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• 13 campuses in 11 communities in the Yukon

• Over 50 diploma, certificate and degree programs, ranging from trades to science to liberal 
arts to education to First Nations governance

• Only art school north of 60 in both Canada and U.S. (at Dawson City campus)
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Background Independence:  
The Elusive Mystery

“Everybody says they want background 
independence, and then when they see it 
they are scared to death by how strange it 
is . . . Background independence is a big 
conceptual jump. You cannot get it for cheap, 
with conventional means.” (Rovelli 2003, p.
1521)
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What I am and am not going to cover

• I am going to try to tease out different ways in 
which Background Independence is understood 
in classical field theories

• I will try to identify quantum gravitational 
analogues to the different understandings of 
classical Background Independence.  In what 
sense does background independence carry over?

• I will not try to answer the motivational 
question: should we care whether or not our 
favourite approach to quantum gravity is 
background independent.
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Where does Background Independence lead us?

or
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Plan

1. Three views of Background Independence 
in Classical General Relativity

2. Three views of Background Independence 
in Quantum Gravity

3. The End of Time or the Rebirth of Time?
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Part I

1. Three views of Background Independence 
in Classical General Relativity

a. Diffeomorphism Invariance
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Diffeomorphism Invariance:  The Setup

• Following Guilini (“Remarks on the Notions of General 
Covariance” 2006) and Rickles (“Who’s Afraid of Background 
Independence” 2008):

• Specify a generic classical field theory T by the model:   

T = <M, B, D>

• M is an infinitely differentiable manifold

• D represent ‘dynamical’ fields: those those that must be solved in 
order to get their values, like the metric in general relativity or the 
electromagnetic field in Maxwell’s electrodynamics.  The 
kinematically possible values of the D’s can live in a space K of 
field configurations

• B represent ‘background’ fields:  whose values are independently 
specified or fixed (e.g. the Lorentzian metric in SR)
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• Define a set of differential equations 

F[D,B] = 0

that determine the space S of possible solutions to 
the theory (solve for D’s given the B’s)

• Solution space is S ⊂ K

• The spacetime symmetry group, G, of T is the group 
of all diffeomorphisms d of M (Diff(M), where d : M →  
M) which acts on K, such that kinematically possible 
solutions are mapped onto kinematically possible 
solutions (G x K → K) leaving S invariant.  Thus d is a 
spatiotemporal symmetry of T just in case: 

d ∈ G ⊆ Diff(M)
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Covariance and Invariance
• [COV] ⇒ F[D,B] = 0 iff F[d·D,  d·B] = 0    

(∀d ∈ G) 	
 	
 	


• [COV] is general covariance or a formal constraint:  
when we hit a solution of T with an arbitrary 
diffeomorphism, we get another solution back.  All 
fields, both dynamical and background (those 
independently fixed), are subject to the same 
diffeomorphism and thereby preserve the same 
dynamical content.  Wheeler (1964) derides this as 
mere ‘bookkeeping’.  Can be called ‘passive 
diffeomorphism invariance’ (Rovelli 2001)
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Covariance and Invariance
• [INV] ⇒ F[D,B] = 0 iff F[d·D,  B] = 0   

(∀d ∈ G)

For INV, diffeomorphisms are applied only to the dynamical fields, 
leaving the background fields intact.  So long as T is well-formed, 
[COV] represents the full group of spacetime symmetries (Diff (M)), 
but the largest symmetry group satisfying [INV] will vary from theory 
to theory.  In special relativity, for example [INV] = the Poincaré 
group, which is of course a subgroup of Diff (M).  Thus in the context 
of special relativity, [COV] ≠ [INV].  The supposed novelty of general 
relativity lies in the fact that here, uniquely among classical field 
theories, [COV] = [INV].  This is attributed to the absence of any 
background fields in general relativity, such that B = ∅ .

• Often referred to as “active diffeomorphism invariance”
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Background 
Independence I

• [COV] = [INV]

• The intuitive idea here (useful for quantum 
gravity) is one of “equivalent descriptions”, 
“gauge redundancy” or “multiple 
realizability”.  If there are multiple 
mathematically equivalent descriptions of the 
same physical reality: we have achieved some 
background independence, or “description 
independence”
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Part I

1. Three views of Background Independence 
in Classical General Relativity

a. Diffeomorphism Invariance

b. Absolute and Dynamical Object
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Absolute and Dynamical Object
• Anderson (1964, 1967) and Friedman (1983)

• What is an object?  This could get dicey, but for now, 
think of: field, particle, string, brane, loop, etc...

• Dynamical Object:  Governed by ‘principle of 
reciprocity’ - objects both influence and are influenced 
by whatever other theoretical elements they act upon

• Absolute Object:  Anything which acts on theoretical 
elements without experiencing the principle of 
reciprocity.  The absolute object ‘indicates a lack of 
reciprocity; it can influence the physical behaviour of 
the system but cannot, in turn, be influenced by this 
behaviour. (Anderson, 1964, p.192)
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Background Independence II
• Absolute object will be a B-field that is the same in 

every solution S of theory T.

• So another definition of background 
independence:  “A theory is background 
independent if and only if it contains no absolute 
objects.”

• The intuitive idea here (useful for quantum gravity) 
is to consider the extent to which any theoretical 
elements are dynamical - that is, are they involved 
reciprocally with the rest of the theory, or are 
they stipulated as initial conditions, boundary 
conditions, etc...
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Part I

1. Three views of Background Independence 
in Classical General Relativity

a. Diffeomorphism Invariance

b. Absolute and Dynamical Object

c. Geometric and Physical Degrees of 
Freedom
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Background Independence: A matter of degree?

