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Abstract

We apply a recent argument of Verlinde to loop quantum gravity, to conclude that
Newton’s law of gravity emerges in an appropriate limit and setting. This is possible
because the relationship between area and entropy is realized in loop quantum gravity
when boundaries are imposed on a quantum spacetime.

∗lsmolin@perimeterinstitute.ca

1

http://arxiv.org/abs/1001.3668v1


Contents

1 Introduction 2

2 The holographic character of loop quantum gravity 4

3 Derivation of Newton’s law of gravity 8

4 Comments and conclusions 11

1 Introduction

The idea that the unification of quantum theory with gravity is essentially thermody-
namic has been on the table since the discovery of the laws of black hole thermodynamics[1]
and Bekenstein’s discovery of black hole entropy[2]. The discoveries of the Unruh temperature[3]
and Hawking radiation[4] strengthened the reason for hoping for a deep relationship be-
tween gravity, quantum physics and thermodynamics.

Very early in this history, Bekenstein hypothesized that the entropy of any isolated
system is bounded by its area[2]. In 1994 ’t Hooft extended this to the bold conjecture that
the degrees of freedom needed to describe an isolated system in nature can be considered
to live on a two surface surrounding the region,with the number of degrees of freedom
finite and proportional to the area in Planck units[5]. He called this the holographic principle
and since then we have come to call any application of the relationship between area and
entropy as “holographic.” As developed by Susskind[6] and then Maldacena[7] and many
others this led, in the context of string theory and supersymmetric quantum gauge theory,
to the AdS/CFT correspondence.

The furthest realization of this idea to date, in the context of gravitational theory, is the
discovery by Jacobson that the Einstein equations can be derived from the laws of thermo-
dynamics, assuming only that Bekenstein’s proportionality between area and entropy is
universal[9]. This idea has been studied also by Padmanabhan[10] and others, but there
has remained the feeling that there was a further discovery, just over the horizon. In a
remarkable paper, Erik Verlinde has provided the next step, which is a non-relativistic
analogue of Jacobson’s argument, in which he derives Newton’s law of gravity from ther-
modynamics plus the relationship between area and entropy[8].

In this paper I show that a version of Verlinde’s argument can be run in loop quantum
gravity (LQG). This strengthens the case for taking LQG as a candidate for a quantum
theory of gravity. Previously it has been shown that the theory has massless spin two
excitations[11], which have the correct propagators in the low energy limit[12], but there
has not before been a direct demonstration that the theory has a limit which yields New-
tonian gravity.

Indeed, once one sees Verlinde’s strategy, its application to LQG is immediate, as it
relies on a realization of the area-entropy relation within LQG that has been known for
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many years[14]. Before giving the details, it may be helpful to sketch the reasons for this.
The story goes back to papers of Crane[15], which anticipated ’t Hooft’s formulation

of the holographic principle. Crane proposed that in quantum cosmology, Hilbert spaces
should be associated not with the whole universe, but with any choice of a boundary that
splits the universe into two parts. The idea was that the observers and their measuring
instruments live on one side of the boundary, and they observe the quantum gravity dy-
namics on the other side by means of measurements made on the boundary, and recorded
in a boundary Hilbert space.

Crane proposed that these boundary Hilbert spaces be constructed from topological
quantum field theory (to be specific, Chern-Simons theory as the boundaries are 2 + 1
dimensional.) This was for two reasons. First, the Hilbert spaces associated with topolog-
ical quantum field theories are finite dimensional, so that the relationship between area
and entropy can be naturally implemented. Second, if one considers different boundaries
related by cobordisms within the space, the Hilbert spaces on them should be mapped
to each other by categorical relations that are naturally satisfied in topological quantum
field theories.

This was an intriguing suggestion because there is a close connection between topo-
logical field theories and the dynamics of general relativity, which is summarized in the
next section. Topological field theories play a role for diffeomorphism invariant quan-
tum theories similar to that played by harmonic oscillators in conventional quantum field
theories. They provide simple solvable examples and, more than that, they provide the
Hilbert spaces on which the full non-linear dynamics acts. This deep relation is the basis
for the Plebanski action principle, and underlies the Ashtekar formulation of canonical
dynamics[16] and the spin foam formulations of path integral quantization[17, 18].

Inspired by Crane’s proposal, it was shown in [14] how a holographic formulation
of quantum gravity necessarily emerges within LQG when certain boundary conditions
are imposed. The role of Chern-Simons theory in the construction of boundary Hilbert
spaces was worked out in detail and it was shown that Bekenstein’s area-entropy relation-
ship was a necessary consequence. It was then noticed[19] that similar boundary Hilbert
spaces constructed from Chern-Simons theories are required to describe horizons of black
holes[20]. This led to enormous progress in the understanding of black hole entropy and
the quantum dynamics of horizons[21].

