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Planckian discreteness as seeds for cosmic structure
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We propose a model of inflation driven by the relaxation of an initially Planckian cosmological constant
due to diffusion. The model can generate a (approximately) scale invariant spectrum of (adiabatic)
primordial perturbations with the correct amplitudes and red tilt without an inflaton. The inhomogeneities
observable in the cosmic microwave background (CMB) arise from those associated with the fundamental
Planckian granularity that are imprinted into the standard model Higgs scalar fluctuations during the
inflationary phase. The process admits a semiclassical interpretation and avoids the trans-Planckian
problem of standard inflationary scenarios based on the role of vacuum fluctuations. The deviations from
scale invariance observed in the CMB are controlled by the self-coupling constant of the Higgs scalar of the
standard model of particle physics. The thermal production of primordial black holes can produce the
amount of cold dark matter required by observations. For natural initial conditions set at the Planck scale
the amplitude and tilt of the power spectrum of perturbations observed at the CMB depend only on known
parameters of the standard model such as the self-coupling of the Higgs scalar and its mass.
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I. INTRODUCTION

Planck mass square, m?,, is the natural order of magni-
tude of the cosmological constant, yet its observed value is
about 10712 times that theoretical expectation. Such a huge
discrepancy, referred to as the cosmological constant
problem, is perhaps the most severe hierarchy problem
of modern physics. The cosmological constant problem is
often separated into two (possibly independent) questions:
first, why is the cosmological constant so small in Planck
units, and second, why does it have that special value?
A related natural question that could connect the two is
whether dark energy (the cosmological “constant”) could
actually change during the evolution of the universe.
Namely, would it be possible to start with a large cosmo-
logical constant that dynamically evolves to its present
value? If one writes the energy momentum tensor of regular
matter and includes the dark energy component as
TIPTAL=T,, + ., A/(87G), then one has that Einstein’s
equation implies that

VbA = —(SHG)V“Tab. (1)

In other words, the only possibility (compatible with
general relativity) of having A change is the existence of
diffusion of energy between the standard matter fields and
dark energy. One could postulate such diffusion at a purely
phenomenological level (for different proposals along
these lines see [1] and references therein). However, dark
energy being associated with the gravitational properties of
vacuum spacetime, it is appealing to search for a more
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fundamental description that would presumably involve
quantum gravity.

In this paper we will argue that the hypothesis of
discreteness at the Planck scale provides a natural relax-
ation mechanism of the cosmological constant from its
natural mf, value. As a consequence of this, the universe
undergoes a phase of exponential inflation during the initial
part of the relaxation with a Hubble rate and scalar
curvature of the order of the natural scales m, and mf,,
respectively. The hypothesis of granularity at such scales
naturally suggests a mechanism producing inhomogene-
ities in the matter sector that eventually become observable
at the cosmic microwave background (CMB). The process
is different from the standard account where fluctuations in
the CMB originate from vacuum fluctuations in the inflaton
during inflation. The key difference is that in standard
models of inflation one assumes that the relevant matter
fields are in a suitable vacuum state (e.g., the Bunch-Davies
vacuum in the de Sitter idealizations) as possible deviations
from that special state have had time to dilute exponentially.
Such a vacuum state does not break the symmetries of the
background spacetime geometry (assumed to be smooth to
all scales in such accounts). Indeed, if we write an arbitrary
matter field y as y = yo + &y, then (y|dy|y) = 0 (where y
is a constant background field that may or may not vanish).
In our account, instead, the background geometry is not
homogeneous and isotropic at short scales due to Planckian
granularity expected from quantum gravity. Such Planckian
discreteness interacts with matter fields and produces
inhomogeneities such that (y|5y|y) # 0 from their birth
at horizon crossing. In our account we assume that we can
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treat these fluctuations semiclassically from the time of
horizon crossing on. The details of the physics at shorter
scales is expected to be described by a suitable quantum
gravity theory; we only assume that the result of that
physics is the production of inhomogeneities at horizon
crossing in a way that can be approximated by a stochastic
process (the details of this will be presented in Sec. III). In
the standard inflationary accounts one needs to assume that
the analog of the Bunch-Davies vacuum holds true to scales
much shorter than the Planck scale (this is usually called the
trans-Planckian problem).

One can also note that the expectation value of the
energy momentum tensor of the matter fields (w|T,,|y) in
the suitable quantum state |y) breaks homogeneity and
isotropy in our case (because Planckian granularity leaves
imprints in the primordial state of matter |y)) while
(w|T,ly) is perfectly homogeneous and isotropic in
standard accounts of inflation. This feature of the standard
approach raises a key question leading to tensions in the
context of the interpretation of quantum mechanics in a
closed universe: how or what produces the symmetry
breaking (of the FLRW symmetries) from the primordial
stage to the final inhomogeneous state of the CMB? Our
perspective eliminates the question as the Friedmann-
Lemaitre-Robinson-Walker (FLRW) symmetries are bro-
ken by the Planck scale granularity from the onset. The
reader will find that a certain number of assumptions are
necessary to reach quantitative predictions in our model
(for an attempt at discussing some of the open issues that
remain see Appendix C). The validity of these assumptions
is, of course, central for the quantitative validity of the
predictions. However, independent of this, we believe that
our work is also valuable as a proof of concept showing the
existence of an alternative view on the origin of structure in
the universe.

A. Apologia of unimodular gravity

We would like to come back to Eq. (1) and point out that
it arises naturally in the context of unimodular gravity in a
way that, we believe, has some additional conceptual value
in view of the previous discussion. Thus let us explore it in
some detail as the perspective it suggests motivates a
feature of the model that we introduce below. The action
of unimodular gravity is

S= [ (VIR +2VG- o)t £, (2
where S,, denotes the action of matter fields,

v = 0@dx0 A dx! A dx® A dx® (3)

is a background four-volume form, and A is a Lagrange

multiplier imposing that the metric volume density equals
the background one. The presence of the four-volume

background structure breaks, in unimodular gravity, the
diffeomorphism symmetry of general relativity down to
volume-preserving diffeomorphisms, whose generators are
represented by the vector fields &% with vanishing expan-
sion €, namely

0=V, =0. (4)

Such infinitesimal generators of volume-preserving diffeo-
morphism are completely characterized by arbitrary two-
forms w,, via the relation £* = €’V w,,.

Invariance of the matter action under the so restricted
diffeomorphisms relaxes the usual constraints on the
divergence of the energy momentum tensor. Recall that
full diffeomorphism invariance of the matter action implies
energy momentum conservation (see, for instance, [2]).
Therefore, to find the new constraints on energy conserva-
tion one must set to zero the variation of the matter action
under volume-preserving diffeomorphisms under the
assumption that the matter field equations hold. Namely,
the new condition reads

0=205, = / V=gT,, V&b dx*
M
_ / VT i
M
=/FWW%M%%M’ (5)
M

where we integrated by parts twice and we have assumed
that fields vanish at infinity. If we define

J, = (82G)VTy, (6)

the previous condition, which should be valid for arbitrary
@,p, iMplies

dJ =0, (7)
or locally
Jo = V.0, (8)

where Q is some scalar. Therefore, the background volume
structure—that partially breaks diffeomorphisms (down to
volume-preserving ones)—allows for violations of energy
momentum conservation demanding only that the energy-
momentum violation current J, be closed. The gravita-
tional field equations that follow from the previous action
are simply the trace-free part of Einstein’s equations,
namely

1 1
Rah — Z Rgah = 87G <Tah - ZTgah) ’ (9)
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which, using the integrability condition (7) and the Bianchi
identities, can be rewritten as [3]

1
Ry — ERgab + [Ao + / J] ap = 87GT,p,  (10)
¢

A

where A, is a constant of integration and 7 is a one-
dimensional path from some reference event to the space-
time point where the equation is evaluated. Thus, if not
vanishing, the energy-violation current J is the source of a
term in Einstein’s equations satisfying the dark energy
equation of state; while if J =0, we simply recover the
field equations of general relativity with a cosmological
constant A (a property already pointed out by Einstein [4]
as indicating the possibly nonfundamental nature of the
cosmological constant). In relation to this, another very
appealing feature of unimodular gravity is that quantum
field theoretic vacuum energy does not gravitate [5,6], for
vacuum fluctuations only contribute to the trace part of T
not entering into the field equations (9). Finally, and highly
remarkably, aside from new physics in the dark matter
sector, unimodular gravity is completely equivalent to
general relativity [7] and passes all the known tests of
Einstein’s theory. Unimodular gravity is, therefore, a very
conservative modification of general relativity.

What is the role of the background four-volume struc-
ture? Why should one accept such weakening of the
principle of general covariance (breaking diffeomorphism
down to volume-preserving diffeomorphisms)? We are
guided on this issue by the perspective that the smooth
classical field description of general relativity and quantum
field theory is an approximation (an effective description)
of a fundamental physics expected to be discrete at the
Planck scale. Compatibility with Lorentz symmetry sug-
gests that such discreteness would have to be realized by
the existence of some sort of four-volume elementary
building blocks. These basic spacetime elements would
naturally produce a background four-volume structure in
the long wavelength effective description and justify the
use of unimodular gravity for low energies. Such a back-
ground structure would break diffeos down to volume-
preserving diffeos in an effective description where the
volume elements are not dynamically included [8]. At the
more fundamental level (i.e., in terms of the quantum
gravity physics describing the dynamics of such elementary
notions) no background structures should be preferred,
a priori, and full covariance would be reestablished.

Indications of this physical hypothesis come from differ-
ent indirect sources that we now mention.

First, let us come back to the discussion of the sym-
metries of unimodular gravity and recall that under general
diffeomorphisms the metric changes as 8g,, = 2V ,&))
where V(&) = ggab + 0, when decomposed in its
trace and trace-free parts. Unimodular gravity remains
invariant under the smaller group of volume-preserving

diffeomorphisms which are characterized infinitesimally by
vector fields & for which € = 0 [Eq. (4)]. Thus, the broken
diffeomorphisms in unimodular gravity are those that send
the metric g,, — (1 +§)gab which coincide with infini-
tesimal conformal transformations g,, — Q?g,, as far as
the metric is concerned. Therefore, when the field equa-
tions hold, conformal transformations and the broken
symmetries of unimodular gravity are the same in the
matter sector. Thus, one would expect unimodular gravity
to emerge as the natural effective description of gravity
in situations where scale invariance is broken by the
microscopic discreteness scale associated with quantum
gravity scale and those of the fundamental probing matter.'

This is precisely what the structure of quantum field
theory on curved spacetimes suggests in the way the UV
(potentially divergent) contributions to the renormalization
of the energy-momentum tensor break scale invariance:
consideration of the ambiguities associated with the def-
inition of the expectation value of the energy momentum
tensor in quantum field theory and their (anomalous)
breaking of scale invariance [9] can be argued to indicate
the preferred role of unimodular gravity in semiclassical
considerations.

The previous discussion based on pure symmetry con-
siderations can be made very concrete. Still, in the context
of the renormalization of the (expectation value of the)
energy momentum tensor in quantum field theory on
curved spacetimes, the existence of a well-defined regu-
larization can be shown via the Hadamard subtraction
prescription where—for the simple case of a Klein-
Gordon field ¢(x)—one defines (T,,) by considering
the coincidence limit x — y of a suitable expression
depending on the two-point distribution

Fx,y) = (¢(x)p(y)) - H(x. y), (11)

where H(x,y) is a Hadamard bidistribution constructed
such that F(x,y) is smooth in the coincidence limit and
such that it satisfies the field equations in its first argument.
Obstructions to get H(x, y) to satisfy the field equations in
the second argument imply—when replacing in the suitably
defined point split regularization of the energy momentum
tensor—that in the coincidence limit x — y

VAT (x)) = V,,0, (12)

for QO dependent on the local background geometry
curvature but not on the state of the quantum field.

"There is a remarkable paper by Anderson and Finkelstein [8]
where a very similar conceptual path leads to unimodular gravity
from the assumption of the existence of a fundamental scale
breaking conformal invariance, although in their analysis they do
not discuss the possibility of diffusion that is one of the key
features of our approach. We were not aware of this paper and
thank T. Jacobson for pointing it out to us.
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Thus, the simple regularization of the UV divergences
leads to the violation of energy momentum conservation of
the form compatible with the symmetries of unimodular
gravity (8).

To make the formalism compatible with the usual semi-
classical equations one performs an additional step “by
hand” [9] and defines the renormalized expectation value

<Tab (x)>ren by
(Tap (X)) ren = (Tap(x)) = QYap- (13)

which, in the case of conformal quantum fields, introduces
an anomalous trace (see, for instance, [9,10], and [11] for a
very detailed and transparent presentation which is avail-
able in two dimensions). Our previous discussion shows
that this anomaly is more naturally interpreted as a violation
of energy-momentum conservation (6) satisfying the uni-
modular restriction (7).

