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Abstract We obtain bounds for the minimum and maxi-
mum mass/radius ratio of a stable, charged, spherically sym-
metric compact object in a D-dimensional space-time in the
framework of general relativity, and in the presence of dark
energy. The total energy, including the gravitational compo-
nent, and the stability of objects with minimum mass/radius
ratio is also investigated. The minimum energy condition
leads to arepresentation of the mass and radius of the charged
objects with minimum mass/radius ratio in terms of the
charge and vacuum energy only. As applied to the electron in
the four-dimensional case, this procedure allows one to re-
obtain the classical electron radius from purely general rela-
tivistic considerations. By combining the lower mass bound,
in four space-time dimensions, with minimum length uncer-
tainty relations (MLUR) motivated by quantum gravity, we
obtain an alternative bound for the maximum charge/mass
ratio of a stable, gravitating, charged quantum mechanical
object, expressed in terms of fundamental constants. Evalu-
ating this limit numerically, we obtain again the correct order
of magnitude value for the charge/mass ratio of the electron,
as required by the stability conditions. This suggests that, if
the electron were either less massive (with the same charge)
or if its charge were any higher (for fixed mass), a combina-
tion of electrostatic and dark energy repulsion would destabi-
lize the Compton radius. In other words, the electron would
blow itself apart. Our results suggest the existence of a deep
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connection between gravity, the presence of the cosmological
constant, and the stability of fundamental particles.

1 Introduction

The existence of a minimum length is an important pre-
diction of phenomenological quantum gravity. A funda-
mental bound yielding the smallest resolvable length scale
could help solve several outstanding problems in theoret-
ical physics, for example, by providing a natural cut off to
regularize divergent integrals in the renormalization of quan-
tum field theories, or by preventing matter from collapsing
to form a singularity at the center of a black hole. Further-
more, the existence of both minimum and maximum length
scales in nature or, at least, at a given epoch (for example,
Ry ~ 1.3x 10?8 cm is the current size of the horizon and acts
as a de facto maximum length scale for physical phenomena
in the universe today), is naturally linked to the existence of
upper and lower bounds on the mass—energy scales of phys-
ical processes. In this paper, we determine bounds on the
mass/radius ratio of stable charged objects, both classically
and quantum mechanically, and investigate their implications
for fundamental particles.

One way to introduce a minimum length is via a Gen-
eralized Uncertainty Principle (GUP) that extends the usual
Heisenberg Uncertainty Principle (HUP) to include nonlin-
ear terms, which may then be interpreted as quantum gravity
effects. A GUP of the form

AxAp > ’% [1+A(Ap)2+8], 1)
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where A and B are positive constants, was proposed in [1],
and many different modifications of the HUP have since been
considered in the literature. The GUP in Eq. (1) gives rise
to an effective minimum length, in the form of a minimum
positional uncertainty,

Axmin = A A + B), 2)

which is proportional to +/A, but the existence of a mini-
mum bound is a general feature of these models. Collectively,
such modified relations are referred to either as GUPs, or as
minimum length uncertainty relations (MLURs) (for general
reviews of GUP phenomenology see [2,3], and see [4,5] for
reviews of minimum length scenarios in quantum gravity).
The existence of an absolute bound of the form Ax > AxXmin
implies that Ax cannot be made arbitrarily small, irrespective
of the uncertainties in any other physical observables.

It is interesting to note that the idea of a minimum length
induced by quantum gravitational effects was first proposed
long ago [6]. By investigating the quantum mechanical mea-
surement of the Fgl component of the Christoffel symbols,
Bronstein obtained a fundamental limit for the temporal
uncertainty inherent in the measurement process,

1/3
At > (—CZGpZV) , 3)

where p and V denote the density and the volume of a massive
body, respectively. This, in turn, may be related to the spatial
uncertainty via Ax < cAt. By taking into account that M =
pV is the particle mass, we obtain an equivalent mass—time—
density uncertainty relation of the form

n

> 4
~ 2Gp (Ar)? @

Since the existence of lower bounds for physical quanti-
ties is a natural characteristic of quantum processes, the pres-
ence of similar bounds in the framework of classical physics
appears, at first sight, somehow unusual. Nonetheless, lower
bounds on the ratios of physical quantities do occur naturally
in classical general relativity, as a form of stability condi-
tion for compact objects. Two such bounds are of particular
interest for both astrophysics/cosmology and for the study
of subatomic particles: the minimum mass/radius ratio for
a compact object in the presence of dark energy and for a
charged compact object.

Classical (3 4 1)-dimensional general relativity, with no
dark energy component (A = 0), imposes an upper bound
on the mass/radius ratio of any compact object, the Buchdahl
limit [7], which requires a sphere of matter with arbitrary
equation of state to satisfy the stability constraint

2GM
<
2R ~

8 5
= )
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If this condition is violated, the object will inevitably col-
lapse under its own gravity to form a black hole. (Typi-
cally, this process occurs for stars when the mass of the star
exceeds approximately 3.2M, [8].) The Buchdahl limit, and
its extensions, have been intensively investigated, includ-
ing the study of the effects of the cosmological constant
[9], and of sharp limits on the mass/radius bounds [10-12].
D-dimensional extensions of the Buchdahl limits in the pres-
ence of a cosmological constant were obtained in [13,14],
while the mass/radius ratio for compact objects in five dimen-
sional Gauss—Bonnet gravity and f(R) gravity were consid-
ered in [15,16], respectively.

In the presence of dark energy, a minimum bound for
the mass/radius ratio of a stable compact object also exists.
This result follows rigorously from the generalized Buchdahl
inequalities for a compact object in the presence of a nonzero
cosmological constant (A # 0) [17]. For A > 0, the exis-
tence of a lower bound admits an intuitive explanation: If the
stability condition is violated, the self gravity of the object
is insufficient to overcome the repulsive force due to dark
energy. Remarkably, a minimum mass also exists for A < 0
[17]. Physically, this is due to the balancing of both gravita-
tional and dark energy attraction with local pressure in the
matter distribution, induced by non-gravitational forces.

