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Mathematical description of fluids 
(Navier-Stokes)

Mathematical description of gravity 
General Relativity

Continuous fluid description breaks 
down at molecular scales. 

The continuum spacetime description 
breaks down at the Planck scale.

Effective violation of energy 
conservation!

Modelling diffusion of energy from the low energy 
(field theoretical) d.o.f. to the Planckian discrete 

structure
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of freedom due to conformal invariance. Therefore, the presence of massive degrees of freedom (suitable probes of
discreteness according to our rationale) is geometrically captured by the presence of a non trivial scalar curvature R.
This natural ‘order parameter’ will enter the quantitative estimates that follow.

The immediate possibility arising from such hypothesis (from the phenomenological point of view) is that low
energy quantum field theoretical excitations of massive fields could interact with the underlying quantum gravity
microstructure and exchange ‘energy’ with it. From the point of view of the continuous mathematical description
of fields that we use at low energies, such phenomenon would be characterized as a ‘leakage’ of energy to degrees
of freedom that are not accounted for in the field equations and, therefore, would lead to the apparent violation
of the conservation of the corresponding energy-momentum tensor. This is a well known phenomenon in the more
familiar context of ordinary fluids, where viscosity accounts for the leakage of energy from macroscopic degrees of
freedom into the molecular chaos. Similarly (although with the subtleties evoked above) di↵usive e↵ects are expected
in the interaction of matter with the discrete underlying fundamental degrees of freedom of quantum gravity. It most
immediate manifestation would be the violation of energy-momentum conservation.

In the cosmological context the striking consequence of such violation is the emergence of a cosmological-constant-
like term in the minimally modified Einstein’s equations [11]. This can be seen from the traceless field equations of
unimodular gravity
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Defining Ja ⌘ (8⇡G/c4)rbTba, and assuming the unimodular integrability dJ = 0 [11], one can integrate the previous
equation and re-write the system in terms of the modified Einteins equations
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where ⇤⇤ is a constant of integration and we see that the energy violation current J is the source of a term in Einsteins
equations satisfying the dark energy equation of state.

The previous is the general framework where we will develop further our proposal. First, the previous equations
are only useful if the energy-momentum violations are of the integrable type dJ = 0. For arbitrary J the possibility
of describing the gravitational dynamics in terms of a metric theory is compromised: unimodular gravity is, as far
as we know, the only relaxation of the standard general covariance requirements, allowing for violations of energy-
momentum conservation. Fortunately, in applications to cosmology the assumption of homogeneity and isotropy of
all physics at the scales of interest, implies integrability of J (this is because in this setting J only depends on ‘time’
when described in comoving coordinates).

Concretely we will assume that the spacetime metric at large scales is well approximated by the spatially flat
Friedman-Lemâıtre-Robertson-Walker (FLRW) metric (an assumption very well supported by empirical evidence),

ds2 = �c2dt2 + a2(t)d~x2.

We take the completely phenomenological view that granularity associated with the spacetime foam leads to a violation
of energy momentum conservation. The process is quantum gravitational so it must be controlled by the Planck scale
`p, and mediated (as argued before) by the presence of a non trivial scalar curvature or Ricci scalar which (from
Einsteins equations applied to the FLRW case) is given by

R ⇡ 8⇡G

c2
⇢m (4)

where ⇢m is the massive matter density in the universe. The quantity ⇢m includes the baryonic matter density
and possibly dark matter (depending on the dark matter candidate of choice; yet this uncertainty will not play an
important role in the final result). The approximate sign is used because we are neglecting the pressure contributions
to R and quantum corrections such as the trace anomaly and the very quantum e↵ect we propose here. Both of these
are negligible with respect to ⇢m in the situation where we apply (4).
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Now we estimate the amount of energy-momentum violation experienced due to the transfer of energy from the
continuum degrees of freedom of massive matter to the underlying microscopic discrete substratum of quantum
spacetime. Recall that according to our rationale only ⇢m contributes, thus simple dimensional analysis tell us that
the leading contribution should be
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where ↵ is a dimensionless phenomenological constant of order one (here we are neglecting higher order corrections
with powers of `2p or higher in front), and we used (4).

From (3) the contribution to the e↵ective cosmological constant is given by
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where t⇤ is the time where the e↵ects start and t
0

denotes today. Following our rationale we expect t⇤ to be given
by the time when massive matter first appears in our universe; according to the standard model (and some of its
extensions) this corresponds to the electroweak unification time3.
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are the matter and radiation dimensionless density parameters today respectively—and using the fact that t⇤ is
well inside the radiation dominated we can accurately estimate (6) to
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where z⇤ is the redshift parameter corresponding to the starting time t⇤. Using the observational values [13] and
z⇤ ⇡ 7 1014 we get

⇤� ⇤⇤ ⇡ ↵ 0.24 10�52m�2 (8)

which is in remarkably close to the observed value ⇤
obs

⇡ 1.19 10�52m�2.
The previous result is an order of magnitude estimate of the model (5). In a more refined calculation the dynamical

details of the electro-weak transition would probably need to be considered: the transition cannot be sharp and this
should be taken into account when calculating the contributions to ⇤. The value of ↵ is also uncertain in that it
depends on details that are not considered in our phenomenological model. Such details can easily make ↵ move by
one or even two orders of magnitude (e.g. number of species involved, other numerical factors, etc.). Here we have
also assumed that all of ⇢m is created at the electro-weak transition; this implicitly assumes that the dark matter also
is produced at around that time or later. Again, a modification of this assumption would lead to a potential change of
only a few orders of magnitude in our estimates. Under these circumstances our very simple and minimalistic model
is remarkably accurate.

We believe that our proposal has important implications both at the theoretical as well as at the empirical level. At
the theoretical level it provides a novel view that could reconcile Planckian discreteness and Lorentz invariance and
gives possibly valuable insights guiding the quest for a theory of quantum gravity. At the empirical level our analysis
opens a new path for searches of new physical manifestations of the gravitation/quantum interface.

Concerning the later we note that one might use (5) to estimate the amount of energy loss in local experiments;
for short times (neglecting the cosmological expansion) one finds ⇢̇m ⇡ �↵(⇢m/⇢

water

)210�49g/cm3s where ⇢
water

is
the density of liquid water on earth. This is equivalent to the lost of the mass of one proton per year in 1015 litters
of water. Even when at water density this numbers seem tiny it is possible that these e↵ects could have independent
observational consequences in high density situations due to the scaling with ⇢2m (yet even for neutron star density
the numbers seem too small to have observational consequences).

3 The mass of the Higgs before the electroweak unification does not enter in our analysis because in the standard picture, at temperatures
above the electroweak scale the Higgs field is assumed to lie unexcited at the bottom of the e↵ective potential. This condition is valid for
all earlier times because in the corresponding regimes the e↵ective mass of the Higgs changes at the same rate as does the temperature
[12].
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Concerning the later we note that one might use (5) to estimate the amount of energy loss in local experiments;
for short times (neglecting the cosmological expansion) one finds ⇢̇m ⇡ �↵(⇢m/⇢

water

)210�49g/cm3s where ⇢
water

is
the density of liquid water on earth. This is equivalent to the lost of the mass of one proton per year in 1015 litters
of water. Even when at water density this numbers seem tiny it is possible that these e↵ects could have independent
observational consequences in high density situations due to the scaling with ⇢2m (yet even for neutron star density
the numbers seem too small to have observational consequences).

The e↵ect is maximal at time z⇤; however, even then the energy produced appears tiny in comparison to the local
density, namely

⇢̇m(z⇤) + 3⇢mH(a)
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which for a ⇢m(z⇤) = z3⇤⇢
0

m ⇡ 7 1014g/cm3 witch is clearly insignificant. These minute amounts of violation of
enery-momentum conservation have an important dynamical e↵ect in our universe only because they can accumulate
during the long cosmological scales.

Finally, as our model links ⇢m and its evolution with the present value of the cosmological constant, and ⇢m directly
enters in the computation of the structure formation that produces the galaxies and eventually us, this framework
opens, in principle, a path that might possibly address the longly debated coincidence problem.
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The cosmological constant problem

Dark energy from quantum gravity discreteness
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We argue that discreteness at the Planck scale (naturally expected to arise from quantum gravity)
might manifest in the form of minute violations of energy-momentum conservation of the matter
degrees of freedom when described in terms of (idealized) smooth fields on a smooth spacetime. In
the context of applications to cosmology such ‘energy di↵usion’ from the low energy matter degrees
of freedom to the discrete structures underlying spacetime leads to the emergence of an e↵ective dark
energy term in Einstein’s equations. We estimate this e↵ect using a (relational) hypothesis about
the materialization of discreteness in quantum gravity which is motivated by the strict observational
constraints supporting the validity of Lorentz invariance at low energies. The predictions coming
from simple dimensional analysis yield a cosmological constant of the order of magnitude of the
observed value without fine tuning.

PACS numbers: 98.80.Es, 04.50.Kd, 03.65.Ta

The discovery that the universe is undergoing an accel-
erated expansion [1, 2] is the source of one of the greatest
puzzles of our present understanding of cosmology which
goes under the name of the dark energy problem. While
the assumption of the presence of a cosmological constant
⇤ remains the most successful phenomenological model,
naive theoretical reasoning predicts a value for ⇤ that
is either 120 orders of magnitude bigger or a value that
is strictly vanishing when a protective symmetry princi-
ple is invoked [3]. At present, there is no fundamental
reasoning leading to ⇤

obs

⇡ 1.19 10�52 m�2, the value
indicated by observations [4].

A recent work [5] proposed a framework where viola-
tions of energy momentum conservation produce a dark
energy contribution. The key result of that work was
to characterize the e↵ective framework where violations
of energy conservation are made compatible with general
relativity. As an illustration we applied it to two models,
previously considered in the literature, that propose such
violations. However, none of these two could be taken as
truly realistic. On the one hand, the cosmological time at
which the e↵ects would start was not intrinsically defined
by the models, and, on the other hand, the strength of
the violations of energy conservation were encoded in a
phenomenological adjustable parameter with no explicit
link to fundamental constants. Therefore, while these ex-
amples were illustrative of the idea that small violations
can cumulate and contribute non negligibly to ⇤, they
could not be used to predict its value.