To summarize, the holographic character of quantum gravity follows from the close
relationship of the dynamics of general relativity to topological field theories, both clas-
sically and quantum mechanically. The relationship to TQFT provides the Hilbert spaces
for boundaries and horizons, which being finite dimensional turn out to realize directly
the relationship between area and entropy.

The fact that LQG is deeply tied up with the holographic principle was thus known
when Jacobson published [9], and it has since then been a goal to apply his argument to
LQG. Now that Verlinde has shown the way, it is straightforward to do this, at least in the
non-relativistic approximation.

In the next section we review the realization of holography in LQG. I summarize only
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what is needed for the application to Verlinde’s argument, which is given in section 3.
More details are in [14]. The paper then closes with some comments.

2 The holographic character of loop quantum gravity

To bring out the holographic character of loop quantum gravity, we will think about
quantum gravity experiments in the following way. We consider a spacetime M of topol-
ogy Σ × R for some three topology Σ. We assume that Σ can be divided into two parts
Σ = Σinterior ∪ Σexterior, with a boundary between them given by a spatial two surface
S. This division can be extended to spacetime so M decomposes into the union of two
regions Minterior and Mexterior joined at a boundary S ×R.

We will assume that the internal region is to be described by a quantum gravity the-
ory, while the external region describes a world with classical spacetime and quantum
matter, which is where our observers live. We study quantum dynamics only in the inte-
rior region, so for simplicity we assume that the external region is a piece of deSitter or
antideSitter spacetime with a cosmological constant, Λ. We assume also that the bound-
ary is the site of measurements that observers in the exterior region make of the quantum
gravity state and dynamics in the interior region. These measurements are recorded in a
suitable Hilbert space associated with the boundary.

Remarkably, the assumption that the external region is a piece of deSitter or anti-deSitter
space-time provides exactly such a boundary Hilbert space.

This comes about in the following way. (A)deSitter spacetime is characterized by the
following condition

F+ab =
Λ

3
Σab (1)

where F+ab is the self-dual part of the curvature two-form and Σab is the self-dual two
form constructed from the frame fields ea as the self-dual part of ea ∧ eb. (a, b = 0, ..., 3 are
internal lorentz indices. )

This implies that on the spatial boundary S the following condition is satisfied for two
forms pulled back to the two dimensional boundary:

ǫijke
j ∧ ek =

k

2π
GF+

i (2)

where ei (with i = 1, 2, 3) are the spatial frame field one-forms pulled back into the bound-
ary. (We use the fact that the self-dual part of the Lorentz algebra is valued in SU(2).) Here
G is Newton’s constant and k is

k =
6π

~GΛ
(3)

When we describe the quantum spacetime in the interior region we have to impose
(2) as a boundary condition on S in order to match the components of forms pulled back
onto the boundary from each side.
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This results necessarily implies the emergence of a Hilbert space on the boundary S, which
automatically satisfies the Bekenstein relation between area and entropy (defined as the log of
the dimension of the boundary Hilbert space.)

This comes about as follows. As first discovered by Plebanski[13], an action principle
for general relativity exists which is of the form

SP leb =
1

G

∫

M
Bi ∧ Fi + .... (4)

Here the three Bi are two forms valued in the lie algebra of SU(2) and the terms left out
are non-derivative terms in Bi and lagrange multiplier fields. F i is the field strength of an
SU(2) connection Ai which in the end turns out to be the left-handed part of the space-
time connection.

The relationship to topological quantum field theory arises because if we restrict the
Plebanski action (4) to the term containing derivatives, we find

SBF =
1

G

∫

M
Bi ∧ Fi (5)

which is a topological field theory. Since the commutation relations and path integral
measure reflect information only in the derivative terms of an action, the quantization of
general relativity is closely related to that of this topological field theory. Since the latter
can be quantized completely and rigorously, this gives us the basis for quantizing general
relativity or any of a large number of other gravity theories that have an action of the
form of (4).

For the description of the situation we have in mind, the quantum dynamics is applied
in the interior region only, so we need to consider the action (4) in the interior region.
In this case a boundary term must be added to the action to cancel a boundary term
produced by the variation of the action by the connection. The boundary condition we
want to impose is (2) (possibly extended also to the space-time boundary1). The only
boundary term that can be added to the action compatible with the imposition of (2) as a
boundary condition is the Chern-Simons invariant of the connection Ai, Y (A)CS .

SP leb =
1

G

∫

M
Bi ∧ Fi + ....− k

4π

∫

S×R

Y (A)CS (6)

It is easy to verify the compatibility and consistency of the equations of motion gotten by
variation of this action with the boundary conditions (2) that indicate that the boundary
joins onto (A)dS spacetime. The key point is that on solutions Bi are equal to the self-dual
two forms Σi.

