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The holographic space-time approach to inflation provides a well defined and self-contained frame-
work to study the early universe. Based on a quasi-local quantum gravity theory generalizing string
theory beyond AdS backgrounds, it addresses fundamental questions like the arrow of time and
the entropy of the initial cosmological state. It was recently argued that it also provides a naturel
explanation for dark matter in the form of primordial black holes. The orignal idea however suffers
from troubles that can be cured by considering instead Planck relics. This possibility is investigated
and paths for observational confirmation are pointed out.

INTRODUCTION

The holographic space-time model, mostly developed
by Banks and Fischler, provides a well defined math-
ematical framework compatible with both general rela-
tivity and quantum field theory. It is based on unitar-
ity, causality, and holography, describing physics in the
causal diamond approach. The relevant Hilbert space has
a dimension equal to the (maximal) area on the boundary
of the diamond. The basic ideas are exposed in [1–14],
together with the main cosmological consequences.

On the other hand, dark matter is one of the main
known problems of physics. Many astrophysical searches
are being carried out (see, e.g., [15–21] for reviews). The
possible production of dark matter particles by acceler-
ators (see, e.g., [22, 23] for reviews) is also actively con-
sidered. Theoretical ideas are countless (see, e.g., [24–26]
for reviews) and new ones appear continuously. At this
stage, it fair to conclude that no consensus has emerged.
Although the observational evidences for dark matter are
very convincing (without fully ruling out models of mod-
ified gravity [27–29]), the explicit search for candidates
has, so far, failed. Black holes might be among the rare
dark matter candidates that are known to exist (see [30–
32] for gravitational wave and interferometric observa-
tions which add up to historical arguments based on the
motion of stars, accretion disks, and jets) and therefore
require a minimal amount of “new physics”.

Recently, it was suggested that primordial black holes,
expected in the holographic space-time model, could ac-
count for dark matter [33, 34]. The idea that small black
holes formed in the early universe could be the main com-
ponent of dark matter is not new (see, e.g., [35, 36] for
wide introductions and [37–39] for recent reviews) but,
as it will be explained later, it is especially “natural”
in this framework. I shall however underline two major
problems in this approach, related with the required non-
linear merging rate and with entropy (or cosmic-rays)
overproduction. Both those drawbacks can be cured at
the same time, if the focus is instead moved to black
holes relics. This also makes an interesting connexion

with other approaches to the very same idea [40]. Inter-
estingly, this hypothesis might be experimentally tested
in the future.

THE MODEL ANS ITS WEAKNESSES

The fundamental principle of the holographic space-
time is that the maximal space-like area (with a factor
1/4) of the null-surface boundary of a causal diamond is
equal to the logarithm of the dimension of the Hilbert
space which describes the quantum information within
the diamond [12]. The concept of causal diamond refers
to the region to which a device on a time-like geodesics
can send signals and receive a response within a given
proper time interval. This hypothesis relies heavily on
Jacobson’s derivation of general relativity from a ther-
modynamical perspective [41]. Degrees of freedom local-
ized in the bulk of the causal diamond are specific (and
constrained) states of the holographic variables on the
boundary [13]. The approach is consistent with general
relativity and quantum mechanics and basically free of
pathologies [14]. It also gives a plausible explanation
to the arrow of time [5] and somehow adresses Leibniz’s
question by pointing out that “nothing” is the state of
maximal entropy of the Universe, as all degrees of free-
dom then live on the cosmological horizon – with a dy-
namics scrambling information at the maximal rate com-
patible with causality [12]. The full approach is strongly
linked [42] with the covariant entropy principle [43–45]
which generalizes usual calculations of the entropy of
black holes [46] and of de Sitter spaces [47].