In this paper we bridge this gap by proposing a mecha-
nism to generate ⇤ and the quantitative estimates based
entirely on known fundamental features of the physics in-
volved. The origin of the cosmological term, we suggest,
is to be found in the microscopic structure of spacetime
and its interaction with matter. We will work under the
hypothesis that discreteness of geometry and Lorentz in-

variance at low energies are fundamental aspects of quan-
tum gravity. Based on these two fundamental features we
propose a phenomenological model for quantum-gravity-
induced violations of energy conservation where only the
fundamental constants G, c, ~ and two parameters of the
standard model (SM) enter (the top quark mass and the
energy scale of the electro-weak phase transition). We
show that our simple proposal resolves the two limita-
tions of the previous examples and predicts a contribu-
tion to the cosmological constant of the correct order of
magnitude.
One of the most important constraints on the form of

quantum discreteness at Planck scales comes from the ob-
served validity of Lorentz invariance at QFT scales. As
shown in [6, 7] this rules out the simple atomistic view of
a spacetime foam selecting a preferred ‘rest-frame’ at the
Planck scale. This result, that severely constrains phe-
nomenological ideas, is corroborated by a large collection
of empirical evidence [8]. A more subtle theoretical char-
acterization of space-time discreteness at Planck’s scale
is necessary.
We think that the key for understanding Planckian

discreteness is in the relational nature of physics, partly
uncovered by Einstein’s theory of gravity [9]. In gen-
eral relativity, geometry can only be probed in terms of
other degrees of freedom. The metric has an operational
meaning only when rulers and clocks are introduced 1.
More precisely, the construction of observables (di↵eo-
morphism invariant quantities) requires the use of rela-

1
For example modified gravity models can be presented in the Jor-

dan or Einstein frames [10]. Thus physics can be described using

di↵erent notions of geometry, yet at the end ‘physical geometry’

is identified with the one where “free particles follow geodesics”.

Before the introduction of such test degrees of freedom the iden-

tification of physical geometry is meaningless.
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How does the vacuum gravitate?
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Three related ideas by Einstein on gravity

1) General Relativity 
(1916)

2) The cosmological constant 
(1917)

3) Unimodular Gravity 
(1919)
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Equivalent to General Relativity: 
    with a cosmological constant as a 

constant of integration!

Unimodular Gravity: Conservation of Energy: 
symmetries of tangent space

Rab �
1

4
gabR = 8⇡

✓
Tab �

1

4
gabT

◆
raTab = 0

hTabi =
⇤vac

8⇡G
gab

The vacuum does not
gravitate in UG

Tab

Granted by field equations 
due to symmetries of 

the tangent space.
Traceless Einstein’s Equations: 

Tuesday 23 October 18



Conservation of Energy: fails if spacetime is not 
smooth at the Planck scale

Unimodular Gravity
UG is a natural 

generalization of GR as an 
open system
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No local Poincare symmetries in QG

Violations of energy conservation in the effective smooth semiclassical 
description are to be expected

Modelling diffusion of energy from the low energy 
(field theoretical) d.o.f. to the Planckian discrete 

structure
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and possibly dark matter (depending on the dark matter candidate of choice; yet this uncertainty will not play an
important role in the final result). The approximate sign is used because we are neglecting the pressure contributions
to R and quantum corrections such as the trace anomaly and the very quantum e↵ect we propose here. Both of these
are negligible with respect to ⇢m in the situation where we apply (4).
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Now we estimate the amount of energy-momentum violation experienced due to the transfer of energy from the
continuum degrees of freedom of massive matter to the underlying microscopic discrete substratum of quantum
spacetime. Recall that according to our rationale only ⇢m contributes, thus simple dimensional analysis tell us that
the leading contribution should be
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where ↵ is a dimensionless phenomenological constant of order one (here we are neglecting higher order corrections
with powers of `2p or higher in front), and we used (4).

From (3) the contribution to the e↵ective cosmological constant is given by
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where t⇤ is the time where the e↵ects start and t
0

denotes today. Following our rationale we expect t⇤ to be given
by the time when massive matter first appears in our universe; according to the standard model (and some of its
extensions) this corresponds to the electroweak unification time3.
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are the matter and radiation dimensionless density parameters today respectively—and using the fact that t⇤ is
well inside the radiation dominated we can accurately estimate (6) to
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where z⇤ is the redshift parameter corresponding to the starting time t⇤. Using the observational values [13] and
z⇤ ⇡ 7 1014 we get

⇤� ⇤⇤ ⇡ ↵ 0.24 10�52m�2 (8)

which is in remarkably close to the observed value ⇤
obs

⇡ 1.19 10�52m�2.
The previous result is an order of magnitude estimate of the model (5). In a more refined calculation the dynamical

details of the electro-weak transition would probably need to be considered: the transition cannot be sharp and this
should be taken into account when calculating the contributions to ⇤. The value of ↵ is also uncertain in that it
depends on details that are not considered in our phenomenological model. Such details can easily make ↵ move by
one or even two orders of magnitude (e.g. number of species involved, other numerical factors, etc.). Here we have
also assumed that all of ⇢m is created at the electro-weak transition; this implicitly assumes that the dark matter also
is produced at around that time or later. Again, a modification of this assumption would lead to a potential change of
only a few orders of magnitude in our estimates. Under these circumstances our very simple and minimalistic model
is remarkably accurate.

We believe that our proposal has important implications both at the theoretical as well as at the empirical level. At
the theoretical level it provides a novel view that could reconcile Planckian discreteness and Lorentz invariance and
gives possibly valuable insights guiding the quest for a theory of quantum gravity. At the empirical level our analysis
opens a new path for searches of new physical manifestations of the gravitation/quantum interface.

Concerning the later we note that one might use (5) to estimate the amount of energy loss in local experiments;
for short times (neglecting the cosmological expansion) one finds ⇢̇m ⇡ �↵(⇢m/⇢

water

)210�49g/cm3s where ⇢
water

is
the density of liquid water on earth. This is equivalent to the lost of the mass of one proton per year in 1015 litters
of water. Even when at water density this numbers seem tiny it is possible that these e↵ects could have independent
observational consequences in high density situations due to the scaling with ⇢2m (yet even for neutron star density
the numbers seem too small to have observational consequences).

3 The mass of the Higgs before the electroweak unification does not enter in our analysis because in the standard picture, at temperatures
above the electroweak scale the Higgs field is assumed to lie unexcited at the bottom of the e↵ective potential. This condition is valid for
all earlier times because in the corresponding regimes the e↵ective mass of the Higgs changes at the same rate as does the temperature
[12].
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of freedom due to conformal invariance. Therefore, the presence of massive degrees of freedom (suitable probes of
discreteness according to our rationale) is geometrically captured by the presence of a non trivial scalar curvature R.
This natural ‘order parameter’ will enter the quantitative estimates that follow.

The immediate possibility arising from such hypothesis (from the phenomenological point of view) is that low
energy quantum field theoretical excitations of massive fields could interact with the underlying quantum gravity
microstructure and exchange ‘energy’ with it. From the point of view of the continuous mathematical description
of fields that we use at low energies, such phenomenon would be characterized as a ‘leakage’ of energy to degrees
of freedom that are not accounted for in the field equations and, therefore, would lead to the apparent violation
of the conservation of the corresponding energy-momentum tensor. This is a well known phenomenon in the more
familiar context of ordinary fluids, where viscosity accounts for the leakage of energy from macroscopic degrees of
freedom into the molecular chaos. Similarly (although with the subtleties evoked above) di↵usive e↵ects are expected
in the interaction of matter with the discrete underlying fundamental degrees of freedom of quantum gravity. It most
immediate manifestation would be the violation of energy-momentum conservation.

In the cosmological context the striking consequence of such violation is the emergence of a cosmological-constant-
like term in the minimally modified Einstein’s equations [11]. This can be seen from the traceless field equations of
unimodular gravity
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Defining Ja ⌘ (8⇡G/c4)rbTba, and assuming the unimodular integrability dJ = 0 [11], one can integrate the previous
equation and re-write the system in terms of the modified Einteins equations
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where ⇤⇤ is a constant of integration and we see that the energy violation current J is the source of a term in Einsteins
equations satisfying the dark energy equation of state.
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Concerning the later we note that one might use (5) to estimate the amount of energy loss in local experiments;
for short times (neglecting the cosmological expansion) one finds ⇢̇m ⇡ �↵(⇢m/⇢
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the density of liquid water on earth. This is equivalent to the lost of the mass of one proton per year in 1015 litters
of water. Even when at water density this numbers seem tiny it is possible that these e↵ects could have independent
observational consequences in high density situations due to the scaling with ⇢2m (yet even for neutron star density
the numbers seem too small to have observational consequences).

The e↵ect is maximal at time z⇤; however, even then the energy produced appears tiny in comparison to the local
density, namely
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which for a ⇢m(z⇤) = z3⇤⇢
0

m ⇡ 7 1014g/cm3 witch is clearly insignificant. These minute amounts of violation of
enery-momentum conservation have an important dynamical e↵ect in our universe only because they can accumulate
during the long cosmological scales.

Finally, as our model links ⇢m and its evolution with the present value of the cosmological constant, and ⇢m directly
enters in the computation of the structure formation that produces the galaxies and eventually us, this framework
opens, in principle, a path that might possibly address the longly debated coincidence problem.
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Discreteness manifest itself via interactions with the matter that probes it.
From  this  perspective,  the  discrete  aspects  of  quantum  spacetime 
would arise primarily via interactions of the degrees of freedom of 
gravity and matter which by themselves select a preferential rest frame 
at the fundamental level; a setting where the Planck length lp would 
acquire an invariant sense. In other words, and within the relational 
approach we are advocating, it is clear that in order to be directly 
sensitive to the discreteness scale lp, the probing degrees of freedom 
must themselves carry their intrinsic scale. These ideas would seem to 
rule  out  massless  (scale  invariant)  degrees  of  freedom  as  leading 
probes  of  discreteness  simply  because  massless  particles  cannot  be 
associated with a single local preferential rest frame. 

Meaningful geometric observables must be Dirac 
observables.

Dirac  observables  are  hard  to  construct  explicitly  but  it  seems  clear  that,  when  it  comes  to 
geometry, matter degrees of freedom need to be invoked in order to achieve gauge invariance. 
Relational geometric notions are the key for reconciling discreteness and Lorentz invariance.

Scalar curvature is the natural “order parameter”
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This notion encodes in a MEAN FIELD manner the interaction of the 
matter degrees of freedom with fundamental discreteness  
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Other similar looking equations
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From simple relativistic kinetic theory
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From simple relativistic kinetic theory
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Results are in suggesting agreement with observations
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Discussion
• Violations of energy momentum conservation are natural in an e↵ective

description in terms of smooth fields of a physics that is fundamentally

discrete (quantum gravity).

• When they satisfy suitable integrability conditions they can be described

in terms of unimodular gravity and they feed a dark energy compo-

nent.

• In absence of a fundamental theory a phenomenological approach is jus-

tified. The constraints from low energy Lorentz invariance determined

an essentially unique leading contribution to the nosy di↵usion on

standard model particles (analogy with Brownian motion).

• The e↵ects are tiny in laboratory experiments. They are also tiny

(when maximal) in cosmology: they a↵ect the cosmological dynamics in

a negligible way.

• Such tiny e↵ect produces the cosmological constant during the elec-

troweak transition. It becomes dominant today once the universe has

su�ciently diluted.

• If all this is correct, the cosmological constant would be the

first observable manifestation of Planckian discreteness expected

from quantum gravity.
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Discreteness and Lorentz invariance

8 J. Collins, A. Perez and D. Sudarsky

to zero when |p|/Λ → 0. But in our calculations we will set ∆ and ∆̃ to
exactly zero. We will assume Λ to be of order the Planck scale.

