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We present an analysis of the role of the charge within the self-complete quantum gravity paradigm.
By studying the classicalization of generic ultraviolet improved charged black hole solutions around the
Planck scale, we showed that the charge introduces important differences with respect to the neutral
case. First, there exists a family of black hole parameters fulfilling the particle-black hole condition.
Second, there is no extremal particle-black hole solution but quasi extremal charged particle-black

holes at the best. We showed that the Hawking emission disrupts the condition of particle-black hole.

Keywords:

Black holes

Planck scale

Gravity self-completeness
Quantum gravity
Hawking radiation
Schwinger effect

By analyzing the Schwinger pair production mechanism, the charge is quickly shed and the particle-
black hole condition can ultimately be restored in a cooling down phase towards a zero temperature
configuration, provided non-classical effects are taken into account.
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1. Introduction

General relativity (GR) can be considered among the most suc-
cessful physical theories. It predicts with formidable accuracy the
revolution period of binary pulsar systems [1-4], and more impor-
tantly, it is still getting corroborations by observational data, e.g.,
the direct detection of gravitational waves [5-7].

Despite such a success, GR is not free of problems. It presents
limitations in the large distance regime as well as at the short-
est length scales [8]. Alternative theories of gravity have been
proposed in order to explain the accelerated expansion and the
structure formation without invoking dark energy or dark matter
components. Quantum gravity, on the other hand, is expected to
provide the ultraviolet completion of GR and describe gravity at
Planckian energy scales.

Among all the predictions of GR, black holes are certainly the
most sensitive to the gravity short distance behavior. Classical
black hole solutions display a curvature singularity and an entropy
proportional to the event horizon area in Planck units. From this
perspective, every black hole event horizon is a holographic surface
pixelized in fundamental cells [9]. Being the black hole temper-
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ature inversely proportional to the mass, T o« 1/M, it is natural
to consider the case of microscopic black holes to study quan-
tum mechanical effects like the Hawking radiation. Such a breed
of black holes might have primordially been produced, via a va-
riety of mechanisms, including the gravitational collapse of the
early Universe fluctuations [10,11] or the quantum mechanical de-
cay of de Sitter space [12-14]. Being extremely hot, microscopic
black holes undergo a rapid decay and disclose a further inconsis-
tency of GR, namely the end stage of the evaporation. The latter
is plagued by a divergent temperature and cannot longer be de-
scribed in semi-classical terms.

To solve the problem of black hole spacetimes at short scales,
new metrics have been proposed on the basis of quantum gravity
arguments. As a general result, one has that quantum mechanical
effects can improve the divergent behavior [15,16] or even replace
the curvature singularity with a regular spacetime region [17-48].

In the context of Planckian black holes there exist even more
radical proposals. Rather than assuming gravity as a starting point,
one can consider a purely quantum mechanical formulation for
a microscopic black hole, provided one recovers the GR descrip-
tion in the large distance/large particle number limit. Such mod-
els include the horizon wave function formalism [49-52], the
particle-like black hole description [53,54], the quantum N-portrait
[55-58], the quantum bound state description [59,60], the black
hole precursor [61,62] and the fuzzball model [63,64]. Such pre-
geometrical models can be roughly grouped under an umbrella
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paradigm called “gravity ultraviolet self-completeness”. This term
refers to a special character of gravity. Contrary to ordinary
non-renormalizable theories, gravity does not admit an obvious
separation between a perturbative regime and a non-perturbative
one. Gravity is problematic just at the Planck scale. Above the
Planck scale, gravity works classically and no quantum gravity de-
scription has to be invoked [65-68]. In support of this claim, it can
be shown that the scattering of two objects at trans-Planckian en-
ergies leads to a classical state, namely a black hole [69-72]. As a
result sub-Planckian distances are no longer accessible and grav-
ity is ultraviolet self-complete [73,74]. This is equivalent to saying
that curvature singularities are just an artifact of the geometric de-
scription of gravity. The latter virtually ceases to exist below the
Planck length where only a quantum pregeometry is available.

