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Abstract: A Planck scale inflationary era—in a quantum gravity theory predicting dis-
creteness of quantum geometry at the fundamental scale—produces the scale-invariant
spectrum of inhomogeneities with a very small tensor-to-scalar ratio of perturbations and
a hot big bang leading to a natural dark matter genesis scenario. Here, we evoke the
possibility that some of the major puzzles in cosmology would have an explanation rooted
in quantum gravity.

Keywords: quantum cosmology; inflation; early universe

1. Introduction

Standard inflationary models of cosmology are successful in reproducing some of
the qualitative features observed in the cosmic microwave background (CMB) [1]. This
success relies on three key assumptions which, we will argue here, can be changed without
altering the salient features of the observable outcome. We propose a paradigm shift
where quantum gravity is at the heart of the mechanism leading to structure formation in
our universe, and observe that the new perspective could alleviate existent tensions and
produce Planckian physics verifiable predictions.

The first assumption of standard approaches is the introduction of an intermediate
scale—the inflationary scale, which, in order of magnitude, can be identified with the
reheating temperature—between those scales appearing in the standard model of particle
physics and the Planck scale. Instead, we will see that it is consistent to assume that
only the Planck scale plays a role in pre-big bang cosmology bypassing constraints which
the standard inflationary scenario derives from the lack of observation of gravitational
waves in the CMB [2]. The second assumption is that of the validity of the standard
quantum field theory at energy scales that are much higher than the Planck scale (the
so-called trans-Planckian problem). Instead, here, we will assume that the fundamental
dynamics is described by a fundamentally discrete quantum theory of gravity imposing a
physical cutoff at the fundamental scale. Finally, there is a unitarity-violating' the classical
inhomogeneities of the energy density. Such symmetry breaking from a homogeneous
quantum state to an inhomogeneous classical configurations is often referred to as the
quantum-to-classical transition. Instead, here, we propose that inhomogeneities are present
from the beginning in the fundamental structure of quantum geometry at the Planck
scale’ and simply percolate as semiclassical inhomogeneities in the matter fields during
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cosmological dynamics without any violation of unitarity (there is no quantum to classical
transition and the evolution of the universe can in principle be entirely described quantum
mechanically and approximated semiclassically).

The paper is organized as follows: We start with Section 2, where we develop the ideas
of the model and its connection to the emergence of inhomogeneities from a fundamental
Planckian granularity. In Section 3, we show the expected scalar and tensor spectra for
primordial perturbations in the proposed framework and in Section 4, we discuss the
possibility that primordial black holes of Planckian mass constitute dark matter. Finally, in
Section 5, we present our conclusions. Throughout this work, we will usea (—,+,+,+)
signature for the spacetime metric and units wherec =1 = 7.

2. Inhomogeneities from Planckian Discreteness

Inhomogeneities observed in the CMB are, in the view we propose, simply the
stretched out traces of the built-in fundamental granularity of spacetime geometry at
the Planck scale.

To make the idea precise, we describe the background geometry of the universe at
large scales by a flat Friedmann-Lemaitre—Robertson-Walker (FLRW) metric:

ds® = —dt* +a(t)%dx - d¥, 1)

with a(t) as the scale factor. We assume that before reheating, the universe is in an infla-
tionary phase driven by an approximately constant Planck scale energy density, acting
temporarily like a cosmological constant. This implies a(t) = ag exp(Ht), with the Hubble
rate H ~ m,. Such primordial dark energy is expected to decay and produce the reheating
of the universe that leads to a hot (post-inflationary) big bang. We are not concerned
here with the details of the reheating phase; however, it is easy to see that, in the present
context, a rapid reheating leads to a hot big bang with an initial temperature close to the
Planck temperature.

In the standard inflationary paradigm, the state of perturbations of the inflaton field is
assumed to be in a vacuum state (say the Bunch-Davies vacuum), |0), where (0[5¢p|0) = 0.
That state does not break the FLRW symmetries in the sense that the expectation value of
any local operator is homogeneous and isotropic. In particular, the expectation value of the
corresponding energy—-momentum tensor is homogeneous and isotropic, i.e.,

(01Tap (%,1)10) = (0| T (% +7,1)[0) (2)

for arbitrary 7. The actual state of the universe at later times is not homogeneous nor
isotropic, which demands a symmetry breaking—referred to as the quantum-to-classical
transition. There is no consensus about how such a transition actually happens in the
standard picture [8,9].