Corrections to the propagation of the scalar field are governed by its
self-energy† Π(p), which we evaluate to one-loop order. We investigate
the value when pµ and the physical mass m are much less than the cutoff
Λ. Without the cutoff, the graph is quadratically divergent, so that
differentiating three times with respect to p gives a convergent integral
(i.e., one for which the limit Λ → ∞ exists). Therefore we write

Π(p) = A + p2B + pµpνWµWν ξ̃ + Π(LI)(p2) + O(p4/Λ2), (1.8)

in a covariant formalism with p2 = pµpνηµν , where ηµν is the space-time
metric. The would-be divergences at Λ = ∞ are contained in the first
three terms, quadratic in p, so that we can take the limit Λ → ∞ in the
fourth term Π(LI)(p2), which is therefore Lorentz invariant. The fifth
term is Lorentz violating but power-suppressed. The coefficients A and
B correspond to the usual Lorentz-invariant mass and wave function
renormalization, and the only unsuppressed Lorentz violation is in the
third term. Its coefficient ξ̃ is finite and independent of Λ, and explicit
calculation (Collins et al., 2004) gives:

ξ̃ =
g2

6π2

⎡

⎣1 + 2

∞
∫

0

dxxf ′(x)2

⎤

⎦ . (1.9)

Although the exact value depends on the details of the function f , it is
bounded below by g2/6π2. Lorentz violation is therefore of the order of
the square of the coupling, rather than power-suppressed. The LIV term
in (1.8) behaves like a renormalization of the metric tensor and hence
of the particle’s limiting velocity. The renormalization depends on the
field and the size of the coupling, so that we expect different fields in
the Standard Model to have limiting velocities differing by ∼ 10−2. The
rough expected size depends only on UV power counting and Standard-
Model couplings.

The expected size is in extreme contrast to the measured limits. To
avoid this, either Lorentz-violation parameters in the microscopic theory
are extremely fine-tuned, or there is a mechanism that automatically re-
moves low-energy LIV even though it is present microscopically. More
exact calculations would use renormalization group methods. But we
know from the running of Standard-Model couplings, that this can pro-
duce changes of one order of magnitude, not twenty.

† In perturbation theory, the sum over one-particle-irreducible two-point graphs.
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In Secs. 1.4 and 1.5, we will analyze the applicability of LIV effective
theories. But first, we will make some simple model calculations, to
illustrate generic features of the relation between microscopic LIV and
low-energy properties of a QFT.

1.3 Model calculation

The central issue is associated with the UV divergences of conventional
QFT. Even if the actual divergences are removed because of the short-
distances properties of a true microscopic theory, we know that QFT
gives a good approximation to the true physics up to energies of at least
a few hundred GeV. So at best the UV divergences are replaced by large
finite values which still leave observable low energy physics potentially
highly sensitive to short-distance phenomena.

Of course, UV divergences are normally removed by renormalization,
i.e., by adjustment of the parameters of the Lagrangian. The observable
effects of short-distance physics now appear indirectly, not only in the
values of the renormalized parameters, but also in the presence in the
Lagrangian of all terms necessary for renormalizability.

The interesting and generic consequences in the presence of Lorentz
violation we now illustrate in a simple Yukawa theory of a scalar field
and a Dirac field. Before UV regularization the theory is defined by

L =
1

2
(∂φ)2 −

m2
0

2
φ2 + ψ̄(iγµ∂µ − M0)ψ + g0φψ̄ψ. (1.5)

We make the theory finite by introducing a cut-off on spatial momenta
(in a preferred frame defined by a 4-velocity Wµ). We use a conventional
real-time formalism, so that the cutoff theory is within the framework
of regular quantum theory in 3 space dimensions. The cutoff is imple-
mented as a modification of the free propagators:

i

γµpµ − m0 + iϵ
→

if(|p|/Λ)

γµpµ − m0 + ∆(|p|/λ) + iϵ
, (1.6)

i

p2 − M2
0 + iϵ

→
if̃(|p|/Λ)

p2 − M2
0 + ∆̃(|p|/λ) + iϵ

. (1.7)

Here, the functions f(|p|/Λ) and f̃(|p|/Λ) go to 1 as |p|/Λ → 0, to
reproduce normal low energy behavior, and they go to zero as |p|/Λ →
∞, to provide UV finiteness. The functions ∆ and ∆̃ are inspired by
concrete proposals for modified dispersion relations, and they should go
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In Secs. 1.4 and 1.5, we will analyze the applicability of LIV effective
theories. But first, we will make some simple model calculations, to
illustrate generic features of the relation between microscopic LIV and
low-energy properties of a QFT.
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QFT. Even if the actual divergences are removed because of the short-
distances properties of a true microscopic theory, we know that QFT
gives a good approximation to the true physics up to energies of at least
a few hundred GeV. So at best the UV divergences are replaced by large
finite values which still leave observable low energy physics potentially
highly sensitive to short-distance phenomena.

Of course, UV divergences are normally removed by renormalization,
i.e., by adjustment of the parameters of the Lagrangian. The observable
effects of short-distance physics now appear indirectly, not only in the
values of the renormalized parameters, but also in the presence in the
Lagrangian of all terms necessary for renormalizability.
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m2
0
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We make the theory finite by introducing a cut-off on spatial momenta
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Lorentz invariance and quantum gravity: an additional fine-tuning problem?
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(Dated: 30 October 2004)

Trying to combine standard quantum field theories with gravity leads to a breakdown of the usual
structure of space-time at around the Planck length, 1.6×10−35 m, with possible violations of Lorentz
invariance. Calculations of preferred-frame effects in quantum gravity have further motivated high
precision searches for Lorentz violation. Here, we explain that combining known elementary particle
interactions with a Planck-scale preferred frame gives rise to Lorentz violation at the percent level,
some 20 orders of magnitude higher than earlier estimates, unless the bare parameters of the theory
are unnaturally strongly fine-tuned. Therefore an important task is not just the improvement of
the precision of searches for violations of Lorentz invariance, but also the search for theoretical
mechanisms for automatically preserving Lorentz invariance.

The need for a theory of quantum gravity and a modi-
fied structure of space-time at (or before) the Planck scale
is a consequence of the known and successful theories of
classical general relativity (for gravity) and the standard
model (for all other known interactions). Thus one of
the most important challenges in theoretical physics is
the construction of a quantum theory of gravitation.

Direct investigations of Planck-scale phenomena need
short-wavelength probes with elementary-particle ener-
gies of order the Planck energy EP = (h̄c5/G)1/2 =
1.2 × 1019 GeV, which is much too high to be practica-
ble. But actual tests — e.g., [1, 2, 3] — of a hypothesized
granularity of space-time at the Planck scale are possible
because relativity (embodied mathematically as Lorentz
invariance) gives a unique form for the dispersion relation
between the energy and momentum of a particle,

E =
√

p2c2 + m2c4. (1)

Here c, the speed of light is a universal constant, while
the particle rest mass m depends on the kind of particle.
We will henceforth use units in which c = 1.

Calculations in [4, 5] find preferred-frame effects asso-
ciated with space-time granularity [6] in the two most
popular contenders for a theory of quantum gravity,
which are string theory [9] and loop quantum gravity
[10, 11]. In these scenarios, the preferred frame and the
consequent Lorentz violation occur even though the fun-
damental classical equations of both of the theories are
locally Lorentz invariant. We thus have a quantum in-
spired revival of the nineteenth century idea of the elec-
tromagnetic ether, a background in which propagate light
waves, as well as all other elementary particles and fields.
Specific estimates of modified dispersion relations were
made in these papers from calculations of the propaga-
tion of quantum mechanical waves in the granular space-
time background. At accessible energies, only minute ef-
fects were predicted, of relative order E/EP or (E/EP )2,
when the probe has energy E. For other ways in which

k

p

FIG. 1: Lowest order self-energy graph. Interactions of quan-
tum fields require an unrestricted integral over the momenta
of the virtual particles up to the highest momenta allowed in
the theory.

Lorentz violation might arise, see, for example, [12, 13].
The minuteness of the effects is in accord with every-
day scientific thinking, where we often find that the de-
tails of physical phenomena on one distance scale do not
directly manifest themselves in physics on much larger
scales. Therefore attention has focused on searches for
extremely small violations of the dispersion relation.

However, as we will now explain, the predicted viola-
tions of the dispersion relations are enormously increased
when we include known elementary particle interactions.
In quantum field theories like the standard model, the
propagation of an isolated particle has calculable contri-
butions from Feynman diagrams for particle self-energies,
such as Fig. 1. The dispersion law for a particle is ob-
tained by solving

E2 − p2 − m2 − Π(E,p) = 0. (2)

Here Π is the sum of all self-energy graphs, to which
we have added any (small) Lorentz-violating corrections
calculated in free-field theory as in [4, 5].

We now apply the following reasoning: Without
a cutoff the graphs have divergences from large mo-
menta/short distances. In the Lagrangian defining the
theory, the divergences correspond to terms of dimen-
sion 4 (or less) that obey the symmetries of the micro-
scopic theory. In the textbook situation with Lorentz
invariance, the divergences are removed by renormaliza-

Discreteness and Lorentz invariance
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Discreteness from Black Hole Thermodynamics

T =


2⇡

2

of information in black hole evaporation, and some phenomenological ideas with possible observational consequences
that are motivated by the discussion of information loss.

Throughout this paper there might be sections that seem too technical for a general reader not necessarily interested
in all the mathematical details. Equations are written to guide the argumentation and, for general readers, are
important only in this sense. Once equations are written they call for technical precision (important for those that
might be interested in detailed derivations); however, in spite of their apparent complexity due to the presence of
indices and other tensorial operations that are often necessary in the presentation of field theoretical notions in the
context of general relativity, their message should be transparent when ignoring these details. The reader more
interested in the conceptual line should read these equations without paying too much of attention to the details of
the index structure and concentrate rather on their algebraic form. This is specially so for the construction of the
phase space of general relativity; Section III (very important for us as it implies the Poisson non-commutativity of
geometry behind quantum discreteness). Classical mechanics is briefly described in its symplectic formulation at the
beginning so that all the equations that follow, and are important for gravity, can be interpreted by analogy with
these initial equations. Geometric units (GN = c = 1) are used in discussions so that energy, mass, and time are all
measured in the same units as legth.

A. Black hole thermodynamics: an invitation to quantum gravity

Black holes are remarkable solutions of general relativity describing the classical aspects of the late stages of
gravitational collapse. Their existence in our nearby universe is by now supported by a great amount of observational
evidence [7]. When isolated, these systems become very simple as seen by late and distant observers. Once the
initial very dynamical phase of collapse has passed (according to physical expectation and the validity of the ‘no-hair
theorem’1) the system settles down to a stationary situation completely described by a member of the Kerr-Newman
family. These are solutions of Einstein’s equations coupled with electromagnetism representing a stationary and
axisymetric black hole characterised by three parameters only: its mass M , its the angular momentum J , and its
electromagnetic charge Q.