The transition between the quantum and the geometrical de-
scription is often termed as “classicalization” [75]. From a black
hole physics perspective, the classicalization produces a black hole
that is approximately classical. In [76,77], an effective metric has
been proposed to smoothly interpolate the two opposite regimes.
The transition, however, might be non-analytic. In this case, devia-
tions from classical black hole geometries might be even smaller
and negligible around the Planck scale too. The Schwarzschild
metric is, however, inadequate to fit in the self-completeness
paradigm. One of the major drawbacks is the huge quantum back-
reaction the metric suffers when the black hole mass approaches
the Planck mass, M 2 Mp. More seriously, the Schwarzschild met-
ric admits event horizons at any length scales, even below the
Planck length, ry < Lp, for M < Mp. Such limitations lead us to
consider families of metrics that allow for the horizon extremiza-
tion close to the Planck scale. From this vantage point, one can
employ the semiclassical approximation up to the Planck scale, be-
ing the ratio temperature mass small, T/M « 1, during the whole
black hole life [78-80]. Interestingly, the extremal configuration
corresponds to a threshold mass, M., below which no horizon
forms. The degenerate horizon is also a zero temperature state. As
a result, the Hawking decay is expected to undergo a SCRAM,' i.e.,
an asymptotic relaxation at M &~ M, >~ Mp, that precludes the ac-
cess to length scales smaller than re =ry(Me) >~ Lp.

Within such a framework, one might be led to consider the case
of Planckian charged black holes as privileged models fitting in
the gravity self-completeness paradigm. There exist both technical
and phenomenological arguments in support of this choice. First,
charged black holes naturally encode the sought horizon extrem-
ization. This is related to the instability of the Schwarzschild metric
in the parameter space of solutions. The r = 0 surface is turned
into a timelike surface for any perturbation of the static neutral
black hole. Second, it has been shown that Planckian charged black
holes might have plentifully been created in the early Universe due
to relevant cold, ultracold, lukewarm and Nariai instanton contri-
butions [12].

As a result, we present an analysis of the properties of Planck-
ian charged black hole solutions in order to scrutinize the self-
complete character of gravity. The paper is organized as follows: in
Section 2, we present a general set up for charged black hole so-
lutions in short scale modified gravity and their thermodynamics.
In Section 3, we consider the classicalization of the solutions pre-
sented in Section 2. In Section 4, we study the evolution of such
Planckian black holes while in Section 5 we draw our conclusions.

T This term, previously known as “black hole switching off” [78], has been
adopted in [37] by borrowing the terminology for emergency shutdowns of nu-
clear reactors. SCRAM is a backronym for “Safety Control Rod Axe Man”, introduced
by Enrico Fermi in 1942, during the Manhattan Project at Chicago Pile-1.

2. Charged black hole metrics at the Planck scale

We start from a generic charged, spherically symmetric black
hole metric of the kind

ds? = —F(r)dt? + F~'(r)dr? + dQ? (1)
where
2
F(r):1—zcm+@ 2)
r T

Here the functions m(r) and q(r) account for gravity and electro-
dynamics short scale modifications that are expected to occur in
a region of size Lp around the origin. For larger radii the above
metric has to match the usual Reissner-Nordstrom geometry. This
implies a condition on the profile of the above functions, i.e., for
r > Lp one has m(r) - M and q(r) — Q, where M is the ADM
mass and Q is the total charge of the system.

Solutions like (1) can be obtained by short scale improved grav-
ity and electrodynamics actions of the kind

1
Seop = —— R, O/u?, ...)/—gd*
tot 16716/3( /1 )v/—gd™x
+/£(f2, o/u?) v—gdx, 3)
where ... stand for higher order corrections. In the weak field

limit R ~ O~ F2 « u? ~ M3, the functions §, £ match the
conventional GR values, § — R and £ — F2. The resulting field
equations can be derived and, upon some regularity conditions for
$ and £, can be cast in a form equivalent to Einstein’s equations
coupled to an effective energy momentum tensor

1 1
% (R/w - Eg;,wR> = 7;w (4)
where TH" = T1*” + T{"" contains both a gravity and an electro-
magnetic part.
Accordingly the electromagnetic field equations can be written
in a Maxwell’s form, i.e.,

1
\/?gau (\/—_gf“”)=J,’3‘ (5)
where Jg is an effective current depending on F, O and u. For
specific profiles of the functions § and £ one can consider exam-
ples in [16,36,42,81].

Spacetime regularity implies conditions for m(r) and q(r),
namely

m(r):O(r3) as r—0
Q(f)=0(r2) as r—0.