In [17], it was shown that an uncharged compact object
is stable against dark energy repulsion when its density is
above a certain minimum value,

Ac?
167G’

for A > 0. A similar condition follows from the generalized
Buchdahl inequality for a charged compact object, even in
the absence of dark energy [18]. For A = 0, this gives

p=pa= ©)

B 2
26M _3GQ* | 1+ gt -
R T 2c*R? | 14 G2 |

| 12¢4R?

For A # 0, this result generalizes to [18]

» 2
26M 3602 [ 14588 - fAR+ %
2R 2R 14 622 - ®)
12¢4R?

Hence, for R2A < 1, the effect of dark energy is subdomi-
nant to electrostatic repulsion. Equation (7) can also be Taylor
expanded to give

2GM 3GQ2( GQ?

 36¢4R2

2R = 24R? * O(QZ/R2)4> ’ )

so that, to leading order, we have

2
>3 0

300 10
~ 4 Mc? (10)
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In this limit, we recover the standard expression for the clas-
sical radius of a charged body with mass M and charge Q:
that is, the radius at which the electrostatic potential energy
associated with the object is equal to its rest mass, Mc?. We
recall that this is roughly the radius the object would have if
its mass were due only to electrostatic potential energy.

Several general restrictions on the total charge Q of a
stable compact object can also be obtained from the study
of the behavior of the Ricci invariants ro = Ri =R,r =
R;;RY and r; = R;jR/*. For example, by considering
that the surface density must vanish, it may be shown that Q
satisfies the condition

Q> pec? ( Pe >2
— < 1+ ,
R4 2 pec?
where p. and p. are the central density and pressure of the
object, respectively.

Though most investigations of stellar structure have been
done under the assumption of charge neutrality, there are a
number of physical processes that could lead to the forma-
tion of charged regions inside compact objects. One of these
processes could be mass accretion by a neutron star [19], if it
happens that accretion produces luminosities very close to the
Eddington limit Lg = 47 GMm yc/or [20], where M is the
mass of the star, o7 is the Thomson scattering cross section,
and m p is the mass of the proton. Let us assume that the star
undergoes spherical accretion, and that the accreting material
is ionized hydrogen. If the accreting luminosity of the star
is L, then infalling electrons, at a distance r from the center
of the star, experience a radiative force Frog = orL /41 cr?
[19]. On the other hand, the radiation drag acting on the pro-

QY

tons is smaller by a factor (nfze/mp)2 ~ 3 x 1077, where
m, is the mass of the electron, so that electrons and pro-
tons are subject to different accelerations. Therefore, a star
can acquire a net positive charge, Q = (GMmp/e) (L/LE),
through accretion [19].

Another possibility giving rise to the existence of charged
macroscopic objects is related to quark deconfinement inside
dense neutron matter [21]. If deconfinement occurs inside a
dense neutron star, the strange beta-equilibrated quark matter
consists of an approximately equal mixture of three quarks,
the up, down and strange quarks, with a slight deficit in the
number of strange quarks. This composition of quark matter
could lead to a net positive charge inside the neutron star or
quark star.

In deriving the results quoted above, it was assumed
that the pressure within the object is isotropic. Interest-
ingly, anisotropies in the pressure distribution inside com-
pact objects, in the presence of a cosmological constant, can
significantly modify both the upper and the lower bounds
for the mass. These bounds are strongly dependent on the
anisotropy parameter X, which is defined as the difference

between the tangential and radial pressure at the surface of
the object. Pressure anisotropies modify the lower bound on
the minimum density of a stable spherical mass distribution,
for A > 0, so that [22]

2 _ GIR?
Ac 1 6c2

167G 1+GI§_CR22

p=pa(¥) = 12)

Hence, the presence of the anisotropic pressure distribution
weakens the lower bound on the mass. Remarkably, even
anisotropic objects may still be stable, as long as their mass
exceeds an absolute classical minimum value, determined
by both A and X. The existence of a cosmological constant
therefore has profound consequences for the stability of mat-
ter, even at the classical level.

The nature of the cosmological constant or, more gener-
ally, dark energy, is one of the most fundamental problems
in contemporary physics. In particular, the important ques-
tion of whether A represents a true fundamental constant of
nature, or simply an approximation (for example, an approx-
imately constant field configuration that arises as a solution
to the, as yet unknown, equations of motion for a dynamical
scalar field), remains unanswered. However, even if we take
the existence of the cosmological constant, as implied by the
Cosmological Concordance, or ACDM model (cf. [23-27]),
at face value, yet another question remains: Is A an inde-
pendent constant of nature, or can it be expressed in terms of
other, known constants of nature?

In [28], it was shown that, if the minimum mass in nature
is My = (h/c)/AJ3 ~ 3.5 x 1079 g, as proposed by
Wesson [29], then a particle with mass My and density pp,
given by Eq. (6), has a classical radius given by

R = (RLRw)'? ~2.967 x 1071 cm, (13)

where Rp is the Planck length, and Ry = /3/A = Ry =~
10%° m. This is of the same order of magnitude as the classical
electron radius,

2

¢ ~2812x 107 em,
MeC

Fe = (14)
Based on this observation, it was suggested in [28] that
the radius R, given by Eq. (13), should be formally iden-
tified with r, and taken as a minimum possible length scale
in nature. The cosmological constant A may then be for-
mally identified with the ‘standard’ set of physical constants
{c, G, h, e, m,} via
m8G?
A=3—"+2"_

atnt’ (2

where o = €2 /‘1123 is the fine structure constant and gp =
Ve is the Planck charge. Evaluating this numerically gives
A = 1.4 x 1075 cm™2, in good agreement with the value
inferred from various cosmological observations [23-27]. In

@ Springer
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[28], the formal identification R = r, was justified on the
basis of a ‘small number hypothesis’, which represents an
extension of the large number hypothesis proposed by Dirac
[30], and which proposes that a numerical equality between
two very small quantities with a very similar physical mean-
ing cannot be a coincidence. Interestingly, the same identi-
fication was also obtained in [31] using information theory,
in which a set of axioms for the cosmological constant were
formulated by analogy with the Khinchin axioms [32], by
formally replacing the dependency of the information mea-
sure on probabilities of events by a dependency of A on the
other fundamental constants of nature. These results raise the
interesting questions of whether there is an intrinsic relation
between electromagnetic phenomena and dark energy, and
of what form the possible interaction/coupling of the electric
charge e with the cosmological constant A may be.