As far as cosmology is concerned, the holographic
space-time model leads to inflation [11], but with much
less freedom than in the usual approach which relies on
quite a lot of free parameters [48]. Remarkably, although
the core of the theory is a singularity-free quantum cos-
mological model, most of its consequences can be under-
stood as coarse grained features of the underlying model
[33]. The key-point is that, after inflation, the Universe
evolves into a dilute gas of small black holes, with sizes
comparable to the horizon size at reheating. This is not
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an ad hoc assumption but a mere prediction in this frame-
work [34]. Most of those black holes decay and produce
the usual hot Big Bang. Arguments were also given that
the baryon asymmetry could naturally be accounted for
in this context [34]. The cosmological microwave back-
ground (CMB) fluctuations are recovered and, in prin-
ciple, predictions could be made for the scalar-tensor
ratio. Some black holes remain and form dark matter.
In addition, the cosmological constant problem can be
addressed through a natural relation between asymptoti-
cally large proper time and asymptotically large area [49].
The Λ−term then becomes a boundary condition.

This alternative cosmological model obviously raises
many questions and remains, to say the least, puzzling.
At this stage, it is quantitatively too vague and its as-
sumptions are too radical to fully convince. Much re-
mains to be investigated in details before it can compete
with the standard model. However, its main features and
robust conceptual foundations seem to justify an interest
in its viability. It is worth being considered, especially
when taking into account the large amount of fruitful
predictions derived from very elegant and quite simple
hypotheses.

To solve the dark matter problem (and also for its
self-consistency at least up to the equilibrium time),
the model requires that the very small and short lived
black holes formed just after inflation merge so that
much more massive black holes appear, behaving as cold
dark matter. They would induce the radiation-to-matter
transition at cosmic time teq and then solve the known
dark matter issues.

This appealing scenario however suffers from two ma-
jor drawbacks (one of them being mentioned by the au-
thors themselves). As the post-inflation universe is, in
this model, matter dominated, fluctuations are expected
to grow and become highly non-linear. The associated
dynamics should lead to black hole collisions and merg-
ers [33]. This is mandatory to produce black holes mas-
sive enough to survive until the equilibrium time, and
even until the contemporary epoch (dark matter is still
in our neighborhood). No calculation or simulation does
however support this hope. The whole picture can even
be considered as deeply unlikely. If black holes are, for
example, formed with an initial mass Mi ∼ 105MPl, at
least 1015 mergers are required to produce a single black
hole not yet fully evaporated. Worst: the process should
be extraordinary fast as the initial lifetime of black holes
in this example is τ ∼ 3 × 10−27 s. Even if chain reac-
tions help (mergers of mergers make the process easier),
the picture requiers extreme and unexpected processes.

In addition, the very stringent constraints on the al-
lowed abundances of primordial black holes should be
taken into account [50]. Defining β(Mi) as the fraction
of the energy of the Universe in primordial black holes,
tight upper limits on β′ (which is related to β by fac-

tors of order one depending on the precise physics of the
gravitational collapse and on the number of effectively
massless degrees of freedom) were derived. Based on
a detailed calculation of the nucleosynthesis dynamics,
very low bounds on β′, of the order of 10−24, can for ex-
emple be obtained for Mi in the range 1010−1014 g, using
6Li/7Li and 3He/D abundances [50]. Below those masses,
the entropy density still constrains β′. As soon as initial
masse approaches 1015 g, that is the one corresponding
to an evaporation time comparable to the Hubble time,
cosmic-rays impose β′ < 10−(26−27). Spectral distorsions
to the CMB close the remaining gaps. In its original
formulation [33], the model assumes that black holes are
formed with masses around 10 g. However, the merg-
ers will inevitably produce larger black holes that will
be submitted to the previous constraints. As the (un-
avoidable for the models) large mergers have to be very
rare (otherwise the black holes would be over-abundant),
black holes around 1010 − 1015 g should be enormously
more numerous than around 1020 g (where there exists
a window for dark matter). Hence the conflict with the
available limits.