The task of carrying the quantization of the theory in the presence of these boundary
conditions and terms was studied in [14] and a key result was that Bekenstein’s area-entropy
relation is necessarily satisfied. This was obtained as follows.

1This depends on whether we are dealing with the Euclidean or Lorentzian case, see [23] for a detailed
discussion.
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On S there is an area operator[22] ÂS , whose spectrum is completely understood[24].

ÂS has a discrete spectrum given by choices of N punctures on S and representation
labels ji, i = 1, ...N . The ji are spins, that is representations2 of SU(2). The Gauss’s law
constraint turns out to require that each puncture, pi, joins to an edge ei of a spin network
in the interior, labeled by representation ji

3.

The area of S, which is the eigenvalue of ÂS , depends on the ji’s and is given for these
cases by[22]

a(ji) = 8π
~G

c3
γ
∑

i

√

ji(j1 + 1) (7)

Here γ is a parameter analogous to the Θ parameter of QCD called the Immirzi parameter.
Part of the specification of the experiment is to fix the induced metric rαβ on the bound-

ary, which fixes also the total area

A =

∫

S

√
r. (8)

We assume then that the punctures are picked so that a(ji) ≈ A. We also assume that they
are randomly distributed on S according to the measure given by

√
r.

When this boundary conditions is satisfied, there is induced, on the boundary, a set
of Hilbert spaces. These are used to record information gotten by measurements that
observers in the external region make on the boundary of the degrees of freedom of the
quantum gravitational field in the interior.

Using the spectrum of ÂS the diffeomorphism invariant Hilbert space Hdiffeo can in
this case be decomposed as follows.

Hdiffeo =
∞
⊕

N=1

⊕

ji,...,jN

Hbulk,diffeo
ji,...,jN

⊗Hboundary
ji,...,jN

(9)

Here Hboundary
ji,...,jN

is the finite dimensional Hilbert space of SU(2) Chern-Simons theory at a
level k on the punctured two surface S.

The bulk Hilbert space Hbulk,diffeo
ji,...,jN

has a countable basis given by diffeomorphism

classes4 of spin networks Γ in the interior that join to the boundary, such that Γ has
N edges ei with spins ji that meet the boundary at the punctures, pi. All the states of

Hbulk,diffeo
ji,...,jN

are in the kernel of the generators of spatial diffeomorphisms D(v) for vector

fields in Σ that vanish on S. They are also in the kernel of a Gauss’s law operator, Ĝ that

2More precisely, its quantum deformation at level k, but we will ignore this detail as we want in the end
to take k → ∞.

3There is a more general case in which ni may be a vertex with valence vi > 2 with edges running in S
but we will assume that the surface has been chosen to avoid this, as the presence of a node of a graph in a
surface is of measure zero. Nonetheless everything below extends immediately to this case[24].

4with diffeomorphisms fixed to the identity on the boundary.

6



includes contributions from both bulk and boundary terms which is not restricted to van-
ish on S5 The Gauss’s law constraint hence links the information in the bulk state with
the information in the boundary state.

The Hamiltonian constraint operator Ĉ(N) acts on Hbulk,diffeo
ji,...,jN

with lapse N vanishing

on S. It’s kernel is the space of physical bulk states Hbulk,phys
ji,...,jN

so the space of physical states
is given by

Hphys =
∞
⊕

n=1

⊕

ji,...,jN

Hbulk,phys
ji,...,jN

⊗Hboundary
ji,...,jN

(10)

There is a nonvanishing Hamiltonian operator Ĥ derived from the classical hamiltonian
HS . Given a choice of a lapse N that does not vanish on S the classical Hamiltonian is given
by

H(N) =

∫

S
hN +

∫

Σ

(

NC +Dav
a + Giρ

i
)

(11)

where vi is an arbitrary vector field vanishing on S and ρi is a parameter in the gen-
erators of SU(2). When the constraints are satisfied the Hamiltonian then reduces to a
boundary term given by h. In the ordinary variables these correspond to the Brown-York
hamiltonian[25]

h =
√
qK (12)

where K is the extrinsic curvature. In a limit in which the surface S is taken to infinity in
the asymptotically flat case it goes over into the ADM mass. In the Ashtekar formulation
(with the lapse a density of weight minus one)

∫

S
Nh =

∫

S
d2σaNRe

(

AbiẼ
a
j Ẽ

b
kǫijk

)

(13)

Different forms for h have been proposed and their quantizations studied in loop quan-
tum gravity[14, 26, 27].

What we need for the following is only that in all these cases[14, 26, 27] the quantum
Hamiltonian acting on the physical Hilbert space takes the form

Ĥ =
∑

i

ĥi (14)

where ĥi is an operator that acts at the puncture pi.
The entropy relevant for observations made on the boundary S can be defined by the

log of the dimension of Hboundary
ji,...,jN

.