• Discussion following Belot “Background 
Independence” (2011 arXiv:1106.0920, and longer 
draft 2007):

• Intuitive notion that a “background” is any fixed 
stage upon which the physics of a theory is set, “a 
stage that provides the framework that shapes the 
evolution of the fields of the theory, without itself 
being shaped by them”

• Clearest cases of background-dependence are 
theories featuring fixed fields: those determining 
geometry, fixed sources, or external fields.

• Geometry is the prime suspect for a background.
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Abstract geometries
• According to Belot, we can assign to each solution of a 

theory a spacetime geometry and then introduce a 
standard of sameness of geometry across solutions.

• Any two solutions related by a spatiotemporal 
symmetry (covariance) are assigned the same geometry.

• “Sharing the same geometry” is an equivalence relation 
on the space of the solutions of the field theory: and 
this equivalence class is an abstract geometry.

• Two physical possibilities correspond to the same 
abstract geometry if each solution of the first is 
assigned the same geometry as each solution of the 
second
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Degrees of Background Independence
• Full Background Dependence:  Only a single 

abstract geometry is realized in the theory (every 
single solution corresponds to the same abstract 
geometry)

• Full Background Independence:  No two solutions 
correspond to the same abstract geometry

• Near Background Dependence:  The family of 
abstract geometries realized in the theory is finite 
dimensional

• Near Background Independence:  The family of 
physical possibilities corresponding to an abstract 
geometry is finite dimensional
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• An example of “nearly background 
independent / nearly background 
dependent”:

• spatially compact vacuum general relativity 
in (2 + 1) dimensions:  every solution is 
dynamically constrained to be flat, but 
when the topology is nontrivial, there is a 
non-trivial, finite-dimensional family of 
diffeomorphism classes of solutions (Carlip 
“Quantum Gravity in 2 + 1 Dimensions, 
1998)
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A review of where we stand 
with classical field theories
• Background independence:

• Definition 1: [COV] = [INV] Call this gauge 
redundancy or “description equivalence”

• Definition II: No extra-theoretic boundary 
conditions: all dynamical evolution and reciprocity

• Definition III: Every physical solution corresponds 
to a unique abstract geometry; this can occur in 
degrees
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Can we go further?
• “It is true that in general relativity the 

dimension, topology, differential structure, 
and signature are fixed.  They can be varied 
from model to model, but they are arbitrary 
and not subject to law.  These do constitute a 
background. (Smolin 2006, p.206)”

• Could a theory/approach to quantum gravity 
be “more” background independent than GR?

• My answer:  yes - so long as geometry 
(topology, dimensionality) is emergent
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Plan

1. Three views of Background Independence 
in Classical General Relativity

2. Three views of Background Independence 
in Quantum Gravity

3. The End of Time or the Rebirth of Time?
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Plan

1. Three views of Background Independence 
in Classical General Relativity

2. Three views of Background Independence 
in Quantum Gravity

a. String Theory
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String Theory: Dualities

• For background on string theory, see talks 
from this seminar by: J. Harvey, N. Huggett, 
E. Knox, N. Teh

• For my purposes here: in what sense are 
dualities (e.g. AdS/CFT) background 
independent?
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Dualities as Background Independence

• Following Moshe Rozali “Comments on 
Background Independence and Gauge 
Redundancies” (2008)

• Distinction between “dynamical 
backgrounds” and “superselection 
sectors” (boundary conditions)
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Rozali (2008, p.7) on the AdS/CFT duality:

In the gauge theory description of the system (CFT):  “The 
Lagrangian, the rank of the gauge group and the manifold 
on which the (non-gravitational) theory propagates... are 
all fixed for all states of the theory and for all physical 
processes allowed in the theory.  On the other hand, the 
correspondence does not specify any background metric, 
background values for any of the fields, or any other 
aspect of the theory that can change dynamically.  When 
specifying the boundary conditions, the gauge theory 
description already sums the contribution of all bulk 
geometries (and other field configurations) which satisfy 
those boundary conditions; none of those backgrounds 
makes an appearance in the gauge theory description.  In 
that sense the gauge theory description is as Background 
Independent as... Einstein’s general theory of relativity.”
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Background Independence as gauge redundancy

• Recall:  two types of diffeomorphisms - 

(i) those which change boundary conditions

These are global symmetries and have physical 
consequences 

(ii) those which do not change boundary 
conditions

These are bulk diffeomorphisms (in string 
theory) and are a “redundancy of the 
description, they have no physical 
consequence”
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BI in string theory: some conjectures

• String theory is background independent in at 
least sense (i) gauge redundancy, “description 
equivalence” viz. bulk diffeomorphism

• But depending on how the understanding of 
“fundamentality” of the dualities turns out (c.f. 
E. Knox paper, this seminar) there could be a 
further sense that dual descriptions contribute a 
sense of background independence

• Boundary conditions / superselection rules still 
play an important role.  Could there be a theory 
of quantum gravity in which geometry evolves?
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Plan

1. Three views of Background Independence 
in Classical General Relativity

2. Three views of Background Independence 
in Quantum Gravity

a. String Theory

b. Loop Quantum Gravity
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Loop Quantum Gravity
• For technical details on kinematic and 

dynamic evolution of spin networks and 
spin foams, see talks from this seminar by: 
B. Dittrich, C. Wüthrich, E. Crull, D. 
Schroeren, F.  Vidotto

• For my purposes here: In what sense are 
spin networks (basic kinematical objects) 
and spin foams (basic dynamical objects) 
background independent?  
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Spin Networks

• Represent particular embeddings of the kinematical 
state of the gravitational field into 3-space.

