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Abstract: The holographic space-time (HST) model of inflation has a potential explanation for dark
matter as tiny primordial black holes. Motivated by a recent paper of Barrau, we propose a version of
this model where some of the inflationary black holes (IBHs), whose decay gives rise to the Hot Big
Bang, carry the smallest value of a discrete symmetry charge. The fraction f of IBHs carrying this
charge is difficult to estimate from first principles, but we determine it by requiring that the crossover
between radiation and matter domination occurs at the correct temperature Tog ~ 1 eV = 10-28 Mp.
The fraction is small, f ~ 2 x 107, so we believe this gives an extremely plausible model of
dark matter.
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1. Introduction

The HST model of inflation [1-9] is a finite quantum mechanical model, which gives a
ﬁ:?la‘tfeosr very economical explanation of known facts about the very early universe. HST models
are based on Jacobson’s Principle: the Einstein equations are the hydrodynamic equations
of the area law S = A/4G applied to any causal diamond in a Lorentzian space-time.
Therefore one should search for quantum models whose hydrodynamics agree with some
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the universe as viewed from different geodesics in an FRW space-time. The relation
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* A particular soluble model, in which, for each proper time ¢, the modular Hamiltonian

- of a diamond is the Ly generator of a cutoff conformal field theory on an interval of
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These models have no localized excitations and saturate the covariant entropy bound
at all times.
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¢ Inflationary models are obtained by insisting that the dynamics follow the soluble
model for a large number of e-folds (80 is what seems to fit the data of our universe),
after which the diamond Hilbert space slowly expands so that it can fit >¢" copies of
the original space. What one would have called gauge copies of the causal diamond in
a de Sitter space with radius Ry become localized excitations of the expanded diamond,
with all of the statistical properties of black holes of radius ~ R. See Figure 1 for a
cartoon of how this happens. This gives rise to a novel theory of CMB fluctuations,
with { ~ (Rje)~! and the scalar-to-tensor ratio r ~ € 2. Properties of spinning
black holes and the 1 + 1 CFT model of the horizon pin down the coefficients in
these relations, in which € = —%. One requires a different slow roll metric than
conventional inflationary models to fit the data on the CMB.

¢  Evaporation of the “inflationary black holes” (IBHs) gives rise to the Hot Big Bang

and baryogenesis '

¢  The only element of very early universe cosmology that is not explained simply by
the model is dark matter. We have speculated [11-13] that mergers of the tiny IBHs
might form a collection of primordial black holes (PBHs) consistent with astronomical
data [14].

Figure 1. Holographic Inflationary Cosmology in Conformal Time: Equal Time Surfaces are Hyper-
bolae Interpolating Between Diamonds. There are additional green spacelike surfaces that we have
omitted for clarity, interpolating between those shown, such that the proper time between consec-
utive surfaces along the central geodesic is always the Planck time. When a non-central geodesic
penetrates the causal diamond of the central geodesic, consistency with the fact that that geodesic is
still experiencing inflation implies that it must behave like an isolated quantum system with finite
entropy given by the area law.

Recently, Barrau [15] has argued that the merger scenario cannot work, but that a
model in which evaporation of the IBHs’ left over Planck scale remnants could explain
dark matter. While we remain somewhat skeptical that one can come to Barrau’s nega-
tive conclusion without dedicated computer simulations, we found the idea of remnants
intriguing. GellMann’s totalitarian principle is an axiomatization of a known fact about
quantum systems. Transition matrix elements exist unless some (approximate) conserva-
tion law forbids them. Put simply, Planck mass black hole remnants cannot be ruled out
by Hawking’s thermodynamic arguments, but they are implausible unless there is some
quantum number that prevents them from decaying.