In this work, we aim to show concretely that, by consis-
tently combining results from general relativity, canonical
quantum theory, and MLURSs predicted by phenomenolog-
ical quantum gravity, the identification (15) can be explic-
itly obtained by saturation of the quantum gravitational sta-
bility condition for the electron. Furthermore, our results
show this identification to be broadly consistent with the
results obtained by various early pioneers of quantum gravity
research (see [4,5] for reviews), including those of Bronstein
[6] and those obtained by Karolyhazy et al. [33-35].

However, some assumptions present in the existing quan-
tum gravity literature are shown to be inconsistent with
canonical quantum mechanics. Specifically, certain assump-
tions as regards the nature of MLURs imply quantum grav-
ity effects which manifest on scales larger than the observed
Compton wavelengths of elementary particles. (Clearly, this
cannot be the case, otherwise quantum gravity would already
have been observed in the lab.) Interestingly, when these
assumptions are revised in order to ensure the consistency
of MLURSs with the canonical theory (i.e. by ensuring that
quantum gravity effects are subdominant to ‘standard’ quan-
tum effects), the results obtained are inconsistent with both
Bronstein’s formulation, Egs. (3) and (4), and Karolyhdzy’s
original results [33,34]. The reasons for these discrepancies
are discussed in detail in Sect. 6.

The structure of this paper is as follows. In Sects. 2, 3,
we obtain the generalized Buchdahl inequalities, in arbitrary
space-time dimensions, for a charged spherically symmetric
object embedded in a space-time with general nonvanishing
(i.e. positive or negative) dark energy. This extends previous
results given in [36], in which the D-dimensional generalized
Buchdahl inequalities for uncharged matter were obtained
in both the asymptotically de Sitter and the anti-de Sitter
cases. Specifically, in Sect. 2, the gravitational field equa-
tions and the hydrostatic equilibrium equations, also known
as the Tolman—Oppenheimer—Volkov (TOV) equations, are
obtained. The general form of the mass limits are given in

@ Springer

Sect. 3 and various limiting cases of special physical interest
are considered in Sect. 4. In Sect. 4.5, we use our previ-
ous results to derive bounds on the minimum and maximum
densities of static asymptotically de Sitter and anti-de Sitter
space-times. [These results are interesting because, even if
the real universe is an expanding (3 + 1)-dimensional space-
time with a positive cosmological constant, these static,
asymptotically de Sitter and anti-de Sitter spaces still have
essential interpretations from the viewpoint of holographic
duality.] The thermodynamic stability of higher-dimensional
charged objects is investigated in Sect. 5. By minimizing
the gravitational energy of charged objects with minimum
mass/radius ratio, we show that the ratio of the square of
the charge of the object to its mass, Q2/M, is proportional
to the radius of the object, R (to leading order). In Sect. 6,
we investigate the quantum mechanical implications of the
lower mass bound for charged objects, in the standard (34-1)-
dimensional scenario, leading to the identification of the cos-
mological constant A in terms of other fundamental constants
of nature, as in Eq. (15). This identification is seen to arise as
a consequence of the stability bound for the electron, viewed
as a charged, gravitating, quantum mechanical particle, and
extends the results obtained in [36], in which the minimum
mass of an uncharged, gravitating, quantum mechanical par-
ticle was determined. Section 6.3 shows that MLUR leads
to holography in arbitrary noncompact dimensions, and dis-
cusses its relation to the results previously obtained in Sect.
6. Section 7 contains a summary of our main results and a
brief discussion of possibilities for future work.

2 Geometry, field equations, and the TOV equations for
charged objects in D dimensions

In the following, we assume that the line element of a spheri-
cally symmetric D-dimensional static space-time can be rep-
resented in a generic form as [37]

ds? = e"?dr? — M dr? — 12dQ3, ,, (16)
where

A3, = do? +sin® 6;d63 +- - -+sin 0 . ..sin® Op_3d¢>.
(17)

Here x° = ¢, x! = r, where r is the radial coordinate in D

space- time dimensions, with domain 0 < r < oo, while the
angular coordinates are defined according to 0 < 6; < m,
i=1,...,D—3,and 0 < ¢ < 2, respectively.

The Einstein gravitational field equations are given by

Gl =Rl — %(Sf)‘R =K (TU“(M) + TVM(DE) + TUM(EM)) ’
(18)
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where k = 871G p/c* and the energy—momentum tensor
contains three components, corresponding to matter (M),
dark energy (DE), and the electromagnetic field (EM). We
also assume that the matter and dark energy parts may be
expressed in terms of fluid variables, so that

T = (pc + Pyu'u, — P8}, (19)
THPE) = (ppge® + Ppp)uu, — Ppesl, (20)

with the dark energy obeying the equation of state Ppg =
wpDEcz, where ppg = ADC2/87T Gp, and w = constant.
Finally, the electromagnetic energy—momentum tensor is
given by

1
TMEM = FI Y + ZagFaﬁF“ﬂ 1)

where Fy, = V,A, — V, A, and A, denotes the electro-
magnetic vector potential. The electromagnetic field tensor
F,,, satisfies the cyclic identity

akFlw‘i‘a/LFuk‘f‘auFM/. =Oa (22)

and the Maxwell equations

1
——0, (/—=gF") =", (23)
where j¥ denotes the electric current four-vector. We choose
the rest frame of the fluid so that the D-velocity is

ult = 8l'e™?, (24)

which is then normalized according to u? = gunu'u’ = 1.
We also introduce the electric charge density p,, which is
related to the time component of the current four-vector by
the relation

i = pe(ryu’ = pe(r)e2. (25)

From the Maxwell equation (22), and with the use of the
charge density defined above, we can construct the ‘proper
charge’, Q(r), defined as

o = | e (e“?)) P24, 26)
0

where we note that the definition does not contain the angular
volume Qp_».

By direct substitution, we obtain the nonzero components
of the energy—momentum tensor of the electromagnetic field
as

F' = — =5 0() = —F"", @7)
%
e
Fy = gtlgrrFtr = D2 O@r) =—Fy, (28)

V=X
r 1 e
Fl = guF" = —5500), (29)
—v+i
' 1t e ?
Fr=g FfrzrD__zQ(r)’ (30)
F/ =g¢"Fy= ,,D_—zQ(r)' GD
For later use, we also compute F 2 = apF @B which con-
tains only contributions from F;; and F;,, so that
2
F?>=F,F" + F,F" = —23@—(3).