Interestingly, the semiclassical gravity dynamics defined
using the trace-free Einstein’s equations of unimodular
gravity with sources given by (T',,) [violating conservation
as in (12)] and the one implied by standard Einstein’s
equations with sources defined by (13) coincide. In this
sense, the trace anomaly is equivalent to a diffeomorphism
anomaly where diffeomorphisms are broken—by QFT
vacuum fluctuations—down to volume-preserving diffeo-
morphism. Quantum fields and their fluctuations around a
preferred (“vacuum”) state are sensitive, in this sense, to an
underlying four-volume structure. Finally, it is worth
pointing out that—even though there are ambiguities in
the definition of (T',;,) encoded in the possibility of adding
a locally conserved tensor ?,;, constructed from the metric
variation of a Lagrangian constructed out of R? and R ,,R“®
[9]—the relevant “diffusion” term V,Q is, to our knowl-
edge, unambiguously defined in the present context. All
this strengthens the view that unimodular gravity—with the
nontrivial diffusion (8) effects that it offers—is a natural
effective description emergent from the underlying UV
structure of spacetime and matter expected to be described
by quantum gravity.2

Discreteness at the Planck scale (or, more precisely, the
existence of microscopic degrees of freedom not accounted
for in an effective field theory description) is suggested also
by the physics of black holes in the semiclassical regime
[14]. Black holes behave as thermodynamical systems in
quasithermal equilibrium with an entropy given by

(14)

The possibility of a relaxation mechanism of a positive
cosmological constant via the backreaction of infrared graviton
modes (IR effects) was put forward by Tsamis and Woodard
in [12] and further explored in the case of scalar contributions by
Brandenberger [13].

where A is the corresponding black hole horizon area. This
formula suggests the existence of microscopic degrees of
freedom at the Planck scale, £, responsible for such huge
entropy. Arguments that take these microstates as funda-
mental and derive from them an effective description of
gravity (as an equation of state [ 15]) lead—not to Einstein’s
equations as it is often improperly stated, but rather—to
trace-free Einstein’s equation (9) of unimodular gravity.
As realized by Hawking in the 1970s, black holes
evaporate via the emission of thermal radiation and thus
seem to destroy the information in the initial pure state that
leads to their formation in violation of the expected unitarity
of quantum gravity. This is the famous information paradox.
It is important to point out here that the presence of micro-
scopic degrees of freedom at the Planck scale offer a natural
resolution of the paradox. Indeed, if these hidden degrees of
freedom can interact with the low energy ones appearing in
our effective field theory formulations, then quantum corre-
lations with the microscopic Planckian structure can be
established via such interactions. This is particularly relevant
in the context of black hole formation and evaporation where
low energy excitations falling into the black hole are forced
by the gravitational field to interact with the Planck scale a
finite proper time after horizon crossing as they approach the
classical singularity (as implied by the singularity theorems).
This offers a natural channel for purification of the Hawking
radiation [16] in a way that finds simple analogies in
everyday systems where information is degraded (or made
unavailable) because unitary evolution leads to decoherence
with a microscopic molecular type of degrees of freedom
(e.g., when newspaper information is lost into molecular
chaos after burning the paper). This perspective can be
explicitly tested in toy models in quantum cosmology
illustrating the mechanism (see [17,18]). For a recent dis-
cussion of this view and a related one see [19]. The point we
stress here is that such theoretical considerations are not
disconnected from the present discussion in cosmology as
they give extra strength to the hypothesis of Planckian
discreteness which will play, in our model, a central role
in the genesis of inhomogeneities observed in the CMB.
Unimodular gravity also arises naturally from quantum
gravity approaches where spacetime is emergent from
four-dimensional discrete building blocks [which are
responsible for the existence of a preferred background
four-volume (3)]. A concrete example of this is the role of
unimodular gravity as the effective description of gravity in
the causal set approach [20]. Noisy interaction with four-
volume events appears as the natural relativistic generali-
zation of spontaneous localization models [21] that modify
quantum mechanics by introducing dynamical collapse
[22,23]. This perspective was relevant in motivating the
use of unimodular gravity in [3] where observational
bounds on the free parameters of some of such models
were constrained by cosmological observations. It is
possible that these, apparently independent directions,
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could be connected at a more fundamental level. We will
not pursue this idea here; for further reading and applica-
tions to cosmology see [24] and references therein.

The existence of microscopic degrees of freedom that are
not captured in our smooth field theoretic approximations
conveys the idea that diffusive effects could be present
which, in unimodular gravity, can be accounted for phe-
nomenologically in terms of a nonvanishing current J, [as
long as (7) is satisfied]. This perspective, which is the one
we follow in this work, was already taken in [25,26] where
[with the assumption that the initial cosmological constant
A in (10) is vanishing in the early universe] a cosmological
constant emerges from the noisy diffusion of energy from
the low energy matter sector into the Planckian regime
during the electroweak transition (EW). Remarkably, the
model reproduces the observed value of the cosmological
constant today without fine—tuning.3

B. Background implications: Relaxation
of the cosmological constant

Building on this, here we explore the possibility that the
perspective offered by unimodular gravity (as an effective
description emerging from fundamental discreteness) could
help address the first part of the cosmological constant
problem. We would like to investigate the cosmological
implications of having an initial cosmological constant that
starts with its natural Planckian value Ay = mf,, and then
relaxes to zero via diffusion into the matter sector mediated
by the hypothetical granular structure at the Planck scale
associated with the emergence of the preferred four-volume
structure of unimodular gravity at low energies.

The analogy with usual dissipative systems suggests a
natural model where A relaxes exponentially in time. Even
if time is an elusive notion in general relativity, when it
comes to applying the theory to cosmology, the situation is
drastically different in unimodular gravity (for a more
general discussion see [27,28]). This is so thanks to the
existence of the preferred four-volume structure that singles
out a preferred (up to rescaling by a constant) notion of
time: four-volume time. Such a time variable can be put in
direct correspondence with a dimensionless notion asso-
ciated with the counting of elementary Planckian volume
elements “created” during the cosmological evolution. All
this provides a natural time notion emerging from the
hypothesis of discreteness in terms of which the relaxation
of A will be defined.

’The model links the two mysteriously small scales in
fundamental physics—the EW scale m,,, and the cosmological
constant—with the gravity scale m,: the small number
(Mew/m,)" ~ 107120 emerges from the calculation as a result
of the diffusive physics involved [25,26]. The results of the
present paper reinforces the relationship between dark energy
physics and electroweak physics due to the key role that the
Higgs scalar will play in what follows.

To make the previous statement precise we now focus
our attention to (spatially flat) FLRW cosmology (homo-
geneous and isotropic cosmology). The assumption of
spatial flatness simplifies the discussion that follows, yet
it is probably not essential. Thus the spacetime metric is
given by

ds* = —dv® + a*(7)dX?, (15)

where 7 is the proper time of comoving observers. The
rationale dictating that the diffusion is sourced by the four-
volumetric granularity of spacetime suggests the natural
time for the diffusion process (and associated relaxation of
A) to be proportional to the number of spacetime grains
encountered or created during the evolution of the universe
identified with the elapsed four-volume. More precisely,
consider an initial fiducial cell of comoving coordinate
volume 73 expanding while the universe expands. The
four-volume of its world tube—divided by a reference
volume scale #3; in order to get time units—is given by

I/ﬂf&
) :§/a3dr. (16)
fU

To fix the scaling degeneracy of four-volume related time
notions we take £y = ¢, which produces the so-called
unimodular time variable ¢ defined as

dt = d’dr, (17)

which turns the metric (15) into ds*> = —a~%ds* + a®dx>.
This time choice is imposed to us in unimodular gravity by
the constraint det |g| = 1 derived from the variations of the
action (2) with respect to the Lagrange multiplier 4 in
natural coordinates where »*) = 1.

The question we explore in this paper is, what is the
natural phenomenology that follows from the assumption
that A decays exponentially in this (number of Planck four-
volume elements) time? Thus we postulate that

A(t) = Agexp(—pm, 1), (18)

with # a dimensionless constant and Ay ~ mf,. Note that
n, = m,t in the previous expression can be interpreted as
the number of Planckian four-volume elements created
during the cosmological expansion out of the primordial
initial cell. Note also that the time variable as defined in
(16) is not unique as it can be modified by rescaling
¢, — AZ,. The phenomenology of this paper remains the
same if simultaneously we rescale f — /A% in (18). This
freedom can be encoded in the choice of £y in (16). We will
see that the parameter § will basically control the number of
e-folds of inflation before reheating. The only requirement
we will find, when comparing predictions of the model with
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observations, is that f has to be sufficiently small. However,
its precise value does not affect the type of observable
features we explore in the model. A possibility of identify-
ing a fundamental mechanism fixing this freedom and,
simultaneously, rendering the value of # more natural will
be discussed in Appendix C. The ansatz (18) is certainly
speculative at the present stage of understanding quantum
gravity; however, we will see that it leads to an alternative
view on the origin of structure in the late universe. This
can be taken as a proof of concept of a different perspec-
tive whose assumptions may be weakened with future
investigations.

We will see that (18) implies, due to the nontrivial
relation between the (four-volume) time ¢ and comoving
time 7 encoded in Eq. (17), that the universe undergoes a
phase of exponential expansion in cosmic time 7 lasting as
long as fm,t <1 (a quasi-de Sitter inflationary phase).
This is explicitly seen in the dependence of A with a
derived in (26). For sufficiently small f# this inflationary
phase can be long enough to resolve both the horizon and
the flatness problems independently of the initial condi-
tions* for matter fields and the energy injection encoded in
Eq. (1). We will discuss this in more detail in Sec. II.

C. Perturbation implications: Inhomogeneities
sourced by Planckian granularity

The conceptual framework of unimodular gravity natu-
rally suggests the possibility for a form of diffusion
between the matter degrees of freedom and the dark energy
sector (representing an evolving cosmological constant).
The rationale behind all this is the existence of hidden
Planckian degrees of freedom which, in the effective low
energy description of unimodular gravity, are capable of
storing energy in the form of dark energy to be eventually
released into the degrees of freedom of matter [a mecha-
nism driven by quantum gravity and here assumed as a
phenomenological hypothesis to lead to the relaxation of A
as in (18)]. However, as this dark energy is freed by
Planckian grains of spacetime, we can envisage the
possibility that inhomogeneities would arise in the matter
sector at around the fundamental scale which, during the
inflationary period, is close (as shown in Sec. II) to the
Hubble rate. At present one cannot describe this process
from fundamental principles. Thus we will represent it by a
Brownian type of process, i.e., a stochastic process gen-
erating small perturbations of certain background fields

“The independence of initial conditions should be taken with
the same grain of salt as when one reads similar statements in the
inflationary literature. More precisely, one can only make a
statement of this sort once one assumes that the FLRW approxi-
mation is a good one to describe the observable universe. This is
clearly a severe restriction of the phase space of general relativity
as it is often emphasized by Penrose [29], and, of course, a very
important problem that we will leave aside of the present
discussion.

with a probability distribution satisfying the only require-
ment of homogeneity.

This view offers an interesting possibility for a mecha-
nism of structure formation where the nearly scale invariant
scalar density fluctuations observed in the CMB will be
shown to arise from the steady injection of energy from the
Brownian-like diffusion of fundamental Planckian granu-
larity into the perturbations at the Hubble scale during the
de Sitter phase. We will see that the semiclassical descrip-
tion of such diffusion leads to stochastic inhomogeneities
compatible with cosmological observations. Scale invari-
ance follows from the self-similarity of the diffusion
process that is granted by the exponential expansion of
the background during the de Sitter phase [due to the slow
relaxation of A as in (18)].

Thus the mechanism producing inhomogeneities pre-
sented here is fundamentally different from the standard
account that associates inhomogeneities with quantum
fluctuations of the inflaton. Here we propose an active
mechanism where the fundamental quantum granularity
induces semiclassical inhomogeneities in the mean field
value of the Higgs scalar. Why the Higgs scalar instead of
any other field in the standard model of particle physics
(which we assume to be valid up to close to the Planck
scale)? To answer this question, first note that inhomoge-
neities are expected to be intrinsically present at the Planck
scale according to several approaches to the fundamental
theory. However, compatibility with Lorentz invariance
implies that such hypothetical granularity cannot be seen as
an underlying latticelike structure selecting a preferred
frame [30]. Instead, discreteness at the Planck scale must
have physical manifestations when suitable massive (hence
scale invariance breaking) degrees of freedom interact with
the quantum geometry (massless fields cannot be sensitive
to granularity as their lightlike excitations cannot define a
frame, their own rest frame, with respect to which notion of
the Planck scale would be meaningful). At high enough
energies, the only scale invariant breaking degree of free-
dom in the standard model of particle physics is the Higgs
scalar, and this is the reason why the Higgs is the right
degree of freedom that can carry the imprints of granularity.
A natural order parameter of the magnitude of the strength
of this effect is naturally given by

Y = T 1077, (19)
mp

where my is the Higgs mass.

Thus in our model the fundamental inhomogeneities
leave their imprint on the expectation value of the Higgs
scalar (assumed to have, as the cosmological constant,
Planckian initial value): as a consequence the Higgs scalar
is not in a homogeneous and isotropic vacuum state but
rather in an inhomogeneous excited semiclassical state. The
de Sitter exponential expansion during the inflationary
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phase dilutes standard forms of matter; however, this is not
the case for the zero mode of a scalar field and the
inhomogeneities produced on it (long wavelength modes
in the scalar field are frozen by the rapid expansion).
During the inflationary phase the UV Planckian inhomo-
geneities are expanded to the large cosmological scales
where they become the seeds for the formation of structure
observable in the power spectrum of perturbations on the
CMB. There is no symmetry breaking of the FLRW
symmetries, no need for quantum to classical transition,
and inhomogeneities are present from the beginning in the
microscopic quantum gravitational structure of spacetime
and matter. The decaying cosmological constant and its
inflationary effect bring these up to our scales.

In our view, at the conceptual level, the new perspective is
an improvement of the standard picture in two ways: On the
one hand, it offers a possible resolution of the so-called
trans-Planckian problem because no assumptions about the
validity of standard quantum field theory as well as
linearized gravity are necessary at length scales below the
Planck scale. However, we still have to assume that standard
semiclassical tools are accurate for length scales slightly
longer than the Planck scale where our perturbations are
born (this is suggested by studies of simplified quantum
cosmology models; see [31]). On the other hand, our
approach eliminates the conceptual difficulties [32] asso-
ciated with thinking of the perturbations as originating in
vacuum fluctuations of the inflaton in relation to the
measurement problem in quantum mechanics and applica-
tions of its Copenhagen interpretation applied to the universe
as a whole. Of course, our perspective does not eliminate all
conceptual problems as the mechanism we invoke is deeply
rooted in a quantum gravity rationale: it urges one to try to
understand better the deep Planckian regime.