Within the gravity ultraviolet self-complete paradigm, the above
conditions are too restrictive. The Planck scale is dominated by a
quantum pregeometry for which the metric description is just a
loose concept. As a result, it is sufficient to require that the func-
tions m(r) and q(r) exist in the interval (Lp, co). For the ease of
discussion, we ask, however, m(r) and q(r) to be monotonically
increasing functions and non-vanishing in the aforementioned in-
terval. This is equivalent to excluding a multi-horizon structure and
having, at the most, two zeros for F(r), namely an event horizon,
r4+, and a Cauchy horizon, r_, with F(ry) =0.

From (1) one can calculate the black hole temperature that
reads
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1 m'(r
T— _p, M)
Amry m(ry)
2 / /
qc(r4) m'(ry.) q'(ry)
— r2 (] +m(r+) —2r+ (r ) . (6)
T + qr+
Being the function m'(ry) = d'gﬁr) and q'(ry) = d‘é(rr) L
=ry —r,

positive defined, one obtains that there exists a zero tempera-
ture state corresponding to the extremal black hole configuration,
re =r_ =r4. This is equivalent to saying that event horizon radii
are limited from below, 4 > re.

The metric (1) can describe a system that is simultaneously a
black hole and an elementary particle if

ry =A (7)

where A is the Compton wavelength. The latter is expressed in
terms of the black hole internal energy, namely

2
A= ———,
M(r+, Q)

1
with M4, :7[# 2(r ], 8
(r+, Q) 2 H( )G L+q ) (8)
where H(r) = m(r)/M. The temperature (6) fulfills the first law of

thermodynamics

dM = TdS + ®dQ (9)

from which one obtains the area law dS = dA, /4G(ry), being ®
the electrostatic potential. Here G(r) = G H(r) is an effective grav-
itational constant that takes into account for the higher derivative
corrections to Einstein gravity in (3).

The particle-black hole equation (7) selects a family of parame-
ters (M;, r,) depending on Q. This is in contrast to what is found
in the case of neutral black holes, whose particle-black hole equa-
tion is satisfied for a unique pair of black hole parameters. Such a
presence of a family of solutions (M,, r;) resembles the situation
of regular neutral black hole solutions in the presence of a mini-
mal length ¢ [82]. In the latter case, a unique pair of solutions has
been identified by choosing the specific value of ¢ such that the
particle-black hole condition is satisfied at the extremal configu-
ration only, i.e., the smallest black hole. Such a procedure can be
repeated in the case currently under investigation since for arbi-
trary values (M,, ry) the black hole might be rather unstable. Due
to a nonvanishing temperature the hole will decay and lose charge
quickly. There are however two important differences with respect
to the neutral regular black hole in [82]. First, the charge Q cannot
assume arbitrary values as ¢. By expressing the Q in terms of the
elementary charge, Q =n e G'/2 with n € N, one obtains a nat-
ural quantization rule and a consequent pixelization of the event
horizon. This is equivalent to saying that the equations
M, = Me,

r.=re == (Mo,10) (10)

might not have an exact solution but rather determine a quasi-
extremal configuration (Mg, rg). Second, if one assumes the de-
cay of the de Sitter space as a formation mechanism for charged
Planckian black holes, it has to be noted in [12] that extremal
black hole production rates are suppressed versus those of non-
extremal ones. As a result, the quasi-extremal black hole (Mg, o)
would turn to be a favorite state despite having a non-vanishing
temperature.

3. Classicalization of charged black holes

Up to now, our considerations have had a model independent
character. We preferred not to specify the profile of the functions §
and £ in (3). Such a choice is corroborated by the ultraviolet self-
completeness scenario, according to which gravity is dominated by
a classical state in the trans-Planckian regime. Only tiny modifi-
cations with respect to Einstein gravity are allowed around the
Planck scale [69]. We will therefore neglect them in the present
section by assuming the following conditions:

m «m/r, q <Kq/r. (11)

As a result, the metric (1) actually describes a Reissner-Nordstrom
geometry up to subleading non-classical corrections.
The particle-black hole condition (7) therefore implies

21
"7 Janc-q2

From the above formula one obtains a bound for the charge Q <
+/4m G, which we assume positive defined for the ease of discus-
sion. By plugging M, in r; one obtains two values for r,. One of
these coincides with the corresponding Compton wavelength and
holds only for Q < +/27G. In such an interval, one has r) > Lp.