In contrast, here, we propose that the symmetry is broken already in the primordial
phase at the microscopic scale due to the fundamental Planckian granularity of quantum
gravity. The constraints from the requirement of low-energy Lorentz invariance [10-12]
suggest’ that only matter fields that break scale invariance interact with the Planckian
granularity [13,14]. The matter content in the standard model of particle physics suggests
that at high energies, only scalar fields like the Higgs can break scale invariance. Thus,
the quantum state describing the scalar-field perturbations cannot be close to anything
like a vacuum state near the fundamental scale, |¢) # |0), but rather given by a state with
non-trivial inhomogeneities induced by the grainy structure of quantum geometry. This is
the key departure of our proposal from the standard inflationary paradigm.
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A precise description of the fundamental mechanism for the generation of the inhomo-
geneities would require understanding of the quantum gravity dynamics at the Planck scale.
Here, we take a phenomenological approach based on the assumption (confirmed by the
study of certain simplified models [15]) that a mean-field semiclassical approximation can
become a good approximation close to the fundamental scale. The perspective we adopt is
similar to the one taken in the Ginzburg-Landau phenomenological theory of superconduc-
tivity, where the dynamics of an emergent collective variable is modeled according to very
general principles. The emergent collective variable of interest here is the expectation value
of the scalar-field perturbations (which we assume is the single scale-invariance breaking
degree of freedom; the Higgs or another scalar). These perturbations are created from the
interaction with a quantum geometry whose grainy structure breaks the symmetries of the
FLRW background. Concretely, the mean-field variables of interest are given by the Fourier
modes of the scalar perturbations:

S = (Y|ogel) #0, k< mpa, 3)

which, in the absence of interactions, follow the standard semiclassical evolution equations:

.. . K2
O +3Hopy + a—z&pk =0, 4)

where H is the (approximately) constant Hubble rate*. For modes with k> < a?H?, the
friction term dominates and the solutions freeze out exponentially fast at horizon crossing.

As mentioned, we assume that the horizon scale H ~ mp: the primordial vacuum
energy starts at the natural Planck value. In an approach to quantum gravity where
physics is discrete at the fundamental scale, no spacetime symmetries can be preserved
microscopically: the state of scalar perturbations will emerge asymmetric from the Planck
scale. Perturbations are born at the Planck scale k = am;, and, once stretched by the de
Sitter expansion, decouple from the discrete microscopic structure that generated them
to propagate freely according to the mean-field evolution in Equation (4), which freezes
the inhomogeneities produced once the modes expand to wavelengths longer than the
Planck scale.

In the absence of a precise microscopic theoretical understanding, we resort to sta-
tistical methods akin to Einstein’s stochastic depiction of Brownian motion. Thus, we
assume that the scalar field is excited in a random fashion and we model the situation by
a stochastic process whose ensemble averages are denoted with the double-brakets (())
(not to be confused with quantum mechanical state-averages). The first moments of the
stochastic process is taken as vanishing, namely

{(0¢x)) = 0. (5)

We assume that the stochastic process respects the symmetries of the FLRW back-
ground, which implies that the second moments must be given by

(SpkSq)) = Psg(k) S(k+ ), (6)

where Pjy (k) is the so-called power spectrum of the scalar perturbations. Fourier trans-
forming the previous equation then leads to the following [18,19]:

a(t)mp
(@t D690 2) = o [ APk, 7)
H
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(Tal00])

where the lower limit of integration y is an infrared cutoff—the size of the universe patch
where the background metric of Equation (1) is a good approximation—while the upper
limit at kyqx = a(t)m, implies that perturbations are born when their physical wavelength
corresponds to the Planck scale. This represents the process of creation of inhomogeneities
via the interaction with the microscopic granular structure at the fundamental scale. As
soon as they are created, the modes cross the Hubble horizon and get frozen; thus, the
relevant time dependence on the generation of field perturbations is encoded in the time
dependence of the upper integration limit of the previous equation®. This time dependence
requires energy to flow from the Planckian microscopic substratum into the scalar-field
perturbations: as the Planckian granularity is continuously exciting the quantum state of the
scalar field with inhomogeneities (3), the energy (injected into the scalar-field perturbations)
is encoded in a non-trivial energy-momentum tensor violating FLRW symmetries (i.e.,
Equation (2) is violated), which we model as follows:

V@ (Tw)) = (EVe)) ®)

where ¢ is a stochastic scalar variable with vanishing first moment.