In models of quantum gravity, charges carried by local excitations are always coupled
to gauge fields. The most innocuous kind of gauge field, from the point of view of a dark
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matter model, is associated with a discrete gauge group like Zy. In gauge theories, charged
particles always experience long-range interactions. For discrete gauge theories, these are
just Aharonov-Bohm interactions with topological cosmic strings, so Zy charged particles
will behave like neutral dark matter. In order to distinguish between Zy charged remnants
and stable dark matter particles with only gravitational interactions, one would have to
locate a cosmic string and observe the AB effect. We note that models of particle dark
matter almost always invoke a discrete symmetry to stabilize the dark matter candidate. In
gravitational theories, any exact discrete symmetry must be gauged.

The theory of supersymmetry (SUSY) breaking contains a natural discrete gauge
symmetry in a universe like our own with a small positive cosmological constant. If one
imagines the model of our universe to be part of a (possibly discrete) family of models that
converges to zero c.c., then the limiting model is likely to be supersymmetric. This is a
“phenomenological” observation. There are no perturbative string models in Minkowski
space that violate SUSY. There are no known sequences of AdS/CFT models with tunable
c.c. which violate SUSY in the limit ? of small c.c.

On the other hand generic SUGRA Lagrangians with SUSY-preserving minima have
negative c.c. because of a term proportional to the square of the superpotential in the
vacuum energy. One of us [16] pointed out long ago that the criterion for a supersymmetric
vacuum with vanishing c.c. was preservation of an R symmetry. The R symmetry must be
discrete [17,18].

The R symmetry acts chirally on the gravitino and keeps it massless, but, in dS space,
there are processes where the R symmetry is broken by absorption and re-emission of
gravitinos at the horizon. In [19], it was postulated that R symmetry violating terms in
the low-energy effective Lagrangian, induced by this non-local effect, would trigger the
super-Higgs effect in a self-consistent manner. This leads to an equation for the gravitino
mass in terms of the c.c.,

mzpy = KAYY, 2)

where it has proven difficult to estimate the constant K.

A discrete R symmetry and a light gravitino does not, at first, sound like a recipe for
obtaining stable R-charged black hole remnants. The remnants can emit gravitinos and
reduce their R charge. However, there are many examples in field theory where the lowest
charge under some discrete gauge group is carried by a very heavy particle. This means
that the symmetry breaking induced by the effective gravitino mass leaves over a discrete
subgroup of the high-energy discrete gauge symmetry. The only instability of the heavy
R-charged black holes will be moving through the horizon, or arise through spontaneous
nucleation of a black hole of opposite charge, which is a highly improbable process.

We note that discrete charges may not be the only way to stabilize black hole rem-
nants. A referee kindly pointed out [20] which constructs black hole remnants using
non-commutative geometry.

2. Phenomenology of Discretely Charged PBH Dark Matter

In the context of the HST model of inflation, it is simple to incorporate discrete charges
that stabilize a fraction f of IBHs at the Planck scale. Inflation is followed by an early
matter-dominated era in which the matter is composed of IBHs. For comparison, we can
calculate the expected fraction of magnetically charged black holes using the black hole
entropy formula, according to which the expected fraction of black holes in a random
sample is

_ QM
f=e w2, (3)
where Q is the integer valued magnetic charge and « is the value of the fine structure
constant at the scale of the Schwarzschild radius. Taking M ~ Mp, Q = +1 and « equal

to its value at the scale of unification of standard model couplings, a;; ~ %, this gives
f ~ 107!25, There are many issues with this estimate, the most serious of which is using a
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formula from statistical mechanics for a low-entropy system, but it gives us a general sense
that f should be small, but not doubly exponentially small.
In HST inflation models, the number density of IBHs at the end of inflation is

nipg ~ CR; 3, 4)

where C ~ 1/30 is the minimal dilution factor necessary to assure that the IBHs do not
immediately coalesce to form a maximum entropy state. The inflationary Hubble radius,
Rj in Planck units, is determined by matching to the size of CMB fluctuations

R; = e 110°, 5)

and e is bounded by the requirement that slow roll expansion is faster than fast scrambling
of the black holes. This again follows from the requirement that black holes remain isolated
quantum subsystems during the slow roll era. The bound is

e> (InR;)~L (6)

This is satisfied for € ~ 0.1. We insist on being close to the bound because we require
the highest probability of initial conditions that lead to a universe with localized excitations.
Since the power spectrum of CMB fluctuations in these models scales like €2, this value is
roughly consistent with the data.