The fact that the final state of gravitational collapse is described by only a few macroscopic parameters, inde-
pendently of the details of the initial conditions leading to the collapse, is perhaps the first reminiscence of their
thermodynamical nature of black holes. As we will review here, there is a vast degeneracy of configurations (mi-
crostates) that can lead to a same final stationary macroscopic state, and the nature of these microstates becomes
manifest only when quantum gravity e↵ects are considered. Another classical indication of the thermodynamical
nature of black holes (BHs) emerged from the limitations on amount of energy that could be gained from interactions
with BHs in thought experiments such as the Penrose mechanism [12] and the phenomenon of BH superradiance [13];
its field theoretical analog. Later it became clear that such limitations where special instances of the very general
Hawking’s area theorem [14] stating that for natural energy conditions (satisfied by classical matter fields) the area
a of a black hole horizon can only increase in any physical process. This is the so-called second law of black hole
mechanics which reads:

�a � 0. (1)

This brings in the irreversibility proper of thermodynamical systems to the context of black hole physics and motivated
Bekenstein [15, 16] to associate to BHs a notion of entropy proportional so their area. Classically, black holes also
satisfy the so-called first law of BH mechanics [17] which is an energy balance equation relating di↵erent nearby
stationary BH spacetimes according to

�M =


8⇡
�a

| {z }
heat?

+⌦�J + ��Q, (2)

where ⌦ is the angular velocity of the horizon, � is the horizon electric potential, and  is the surface gravity which
plays the role of a temperature in the analogy with thermodynamics. The surface gravity, defined only in equilibrium,

1 The no-hair theorem is a collection of results by Hawking, Israel, Carter and others implying that a stationary (axisymmetric) black hole
solution of Einstein’s equations coupled with Maxwell fields must be Kerr-Newman [8–10]. Some aspects of this result remain without
complete proof and some authors refer to is at the no-hair conjecture (for more details see [11] and references therein). The physical
relevance of Einstein-Maxwell resides in the fact that gravity and electromagnetism are the only long range interactions. Other forces
might be relevant for the description of the matter dynamics during collapse but play no role in describing the final result where matter
has already crossed the BH horizon.

�E = T �S|{z}�P �V
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FIG. 11: Possible scenario for unitarity in loop quantum gravity. Correlations between a Hawking particle b and its partner a,
created from the vacuum by the interaction with the gravitational field when the black hole can still be considered semiclassical,
are not lost. The in-falling particle enters the strong quantum fluctuation region (the would-be-singularity of classical gravity)
and interacts with the microscopic quantum granular structure of the spacetime geometry; the quantum geometry of Section
III. The correlations between a and b are not lost they are transferred to Planckian degrees of freedom denoted by ā in the
strong quantum region. They become in principle accessible after the BH has completely evaporated. The Hawking radiation is
purified by correlations with these Planckian micro-states which cannot be described in terms of the usual matter excitations.
Information is not lost but simply degraded; just as when burning a news paper the information in the text becomes inaccessible
in practice as it has been transferred to correlations between the molecules of gas produced by the combustion.

where the initially low energy smooth physics excitations are forced, by the gravitational collapse, to interact with
the Planckian fabric where a new variety of degrees of freedom are exited.

The viewpoint developed in considering the question of information in quantum gravity leads to some phenomeno-
logical proposals that we briefly describe in what follows.

VI. DISCRETENESS AND LORENTZ INVARIANCE

A central assumption behind all the results and perspectives discussed in this article is the compatibility of the
prediction of loop quantum gravity of a fundamental discreteness of quantum geometry at the Planck scale with
the continuum description of general relativity. As emphasized before the problem of the continuum limit of LQG
remains to a large extend open partly due to the technical di�culties in reconstructing the continuum from the
purely combinatorial structures of quantum geometry, but also due to the di�culties associated with the description
of dynamics in the framework (spacetime is a dynamical question involving the solutions of (54)).

A problem that immediately comes to mind is the apparent tension between discreteness and the Lorentz invariance
(LI) of the continuum low energy description. Is the notion of a minimum length compatible with Lorentz invariance?
The apparent tension was initially taken as an opportunity for quantum gravity phenomenology as such a conflict

New perspective on the information paradox

CPT violation in the smooth QFT 
effective description!
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FIG. 4: The global space-time causal structure according to
the AB-paradigm. The black hole evaporation takes place
according to semiclassical expectations until the horizon ap-
proaches Planck’s area. The classical would-be-singularity is
represented by the shaded region where quantum geometry
fluctuations are large and no space-time picture is available.
The space-time becomes classical to the future of this region:
it emerges into a classical (essentially) flat background as re-
quired by energy-momentum conservation. Observers at the
instant Σ2 are in causal contact with the would-be-singularity
which (in classical terms) appears to them as a naked singu-
larity.

II. THE ARGUMENT

Our argument is based on the assumption that a the-
ory of quantum gravity will necessarily imply a radical
change in the way space-time is conceived. We are assum-
ing that at the fundamental scale space-time is replaced
by a more basic notion made of fundamentally discrete
constituents governed by quantum mechanical laws.
For concreteness we will set the discussion in the con-

text of LQG; however, we believe that the picture pre-
sented here is general enough to resonate with other ap-
proaches proposed in the literature. For instance the
group field theory formulations [29]. The asymptotic
safety scenario suggesting a quite different space-time
‘fractal’ picture at the fundamental level with effective
dimensional reduction from 4 to 2 [30]. Similar dimen-
sional reduction in dynamical triangulations have been
reported [31]. Another framework that could be included
in the present discussion is the causal sets approach [32].
A common feature of all these formulations is that

space-time arises from a suitable coarse graining where
details of the the relationships among the fundamental
pre-geometric building blocks are lost in the limit where
the smooth space-time of low energy physics is recovered.
It is reasonable to expect that a prescription of a partic-
ular smooth geometry (like flat space-time) will corre-
spond in some of these formulations to infinitely many
different fundamental states: an infinite degeneracy of
the notion of smooth geometry. This is the basic as-
sumption that we will make use of in the present argu-
ment which is well supported by what is known about
the continuum limit in LQG.

A. Smooth space-time from spin-network states in
LQG

In a non perturbative formulation of quantum gravity
space-time itself is a dynamical variable to be quantized
and described in the absence of any background reference
geometry. In such context, recovering the low energy
regime of the theory means to simultaneously recover the
field excitations of QFT as well as the smooth space-
time geometry where they live and evolve. In this sense,
even in the ‘simplest’ case of QFT on Minkowski space-
time, the coherent contribution of the infinitely many
underlying fundamental degrees of freedom responsible
for the emergence of a definite flat background space-time
must be understood.
In the precise context of LQG the key result along

these lines is that space-time geometric operators acquire
discrete spectra. States of the gravitational degrees of
freedom can be spanned in terms of spin-network states
(polymer-like excitations of quantum geometry) each of
which admits the interpretation of an eigenstate of geom-
etry which is discrete and atomistic at the fundamental
level [33–35]. The loop representation of the basic algebra
of geometric observables has been shown to be the unique
one containing a ‘vacuum’ or ‘no-geometry’ state which is
diffeomorphism invariant and hence for which all geomet-
ric eigenvalues vanish [36]. In this picture flat Minkowski
space-time must be viewed as a highly exited state of
such ‘no-geometry’ state, where the quantum space-time
building blocks are brought together to produce the flat
arena where other particles interact. This is a direct
implication of the canonical quantization of gravity a la
Dirac where the space-time metric becomes a quantum
operator on a Hilbert space. Thus, there is no a priori
notion of space-time unless a particular state is chosen
in the Hilbert space. Loop quantum gravity is a con-
crete implementation of such non-perturbative canonical
quantization of gravity [37, 38]. Even though important
questions remain open, there are robust results exhibiting
features which one might expect to be sufficiently generic
to remain in a consistent complete picture.
These states are the boundary data of the quantum

theory whose physical content is encoded in transition
amplitudes to be computed by suitably implementing the
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FIG. 11: Possible scenario for unitarity in loop quantum gravity. Correlations between a Hawking particle b and its partner a,
created from the vacuum by the interaction with the gravitational field when the black hole can still be considered semiclassical,
are not lost. The in-falling particle enters the strong quantum fluctuation region (the would-be-singularity of classical gravity)
and interacts with the microscopic quantum granular structure of the spacetime geometry; the quantum geometry of Section
III. The correlations between a and b are not lost they are transferred to Planckian degrees of freedom denoted by ā in the
strong quantum region. They become in principle accessible after the BH has completely evaporated. The Hawking radiation is
purified by correlations with these Planckian micro-states which cannot be described in terms of the usual matter excitations.
Information is not lost but simply degraded; just as when burning a news paper the information in the text becomes inaccessible
in practice as it has been transferred to correlations between the molecules of gas produced by the combustion.

where the initially low energy smooth physics excitations are forced, by the gravitational collapse, to interact with
the Planckian fabric where a new variety of degrees of freedom are exited.

The viewpoint developed in considering the question of information in quantum gravity leads to some phenomeno-
logical proposals that we briefly describe in what follows.

VI. DISCRETENESS AND LORENTZ INVARIANCE

A central assumption behind all the results and perspectives discussed in this article is the compatibility of the
prediction of loop quantum gravity of a fundamental discreteness of quantum geometry at the Planck scale with
the continuum description of general relativity. As emphasized before the problem of the continuum limit of LQG
remains to a large extend open partly due to the technical di�culties in reconstructing the continuum from the
purely combinatorial structures of quantum geometry, but also due to the di�culties associated with the description
of dynamics in the framework (spacetime is a dynamical question involving the solutions of (54)).

A problem that immediately comes to mind is the apparent tension between discreteness and the Lorentz invariance
(LI) of the continuum low energy description. Is the notion of a minimum length compatible with Lorentz invariance?
The apparent tension was initially taken as an opportunity for quantum gravity phenomenology as such a conflict
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ā

ba

⌃0

FIG. 11: Possible scenario for unitarity in loop quantum gravity. Correlations between a Hawking particle b and its partner a,
created from the vacuum by the interaction with the gravitational field when the black hole can still be considered semiclassical,
are not lost. The in-falling particle enters the strong quantum fluctuation region (the would-be-singularity of classical gravity)
and interacts with the microscopic quantum granular structure of the spacetime geometry; the quantum geometry of Section
III. The correlations between a and b are not lost they are transferred to Planckian degrees of freedom denoted by ā in the
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where the initially low energy smooth physics excitations are forced, by the gravitational collapse, to interact with
the Planckian fabric where a new variety of degrees of freedom are exited.

The viewpoint developed in considering the question of information in quantum gravity leads to some phenomeno-
logical proposals that we briefly describe in what follows.