Sji ≡ lndimHboundary
ji,...,jN

(15)

5For details of the definitions of these operators and their kernels see [14].
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The dimension of Hboundary
ji,...,jN

is given approximately for large k by
∏

i(2ji + 1) . Given

an area A large in Planck units, the largest dimension of Hboundary
ji,...,jn

, such that a(ji) is close

to A, is gotten by choosing6 all the ji =
1
2
. When entropy is maximized given A we can

then approximate the entropy (recall that k is assumed large)

SA ≡ lndimHboundary
1

2

N ≈ N ln 2 (16)

When this is the case we have, using (7), the relationship between area and entropy

SA =
Ac3

4G~
(17)

To get the correct coefficient determines a choice for the Immirzi parameter, γ = ln(2)

π
√
3

.

The hypothesis that gravity is fundamentally thermodynamic is essentially that we
take this entropy seriously as thermodynamic entropy, that is as a measure of disorder.
In the context of this discussion the microscopic degrees of freedom relevant for obser-
vations of quantum gravitational dynamics are those on the boundary. These boundary
degrees of freedom are hypothesized to be maximally disordered so that their thermo-
dynamic entropy is equal to the log of the dimension of their Hilbert spaces, given by
(15).

If we want to understand this more deeply, we can think that the classical geomet-
ric description is a kind of coarse graining and that the information lost by doing so is
measured by the area of a surface which bounds the region so described. This might
be proportional to area because it is a kind of entanglement entropy measuring correla-
tions between the states of quantum geometry on both sides lost when one side is coarse
grained to a classical description.

3 Derivation of Newton’s law of gravity

We now have the ingredients necessary to run a version of Verlinde’s argument. We
consider a situation where S can be considered to be a two-sphere of a given radius R,
and we posit that there is a spherically symmetric mass distribution in the interior region,
which is approximately static and in equilibrium. We will study a process whereby some
small excitation initially in the interior region moves out to the exterior region, where
it is interpreted as a massive particle. Using the laws of thermodynamics together with
the relations discussed above we show that there is necessarily an attractive force on that
particle which is given by Newton’s law of gravitation. A necessary step in the derivation,
as we will see, is to take the limit ~ and Λ to zero while taking c → ∞.

6Some authors here take an alternative strategy of finding the expectation value of area by averaging
over all representations, this gives a slightly different value of the Immirzi parameter, but does not affect
the following.
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We then assume that the bulk state corresponds to a spherically symmetric mixed
state, so that the total mass is given by

< Ĥ >= Mc2 (18)

and the induced metric on S, rαβ is that of a two sphere with area A = 4πR2 which is
large compared to the Planck area and the Schwarzchild radius of M . Since the state
can be assumed to maximize entropy as measured by observers at the boundary we can
assume that all the punctures have spin 1

2
so that there are N punctures given by

N =
Ac3

4πγ~G
√
3
=

Ac3

4~G ln(2)
(19)

Since the state is spherically symmetric we can assume a version of the equipartition
of energy, so that each node contributes the same amount of energy,

< ĥi >=
Mc2

N
(20)

Now we are going to consider a process in which an excitation7 moves from the interior
of S to the exterior. We will follow Bekenstein[2] in asking how this can be done to cause
the minimal possible perturbation to the system as a whole.

The process of moving an excitation to the exterior requires the addition of at least
one puncture to the boundary. Microscopically this is required to give meaning to the
excitation having been moved from the interior to the exterior. There is then a change in
the area of the surface whose minimal value is

∆A =
~G

c3
4 ln(2) (21)

There corresponds a minimal change in entropy

∆S = ln(2) (22)

We use capital ∆’s to emphasize that these changes are small, but finite, due to the dis-
creteness of the area spectrum and the fact that the Hamiltonian acts at punctures.

The essence of Jacobson’s idea[9] is that any such translation of an excitation across the
boundary involves a change both of energy and the entropy. The latter implies a change
of the area of the boundary. In Jacobson’s derivation this turns out to imply the Einstein
equations.

A key element introduced by Verlinde [8] is that there also must be a temperature
associated to the process8, because any ∆U is accompanied by a ∆S. We must define the

7Excitations of spin newtworks which can be interpreted as particles have been studied in [28].
8Jacobson got the value of the temperature from the Unruh formula. Verlinde very cleverly assumes

less, gets the temperature from only an assumption about the equipartition of energy, and derives the Unruh
formula relating acceleration to temperature.
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temperature T by the usual formula,

1

T
=

∂S

∂U
(23)

Since the translation of the excitation is associated with a change in entropy this means
that the temperature must be finite. This is a direct consequence of taking the entropy of
the boundary seriously as a measure of disorder. We will determine its value shortly by
the equipartition of energy.