Finally, we study the possibility that primordial black
holes could be created thermally at the end of the inflationary
era during the reheating phase that in our model raises the
temperature to close to the Planck temperature. A key
assumption here is that there are stable primordial black
holes with masses close to the Planck mass. Note that even
when this is suggested by general quantum gravity consid-
erations in various contexts, itis a very natural possibility in a
quantum gravity theory where the Planck energy is the
fundamental scale. We show that natural estimates based on
dimensional analysis lead to the correct order of magnitude
densities necessary to account for dark matter today without
fine-tuning. We explain this in detail in Sec. I'V.

The paper is organized as follows. In Sec. II we describe
the dynamics of the background geometry driven by the
relaxing cosmological constant (18). In Sec. III we present
the proposed mechanism for the generation of nearly scale
invariant scalar density fluctuations. We confront the
predictions of the minimalistic model (that assumes the
validity of the standard model of particle physics all
the way to the Planck scale) with the relevant observational

data coming from the CMB. In Sec. IV we analyze the
possibility that primordial black holes (generated during the
diffusion process or via thermal fluctuations at reheating)
could account for the dark energy content of the universe.
We conclude the paper with a discussion in Sec. V.
Appendix A contains a proof of the so-called Weinberg
theorem showing the existence of adiabatic solutions of the
perturbation equations. This theorem is key in understand-
ing the link between perturbations generated during infla-
tion and the CMB observations. In our context the theorem
is a handy shortcut specially adapted to the dynamical
description of the relevant consequences of our stochastic
process for the generation of inhomogeneities equivalent to
the (more generally used) Mukhanov-Sasaki formalism in
the description of standard inflationary theory of perturba-
tions. We believe that our proof of the Weinberg theorem
(even when the same in spirit as the one found in [33] or in
his well-known textbook [34]) is more direct and could be
helpful for interested readers. In Appendix B we compare
our mechanism for the generation of inhomogeneities with
the standard paradigm. Some of the various issues opened
by our perspective are considered in Appendix C.

II. BACKGROUND DYNAMICS

In this section we study the dynamics of the homogeneous
and isotropic FLRW geometry (15) and homogeneous and
isotropic matter components evolving on it. The primordial
cosmological constant (or dark energy component) relaxes
according to (18) and, we assume, the energy released feeds
[as implied by Eq. (1)] a radiation component—represented
by a homogeneous and isotropic perfect fluid with equation
of state p = 3P—whose initial value is p,. This radiation
fluid represents the massless degrees of freedom in the matter
sector which [according to the standard model at high values
of the Higgs scalar vacuum expectation value (VEV)] are
basically only photons and gravitons. Equation (1) will take
the form of a continuity equation with nontrivial interactions
between the radiation and dark energy fluid components. The
naturalness of initial conditions at the Planckian regime
suggests py ~ mj‘,. In addition, we have the Higgs scalar field
that is assumed to start off in a semiclassical state with
expectation value ¢ (0) ~ m,,. However, the Higgs in such a
high energy initial state decays into particles of the standard
model producing further interaction terms in the continuity
equation (now between the Higgs energy-momentum tensor
and the radiation). We will see that these interactions are
weak in the regime of interest and that a semiclassical
description is available. Thus, in spite of the apparent
complexity of the situation one can actually use analytic
methods to get a quantitative picture of the relevant features
of the dynamics of the background fields which fits well the
numerical simulations (whose results we report in Fig. 1).

We show in this section that, initially, the dynamics is
dominated by the decaying cosmological constant—in a
way that is independent of the other matter components and
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FIG. 1.

Numerical solution of (24) with = 1078, We plot the cosmological constant A (inserted panel in linear scale) and the

radiation energy density p,q (in log scale) in terms of the number of e-folds log(a). A behaves effectively as a constant until about when
condition (27) is satisfied and abruptly decays to zero thereafter. The radiation density decays exponentially from its initial Planckian
value until the energy injection from the relaxation of A starts winning over the expansion. By the end of inflation radiation density
grows back (reheating) to about Planckian density again [the reheating temperature is estimated in Eq. (39)].

their initial conditions—producing an inflationary era of
the de Sitter type that can last a large number of e-folds as
in standard inflationary models [35]. The e-folds of
inflation are controlled by the parameter 5. CMB obser-
vations require this number to be larger than a minimum
value, but they do not constrain it otherwise. Thus the free
parameter /3 is degenerate in this sense.

A. Quasi—de Sitter phase from the relaxing A

We assume that the matter content of the universe is well
represented by a perfect fluid,

Tah = puyuy, + P(gub + uu”h)? (20)

where u, is the four-velocity of comoving observers and p
and P are the energy density and pressure in the comoving
frame. In terms of four-volume (unimodular) time 7 [see
Eq. (17)] the Friemann equation becomes

_86G A

40 .1\2
a*(d) 3Pt

(21)
where ’ denotes derivatives with respect to unimodular time
t; A(t) = Age™P™' is the decaying cosmological constant
depending on the free parameter f; and from now on we
normalize the scale factor so that a(0) =1. The
Raychaudhuri equation is

2%((1361') :-?(p+3P)+¥, (22)

a

and the continuity equation derived from (1) is

a N(t
p;ad + 35 (prad + Prad) = _V(G) . (23)

Note that Eq. (23) encodes the diffusion of energy between
the dark sector and the energy density of matter.” The only
assumption in the previous equation is that the diffusion
process does not disrupt the homogeneity and isotropy6 of
the background matter and geometry configurations to
leading order (perturbations will be considered but they
will be small in comparison with average densities).

Our model can be seen as a special case of the so-called
interacting dark energy models some of which have been shown
to present instabilities under perturbations [36]. It is important to
point out that the type of model we consider is free of such
patémlogical behavior (for details see [37]).

Thermal equilibrium for the radiation is not necessarily valid
in our context. Even when this is true during a certain regime of
the high energy/density primordial universe, thermal equilibrium
might be hard to maintain as we approach Planck scales (if we
take seriously the extrapolation of particle physics to those
scales). The reason is that the condition for thermal equilibrium
I' > H on the interaction rate I' (where I' = no where n ~ 77 is
the number density and o the cross section for interactions)

cannot continue to hold close to T}, = m,, because 6 ~ 1/ T? for
high energy processes and thus I'~7. As T « prla/; drops
dramatically if the initial pg is in thermal equilibrium (see Fig. 1),
while H remains close to the Planck scale H~m, > T, all
species decouple in the inflationary past and the radiation
injection via the decaying A cannot achieve thermal equilibrium

until later when p,,q eventually grows larger than H*.
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As stated before, we assume that the relevant channel into
which A decays is massless fields so that p,,g = 3P,,q (this
justifies the subindex “rad” in our notation, p and P
denoting the total energy density and pressure that will
have contributions coming from the Higgs scalar).

In such a case Egs. (21) and (22) can be combined to
obtain

a’ 2
a” + 47 = ﬁ/\(l‘), (24)
which directly relates the dynamical behavior of A(¢) and
the scale factor. If the initial cosmological constant (18)
starts at its natural Planckian value A(0) = Ag ~m3, the
initial conditions for the matter density are not important.
Indeed, the dynamics of the initial phase of the cosmic
evolution is basically insensitive to the value of p(0) in the
range 0 < p(0) < m;‘7 (this is a standard aspect of the
usually emphasized robustness of inflation: matter density
decays exponentially during the de Sitter phase and
becomes rapidly irrelevant for the background evolution).
As we show below, our model shares this property with
standard inflation as long as f is sufficiently small.
Notice that the Hubble rate in terms of four-volume time
is

ad  1dd’
a 3dt’

a
H= L= (25)
where the symbol - denotes derivatives with respect to
comoving time .

During the initial phase of expansion defined by the
condition fm,t < 1 the universe behaves approximately as
a de Sitter universe with Hubble rate H =H,~+/Ay/3~m,,
(there are small corrections to the Hubble rate due to the
rest of matter fields that are not important here; we will
come back to them in what follows). During that initial
phase we can integrate the previous equation [with the
initial condition a(0) = 1] and find that a® ~3H,t + 1.
Equivalently, during such a period Eq. (18) can be
rewritten as

Ala) = Agexp (-3"1—;0 (a3 - 1)), (26)

which yields an extremely flat curve—seen in Fig. 1—for

H
pa’ <32, (27)
mp

with a sharp descent for fa’ ~ 3Hy/m, (assuming § < 1).
This implies that for sufficiently small f the background
evolution will be very similar to that of standard infla-
tionary cosmology. For instance, one can get the infla-
tionary phase to last for about 60 e-folds (order of

magnitude of what is needed; see Sec. IID), A =
log(agnq) ~ 60 if f is

H
B~ 3Ho -0, (28)

mg,

These estimates are confirmed by the numerical solution of
the previous equations illustrated in Fig. 1.

B. Higgs dynamics during the de Sitter phase

In the model that we are presenting the background
dynamics is dominated by the relaxing cosmological
constant. In such a framework there is no need for the
inflaton field of standard inflationary scenarios.
Nevertheless, a (single) scalar field degree of freedom is
still necessary for the mechanism of structure formation
proposed here to work in its simplest form: this allows for
the use of certain conservation laws for super-Hubble
modes allowing us to predict the amplitude of perturbations
at the CMB from the initial condition during inflation (this
is sometimes referred to as the Weinberg theorem [34]
whose proof we revisit in Appendix A). In addition—as
the source of the structure will be the hypothetical funda-
mental Planckian granularity, and, as mentioned in the
Introduction—the degree of freedom interacting with such
fundamental inhomogeneities at the Planck scale must be
scale-invariance-breaking in nature. Therefore, the Higgs
field is the natural carrier of the inhomogeneities as, on the
one hand, it is the single scalar degree of freedom in the
standard model of particle physics, and, on the other hand,
it is the mediator of the breaking of scale invariance. Even
when it is quite possible that a different realization of our
scenario might exist, we will concentrate here on such a
minimalistic model where only the physics of the standard
model enters into consideration as far as the description of
matter is concerned. It is also important to point out that the
necessity of a scalar field degree of freedom is rooted only
in its role in the mechanism of structure formation
(described in detail in the following section) as the
Higgs here plays no important role in the dynamics of
the background. For that reason, our model should not be
confused with models of Higgs inflation [38—40].

However, the dynamics of the Higgs during the infla-
tionary era will be central in the model so we review it in
detail here. The Higgs field equation in the FLRW back-
ground is

V(o)
dg

where the term Ipjyebo is a friction term associated with
the energy loss caused by the production of the inhomo-
geneities mechanism that we will introduce in Sec. III.
There we will see that I'pj,, << Hy, and thus this term can
safely be neglected from the previous equation when

bo + 3Hobo + Corancbo + =0, (29)
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analyzing the dynamics of the zero mode of the Higgs.7 We
assume that ¢ is in the usual “terminal velocity” configu-

ration where 3Hy¢y = —0V [¢po] which, from V ~ (1/2)¢*
(where 1 is the self-coupling constant of the Higgs),
implies®

3
2, %0

o ~ 3H, (30)

Here we are using that I'pj,e/Ho << 1 ([s mentioned, this
assumption will be shown to be valid later when we derive
Eq. (94)]. We will assume that the Higgs starts with a large
expectation value

$o(0) m,,. (31)

From (30) we get |<,2>0| < H} as long as |A| < 1. The
requirement that the universe is dominated by the
cosmological constant, namely |V[gpo]| = (]4]/2)¢3 <
Am3/(87) = Hym3/(87) is automatically satisfied if
|| < 1. For these reasons, one can neglect the effects of
the potential in the dynamics of the background geometry
in the de Sitter phase studied in Sec. IT A. Finally, in the
terminal velocity regime we have [from the time derivative
of (30)] that

.12
do & 6/IZHg, (32)

which will be neglected as a higher A correction in the
perturbation theory calculations that follow. The picture in
Fig. 1 will have to be modified when A(t) & V{¢o]/m3.

This happens after the end of inflation, and thus away from

7Stn’ctly speaking, another term I'y¢, encoding a standard
form of diffusion representing the particles generated via the
interactions of the Higgs with the rest of the fields in the standard
model should be added to Eq. (29). The quantity Iy, is determined
by the known interactions of the standard model (which we are
assuming here to make sense all the way to close to the Planck
scale). It follows from the interaction structure of the standard
model that the decay rate I, must be quadratic in the relevant
couplings times some energy scale. Taking this energy scale to be
in the natural scale, ie., Hy, we get I'y=aH, for some
dimensionless constant [41]. It can be argued that a <« 1, and
thus this term is negligible in our case.

One can explore this numerically and for initial “velocities”
away from (30) there is a transition time where (as expected) the
terminal velocity approximation is not valid. However, even
when starting from the (large) natural Planckian value dictated by
dimensional analysis ¢, ~ —mf,, the scale factor enters into the
terminal velocity regime after a few e-folds when the Higgs scalar
starts rolling back toward the Planck scale. We are assuming that
the Higgs quartic term dominates the potential for values
my < ¢y < Hy~m,. We also treat the Higgs as a single scalar
field (for presentation simplicity) ignoring in our equations its
su(2) internal indices. Our expressions make sense in a polar
decomposition ¢* = gv* with v* € su(2) and v4v, = 1.

the region where the seed of structure formation is
produced as discussed in Sec. III.
From (30) one finds solutions

m m
Po() = # or ¢o(a) = = :
y1t3m A I+ 47 Alog(a)

(33)

Note that during the first e-folds, say .4 = log(a)~ 11

(which approximately correspond to the period during
which the fluctuations visible in the CMB are produced
in our model), and for A= —1072 (which is the correct
order of magnitude value in the standard model close to
the Planckian scale [42]) the Higgs changes slowly for
Hy~m, as assumed, namely

A% < 1o 34
bo 7 G4

C. Radiation generated by the decaying A

The analysis of the background dynamics, given in
Sec. IT A, relies on neglecting the effect of the radiation
emitted as A decays in matter field modes. In addition,
there is the question of how the initial conditions for
radiation affect the conclusion of Sec. Il A. Here we show
that none of these neglected aspects have an important
influence and that results of the previous simplified analysis
remain correct to the level of approximation considered.
The physical reason is that the cosmological constant term
dominates the Friedmann equation due to its slow decay in
a while the radiation dilutes as a~* as the energy injection
(23) for p <« 1 is negligible at first. Eventually, energy
injection becomes comparable with the dilution rate and
radiation density p,,q starts growing again. One can under-
stand these features—which were first exhibited by the
numerical solution of the equations as plotted in Fig. 1—
semianalytically giving a closer look at Eq. (23), which for
diffusion into radiation becomes

dprad + 4 o
da " a’™ T T8aGd

Using that H = \/A/3 = a’d’ ~ Hy = \/Ay/3 and also
a ~ Hya—recall Eq. (25)—we get

AN()

(35)

dprad 4 3:602 4
da T al™ > gy M (36)
where we have used Eq. (30) and the fact that
¢o = ¢o(0) = Hy ~ m,,. Integrating (36) we obtain
3pa’ 4
37
Prad ® 4 + 5671 ( )

063528-10



PLANCKIAN DISCRETENESS AS SEEDS FOR COSMIC ...