VI. DISCRETENESS AND LORENTZ INVARIANCE

A central assumption behind all the results and perspectives discussed in this article is the compatibility of the
prediction of loop quantum gravity of a fundamental discreteness of quantum geometry at the Planck scale with
the continuum description of general relativity. As emphasized before the problem of the continuum limit of LQG
remains to a large extend open partly due to the technical di�culties in reconstructing the continuum from the
purely combinatorial structures of quantum geometry, but also due to the di�culties associated with the description
of dynamics in the framework (spacetime is a dynamical question involving the solutions of (54)).
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FIG. 4: The global space-time causal structure according to
the AB-paradigm. The black hole evaporation takes place
according to semiclassical expectations until the horizon ap-
proaches Planck’s area. The classical would-be-singularity is
represented by the shaded region where quantum geometry
fluctuations are large and no space-time picture is available.
The space-time becomes classical to the future of this region:
it emerges into a classical (essentially) flat background as re-
quired by energy-momentum conservation. Observers at the
instant Σ2 are in causal contact with the would-be-singularity
which (in classical terms) appears to them as a naked singu-
larity.

II. THE ARGUMENT

Our argument is based on the assumption that a the-
ory of quantum gravity will necessarily imply a radical
change in the way space-time is conceived. We are assum-
ing that at the fundamental scale space-time is replaced
by a more basic notion made of fundamentally discrete
constituents governed by quantum mechanical laws.
For concreteness we will set the discussion in the con-

text of LQG; however, we believe that the picture pre-
sented here is general enough to resonate with other ap-
proaches proposed in the literature. For instance the
group field theory formulations [29]. The asymptotic
safety scenario suggesting a quite different space-time
‘fractal’ picture at the fundamental level with effective
dimensional reduction from 4 to 2 [30]. Similar dimen-
sional reduction in dynamical triangulations have been
reported [31]. Another framework that could be included
in the present discussion is the causal sets approach [32].
A common feature of all these formulations is that

space-time arises from a suitable coarse graining where
details of the the relationships among the fundamental
pre-geometric building blocks are lost in the limit where
the smooth space-time of low energy physics is recovered.
It is reasonable to expect that a prescription of a partic-
ular smooth geometry (like flat space-time) will corre-
spond in some of these formulations to infinitely many
different fundamental states: an infinite degeneracy of
the notion of smooth geometry. This is the basic as-
sumption that we will make use of in the present argu-
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even in the ‘simplest’ case of QFT on Minkowski space-
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these lines is that space-time geometric operators acquire
discrete spectra. States of the gravitational degrees of
freedom can be spanned in terms of spin-network states
(polymer-like excitations of quantum geometry) each of
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level [33–35]. The loop representation of the basic algebra
of geometric observables has been shown to be the unique
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theory whose physical content is encoded in transition
amplitudes to be computed by suitably implementing the

Information loss as decoherence with fundamental 
Planckian discreteness 

AP, Class. Quant. Grav. 
32, 2015.

 Unruh and Wald (1995) 

Banks, Susskind, and Peskin 
(1984)

Violations of energy-
momentum 

conservation

Tuesday 23 October 18



Outlook: Lambda, okay. But what else?

R
Iron

REW
⇡ 10�24

1. Violations of energy conservation in local experiments (too tiny!)

2. Violations of the equivalence principle in local experiments (too tiny)

3. Violations of Lorentz invariance of the week type we propose (too tiny)

4. Violations of unitarity: nice perspective for the information paradox.

5. Early cosmology is the natural arena where to test additional e↵ects

(baryogengesis, leptogenesis, structure formation, etc)

Tuesday 23 October 18



NGC 4526 with SN 1994D

Thank you!

Tuesday 23 October 18



Outlook

A.D. Sakharov 1967Conditions for Baryogenesis:

1. Baryon number is not conserved.

2. CP violation

3. Out of equilibrium process (thermal equilibrium makes CPT symmetry
undo what was built by (1) and (2)).

New possible mechanism

1. Baryon number is not conserved.

2. CP violation

3. CPT is violated by QG discreteness.

The EW transition triggers CP violation 
as well as the QG effect presented here!

Tuesday 23 October 18



Modeling the diffusion from low energy field theory 
degrees of freedom to Planckian microstructure 

3

the di↵usive e↵ects responsible for such symmetry break-
ing, and strengthen the naturalness of UG as the e↵ective
gravitational description of the e↵ect we are proposing.

More precisely, under general di↵emorphisms the met-
ric changes as �gab = 2r

(a⇠b) where

r
(a⇠b) =

✓

4
gab + �ab, (3)

when decomposed in its trace and trace-free parts. UG
remains invariant under the smaller group of volume-
preserving di↵eomorphisms which are characterized in-
finitesimally by divergence-free vector fields ⇠ for which
ra⇠a = ✓ = 0. The broken di↵eos in UG are those that
send the metric gab ! (1 + ✓

4

)gab which are the same as
infinitesimal conformal transformations gab ! ⌦2gab as
far as the metric is concerned. Therefore, when the field
equations hold, conformal transformations and volume
preserving di↵eomorphisms are one and the same in the
matter sector 5. Such symmetry breaking in UG implies
the existence of a background structure materialized in
a preferred notion of four-volume. Such structure, that
must be thought of as naturally associated to the Planck
scale, will play a central role below.

The discussion of the nature of the broken symmetries
of UG takes a specially simple form in the context of
cosmology where the geometry can be well approximated
at large scales by the spatially flat Friedman-Lemâıtre-
Robertson-Walker (FLRW) metric,

ds2 = a(⌘)2
⇥
�d⌘2 + d~x2

⇤
. (4)

In this form we see that volume-changing di↵eomor-
phisms only a↵ect the conformal factor a(⌘) ! a(⌘)(1 +
✓/4) and the background structure characterizing the
spacetime discretenees in the e↵ective description of UG
can (in this very special case) be associated with a flat
metric

ds2� = �2

⇥
�d⌘2 + d~x2

⇤
(5)

up to the constant scaling �. This gives a special status
to the conformally flat representation of the spacetime
metric and to the notion of conformal time.

Now we estimate the amount of energy-momentum vi-
olation associated with the di↵usion of energy from the
continuum degrees of freedom of massive matter to the
underlying microscopic discrete substratum of quantum
spacetime. In view of our previous discussion we postu-
late that the one-form characterizing the e↵ect in ques-
tion is

J ⌘ (8⇡G)rbTbadx
a = ↵`pR

2 d⌘p

= ↵`p [8⇡G(⇢� 3P )]2 d⌘p, (6)

5 This duality explains the equivalence between the notion of the
conformal anomaly and the breaking of volume preserving dif-
feomorphism [5].

where ↵ is a dimensionless phenomenological constant of
order one, ⇢ and P is the energy density and pressure of
the matter fields, and the time variable ⌘ is conformal
time normalized to proper time the Planck scale, namely

d⌘p = apd⌘ = ap
dt

a(t)
, (7)

where t is proper co-moving time. The proposal (6) is
the leading contribution to J that is compatible with
the symmetry of the FLRW solution, is dimensionally
allowed, and takes into account both key ingredients of
our analysis: discreteness is probed by degrees of freedom
that break conformal invariance (whose order parameter
is R), and selects a preferred structure in the e↵ective
description of UG realized in the choice of a preferred
conformal time ⌘p which in the FLRW setting amounts
to the choice of a preferred 4-volume.
Finally, it is central to our proposal that local degrees

of freedom in the matter sector are excited for the inter-
action with the underlying Planckian structure to take
place. In this respect equation (6) is not applicable dur-
ing the very early stage of inflation during which the mat-
ter sector is described by the inflaton field excited only
is in its homogeneous and isotropic zero mode. In this
era scale invariance is broken only by a global degree of
freedom, while all local excitations are in a conformally
invariant vacuum state. For that reason the e↵ects we
propose—described by equation (6)—turn on only after
the reheating era when the matter degrees of freedom go
into a highly exited (and high entropy) state well approx-
imated by thermodynamics. Moreover, assuming that
before the electro-weak transition time t

ew

when gauge
bosons, quarks, and leptons acquire mass via the Higgs
mechanism, all the relevant excitations remain massless,
so that R ⇡ 0; then (6) becomes relevant only after t

ew

producing a finite contribution to the cosmological con-
stant according to (2) 6.
We are now ready to estimate the e↵ective cosmolog-

ical constant predicted by our model. Using (2), (6) and
(7) one gets

⇤ = ⇤
0

+ ↵`p

t0Z

tew

[8⇡G(⇢� 3P )]2
ap
a(t)

dt, (8)

with t
0

the present time. It is convenient to change the
integration variable in (8) from co-moving time t to tem-
perature t given the essentially direct relation between

6 The mass of the Higgs before the electroweak unification does not
enter in our analysis because in the standard picture, at temper-
atures above the electroweak scale the Higgs field is assumed to
lie unexcited at the bottom of the e↵ective potential. This con-
dition is valid for all earlier times because in the corresponding
regimes the e↵ective mass of the Higgs changes at the same rate
as does the temperature [13].
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(a⇠b) where
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when decomposed in its trace and trace-free parts. UG
remains invariant under the smaller group of volume-
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finitesimally by divergence-free vector fields ⇠ for which
ra⇠a = ✓ = 0. The broken di↵eos in UG are those that
send the metric gab ! (1 + ✓

4

)gab which are the same as
infinitesimal conformal transformations gab ! ⌦2gab as
far as the metric is concerned. Therefore, when the field
equations hold, conformal transformations and volume
preserving di↵eomorphisms are one and the same in the
matter sector 5. Such symmetry breaking in UG implies
the existence of a background structure materialized in
a preferred notion of four-volume. Such structure, that
must be thought of as naturally associated to the Planck
scale, will play a central role below.

The discussion of the nature of the broken symmetries
of UG takes a specially simple form in the context of
cosmology where the geometry can be well approximated
at large scales by the spatially flat Friedman-Lemâıtre-
Robertson-Walker (FLRW) metric,

ds2 = a(⌘)2
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In this form we see that volume-changing di↵eomor-
phisms only a↵ect the conformal factor a(⌘) ! a(⌘)(1 +
✓/4) and the background structure characterizing the
spacetime discretenees in the e↵ective description of UG
can (in this very special case) be associated with a flat
metric

ds2� = �2
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�d⌘2 + d~x2

⇤
(5)

up to the constant scaling �. This gives a special status
to the conformally flat representation of the spacetime
metric and to the notion of conformal time.