The model therefore nearly faces a no-go theorem.
Small black holes are formed in this context for a good
reason. The apparent horizon expands in a constrained
state that is the origin of all localized excitations in the
Universe. In global coordinates, this corresponds to a
slow roll inflation period leading to a dilute gas of pri-
mordial black holes (with masses fixed by the inflation-
ary scale) [34]. However, for those black holes to ac-
count for dark matter (in addition to their possible ex-
planation of the baryon asymmetry), one needs a large
instantaneous merging rate while evading the stringent
upper limits available on a huge range of masses and still
leaving enough light black holes to produce the hot Big
Bang. Because radiation energy density dilutes as a−4

while black holes dilute as a−3, there will be a substan-
tial relative enhancement (∼ 3 × 1027TRH where TRH
is in Planck units) of the latter up to teq. This, how-
ever, does not remove the constraint that the number of
required mergers to produce surviving black holes is ex-
tremely high. This is were the bounds on β′ makes the
scenario highly unprobable as, if black holes as massive
as 1020 g (that is 1025MPl) are produced, lighter ones will
be way more abundant (they have to be for consistency)
and won’t escape the stringent limits.

A SOLUTION

It is however possible to overcome the previously men-
tioned weaknesses by focusing on black hole remnants.
The Hawking mechanism [51], and the associated black
hole temperature TH = 1/(8πM) (in Planck units), is
consensual. It is understood from quite a lot of different
perspectives (see, e.g., [52] for a simple introduction) and
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might even have already been observed in analog systems
[53].

What happens when the semiclassical calculation
breaks down – that is in the last stages of he evaporation
– is much less clear. Numerous arguments were given
in favor of the existence of stable relics (see [54–87] to
mention only a few references), including by one of the
“holographic space-time” founder (although in a differ-
ent context). Impressively, the arguments are extremely
diversified and many different ways of considering the
situation lead to the conclusion that black holes should
form remnants. One of the most convincing points, re-
lying only on known physics, was made by Giddings in
[88] (in the information paradox framework [89]): causal-
ity, locality and energy conservation imply that the time
scale for the final disappearance of a black hole is larger
than the age of the Universe. The status of black hole
remnants in holography is however still unclear [90, 91].

As far as dark matter in concerned, such relics would
cure the main problems of the model. The idea that
dark matter could be made of black hole remnants with
masses Mrel ∼ MPl was first suggested in [92]. The
kind a primordial fluctuations that was assumed (basi-
cally a blue primordial power spectrum) and the associ-
ated mass spectrum are however not anymore compat-
ible with data. It was revived in [93] and in [94, 95]
(see also references therein) for extra-dimensional mod-
els and in [96] for runaway-quintessence postinflationary
scenarios, among quite a lot of other proposals (see, e.g.,
[97, 98]). In [40], black hole remnants were considered as
a dark matter candidate trying to rely (nearly) only on
known physics. The holographic space-time hypothesis
provides exactly the “natural” creation mechanism that
was missing. It is fair to mention that the production of
larger-than-expected quantities of primordial black holes
during “standard” inflation is also being seriously consid-
ered (see [96, 99–131] for recent developments) but still
relies on quite speculative assumptions – as obviously
does the holographic space-time model, but with the aim
of building fully new paradigm. On the specific topic
of black hole production, the holographic predictions are
clear [10, 33, 34].

Photons emitted sufficiently early by decaying black
holes can indeed “produce” the hot big bang, as advo-
cated by the holographic space-time model (and initially
suggested in [132]). The requirement that they do not
exceed the observed photon-to-baryon ratio reads

β′ < 109
(
Mi

MPl

)−1
, (1)

where the precise definition is β′(M) =√
γ(g∗/106.75)−1/4, γ being the ratio of the black

hole mass to the “standard” particle horizon mass and
g∗ being the number of relativistic degrees of freedom
normalized at 10−5 s. This indeed means that over 9

orders of magnitude, between the Planck mass and 104 g,
primordial black holes can produce all of the CMB. The
relation between the initial black hole mass Mi and the
temperature of the Universe T can be straightforwardly
calculated as

Mi ∼ 1.8× 1028γ

(
T

1 GeV

)−2
g, (2)

where, depending on the details of the collapse, γ ∈
[10−4, 1] [133, 134]. The mass loss rate is given by the
integration of the instantaneous Hawking spectrum

dM

dt
= −

∑
i

∫
Γi
2π

(
e

Q
TBH − (−1)2si)

)−1
QdQ, (3)

where si is the spin of the i−species and Γi is the associ-
ated greybody factor (directly related to the absorption
cross section). Taking into account the standard model
degree of freedom leads to a lifetime:

τ ∼ 4× 10−28
(
Mi

1 g

)3

s. (4)

This differs by more than one order of magnitude from
the rough estimates given in [33, 34]. Adding new parti-
cles, e.g. twice more in a supersymmetric setting, would
not drastically change the picture. This shows that as
long as the inflationary scale is reasonably high, the
model is self-consistant and can indeed account for the
hot big bang by black hole decay. Non-linear mergers are
not required and the stringent limite on β(Mi) for masses
leading to a large energy release during nucleosynthesis
are evaded. The remnants are enough to account for dark
matter. For a reheating temperature at the GUT scale,
only 10−24 of the full energy density of the Universe in the
form of black hole remnants (just after inflation) would
be enough to nearly close the Universe at the equilibrium
time and explain the totality of dark matter. We shall
come back to this point in more details as it turns out to
be quite subtle in this case.

OBSERVATIONS AND FINE-TUNING

Black hole remnants with masses around the Planck
mass are a good dark matter candidate that can be con-
sidered as natural in the holographic space-time model.
This raises at least two questions. The first one is re-
lated with a possible experimental test of this hypothe-
sis. Finding observational evidences is very challenging.
A black hole remnant would typically weight the same as
a grain of dust and the associated mean numerical den-
sity would then be extraordinary small, around 10−18

relic par cubic meter, or one relic per volume element
of a million times the one of planet Earth. Even if the
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cross section hopefully does not vanish for the interac-
tion with fermionic fields in the low-energy limit [135],
the area involved (or order 10−66 cm2) makes direct de-
tection apparently hopeless.

An exciting possibility was pointed out in [99], rely-
ing on a residual electric charge for the remnants. Al-
though quite interesting and motivated by the random
emission of charged particles by black holes associated
with a sharp cutoff, the idea is highly speculative. We
focus here on another possibility associated with the co-
alescences of relics that might have taken place during
the history of the Universe [40]. The non-linear pro-
cesses mentioned in [33, 34] are not relevant in this case.
Obviously, associated gravitational waves would have a
negligible amplitude and a too high frequency for any
reasonable detector. When the merging occurs, the re-
sulting black hole however acquires a mass twice higher
than the minimal one. It is natural to expect that this
black hole will relax to the relic state by emitting one (or
a few) Planck quanta.

The merging rate can be estimated following [136, 137].
The probability of occurence during time t is given by

dP =
3

58

[(
t

T

)3/37

−
(
t

T

)3/8]
dt

t
, (5)

with

T ≡ 3

170

(
Mrel

ρrel(zeq)

)4/3

(GMrel)
−3
. (6)

The rate can easily be estimated to be

Nmer ∼
3H2

0

8πG

Ωrel
Mrel

dP

dt

∣∣∣∣
t0

. (7)

Importantly, at so high energies, the Universe is
basically transparent (which is not the case, for example,
in the TeV or PeV ranges). The associated signal can
therefore be integrated without imposing a cutoff at
moderate distances. We have also taken into account
that emitted photons are only a small fraction of the
produced particles – gravity is democratic and the weight
is only determined by the relative number of internal
degrees of freedom. For working cosmic-ray experiment,
the resulting flux is too small to be detected. However,
it might be observed by future giant instruments. For
Euso [138] (or any similar telescope looking at the
atmosphere of the Earth from the space station to
measure extremely high energy comic-rays), nearly an
event per year is expected. If one considers planets
as huge cosmic-ray detectors [139], a dozen events per
year should be measured. This is challenging but not
impossible.

The second important question in this scenario is about
fine-tuning. As noticed previously, the relative weight

of any matter component in the early universe will be
amplified relatively to the surrounding radiation up to
the equilibrium time. In the situation considered here,
this effect could actually appear as too efficient and be-
come a problem for the model. Quite impressively, this
is however not the case. Let us be more specific. The
Zel’dovich bound requires the initial mass of black holes
to be smaller than 109MPl to account for all the CMB. It
is however easy to convince oneself that, in the considered
context, the upper end of this mass interval is favored.
Too small black holes would indeed leave remnants only
a few orders of magnitude lighter than the original mass
and would therefore contribute way to much to the energy
budget of the early universe (leading to an unreasonably
small equilibrium time). On the other hand, black holes
in the range 106MPl < Mi < 109MPl leave appropriate
remnants. The initial relative energy of the Universe in
the form of relics (that is 10−9 − 10−6) seems still way
too high but several effects add up to cure this. First,
and most importantly, the evaporation cannot anymore
be assumed to be sudden. Not only does the Hawking
time scales as M3