Thus, for the components of the electromagnetic energy—
momentum tensor, we obtain

2
HEM) _ or(EM) _ _ bi(EM) _ Q7(")
T =T, = —Ty = 2,20-2)" (32)
wherei = 1,2, ..., D — 2 denote the angular variables of a

D-dimensional space-time. Hence, the electric field from the
charge density generates a positive energy density and aradial
pressure equal to Q2/2r2P~2) and a negative transverse
pressure with exactly the same magnitude.

The conservation of the total energy—momentum tensor

V. TH =0, (33)

gives the equation

0V
2

(r)y=0. (34)

oy v
=0, P = (p® + P)=~ = 3 Poe — (pc* + P)oE

0
555700

This can be rewritten in a more compact form as

oY) Q
0 Pett = —(pC®+pEC® + Per) =~ + 55— 0(1), (35)

where the effective pressure Pegr(r) is defined as
Pefe(r) = P(r) + Ppe(r). (36)

In this formulation, the charge dependent term is manifest,
and the conservation equation reduces to the uncharged case
when Q = 0.

The Einstein field equations for the G/, G1 and ng com-
ponents then become

(D —2)A e _(D=2)(D - Ne -1

2r 2r2
1 0%(r)
_ 2 2
=k (pc + ppDEC” + 3720 ) (37)
(D —2)V/e ™™ N (D —2)(D —3)(e™* —1)
2r 2r2

1 0%(r) > 38)

:K<P+PDE_§m

@ Springer
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v v/2 v D—=21 — )N
(Gt 2D )

2 4 4 4r
(D =3)(D —4)(e =1
+ 252

1 2
=K<P+PDE+E’%>, (39)

respectively.

2.1 The TOV equation for a charged sphere in
D-dimensional space-times

Equation (37) can be integrated immediately to obtain the
‘accumulated’ mass M (r) inside radius the r, which is a
function of the cosmological constant, A p, and of the charge
integral,

2kc? _ .D-3 —A(r)
mM(T‘) =r (] —e )
_ 2Ap D1
(D—-1D(D—-2)
kK [TQX)
o3 ), ooz @0

The charge integral in Eq. (40) can be transformed by
integration by parts, giving
L [ro) -1 (Qz(r)

N = 24r =
rD-3 0 y'D=2 (D—3)FD_3 yD-3

r'P=3  dy!

[0,
0

In the integral no surface term at infinity appears and the
result is not valid for all space, but only for r < R, where R
is the radius of the sphere. The second term on the right-hand
side of Eq. (41) is the electromagnetic mass contribution, to
be included in the total mass of the sphere. Thus, e M)
becomes

a0 _ 2k c? M(r)
¢ T T D=2Qp,rD3
N K 0’ 20p
(D —2)(D —3)r20-3 (D —1)(D—2)
2ucc? QLp_o
(D =2)Qp_s (D —3)c2rD-3
" O@) dQ(r/)dr,. @)

0 r/D73 dr’

We now define the fotal mass Mt (r) as the sum of the
matter mass M (r) and of the electromagnetic mass generated
by the charge Q(r) as

Qp—2 (" QG dO@)

Mr(r) = M
r=MOE 53 fy o ar

dr.  (43)

@ Springer

The total mass—energy density inside the fluid sphere, includ-
ing the electromagnetic contribution p,(r), can then be
defined as

B 1 d
pr(r) = WJ
Qp2 T Q0 dow’) .,
x <M(r) + (D —=3)c2 Jy rP=3 ar dr>
B 1 00
=p(r)+ mrzD—_sarQ(r)
= p(r) + pg (1), (@4)

where p, (1) has been defined implicitly.
Using the definition of M7 (r), e can then be written
in the simpler form

o) _ 2ucc? Mr(r)
 (D-2)Qp_p rP3
2K 2 _ 2AD 2
o203 Y o-ho=2"
(45)
where
"= 520y

By substituting the above expression into Eq. (38), we obtain

o)
" V(r) = D=2 [Per(r) —UT)]
2kc? My (r)
+D = 3)[(D —2)Qp_p rD-1
_Z—Ku( )+ 2A_Di| (47)
(D—=2)(D-3) ' (D—1)(D—-2)]

Thus, with the use of Eqgs. (35) and (47) we obtain the
TOV equation, describing the structure of a charged sphere
in D dimensions, which takes the form

dPett _ (Pett + pc* + ppEc?)
dr (D —2)rb-2y2
2Ap D—1 I(C2MT(I’) I(Q2
X [(KPeff— D_1>V +(D=3) Qpo D3
00
, 48
T (48)

where we have introduced the Buchdahl variables, defined
as

2 _ ) g _ 2 K 2
y=e 1 —2w(r)r +(D_2)(D_3)U(r)r ,
() =" x =1
) = Kkc? Mr(r) Ap
(D=2)Qp rP71 T (D-1)(D-2)
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We note that the right-hand side of the TOV equation con-
tains an extra term QQ’/r?(P=?) vis-d-vis the uncharged
case [36], which represents the charge contribution to the
hydrostatic equilibrium.

3 Mass limits in D dimensions for charged spherically
symmetric objects in the presence of dark energy

In terms of Buchdahl variables, Egs. (47) and (35) can be
written as

¢'(x) . V' (x)
¢ 27
1 47TGD D _3 K‘Z/{
:_Z[WPeff(x)+ w(x) — D—2]’
(49)
and
Py (x) = — [;O(X)CZ + ppEc? + Peff(x)] : éx)
Q(ng( ) 50

respectively, where (...)'(x) denotes differentiation with
respect to x. More elegantly, Eq. (50) can be formulated in
another way as

—(p+ ppE)CTC (X) + QD( ) o', 61)

(Peir?) (x) =
This relation will be important later, in the derivation of the
Buchdahl inequality. Furthermore, there exists an additional

relation between pr, ppg and the function w(x) = w(r?),
defined as

W) = / (pr¢® + poEc?)x’ T dx’
2(D — 2)x b1 ’
(52)
namely
(+"F o) = 5 (e + e T (53)
2D —2)
From Eq. (49), we then obtain
2. K D-3 kUL
=—— P - . 54
e ) eff{ + ——wl — - (54)