Now we estimate the amount of energy-momentum vi-
olation associated with the di↵usion of energy from the
continuum degrees of freedom of massive matter to the
underlying microscopic discrete substratum of quantum
spacetime. In view of our previous discussion we postu-
late that the one-form characterizing the e↵ect in ques-
tion is

J ⌘ (8⇡G)rbTbadx
a = ↵`pR

2 d⌘p

= ↵`p [8⇡G(⇢� 3P )]2 d⌘p, (6)

5 This duality explains the equivalence between the notion of the
conformal anomaly and the breaking of volume preserving dif-
feomorphism [5].

where ↵ is a dimensionless phenomenological constant of
order one, ⇢ and P is the energy density and pressure of
the matter fields, and the time variable ⌘ is conformal
time normalized to proper time the Planck scale, namely

d⌘p = apd⌘ = ap
dt

a(t)
, (7)

where t is proper co-moving time. The proposal (6) is
the leading contribution to J that is compatible with
the symmetry of the FLRW solution, is dimensionally
allowed, and takes into account both key ingredients of
our analysis: discreteness is probed by degrees of freedom
that break conformal invariance (whose order parameter
is R), and selects a preferred structure in the e↵ective
description of UG realized in the choice of a preferred
conformal time ⌘p which in the FLRW setting amounts
to the choice of a preferred 4-volume.
Finally, it is central to our proposal that local degrees

of freedom in the matter sector are excited for the inter-
action with the underlying Planckian structure to take
place. In this respect equation (6) is not applicable dur-
ing the very early stage of inflation during which the mat-
ter sector is described by the inflaton field excited only
is in its homogeneous and isotropic zero mode. In this
era scale invariance is broken only by a global degree of
freedom, while all local excitations are in a conformally
invariant vacuum state. For that reason the e↵ects we
propose—described by equation (6)—turn on only after
the reheating era when the matter degrees of freedom go
into a highly exited (and high entropy) state well approx-
imated by thermodynamics. Moreover, assuming that
before the electro-weak transition time t

ew

when gauge
bosons, quarks, and leptons acquire mass via the Higgs
mechanism, all the relevant excitations remain massless,
so that R ⇡ 0; then (6) becomes relevant only after t

ew

producing a finite contribution to the cosmological con-
stant according to (2) 6.
We are now ready to estimate the e↵ective cosmolog-

ical constant predicted by our model. Using (2), (6) and
(7) one gets

⇤ = ⇤
0

+ ↵`p

t0Z

tew

[8⇡G(⇢� 3P )]2
ap
a(t)

dt, (8)

with t
0

the present time. It is convenient to change the
integration variable in (8) from co-moving time t to tem-
perature t given the essentially direct relation between

6 The mass of the Higgs before the electroweak unification does not
enter in our analysis because in the standard picture, at temper-
atures above the electroweak scale the Higgs field is assumed to
lie unexcited at the bottom of the e↵ective potential. This con-
dition is valid for all earlier times because in the corresponding
regimes the e↵ective mass of the Higgs changes at the same rate
as does the temperature [13].
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the di↵usive e↵ects responsible for such symmetry break-
ing, and strengthen the naturalness of UG as the e↵ective
gravitational description of the e↵ect we are proposing.

More precisely, under general di↵emorphisms the met-
ric changes as �gab = 2r

(a⇠b) where
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when decomposed in its trace and trace-free parts. UG
remains invariant under the smaller group of volume-
preserving di↵eomorphisms which are characterized in-
finitesimally by divergence-free vector fields ⇠ for which
ra⇠a = ✓ = 0. The broken di↵eos in UG are those that
send the metric gab ! (1 + ✓

4

)gab which are the same as
infinitesimal conformal transformations gab ! ⌦2gab as
far as the metric is concerned. Therefore, when the field
equations hold, conformal transformations and volume
preserving di↵eomorphisms are one and the same in the
matter sector 5. Such symmetry breaking in UG implies
the existence of a background structure materialized in
a preferred notion of four-volume. Such structure, that
must be thought of as naturally associated to the Planck
scale, will play a central role below.

The discussion of the nature of the broken symmetries
of UG takes a specially simple form in the context of
cosmology where the geometry can be well approximated
at large scales by the spatially flat Friedman-Lemâıtre-
Robertson-Walker (FLRW) metric,

ds2 = a(⌘)2
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⇤
. (4)

In this form we see that volume-changing di↵eomor-
phisms only a↵ect the conformal factor a(⌘) ! a(⌘)(1 +
✓/4) and the background structure characterizing the
spacetime discretenees in the e↵ective description of UG
can (in this very special case) be associated with a flat
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ds2� = �2
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�d⌘2 + d~x2

⇤
(5)

up to the constant scaling �. This gives a special status
to the conformally flat representation of the spacetime
metric and to the notion of conformal time.

Now we estimate the amount of energy-momentum vi-
olation associated with the di↵usion of energy from the
continuum degrees of freedom of massive matter to the
underlying microscopic discrete substratum of quantum
spacetime. In view of our previous discussion we postu-
late that the one-form characterizing the e↵ect in ques-
tion is
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2 d⌘p

= ↵`p [8⇡G(⇢� 3P )]2 d⌘p, (6)

5 This duality explains the equivalence between the notion of the
conformal anomaly and the breaking of volume preserving dif-
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where ↵ is a dimensionless phenomenological constant of
order one, ⇢ and P is the energy density and pressure of
the matter fields, and the time variable ⌘ is conformal
time normalized to proper time the Planck scale, namely

d⌘p = apd⌘ = ap
dt

a(t)
, (7)

where t is proper co-moving time. The proposal (6) is
the leading contribution to J that is compatible with
the symmetry of the FLRW solution, is dimensionally
allowed, and takes into account both key ingredients of
our analysis: discreteness is probed by degrees of freedom
that break conformal invariance (whose order parameter
is R), and selects a preferred structure in the e↵ective
description of UG realized in the choice of a preferred
conformal time ⌘p which in the FLRW setting amounts
to the choice of a preferred 4-volume.
Finally, it is central to our proposal that local degrees

of freedom in the matter sector are excited for the inter-
action with the underlying Planckian structure to take
place. In this respect equation (6) is not applicable dur-
ing the very early stage of inflation during which the mat-
ter sector is described by the inflaton field excited only
is in its homogeneous and isotropic zero mode. In this
era scale invariance is broken only by a global degree of
freedom, while all local excitations are in a conformally
invariant vacuum state. For that reason the e↵ects we
propose—described by equation (6)—turn on only after
the reheating era when the matter degrees of freedom go
into a highly exited (and high entropy) state well approx-
imated by thermodynamics. Moreover, assuming that
before the electro-weak transition time t

ew

when gauge
bosons, quarks, and leptons acquire mass via the Higgs
mechanism, all the relevant excitations remain massless,
so that R ⇡ 0; then (6) becomes relevant only after t

ew

producing a finite contribution to the cosmological con-
stant according to (2) 6.
We are now ready to estimate the e↵ective cosmolog-

ical constant predicted by our model. Using (2), (6) and
(7) one gets
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with t
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the present time. It is convenient to change the
integration variable in (8) from co-moving time t to tem-
perature t given the essentially direct relation between

6 The mass of the Higgs before the electroweak unification does not
enter in our analysis because in the standard picture, at temper-
atures above the electroweak scale the Higgs field is assumed to
lie unexcited at the bottom of the e↵ective potential. This con-
dition is valid for all earlier times because in the corresponding
regimes the e↵ective mass of the Higgs changes at the same rate
as does the temperature [13].
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preserving di↵eomorphisms are one and the same in the
matter sector 5. Such symmetry breaking in UG implies
the existence of a background structure materialized in
a preferred notion of four-volume. Such structure, that
must be thought of as naturally associated to the Planck
scale, will play a central role below.

The discussion of the nature of the broken symmetries
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Now we estimate the amount of energy-momentum vi-
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order one, ⇢ and P is the energy density and pressure of
the matter fields, and the time variable ⌘ is conformal
time normalized to proper time the Planck scale, namely
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, (7)

where t is proper co-moving time. The proposal (6) is
the leading contribution to J that is compatible with
the symmetry of the FLRW solution, is dimensionally
allowed, and takes into account both key ingredients of
our analysis: discreteness is probed by degrees of freedom
that break conformal invariance (whose order parameter
is R), and selects a preferred structure in the e↵ective
description of UG realized in the choice of a preferred
conformal time ⌘p which in the FLRW setting amounts
to the choice of a preferred 4-volume.
Finally, it is central to our proposal that local degrees

of freedom in the matter sector are excited for the inter-
action with the underlying Planckian structure to take
place. In this respect equation (6) is not applicable dur-
ing the very early stage of inflation during which the mat-
ter sector is described by the inflaton field excited only
is in its homogeneous and isotropic zero mode. In this
era scale invariance is broken only by a global degree of
freedom, while all local excitations are in a conformally
invariant vacuum state. For that reason the e↵ects we
propose—described by equation (6)—turn on only after
the reheating era when the matter degrees of freedom go
into a highly exited (and high entropy) state well approx-
imated by thermodynamics. Moreover, assuming that
before the electro-weak transition time t

ew

when gauge
bosons, quarks, and leptons acquire mass via the Higgs
mechanism, all the relevant excitations remain massless,
so that R ⇡ 0; then (6) becomes relevant only after t
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producing a finite contribution to the cosmological con-
stant according to (2) 6.
We are now ready to estimate the e↵ective cosmolog-

ical constant predicted by our model. Using (2), (6) and
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perature t given the essentially direct relation between

6 The mass of the Higgs before the electroweak unification does not
enter in our analysis because in the standard picture, at temper-
atures above the electroweak scale the Higgs field is assumed to
lie unexcited at the bottom of the e↵ective potential. This con-
dition is valid for all earlier times because in the corresponding
regimes the e↵ective mass of the Higgs changes at the same rate
as does the temperature [13].
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of freedom due to conformal invariance. Therefore, the presence of massive degrees of freedom (suitable probes of
discreteness according to our rationale) is geometrically captured by the presence of a non trivial scalar curvature R.
This natural ‘order parameter’ will enter the quantitative estimates that follow.

The immediate possibility arising from such hypothesis (from the phenomenological point of view) is that low
energy quantum field theoretical excitations of massive fields could interact with the underlying quantum gravity
microstructure and exchange ‘energy’ with it. From the point of view of the continuous mathematical description
of fields that we use at low energies, such phenomenon would be characterized as a ‘leakage’ of energy to degrees
of freedom that are not accounted for in the field equations and, therefore, would lead to the apparent violation
of the conservation of the corresponding energy-momentum tensor. This is a well known phenomenon in the more
familiar context of ordinary fluids, where viscosity accounts for the leakage of energy from macroscopic degrees of
freedom into the molecular chaos. Similarly (although with the subtleties evoked above) di↵usive e↵ects are expected
in the interaction of matter with the discrete underlying fundamental degrees of freedom of quantum gravity. It most
immediate manifestation would be the violation of energy-momentum conservation.

In the cosmological context the striking consequence of such violation is the emergence of a cosmological-constant-
like term in the minimally modified Einstein’s equations [11]. This can be seen from the traceless field equations of
unimodular gravity

Rab �
1

4
Rgab =

8⇡G

c4

✓
Tab �

1

4
Tgab

◆
, (1)

which together with the Bianchi identities imply that

ra

✓
R+

8⇡G

c4
T

◆
=

32⇡G

c4
rbTba. (2)

Defining Ja ⌘ (8⇡G/c4)rbTba, and assuming the unimodular integrability dJ = 0 [11], one can integrate the previous
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where ⇤⇤ is a constant of integration and we see that the energy violation current J is the source of a term in Einsteins
equations satisfying the dark energy equation of state.

