFIED DISPERSION RELATION
DUE TO DISORDERED LOCALITY

The general case. We will now discuss the continuum
limit. As we have seen, the continuum limit is obtained by
rescaling Eyop — Epop/L and then sending L — oo. Please
note that Ey,, appears whenever we hop with a particle, so
in these calculations it appears everywhere but in the 97
term. In order to perform the continuum limit, first we have
to make sense of the quantity (¢, — S(K, IL)¢ ;) at least
for the flat case, which we know corresponds to Lorentz
from [4]. We can add and subtract,

(S(K, IL) = Dip, + (S(K, IL) . — S(K, IL) ;)
= (S(Kr ZL) - 1)¢z + S(K’ lL)(lpz - lpz*l + lpz*l
t - lp/)

In the continuum limit this becomes (S(K,IL) — 1)X
Pz, 1) + S(K, IL) [50:4(€ 1)dé, and thus C,(7) reads

1)S(K, IL)

Cz(t) _ f dxp4(z, X)I:(S(K, lL)(l;)2 Wiz 1)
S%(K, IL)
e [ dewie nae | (53)

which is
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(S(K,IL) = DS(K, IL)
(L)

C.(0) = ¢z 1) f dxp*(z )

S2(K, IL)

e )P f Cacw(E Ndédx. (54)

This can be written as
C.(t) = ¥(z, t)F(K, IL) + O(K, IL)

fop“(z,x) [:aggb(f, 1dédx,

with F(K,IL)= [, dxp*(z,x)SEL DKL) "ok, 1L) =

Ly
52((112,)1})' Please note here that these steps have been per-

formed naively, though we have an explicit dependence on
L in S. It is important to point out that the only way to
keep the function S(/L, K) finite is to rescale the quantity
K%l = KTZZ . To keep the discussion simple, let us discuss this
point at the end of the section. L is the combinatorial length
of the 1-d lattice we are considering, and over which # (x, 1)
is defined. Thus the equation of motion for the flat case is
given, in the continuum, by

[02 — c2(1 + S%(K, IL))o? — F(K, IL)](z, t)
= O(K, IL) fL p*(z, x) fx Zaw(g, dédx,

which is an integro-differential equation for the field inte-
grated over the line, which shows the strong nonlocal
character of the equation.

We note that there is a contribution to the speed of
propagation of the signal, due to the fact that particle can
hop on many more graphs than the single classical one.
This factor contributes with a ¢2S*(K, [L) added to the
effective speed c2. Let us stress that this contribution is
merely due to the fact that there are many more graphs in
the superposition, and not due to the fact that the particle
can hop further: this is kept track of in the C_(¢) term of the
equation. Also, we see that F(I, K) becomes a mass, due to
nonlocality, while on the right-hand side a new term ap-
pears. We can further reduce the equation by evaluating the
integrals. It is clear that in order to have a finite result,
which is physically expected, we have to rescale at this
point only I =~ /L, keeping K? independent from L. This
said, we see that the distribution itself, when is well-
chosen, becomes a & function and therefore the models
becomes local again.

Let us now calculate the terms at the leading order in
1/L, since that is what we are interested in. The discrete
differential equation becomes

[07 — c2(1 + S*(K, IL))3? — F(K, IL)]i (1)

L
= —0(K.IL) ¥ p*(z. ). (1), (55)
x=0
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where 92 is the discrete spatial second derivative. Using
now (19), we see that the dispersion relation for the field
becomes

wic(l + S*(K, IL))

= ﬁ\/ 1- cos(ZL—” k) + F(K, IL) + p*(k)O(K, IL)

Please note that with this rescaling of K, we have that
S(K, IL) can be expanded in even powers of 1/L

2 2 2
LS/ U

S(K,IL) = 2= 7z

Thus, we see that the superluminal effect, which is the
factor 1 + S?(K, IL), becomes one in the limit L — oo;
also, in the same limit, only the part quadratic in K survives.
At this point the equation would become, in the continuum,

[07 — ¢?92 — F(K, IL)]¢(z, 1)
= —0(K,IL) /L p*(z x)Y(z, dz (56)

with F(k, IL) = F(K,IL) + O(K, IL) [, p*(z, x)dx. Note
that, while # might seem to be dependent on the point z,
being F dependent on z — x and integrated over x, it is
indeed independent from it. In particular, if we define
[L = £, in the limit L — oo and with the rescaling of K
and I, S(K, IL) — 2K?&. We see now that the only way to
obtain the continuum dispersion relation by rescaling
¢ — ¢/L, as done for the single-graph state, is to rescale
also K, with K — K/L.