• s-knots are equivalence classes of spin networks 
under diffeomorphisms

• Background Independent: in sense (i)

image: http://www.phys.lsu.edu/mog/mog21/baez.jpg
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Spin Foams
• Recall that spin foams are analogues to Feynman 

diagrams - and are responsible for the dynamical 
evolution of spin networks.

• They describe course-grainings of spin network 
histories, or a “sum-over-all-histories” in order to 
describe the dynamical evolution.

• In this sense, the dynamics of spin foams clearly 
show that loop quantum gravity is a background 
independent theory in sense (i):  there is no 
reference to any particular history, rather a sum 
over all histories, in spirit similar to a gauge 
equivalence class. 
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Prognosis so far
• Both string theory and loop quantum gravity can be 

characterized as background independent insofar as the 
dynamics are characterized by analogues to “gauge redundancy” 
or “equivalent descriptions”.

• But there are still individual histories, metrics, descriptions, etc... 
these are taken, loosely, to be equivalent mathematical 
descriptions of the same physical reality.  This is background 
independence in the sense of “it doesn’t matter which strand/
path one chooses”

• Are there approaches to QG where one can trace the evolution 
of the geometry through a single mathematical description of 
dynamics (rather than equivalence classes, embeddings of 
abstract graphs, etc)?  This would seem to be background 
independent in a different way (more like definition iii)
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Plan
1. Three views of Background Independence 

in Classical General Relativity

2. Three views of Background Independence 
in Quantum Gravity

a. String Theory

b. Loop Quantum Gravity

c. Geometrogenesis (quantum graphity)
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Introduction to Geometrogenesis

• The goal is to construct a quantum theory 
of gravity by analogy to a condensed matter 
system which exhibits a phase transition, 
e.g. Ising model of ferromagnetism
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Quantum Graphity
• The key feature is that geometry is an emergent 

phenomenon

• The model features emergent matter degrees of 
freedom; this is what creates geometry and gravity

• Emergent matter degrees of freedom: Levin and Wen 
Rev. Mod. Phys. 77, 871 (2005)

• Main original work by: Konopka, Markopoulou, Severini, 
Caravelli, Hamma, Lloyd and collaborators

• Example: Bose-Hubbard Toy model (arXiv:0911.5075v3), 
others cited in references

• Most recent development (2013):  Chen and Plotkin 
(arXiv:1210.3372) “Statistical mechanics of graph models 
and their implications for emergent spacetime manifolds”
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Graph Theory Preliminaries

• Complete graph of N nodes: every two nodes (or vertices) are connected by an edge

• Fundamental degrees of freedom are associated with edges (adjacencies), dynamics 
invariant under permutation of the nodes

• Each edge can be either in a ground state (“off”) or in one of several excited states 
(“on”):  in this case, three “on” states corresponding to the states of a spin-one 
system

• Hspin = span {|0,0>,  |1,-1>,  |1,0>,  |1,+1>}

Node Edge
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• A vertex u is a neighbour of, or is adjacent to, a vertex v if uv is an edge.

• Valency or degree of a vertex is the number of edges incident to that vertex

• A graph in which every vertex has the same valency is regular.

• A graph in which every pair of vertices is connected by an edge is complete.

• Subgraphs G’ of G can be either induced (k, o, p, s) or not (i, m, n, q)

• Path: alternating sequence of vertices and edges, begin with a vertex and end with a vertex

• Length of path:  the number of edges in the path.  Distance is shortest length

• A graph is connected if any two vertices are linked by a path

• Eccentricity of a vertex is the maximum distance from the vertex to any other vertex

• Diameter of the graph is the maximum eccentricity over all vertices in the graph, and 
radius is the minimum.
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FIG. 1. Examples for the graph theory concepts.

tex, and two edges cannot connect the same two vertices.

Such graphs are sometimes called “simple graphs,” as op-

posed to “multigraphs.” Because we will only consider

graphs of this definition, they will be simply referred to

as “graphs.”

A vertex v is incident with an edge e if v ∈ e. We

denote an edge e by its vertices, or ends, say u and v, as

e = {u, v}, or simply e = uv. A vertex u is a neighbor

of, or is adjacent to, a vertex v if uv is an edge. The

valency or degree of a vertex is the number of edges

incident to that vertex.

A graph in which every vertex has the same valency is

regular. It is k-regular if every vertex has valency k.

A graph in which every pair of vertices is connected

by an edge is complete. It is denoted by Kn if it has n

vertices.

G� is a subgraph of a graph G, if G� is a graph,

V (G�) ⊆ V (G) and E(G�) ⊆ E(G), and this is denoted

by G� ⊆ G.

If U ⊆ V (G), the subgraph G� induced by U is the

graph for which V (G�) = U , and E(G�) contains an edge

xy if and only if x, y ∈ U and xy ∈ E(G). This is denoted

by G� = G[U ], and G� is called an induced subgraph of

G. (For example, in Fig. 1, the vertices k, o, p, s, and the

five thick edges, compose an induced subgraph; the ver-

tices i,m, n, q, and the four thick dotted edges, compose

a subgraph, but not an induced subgraph.) In particular,

in a graph G, the subgraph induced by the set of neigh-

bors of a vertex v is called the neighborhood of v, and

is denoted by GN (v).

A path is an alternating sequence of vertices and

edges, beginning with a vertex and ending with a ver-

tex, where each vertex is incident to both the edge that

precedes it and the edge that follows it in the sequence,

and where the vertices that precede and follow an edge

are the end vertices of that edge. The length of a path

is the number of edges in the path. (For example, in

3
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FIG. 2. Some examples of neighborhood subgraphs. The

eccentricity is labeled for each vertex, and the difference of

diameter and radius of these subgraphs, which is denoted by

∆, is labeled below each graph. (a) is the neighborhood sub-

graph of vertices in the triangular lattice graph (Fig. 1); (b),

(c), (d) and (e) appear commonly in simulations, as parts of

the defects; (f) is the neighborhood subgraph of vertices in

the graph in Fig. 3.