We conclude this section by mentioning an alternative mechanism for generating
primordial inhomogeneities that, like our model, does not rely on vacuum fluctuations. In
Ref. [20], a model based in matrix theory [21] and motivated by string-gas cosmology is
explored. There, the early universe is assumed to begin in a thermal (rather than vacuum)
state, so that thermal fluctuations seed the primordial perturbations. These thermal fluc-
tuations yield an approximately scale-invariant spectrum of cosmological perturbations
and gravitational waves. Although the tensor-to-scalar ratio is expected to be within the
observable range, its exact value has yet to be determined theoretically. Our framework
likewise predicts a nearly scale-invariant spectrum; however, as we show in the following
section, we expect a strongly suppressed amplitude for primordial gravitational waves.

3. Scalar and Tensor Power Spectra

In the last section, we saw that within the framework of the model, a flow of energy
from the spacetime granularity into the scalar-field perturbations must occur, and that such
energy is encoded in a non-trivial energy-momentum tensor. One can estimate the energy
cost via the ensemble average of the energy—-momentum tensor which takes the perfect

fluid form,
Vi 2 Vi 2
(Vabpadg) — 8t (iopvesp) SOy, SO, ©)
=p(2) g =p@2)
=p =

due to the homogeneity and isotropy of the stochastic generation process®. Energy balance
is understood via the work per unit time necessary to produce the inhomogeneities:
dW

— = U'VaW = =V (T (1)

which leads to the left-hand side of the following continuity equation:

dw d

d
= Ep@) +2Hp®? =7, (12)

where, in the last equality, we have used the equation of state for the perturbations that
follow from Equation (9), and we introduced the current J, on the right-hand side, represent-



Universe 2025, 11, 139

50f 10

ing the injection of energy associated with the production mechanism of inhomogeneities.
That is, we have defined | = (({V,¢)) u” in (8).

We assume that mode excitations in the scalar field are created randomly when the
physical wavelength of the mode coincides with the Planck scale, namely when k = am,,. This
assumption relates p(2) and the power spectrum in Equation (6) according to the following:

a(t)m
1 ’ K

PP = 5 ((VopR) ~ 5 [ k(5 ) Pel®), 13
M

where the upper limit in the integration realizes the idea that modes are created at the
Planck scale. The creation of the modes by the Brownian interaction with the granularity
costs energy encoded in the current | in Equation (12). As the only energy scale present
during the inflationary phase is H, dimensional analysis implies that ] = yH®, where v
is a dimensionless parameter7. Using dt = da/a = Hda/a, we can rewrite Equation (6)
as follows:

H4

2
L yypert (i) = LD 2 ey 4 19

2

da a
The previous energy-balance equation—the analog of Einstein’s detail balance equa-
tions in the context of Brownian motion—uniquely determine the power spectrum Ps, (k)
as follows. First, consider the term d ((0(?)))/da in the previous equation in view of
Equation (13). There are two contributions: a term coming from the derivative with respect
to a on the integration limit (which gives H times the integrand evaluated at k = aH), and
the integration of the a-derivative of the integrand. It turns out that the second contribution
cancels exactly with the term %
assume that the fluctuations evolve according to the semiclassical scalar-field Equation (4),

(o)) in Equation (14). The reason is that once created, we

that implies that energy is conserved. Thus, Equation (14) is reduced as follows:

_ oH*

k - (15)
=aH

2 K
whose solution is the following scale-invariant spectrum:

H2

The power spectrum of scalar perturbations can be translated into the (gauge-invariant)
power spectrum curvature perturbations observed in the CMB, where small deviations
of scale invariance (as the one observed [1]) are associated to details of the evolution of
the Hubble rate during inflation, where a minimal departure from a perfect de Sitter type
of expansion should be considered. Such more detailed analysis restricts dimensionless
parameter v < 10710 [22].

