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Abstract: We present an evidence, that the volumes of compactified spaces as well as

the areas of black hole horizons must be quantized in Planck units. This quantization has

phenomenological consequences, most dramatic being for micro black holes in the theories

with TeV scale gravity that can be produced at LHC. We predict that black holes come

in form of a discrete tower with well defined spacing. Instead of thermal evaporation,

they decay through the sequence of spontaneous particle emissions, with each transition

reducing the horizon area by strictly integer number of Planck units. Quantization of the

horizons can be a crucial missing link by which the notion of the minimal length in gravity

eliminates physical singularities. In case when the remnants of the black holes with the

minimal possible area and mass of order few TeV are stable, they might be good candidates

for the cold dark matter in the Universe.
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1 Introduction

The black hole physics dictates the existence of the minimal possible measurable scales

for the area and the volume. In fact, in any experiment, which is supposed to measure

area (cross section) smaller than the Planck area L2
P l ≃ 10−66cm2 one has to involve

particle scattering with the higher than Planckian momentum-transfer, which will form a

black hole with the radius exceeding the Planck length LP l. Impossibility to probe sub-

Planckian length-scales suggests that Einstein gravity viewed as field theory is ultra-violet

self-complete, but in a sense profoundly different from the conventional (Wilsonian) no-

tion [1, 2]. The key ingredient is a crossover between the quantum degrees of freedom

and classical states (Black holes). This phenomenon among other things implies, that the

smallest black holes, with mass ∼ L−1

P l , become sharp quantum resonances, which instead

of conventional thermal evaporation are either stable or decay into the light fields in a

single quantum jump.

These two facts, impossibility of resolving distances shorter than LPL and crossover of

classical black holes into the quantum resonances, suggest that quantum jumps should not

be property of exclusively smallest black holes. Rather, black holes must obey some fun-

damental quantization rule which for a large black hole should reproduce the conventional

thermal picture, but should simultaneously explain the gradual transition of the smaller

and smaller black holes into the quantum particles.

We shall argue, that the right quantization condition is that the area must be quantized

in terms of the integers of the Planck area. In particular, this refers to the well defined

area of the black hole horizon. The above assumption is well supported by the fact that the

black hole horizon area behaves as adiabatic invariant [3] and by statistical interpretation

of the entropy of the quantized black hole [4].

Moreover, we wish to show, that from the requirement that black hole saturate the

holographic bound on the information storage [6–13] it follows that in any elementary

emission its horizon area cannot be reduced by less than one Planck unit. In fact, let us

arrange a “gedanken experiment” in which we tag the information bit without altering the

classical black hole geometry. One can achieve this as follows. Assume that we have a

spectator light particle that carries a charge under a gauged Z2-symmetry, and consider
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black hole evaporation in such a theory. For example, one can prepare a large classical

black hole and endow it with a Z2-charge by throwing a Z2-charged particle in it. Since

Z2-charge is not associated with any massless electric field, there exist no classical hair

under it [14–21], and the effects of quantum hair [22–25] on the classical geometry can be

safely ignored. The black hole will then evaporate as the usual neutral Schwarzschild black

hole would do. Now consider an elementary act of emission of Z2-charged particle. Due to

the absence of hair, emission of this particle is not any different from the emission of any

other quantum, but the advantage is that the Z2-charge allows us to trace the information

in a clean way. There is a full single bit of information encoded in this charge. Therefore

it is obvious that after particle emission, the horizon area cannot shrink by less than one

Planck unit, because otherwise the remaining surface would violate the requirement of

the saturation of holographic bound. Likewise, we could arrive to an inconsistency in the

inverse process of absorption.1

Thus, we see that the only way to maintain holographic bound to be saturated is that

elementary jump of the horizon area in any one-particle emission process must be quantized

in Planck units, in accordance with the conjecture of [3–5]. The essence of our argument

is to transform the abstract concept of information into a measurable Z2-charge with no

classical-hair.

The area quantization can have a dramatic consequences for the Hawking evaporation

of the black holes, especially when it refers to the microscopic black holes [4, 5]. The

quantization of the geometry of the black hole horizon become especially interesting in the

theories with large extra dimensions, where the fundamental Planck scale can be lowered

by many orders of magnitude and become accessible at LHC.