After differentiating Eq. (54) with respect to x [and with the
use of Eq. (51)], we find

2.\ _ K __*
(7¢) = =55 =y (0 + 00X’ b 2<M<>
K 0 ,
R TT D2Q§+ Swey.  55)

Since pr = p + py, We next obtain

2.7 ! _ _L 0
(27¢) = =505 =3 or + o) = 5= 2(u:)
K / K Q
D -3 ,
+T(UJC), (56)
and, with the use of Eq. (53), we arrive at the result
5 /_ 1 D 1 / K ,
(yé)——xp%(x )§+2(D—2)p‘1§
+ Q o+ P 3wy
2D_2y 0228t 5wt
K I
—m(uf)- (57

Furthermore, since y(x) is defined in terms of Buchdahl vari-
ables as

) . 2K
yx)=1-2w)x + —(D D 3)Z/l(x))c, (58)
we have
2 /o _2 U _ 2 + 2K /
W
2—Ku 59
To-»Dm-3 &9
where
2 2
Ux) = %, pyx) = 5 (x 9 Q/) : (60)
and
, 0 , D=2
Uk = 550 — U 61)
Using Eqgs. (58)-(61) in Eq. (57), we finally obtain
, D-3, Kk Q% kQQ'
yO8) = e S S T s g O

This is the generalized Buchdahl equation for spheri-
cally symmetric, charged compact objects in D-dimensional
space-time. As compared to the uncharged case [36], it con-
tains an additional term on the right-hand side, which is the
extra contribution due to the presence of the electric charge.

3.1 Buchdahl inequality in D space-time dimensions

In the following, we introduce four new variables z, y, 1 and
1, defined as

o )dx — z(r) = / ~5o) dr’,

/D?

(63)
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0*¢
==, 64
y(r) = 553 (64)
¥y=¢-n, (65)
where 7 (r) is defined in terms of the integral
r r
nr) = 2/(/ / y(r2) dry dl dry.
o {Jo [;_ew 1 _ O
r2073 r1D*3
(66)

The function ®(r), introduced in Eq. (63), is explicitly
defined by

ZADI‘D71
(D—1)(D—=2)’
(67)

2kt My (r)
(D -2)Qp_

2% Ur)rP-1
(D—=2)(D-3)

Q) =

giving y> =1 — O(r)/rP3.
In terms of the new variables introduced above, the Buch-
dahl equation Eq. (62) can be written as

d*y(z) D=3, kQQ'
R S LI R vy s s

(68)

For a stable charged object, the assumption that the aver-
age total density
(D= DMr(r)

Qp oD~ ©

does not increase with r implies that M7 /rP~! is a decreas-

ing function. Therefore, we assume that, for all ¥’ < r, ©(r)
satisfies the condition

S "\
-0 (%) , (70)

and also that

1)
7'D=3

v =y ). (71)

From Eq. (68), we can then obtain the generalized Buchdahl
inequalities from the condition that, for any physical density
profile of the charged object, the following relations hold:

d MT(r)

d—ﬁ <0— w/(x) < 0, (72)
rr

together with the condition that (Q?)" > 0 inside the object.
The inequality

d2

d—Zzl/f (Z) <0 (73)

@ Springer

therefore holds, for all 7 in the range 0 < r < R, where R is
the radius of the fluid sphere, for any static charged object.
Using the mean value theorem, we get

4, _v0-vO o

dz z

and, since ¥ (0) = ¢(0) — n(0) = ¢(0) > 0, it follows that

¥ (@) (z) d d {—n
—llf( ) = - —{—=—n= (75)
dz dz Z
The above relation can be written explicitly as
\/T(r) dg v
—dr
D=3 dr | _ 00
/D=3
= #
2[0 Teo) dr
D=3
rl
/ v(r2) dry | dry
1 [1 — @)
D—3
(76)

All the integrals in the inequality (76) can be evaluated using
the conditions (70) and (71). By using (70), it follows that
the denominator of right-hand side of (76) is bounded, such
that

-1

r /! @
[ o) =20 oD
0 /1_9w) r

/D=3

(77)

The second term on the left-hand side of (76) also has an
upper bound,

r ’ r
1
/ v dr’ < )/0/ —dr’ = E, (78)
0 1 0oy y

where yp = y(r = 0) is the central value of y. The term
involving y (r) also has a lower bound,

y(r') o) (r oy
der>V()/( r“(?)) v
~ o\ . { [em

_y(r)<rD_l> arcsin D3

(79)
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Consequently, the term in the numerator on the right-hand
side of (76) is bounded from below by

/’ | /‘” y(r2)
€] €]
c g\t o

5]

drp | dry

. y(r) ] fr r (1 _ ®D(2 rlz)_j arcsin (mrl)drl
(@D(Q)i 0 r d

N /
= v () / s - arcsin s'ds’
0 (1- 3’2)7

()
v [( ) >5r
_(m)% rb!
D1

_ i (rlgl)ﬂarcsin ((r;)_l)l r):| , (80)

where we have denoted

1 1
® \?2 O \?2
s’ = (rD—1> r, §= (rD_1> r. (81)

Plugging integrals (77), (79), and (80) into (76) and using
the relation y2 = 1 — ®(r)/rP~3, we next obtain

V' (r)

o cr)y(r)
I+y 1 yarcsin (/1 — y2)
=3 |:§(r)—2/<l/(r)r3 (1—y2 TS )}
Fouc (82)
y

At the surface of the compact object, r = R, and thus, using
Eq. (49) together with the value of the dark energy at the
surface Peir(r = R) = wppgc? = P,, we find

K p (D - 3wk — U g2
(D—Z e+( - U)( )_(D—Z))

i — 2
<y +y+2%R’ [VO+ v(R) (yarcsml(_vly2 y7) _1)}

y 11—y
<y 4y +zKR3§, (83)

where we have used the fact that arcsin (y/1 — y2) <
V1 —¥2/y, and have assumed that y > 0 for0 < r < R.
In the yp term, we also assume that {(R) > y(R) as a result
of the energy condition ,oc2 + P > 0, which allows us to
replace 1/¢ with 1/y.