Fig. 1, (a, ab, b, bf, f, fg, g) is a path with length 3, in

which the edges are denoted by dotted lines, and is also

one of several paths between a and g having the mini-

mal distance.) The distance between two vertices is the

length of shortest path between them. In a graph G, the

distance between vertices u, v is denoted by dG(u, v).

A graph is connected if any two vertices are linked

by a path.

The eccentricity �G(v) of a vertex v in a graph G is

the maximum distance from v to any other vertex, i.e.,

�G(v) = max
u∈V (G)

dG(v, u),

where dG(v, u) is the distance between v and u in the

graph G.

The diameter diam(G) of a graph G is the maximum

eccentricity over all vertices in a graph, and the radius

rad(G) is the minimum,

diam(G) = max
v∈V (G)

�G(v), rad(G) = min
v∈V (G)

�G(v).

When G is not connected, diam(G) and rad(G) are de-

fined to be infinite. Some examples of neighborhood sub-

graphs are shown in Fig. 2. For every vertex in Fig. 1, the

neighborhood subgraph is Fig. 2(a); for every vertex in

Fig. 3, the neighborhood subgraph is Fig. 2(f). Figures

2(b)-2(e) are examples of neighborhood subgraphs that

appear commonly in the simulation.
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2(b)-2(e) are examples of neighborhood subgraphs that

appear commonly in the simulation.

Images: Chen and Plotkin (2013)
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Geometrogenesis: coupling matter to lattice

• In the Bose-Hubbard model, Hamma et al (2010) propose 
a dynamical (evolving) model for the graph/lattice.  There 
are both matter and lattice degrees of freedom.

• Matter degrees of freedom:  see Levin and Wen (2005).  
Mechanism of string-net condensation:  rotors on the 
links of a cubic lattice.  In certain regimes, rotors organize 
into effective extended objects (string-nets).  The string-
net condensed ground state has two types of excitations 
- string collective motions (photons) and string endpoints 
(charges)

• “There are lattice and matter degrees of freedom. The 
lattice interacts with the matter: matter tells geometry 
how to curve and geometry tells matter where to 
go.” (Hamma 2010, 3)
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A Machian view: Spacetime defined 
in terms of matter interactions

• The quantum graphity approach attempts to “define geometry via the 
dynamics of matter.  Our principle is that if particles i and j interact, they 
must be adjacent.  This is a dynamical notion of adjacency in two ways: it 
is inferred from the dynamics and, being a quantum degree of freedom, it 
changes dynamically in time.  This amounts to a spin system on a 
dynamical lattice and to interaction of matter with geometry.” (Hamma 
2010, 3)

• “Emergence of locality from the dynamics of a quantum many-body 
system. No notion of space is presupposed.  Extension, separateness, 
distance, and all the spatial notions are emergent form the more 
fundamental notion of interaction.  The locality of interactions is now a 
consequence of this approach and not a principle.  We will promote the 
interaction terms between two systems to a quantum degree of 
freedom, so that the structure of interactions itself becomes a dynamical 
variable.  This makes possible the interaction and even entanglement 
between matter and geometry.” (Hamma 2010, 3).
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Hamiltonian and state 
evolution

Hamiltonian acts on edges in various ways

5

(b)(a) (b)(a)

FIG. 1: Examples of terms in Hamiltonian HLQG that acts on j variables. (a) Exchange of neigh-
boring links. (b) Addition or subtraction of an edge.

L is the length of the loop, and we note that a given on graph defined by an assignment
of J ’s can have mimimal loops of varying lengths.

The coupling B(L) is assumed to take the form

B(L) = B0B
L (7)

where B0 is a positive coupling constant and B is dimensionless. The separation of B
from B0 is useful because B can be now associated with each instance of M in the loop
product (6). We note then that the overall coefficient of a loop term is proportional to
BL/L!. It is thus small at very low and at very high L, but has a maximum value at some
particular L!,
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We call L! the preferred loop length.
In comparison with Hlinks, note that Hloops has an overall minus sign. Note also that

Hloops contributes nothing to the energy unless the edges it acts upon are in one of the
“on” states. Thus there is a competition between this term and Hlinks which will be re-
sponsible for fixing the assignment of “on” edges.

The last two terms in the Hamiltonian are Hhop and HLQG. We will not need to specify
these in detail, except to say that Hhop allows the M variables to propagate from an on
edge to other edges adjacent to the same vertex, and the term HLQG generates local moves
that turn edges on and off and thus allow one configuration of “on” links to morph into
another one. The action of these graph-changing terms is illustrated in Figure 1. We as-
sume that the couplings characterizing these terms are such that they do not significantly
alter the equilibrium and ground states of the model.

B. Quantum model

We now introduce a quantum model similar to the one we have just described by
turning the configuration space into a Hilbert space. On each edge we put a four state
Hilbert space, Hspin, which is spanned by an orthonormal basis of states |j, m#,

Hspin = span {|0, 0#, |1,$1#, |1, 0#, |1, +1#}. (9)

Since there are N(N $ 1)/2 links in a complete graph with N points, the Hilbert space for
the whole system is,

Htot = %N(N#1)/2 Hspin. (10)
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• There are lattice and matter degrees of freedom. The lattice interacts with the matter: matter tells geometry how to curve
and geometry tells matter where to go.