If it makes sense to define a temperature then the first law of thermodynamics must
be satisfied in this process. As a result, in addition to the transfer of its own energy, the
translation of the excitation from the interior to the exterior must be accompanied by a
change in energy corresponding to the change in entropy.

∆U = T∆S (24)

Now, once it is external to S, the excitation is moving in a classical spacetime. We
assume that then it can be described as a particle. Because of the quantum mechanical
uncertainty principle there is a minimal distance ∆x that this particle must be from S
to be reliably considered to be in the external region. Then the change in energy ∆U
corresponding to this motion over a distance ∆x implies there is a force F = ∆U

∆x
acting

on the excitation. By the first law of thermodynamics, this force is given by

F∆x = ∆U = T∆S (25)

The definition we have used of T implies the equipartition of energy, which we have
already assumed. So we write Mc2 = 1

2
NT which gives us,

T =
2Mc2

N
(26)

If we now use (25) and (19) we have

F =
GM

R2

(

~

∆xc

)(

2(ln(2))2

π

)

(27)

Now we are interested in taking the non-relatistic classical limit to describe the force
in the external region, so we consider taking c → ∞ and ~ → 0. There can only be a non-
zero force if we can define a parameter m, with dimensions of mass, that characterizes the
excitation so that, with f a dimensionless parameter of order unity,

m =
~f

∆xc
(28)

This tells us that ∆x must be approximately the Compton wavelength of a particle with
mass m. The proportionality is given by a fudge factor f , which we adjust to make m
exactly into the passive gravitational mass9.

9Another way to say this is that we use f to adjust units for passive gravitational mass so that they are
the same as inertial mass.
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We choose to set

f =
2(ln(2))2

π
(29)

so that we arrive finally at Newton’s law of gravity,

F =
GMm

R2
. (30)

We note that the need for a fudge factor is not surprising because the Compton wave-
length gives us only a rough value for how high we must translate the particle above the
surface S to be considered securely in the exterior. The important thing is that f is inde-
pendent of the excitation, so we get the universality of the gravitational force, as well as
its proportionality to the mass10.

We note also that we have not needed the cosmological constant, apart from its role in
setting up the calculations, so we can take Λ → 0 at the end . Finally, for consistency we
can check that in this process ∆T

T
→ 0 as ~ → 0 and c → ∞ so that it is consistent to treat

the process at constant temperature.

4 Comments and conclusions

• It is important to emphasize that I have not shown here that classical spacetime
emerges from loop quantum gravity, as we have assumed that there is a classical
spacetime in the exterior region where we make measurements. What has been
shown is that if there is a classical spacetime that emerges then Newton’s law of
gravity is necessarily satisfied.

• The temperature T is proportional to the Unruh temperature. From (26) and (19) we
see that if a = F/m is the acceleration of the particle in the external region we have

T = a
~

∆Sc
= TUnruh

2π

∆S
(31)

Thus, the Hilbert space of the boundary is hot, when there is a gravitational field
arising from an energy in the bulk. Indeed, this can be seen directly from the first
law (25).

• As Verlinde emphasizes, the gravitational force is an entropic force. It arises because
it takes energy to effect an increase in entropy in a system at a finite temperature. We
want to then ask how the equivalence principle could still be true? Here, perhaps, is

10Another place a fudge factor might appear is in the count of the number of degrees of freedom used
in the definition of the temperature through equipartion; here we have assumed that each puncture can be
counted as one degree of freedom, but the precise number of independent degrees of freedom per node
might depend on the exact form of the quantum hamiltonian.
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a simple answer: in a reference frame that is stationary with respect to the excitation,
it will remains on the same side of the boundary that defines the reference frame of
that observer, so there can be no change in entropy and hence no force.

• It should be emphasized that the sign comes out right. The increase in energy ∆U on
the particle moving to the exterior of S is positive because the change in the entropy
is positive. This means that there is an attractive force pulling the excitation back
towards the mass M in the interior. So gravity is attractive!

• The parameter m which emerges to characterize the excitation in the external region
is the passive gravitational mass. We have to do more to derive relationships to inertial
mass and active gravitational mass. If we think of the Compton wavelength as a
measure of the inertial mass, what we have derived here is the proportionality of
that to passive gravitational mass, but not the exact identity.

• Given that we have found that a finite temperature characterizes the quantum ge-
ometry with non-zero mass, it would be desirable to continue to the Euclidean the-
ory to implement the finite temperature partition function as a path integral in Eu-
clidean quantum gravity. This can be done directly in the formulation studied here.
One finds that in the Euclidean case k becomes an integer because the connection
Ai is now real so the group is compact. One further finds that the temperature of
deSitter spacetime can naturally be recovered[29, 30].