For y9 = 0, the inequality (83) properly reduces to the
uncharged case discussed in [36]. Even when y is bounded
between 0 and 1, the last term on the left-hand side is
unbounded, since it is proportional to 1/y. The metric
becomes the black hole metric for y = 0, but we expect
the Buchdahl limit to set in before this point, at the upper
bound ® /RP—3 =1 — 2.

3.2 Dimensionless form of the mass bounds

We now introduce a new set of dimensionless variables
{T", u, b, A}, defined as

1
I =2«R*y (—) (84)
upper
and
kcE My ApR?
u = 5 = B
(D —2)Qp_rRP-3 D-2
2k R*U 2
A= d k0 (85)

(D—2)(D—3) (D —2)(D—3)RXD-3"

respectively. In terms of these dimensionless quantities, the
inequality (83) can be expressed in a simple form as

D-Du+A+whb—(D—-2)A<1+y+T, (86)

where y = /1 — Qu +2b/(D — 1) — A). The inequality
(86) implies the bounds

u_ <u<ug, 87
where
B 4AC
——— |1 /1-22), A=m-1?
U QA( BZ> ( )

B=2+2(D—-Db(+w)— 1+ (D -2)A+1)],
2b

C:—(1+A)+ﬁ

2

+[b(1+w)—<1+<D—2>A+F>] (88)

Asacross-check of our main result, we compare these bounds
with the known result for uncharged objects obtained in [36].
When Q =0, we have A =0, " =0, and

8nGpM

M=M _ = . 89

Tlo=0 = u (D —2)p 2 RD (89)
In this case,

_ D2 T 04 )D—IAR2

T o Yo =2pt?

L D=2 i, Pl AR (90)

—_— w— B

(D —1)? (D—23""

in complete agreement with the previous result [36].
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In order to obtain the influence of the charge on the mass
bounds, we need to evaluate the value of I", which contains
the unknown parameter y and the upper bound u [through
(1/y)upper in (84)]. Since ¢ (r = 0) = 1, an estimate value
of yp can be obtained from Eq. (64):

&2

Yo~ W, on

where A, = fi/m,c is the Compton wavelength of the elec-
tron. This is equivalent to the statement that a charge e cannot
be compressed to within a radius smaller than A.. Conse-
quently, we can approximate

2D-3 D—1

e

2 —-1/2
2b
F%ZKR3A6—|:1—<ZM++——A>] . (92)

The dimensionless quantity I' ~ R3 can have values as small
as 10787 (for M7 ~ 2 x 10° g, R = 1.5Rg, where Ry =
2GM /c? is the corresponding Schwarzschild radius) to as
large as 1600 (for M7 ~ Mg = 2 x 1033 g, R = 1.5Ry)
when D = 4 and for very small A. Thus, we cannot take it
to be a generically small quantity.

On the other hand, the cosmological constant in four
space-time dimensions is extremely small in the real physical
world. The quantity b is thus very small, since R is typically
much less than, or at most comparable to the size of the
universe, R < Ry &~ Ry = +/3/A. Therefore, it is interest-
ing to explore the mass bounds for charged spherical objects
when A, I" > b. Another important limit is when the dark
energy becomes a cosmological constant with w = —1. We
will explore mass limits in these situations in the following
section.

4 Mass limits for AR* « 1 cases
In this section, we assume the dark energy density to be very
small,i.e. AR? < 1. We first consider the case in which dark

energy corresponds to a cosmological constant with w = —1.
The general case, with arbitrary w, is then investigated.

4.1 Cosmological constant dark energy

If dark energy corresponds to a cosmological constant and b
is very small, we can set w = —1 in Eq. (88) so that

[ _4AC _ [/ (D=DAU+(D-2)A+T) = (1+4)]
B* (D—D(A+(D-2)A+T)— 1

b 1 2 -
X|:l_(D—1)(1+A+W_ﬁ(l+(D_2)A+F)) :|,

93)
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while
B (D—1)(+D—-2)A+T)—1
- = R >0.  (94)

The upper (lower) mass limit is then given by u () respec-
tively. For B < 0, C > 0, u_ is positive and the lower limit
exists. Itis straightforward to see that B is always negative for
D > 2 and C is always positive for Ap > 0,since A, " > 0.

4.2 Generic dark energy

A more general situation is when we allow a small w-
dependent term to exist for @ # —1. In this case, we may

approximate the quantity /1 —4AC/B? as

4AC 1AC,
= — ==
B B?

_b(D 1)’ o — (L+w)(1+ (D —2)A+T)
[(D—1D(A+(D—-2)A+T)—1]2

1— 4ACy
B

D =D+ w1+ (D =2)A+T)* = (1 +A4)]
[(D—1DA+(D—-2)A+T)—1P ’
95)

where

By=Bb=0)=2-2(D—-1DA+(D—-2)A+T1),
Co=Cb=0)=(1+(D-2)A+T)>—(1+A4),
B (D-Dbd+w) -0+ (D-2)A+D)]+1
24 (D —1)2 '
Since Cyp > 0, the second term on the right-hand side of
Eq. (95) will determine whether the lower bound u_ exists.

Thus, for A > (<) 0, a nontrivial positive lower bound u _
will exist if

1= (D= 1)1+ (D —2)A+T) — 24

D-1DA+D-2)A+T)+ 2A§0

w < (>)

(96)

B

4.3 Charged sphere with no dark energy

We may also setb = 0 and simply consider the mass limits for
a charged sphere in asymptotically flat space. From Eq. (88),
it follows that

4AC 4ACy
-2 = -2 <, ©7)

0
and
B _ DDA+ D-2)A+T)] -1 o8)
2A (D —1)2

Hence, for D > 2, both the upper and the lower limits always
exist according to Eq. (98).
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Due to the electrostatic repulsion between charged fluid
elements, the minimum mass/radius power ratio is required
in order for gravitational attraction to counteract the repulsive
force, which enables the object to maintain a static config-
uration. The maximum mass/radius power ratio denotes the
limit before gravitational collapse. For a charged object, we
expect the maximum mass/radius power to be greater than
that for an uncharged object, i.e. the Buchdahl limit Eq. (5),
due to the repulsive effect of the charge density.