The starting point for the implementation of the above is considerations of locality. Normally, locality is specified by the metric
gµν on a manifold M. Dynamics of matter on (M, gµν) is given by a Lagrangian which we call local if the interaction terms
are between systems local according to gµν . A Lagrangian with non-local interaction terms is typically considered unphysical.
That is, the matter dynamics is made to match the given space-time geometry. We will do the reverse and define geometry via
the dynamics of the matter. Our principle is that if particles i and j interact, they must be adjacent. This is a dynamical notion
of adjacency in two ways: it is inferred from the dynamics and, being a quantum degree of freedom, it changes dynamically in
time. This amounts to a spin system on a dynamical lattice and to interaction of matter with geometry.

To summarize, we present a toy model for the emergence of locality from the dynamics of a quantum many-body system.
No notion of space is presupposed. Extension, separateness, distance, and all the spatial notions are emergent from the more
fundamental notion of interaction. The locality of interactions is now a consequence of this approach and not a principle. We
will promote the interaction terms between two systems to quantum degrees of freedom, so that the structure of interactions
itself becomes a dynamical variable. This makes possible the interaction and even entanglement between matter and geometry.

This toy model is also a condensed matter system in which the pattern of interaction itself is a quantum degree of freedom
instead of being a fixed graph. It can be regarded as a Hubbard model where the strength of the hopping emerges as the mean
field value for other quantum degrees of freedom. We show a numerical simulation of the quantum system and results on the
asymptotic behavior of the classical system. The numerical simulation is mainly concerned with the entanglement dynamics of
the system and the issue of its thermalization as a closed system. A closed system can thermalize in the sense that the partial
system shows some typicality, or some relevant observables reach a steady or almost steady value for long times. The issue of
thermalization for closed quantum system and the foundations of quantum statistical mechanics gained recently novel interest
with the understanding that the role of entanglement plays in it [38]. The behavior of out of equilibrium quantum system under
sudden quench, and the approach to equilibrium has been recently the object of study to gain insight in novel and exotic quantum
phases like topologically ordered states.

From the point of view of Quantum Gravity, the interesting question is whether such a system can capture aspects of the
dynamics encoded by the Einstein equations. We start investigating in this direction by studying an analogue of a trapped
surface that may describe, in more complete models, black hole physics. We discuss physical consequences of the entanglement
between matter and geometry.

The model presented here is very basic and we do not expect it to yield a realistic description of gravitational phenomena.
What we would like to show is that such a model can have an emergent, quantum-mechanical notion of geometry (even if not
smooth), that locality is derivative from dynamics, and the extent to which such a simple model may capture aspects of the
Einstein equations, is left to future work.

II. THE MODEL WITH HOPPING BOSONS ON A DYNAMICAL LATTICE

A. Promoting the edges of the lattice to a quantum degree of freedom

We start with the primitive notion of a set of N distinguishable physical systems. We assume a quantum mechanical de-
scription of such physical systems, given by the set {Hi, Hi} of the Hilbert spaces Hi and Hamiltonians Hi of the systems
i = 1, ..., N . This presumes it makes sense to talk of the time evolution of some observable with support in Hi without making
any reference to space.

We choose Hi to be the Hilbert space of a harmonic oscillator. We denote its creation and destruction operators by b
†
i , bi,

respectively, satisfying the usual bosonic relations. Our N physical systems then are N bosonic particles and the total Hilbert
space for the bosons is given by

Hbosons =
N�

i=1

Hi. (1)

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

Hv =
N�

i=1

Hi = −
�

i

µib
†
i bi. (2)

If, instead, the harmonic oscillators are interacting, we need to specify which is interacting with which. Let us call I the set of
the pairs of oscillators e ≡ (i, j) that are interacting. Then the Hamiltonian would read as

H =
�

i

Hi +
�

e∈I
he (3)
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where he is a Hermitian operator on Hi ⊗Hj representing the interaction between the system i and the system j.

We wish to describe space as the system of relations among the physical systems labeled by i. In a discrete setup like ours, a

commonly used primitive notion of the spatial configuration of N systems can be provided by an adjacency matrix A, the N×N

symmetric matrix defined as follows:

Aij =

�
1 if i and j are adjacent

0 otherwise.
(4)

The matrix A is associated to a graph on N vertices whose edges are specified by its the nonzero entries. Now, it is clear that

the set I of interacting nodes in the Hamiltonian (3) also defines a graph G whose vertices are the N harmonic oscillators and

whose edges are the pairs e ≡ (i, j) of interacting oscillators. Here I is the edge set of G. We want to promote the interactions

- and thus the graph itself - to a quantum degree of freedom.

To this goal, let us define G as the set of graphs G with N vertices. They are all subgraphs of KN , the complete graph on N

vertices, whose
N(N−1)

2 edges correspond to the (unordered) pairs e ≡ (i, j) of harmonic oscillators. To every such pair e (an

edge of KN ) we associate a Hilbert space He � C2
of a spin 1/2. The total Hilbert space for the graph edges is thus

Hgraph =

N(N−1)/2�

e=1

He. (5)

We choose the basis in Hgraph so that to every graph g ∈ G corresponds a basis element in Hgraph: the basis element

|e1 . . . eN(N−1)/2� ≡ |G� corresponds to the graph G that has all the edges es such that es = 1. For every edge (i, j), the

corresponding SU(2) generators will be denoted as S
i = 1/2σi

where σi
are the Pauli matrices.