PHYS. REV. D 106, 063528 (2022)

Therefore, our first approximation (23) turns out to be fine.
Thus, we simply ignore that last constant contribution to
the radiation density in the previous equation in order to
simplify the presentation. However, a similar constant
density contribution coming from diffusion will play a
key role in the discussion of Sec. IV. Notice that the
minimum in the radiation density observed in Fig. 1 can be
estimated from the condition dp,,q/da = 0 and gives

2247mp, Tpo
L , in N, 38
amm 9ﬁm;t pmln 3afnin ( )

with @y, & €’ and log(py,/m}) ~ —107 for the parame-
ters in Fig. 1. With a bit of abuse of the approximation we can
estimate the radiation at the end of the inflationary period
when fay = 3Hy/m,, as implied by (26). One gets

Pend ~N— = Tgnd‘ (39)

We see that the previous semianalytic argument reproduces

well the qualitative features of the numerical solution in

Fig. 1. Notice that the final “reheating temperature” ~p ;{3 is

independent of the initial conditions and of the order of
Planck temperature.

D. Estimate of the lifetime of A after the inflationary
era and number of e-folds

The numerical evolution shows that soon after we reach
the end of inflation the universe becomes quickly domi-
nated by radiation with an initial radiation density that is
estimated from (37). The end of inflation is characterized
here by the condition

H
pad  ~3 m—" ) (40)
P

which follows from Eq. (26). The Friedmann equation (21)
in the radiation dominated domain becomes

87Pend
atd = al .. (41)
2 %end
3my "

Integrating and multiplying by fm, we get

1 [ 3my, a \’>
— -1) = At. 42
5\ 8mpend end ( (aend> > ﬁmp ( )

Neglecting the —1 inside the parentheses, using (40) to
eliminate the f dependence, replacing for p.,q using (39),
and assuming that a/dq,q & Tenq/T, We obtain the follow-
ing expression for the dependence of A on temperature after
inflation:

A = Agexp (—pm,At)

~ Ay exp [—g <%><%)<%ﬂ . (43)

p

which implies that the cosmological constant becomes
negligible in comparison to the present value Aygey =
1071292 extremely quickly by the time when the temper-
ature of the universe is still close to Planckian. The
important point here is that this is well before the
electroweak transition temperature T, =~ 107 m p» so that
the essentially vanishing cosmological constant can grow
again via the mechanism presented in [25,26] to the present
observed value.

The parameter f chosen in Fig. 1 corresponds to an
illustrative value. Here we analyze in more detail obser-
vational constraints on this value. An important feature of
our model is the generation of inhomogeneities in an
approximately scale invariant fashion as observed on the
CMB during the quasi—de Sitter phase. The scale of these
fluctuations range from L,,;, = 107> Mpc to L, = 10°> Mpc
today. Even when the mechanism for structure formation
will be different from the inflaton “vacuum fluctuations” of
the standard paradigm, the de Sitter regime of inflation will
still play a key role. In particular, one needs the scales of
fluctuations visible today to correspond to the Hubble scale
H=~Hy~m, at the time of inflation. This demands a
minimum number of e-folds from the beginning of inflation
to today,

—loda H
JV:;?;T today = log(H()LmaX) = 1Og <n10) + 1Og(mPLmaX)
P

H
= log <—°) +138. (44)
mp

On the other hand, the number of e-folds since the end of

. . end—today -
inflation N, is

L/Veqdatoday _ IOg(T dT_l) zllog 9H(2) + 74’ (45)
min end =0 4 56m3m

from which we get the necessary minimum number of
inflationary e-folds

1 H
N e w2 log <—°> +65. (46)

min
m,

III. STRUCTURE FORMATION

As described in previous sections, the cosmological
constant decays spontaneously due to diffusion into radi-
ation degrees of freedom exponentially in unimodular time
as a result of quantum gravity instability associated with the
fundamental granularity. We have shown that this produces
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a quasi—de Sitter dynamical evolution for the universe. We
have also assumed that the Higgs potential starts in a
homogeneous configuration with a natural expectation
value ¢y~ m, and have shown how ¢, is expected to
evolve. Even when negligible in such a dynamics (as it will
be shown later) we included a friction term controlled by
I'panck 10 (29). This term is produced, we argue, by the
interaction of the Higgs scalar with the physics at the
fundamental scale: the Planckian granularity. This inter-
action of the homogeneous Higgs ¢, and the inhomo-
geneous granular structure at the Planck scale—mediated
by the scale invariance breaking of the Higgs—will
generate (or excite) inhomogeneities in ¢ that are born
at the Planck scale via a stochastic process described in
detail in Sec. IIT A.

Without knowing the dynamics of the deep quantum
gravity regime it is hard to construct a fundamental account
for the interaction between the granular Planckian structure
and the matter fields involved. Nevertheless, guided by
dimensional analysis and expected features of quantum
gravity when considering its compatibility with low energy
Lorentz invariance, we will construct a model with very few
free parameters. This program has certainly an important
degree of speculation. However, there are known instances
in physics where general conceptual reasoning together
with dimensional analysis can lead to meaningful insights
about a physics that might be, at first, hard to describe in
fundamental terms. This is the perspective we adopt in this
section.

During the initial de Sitter phase the scalar curvature is
close to Planckian so that the scale of discreteness could
naturally catalyze the emergence of inhomogeneities. As
argued here, and in [25], the discreteness scale should play
a role in those field theoretical degrees of freedom that are
not scale invariant. These are the degrees of freedom that,
from a relational perspective, carry a “ruler” or “reference
frame” with respect to which the fundamental quantum
gravity scale £, can become meaningful. In this sense it is
natural to accept that as a result of such interaction
inhomogeneities should be created in the Higgs scalar
(which is the degree of freedom that introduces the
breaking of scale invariance in the standard model).
The energy flow involved in this can be parametrized
(phenomenologically) as an Ohmian diffusion term in the
equation of motion of ¢,. As this effect is assumed to have
a quantum geometry origin, and as the only relevant
geometric scale around is the Hubble rate, dimensional
analysis suggests the diffusion to be characterized by a
dimensionless coefficient y is a dimensionless coefficient as
follows [note that the energy density change per unit time
encoded in the left-hand side (Ihs) is measured in (energy)?
units]:

FPlanck(.ﬁ% = yHS ’ (47)

where the previous is the diffusion term in (29) and we
assume y < 1 (this assumption will be confirmed by the
analysis that follows). Such a friction term induces an
additional steady contribution to the divergence of the
Higgs energy momentum tensor component which will be
absorbed by the generated inhomogeneities (quantitatively
this will be described by suitable continuity equations
written below). We will see below that such a steady
injection of energy into the fluctuations (via the mechanism
evoked in this paragraph but made mathematically precise
below) produces a spectrum of scalar perturbations in the
Higgs that is adiabatic and approximately scale invariant.
We will also show that—using the Weinberg theorem to
analyze the effect of these at CMB times—the magnitude of
the parameter y needs to be fixed to y ~ 107'% which is,
remarkably, of the same order of magnitude as the
dimensionless number yy &~ 10~!7 characterizing the break-
ing of scale invariance by the Higgs; recall (19).

Note that from the semiclassical perspective of quantum
field theory on curved spacetimes we must also note that
there are no ambiguities in the notion of particles for
conformal invariant quantum fields as the FLRW back-
ground is conformally flat. As a result there is no real
particle creation for such modes if thought of as test fields
on the cosmological conformally flat background [10].” For
degrees of freedom breaking scale invariance the situation
is the same as long as we concentrate on scales well within
the Hubble radius. However, the notion of particles (and
their numbers) becomes ambiguous as soon as we consider
modes with super Hubble wavelength. The mechanism of
excitation of inhomogeneities discussed above is producing
particles at around the scale where the notion of particles
becomes ambiguous. By this we are not saying that a
complete semiclassical description is at all possible (as any
fundamental explanation of the role of discreteness would
need to appeal to quantum gravity). Nevertheless, we are

“The natural state for conformally invariant fields in the de Sitter
phase is the Bunch-Davies vacuum (any deviations from it are
exponentially diluted during inflation). This state coincides with
the Gibbons-Hawking state that is perceived as a thermal state with
temperature T, = H/(27) by any freely falling observer [43].
However, such a thermal bath should be regarded as the analog of
the Unruh particles in flat spacetime. They are there but have an
elusive physical reality as can clearly be seem by considering the
examples of a spacetime that is initially flat, then de Sitter
spacetime in an intermediate region, and finally flat again. If
one starts with the Poincaré vacuum state, then the state will evolve
into something well approximated by the Bunch-Davies vacuum
in the intermediate phase (with Gibbons-Hawking temperature
Tgh). However, the state will emerge in the final state as the
Poincaré vacuum again. No real particles are created by the
de Sitter phase. Therefore, such “thermal excitations” due to
the presence of the de Sitter horizon in the initial phase of evolution
in our model cannot be responsible for the real fluctuations that we
need to find in the future stage where the universe has gone out of
the de Sitter phase and the horizon has become virtually infinite (as
in Minkowski).
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arguing here that the excitation of inhomogeneities that we
postulate is taking place close to the scale where the
semiclassical account allows for something peculiar to
happen.

The peculiar physical aspect that we are evoking is rooted
in the UV structure of our physical description of matter and
geometry. In this respect it is important to recall the
discussion of the renormalization of the energy momentum
tensor in quantum field theory on curved spacetimes, and the
fact that UV contributions lead to an (anomalous from the
pure quantum field theory perspective) violation of energy
momentum conservation [Eq. (12)]. We will see that in the
case of the Higgs scalar such an anomaly could be
interpreted as the source of the term ['pj,,ac g 1n (29) (or
its possible semiclassical description). We will come back to
this in the discussion section once the implications of the
present perspective are spelled out.

A. Phenomenological analysis

Let us start from the study of the dynamical equation for
the scalar field inhomogeneities. In standard treatments
these perturbations are quantized and assumed to be in
some (preferred) vacuum state (say the Bunch-Davies
vacuum). The inhomogeneities that we see today in the
CMB are assumed to arise from the quantum fluctuations
that somehow become classical by the time that they leave
their imprint on the visible sky. Although such a perspec-
tive is largely adopted in the community, there are no
complete consensus on its internal consistency. We have
already mentioned the well-known trans-Planckian tension.
On another front it has been noted that it suffers from
intrinsic interpretational problems associated with the
measurement problem in quantum mechanics of a close
system (see [32] for a discussion of these issues and further
references).

Motivation for our model is fueled in part by these
conceptual tensions which we try to alleviate by proposing
an alternative. Notice that in contrast to the standard
account, inhomogeneities in the model that we propose
here arise from an actual physical interaction that actively
produces inhomogeneities on the background Higgs value
¢o- Even when these fluctuations and the background field
configurations are intrinsically quantum, we will represent
them by semiclassical states whose expectation values
are assumed to be well approximated by classical field
equations.

Consequently, we define perturbations of the zero mode
o0¢p, with wave number k for which the following field
equation holds:

; .k %
O + 3H oS¢ + — 6y + wéqﬁk =0. (43)
a d¢
The last term in (48) is smaller that the third term when
k = aH, (i.e., at horizon crossing), and it is in general

suppressed by the Higgs self-coupling so we will treat its
influence in perturbation theory below. This follows from

d*V ()
Tqﬁz - 6/145(2) < H2, (49)
which would automatically hold for ¢pg ~ Hy as 1 < 1 in
this large field regime. Given these assumptions, and
according to (48), super-Hubble modes (for which
k < aH,) satisfy (to zeroth order in 1)

. . d(a*s
S¢ +3H6¢; ~0 or equivalently % ~0, (50)

which implies

—3Hyt
S (7) = qi 3H,

Spi(t) = bpy + O(a™>),

+ 8¢, or equivalently

Sy = O/(a™), (51)

for some ¢,. Superhorizon modes freeze out, and their time
derivative d¢; decays exponentially in comoving time or as
a3 in terms of the scale factor.'

1. Energy fluctuations and the power spectrum

The effect of the Planckian granularity will be modeled
by a Brownian diffusion process that injects energy in the
Higgs scalar by leaving an imprint of the fundamental
scale as inhomogeneities in the background value. More
precisely, we consider a stochastic process generating
density fluctuations by excitation of the Higgs scalar
modes at the Planck scale which is assumed to coincide
with the curvature scale Hy ~ m,,. As in the description of
the Brownian motion, the process stochasticity is an
assumption that allows for a statistical effective description
of the effect of a large number of underlying independent
microscopic degrees of freedom whose individual dynam-
ics can be understood only in terms of a (more funda-
mental) quantum gravity analysis.