2 Quantum geometry in gravity with extra dimensions

In the theories with extra-dimensions gravity can become D = 4+d dimensional on submil-

limeter or smaller scales and the corresponding quantum gravity Planck scale can be lowed

to the scale reachable at LHC [26, 27]. In fact, assuming that the fundamental theory is a

D-dimensional Einstein gravity, let us consider compactification of D-dimensional space-

time to the direct product of 4-dimensional Minkowski space-time and of a d-dimensional

compact torus of volume Vd. Then, it follows from2

1

L2+d
D

∫

R
√
−gd4+dx =

Vd

L2+d
D

∫

R
√
−gd4x =

1

L2
P l

∫

R
√
−gd4x (2.1)

1Had we instead used either a single particle with a ZN -charge or a single member of N distinct particle

species family, the information would change by N bits, changing the black hole area by NL
2
Pl. This fully

agrees with the earlier findings [28–34], that in theories with ZN -symmetry or N-distinct particle species

the fundamental length is
√

NLPl, and the area of small black holes (for which gravity is modified ) could

instead be quantized in these units. However, due to modification of mass-to-radius relation this gives

exactly the same result as quantization of the effective area measured by massless graviton in units of L
2
Pl!

Below we shall witness this connection on explicit example of Kaluza-Klein theories, which propagate tower

of modes.
2To simplify the formulae we are skipping the numerical coefficients such as 4π etc., which reader can

easily restore.
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that the corresponding 4-dimensional and D- dimensional Planck lengths, denoted by LP l

and LD respectively, are related as

LD = (Vd/L
d
D)

1

2 LP l . (2.2)

The the ratio

(Vd/L
d
D) = N , (2.3)

counts the total number of Kaluza-Klein modes with masses not exceeding L−1

D [28–31, 33,

34]. More massive species should not be counted since they form black holes.

We wish to suggest that the quantization of the black hole horizon area implies quan-

tization of the compactification volume. We shall not prove this rigorously, but only try to

provide some qualitative arguments. First, the inverse radius sets the masses of Kaluza-

Klein states. If we extrapolate this relation to heavy states, and take into the account the

fact that at sufficiently high masses particles must cross-over to classical black holes, then

the quantization of the latter masses, implies quantization of the compactification radii.

Of course, we understand limitations of this argument, since it relies on extrapolating the

mass-to-radius relation to the region of trans-Planckian masses, where one can argue that

this relation may receive order-one corrections. Nevertheless, it is still informative, since

such quantization would look reasonable from the point of view of continuous transition

between the heavy particles and the black holes, since it would automatically offer an uni-

fied geometric reason to black hole quantization as well as to the heavy-particle/ black hole

complementarity.

A related argument can be illustrated on a simple case of D = 5. Let the compact-

ification volume be V1 ≡ R and let us assume R/L5 = N + ǫ, where ǫ < 1. If this

were possible, then we could choose N = 0, meaning that R = ǫL5. That is, we could

take the compactification radius arbitrarily smaller than L5. But in this case the fifth di-

mension stops existence in any physical sense. In particular, L5 becomes shorter than the

four-dimensional Planck length, LP l, and the would-be KK modes become ultra-Planckian

mass states and are indistinguishable from four-dimensional classical black holes, according

to [1, 2]. The extra dimension ceases to exist. In other words, quantization of compact

volume automatically follows if R is forced to be bigger than L5 and this should be the

case due to the fact that trans-Planckian states are equivalent to classical black holes.

For N ≃ 1032 the D-dimensional Planck length LD becomes of order LD ≃ 10−17cm

and corresponds to D-dimensional nonperturbative quantum gravity scale reachable at

LHC. Moreover, from the relation between the mass and gravitational radius,

MBH =
R1+d

g

L2+d
D

,

it follows that the minimal black hole with Rg ≃ LD has mass MBH ≃ L−1

D ≃ O (1) Tev

and hence such black holes can be produced at LHC. They should be described by a non-

perturbative D−dimensional quantum gravity which can substantially revise the process

of their Hawking evaporation. In fact, below we will show that the assumption about the

area quantization leads to a dramatic modification of the Hawking’s result, obtained in the

approximation of the external classical gravitational field.
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In D-dimensional quantum gravity the area of the D-dimensional Schwarzschild black

hole should satisfy the following quantization rule

AD = n LD−2

D . (2.4)

This means, that an effective projection of the horizon area AD, measured by a D-

dimensional observer , must be equal to the integer number of the corresponding D-

dimensional Planck units.