By expressing Q in terms of the elementary charge one can
write (12) as

/ T
My=|——FM 13
* 1—n2ajdm " (13)

where « = e2. The bound on Q implies a condition for the charge
number n, namely n < npax, where

Nmax = \‘ Z—ﬂJ =29 (14)

o

M (12)

Here |x] indicates the floor function of x, floor(x) = x|, namely
the greatest integer that is less than or equal to x. In (14) we have
not taken into account the increase of the fine structure constant
at the Planck scale. The Landau pole occurs at a scale Ajapday =~
10286 eV > Mp but non-perturbative effects might change the sce-
nario drastically. If the run to the Planck scale makes o of order
unity, the value of np,x would be reduced to 2.

Another bound on the charge is due to the electrostatic repul-
sion. If we consider a probe charge, e.g. a proton, near a charged
black hole, the gravitational attraction will overcome the electro-
static repulsion only if the hole charge Q is bounded by the rela-
tion

Q < (?) M (15)
p

where my, is the proton mass and qp = G'/2 /. The above re-
lation, based on Newton’s law and Coulomb’s law arguments, is
used to estimate the maximal charge a hole can accumulate [83].
By plugging M, in the above inequality one gets

Q2 <2nG (1 - \/1 —a! (mp/Mp)z) GM =~ ma™" (my/Mp)” .
(16)

Being my/Mp >~ 7.68 x 1029, particle black holes cannot accumu-
late charge unless they are nucleated in the early Universe with a
given Q.
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In order to fulfill the condition of extremal particle black hole
one has to require M, = M., where

Me = noe Mp. (17)

As a result one finds Me = +/27Mp and re = Qe = /27 Lp. Clearly
this condition cannot be met since the electric charge is quantized.
The closest configuration to the extremal one has a charge Qg =
[ Qel. Not surprisingly Q¢ corresponds to a charge number, ng =
Nmax. The corresponding horizon radius and black hole mass are

roz\/m[,p2254l,p (18)

2
Mo = Mp~2.48 Mp. (19)

4 —nda
From this perspective ro represents the minimal horizon radius for
a black hole mass My. For comparison, the neutral particle-black
hole, n =0, has a radius rs >~ 3.54Lp and a mass Mg >~ 1.77Mp.
The quasi-extremality condition implies a non-vanishing tem-
perature, namely

Tom —MP o Me | M (1- no—“)
a4 — n2a 4 —ndo 227 2
(20)

that corresponds to Tp >~ 1.48 x 1073 Mp or equivalently Tg =~
2.09 x 10%° K. Such black holes would be very hot and bright but
they are not expected to suffer from relevant quantum back reac-
tion being To/Mg ~ 5.98 x 10~%. In contrast to Planckian neutral
black holes, they can safely be described in terms of semiclassi-
cal gravity, despite their minuscule size. Another difference with
respect to the neutral case is the sign of the heat capacity

r2 —Q?

) :
(3Q2r2-1)
Being Qe <1 < +/3Qe, the heat capacity is positive. As a result
charged quasi-extremal particle-black holes enjoy thermodynamic

stability.
For the entropy one obtains

C=2m (21)

So=1 (47r _ nga) ~20.2. (22)

Being the production rate of extremal black holes suppressed rel-
ative to quasi-extremal ones by a factor eS° ~ 592 x 108, the
production of such charged particle-black holes in the early Uni-
verse would be highly favored with respect to short scale modified
neutral black hole remnants with a degenerate horizon [14,35,76,
82].

4. Planckian charged black hole decay

The main result of the previous section is that the pres-
ence of charge prevents a clear separation between particles and
black holes by means of a stable particle-black hole state at the
Planck scale. The presence of the charge allows for quasi-extremal
particle-black holes at the best. A natural question to address con-
cerns now the nature of their evolution.

The Hawking temperature (20) implies a rapid decay that is
accompanied by a loss of mass and charge. If we now consider
the emission of a positron (me, |e|), the charge variation is §Qq =
—18Qq| = —+/a Lp, while the mass variation

dMo = —|8Mo|

27 1) 2mng
= —me + Q8Q 0 Mp  (23)

(46 -3)"?  (4n-nda)’

is controlled by the charge variation being m. <« Mp. From the
comparison of the first order corrections to the Compton wave-
length and the horizon radius,