The universe remains matter-dominated until a time tp = 10240 ng_lR%, when most
of the IBHs decay into radiation. g is the number of particle species below the Hawking
temperature of the IBHs. The resulting energy density of radiation at the beginning of the
Hot Big Bang is

_Cio_ 2 —2p-8 _ ZZ 4
Py = thD = Cg~(102407r) “R;° = 30gTRH. (7)
I

If a fraction f of the IBHs leave over Planck scale remnants, then their energy density

at reheating is

Prem = fCRI_StBZ/ 8)
and
p{;@’” — fRyL 9)
v

This ratio grows like TRTH as the radiation gas cools, and hits 1 when
Teg = (Rp) ' fTry = 10" %, (10)

where the last equality is the observed temperature at which matter radiation crossover
occurs. Try is given by

g1/4
~ 5 ~05x10" 1. (11)
1007R?
Thus
fr2x1077. (12)

So, what appears to be a reasonable estimate of the probability of discretely charged
black holes being formed in HST models is consistent with the data. We consider this esti-
mate reasonable because of our rough calculation of the probability of a random black hole
having an ordinary magnetic charge. It seems unlikely that having a Zy charge would be
less probable. Magnetic energy distorts the geometry of the black hole, reducing the area of
the horizon and there is no such effect for discrete charges. Given the uncertainties in these
estimates, it is perhaps best to view the value f ~ 1077 as a feature of a phenomenological
model, which must be verified by a more detailed model of quantum gravity.
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One more issue needs to be addressed. In previous publications [11], we have argued
that, if a fraction f ~ 10~2* of black holes of mass ~ 10'! are formed during the early
matter-dominated era, then these could account for the observed value of the matter
radiation crossover. In the present scenario, these are unnecessary and could even become
an embarrassment. Since these PBHs are not cosmologically stable, their decay could
lead to signatures that have been ruled out by observation. It is possible that during the
matter-dominated era below T = 10728, the unstable PBHs merge into more stable ones
before too much Hawking radiation has been emitted. Ongoing computer simulations will
determine whether this is plausible [21]. If it is, we will have two competing models that
account for the data. It seems highly unlikely that the probabilities work out so that both
contributions to dark matter have comparable densities, but, if they do, one could have a
scenario where some of the dark matter decays. Such models have been invoked to explain
some of the apparent discrepancies between data and the LCDM model. From the present
point of view, the simplest idea is that the fraction of merged IBHs which could survive
down to T = 1028 is negligible and that discretely charged dark matter (DCDM) accounts
for everything we see.

3. Conclusions

Motivated by a suggestion of Barrau, we propose that HST inflation models incorpo-
rate a discrete Zy gauge symmetry and that a fraction f ~ 1077 of the erstwhile inflationary
horizon volumes in the model carry the smallest value of Zy charge. This discrete sym-
metry group could be the remnant of a larger discrete R symmetry, broken by gravitino
interactions with the horizon, which generate the gravitino mass. The resulting models
account, at the order of magnitude level, with everything we know about the cosmology
of the very early universe. Inflation ends in an early matter-dominated era, dominated by
IBHs with Schwarzschild radii approximately equal to the inflationary horizon size. Most
of the IBHs decay, producing the Hot Big Bang and baryogenesis. Those charged under Zy
become the dark matter. And the rest is history.
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Notes

1

It is often stated erroneously that black hole evaporation cannot give rise to baryogenesis. This is incorrect. The decrease in mass
of the black hole breaks CPT. The full decay process is not thermal because the equilibrium is changing. In a previous paper [9],
we argued that for the tiny IBHs, if one postulates order one CP violation in decay matrix elements, one gets close to the required
value for the baryon-to-entropy ratio. Other papers on gravitational baryogenesis are [10].

SUSY violating relevant perturbations of SUSic models represent large objects embedded in AdS space. The physics far from the
center become exactly supersymmetric.
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