The characterization of the stochastic process requires
the analysis of the energy cost of generating the inhomo-
geneities in the Higgs. For that purpose let us first write the
Higgs scalar as ¢(x) = ¢py + 6¢p(x) so that the first order
perturbation of the energy density (up to second order) is

1 we keep the contribution of the potential in Eq. (48), then
one gets instead that

5‘2’/((00)__% 8N
)= 2(1 1 3,1>~ 2. (52)

The fact that 4 is negative (Higgs instability) introduces a growing
mode that appears as ~exp(—41H,7). However, for A~ —1072
this growth is sufficiently slow to grant the validity of perturba-
tion theory until the end of inflation Hyz =~ 60.
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b0 = 6Too((#)) = 360" + 5155947 +5V(9)
~ dodp(x") + (50)54»( )+ 302
—1—%(65(]5()(”))2 ;d;/;f(’)&ﬁ( )2, (53)

At this point, it is important to point out two important
features of the previous expression. First, the perturbation
of the energy momentum tensor in Eq. (53) is obtained by
assuming that the Higgs is a test field (i.e., metric
perturbations are excluded here). Second, we have
expanded up to second order in perturbation while in the
usual cosmological perturbation theory one only needs to
go up to first order. We will see below that in all dynamical
considerations involving gravity we will restrict to linear
perturbations. Very importantly, during the de Sitter phase,
scalar metric perturbations turn out to be trivial [see
Eq. (85) below], which implies that (at least during that
period) the test field energy momentum tensor and the full
linearized energy momentum tensor actually coincide. This
is not the case for the second order perturbations. However,
the latter will be used only as an interpretational devise that
offers the means to talk about energy flows involved in the
creation of the perturbations by the stochastic process that
describes the interaction between the discreteness scale and
the Higgs scale."!

We assume that 6¢(x*) is a stochastic variable with a
probability distribution such that the associated linear
momentum vanishes, namely

(op(x)) = 0. (54)

where from now on ({)) denote ensemble averages that are
to be distinguished from quantum expectation values (). It
follows that

(OToo(w)) 5 (BB + 55 ((Top(e) 2
L&V(dy)
5 ). (55)

where the approximate sign comes from the fact that we
have truncated the expansion of V(¢) to second order in
S¢p(x*). The previous equation implies that the (ensemble)
average energy contribution to the field perturbations in the

"This is analogous to the discussion of energy flow in
Hawking black hole radiation where backreaction is neglected
and the field degrees of freedom are considered those of a test
field. However, reliable physical information is captured by such
a notion allowing for the clear understanding of the physical
consequence of particle creation ranging from negative energy
flows across the horizon to the violations of the classical area law,
and the energy loss via evaporation at infinity.

stochastic process is controlled by the second order terms in
the expansion (to leading order). We can relate the second
moments of the probability distribution to the power
spectrum of perturbations if we decompose the field in
Fourier components

5p(1.%) = / i35y (1) exp(ik - %), (56)

1
(2n)}

with reality conditions

5y = ¢y (57)

The standard definition of the two-point correlation func-
tion (see, for instance, [44.,45]) is defined by

&p(r) = (0p(X)6p(X+ 1))

_(271r) / i dg*(Spopg)exp(i(k+§) %),  (58)

where the second line has been expressed in terms of
Fourier modes. As the stochastic process creating the
perturbations must respect the symmetries of the back-
ground in the statistical sense, the two-point function must
be homogeneous (independent of X) and isotropic. In terms
of Fourier modes this implies that

(¢63) = Poy(k)8P) (k + G), (59)

where P is the power spectrum of the perturbations 6¢.
The previous equation implies the key relationship between
the power spectrum and the expectation value of the square
of the perturbation at the same point 5¢(X), namely

CHRSEN = 5.5 / AP, (k). (60)

This relation allows one, as we shall show below, to express
the ensemble average of the energy momentum tensor of
the perturbations in terms of their power spectra.

2. Energy momentum conservation (continuity equations)

In this section we study the equation of state of the Higgs
perturbations when averaged in the ensemble representing
the probability distribution of the stochastic process, whose
general properties were introduced in the previous section.
This equation of state will play a role in the continuity
equations for the perturbations which will allow us to
interpret the energetics of the generation of inhomogeneities.

To write the equation of state we need to consider the
ensemble expectation value of the energy momentum
tensor. Repeating the exercise that led to (55), but now
for all the components of the energy momentum tensor, we
obtain
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2

(Tan) = =2 9u1 + (Valdo + 80) Vi (thg + 6¢) -

=7+ (V5095000 & 0 («v 5pVeSHY +

1
_gab(

(0T ap )

where we have expanded to second order in the perturba-
tion and the first order terms are gone due to (54).
The second order terms are (as the zeroth order ones)
of the perfect fluid form, {7,,) = pnuau;, + Pphap,
where u“ and h,, are the comoving four-velocity and
spatial metric of the background, respectively. This
follows from the assumption that the stochastic process
generating the perturbations is isotropic and homo-
geneous. It follows that

pn =+ V(o) + (8p@).

P =T vig) + (P, (62)

where P, and p; denote the pressure and density con-
tributions of the Higgs scalar, and the supra index (2) on
the right-hand side expresses the fact that these terms
come from quadratic contributions in the field perturba-
tions. In order to get the explicit form of (5p®) and
(6P we observe that

(VapV150) = (59 Dty +3 2((V5¢ Vop)hay, (63)

from which, when replacing back into (61), we get

(0T ) = Va6V 69)

o ((unvogy + C20 g5y
(B0 + E((Vop)) + G (6¢%)
B Uglyp
(607) — 3= ((Vop)?) — 7l (5%
—+ 2 ab;

(64)

thus, using (62), we obtain

(o + 89)V< (o + 5p) + 2V (o + 6¢))) )
L) o) o
|
oy = PV <<(V5¢; )+ LY (52
IR Tt
(5PR)Y = { 3 <<(V5¢2) ) - dgﬂ" ()
—é«(%cb)z) ;ngqu )<<5¢2>> (65)

where we neglected the 545, as justified by (51) in the
k < aH, regime (which is the regime where all these
equations will be used).

The previous equations allow for expressing the energy
cost that it would take to create inhomogeneities in the
Higgs scalar. Thus, these equations are a key in describing
our stochastic mechanism generating the perturbations.
Concretely, one needs to concentrate on the associated
continuity equations that encode the energy transfer into
inhomogeneities mediated by the stochastic process. One
can think of the Higgs perturbation contribution to the
continuity equations as the derivative of work WP done by
the Brownian diffusion on the Higgs with respect to the
suitable time parameter. Using the scale factor as such a
parameter we get

DV Ps0) = (552 + 30((80%) + (5P2)
=0T 3 (apy -+ (aPy). (66

where we explicitly write the dependence of WP (P,,) on
the power spectrum of inhomogeneities Ps; as the work
depends on squares of the Higgs fluctuations 6¢ whose
ensemble average is encoded, according to Eq. (60), in the
power spectrum. The stochastic process will be defined
below in more precise terms. However, at this stage we can
anticipate that the central equation will be a balance
equation of the form

AWPr (P,

= stochasti , 67
P stochastic source (67)

and thus the remaining tusk is to define the right-hand side
of the previous equality. The reason we call this a balance
equation is that the logic behind the mechanism we propose
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in what follows is similar to the one that leads to Einstein’s
detail balance equations (an instance of the so-called
fluctuation dissipation theorem) in the simple context of
Brownian motion. This analogy is developed further in the
following footnote."?

"Consider a free particle moving in a viscous medium. The
equation of motion is given by the Langevin equation

X+ yx = 6x(1), (68)

where 6x(f) is a stochastic noise source representing the
fluctuations of x due to the action of the microscopic elements
in the environment. This stochastic variable (which is the analog
of the inhomogeneities d¢p in our cosmological context) has a
noise dynamics dictated by a probability distribution such that

(ox()h) =0, (ox()ox(r)) = Pe:d(t, 1), (69)

which are the analogs of Eqgs. (54) and (60), respectively. The
Langevin equation has a simple solution in the large time
asymptotics given by

.t t//
0= ['e [Teroxtyarar vz, (10)
0 0

from which we get

(1) = e /0 Lert sx(¢)dr. (71)

Consider now the kinetic energy of the particle E = mix?>/2, in the
long time asymptotic regime conservation of energy requires
(EY) = 0. This condition can be written using the Langevin
equation as

(CE(1)) = m{x(0)i(1)) = m{(x(1)(6x(7)
= m{(x(1)ox(1))) — 2r(E(1))

= me~"" /0 e (x(t)ox(1))dt — 27 (E(1))

= mPs = 2r(E(1)). (72)

where we used (69) in the last line. The result is Einstein’s detail
balance equation relating the expectation value of the energy of
the particle (which does not vanish due to the action of the
Brownian collisions of the microscopic constituents of the
environment), the friction coefficient y (encoding dissipation
in the Langevin equation), and the power “spectrum” Pg, of the
fluctuations &x(7). This last equation is the analog of our
equation (67) (whose precise form is derived further down in
the paper), the left-hand side is in our case a functional of the
power spectrum, and the right-hand side encodes the energy
fluctuations produced by the Planckian granularity [precisely
defined in Eq. (77)]. In the Brownian motion case one invokes
thermal collisions of the environment on the particle and
writes (EY) = kT. In our case we propose that the action of
granularity on field fluctuations have the analog effect [see
discussion leading to (77)]. A key difference with this simple
example is that instead of having a single degree of freedom we
have an infinite tower of modes that are being excited as they
cross the horizon. This produces a continuous feeding of energy
at different modes as the background expands and hence a
continuous injection of energy characterized by the formal
equation (67) which will become (77) in its concrete realization.
The argument leading to (77) is given in the main text.

—rx(1))

Replacing (65) and (66) the previous equation becomes

aweer _ dsp® >> 1V (¢y)
=T 2 oy - L B o)
= stochastic source. (73)

Now we are ready to define the right-hand side of the
previous equation more precisely. The assumption is that
the zero mode ¢, while rolling down the potential and
evolving in the spacetime geometry, interacts with the
granularity scale and diffuses energy to the modes with
(physical) wave number k/a~m, via the discreteness
scale. We assume that this work is extracted from the zero
mode ¢, while evolving in the Higgs potential in a
stochastically Ohmian way so that its dynamical equa-

tion (29) gets a friction term Fplanckd)o.w Such a friction
term produces an energy lost in the zero mode characterized
by Eq. (47). Therefore, our proposal is to identify this
energy loss with the right-hand side of (67), namely
stochastic source = yH>, and write

WPt = yH°. (77)

This completes the conservation of energy picture in our
scenario, and we can write the full version of the continuity
equations involving background as well as perturbations up
to second order in perturbations. Concretely, using the
definition (73), and including the radiation generated by the
decaying of the cosmological constant and the Higgs decay
in other particles of the standard model, the continuity
equation (1) becomes

PAs a simple particular situation illustrating the rationale
behind this modification consider a Klein-Gordon scalar field as
an example. The field equation V¢V ¢ — m>¢p*> = 0 is explicitly
given by

\/—u\/gy"afﬁ (74)

Thus we see from the previous equation that if the background is
fluctuating, then the equation will get a “Brownian” modification
as follows:

vava¢ - m2¢72 = gavad)v (75)

where £ is the contribution from the background fluctuations

o= (VI gﬂ”)) (76)

(G

In the FLRW context the only nonvanishing component of &*
allowed by the symmetry is &° = 3AH—that we called
& = T'pnck—and is the only possible nontrivial component
from which the analog of Eq. (29) follows.
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d(ps + praa + pn + €3pP))
dr
+ {8p@Y + Py + praa + Py + (5PPY) = 0,

+3H(pp + Praa + Pn

2

Am , .
8—71'[) + (prad + 4Hprad) + Wpert.

+ fI}o((lﬁo + V(o) + 3H¢0) =0,

=0
m> —
871,'p + (prad + 4Hprad) + WperL - 7H5 = O’ (78)

=0

where in going from the second to the last line we used
the Higgs background equation (29) and we rearranged the
terms corresponding to the continuity equation for the
perturbations replacing in addition (47). The idea encoded
in the previous equation is that the relaxation of the
cosmological constant heats up radiation (which in the
initial de Sitter phase dilutes exponentially and hence has a
negligible effect on the background dynamics) while the
Brownian stochastic interaction of the Higgs rolling down
the potential produces fluctuations according to the balance
equation (77) which as discussed in footnote 12 is an
analog of Einstein’s detail balance condition.

The coefficient of friction y will be determined later from
an Einstein-like detailed balance condition that links the
dissipation encoded in y with the amplitude of the observed
power spectrum of fluctuations observed in the CMB." To
leading order, such a steady injection of energy in the
inhomogeneities is at the heart of the scale invariant nature

“Before calculating the power spectrum generated from the
“detailed balance” Eq. (77) we would like to comment on the fact
that first order perturbations do not contribute to the ensemble
average that led to our continuity equation (78). What we have
used [as first stated in (54)] is that first order contributions to
T,,—while nonvanishing in a particular realization of the
stochastic process (representing the particular state of our
universe)—average to zero when considering an ensemble of
realizations (ensemble of universes). But how can that be relevant
for our own particular universe that is one among the members of
the ensemble? The answer invokes an analogy with the ergodic
hypothesis: the condition {5¢(x))) = 0 is to be interpreted on a
single realization (via this ergodicity assumption) as implying
that, at a given time, the space average

. 2 3

jR 5¢()€, t)dx -0 (79>

Vr
for a sufficiently large region R (here V is the comoving volume
of the region). In this way, the local contribution of fluctuations to
T,, is not vanishing in a given realization. Nevertheless, they
average to zero in such the mean field sense. Similar interpreta-
tional questions arise for the ensemble average of the quadratic
contributions to 7, when translated to our (single realization)
universe. However, these are familiar issues common to conven-
tional situations (see, for instance, [44]).

of the power spectrum of density perturbations produced by
this means. This is what we do in the next section.