2m 1_’_|8M0| 2 GMo (1 [§Mp|
My Mo 0 Mo

3 Q2 (_ 16Qol I5Mo|>
><|:l+\/1 I 1-2 O +2 My , (24)

it turns out that the evaporation will disrupt the particle-black
hole condition. Being [§Qol/Qo = |8Mo|/Mo and Q2/(G?M3) ~ 1,
the Compton wavelength increases while the horizon radius de-
creases. This means that the state (rg, Mp) will not evolve to a
state (r;, M, ) but rather to a generic quasi-extremal charged black
hole configuration (r4, M). From here on, such a black hole will
keep radiating towards a neutral or quasi neutral black hole con-
figuration. In the process the black hole will progressively decrease
its temperature. In such a phase the condition (11) cannot longer
be valid and the temperature will be described by (6). The destiny
of the black hole could be either an extremal neutral particle-black
hole configuration or an extremal charged black hole configura-
tion. We underline here that the presence of charge would prevent
an extremal particle-black hole configuration for what discussed in
the previous section. This would represent a serious limitation to
the gravity self-completeness paradigm when the charge is taken
into account.

To address this ambiguity on the final fate of quasi-extremal
charged particle-black hole we recall that the Hawking emission is
accompanied by another emission process, namely the Schwinger
e* pair production. The latter occurs for the presence of intense
electric fields, E > E. = nm§/|e|, near the event horizon. In our
case the condition leads to

2

Q mg
— Mp>m — 25
r2 =" (25)

Being r ~ Lp, one has that the field at the horizon is overcritical,
E(ry) > Eg, if n > (7 /o) (me/Mp)2. This means that it is sufficient
to have just one elementary charge to trigger the e* pair produc-
tion at the event horizon. One particle of the pair will be rejected
while the other absorbed leading to a quick hole’s discharge. Such
a scenario is in agreement with early findings about the sponta-
neous loss of charge of black holes [84].

In conclusion the final stages of the evolution of the quasi-
extremal particle-black hole will be described by a neutral con-
figuration asymptotically relaxing to a zero temperature stable
particle-black hole state.

As a final comment we want to address particle black holes in
the opposite regime, i.e., quasi-neutral particle black holes (ry, M;),
one can obtain for n ~ 1. From (13) one obtains M, ~ Ms and
r, ~ s, being o/4mw « 1. From the calculation of their entropy
one can estimate the production rate in the early Universe rel-
ative to extremal black holes. It turns out that the relative rate
is 1.37 x 10'7, making them even more probable de Sitter space
decay products with respect to the quasi-extremal particle-black
holes. This is in agreement to the fact that they have lighter
masses. As mentioned in Section 2, they decay more wildly since
their temperature T ~ 2.24 x 1072 Mp ~ 3.19 x 1030 K is hot-
ter than (20). The Hawking emission will be accompanied by a
Schwinger discharge. As a result, we expect a quick formation of a
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neutral black hole configuration. The latter might approach a sta-
ble zero temperature particle-black hole configuration provided the
subleading corrections of the function m(r) are taken into account.

5. Conclusions

In this paper we analyze the role of the charge within the self-
complete gravity paradigm. We presented the thermodynamics for
a general short scale modified gravity Planckian black hole solu-
tion. We showed that the particle-black hole condition is satisfied
by a family of black hole parameters. By assuming an approxi-
mately classical black hole state, we showed that the charge pre-
vents the formation of zero temperature particle-black hole config-
uration. Only quasi-extremal particle-black holes are allowed, that
could have plentifully been produced during the early Universe
quantum mechanical decay. We showed that, due to their tempera-
ture, they can decay in lighter black holes but not in particle-black
holes. We also studied the Schwinger pair production mechanism
and we concluded that at the event horizon the electric field is
always overcritical provided one elementary charge is left on the
hole. This fact allowed to solve the potential ambiguity about the
fate of such quasi-extremal particle-black holes. Rather than cool-
ing down to an extremal charged configuration, they will slowly
relax towards a neutral configuration. We also showed that the
latter can fulfill the condition of extremal particle-black hole pro-
vided corrections to the classical metrics are taken into account.

We also commented about the evolution of quasi-neutral
particle-black holes, by showing that they will rapidly decay via
Hawking and Schwinger mechanisms towards an extremal neutral
particle-black hole configuration.

In conclusion, we have shown that the charge seriously disturbs
the stability of the particle-black hole phase diagram at the Planck
scale. The self-completeness is however safely restored thanks to
a rapid discharge the charged particle-black hole is expected to
undergo after its formation.
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