Just as an exercise, we can insert a trivial spatially
constant solution, which then becomes of the form
0?4 (t) = R(K, IL) (1), where R(K,IL)= F(K,IL) +
20(K, IL) [, p*(z x)dx. Note that this quantity is always
positive, so constant solutions are stable. Let us try to find a
generic solution, instead. Let us do it for the equation

[07 — a3+ SPqlyp(x 1) = =& /L oz ) (y,0)dy.  (57)

Since the equation is linear in the field ¢#, we can solve it
by means of a Fourier transform. We then look at the
dispersion relation for the function ¢ (x, t), with ¢ and P
generic functions. We can do it by Fourier transform. In
this case, the integral on the right, being a convolution,
becomes just the product of the Fourier transform of the
single functions. Thus we have

— w? + K& + &Pqg = —Fo(k),

and we have that

w = tq/l? + g + (k).

Now, of course (k) depends on the distribution of nonlocal
links that we inserted in the wavefunction of the graph.
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Two specific distributions. Let us consider two specific
cases

(ii) polx — y) = V2le~ 120,

In these cases we find, using standard tables of Fourier
transforms,

() (k) = e~ ®/a);

(i) 02(k) = .

and thus, keeping track of all the factors, we obtain

1 k2 ~ 2712
* a5+ F|(K,IL)+ O(K,IL)e” ®F/9),
c\/l Tk T+ OK IL)e

w| =
(58)
and
L % LR lL)+20(K, IL) P
W)= T Al 0 » >
G TR A 2+ K2
(59)
with  F (K, IL) = \20*K,IL) and Fy(K,IL) =

O*(K,IL), which can be calculated by evaluating
f; pH(x —y)dx. We have that S*(K,IL) = 4K*¢*/L*
and thus can be neglected with respect to 1. Also, since
the ¢ contribute with a factor of L? within the square root,
also S? can be neglected, and it contributes only the mass
term in the L. Now we note a nice property: both the two
distributions go to 0 for k — oo, that is, at high energy the
dispersion relations become Lorentz again. We see then
that the total effect the one of having an effective scale-
dependent mass, which runs from one mass to another one,
in both cases,

1
m (k) = I—LJSZ(K, IL) + S(K, IL)e~ P9, (60)
1, 2 P
The masses which are intertwined are given by
1 [o
m, (0) = E‘/S (K, IL) + S(K, IL),
(62)
S(K, IL)
my(00) = T
1|, 2
(63)
S(K, IL)
my(00) = L

This property, of intertwining two different masses be-
tween k = 0 and k = oo is shared by any function which
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FIG. 4 (color online). The running of m;(k) for x = 0.1, [ = 1
and L = 1.

is at least C'. It is remarkable, instead, that the mass at
k = oo does not depend on the distribution we inserted at
hand. In fact, any C" distribution will lead to a Fourier-
transformed distribution which goes to zero at k = oo as
1/k" and thus tend to a finite value for the mass. Note that,
if we send [/ — 0, as required to have S finite, the depen-
dence on the scale seems to disappear, leaving a Lorentz
dispersion relation with a mass which depends on the
function S. However, we have to remember that, in fact
these Fourier distributions come from the discrete disper-
sion relation. There, the distributions depend on 277k/L. If
we define kL = k, then we have that the distributions
cancel out the dependence on L, leaving exactly (62) and
(63) but dependent on this new momentum k. Still, this
mass depends on the distribution we have chosen through
G:(k =0) and so it has a valuable effect. We plot the
running of (IL)m;(k) as a function of x = K2IL, for the
case L = 1 in Fig. (4) and L = o in Fig. (5).