3. The power spectrum from diffusion

Equation (60) shows that the stochastic ensemble expect-
ation value of the product of scalar field fluctuations at a
single point is directly related to the power spectrum of
the fluctuations. This provides a simple relation between
the expectation value of the energy momentum tensor
and the power spectrum of the scalar field perturbations.
For instance, using (65), an algebraic manipulation analo-
gous to the one leading to (59) implies

(8p"*) = (8T o)

1 1 K 1d?V(go)
=— [ dkk*( =P, + | = + =——22| P
22 / <2 ot {2a2+2 d¢? ] 5"’)

1 K 1d*V(go)
~— [ dkk? = 22T p 80
272 / <2a2+2 d¢? > o (80)

where P is deﬁneq via the analog of Eq. (59) but for the
fluctuations (5¢;0¢;)), we assume that the stochastic
process is isotropic (so that dk® — 4rzk>dk), and we
neglected Py = O (a=%) due to (51). According to our
previous discussion, we assume that the perturbations are
created when the modes have physical wavelengths of the
order of the Planck scale. In terms of the wave number this
happens when k ~am,, and we assume that modes are
simply cut off for large wave numbers, namely Py, (k) = 0
for k > am,,. Thus, including this input in the integration
boundaries of (80) we obtain

(8p"*") = (8T o)
Ld?V ()

1 am, k2
N dik? [ ==+ =220 po (&), (81
2772/,, <2a2+2 dgp? ) (k). (81)

where  is an infrared cutoff that will not have any effect in
the equations describing the regime of interest. Changing
time variables from 7 to a(z), Eq. (77) becomes

awr _d(@p®) |2 L&V ()

ZUSH DYy ——
da da +a<<5p2>> a d¢?

4
(=1

(82)

To leading order in 4, the previous equation tells us that the
amount of energy that we are extracting from the Higgs
zero mode to produce inhomogeneities is done in a way that
is not sensitive to the size of the universe. More precisely
dWre = W(da/a) with Wy, =yH* as a self-similar
process (invariant under rescaling a — aa) to leading order
in A [recall (33)]. This is, of course, consistent with the
assumption that led, via dimensional analysis, to Eq. (47).
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Using Egs. (81) and (33) one can substitute the ansatz
Ps,(k) = Po/k*(1+ O(2)) into (82) and check that it
produces a solution of the detailed balance condition to
leading order in A. Thus, in the present model the Harrison-
Zeldovich spectrum of inhomogeneities in the scalar field
can simply be related to a self-similar injection of energy
during the quasi-inflationary era H= const without the need
to invoke the uncertainty principle and (most importantly)
the preexistence of vacuum fluctuations as described by the
extrapolation of quantum field theory to trans-Planckian
scales."” The solution is

Py
Psy(k) =3 (83)
with
H3 H3
Py = 4%y —2 (1 — 6A) ~ 4n’y 2, (84)
mp mp

where the next to leading order correction is not relevant
when comparing with observations because it does not
depend on k; hence, we drop it for simplicity. However, we
will see in the following section that the A corrections will
affect scale invariance when one instead analyzes the
effects of these perturbations in the gravitational field
(which are the ones directly related to the observed
fluctuations in the CMB). In fact, the red tilt of the

"Even when the reader can easily check that the solution is a
scale invariant Py, (k) perhaps it is helpful for intuition to provide
the following extra details. The key point is the fact that the a-
derivative in (81) produces two contributions, namely

didsp?®
w =termcoming fromthea—derivativeofthe
a

integrandin (81)+ termcoming fromthe
a—dependenceoftheboundaryoftheintegration

in(81).

The first term on the right of the previous equation cancels with
2

the terms %((5/)(2) »— %dXTSZIO)((&pz)) in Eq. (82). The reason is
that once created the fluctuations §¢ evolve according the
semiclassical field equations and these are such that energy is
conserved. Therefore, the left hand side of Eq. (82) contains only
the boundary term contribution from (81) (the energy injection of
the stochastic process happens at the moment the modes are
created at the physical scale k = am,,) and is therefore (to first
order in A):

termcoming fromthe a—dependence of the boundary of the

k2 Hj
integrationin (81) = k? (ﬁ + 3/145%) P5¢(k)’ = 770-

k=am,,

The previous equation implies Pgsy(k) = Po/k>.

CMB power spectrum is linked (in this model) to the
self-interaction strength of the Higgs field A.

4. The Weinberg theorem and the power spectrum
of density fluctuations at the CMB

The following equations concern long wavelength
modes k < aH [those added up in (81)]. Weinberg proved
a beautiful and very powerful statement concerning such
modes based on the universality of free fall. This result is
known as Weinberg’s theorem [34], the proof of which is
revisited and simplified in Appendix A. One has in
particular that the gravitational potential for these super
Hubble modes is given by [see (A28)]

O =W, =R, (—1 LHE / Ta(r’)dr’) ~0, (85)

a(r) J1

where R, are time independent and the right-hand side
approximation is valid during the de Sitter phase. This
implies that scalar perturbations do not generate scalar
metric perturbations during the inflationary era (they
decouple gravitationally to leading-order-perturbation-
theory in 4 when one has an almost exact De Sitter phase).
This justifies the omission (for presentation simplicity) of
the scalar metric perturbations in the expression of the linear
expansion to the energy momentum tensor (53). The form
of the scalar density fluctuations including the gravitational
potential are given below in (90).

Weinberg’s theorem also implies the existence of adia-
batic scalar density perturbations as solutions of linearized
gravity for which

po  al)

a(t)dtr ,
. (7) Ho

Q
I
|

o _ R / : Re  (s6)

where these are adiabatic in that the previous relation for
each species contributing to the perturbations individually
[see (A30)]. The previous two equations correspond to
Egs. (5.4.4) and (5.4.5) in [34] and will be discussed and
recovered in Appendix A. In the present context they allow
us to compute R, for super-Hubble scales k < aH,, as

)
Ry = —Hy Pk, (87)
Po
We have that [recall (62)]
Am2 ¢2
po =g+ 5+ V(o) + pra (88)

Assuming that A~ const during the de Sitter phase, and
using the field equations (29) and the equation of state of
the radiation component, the time derivative of p, gives
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dav .
dfl)(z()) ¢0 - 4H0prad

= —¢y (3H0¢0 + 4V (o)

d¢g
d )
+ ‘;EZZO) ¢ho — 4Hpraa

~ _H0[3¢(2) + 4prad]

N——/lz , 8
T (59)

= 4;50450 +

=+ FPIanckéO)

where in the last line we use that I'p, < Hy (to be
confirmed below) and that p,4 < /1453 (this requirement can
be met if one is in the initial range of de Sitter evolution
where radiation is exponentially diluted; see Fig. 1). From
the general expression of the energy-momentum tensor we
get (including the metric perturbation term)

5Pk = Godp (x") + V' (o) dpi (") — b5

= V0 (<25 s -

~ 2000, (x+), (90)

where we neglect the Sy term as it quickly dies off for
super-Hubble modes according to (50) and we used that the
long wavelength adiabatic scalar metric perturbations
vanish in the de Sitter phase according to (85).
Replacing (90) and (89) in (87) we get

3H? 3 k
7 5y = e, [1+2/110g( )]5@, (91)

where we have used the expression on the right of (33) and
used that the modes k are generated at horizon crossing
when a = k/H,. Squaring the previous relationship and
computing its ensemble average in our stochastic process
one obtains, from the definition (59), an equation linking
the power spectrum Pz of the R, and that of the scalar
perturbations. Explicitly, using (84), we get

9 P k H,
P 1+ 421 — 41
R wmﬁ{+ %Q> 04%”
971 y k H,
1+ 421 — 411 92
~vr {'+ Og<ko> 0g<ko)] 2)

If we take H,/ky = 1 which boils down to normalizing
a = 1 at the moment the most IR mode in the CMB leaves
the horizon, we arrive at the final expression for the power
spectrum of scalar perturbations (for Hy ~ m,) and we get

Rk:

9%y k
PRzk3—/12(l +4ﬂlog(k—0>>. (93)

Using the customary notation where Pr = N?/k?, com-
parison with CMB observations (see, for instance, [34])
fixes the normalization factor N? to

9

x 10719, (94)
Using that A ~ —1072 at our energy scale one needs to fix
y ~ 1071 which is remarkably close to the estimate yy
given in (19) based on the natural measure of deviation
from conformal invariance put forward in the Introduction
expected to control the Brownian diffusion mechanism.
Deviations from scale invariance are encoded in the spectral
index of scalar perturbations n,. They are controlled by the
Higgs self-coupling as it follows from (93). The result to
first order in 1 is

_ dlog(k*Pg)

k
—-1= ~4 21 Lo E
ng dlogk A+ ﬁ[/l og< . ﬂ (95)

0

Observations constrain it to
1 —ny =0.04 +0.004, (96)

which implies A~ —1072 which is compatible with the
standard model expected value of A = —(1.3 £0.7) x 1072
at these high field values—see [42]. Notice that in our
framework the spectral index is itself k dependent. Notice
that the linear approximation used remains consistent in
spite of the log(kmax/ko) in the error term as for A = —1072
and k., = 10°k, one has A% log(kyay/ko) ~ 107> which is
smaller than the present observational error in 1 — ng [46].
In the same paper the deviations from a constant spectral
index are reported to be given by

dng
dlogk

— —0.0045 =+ 0.0067. (97)

One can repeat the previous analysis starting from Eq. (81)
and keeping terms up to order A%. With this improved
approximation it is possible to compute the previous
quantity, and the result is

dng
dlogk

= —0.0005 + O(1%). (98)

The previous is a prediction of our scheme, potentially
verifiable in the future if observational data reduce the error
by about 10%.

Finally, notice that only the first and second moments of
the probability distribution of our stochastic process have
entered our analysis [Eqgs. (54) and (60)]. It would be
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interesting to study the possible implications of higher
nontrivial moments (for instance, starting with the
assumption of nonvanishing third moments) and the asso-
ciated deviations from Gaussianity. This is out of the scope
of the present work but probably worthy of more dedicated
consideration.

5. Tensor modes

So far we focused on the description of a mechanism for
the generation of inhomogeneities in scalar modes only.
The question of whether tensor modes are also produced is
a very important one in view of future constraints on the
scalar-to-tensor ratio r from CMB observations. In our
model fundamental discreteness is the underlying mecha-
nism for the active generation of the inhomogeneities. As
argued in the Introduction (see also [25,26] for further
discussion) such discreteness should primarily affect
degrees of freedom breaking scale invariance. In the present
case, with the assumption of the validity of the standard
model, the breaking of scale invariance is mediated by the
Higgs scalar mass. Gravitons being massless should not
interact with the Planckian discrete structure according to
the dimensional analysis arguments behind the construction
of our model. More precisely, as it is well known, an
infinitesimal conformal transformation &g, = dwg,,—
here regarded as a field variation—Ieads to the trace part
of Einstein’s equations (R — 8zGT) = 0. This relates the
trace part of the Einstein field equations with the conformal
invariant breaking interactions, which are those that medi-
ate the stochastic production of inhomogeneities in our
model. Thus the Planckian granularity—imposed by the
consistency with the low energy Lorentz invariance [26,30]
—cannot generate tensor modes whose sources are
encoded in the tensor traceless components of the energy
momentum tensor. Therefore, the expected value of the
tensor-to-scalar ratio is predicted by our model to be highly
suppressed, i.e., r = 0. It would certainly be interesting to
have a more quantitative estimate of r, but this might
require better understanding of the quantum geometry
dynamics close to the fundamental scale as the effect
sought is a subleading one (gravitons being massless in
the low energy description). We leave this for future
investigations.

IV. PLANCKIAN BLACK HOLE REMNANTS
AS DARK MATTER

The fundamental nature of dark matter remains an open
question. Here we would like to stress that, if the reheating
temperature at the end of inflation gets close to the Planck
temperature, a model of dark matter where it is made of
quantum gravity Planck mass particles (as described from
our low energy perspective) that interact only gravitation-
ally is very natural.

Little is known about the fundamental theory of quantum
gravity besides the fact that it has to reproduce general
relativity with massless gravitons at low energies. As
emphasized in the Introduction several approaches to
quantum gravity propose that the smooth geometry of
general relativity would be emergent from an underlying
fundamental discrete structure at the Planck scale. In these
approaches the fundamental energy scale m,, plays a central
role. A point we would like to stress here is that, in addition
to motivating the mechanism for the generation of structure
studied in this paper, such perspective naturally leads to the
possibility that defectlike objects in the discrete fabric
spacetime could survive the continuum limit. If so, it seems
likely that these would behave as particles with a mass with
the natural mass scale m, and would interact only gravi-
tationally. Such defects could be thermally excited if
Planckian temperatures were achieved during reheating.
It is unclear how to picture such particles from our low
energy perspective, for the lack of a better name we could
think of them as Planckian stable primordial black holes.
The instability of tiny black holes due to Hawking radiation
is often evoked to rule out such dark matter candidates.
However, lacking a full quantum gravity theory, it is clear
that little is certain about the properties of black holes (or
such Planckian defects) of that scale. It is even unclear in
what sense such objects qualify as black holes when the
very notion of geometry is expected not to be available so
close to the fundamental scale. The only thing that is
certain, in fact, is that absolutely all the assumptions behind
Hawking’s calculation simply fail: thus the simple invo-
cation of Hawking radiation is not a serious argument to
rule out their hypothetical role in cosmology.

The possibility that dark matter is made of primordial
Planckian black hole remnants (or more humbly, Planck
mass purely gravitationally interacting particles) has been
evoked in the literature before [47-50]. Here we show that
the dark matter energy density required by observations can
indeed emerge naturally in a Planck scale reheating
scenario as the one produced by our model. Such a type
of dark matter will basically behave as a dust fluid
interacting with the rest of matter only gravitationally. It
would be extremely hard to detect via other manifestations.
Their presence would remain hard to notice locally as the
Planckian size of these particles will make their gravita-
tional cross section in interactions with the usual matter
extremely small (however, this form of dark matter might
be directly detectable via its gravitational interaction [51]).