The previous is the general framework where we will develop further our proposal. First, the previous equations
are only useful if the energy-momentum violations are of the integrable type dJ = 0. For arbitrary J the possibility
of describing the gravitational dynamics in terms of a metric theory is compromised: unimodular gravity is, as far
as we know, the only relaxation of the standard general covariance requirements, allowing for violations of energy-
momentum conservation. Fortunately, in applications to cosmology the assumption of homogeneity and isotropy of
all physics at the scales of interest, implies integrability of J (this is because in this setting J only depends on ‘time’
when described in comoving coordinates).

Concretely we will assume that the spacetime metric at large scales is well approximated by the spatially flat
Friedman-Lemâıtre-Robertson-Walker (FLRW) metric (an assumption very well supported by empirical evidence),

ds2 = �c2dt2 + a2(t)d~x2.

We take the completely phenomenological view that granularity associated with the spacetime foam leads to a violation
of energy momentum conservation. The process is quantum gravitational so it must be controlled by the Planck scale
`p, and mediated (as argued before) by the presence of a non trivial scalar curvature or Ricci scalar which (from
Einsteins equations applied to the FLRW case) is given by

R ⇡ 8⇡G

c2
⇢m (4)

where ⇢m is the massive matter density in the universe. The quantity ⇢m includes the baryonic matter density
and possibly dark matter (depending on the dark matter candidate of choice; yet this uncertainty will not play an
important role in the final result). The approximate sign is used because we are neglecting the pressure contributions
to R and quantum corrections such as the trace anomaly and the very quantum e↵ect we propose here. Both of these
are negligible with respect to ⇢m in the situation where we apply (4).
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of freedom due to conformal invariance. Therefore, the presence of massive degrees of freedom (suitable probes of
discreteness according to our rationale) is geometrically captured by the presence of a non trivial scalar curvature R.
This natural ‘order parameter’ will enter the quantitative estimates that follow.

The immediate possibility arising from such hypothesis (from the phenomenological point of view) is that low
energy quantum field theoretical excitations of massive fields could interact with the underlying quantum gravity
microstructure and exchange ‘energy’ with it. From the point of view of the continuous mathematical description
of fields that we use at low energies, such phenomenon would be characterized as a ‘leakage’ of energy to degrees
of freedom that are not accounted for in the field equations and, therefore, would lead to the apparent violation
of the conservation of the corresponding energy-momentum tensor. This is a well known phenomenon in the more
familiar context of ordinary fluids, where viscosity accounts for the leakage of energy from macroscopic degrees of
freedom into the molecular chaos. Similarly (although with the subtleties evoked above) di↵usive e↵ects are expected
in the interaction of matter with the discrete underlying fundamental degrees of freedom of quantum gravity. It most
immediate manifestation would be the violation of energy-momentum conservation.

In the cosmological context the striking consequence of such violation is the emergence of a cosmological-constant-
like term in the minimally modified Einstein’s equations [11]. This can be seen from the traceless field equations of
unimodular gravity
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Friedman-Lemâıtre-Robertson-Walker (FLRW) metric (an assumption very well supported by empirical evidence),

ds2 = �c2dt2 + a2(t)d~x2.

We take the completely phenomenological view that granularity associated with the spacetime foam leads to a violation
of energy momentum conservation. The process is quantum gravitational so it must be controlled by the Planck scale
`p, and mediated (as argued before) by the presence of a non trivial scalar curvature or Ricci scalar which (from
Einsteins equations applied to the FLRW case) is given by

R ⇡ 8⇡G

c2
⇢m (4)

where ⇢m is the massive matter density in the universe. The quantity ⇢m includes the baryonic matter density
and possibly dark matter (depending on the dark matter candidate of choice; yet this uncertainty will not play an
important role in the final result). The approximate sign is used because we are neglecting the pressure contributions
to R and quantum corrections such as the trace anomaly and the very quantum e↵ect we propose here. Both of these
are negligible with respect to ⇢m in the situation where we apply (4).

3

of freedom due to conformal invariance. Therefore, the presence of massive degrees of freedom (suitable probes of
discreteness according to our rationale) is geometrically captured by the presence of a non trivial scalar curvature R.
This natural ‘order parameter’ will enter the quantitative estimates that follow.

The immediate possibility arising from such hypothesis (from the phenomenological point of view) is that low
energy quantum field theoretical excitations of massive fields could interact with the underlying quantum gravity
microstructure and exchange ‘energy’ with it. From the point of view of the continuous mathematical description
of fields that we use at low energies, such phenomenon would be characterized as a ‘leakage’ of energy to degrees
of freedom that are not accounted for in the field equations and, therefore, would lead to the apparent violation
of the conservation of the corresponding energy-momentum tensor. This is a well known phenomenon in the more
familiar context of ordinary fluids, where viscosity accounts for the leakage of energy from macroscopic degrees of
freedom into the molecular chaos. Similarly (although with the subtleties evoked above) di↵usive e↵ects are expected
in the interaction of matter with the discrete underlying fundamental degrees of freedom of quantum gravity. It most
immediate manifestation would be the violation of energy-momentum conservation.

In the cosmological context the striking consequence of such violation is the emergence of a cosmological-constant-
like term in the minimally modified Einstein’s equations [11]. This can be seen from the traceless field equations of
unimodular gravity

Rab �
1

4
Rgab =

8⇡G

c4

✓
Tab �

1

4
Tgab

◆
, (1)

which together with the Bianchi identities imply that

ra

✓
R+

8⇡G

c4
T

◆
=

32⇡G

c4
rbTba. (2)

Defining Ja ⌘ (8⇡G/c4)rbTba, and assuming the unimodular integrability dJ = 0 [11], one can integrate the previous
equation and re-write the system in terms of the modified Einteins equations

Rab �
1

2
Rgab +


⇤⇤ +

Z

`
J

�

| {z }
⇤

gab =
8⇡G

c4
Tab, (3)

where ⇤⇤ is a constant of integration and we see that the energy violation current J is the source of a term in Einsteins
equations satisfying the dark energy equation of state.

The previous is the general framework where we will develop further our proposal. First, the previous equations
are only useful if the energy-momentum violations are of the integrable type dJ = 0. For arbitrary J the possibility
of describing the gravitational dynamics in terms of a metric theory is compromised: unimodular gravity is, as far
as we know, the only relaxation of the standard general covariance requirements, allowing for violations of energy-
momentum conservation. Fortunately, in applications to cosmology the assumption of homogeneity and isotropy of
all physics at the scales of interest, implies integrability of J (this is because in this setting J only depends on ‘time’
when described in comoving coordinates).

Concretely we will assume that the spacetime metric at large scales is well approximated by the spatially flat
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the di↵usive e↵ects responsible for such symmetry break-
ing, and strengthen the naturalness of UG as the e↵ective
gravitational description of the e↵ect we are proposing.

More precisely, under general di↵emorphisms the met-
ric changes as �gab = 2r

(a⇠b) where

r
(a⇠b) =

✓

4
gab + �ab, (3)

when decomposed in its trace and trace-free parts. UG
remains invariant under the smaller group of volume-
preserving di↵eomorphisms which are characterized in-
finitesimally by divergence-free vector fields ⇠ for which
ra⇠a = ✓ = 0. The broken di↵eos in UG are those that
send the metric gab ! (1 + ✓

4

)gab which are the same as
infinitesimal conformal transformations gab ! ⌦2gab as
far as the metric is concerned. Therefore, when the field
equations hold, conformal transformations and volume
preserving di↵eomorphisms are one and the same in the
matter sector 5. Such symmetry breaking in UG implies
the existence of a background structure materialized in
a preferred notion of four-volume. Such structure, that
must be thought of as naturally associated to the Planck
scale, will play a central role below.

The discussion of the nature of the broken symmetries
of UG takes a specially simple form in the context of
cosmology where the geometry can be well approximated
at large scales by the spatially flat Friedman-Lemâıtre-
Robertson-Walker (FLRW) metric,

ds2 = a(⌘)2
⇥
�d⌘2 + d~x2

⇤
. (4)

In this form we see that volume-changing di↵eomor-
phisms only a↵ect the conformal factor a(⌘) ! a(⌘)(1 +
✓/4) and the background structure characterizing the
spacetime discretenees in the e↵ective description of UG
can (in this very special case) be associated with a flat
metric

ds2� = �2

⇥
�d⌘2 + d~x2

⇤
(5)

up to the constant scaling �. This gives a special status
to the conformally flat representation of the spacetime
metric and to the notion of conformal time.

Now we estimate the amount of energy-momentum vi-
olation associated with the di↵usion of energy from the
continuum degrees of freedom of massive matter to the
underlying microscopic discrete substratum of quantum
spacetime. In view of our previous discussion we postu-
late that the one-form characterizing the e↵ect in ques-
tion is

J ⌘ (8⇡G)rbTbadx
a = ↵`pR

2 d⌘p

= ↵`p [8⇡G(⇢� 3P )]2 d⌘p, (6)

5 This duality explains the equivalence between the notion of the
conformal anomaly and the breaking of volume preserving dif-
feomorphism [5].

where ↵ is a dimensionless phenomenological constant of
order one, ⇢ and P is the energy density and pressure of
the matter fields, and the time variable ⌘ is conformal
time normalized to proper time the Planck scale, namely

d⌘p = apd⌘ = ap
dt

a(t)
, (7)

where t is proper co-moving time. The proposal (6) is
the leading contribution to J that is compatible with
the symmetry of the FLRW solution, is dimensionally
allowed, and takes into account both key ingredients of
our analysis: discreteness is probed by degrees of freedom
that break conformal invariance (whose order parameter
is R), and selects a preferred structure in the e↵ective
description of UG realized in the choice of a preferred
conformal time ⌘p which in the FLRW setting amounts
to the choice of a preferred 4-volume.
Finally, it is central to our proposal that local degrees

of freedom in the matter sector are excited for the inter-
action with the underlying Planckian structure to take
place. In this respect equation (6) is not applicable dur-
ing the very early stage of inflation during which the mat-
ter sector is described by the inflaton field excited only
is in its homogeneous and isotropic zero mode. In this
era scale invariance is broken only by a global degree of
freedom, while all local excitations are in a conformally
invariant vacuum state. For that reason the e↵ects we
propose—described by equation (6)—turn on only after
the reheating era when the matter degrees of freedom go
into a highly exited (and high entropy) state well approx-
imated by thermodynamics. Moreover, assuming that
before the electro-weak transition time t

ew

when gauge
bosons, quarks, and leptons acquire mass via the Higgs
mechanism, all the relevant excitations remain massless,
so that R ⇡ 0; then (6) becomes relevant only after t

ew

producing a finite contribution to the cosmological con-
stant according to (2) 6.
We are now ready to estimate the e↵ective cosmolog-

ical constant predicted by our model. Using (2), (6) and
(7) one gets

⇤ = ⇤
0

+ ↵`p

t0Z

tew

[8⇡G(⇢� 3P )]2
ap
a(t)

dt, (8)

with t
0

the present time. It is convenient to change the
integration variable in (8) from co-moving time t to tem-
perature t given the essentially direct relation between