4.4 Small objects with A, ' < 1

As long as the size R of the object is sub-astronomical (i.e.
small compared to the size of a typical star), the numerical
value of I' in (3 4 1) dimensions is generically much smaller
than unity. We now consider the condition I' < 1, together
with A < 1, in arbitrary dimensions, and derive explicit
expressions for the mass bounds in this limit.

For A, ' « 1, we can approximate /1 — 4AC/B? as

/1 4ACN1 (D —1)?
T B2 T (D-2)2
(2D —5)A D-2
X|:F+T_b<m+w)i|’

99)
and the mass limits u4 become

2D -2 1
T -1 T (D-1)(D-2)

((2D2—9D+ 11)% +(D—3)l"+[2+3w—D(1+w)]b>,

(100)
1+ D = Db +w) —(1+((D-2)A+T)]
T (D —2)?
(2D —5A D-2
x|:F+ 5 fb<D_1+w)]. (101)

The minimum mass/radius power can thus be approximated

by
Mr _I'Qp n 2D — S)QEO[/QDiz
RP= ) in Kc? 2(D —2)(D — 3)R2(D=3)¢2
ApR*Qp_s [ w N 1
Kc? D—2"D-1)’

(102)

where we define the total charge contribution Qi =
Qp-_20. Note again that the total mass M7 is the sum of
usual matter mass and the electromagnetic mass given by
Eq. (43). For zero dark energy, b = 0, and for very small I"
the minimum mass/radius power simplifies to

< Mr ) ~_ (2D—5 0%./Qp-2
RP=3 min 2(D —2)(D — 3)R2(D=3)¢2

(103)

The minimum mass/radius power ratio can also be cast in
the form of a minimum average density for a static spherical
object, i.e.

-1 022D —5)(D - 1)
Pmin = T 0R2 T 2D —2)(D — 3)REDD 2
—ﬂ<1+wD_1>. (104)
Kc? D-2

Remarkably, with the contribution from the electric charge
density, the lower bound (i.e. nontrivial positive values of
u_) exists, for a wide range of values of Ap, in both the
asymptotically de Sitter and the anti-de Sitter cases. For pos-
itive (negative) A p, as long as w is not much less (more)
negative than —(D — 2)/(D — 1), the lower bound always
exists.

On the other hand, the maximum mass/radius power ratio
is

( My ) 2D —-2)*Qp N I'Qp_» (D —3>
RD=3) (D — 1)2kc? kez \D -1
(2D? - 9D + 11)Q%, /Qp—2
2(D — 1)(D —2)(D — 3)R2D=3)2
ApR*Qp_2 243w — D1 + w)]
Kkc? (D—-1)(D-2)
Thus, the maximum mass/radius power becomes larger in
the presence of the electric charges, but the presence of dark
energy could either enhance or weaken the upper bound,

depending on the sign of w. For zero dark energy and very
small I, the maximum mass/radius power limit reduces to

< Mr ) _2(D—-27%Qp_
RD=3 ) (D — 1)2kc?
(2D? - 9D + 11)Q2,/Qp—»
2(D — 1)(D —2)(D — 3)R2D=3)¢2"
(106)

(105)

For convenience, we now present some results in (3 + 1)
dimensions with positive A and w = —1.

M 3 (47 Q? AR?%?

(—T> =2 ( ”2Q2 ) o (107)
R )., 4\ R% 12G

My 4c¢2 7 (4nQ? AR2?

— ==+ =57 )+ , (108)
R )ox 9G 12\ R% 12G

where we have assumed small contributions from the dimen-
sionless quantity I'. At this point, in order to facilitate the
comparison between the previous four-dimensional results
obtained in [18] and the results of the present paper, we
would like to mention that due to the different choice of
units and scaling of physical parameters the results of [18]
can be re-obtained once the substitutions 4w Q% /c*> — Q2
and Ac* — 87 G B are performed in all the equations of the
present paper.
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We end this section with a discussion of the holographic
interpretation of the minimum and maximum mass/radius
power ratio, focusing on the scenario in which the object is
embedded in an asymptotically anti-de Sitter (AdS) space-
time, with Ap < 0. In this case, the maximum mass bound
for a given radius of a charged object corresponds to the
Hawking temperature, Ty, of a charged (i.e. a Reissner—
Nordstrom) black hole (RNBH), with the same mass. At this
radius, any object with larger mass than the maximum mass
will inevitably collapse to form a black hole. For a large
RNBH with positive heat capacity, Ty is an increasing func-
tion of the black hole mass and can be determined once the
mass is known (see, for example, [38] for explicit formu-
las). From the viewpoint of holographic duality, the Hawk-
ing temperature can be identified with the temperature of the
dual gauge plasma in the deconfined phase (for example, the
quark—gluon plasma in QCD). Specifically, it can be inter-
preted as the maximum temperature of the dual gauge matter
in the confined phase before it undergoes an inevitable phase
transition into a deconfined phase. Or, in other words, as the
confinement/deconfinement phase transition temperature.

Generically, a static configuration in the bulk gravity pic-
ture of the background AdS space is dual to a thermal phase
in the boundary gauge picture. To give a few examples: An
empty bulk AdS space is dual to the confined phase of gauge
matter on the boundary. A black hole in the bulk is dual to
the thermal phase of the gauge matter on the boundary, in
which the Hawking temperature of the black hole is identi-
fied with the temperature of the thermal gauge phase. The
mass of a static AdS star made of fermions is dual to the
conformal dimension of the multitrace operator in the dual
conformal field theory (CFT) [39,40]. In [41], it was shown
that the mass of the bulk AdS star is linearly proportional to
the number density of particles on the boundary when the
mass is large. This provides a holographic correspondence
between the bulk mass in the gravity picture and the particle
density on the boundary in the gauge field picture.

With this in mind, we can interpret the minimum mass at
a given radius, derived in this section, to be the dual of the
minimum density of the gauge matter living on the boundary
space. If the density of the gauge matter is too low, it will
evaporate into a ‘hadron’ gas. This gauge picture corresponds
to the gravity picture in which the mass of the spherical object
scatters into the entire AdS space, since it is lower than the
minimum mass required for stability at a given radius. Thus,
the minimum mass/radius power ratio gives the critical den-
sity of the dual gauge ‘nucleus’, under which it will evaporate
into the ‘hadron’ gas phase.