As photons, gravitons are not suitable scale-breaking degrees of freedom that could
directly interact with the fundamental discreteness. However, the production of inho-
mogeneities via the interaction of the scalar matter field with the granularity at horizon
crossing is a time-dependent process that should subsequently lead to the production of
gravitational waves. In the semiclassical treatment, the metric perturbations are sourced by
the quantum expectation values of the energy-momentum tensor. At first-order, the tensor

o)

perturbations of the metric h; j —ie, the gravitational waves (GW)—do not contain matter
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)
the following equation for the GW:

1 . . o . .
sources, SO hgj = 0. However, the semiclassical Einstein’s equations at second order yield

27,(2) . T
h(z) B \Y% h,’j —|—3Eh(2) _ {327(Gai5¢a]’(54)} .

ij a2 a i a2 (16)

where {...}TT denotes the transverse and traceless part of {... }*. The previous equation
implies that the spectrum of the primordial GW quadratic is in the matter perturbations.
A precise analysis shows [23] that the tensor power spectrum is scale-invariant, seen

as follows: .
H
P, (k) ~ o2 .
h ( ) Y m%k:;

The quadratic dependence on 7 suggests the strong suppression we evoke above.
A precise calculation of the tensor-to-scalar ratio r required depends on details of the
deviations from De Sitter. Nevertheless, detail analysis [23] shows that r < 10~10,

4. The Gravitational Miracle

After the inflationary phase, the effective vacuum energy of the order of the Planck
density that was driving it decays via interactions with matter degrees of freedom reheating
the universe up to around the Planck temperature. Such a hot big bang will produce via
thermal fluctuations Planckian mass primordial black holes (PBH). There are reasons to
expect that discreteness will have a dramatic effect on the physical properties of such ele-
mentary PBHs and that, contrary to the semiclassical expectation that they would evaporate
via Hawking radiation (an expectation only justified for large black holes in Planck unites),
black holes of Planckian mass could be stable and interact only gravitationally”. If so, their
abundance can be easily estimated and the result is striking as it corresponds, in order of
magnitude, to the amount needed to explain the dark matter density today. As we will
see in more detail below, the only hypothesis that goes into this estimate is that Planck
mass stable particles are part of the spectrum of quantum gravity and that they interact
only gravitationally. In analogy to a similar coincidence, called the WIMP miracle in the
weakly interacting sector of supersymmetric extensions of the standard model, we term
this coincidence the gravitational miracle [22,30]. As these particles only interact gravitation-
ally, the form of dark matter that follows from these assumptions—requiring a minimal
amount of new physics—would be the hardest to detect via direct observation. There are,
however, some experimental protocols suggesting that this could be possible in the near
future [31-33].

Let us briefly review such gravitational miracle, ignoring factors of order one (like
factors of 77, £(3), etc.) as they do not change the estimates and considerably simplify the
presentation. Particles decouple from thermal equilibrium when their interaction rate I’
drops below the Hubble rate H, namely when the following equation occurs [18]:

I'=nov < H, (17)

where 7 is the particle number density including all species, ¢ its cross-section of interaction,
and v the speed of the particles of interest with respect to the rest frame of the cosmological
fluid that is assumed to be in thermal equilibrium. The Hubble rate can be estimated from
the Friedmann equation using the energy density p « g;T*, with g; the number of species
involved, namely the following:

TZ
H=~ /gs—. (18)
mp
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The density is n ~ g T3, 0 =~ m%bh / m‘;, (the PBH area) and we initially assume v ~ 1. Thus,
we obtain the following:
& T2,

~ 1
m% (19)

from which it follows that the decoupling temperature—below which (17) is satisfied—is

~ Mp
Tp =~ e
relativistic PBHs (contradicting v ~ 1). We can improve the estimate using v ~ (2T / mphh)l/ 2