One may wonder in which units the area should be quantized from the point of view

of 4−dimensional observer when d = D − 4 dimensions are compactified on the torus of

volume Vd ≡ Rd, where R is the compactification radius. Let us show that in this case

the quantization rule (2.4) implies that the 4-dimensional projection of the the black hole

area is automatically quantized in terms of 4d Planck units L2
P l ≃ 10−66cm2. This is a

manifestation of a general phenomenon that the Bekenstein-Hawking entropies computed

for one and the same black hole by D-dimensional and D−d-dimensional observers in their

respective Planck units, exactly match [35].

We consider first a black hole of radius Rg ≫ R. The horizon of such black hole has

a geometry of S2 × Td, where S2 is an usual 4-dimensional Schwarzschild two-sphere of

area A4 = R2
g, and Td is a d-dimensional torus of volume Vd = Rd; hence, AD = A4 Vd.

According to (2.4) the 2+ d-dimensional horizon area should be quantized in units of L2+d
D

and we obtain

n = AD /L2+d
D = R2

gVd/L
2+d
D = A4/L

2
P l, (2.5)

where we have taken into account relation (2.2). Thus, we have shown, that the projec-

tion of the horizon of a D-dimensional black hole in 4d space-time consists of as many

4d Planck areas L2
P l as the original D − 2 dimensional horizon contains corresponding

Planck units L2+d
D .

For the black hole of size Rg ≪ R, the matching of two quantizations conditions is

a little bit more subtle. The geometry of such a black hole to a very good approxima-

tion is given by D-dimensional Schwarzschild geometry, with the horizon being a 2 + d-

dimensional sphere of area AD = R2+d
g . However, a four-dimensional observer only mea-

sures a 4-dimensional projection of this area, which is a two-dimensional sphere of the

effective area A4 = R2
g(R

d
g/Vd). The additional factor (Rd

g/Vd) is due to the suppression

of the overlap of the KK wave-function profile in Td with the area of the BH. Quantizing

this area in units of four-dimensional Planck area L2
P l, we get,

n = A4/L
2
P l = R2

g (Rd
g/Vd)L−2

P l , (2.6)

or, using the relation (2.2), we can rewrite this as,

n = AD /L2+d
D . (2.7)

The latter expression is a quantization of the area in units L2+d
D with exactly the same n!

This is a remarkable result, which means that the entropy of the quantized black hole,

which according to [4] is equal to

S = (n − 1) ln 2,

is the same from the points of view of D-dimensional and 4-dimensional observers and it

is proportional to the respective areas measured in the corresponding Planck units.

– 4 –



J
H
E
P
0
2
(
2
0
1
1
)
0
1
2

3 Predictions

There are two obvious places where one could look for the experimental signatures of our

results. These are micro black holes, that may be accessible at LHC, and cosmology.

Not surprisingly, most dramatic phenomenological impact the horizon area quantiza-

tion has on the microscopic black holes of about TeV mass, which are predicted in the

scenario with large extra dimensions [26, 27]. Let us focus on the case when the size

of the black holes, that can be potentially produced at LHC, is much smaller than the

compactification radius and hence the effects of compactification can be ignored.

The mass of the Schwarzschild black hole in D = 4 + d dimensions can be written in

terms of the horizon area A as,

M = M2+d
D A

1+d

2+d , (3.1)

where MD = L−1

D is the minimal possible mass for the black hole. The quantization

condition (2.4) implies that the mass is also quantized,

Mn = MDn
1+d

2+d , (3.2)

and if the distance between levels is larger than the width of the levels the black hole

evaporation has to be considered as the sequence of discrete transitions. The elementary

transition between two nearby levels corresponds to the change of the area by one Plank

unit Ld+2

D . As a result of such transition the black hole emits a particle of the energy

εn = Mn − Mn−1 = MD

(

n
1+d

2+d − (n − 1)
1+d

2+d

)

. (3.3)

For n ≫ 1 this can be approximated by

εn ≃
1 + d

2 + d
R−1

g . (3.4)

For a large black hole, with Rg ≫ LD, the direct transitions from level n to n − 2 and

other nearby levels reproduce the thermal properties of spectrum of the radiation emitted

from the “box” of finite size Rg with an effective Hawking temperature T ≡ R−1
g [5].

However, the crucial difference is that the large wavelengths exceeding Rg are not present

for an arbitrarily large black hole. For small black holes, that are of LHC interest, the

difference is even more dramatic. Rather than viewed as evaporation, the decay process of

a small black hole represents a sequence of spontaneous emissions with the total number

of emitted quanta given by

ntotal ≃ (MBHLD)
2+d

1+d . (3.5)

We shall now estimate the emission rate and the lifetime of the black without relying on

the thermal properties of radiation.