6 The mass of the Higgs before the electroweak unification does not
enter in our analysis because in the standard picture, at temper-
atures above the electroweak scale the Higgs field is assumed to
lie unexcited at the bottom of the e↵ective potential. This con-
dition is valid for all earlier times because in the corresponding
regimes the e↵ective mass of the Higgs changes at the same rate
as does the temperature [13].
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freedom, while all local excitations are in a conformally
invariant vacuum state. For that reason the e↵ects we
propose—described by equation (6)—turn on only after
the reheating era when the matter degrees of freedom go
into a highly exited (and high entropy) state well approx-
imated by thermodynamics. Moreover, assuming that
before the electro-weak transition time t

ew

when gauge
bosons, quarks, and leptons acquire mass via the Higgs
mechanism, all the relevant excitations remain massless,
so that R ⇡ 0; then (6) becomes relevant only after t

ew

producing a finite contribution to the cosmological con-
stant according to (2) 6.
We are now ready to estimate the e↵ective cosmolog-

ical constant predicted by our model. Using (2), (6) and
(7) one gets
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with t
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the present time. It is convenient to change the
integration variable in (8) from co-moving time t to tem-
perature t given the essentially direct relation between

6 The mass of the Higgs before the electroweak unification does not
enter in our analysis because in the standard picture, at temper-
atures above the electroweak scale the Higgs field is assumed to
lie unexcited at the bottom of the e↵ective potential. This con-
dition is valid for all earlier times because in the corresponding
regimes the e↵ective mass of the Higgs changes at the same rate
as does the temperature [13].
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the di↵usive e↵ects responsible for such symmetry break-
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gravitational description of the e↵ect we are proposing.
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gab + �ab, (3)

when decomposed in its trace and trace-free parts. UG
remains invariant under the smaller group of volume-
preserving di↵eomorphisms which are characterized in-
finitesimally by divergence-free vector fields ⇠ for which
ra⇠a = ✓ = 0. The broken di↵eos in UG are those that
send the metric gab ! (1 + ✓

4

)gab which are the same as
infinitesimal conformal transformations gab ! ⌦2gab as
far as the metric is concerned. Therefore, when the field
equations hold, conformal transformations and volume
preserving di↵eomorphisms are one and the same in the
matter sector 5. Such symmetry breaking in UG implies
the existence of a background structure materialized in
a preferred notion of four-volume. Such structure, that
must be thought of as naturally associated to the Planck
scale, will play a central role below.

The discussion of the nature of the broken symmetries
of UG takes a specially simple form in the context of
cosmology where the geometry can be well approximated
at large scales by the spatially flat Friedman-Lemâıtre-
Robertson-Walker (FLRW) metric,
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⇥
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In this form we see that volume-changing di↵eomor-
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✓/4) and the background structure characterizing the
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metric

ds2� = �2
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(5)

up to the constant scaling �. This gives a special status
to the conformally flat representation of the spacetime
metric and to the notion of conformal time.

Now we estimate the amount of energy-momentum vi-
olation associated with the di↵usion of energy from the
continuum degrees of freedom of massive matter to the
underlying microscopic discrete substratum of quantum
spacetime. In view of our previous discussion we postu-
late that the one-form characterizing the e↵ect in ques-
tion is
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5 This duality explains the equivalence between the notion of the
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the leading contribution to J that is compatible with
the symmetry of the FLRW solution, is dimensionally
allowed, and takes into account both key ingredients of
our analysis: discreteness is probed by degrees of freedom
that break conformal invariance (whose order parameter
is R), and selects a preferred structure in the e↵ective
description of UG realized in the choice of a preferred
conformal time ⌘p which in the FLRW setting amounts
to the choice of a preferred 4-volume.
Finally, it is central to our proposal that local degrees

of freedom in the matter sector are excited for the inter-
action with the underlying Planckian structure to take
place. In this respect equation (6) is not applicable dur-
ing the very early stage of inflation during which the mat-
ter sector is described by the inflaton field excited only
is in its homogeneous and isotropic zero mode. In this
era scale invariance is broken only by a global degree of
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producing a finite contribution to the cosmological con-
stant according to (2) 6.
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enter in our analysis because in the standard picture, at temper-
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lie unexcited at the bottom of the e↵ective potential. This con-
dition is valid for all earlier times because in the corresponding
regimes the e↵ective mass of the Higgs changes at the same rate
as does the temperature [13].

Broken Diffeos
The same as Weyl 

transformations on shell

ra⇠
a = 0 () ✓ = 0

Order parameter for 
discreteness probes: 

scalar curvature
R = 8⇡T 6= 0

Tuesday 23 October 18



Modeling the diffusion from low energy field theory 
degrees of freedom to Planckian microstructure 

3

the di↵usive e↵ects responsible for such symmetry break-
ing, and strengthen the naturalness of UG as the e↵ective
gravitational description of the e↵ect we are proposing.

More precisely, under general di↵emorphisms the met-
ric changes as �gab = 2r

(a⇠b) where

r
(a⇠b) =

✓

4
gab + �ab, (3)

when decomposed in its trace and trace-free parts. UG
remains invariant under the smaller group of volume-
preserving di↵eomorphisms which are characterized in-
finitesimally by divergence-free vector fields ⇠ for which
ra⇠a = ✓ = 0. The broken di↵eos in UG are those that
send the metric gab ! (1 + ✓

4

)gab which are the same as
infinitesimal conformal transformations gab ! ⌦2gab as
far as the metric is concerned. Therefore, when the field
equations hold, conformal transformations and volume
preserving di↵eomorphisms are one and the same in the
matter sector 5. Such symmetry breaking in UG implies
the existence of a background structure materialized in
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up to the constant scaling �. This gives a special status
to the conformally flat representation of the spacetime
metric and to the notion of conformal time.

Now we estimate the amount of energy-momentum vi-
olation associated with the di↵usion of energy from the
continuum degrees of freedom of massive matter to the
underlying microscopic discrete substratum of quantum
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where ↵ is a dimensionless phenomenological constant of
order one, ⇢ and P is the energy density and pressure of
the matter fields, and the time variable ⌘ is conformal
time normalized to proper time the Planck scale, namely
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where t is proper co-moving time. The proposal (6) is
the leading contribution to J that is compatible with
the symmetry of the FLRW solution, is dimensionally
allowed, and takes into account both key ingredients of
our analysis: discreteness is probed by degrees of freedom
that break conformal invariance (whose order parameter
is R), and selects a preferred structure in the e↵ective
description of UG realized in the choice of a preferred
conformal time ⌘p which in the FLRW setting amounts
to the choice of a preferred 4-volume.
Finally, it is central to our proposal that local degrees

of freedom in the matter sector are excited for the inter-
action with the underlying Planckian structure to take
place. In this respect equation (6) is not applicable dur-
ing the very early stage of inflation during which the mat-
ter sector is described by the inflaton field excited only
is in its homogeneous and isotropic zero mode. In this
era scale invariance is broken only by a global degree of
freedom, while all local excitations are in a conformally
invariant vacuum state. For that reason the e↵ects we
propose—described by equation (6)—turn on only after
the reheating era when the matter degrees of freedom go
into a highly exited (and high entropy) state well approx-
imated by thermodynamics. Moreover, assuming that
before the electro-weak transition time t

ew

when gauge
bosons, quarks, and leptons acquire mass via the Higgs
mechanism, all the relevant excitations remain massless,
so that R ⇡ 0; then (6) becomes relevant only after t

ew

producing a finite contribution to the cosmological con-
stant according to (2) 6.
We are now ready to estimate the e↵ective cosmolog-

ical constant predicted by our model. Using (2), (6) and
(7) one gets
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the present time. It is convenient to change the
integration variable in (8) from co-moving time t to tem-
perature t given the essentially direct relation between

6 The mass of the Higgs before the electroweak unification does not
enter in our analysis because in the standard picture, at temper-
atures above the electroweak scale the Higgs field is assumed to
lie unexcited at the bottom of the e↵ective potential. This con-
dition is valid for all earlier times because in the corresponding
regimes the e↵ective mass of the Higgs changes at the same rate
as does the temperature [13].
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the existence of a background structure materialized in
a preferred notion of four-volume. Such structure, that
must be thought of as naturally associated to the Planck
scale, will play a central role below.

The discussion of the nature of the broken symmetries
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cosmology where the geometry can be well approximated
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up to the constant scaling �. This gives a special status
to the conformally flat representation of the spacetime
metric and to the notion of conformal time.

Now we estimate the amount of energy-momentum vi-
olation associated with the di↵usion of energy from the
continuum degrees of freedom of massive matter to the
underlying microscopic discrete substratum of quantum
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where t is proper co-moving time. The proposal (6) is
the leading contribution to J that is compatible with
the symmetry of the FLRW solution, is dimensionally
allowed, and takes into account both key ingredients of
our analysis: discreteness is probed by degrees of freedom
that break conformal invariance (whose order parameter
is R), and selects a preferred structure in the e↵ective
description of UG realized in the choice of a preferred
conformal time ⌘p which in the FLRW setting amounts
to the choice of a preferred 4-volume.
Finally, it is central to our proposal that local degrees

of freedom in the matter sector are excited for the inter-
action with the underlying Planckian structure to take
place. In this respect equation (6) is not applicable dur-
ing the very early stage of inflation during which the mat-
ter sector is described by the inflaton field excited only
is in its homogeneous and isotropic zero mode. In this
era scale invariance is broken only by a global degree of
freedom, while all local excitations are in a conformally
invariant vacuum state. For that reason the e↵ects we
propose—described by equation (6)—turn on only after
the reheating era when the matter degrees of freedom go
into a highly exited (and high entropy) state well approx-
imated by thermodynamics. Moreover, assuming that
before the electro-weak transition time t

ew

when gauge
bosons, quarks, and leptons acquire mass via the Higgs
mechanism, all the relevant excitations remain massless,
so that R ⇡ 0; then (6) becomes relevant only after t
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producing a finite contribution to the cosmological con-
stant according to (2) 6.
We are now ready to estimate the e↵ective cosmolog-

ical constant predicted by our model. Using (2), (6) and
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6 The mass of the Higgs before the electroweak unification does not
enter in our analysis because in the standard picture, at temper-
atures above the electroweak scale the Higgs field is assumed to
lie unexcited at the bottom of the e↵ective potential. This con-
dition is valid for all earlier times because in the corresponding
regimes the e↵ective mass of the Higgs changes at the same rate
as does the temperature [13].
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