2
(mp / mpbh) . Thus, this first estimate of Tp turns out to be compatible with non-

for non-relativistic particles, from which the following is obtained:

1 my

Tp ~ ———=—"—m,y.
(285)1/3 Mpbh P

(20)

The abundance fraction of Planckian BHs at decoupling relative to the total density is
given by the corresponding Gibbs factor, namely the following:

2
_ pom(Tp) _Mpbh oy 3 b
F= ~ exp( )~ exp | —(2gs) m’% . (21)

To predict how much dark matter of this type would remain around today, we consider
that for T < Tp, these BHs behave like a pressure-less fluid decaying as 1/4° or equivalently
as T3. This implies that the density of DM is as follows:

T3 T3 2 T3 m 1m2bh
T) = Tp) = ~ 0(Tp)F— ~ g3 —= —F —(2¢)3 L ) mt. (22
pom(T) = ppom( D)Tlg,) p(Tp) 3 8s 2 Mo eXP( (285) mz )" (22)

Need this factor order 107120 at T=Tygay

Dark matter density today is about 1012

m‘;. Using Tt30 day /T3 =~ 10~% and assuming for
concreteness gs ~ 100 (this would be correct if the SM holds all the way to the Planck scale),
one obtains 1y, ~ mp, which realizes the miracle we evoke. The dependence on g5 is

weak given the uncertainties in the matter sector beyond the standard model'’.

5. Conclusions

In conclusion, discreteness at the Planck scale implies that at Planckian curvatures, the
symmetries of the macroscopic universe we observe cannot be maintained. If symmetries
are fundamentally broken and if a process of exponential expansion is at play, then the
stochastic fluctuations of the fundamental quantum gravity scale induces inhomogeneities
in the matter distribution that evolve into a scale-invariant spectrum of perturbations as
observed in the CMB. In such a paradigm the origin of structure is sourced in the preexistent
structure of quantum geometry and not in vacuum fluctuations of trans-Planckian modes.
The analysis presented here assumes exact de Sitter inflation. A proper account including
slow-roll parameters will be available in [34].

Due to the large number of microscopic degrees of freedom involved in the generation
of the scalar inhomogeneities, a gaussian primordial semiclassical spectrum of perturba-
tions is expected and standard arguments of the generation of non-gaussianities do not
apply. As degrees of freedom violating scale invariance are primarily sensitive to the funda-
mental scale, gravitational waves are produced at a next-to-leading order in perturbation
theory and are hence severely suppressed. This invalidates the standard argument against
a Planck scale inflationary scenario based on the negative observation of B modes in the
CMB [2]. The initially Planckian energy density of the universe—the most natural scale
from the quantum gravity perspective—decays during a reheating phase that produces
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a hot big bang of a temperature near the Planck temperature. This leads to the thermal
production of Planckian primordial BHs which, if stable, would produce the correct order
of magnitude of dark matter. The view we propose in this letter is certainly in great contrast
with the standard one. One should however keep in mind that, in spite of its long history,
there is a large degree of speculation in the standard account of inflation as well. The value
of the perspective opened here is, in our view, the possibility of looking at the observational
facts from a different angle. This could show useful in making progress in understanding
the mysterious features of present cosmology—ranging from the origin of structure to the
fundamental nature of dark matter and dark energy—uncovering an unforeseen window
linking the large-scale structure of our universe with properties of the fundamental theory
unifying gravity and quantum mechanics.
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Notes

1

Here, we refer to the fact that information is lost in the process where the universe goes from a quantum description to a classical one
whose observable features do not allow for the reconstruction of the initial state. In the standard inflationary paradigm, the process
by which the universe becomes what we observe at present times is associated to either some form of decoherence [3,4], or some
effective measurement type of transition [5,6]. In all cases, the past state of the universe cannot be reconstructed from the knowledge
of its final observable features only; in violation of the expectations from a unitary fundamental description. symmetry breaking
involved in the standard inflationary paradigm when quantum fluctuations in a vacuum-like state of the inflaton—perfectly
homogeneous and isotropic as a quantum state—become