At the end of the inflationary era reheating raises the
temperature to close to the Planck temperature, and Planck
mass remnants could be created via thermal fluctuations if
thermal equilibrium density is achieved. For this to happen
one needs the remnant interaction rate 'y, > H, where the
interaction rate is given by I' = nov with n the number
density, o the interaction cross section, and v the velocity.
For remnants of mass my, the interaction cross section is
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~ 2 4 . . . . .
Opbh A Mo, /m, while their number density n while in

thermal equilibrium goes as n = T>. Using that in the
radiation dominated era H = (T/m,)T, we conclude that
remnants decouple from thermal equilibrium when

2

m
pbh

If thermal equilibrium can hold up to T < 7Tpq, then the
thermal remnant abundance of dark matter today can be
estimated to be about [see Eq. (4.38) in [44]]

thermal 3,
ppbh (TD) ~ (mpbh)4 <Ttoday> 3 ( Ty )26_ lTp;h
4 ~ .
mp m,, TD mpbh

One can easily check that it is possible to obtain a remnant
density compatible with dark energy density today—which
would correspond to evaluating the previous line to about
107"2—with a my, slightly larger than but of the order of
m,,. This shows that the framework provided by our model
could also fit dark energy genesis from the production of
stable PBHs via thermal fluctuations at the end of the de
Sitter phase without extreme fine-tuning where the neces-
sary suppression is brought by the standard Gibbs factor.
After completion of this work we discovered that very
similar arguments are put forward in [52].

(100)

V. DISCUSSION

We have proposed a model where the cosmological
constant A starts off with its natural Planckian value and
later relaxes via diffusion into the matter degrees of
freedom while driving an inflationary era. We assumed
that the cosmological constant decays exponentially in
unimodular time which leads to the necessary number of
e-folds if the parameter f is sufficiently small. However,
all the observational predictions of the model are inde-
pendent of the precise value of f as long as it is
sufficiently small. The validity of our analysis requires
only that the cosmological constant remains Planckian for
a minimum number of e-folds (Sec. II D). The standard
model of particle physics is assumed to be valid all the
way to close to the Planck scale, and the Higgs scalar is
also assumed to start with a large semiclassical value ¢,
close to the Planck scale. The initial conditions of the
other matter components do not affect the dynamics in any
important manner as long as the radiation density is not
ultra-Planckian (as in standard inflation [35], the cosmo-
logical constant dominates and the expansion dilutes away
any memory of these initial conditions). The relaxation
mechanism is associated with the hypothesis of discrete-
ness of quantum gravity at the Planck scale. This suggests
a natural time variable proportional to the number of
Planckian four-volume elements created by the dynamical
evolution and in terms of which the relaxation is

exponential. We argue that the same underlying discrete-
ness at about the Hubble scale H, should stimulate the
generation of inhomogeneities in the Higgs amplitude at
that very scale, and show that a stochastic model where the
steady injection of energy at the Hubble scale produces
(to leading order in the Higgs self-coupling 1) a scale
invariant spectrum of density perturbations with an
amplitude that is compatible in order of magnitude with
CMB observations.

More precisely, once the initial values of the Higgs
background and the cosmological constant are fixed to the
natural scale m,, the model is controlled by two parameters:
the parameter f which defines the decay rate of the
cosmological constant in unimodular time, and the para-
meter y parametrizing the Ohmian friction term—stemming
from the interaction with discreteness exciting inhomoge-
neities—in the field equations for the zero model of the
Higgs. As mentioned above, the parameter  needs only to
be sufficiently small in order to achieve a sufficient number
of e-folds that makes the model compatible with observa-
tions (fixing the # amount to fixing the number of e-folds of
inflation). The parameter y is a dimensionless coupling
representing noisy interaction of the Higgs with the
granular structure at the Planck scale which in turn is
expected to be possible thanks to the breaking of scale
invariance of the Higgs scalar. The natural order parameter
for such breaking is yy = my/m,,. It is a remarkable fact
that agreement with the observation of the perturbations at
the CMB necessitates a y ~ 10~'® which coincides (in order
of magnitude) with yy.

Deviations from scale invariance are brought by the
evolution of the Higgs on the Higgs potential and depend
on A. Remarkably, standard model physics (encoded in A)
produces a red tilt of the spectrum that is in agreement with
the data extracted from the CMB observations: the spectral
ng coincides with observations for A~ —1072 which is
compatible with the expected value of 4 at high energies in
the standard model. Moreover, the model predicts a
variation of the spectral index with the scale that is inside
the limits obtained from the analysis of the latest data [46].
This corresponds to a proper prediction of our analysis
which could be tested in the future if observational errors
are reduced by an order of magnitude.

Given the above-mentioned initial conditions, Planckian
temperature reheating is a robust (f-independent) predic-
tion of our model. We observe that such a feature could
naturally account for the present abundance of dark matter
via the thermal production of Planck mass defects if such
stable particles are part of the spectrum of quantum gravity.
As in the case of the so-called weakly interacting massive
particles (WIMPs) miracle, we notice that the decoupling
temperature and mass of such hypothetical purely gravi-
tationally interacting particles (natural objects from the
perspective of quantum gravity) fall in the right range to
represent a possible dark matter candidate.
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We are aware of the strong assumptions in our model
which stretches well established physics into the uncertain
and unknown territory of quantum gravity. The speculative
nature of such an enterprise is certainly very risky. Our
model links naturally some of the key cosmological
observations with aspects of that new physics of quantum
gravity that we strive to better understand. This by itself
seems to justify our adventures. We hope that these initial
ideas could lead to helpful insights in the future.
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APPENDIX A: REVISITING
THE WEINBERG THEOREM

This is a short review of some basic facts of cosmo-
logical perturbation theory and the proof of the Weinberg
conservation theorem. We follow the notation of [34]. The
proof presented here is, we believe, more direct than the
one in the textbook; we include it here for completeness. In
perturbation theory, the metric is split in the usual way as

(0)

gyv = Yuv + hmﬂ (Al)

where gf,?,) is the unperturbed, K = 0 metric, and h,, is a

perturbation; namely

ds§ = —dv* + a(7)?8;;dx'dx/. (A2)
The metric perturbation £, can be decomposed as

I’loo - —E,
oF

h; G|,

i0 = |:a i + l:|

B oC; IC;

h; Ad;; — !+ D, |, A3

[ i oo o w1 D (A3)

where (A, B, E. F), (G;, C;), and D;; are scalar, vector, and
tensor degrees of freedom, respectively, satisfying the
conditions

oC;  0G; oD
ox' ox' "

A4
ox’ ’ (A4)

In the same way we consider first order perturbations to the
energy momentum tensor

8Ti9 = phig — (p + p)(0;6u + éuy ),
6T oo = —phoo + p, (AS)
where p and p denote the zero order values (the background
values), and 8p, dp, Su, éu!, z), and 77: are perturbations
of the density, the pressure, the fluld flow vector field, and
the stresses, respectively. They satisfy the usual conditions

0,-711‘»/ = 0i5uly = 0, aiﬂ'iTj = 0, ﬂ"T =0.

14

(A6)

Because of the symmetries of the background it is possible
to write the linearized field equations as a set of decoupled
equations for scalar, vector, and tensor modes. For the
argument leading to Weinberg’s conservation laws we will
only need the equations for scalar and tensor modes.

1. Scalar modes

The equations governing the scalar modes are

1 .
—4xGa?(6p — 6p — V*as] = Eaéz E+(2a* + ad)E

1 1 .. .
+EV2A —EazA - 3(16.114

1 .
-5 adV2B+GVPF. (A7)

0,0:[167Ga’n® + E+ A — a*B —3aa B+2aF + 4a4F] =0,

(A8)
82Ga(p + p)o;ou = —adE + aajA, (A9)
3a .
—47G(3p + 36p + V2r5) = —2—V2E -k Lok

3. 3
——V2F+2A+ iy

3
——aE—f— SViB S v

(A10)

with the energy-momentum conservation equations
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3d 1
0, [5p+v2n5 +0y[(p+ p)du] +§(p+p)5u+§(p+p)E]

=0, (A11)
. 3a
5p+;a(5p+5p)

a
+ V2 {—a‘l(p + p)F +a2(p+ p)du + ;ns]

1
+5 (p+ p)oy[3A + V2B] = 0. (A12)
2. Tensor modes
For tensor modes we have only one equation,
—167TGa27T?}- = szij - Clzbij - 3aélD,] (A13)

3. Gauge transformations

A gauge transformation generated by an arbitrary vector
field &*(x),
X = xH+ e (x), (Al4)

induces a transformation on the metric perturbation
given by

Oe; Og; .
Ahi] = @—67;4‘ 2aa5,]80,
d .
Ahg = —é; - 20 1 2%,
ox'
Ahoo = —280 (AIS)

One can decompose the spatial part of the vector field &
into a scalar part £ and a divergenceless vector ¢! :

g =05 +el, 0l =0. (A16)
Then the quantities defined in (A3) transform as
2d 2
A ="2¢), AB=-5,
a a
1
ACl:——zelV, AD;; =0, AE=2¢,
a
1 2d 1 24
AF:—(—eo—éS—l-—aeS), AG,-z—(—élV—l——asl‘./).
a a a a
(A17)

4. The theorem

To begin, let us concentrate on the scalar mode equations
only. The Newtonian gauge is defined by setting
F = B = 0. However, we will keep the F contributions
as we will actually move away from the condition F = 0 in

what follows. However, we will change F' in a way that
alters the scalar equations as written in the Newtonian
gauge in a mild way (this is the key of the proof). One
renames fields according to

E =20, A=-2Y. (A18)
The scalar field equations in the Newtonian gauge become
(when 7, = 0)

—47Ga>(6p — 6p) = aa @ +(4a> + 2ad)® — V2(¥ — aF)

+ ¥ + 6aa ¥, (A19)
—80,0;[® — ¥ + aF + 2aF] =0, (A20)
47Galp + p)o;du = —a0,® — a0, ¥,  (A21)
47G(6p + 38p) = %Vz(tb + aF + aF) + %ob
+3\P+%T+%®. (A22)

We first do a gauge transformation e# = (¢y(x#),0,0,0) on
the background geometry (i.e., we have i, = 0 to begin
with). This gauge transformation—a simple time repara-
metrization—maintains the Newtonian-gauge condition
B = 0 while it breaks the other Newtonian-gauge condition
by sending F = 0 - F = —¢y/a. Thus, the gauge trans-
formation yields the following values to the (pure gauge)
scalar perturbations:

F:—e—o, q):é'(),
a
a

¥=-"¢  B=0. (A23)
a

This implies that ® + aF + aF = 0 and ¥ — aF = 0.
The previous gauge transformation takes us away from

the Newtonian gauge for which F should remain equal to
zero. However, the perturbation equations can be rewritten
in the Newtonian gauge form by means of an additional
transformation which (this time) is not a gauge trans-
formation. This is how from a pure gauge mode, defined by
(A23), a new physical perturbation—solution of the lin-
earized equations—emerges. To do this we first demand
that the combination [appearing in (A20)]

aF +2aF =R (A24)
for some constant R. The constant R can now be absorbed
in a redefinition of the potential

a

=% swv=—2¢-R, (A25)
a a
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so that Eq. (A20) returns to its (F' = 0) Newtonian-gauge
form.'® While all the other equations are in principle
affected by the previous shift via their dependence on P,
a more precise analysis shows that this is not the case. On
the one hand, Eqgs. (A21) and (A22) remain unchanged as
they depend only on the time derivative of . On the other
hand, Eq. (A19) remains unchanged because the term
V2(¥ — aF)—the only one that does not involve time
derivatives of W—initially vanishing is sent to —V?R
which is still vanishing as R is a constant. Therefore,
the shift of ¥ by the constant R, together with condition
(A24), does not change the form of the Newtonian gauge
perturbation equations.

Note that, as mentioned above, the shift of ¥ introduced
in (A26) is not a gauge transformation. Now we will see
that the condition (A24) completely determines the physi-
cal solution of the Newtonian-gauge perturbation equations
found via the present procedure. To do that we write
(A24)—using (A23)—as a condition on €;, namely

d € a
The solution of (A26) is given by
T / d /
e0(7) = _RM (A27)

a(t)

where an integration constant is hidden in the choice of
initial time 7. Remarkably, by replacing ¢, in the expres-
sions for ¥ and @ we obtain for free their equality imposed
by Eq. (A20) for general modes in the absence of stresses
(mg = 0), namely

@:‘P:—R(]—HW).

(A28)

More precisely, we did not need to impose the physicality
constraint ® — ¥ = 0 imposed in [34]. Here, it just follows
from the consistency of the initial gauge transformation
plus the shift in the definition of . For éu one has

Rf; a(7)dd

o (A29)

51/!0 = —€y =

and for the matter perturbations we get

“The Weinberg solution of the perturbation equations con-
structed here requires that the quantity R is a strict constant.
However, the physical relevance of the existence of such a
solution resides in the fact that it will have to approximate well
suitable solutions for the Fourier modes of scalar perturbations in
the super Hubble regime where space dependencies can be
neglected.

,bOR f; a(T/)dT/

Opy = Pgeo = "Pa a(T) (A30)

for any species a. Indeed, for any scalar quantity the
solution would look the same. One calls such a type of
perturbations adiabatic.

The adiabatic property follows from the fact that the
changes have been found via a special gauge transforma-
tion €y. (In fact, it can be interpreted as an infinitesimal time
reparametrization for scalars, and hence it affects all in the
same universal way. This is, of course, a form of the
equivalence principle at play.) We modified the fields in
two steps: first, the previous gauge transformation, and
second, the shift by a constant of ¥ [which restricts the time
dependence of the gauge parameter ¢,(z)]. Because the
Newtonian gauge perturbation equations are invariant
under the previous action, Eqgs. (A28) and (A29) define
a nontrivial'’ solution of the cosmological perturbation
equations that is homogeneous. As such it must be a good
approximation to solutions for modes with wavelengths
much larger than H~'.

Finally, it is simple to check that a constant traceless
tensor D;; is a zero mode solution for tensor modes (A13).