The total Hilbert space of the theory is

H = Hbosons ⊗Hgraph, (6)

and therefore a basis state in H has the form

|Ψ� ≡ |Ψ(bosons)� ⊗ |Ψ(graph)� ≡ |n1, ..., nN � ⊗ |e1, ..., eN(N−1)
2

� (7)

The first factor tells us how many bosons there are at every site i (in the Fock space representation) and the second factor tells

us which pairs e interact. That is, the structure of interactions is now promoted to a quantum degree of freedom. A generic state

in our theory will have the form

|Φ� =
�

a,b

αa,b|Ψ
(bosons)
a � ⊗ |Ψ(graph)

b �, (8)

with
�

a,b |αa,b|
2 = 1. In general, our quantum state describes a system in a generic superposition of energies of the harmonic

oscillators, and of interaction terms among them. A state can thus be a quantum superposition of “interactions”. For example,

consider the systems i and j in the state

|φij� =
|10� ⊗ |1�ij + |10� ⊗ |0�ij√

2
. (9)

This state describes the system in which there is a particle in i and no particle in j, but also there is a quantum superposition

between i and j interacting or not. The following state,

|φij� =
|00� ⊗ |1�ij + |11� ⊗ |0�ij√

2
. (10)

represents a different superposition, in which the particle degrees of freedom and the graph degrees of freedom are entangled. It

is a significant feature of our model that matter can be entangled with geometry.

An interesting interaction term is the one that describes the physical process in which a quantum in the oscillator i is destroyed

and one in the oscillator j is created. The possibility of this dynamical process means there is an edge between i and j. Such

dynamics is described by a Hamiltonian of the form

Hhop = −t

�

(i,j)

Pij ⊗ (b†i bj + bib
†
j) (11)
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of length L. Note that this refers to the locality of the state |Ψgraph� at time t relative to the locality of the state at time t − 1.
Consider again the projector Pij on the edge (i, j) being present. Its L−th power is given by

P
L
ij =

�

k1,...,kl−1

Pik1Pk2k3 . . . PkL−1j . (17)

For every state |Ψ� ∈ Hgraph, we have that Pij |Ψ� �= 0 if and only if there is at least another path of length L between i and j.
We can now modify the term Hex as follows:

Hex = k

�

(i,j)

�
S
−
(i,j)P

L
ij ⊗ (b†i b

†
j)

R + P
L
ijS

+
(i,j) ⊗ (bibj)

R
�
. (18)

In the extended S−level system, the exchange term is modified as |(s + 1)(modS)��s(modS)|(i,j) ⊗ (bibj)R and similarly for
the hermitian conjugate.

This was the final step that brings us to the total Hamiltonian for the model which is

H = Hlink +Hv +Hex +Hhop. (19)

In the following, we consider the theory for L = 2, which is the strictest notion of locality for the exchange interaction one can
implement.

B. Discussion of the model

We can summarize the model in the following way. All we have is matter, namely the value of a function fi, where the indexes
i label different physical systems. We have chosen fi to be the number of quanta of the i-th harmonic oscillator. The bound state
of a particle in i and a particle in j has the physical effect that other particles in i and j can interact. When there is such a bound
state, we say there is an edge between i and j. Then other particles at i and j can interact, for instance, they can hop from i to
j. The collection of these edges, or bound states, defines a graph which we interpret as the coding of the spatial adjacency of
the particles (in a discrete and relational fashion). The physical state of the many body system is the quantum superposition of
configurations of the particles and of the edges. The system evolves unitarily, and particles can hop around along the edges. But
the distribution of the particles also influences the edges because some particles at vertices i, j can be destroyed (if i and j are
nearby in the graph) to form another edge, and therefore making i and j nearer. The new edge configurations then influence the
motion of the particles and so on. We have a theory of matter interacting with space. The intention of the model is to study to
what extend such dynamics captures aspects of the Einstein equation and whether it (or a later extension of such a spin system)
can be considered as a precursor of the gravitational force. From the condensed matter point of view, this is a Hubbard model for
hopping bosons, where the underlying graph of the Hubbard model is itself a quantum dynamical variable that depends on the
motion of the bosons. In the spirit of General Relativity, the edges (space) tell the bosons (matter) where to go, and the bosons,
by creating edges, tell the space how to curve.

We note that, in this theory, all that interacts has a local interaction by definition. We defined locality using the notion of
neighborhood given by the set of systems interacting with a given system [? ]. We also note that, due to quantum superpositions,
matter and space can be entangled. For this reason, the dynamics of the matter alone is the ruled by a quantum open system, the
evolution for the matter degrees of freedom is described no more by a unitary evolution operator but by a completely positive
map. We can show that the entanglement increases with the curvature. To fix the ideas, let us start with a flat geometry
represented by the square lattice as the natural discretization of a two dimensional real flat manifold. In this model, a flat
geometry with low density of matter can be described by a square (or cubic) lattice with a low density of bosons. This means
that a particle is most of the time alone in a region that is a square lattice. The model will not then allow interaction between
the particle and the edges, and all that happens is a free walk on the graph. On the other hand, when we increase the degree of
the vertices by adding more edges, we make interaction, and hence entanglement, between edges and particles possible. This
corresponds to increasing the curvature. In a regime of very weak coupling, k � t � U, µ, entanglement will be possible only
in presence of extremely strong curvature. From the point of view of the dynamics of the quantum system, this means that the
evolution for the matter is very close to be unitary when curvature is low, while very strong curvature makes the evolution for
the particles non-unitary and there will be decoherence and dissipation with respect to the spatial degrees of freedom.

How does the graph evolve in time in such a model? The quantum evolution is complex, and since the model is not exactly
solvable, numerical study is constrained to very small systems. In the next section we simulate the system with 4 vertices and
hard core bosons.

We can gain some insight from the analysis of the classical model, regarding H as the classical energy for classical variables.
Since we delete edges randomly and build new edges as the result of a random walk of the particles, and there is nothing in this
model that favors some geometry instead of others, we do not expect to obtain more than random graphs in the limit of extremely
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Early Universe, 
High entropy state
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after the deletion of the edge. The cost function needs to be updated at each time-step, since
the deletion of a single edge implies a possibly large variation on the number of cycles in
which other edges are contained. This observation suggests that implementing the behavior
induced by the Hamiltonian, with the use of a cost function of pure combinatorial nature, is
highly expensive from the computational point of view, and it is possibly ill-defined. For this
reason, a mathematical description of a graph process mimicking our dynamics is elusive.