i but one should expect the evapora-
tion to “slow down” a few orders of magnitude above
MPl (this has been, in particular, studied in string grav-
ity [68]). Second, it is probable that inflation does not
end suddenly [140], delaying the formation of some black
holes. Third, the critical phenomena presumably associ-
ated with the collapse [134] can decrease γ up to 10−4

which subsequently increases the cosmic time associated
with a given initial black hole mass. It should also be
noticed that the evaporation dynamics is such that the
first stages last much longer than the last ones, the Uni-
verse therefore remaining matter dominated for most of
the lifetime of the black holes. All in one, depending
on several parameters still poorly determined, the upper
end of the mass interval compatible with producing all
the CMB with decaying black holes could generate rem-
nants with the appropriate density to explain dark mat-
ter. Especially when taking into account that, if a gas of
black holes is the favored quantum state in the consid-
ered framework, this does not mean that only black holes
are formed at the end of inflation.

Very nicely, the initial masses predicted by the holo-
graphic model, independently of the above arguments,
is 106MPl < Mi < 109MPl. This is simply derived
by fitting the CMB [33, 34] with a slow-roll parameter
ε ∈ [10−4, 10−1]. This also matches the so-called “triple
coincidence” [141].

The model requires fine-tuning in the sense that if the
black holes had been formed at a different mass – cor-
responding to a different inflationary scale – the equi-
librium time would have been different. It should be
stressed that this is not a problem. There are 2 very
different fine-tuning issues. One merely says that no at-
tractor is involved and states that “if things had been
otherwise in the past, the present would be different”.
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This is true in most physical situation and this is not
problematic. The other one basically says that we are in
a very specific situation – from a bayesian point of view –
and that this objectively exceptional state wouldn’t have
been accessed for the vast majority of reasonable initial
conditions. This is problematic. Otherwise stated: when
playing a huge roulette with, say, 1050 sections and spin-
ning the ball there is nothing wrong with ending up with
a result having a tiny probability of 10−50 unless this
corresponds to the only a priori specific and relevant re-
sult. In this latter case, one should indeed suspect that
something hidden has driven the ball.

In cosmology, Ω = 1 is a very specific situation – eu-
clidean geometry. But inflation imposes a (nearly) van-
ishing curvature: as (Ω−1 − 1) = − 3k

8πρa2 with ρ being
constant as the scale factor increases by many e-folds, Ω
is driven to 1. There is clearly no magics here [40] as
Ω includes a normalization to the critical density which
depends on the Hubble constant. This means that a dif-
ferent occurence of the model would have changed the
equilibrium time and the amount of dark matter – that
are fully contingent quantities – but not the “objectively”
special features of our cosmological situation. In this
sense, there is no fine-tuning problem.

CONCLUSION

The holographic spacetime model intents to provide a
quasi-local theory of quantum gravity generalizing string
theory beyond asymptotically flat and anti-de Sitter
backgrounds [8]. It leads to a non-singular cosmological
model from the Big Bang to the post-inflationary era.
Recently, it was claimed to also account for dark matter.
It seems that this eventuality might be more convincing
if focusing on black hole remnants.

Obviously, a lot remains to be investigated and this
note just aimed at drawing a first possible line of de-
velopment, among many others. It would, in particular,
be very fruitful to compare the entropic considerations of
the holographic space-time with recent ideas put forward
by Rovelli on a different but very natural ground [142].

This brief article just aimed at pointing out a possibly
promising direction of research. But, even for this spe-
cific idea, much remains to be done to ensure consistency.
Most orders of magnitude were here set by implicitly as-
suming the usual scenario and the associated values of the
relevant parameters. For most of it, the new paradigm
remains to be built.
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