• We can stress the generality of these results, which follows from the weakness of
the assumptions. The Plebanski type of formulation of general relativity, which is
the basis of everything contained here, is extremely general. It has been extended to
supergravity in four and eleven dimensions[31], to general higher dimensions[32],
and is the basis for a unification of general relativity with Yang-Mills and Higgs
theories[34]. There is a large class of extended theories of gravity which can be
constructed by extending the Plebanski action[35]. Futhermore, what we use from
loop quantum gravity is very weak, no detailed assumptions about the dynamics
are used.

• It is intriguing to wonder whether the transition between quantum geometry and
classical geometry might be dynamical and to have taken place in the very early
universe. This has been hypothesized in [33] under the name of geometrogenesis.
It can be shown that the assumption that the transition is “holographic”, so that
the specific heat of a region is proportional to its area rather than its volume, leads
directly to scale invariant fluctuations of the kind seen in the CMB[36].

• It is intriguing that, as in the AdS/CFT correspondence, we seem to need a non-
zero cosmological constant to set up a holographic description of gravity, even if we
here can take the limit Λ → 0 at the end.
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• Note that what is needed to derive Newton’s law of gravitation is only a weak form
of the holographic principle[37]. We need only that when we divide a quantum
spacetime into two, there is a quasi local description of the interior from the bound-
ary using a boundary Hilbert space in which some of the observables are defined.
When the quantum constraints are satisfied, one of these will be the Hamiltonian.
The fact that the Hamiltonian is a function only of observeables on the boundary
is a consequence only of diffeomorphism invariance. The other ingredient needed
is the relationship between entropy and the area of the boundary, and this follows
also directly from basic principles of the theory. We do not need to assume that all
the degrees of freedom of the theory “live” in the boundary hilbert space, nor that
there is a dual theory which is defined only in the boundary.

• Nonetheless, it is intriguing to wonder if the relationship between area and entropy
is even more fundamental than the notion of geometry itself. Could there be a more
fundamental picture, before spacetime emerges in which area has the fundamental
meaning of the capacity of a quantum channel by which information flows[38]?

There is a final remark I would like to close on. Verlinde emphasizes that his deriva-
tion supports the view that gravitation is an emergent phenomena, so there need be no
fundamental degrees of freedom associated with the geometry of spacetime. There is
indeed much reason to be hopeful about this viewpoint and its recent developments[39].

At the same time, I would like to emphaze that even if the fundamental degrees of
freedom do come from quantizing general relativity or another diffeomorphism invariant
theory, emergent gravity is still necessary. The quantum geometry degrees of freedom, as
described in various background independent approaches, such as loop quantum gravity,
spin foam models, dynamical causal triangulations, causal sets, etc, do not live in a clas-
sical spacetime, that is what is supposed to be good about them. But we do nonetheless
appear to a good approximation to live in a classical spacetime and the burden on any of
these approaches is to explain why we do.

This is well appreciated, and there is much recent progress in the context of spin foam
models as well as causal dynamical triangulations towards it. These come from detailed
studies of propagators and measures in path integrals[12]. However most of these ap-
proaches are ”brute force” in that they depend on the details of the microscopic degrees
of freedom and quantum dynamics. Even when they work they do not yield clear insight
into why they work. The wonderful thing about the arguments of Jacobson and Verlinde
is they give a deep reason for why a quantum theory of gravity should yield the phe-
nomena of gravitation. The reason is thermodynamic and directly a consequence of the
holographic relationship between entropy and area.

13



ACKNOWLEDGEMENTS

I would like to thank Laurent Freidel, Sara Kavassalis, Carlo Rovelli and Simone Speziale
for very helpful comments on a draft of the manuscript. Research at Perimeter Insti-
tute for Theoretical Physics is supported in part by the Government of Canada through
NSERC and by the Province of Ontario through MRI.

References

[1] J. Bardeen, The Four Laws Of Black Hole Mechanics, Commun.Math.Phys.31:161-
170,1973

[2] J D Bekenstein: Lett Nuovo Cim 11 (1974) 467; Black Holes And Entropy,
Phys.Rev.D7:2333-2346,1973

[3] W. Unruh, Notes On Black Hole Evaporation, Phys.Rev.D14:870,1976.

[4] S.W. Hawking, Particle Creation By Black Holes, Commun.Math.Phys.43:199-220,1975,
Erratum-ibid.46:206-206,1976.

[5] G. ’tHooft, Dimensional reduction in quantum gravity Utrecht preprint THU-93/26;
gr-qc/9310006.

[6] L. Susskind, The world as a hologram, hep-th/9409089

[7] J M. Maldacena, The Large N Limit of Superconformal Field Theories and Supergravity,
arXiv:hep-th/9711200, Adv.Theor.Math.Phys.2:231-252,1998.