VI. DISCUSSION

Quantum graphity is an explicit model for geometrogenesis, with locality, translation
symmetry, etc., being properties of the ground state. In Table I, we have summarized the
properties of quantum graphity at high and low temperatures.

At high temperature, the graph representing the state of the system is highly connected
and has diameter close to 1. There is no notion of locality, as most of the Universe is
one-edge adjacent to any vertex. Said di!erently, there is no notion of a subsystem, in the
sense of a local neighborhood, since the neighborhood of any vertex is the entire KN . The
microscopic degrees of freedom are the j and m labels.

At low temperature, the graph has far fewer edges than KN . Permutation invariance
of the state breaks to translation invariance. Subsystems can be defined as subgraphs
of the ground state or, better, as the emergent matter excitations, and the dynamics of
the emergent matter is local by correspondence with lattice field theory [16, 23]. Once
subsystems are present, internal geometry can be defined. This is the relational geometry
that is the only physically meaningful notion of geometry, and hence time, for observers
inside a system. The significance of internal time and its relation to general relativity has
been discussed extensively, for example, in [2, 33].

High-T Low-T

• Permutation symmetry • Translation symmetry
• No locality • Local
• Relational • Relational

• Diameter ! 1 • Large diameter
• " N#dimensional • Low-dimensional
• No subsystems • Lubsystems

• External time • External and internal time
• (j,m) • Matter + dynamical geometry

TABLE I: The two phases of quantum graphity. The couplings are gV $ gB , g± $ gC , and gD.

The parameters are v0, p, and r.
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• No locality • Local
• Relational • Relational
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• No subsystems • Lubsystems

• External time • External and internal time
• (j,m) • Matter + dynamical geometry

TABLE I: The two phases of quantum graphity. The couplings are gV $ gB , g± $ gC , and gD.

The parameters are v0, p, and r.

Graph has high dimension (N)
Diameter of graph approx. 1 edge

Today’s Universe, 
Low entropy state

Graph has low dimension/valence
Large diameter

Hamiltonian is chosen in a way that enables the complete graph to 
evolve from a ground state in which every edge is “off” to a low-
dimensional lattice
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The Emergence of Classical 
Spacetime from a Graph

• At early times the graph is in a very disordered state and 
the average valence of each node is large.  The diameter of 
the graph is on the order of 1 edge

• As the system cools, one or more phase transitions occur 
so that some of the degrees of freedom become frozen.  
This continues until each node approaches its ground 
state valence.

• The edges arrange themselves into regular patterns that 
can be interpreted as extended space.  ‘We thus have the 
emergence of classical geometry as well as standard gauge 
theory and matter fields.’ (Smolin et al. 2006, pg. 12)
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A. A toy black hole.

As we discussed in the introduction, our working interpretation of the physical content of General Relativity is that geometry
tells matter where to go and matter tells geometry how to curve. Can the reverse be true, i.e. in a system where geometry tells
matter where to go and matter tells geometry how to curve, do we see aspects of gravity?

The model we just defined is one where geometry (the graph) determines where matter is allowed to go, while matter influences
geometry: a particle at vertex i and one at vertex j can be replaced by a new edge ij where one did not previously exist and so
change the distance between i and j. This is not quite the same as General Relativity, but the model does have some features
that are reminiscent of gravitational behavior. We will illustrate this by constructing a toy “black hole” in our spin system.

Consider a state of the system in which the graph is a flat lattice but with a region that is highly connected. We call the flat
region A and the highly connected region B:

To make things simple, if B contains NB vertices, we ask that B is completely connected so that the degree of vertices in B is
∼ NB .

It is intuitively clear that B will act as a trap: there are many more links to the interior of B than paths leading to the outside
A. A boson that hops its way to the boundary of B is far more likely to take its next step into B’s interior and once inside there
are many more edges that will keep it inside than edges leading back to A. This intuition can be made more quantitative by
using the Lieb-Robinson speed of light that we defined and calculated in Section III A to find out what happens to a ray of light
traveling on this lattice4. Recall that we found that the LR speed is proportional to the degree of the lattice. Hence, in region A,
cA ∼ 1, while in region B, cB ∼ NB . Now consider a particle traveling in this graph and crossing the boundary between A and
B. Snell’s law states that the critical angle for total internal reflection is

θc = sin−1 cB
ca

= sin−1 NB , (29)

and so the probability of a light ray escaping B is of the order of N−1
B . In the large NB limit, region B traps light and matter.

NB is not infinite and so light and matter can eventually escape. Assuming that A, even though less dense, is much larger
than B, B will evaporate until its edges are of a density comparable to A. The whole process is of course unitary, but the
emitted quanta are entangled with the remnant in B. That is, the spectrum of the emitted radiation will be mixed even though
the underlying dynamics is unitary. To the extend that this configuration can be thought of as a toy black hole, it illustrates the
resolution of the information loss paradox via matter/geometry entanglement and no black hole singularity.

Of course, there is no claim here that this is a real black hole. There are important differences between what we just described
and black holes in General Relativity: this is not a spacetime construction; the horizon can be seen by a local observer crossing
it. We really are modeling a black hole using two media of different refractive indices. Nonetheless, it illustrates that in this
model there is an entropic form of attraction: highly connected regions attract bosons in the sense that the particles are more
likely to be found at vertices of higher degree. In addition, there is an analogue of negative heat capacity: bosons are more likely
to be created in the highly connected parts of the lattice as there there is a higher density of links that can be turned into matter,
and new links are more likely to be created where there is a higher concentration of matter.