We would like to point out that the appearance of a mass
which is square-positive is rather surprising. The physical
reason is that, before starting the calculation, we would
have expected that the presence of these nonlocal
links would have shown a superluminal effect due to the

0.45 T T T

ml ——
m2 ——

035 -

0.4

o
w
T
1

025 —

i(0.1,k)

m_I

Co2b |\ _
o1sf |\ _

01f N |
0.05} T~ 7 -

FIG. 5 (color online).
and L = oo,

The running of m;(k) for x = 0.1, [ = 1
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nonlocal links themselves. However, the effective speed of
propagation is higher because of the superposition of the
graphs and not the nonlocal links. Indeed, the nonlocal
links contributed only in the mass, thus the term C,(¢)
additional to the differential equation we obtained.
Besides, this mass is square-positive, thus it is an effective
mass and not a tachyonic one, which we would have
expected from the presence of nonlocal links on physical
grounds. The fact that it is square-positive comes merely
from the fact that the equation comes from a quantum
mechanical average, and thus the terms appear squared.

VI. CONCLUSIONS

One of the most striking theoretical consequences of
general relativity is the existence of wormholes and black
holes. While the second is currently investigated experi-
mentally, less is known about the first. Here we discussed
something which in principle is very similar, quantum
states which violate macro-locality. Besides, it could be
that the quantum state of the Universe is a superposition of
spacetimes with nonlocal links. In the present paper we
considered such a possibility in a toy model constructed
using the framework quantum graphity. In order to do so,
we had to extend the results of [4] to a case in which the
quantum state of the background is a superposition of
many graph states. The superposition of these graphs was
chosen so that it is dominated by a graph on which, as we
showed in earlier papers, the expectation values of number
operators of the bosons hopping on it satisfy a closed
equation for probability density in the classical regime,
i.e. a wave equation. We extended the formula previously
obtained and studied a particular case: graphs which
violate micro- and macro-locality. As discussed, a viola-
tion of macro-locality can be interpreted, within the model,
as the presence of spatial nonlocal links in the background
spacetime. This is a concrete example of a quantum foam
within the framework of quantum graphity [2,3]. The graph
state was chosen on the basis of what we know from low-
energy physics, which is that Lorentz invariance is satisfied

PHYSICAL REVIEW D 86, 024019 (2012)

up and above the Planck scale [14]. We also used a class of
graphs introduced in [4], rotationally invariant graphs. By
exploiting their symmetry, the problem can be reduced to a
one-dimensional one, i.e. Bose-Hubbard model on a line
with specific couplings depending on the connectivity of
the graph. We thus constructed the states that are correc-
tions to the low-energy physics by assuming that the non-
local links are suppressed by a length according to a certain
distribution. The length is measured by a combinatorial
distance based on the low-energy graph and which defines
the state. We studied for the cases d(x, y) = (x — y)? and
d(x, y) = |x — y|. We found that, in the continuum limit,
there is no superluminal effect on the low-energy physics,
i.e. the speed of propagation is intact. However, there is an
appearance of a mass dependence on the constants of the
distribution and that can be calculated within the model.
These masses are square-positive and thus do not violate
the physics of the restricted Lorentz group, i.e., are not
tachyonic. A simple analysis showed that this mass runs
with the energy scale and, in particular, runs to zero at high
energy. It is interesting to ask whether a similar phenome-
non happens for the other fields. This analysis suggests the
possibility that a quantum foam could contribute to
the mass of a quantum field. As suggested in [6,11], the
possibility of having nonlocal link states within loop quan-
tum gravity is very natural. Also, it has been suggested that
these states could contribute to the dark energy puzzle. The
results of the present paper suggests that, as in [11], the
quantum foam contributes to the mass of fields hopping on
such a superposition of spacetimes. We believe that such
possibility needs to be further investigated.
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