A generic prediction of most grand unified theories (GUTs) is the production of stable magnetic monopoles at the GUT scale, Egyt
[7]. The standard inflationary paradigm resolves this issue by postulating that inflation occurs at an energy scale E; s < Egur.
Consequently, the exponential expansion dilutes any pre-existing magnetic monopoles; furthermore, if the reheating scale also
satisfies E.o, < EguT, no new monopoles are produced after inflation. If this were the case, our model (which occurs at the
Planck scale) would not allow the dilution of such monopoles. This conclusion depends, of course, on the validity of the GUT
framework, which—though highly elegant—relies on several assumptions. Notably, current bounds on proton decay appear to
favor supersymmetric extensions or more refined model constructions that rely on additional assumptions (all of which remain
hypothetical at present). Here, we explore a perspective in which monopoles may not be produced at energy scales below the
Planck scale in the eventual extension of the standard model of particle physics.

How can the discreteness scale appear in the context of quantum gravity without conflicting the relativity principle at low
energies? Observables in a generally covariant gravitational context are relational, which implies that, in order to measure or
interact with the fundamental scale, the associated degrees of freedom must work as the Einstein’s rods and clocks in terms of
which the geometry is operationally defined. To serve as measuring notions, such degrees of freedom must break scale invariance.
The simplest case is that of a field with mass m where excitations define a particular proper rest frame where not only the energy
scale m has an invariant meaning as the rest mass of the excitation, but also, the Planck scale acquires its invariant meaning in
relation to that dynamical frame. In turn, photons, an emblematic low-energy scale-invariant degree of freedom, cannot measure
(interact with) discreteness as they cannot select any particular rest frame with respect to which a fundamental scale would be
meaningful: it simply does not work as a good rod and clock relational excitation to interact with the microscopic dynamical
granularity.
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9

10

For simplicity, we neglect here possible self interaction terms by taking d>V (¢g)/d¢? < H?, in addition, metric perturbations
that generally appear in this equation are absent during the De Sitter phase as a consequence of the Weinberg theorem [16,17].
We will do the same in Equation (16).

The assumption that the semiclassical Equation (4)—as well as Einstein equations—are valid appears as a strong hypothesis at
first sight. However, notice that as soon as created at the Planck scale, the perturbations are quickly exponentially stretched into
the long wavelength regime where semiclassical equations hold (long with respect with the Planck scale in the co-moving frame).
In this sense, we are simply encoding the deviations from semiclassicality (whose precise features can only be described in a full
quantum treatment) in the stochasticity of the generation process we postulate.

We first focus on the quantity ((V,d¢V;,d¢)), which, from isotropy of the stochastic process, can be written as follows:

(Va89V00) = (662 ity + 55 (V50 V50) hap = 517 (V59 T59) s (10)
where hy, = g, + uguy is the space metric and u” = 9f is the 4-velocity of the co-moving frame and we have neglected the
(6¢%)) < (V¢ - V6¢)). With the previous result, (T,;[6¢])) becomes as in (9).

It appears natural to associate y with an order parameter of the violation of scale invariance. For instance, ¥ ~ m/m, for a
massive field with mass m. When the present scenario is applied to the Higgs scalar, this identification leads to the correct
magnitude for the power spectrum of scalar perturbations [22].

As explained in note 4, first-order metric perturbations can be neglected during the De Sitter phase.

One has to keep in mind that at the Planck scale, the very notion of smooth geometry is expected to be lost and that the particles
postulated here might have properties very different from the macroscopic BH solutions which Hawking radiate. A Planck mass
particle is most natural from the perspective of quantum gravity; it could be stable due to quantum dynamical bouncing [24] or
by being effectively extremal via quantum gravity effects (see [25-27] and the very general family of models analyzed in [28])
or if with spin of the order of 7 (see for instance [29]). This last conservative possibility is attractive as such particles would
be Fermions.

As gs ranges from 427/4 (the SM value) to, say, 2000, the mass 1, ranges from 3.15 mj to 1.97 mp! While Tp ranges from
5x 10’2mp =~ 50 Tgyr to 3 X 10*2mp ~ 30 Tayur, i.e., scales not extraordinarily higher than usual precluding possible conflict with
the negative evidence of the presence topological defects in cosmology.
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