4 We can add Wen’s U(1) Hamiltonian for emergent light [17] in eq. 28. In the phase where the couplings of the U(1) theory are small with respect to the
other couplings in the Hamiltonian, we have electromagnetic waves traveling on the lattice.

A Toy Black Hole

Hamma and Markopoulou arXiv:1011.5754v1
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Emergent Manifold
• Quantum graphity attempt to model emergence of a manifold from the graph 

(notice that this is not the same as embedding a graph into a manifold)

• “A manifold can be approximated by a triangulation, which in turn can be 
viewed as a graph filled with simplices. From this observation, one can 
consider how a graph may give rise to a manifold; i.e. from a family of graphs, 
following some constraints and obeying some set of rules for dynamical 
processes, is it possible that a manifold-like structure can emerge? To be more 
precise, consider the possibility that a graph G gives rise to a smooth manifold 
M.   A vertex in G corresponds to a point in M; when a pair of vertices in G 
are connected by an edge, the corresponding pair of points in M have a 
certain distance ε. When the length scale under consideration is much larger 
than ε, G resembles the smooth manifold M.  In such cases, one can say that 
the manifold M, including its dimensionality, topology, and metric, emerges 
from the graph G in the continuous limit.” (Chen and Plotkin 2013, 1)

• The work is accomplished by introducing an appropriate Hamiltonian which 
favours graphs with local symmetries.  Then run Monte Carlo simulation with 
various system sizes and energies in order to determine where phase 
transition occurs and what the resulting Haussdorf dimensionality is.
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FIG. 4. (Color online) Some snapshots from the simulations, drawn in three dimensions. Panels (a)-(c) are for the system

with number of vertices NV = 200 and number of extra edges X = 20, where (a) is the initial configuration, (b) is a typical

configuration at high temperature (β = 1.0), and (c) is a typical configuration at low temperature (β = 2.0). Compared with

the sphere, the drawing (c) has three more handles, and the surface intersects with itself in three places, so it has a non-trivial,

non-orientable topology. Panel (d) is for the system of size NV = 1000 and X = 100, and shows a typical configuration at low

temperature (β = 2.0). In these drawings, if a vertex has valency 6, it is black if its ∆ value is zero, and is red if its ∆ value

is nonzero; if a vertex has valency 7, it is green if its ∆ value is zero, and is blue if its ∆ value is nonzero (see text). As well,

yellow lines are drawn at places where two triangles intersect, and the manifold thus passes through itself.

B. Topology of the manifold in the presence of

defects

For the low-temperature graphs, several examples of

common local defects are shown in Fig. 5. They are

called local in the sense that in the vicinities of these

defects, the graph is similar to some triangulation of sur-

faces with trivial topology. Among these examples, the

“bubble-wrap” defects (a)-(c) do not increase the total

energy, and around such defects the ratio between the

number of edges and vertices is larger than 3. In other

words, these defects can “absorb” the extra edges with-

out energy cost. Also note that (a) and (b) do not change

the long range order of the lattice orientation, while (c)

does alter the long range order. Taken together, these

defects induce configurational degeneracies in all the en-

ergy levels, including the ground state energy level, and

at the same time induce graph permutation symmetry by

Chen and Plotkin 2013, 7
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What is background independent here?

• Permutation invariance of the lattice model 
(not so special:  this is just a type of 
diffeomorphism invariance)

• Dynamical evolution of the lattice model

(this is more special, especially if a manifold 
and underlying topological features and 
dimensionality can be all be emergent.  This is 
more like sense (ii) of background 
independence)
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Principle of Maximum 
Permutability

• ‘The theory should be invariant under all permutations of 
the basic elements, out of which the theory is 
constructed.’ (Stachel, Iftime 2005)

• ‘Whatever the nature(s) of the fundamental entities of 
quantum gravity, they will lack inherent haecceity, and that 
such individuality as they manifest will be the result of the 
structure of dynamical relations in which they are 
enmeshed...the way to assure the inherent 
indistinguishability of the fundamental entities of the theory 
is to require the theory to be formulated in such a way that 
physical results are invariant under all possible permutations 
of the basic entities of the same kind.’ (Stachel 2006)
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Where do we stand: 
a synopsis

• Many approaches to quantum gravity seem to be 
background independent in the sense of 
“diffeomorphism invariance”, “gauge redundancy”, 
equivalent descriptions... etc.

• But the geometrogenesis approaches additionally seem 
to incorporate the Andersonian “lesson”(?) or strategy 
to “dynamicize” in a special way all elements of the 
theory, even the very ‘stage’ on which the physics is 
acted out.  In such approaches, it is not just that 
spacetime is “dynamical” but “dynamically emergent”
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Plan

1. Three views of Background Independence 
in Classical General Relativity

2. Three views of Background Independence 
in Quantum Gravity

3. The End of Time or the Rebirth of Time?
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Where does Background Independence lead us?

or

Some approaches that are 
background independent 
in sense (i), e.g. LQG, the 
canonical program, will 
describe dynamical 
evolution as a sum-over-
histories.  This eliminates 
time

Approaches that are 
background independent 
in an ‘extreme’ sense of 
(ii) are going to have a 
notion of fundamental 
time (i.e. in the 
Hamiltonian).
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What does Background 
Independence mean in QG?
• If you think it is more about gauge invariance 

and equivalence of mathematical description: 
time may well disappear.

• If you think it is more about completing the 
“dynamical revolution” which GR started by 
“dynamicizing” topology, dimensionality, etc., 
then time may well be the only thing that is 
real.
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