[8] Erik P. Verlinde, On the Origin of Gravity and the Laws of Newton, arXiv:1001.0785

[9] T. Jacobson, Thermodynamics of Spacetime: The Einstein Equation of State,
arXiv:gr-qc/9504004, Phys.Rev.Lett. 75 (1995) 1260-1263.

[10] T.Padmanabhan, Thermodynamical Aspects of Gravity: New insights, arXiv:0911.5004.

[11] J. Iwasaki, C. Rovelli, Gravitons from loops: Nonperturbative loop space quantum grav-
ity contains the graviton physics approximation, Class.Quant.Grav.11:1653-1676,1994;
Gravitons as embroidery on the weave., Int.J.Mod.Phys.D1:533-557,1993; A. Ashtekar,
C. Rovelli, L. Smolin, Gravitons and loops, hep-th/9202054, Phys.Rev.D44:1740-
1755,1991..

[12] E. Bianchi, L. Modesto, C. Rovelli, S. Speziale, Graviton propagator in loop quantum
gravity, arXiv:gr-qc/0604044, Class.Quant.Grav. 23 (2006) 6989-7028.

[13] J. Plebanski, On The Separation Of Einsteinian Substructures, J.Math.Phys.18:2511-
2520,1977

14

http://arxiv.org/abs/gr-qc/9310006
http://arxiv.org/abs/hep-th/9409089
http://arxiv.org/abs/hep-th/9711200
http://arxiv.org/abs/1001.0785
http://arxiv.org/abs/gr-qc/9504004
http://arxiv.org/abs/0911.5004
http://arxiv.org/abs/hep-th/9202054
http://arxiv.org/abs/gr-qc/0604044


[14] L. Smolin, Linking Topological Quantum Field Theory and Nonperturbative Quantum
Gravity , arXiv:gr-qc/9505028, J.Math.Phys. 36 (1995) 6417-6455.

[15] L. Crane, Categorical Physics, arXiv:hep-th/9301061 in Knot theory and quantum gravity
ed. J. Baez, —(Oxford University Press); Topological Field Theory As The Key To Quan-
tum Gravity, arXiv:hep-th/9308126; Clocks and Categories, is quantum gravity algebraic?
, arXiv:gr-qc/9504038, J.Math.Phys. 36 (1995) 6180-6193.

[16] A. Ashtekar, New Variables for Classical and Quantum Gravity, Phys. Rev. Lett. 57,
22442247.

[17] J. W. Barrett, L. Crane, Relativistic spin networks and quantum gravity,
arXiv:gr-qc/9709028, J.Math.Phys. 39 (1998) 3296-3302 .

[18] L. Freidel, K. Krasnov, Spin Foam Models and the Classical Action Principle,
arXiv:hep-th/9807092, Adv.Theor.Math.Phys.2:1183-1247,1999.

[19] K. Krasnov, Counting surface states in the loop quantum gravity , arXiv:gr-qc/9603025,
Phys.Rev. D55 (1997) 3505-3513,

[20] A. Ashtekar, J. Baez, A. Corichi, K. Krasnov, Quantum Geometry and Black Hole Entropy
, arXiv:gr-qc/9710007, Phys.Rev.Lett. 80 (1998) 904-907.

[21] A. Ashtekar and B. Krishnan, Isolated and dynamical horizons and their applications ,
arXiv:gr-qc/0407042, LivingRev.Rel.7:10,2004.

[22] C. Rovelli, L. Smolin, Discreteness of area and volume in quantum gravity,
arXiv:gr-qc/9411005, Nucl.Phys. B442 (1995) 593-622; Erratum-ibid. B456 (1995) 753.

[23] L. Smolin, A holographic formulation of quantum general relativity,
arXiv:hep-th/9808191, Phys.Rev. D61 (2000) 084007.

[24] A. Ashtekar, J. Lewandowski Quantum Theory of Gravity I: Area Operators,
arXiv:gr-qc/9602046, Class.Quant.Grav.14:A55-A82,1997.

[25] J. D. Brown, J. W. York, Quasilocal Energy and Conserved Charges Derived from the Grav-
itational Action, arXiv:gr-qc/9209012, Phys.Rev.D47:1407-1419,1993.

[26] T. Thiemann, QSD VI : Quantum Poincar Algebra and a Quantum Positivity of Energy
Theorem for Canonical Quantum Gravity, arXiv:gr-qc/9705020 , Class.Quant.Grav. 15
(1998) 1463-1485.

[27] Jinsong Yang, Yongge Ma, Quasi-Local Energy in Loop Quantum Gravity ,
arXiv:0812.3554, Phys.Rev.D80:084027,2009; S. A. Major, Quasilocal Energy for Spin-
net Gravity, arXiv:gr-qc/9906052, Class.Quant.Grav. 17 (2000) 1467-1487.