APPENDIX B: THE DIFFERENCE WITH
THE STANDARD PARADIGM WHERE
INHOMOGENEITIES ARISE
FROM VACUUM FLUCTUATIONS

Here we discuss in more detail the difference of our
model with the more standard (by now textbook) accounts
where the vacuum fluctuations in the quantum state of the
inflaton are the source of inhomogeneities. After all even
when there is no inflaton field driving inflation, our model
still has a scalar field degree of freedom which if set
(asymptotically in the far past) in the Bunch-Davies
vacuum would have vacuum fluctuations analogous to that
of the inflaton (indeed, this is the idea in models of Higgs
inflation).

Some of the conceptual difficulties in interpreting such a
paradigm has been discussed in [34]. Here we will simply
state that, in the absence of a theory of quantum gravity, the
naturally available tool is that of semiclassical gravity
where one replaces Eintein’s equations by

1
Rah - _Rgab = 8”G<W|Tab|l//>’

. (B1)

for some quantum state |w) of the matter living on a
classical geometry. One sees this approach would immedi-
ately lead (in the standard account) to no gravitational

""Very importantly, this transformation is not a gauge trans-
formation because of the constant shift in W. This is why gauge
invariant observables will have nontrivial values in this solution.
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effects of vacuum fluctuations. More precisely, as cosmo-
logical perturbation theory is based on linearized gravity
around the FLRW background, (w|6T,;,|w) = 0. For that
reason one cannot interpret the standard account in terms of
semiclassical gravity (which is not necessarily a problem)
and needs to consider the simultaneous quantization of
matter and geometry in the framework of perturbation
theory. However, difficulties arise when trying to account
for the actual density fluctuations observed at the CMB
from primordial vacuum fluctuations of matter fields and
geometry because this requires, on the one hand, the
interpretation of quantum theory in the particularly thorny
context of the universe as a whole with an additional
assumption that quantum fluctuations turn into “real”
classical fluctuations.

The first key difference introduced by our model is that
in our case fluctuations are generated in the state of the
Higgs itself via the interaction of the (assumed) Planckian
granularity and the scalar degrees of freedom. These
fluctuations are semiclassical from the very beginning
representing the imprint of the violation of the FLRW
symmetries at the Planck scale. In our case the fluctuations
are present in the semiclassical state of the Higgs |y) in the
sense that (y|6¢,,|w) # 0 from the onset and consequently

(W|oT o ly) # 0. (B2)
Thus, our model admits a semiclassical account corre-
sponding to the linearized version of (B1). The state of the
Higgs (via its interactions with the Planckian granularity)
breaks the FLRW symmetry in contrast with the Bunch-
Davies vacuum. In our case, inhomogeneities are inherent
in the Planckian substratum and simply transmitted to the
scalar degree of freedom during inflation. This completely
eliminates the conceptual difficulties of the standard
account and provides an alternative story that is consistent
and has the appealing feature of linking inhomogeneities in
the CMB with the Planckian fundamental discreteness
predicted by several approaches to quantum gravity.

In our model the perturbations of the Higgs are born at
horizon crossing, and hence the state differs from the Bunch-
Davies vacuum state: the “order parameter” revealing this
difference is the expectation value (y|6¢,,|y) which van-
ishes in the Bunch-Davies vacuum but not in the present
case. In the standard formulation the state of the inflaton is
assumed to be given by the Bunch-Davies vacuum which is
defined asymptotically in the far past introducing in this
fashion the so-called trans-Planckian problem where initial
conditions for the modes are given when their wavelengths
are shorter than the Planck length. In our case the properties
of the semiclassical state are defined at horizon crossing as
discussed in Sec. III. Trans-Planckian modes play no role in
our model.

A clear way to sharply distinguish our state from the
Bunch-Davis vacuum is the following: If, as in the standard

paradigm, one would assume that evolution would be
accurately dictated by the rules of quantum field theory
on a curved classical spacetime (de Sitter spacetime) for
trans-Planckian modes—a thought exercise which is physi-
cally inappropriate in our situation as one would be
ignoring the quantum gravity effects which produce the
semiclassical excitations in our state—the back-in-time
evolution of our state would become singular in the
asymptotic past. This is due to the fact that the semiclassical
excitations produced by the granularity would be infinitely
blueshifted by the de Sitter expansion toward the past and
the state will deviate more and more from the (Bunch-
Davies) vacuum. This is a simple way to illustrate the
difference between the quantum state of the Higgs in our
model from the choice made in the standard formulations.
Of course, the singular behavior to the past of our state is
not a problem as it arises in the present exercise only when
we ignore the mechanism of excitation and use the rules of
quantum field theory beyond their regime of applicability.

APPENDIX C: SPECULATIONS ABOUT SOME
OF THE OPEN QUESTIONS

In this section we mention and discuss a few points that
deserve further attention. We raise several questions here
and propose possible tentative solutions. These open issues
represent possible lines for future improvement of the ideas
in this paper that we hope could be developed in the future.

1. On the decay of the cosmological constant
after the EW transition

Among the few free dimensionless parameters entering
our model there is # which needs to be extremely small
(<1078%) to produce a sufficiently long period of inflation:
the free parameter f can be thought of as the free choice of
the number of e-folds that take place in the scenario
proposed during the inflationary period. Thus the question
of why f is small is equivalent to the requirement encoded
in equations such as (46). Note that such conditions are
inequalities (inflation must be sufficiently long), and thus S
does not enter any of the quantitative predictions of our
proposal when considering observable imprints at the
CMB. Phrasing this in terms of § notes that its smallness
is not, by itself, necessarily problematic in an effective
description of a phenomenon that is emergent from the
collective behavior of tiny microscopic building blocks
whose precise physics is not taken into account. Lacking
such a fundamental description, one can try to find some
possible guidance in dimensional analysis. For instance,
recall that there was still a rescaling ambiguity in the
definition of the unimodular time that actually rules the
cosmological constant relaxation. Such possible rescaling
of the time variable 7,—introduced in (16)—was encoded
in the choice of a length scale £y > ¢,,. Notice that this is
quite reasonable as, in addition to the Planck scale, there is
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another natural scale in the application of the cosmological
principle to the region of interest of the universe: an IR
scale £y representing the extent of the “patch” of the
universe that is well approximated by the ansatz geometry
(15) with homogeneous and isotropic background fields
living on it.

In terms of the time variable 7, defined by (16) with such
an IR scale, the relaxation is controlled by the “bare” value

Po given by
Z£.\3

Such reparametrization does not resolve the fine-tuning
problem and only shifts the issue of the smallness of /3 into
that of the largeness of £y. However, it offers a new
perspective pointing at the possibility of a physical mecha-
nism where the size of the FLRW patch £;; would stabilize
the cosmological constant in essence by reducing diffusion.
Such perspective suggests a long range quantum coherence
mechanism (such as for the collective behavior in Bose-
Einstein condensates in relation to superfluidity) and offers
a prospect for future analysis.

If such would be the role of £, this would also help to
resolve another question that necessarily arises when con-
sidering the instability of the cosmological constant pos-
sibly at play at the present (later stage) of the universe. That
is, why is it that the present cosmological constant has not
decayed yet by a similar relaxation? One advertised feature
of our model is that it proposes a new and different view on
the question of why the cosmological constant can start at
about its natural value and become basically zero quickly
after the end of inflation. The remaining issue is how it can
grow back to the value that is compatible with present
observations. In [25,26] a model was proposed (motivated
by the same theoretical ideas as in this work) where the
cosmological constant of the correct order of magnitude is
generated due to diffusion during the electroweak transition.
If the two proposals are to be consistent with each other,
then one would need a mechanism granting that the
relaxation of the newly generated cosmological constant
does not completely annihilate it by the present time. We
notice that the phenomenological proposal (C1), character-
izing the long scale coherence, could possibly reconcile the
two from the fact that the new IR (stabilizing) scale 7}’ =
a.w¢y has expanded by the time of the electroweak
transition. Therefore, even if the same relaxation mecha-
nism would be at play after the EW transition, it could be
sufficiently slow for the cosmological constant to persist
basically unchanged until the present if #7y; is sufficiently
large to begin with. This follows from the fact that the
change in unimodular time A¢ from the EW transition to
today appears as At~ Hiy, ay g, (recall ag=1 at the
Planck initial time). Hence, a cosmological constant created
at the electroweak time will last until today if

(C1)

Bo (ﬁ)3<m>3& <1 (C2)

4 U Aew H today
i.e., we would be in a new inflationary regime for the
new relaxing A. Taking p, = 1, the previous condition
would require the initial coherence IR distance to be
£y > 10%¢, =1 m. This appears as a huge initial region
for our original bubble inflating to the present universe; at
the same time we know and it has been often emphasized on
various grounds that our universe requires extremely
special initial conditions to accommodate its most basic
features [29].

Even when the previous is perhaps the simplest specula-
tion available with the details that our model offers, there
could be other reasons for the relaxation process to change
after the electroweak scale, rooted in some unknown quan-
tum gravity mechanism that is no longer operational at such
low energies. Such physics could be related to the role of the
Higgs scalar in the whole picture. We notice that when the
cosmological constant has relaxed to zero during the infla-
tionary epoch, the Higgs scalar settles to its V(¢) =0
configuration, which certainly changes the coupling of this
field with four-volume in the effective action (having in mind
that the interaction between fundamental four-volume ele-
ments and matter could be the root of the diffusion mecha-
nism that is central in our scenario). Other ideas explaining a
possible phase transition that would make the relaxation stop
after the electroweak scale are under investigation.

2. The instability of the Higgs potential
and quantum gravity

In the present model the universe starts in a special state
where the cosmological constant is of the order m%, and the
Higgs field is around the Hubble rate which itself is of the
order of m,,. At such high values of ¢, the quartic coupling
A is negative and—as we have seen in Sec. III A 4—this is
exactly what is needed to explain the red tilt of the power
spectrum of scalar perturbations. However, this also implies
that the Higgs field finds itself exactly in the instability
region and is rolling toward higher values on the way to the
Planck scale and beyond.

Note, however, that the runaway behavior is slow during
the inflationary phase as the Hubble friction is very
important due to the effect of a large cosmological constant
[recall Eq. (34)]. When inflation ends, the Hubble rate starts
decaying and the instability becomes an issue. However,
such a conclusion applies only if one assumes that the
standard model holds true beyond the Planck scale, which
is, of course, unreasonable. Deviations from the standard
model should eventually become important as the Higgs
field approaches m,,, and—even when it is hard to know
what exactly that new physics would be in such a regime
(notice that even the standard QFT formulation on a curved
background is expected to fail there)—it seems possible
that such new physics could prevent the Higgs from rolling
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to arbitrary high values. There are various models in the
literature that try to render such a conclusion more concrete
(all sharing the limitation of the necessary reliable inputs
from a quantum gravity theory). For instance, a non-
minimal coupling of the Higgs with the geometry—which
are necessary in models of Higgs inflation (see [53] for a
review)—is shown to help stabilize the Higgs up to about
the Planck scale [54]. Other models predict stability at
around the Planck scale [55] by making assumptions on
possible new physics. As an example, a repulsive barrier at
the Planck scale can arise via ¢® and ¢® corrections of the
Higgs potential motivated by grand-unified scenarios at m,,
[56]. Such a repulsive barrier at the Planck scale would only
stop the Higgs scalar from rolling to arbitrary high trans-
Planckian scales. However, this by itself would not explain
how the Higgs would eventually exit from that Planckian
state and evolve toward the electroweak minimum that
produces the phenomenology of the standard model in
accordance with the world we see around us. This problem
resonates in some respects with the “graceful exit” problem
in models of Higgs inflation [38,39]. Yet it is also different
as, on the one hand, in our model inflation is not driven by
the Higgs, and, on the other hand, the diffusion of energy
from the decaying cosmological constant raises the temper-
ature of radiation back to close to the Planck temperature at
the end of the inflationary era [recall Fig. 1 and the
discussion in Sec. II B, Eq. (39)]. When the temperature
reaches Planckian values, at the onset of the radiation
domination (recall Fig. 1), the Higgs could thermalize
decaying to the EW vacuum away from the instability scale
(such a possibility is explored in related scenarios in
[54,57]). We are aware that a clear account of this is
lacking in our scenario, for the usual reason that this part of
the story concerns physics at the Planck scale.

3. On the validity of the semiclassical analysis

The mechanism of generation of structure in our model is
based on the interaction of the Planckian granularity of

quantum gravity with the low energy degrees of freedom
encoded in the Higgs scalar field of the standard model.
The analysis has been performed using the classical field
equations for the scalar field evolving in a classical back-
ground. This is what one can do at the moment given the
limitations of present quantum gravity theories to provide
reliable calculation tools in such an extreme regime. The
validity of semiclassical methods is an assumption of our
analysis. Nevertheless, one must keep in mind that this
limitation is shared by (and is possibly more severe) in
standard approaches where strong assumptions about trans-
Planckian physics are customarily made. Note that in
contrast there is no trans-Planckian issue here. In our
model, perturbations are born at the length scale H;'
which is about the Planck length #,. This is closer to the
regime where the semiclassical treatment might become a
reliable approximation.

On a similar ground there is another issue that is common
to various approaches, and itis also shared by ours. This issue
is sourced in the use of stochastic methods in conjunction
with Einstein’s equations and the difference between sto-
chastic averages (satisfying some form of the continuity
equation compatible with the Bianchi identities or with the
integrability conditions of unimodular gravity in our case)
and the fact that individual realizations are not subjected in
any clear fashion to such constraints. This implies that a
single element of our stochastic ensemble does not follow the
field equations of general relativity. This problem is often
overlooked but it is present even in the standard paradigm of
structure formation in inflation where quantum vacuum
fluctuations are interpreted as classical stochastic fluctua-
tions of an ensemble of realizations. In our model the
behavior of the individual realization that represents our
universe follows a dynamics that should be describable via a
more fundamental theory. Our mean field description is only
effective and the possible conflict with the structure of
Einstein’s equations at the level of an individual element
of the ensemble is to be resolved by quantum gravity.
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