Let us consider the decay via graviton emission, treating it as a sequence of the sponta-

neous emissions. Since each step is a quantum emission process with a momentum transfer
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εn, by general covariance [36] the graviton emission rate per unit of the Planck area, cor-

responding to such momentum-transfer is,

Γ̃ n = α (LDεn)2+d εn = αMD

(

n
1+d

2+d − (n − 1)
1+d

2+d

)3+d

, (3.6)

where α is some numerical coefficient which seems to be significantly smaller than unity

because of the existence of the external classical barrier [5].3 To get the total emission rate

we have to multiply (3.6) by the areas in the Planck units and hence the total emission

rate is

Γn = Γ̃ n

(

R2+d
g

L2+d
D

)

= nΓ̃ n. (3.7)

This expression describes the rate of transition n → n − 1. Taking into account (3.4) for

large n it can be approximated as

Γn ≃ α εn (3.8)

Because α seems to be much smaller than unity even with taking into account the emission

of other particles [5] the width of the levels, proportional to Γn, is much smaller than

the distance between the levels εn. Therefore one expects that small black hole will emit

particles in rather sharp lines corresponding to the energy difference εn. The characteristic

time of the transition with one particle emission is given by,

τn ≃ Γ−1
n = n−1Γ̃−1

n . (3.9)

For a large black hole, n ≫ 1, the half life-time, corresponding to the emission of about n

quanta, obtained using approximations (3.4), (3.8), is

Tn ≃ nτn ∼ α−1n
3+d

2+d LD ∼ α−1R3+d
g M2+d

D . (3.10)

For small black holes one has to use more precise expressions (3.3), (3.6) and (3.7)

instead. These expressions indicate that a small black hole essentially decays as a quantum

particle. This is in agreement with the finding of [1, 2], that Einstein gravity must propagate

quantum degrees of freedom with mass of order MD, which can be viewed as the very end

points of black hole evaporation. The above results fully support this picture. Thus as

anticipated, even if LHC reaches the threshold of the black formation, the first accessible

quantum-gravity states will be indistinguishable from the particles.

The maximal values of n that can be probed at center of mass energy Ec, is given by

n = (Ec/MD)
d+2

d+1 , and the momenta of the first decay products soften according to the

following law,

p = MD

(

(Ec/MD) − ((Ec/MD)
d+2

d+1 − 1)
1+d

2+d

)

. (3.11)

This softening is the characteristic signal of the beginning of the black hole production at

LHC, but its detection will requires reaching higher values of n.

3Note that due to smallness of α the smallest black holes are sharp quantum resonances in accordance

with findings of [33, 34]
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4 Conclusions and speculations

We have argued that the existence of the minimal length in gravity, when combined with

black hole no-hair properties and holographic bound on information storage, implies quan-

tization of geometric areas in Planck units. We have discussed some fundamental and phe-

nomenological implications of this quantization. Below we shall briefly summarize these

implications as well as some future prospects for the quantized geometry.

Black hole tower at LHC. A most dramatic impact quantization of the black hole

horizon has for TeV mass black holes that are predicted in theories with low Planck mass

scenarios [26–31].4 As shown above, in pure gravity such black holes will come in form

of the quantum resonances spaced according to (3.3). In realistic scenario one also has to

include Standard Model particle localized on a 3-brane. As shown in [33, 34], their presence

increases the minimal length to LN = N
1

d+2

SM LD, where NSM is the number of Standard

model helicities per helicity of a 4 + d-dimensional graviton. The black hole horizon now

must be quantized in LN -units, but due to a small number of Standard Model species and

the suppression by the exponential factor 1/(d+ 2), sensitivity in the change is inessential,

Mn =





MD

N
1

d+2

SM



 n
1+d

2+d .

Already for d = 2 this renormalizes the quantization unit only by factor of 2. So the

influence of the Standard Model particles on the black hole quantization can be ignored.

The above quantization implies that the properties of the micro black holes are nothing

like the conventional view of semi-classical thermal states. Instead, they will come as sharp

quantum resonances, with characteristic trajectory given by (3.2).

Micro black holes can have essentially any quantum number that can be composed

out of particle states in the Standard Model, and thus, can imitate many weakly coupled

extensions of the Standard Model, such as, extra gauge-bosons, supersymmetry, or other

exotic models. Thus, in certain sense gravity projects the spectrum of all possible extensions

of the Standard Model at the fixed scale around MD. The only way to recognize the black

hole nature of these new states, is to create highly excited black holes that should obey

the spacing (3.3).