15

http://arxiv.org/abs/gr-qc/9505028
http://arxiv.org/abs/hep-th/9301061
http://arxiv.org/abs/hep-th/9308126
http://arxiv.org/abs/gr-qc/9504038
http://arxiv.org/abs/gr-qc/9709028
http://arxiv.org/abs/hep-th/9807092
http://arxiv.org/abs/gr-qc/9603025
http://arxiv.org/abs/gr-qc/9710007
http://arxiv.org/abs/gr-qc/0407042
http://arxiv.org/abs/gr-qc/9411005
http://arxiv.org/abs/hep-th/9808191
http://arxiv.org/abs/gr-qc/9602046
http://arxiv.org/abs/gr-qc/9209012
http://arxiv.org/abs/gr-qc/9705020
http://arxiv.org/abs/0812.3554
http://arxiv.org/abs/gr-qc/9906052


[28] S. O. Bilson-Thompson, F. Markopoulou, L. SmolinQuantum gravity and the stan-
dard model arXiv:hep-th/0603022,Class.Quant.Grav.24:3975-3994,2007; L. Smolin, Y.
Wan, Propagation and interaction of chiral states in quantum gravity, arXiv:0710.1548,
Nucl.Phys.B796:331-359,2008.

[29] L. Smolin, C. Soo, The Chern-Simons Invariant as the Natural Time Variable for Classical
and Quantum , arXiv:gr-qc/9405015, Nucl.Phys. B449 (1995) 289-316.

[30] L. Smolin, Quantum gravity with a positive cosmological constant.
arXiv:hep-th/0209079.

[31] Y. Ling, L. Smolin, Holographic Formulation of Quantum Supergravity,
arXiv:hep-th/0009018, Phys.Rev. D63 (2001) 064010; Eleven dimensional super-
gravity as a constrained topological field theory, arXiv:hep-th/0003285, Nucl.Phys. B601
(2001) 191-208.

[32] L. Freidel, K. Krasnov, R. Puzio, BF Description of Higher-Dimensional Gravity Theories,
arXiv:hep-th/9901069, Adv.Theor.Math.Phys. 3 (1999) 1289-1324.

[33] T. Konopka, F. Markopoulou, S. Severini, Quantum Graphity: a model of emergent local-
ity, arXiv:0801.0861, Phys.Rev.D77:104029,2008.

[34] L. Smolin, The Plebanski action extended to a unification of gravity and Yang-Mills theory,
arXiv:0712.0977, Phys.Rev.D80:124017,2009; A. Torres-Gomez, K. Krasnov, Gravity-
Yang-Mills-Higgs unification by enlarging the gauge group , arXiv:0911.3793.

[35] Kirill Krasnov, Renormalizable Non-Metric Quantum Gravity?, arXiv:hep-th/0611182.

[36] J. Magueijo, L. Smolin, C. R. Contaldi, Holography and the scale-invariance of density
fluctuations, arXiv:astro-ph/0611695, Class.Quant.Grav.24:3691-3700,2007.

[37] L. Smolin, The strong and weak holographic principles, arXiv:hep-th/0003056,
Nucl.Phys. B601 (2001) 209-247.

[38] F. Markopoulou, L. Smolin, Holography in a quantum spacetime arXiv:hep-th/9910146.

[39] A. Hamma, F. Markopoulou, S. Lloyd, F. Caravelli, S. Severini, K. Markstrom A
quantum Bose-Hubbard model with evolving graph as toy model for emergent spacetime,
arXiv:0911.5075; L. Sindoni, F. Girelli, S. Liberati, Emergent gravitational dynamics in
Bose-Einstein condensates, arXiv:0909.5391; S. Weinfurtner, arXiv:0711.4416.

16

http://arxiv.org/abs/hep-th/0603022
http://arxiv.org/abs/0710.1548
http://arxiv.org/abs/gr-qc/9405015
http://arxiv.org/abs/hep-th/0209079
http://arxiv.org/abs/hep-th/0009018
http://arxiv.org/abs/hep-th/0003285
http://arxiv.org/abs/hep-th/9901069
http://arxiv.org/abs/0801.0861
http://arxiv.org/abs/0712.0977
http://arxiv.org/abs/0911.3793
http://arxiv.org/abs/hep-th/0611182
http://arxiv.org/abs/astro-ph/0611695
http://arxiv.org/abs/hep-th/0003056
http://arxiv.org/abs/hep-th/9910146
http://arxiv.org/abs/0911.5075
http://arxiv.org/abs/0909.5391
http://arxiv.org/abs/0711.4416

	1 Introduction
	2 The holographic character of loop quantum gravity
	3 Derivation of Newton's law of gravity
	4 Comments and conclusions