In particular, if, as suggested in [33, 34], the scattering of longitudinal W±-bosons

gets unitarized by black holes, the “fake” Higgs particle will be a lowest excitation of one

such tower.

The interesting phenomenological question would be to differentiate the black hole

tower from a more conventional string Regge trajectory, also predicted in [27] (for more

detailed phenomenological studies of this effect see, [38–44]). Such a tower, will open up

first, if the Standard Model is UV-completed by a weakly-coupled string theory, but will be

replaced by the black hole tower if UV-completion happens by gravity (or if string theory

is strongly coupled).

4Note by V.M.: if it is confirmed then Gia will buy me 103 bottles of wine, as opposed to 1032 particles

that these theories propagate.
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Implication for cosmological singularities. The area-quantization can be a crucial

missing link in reconciling the notion of the minimal length, that is responsible for self-

completeness of gravity, with cosmological singularities.

Indeed, if the Hubble volume is quantized in LP l-units, the final states of the collapsing

universe may be similar to the black hole evaporation. As we have argued above, a black

hole with n = 1 will decay into a single quantum jump into the lighter states. Similarly,

the collapsing Universe after reaching the Planckian density will represent collection of

Hubble patches each of the area n = 1. Despite the fact that number of patches may be

enormous, each patch can only undergo a discrete quantum transition which changes n by

an integer. A transition from n = 1 to n = 0 corresponds to the decay of a given patch

into nothingness. Of course, this “decay into nothingness” requires to be given a precise

meaning. Since the purpose of our discussion is not to address these subtleties, but rather

set possible future directions for thinking, we can only say, that this process can be thought

as an inverse of creation out of nothing [45–48]. In an Universe where the latter process

is allowed and has a physical meaning, so must be the inverse one. Since the patches are

causally disconnected, we expect that the transitions are not correlated. In this way, the

total volume of the Universe is reduced by an integer Planck volumes, without further

increase of density. The Hubble patches with n = 1 decay into nothingness within a single

quantum jump, without passing through singularity.

Similarly, Universe can be created out of nothing as a result of a quantum transi-

tion [45–48], but since n can change only by an integer in any Hubble patch, passing

through a classical singularity is avoided. This concepts require further study that will not

be attempted here.

Implication for moduli. Quantization of compactification volume implies quantization

on the vacuum expectation values of the moduli fields. In this way moduli cannot assume

arbitrary values, and this may shed some new light on issues of moduli stabilization and

perhaps on supersymmetry breaking. Consequently, the values of the coupling constants

that are set by moduli fields should also obey certain quantization rule. In the same

spirit, applying quantization of areas in Planck units to string theory and taking into

the account the fact that string length must play the role of the fundamental scale, we

conclude that string coupling, 1/g2
s , should also be quantized. This is in agreement with

the results of [36, 37] according to which 1/g2
s measures the effective number of particles

species to which the semi-classical black holes can decay normalized to the rate of emission

of graviton helicities.

Implication for time-dependent backgrounds. The other important application of

our results is for cosmological time-dependent backgrounds, in which horizons and volumes

change, provided one speculates and extends the quantization of black hole horizon to the

quantization of cosmological horizons and or compactification volumes. Then, in partic-

ular, it follows that change of expectation values of the scalar fields in the early universe

cannot be continuous, but rather has to proceed via quantum jumps, each of which changes

compactification or Hubble volume by one Planck unit. This follows from the fact that

in inflationary cosmology the Hubble volume is set by the value of the scalar potential,

– 8 –
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determined by the expectation value of the scalar field. In the conventional approach the

latter can change continuously resulting into a continuous change of Hubble parameter.

But if we impose quantization on the latter, this would imply that the scalar field can no

longer assume arbitrary values. This discretization of motion is especially important for

small compactification volumes and horizons, and could have imprint in early cosmology,

especially when one considers the self reproducing eternal universe.

Implications for cold dark matter. The geometry quantization may also have an

interesting cosmological applications for Dark Matter. It might happen that the minimal

black holes of mass MD ≃ O(1)Tev (corresponding to n = 1) are stable. Then they have

about right geometrical cross section to be good candidate for the cold dark matter in our

universe. In other words, their geometric cross-section being ∼ 1/(TeV )2 is comparable to

standard WIMP cross-section (which assuming initial thermal distribution) gives a right

abundance. Of course, cosmology of such dark matter candidate has to be reconsidered in

the light of strong gravity effects and other factors that are not present in the standard

WIPM scenario. This analysis is beyond the scope of the present work.
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