4.5 Bounds on the static universe

We can apply the condition (87) to the entire universe by
setting R — {Ry, oo}. For asymptotically dS space, this is
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not allowed since r is limited by the cosmic horizon radius
Ry = /(D —1)(D—2)/2Ap. For asymptotically AdS
space, R — oo is physically viable. Generically, the bounds
given by Eq. (87) may yield bounds on the average density
of static, asymptotically dS and AdS universes by letting
R = Ry and R — oo, respectively.

First, let us consider the AdS case. Since I', given by
Eq. (92), is proportional to R3/y, dividing by R? gives an
interesting constraint on the average density of a static uni-
verse, with D > 3. For R — o0, the parameters in Eq. (88)
become

B 2D —1) Ap (14 w) I
_% — —_— —_— —
R2 pD_2" "YW R)
c 1 1

B2 T 4D—1)2 4A°

leading to the degeneracy of u4 and u_. This implies the
uniqueness of the average density of the static asymptotically
AdS universe, which is given by

_ 1 r'(D-2)

AdS _

P = F(T_ADO—HU))’ (109)
where

r 2ke> | (D—1)(D -2

I 2xe ( )( - )' (110)
R2 ng—3 —Ap — kc2pAdS

This bound only exists, for Ap < —/cczﬁAds, w 2 —1,

if the universe is charged. For the uncharged case, O = 0,
the maximum mass/radius power ratio of the entire universe
(R — 00) gives the average density bound

2

Apc
~AdS D
=—— (14 w), 111
8 G ( ) (1)
for the static AdS universe.
For asymptotically dS space, we can set R = Ry =

V(D —1)(D —2)/2Ap to obtain an approximate average
density

s Ap (T(D-2) 2D —2)
p —Kcz(—ADRZ (1+w>+—(D_1)2>. (112)

For a static uncharged dS universe, starting from Eq. (90)
and setting R = Ry, we obtain

- A 2(D—-2)
ds D
Pmax,min = m(l Tw+ m

2(D —2) (D —1)2
B 53 )

These limits exist only for w > —(D — 2)2/(D —1)%. Even
if, in reality, the universe is an expanding (34 1)-dimensional
space-time with positive A, the static dS and AdS space still
have essential interpretations from the viewpoint of holo-
graphic duality (cf. discussion of the AdS case in Sect. 4).

(113)
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5 Total energy and gravitational stability of charged
objects with minimum mass/radius ratio in arbitrary
dimensions

In the present section, we investigate the stability of charged
gravitating objects in arbitrary dimensions. As a first step in
this study, we derive an explicit expression for the total energy
of a compact, charged, general relativistic object, which
includes the contribution from the gravitational energy. For
the sake of notational convenience, we use a system of units
such that c = G = 1 and ¢ = 87 throughout the remainder
of this section.

A definition of gravitational field energy E s, with interest-
ing properties, was proposed in [42], and further developed
in [43,44]. The derivation of Eg proceeds as follows: Let
us assume that 7" is the energy—momentum tensor of a sta-
tionary system with mass M, embedded within a space-time
with a time-like Killing vector £”. Then the matter—energy
Ey of the system is defined as [42,43]

Ey =/Tvﬂgh/—_gdzﬂ, (114)

where ¥ is any space-like surface over which the energy
is to be evaluated. If M is the total energy of the system,
then the gravitational energy of the system E is defined as
Ec =M — Ep [42].

This definition of the gravitational energy can be refor-
mulated in terms of the theory of surface layers [43,44] as
follows: let the surface X be a closed surface, which cuts the
space-time in such a way that the exterior space-time remains
unchanged, while the interior space-time is flat. The internal
energies of the matter and of the gravitational field are then
replaced by the surface energy of ¥, sothat Eg = Ex — ET,
where Eg is the energy of the gravitational field inside X,
Ey is the energy of ¥, and Ert is the energy of the matter
inside X [43]. The matter—energy inside the surface is given
by Er = fv ! &'u,dV, where V is the invariant volume
inside X, and u, is the four-velocity field of points that are
fixed in X.

Next, we introduce the unit normal vector field n of 3. The
exterior curvature tensor of X is defined by K;; = V;n;,
where we have introduced the set of intrinsic coordinates
(x', x/) on E. The surface energy tensor of X (the Lanc-

Z0S tensor) S;. is defined as S;'. = (1/8m) ([K;] — 8; [K]),

where [] denotes the discontinuity at ¥, and K = Kl’ [43].
The energy of the cut is given by Ex = f2 ShEu,dx,
where ¥ is an invariant surface element. For a vacuum solu-
tion of Einstein’s field equations, E'y, gives the gravitational
field energy inside X. If there is a nonvanishing energy—
momentum density tensor inside X, then the gravitational
field energy is given by [43]

Eg =/ SHEVu,dT —/ THE u,dv. (115)
p> v
This definition is manifestly coordinate invariant.
In the case of spherical symmetry, and in arbitrary dimen-
sions, S8 = — (c4/471 G) Zi‘;‘lz [Kgi"], and thus the energy
inside the surface X is given by

o =~ e [ ]
= —(D —3)re'/? (1 _ e—x/z) .

In the exterior of a higher-dimensional charged matter dis-
tribution, the vacuum metric functions satisfy the condition
v + 1 = 0, and the metric is the generalized D-dimensional
Reissner—Nordstrom—de Sitter metric, with coefficients

” Y 2b
e’ =e¢e —1—2u+A—ﬁ,
where the dimensionless parameters «, A and b are given by
Eq. (85). Therefore, the gravitational energy inside a surface
of radius R, where R is the radius of the charged object, is

given by

(116)

(117)

Eglr=r

B 2M F (D) Kk Q2 1 2Ap )
- _(D_3)R\/] T gp3 T (D—2)(D=3) RZD3) ~ (D—1)(D-2)

2MF(D) xQ? 1 20 .
) {1/1 Tk T3 BOY T boh " }

(118)

where F (D) = «/[(D — 2)Q2p—3]. For an object with mini-
mum mass/radius power ratio, and with small A, b and negli-
gible I', the condition (102) is satisfied. Thus, eliminating the
total mass using Eq. (102), the gravitational energy becomes

B KQZ 1 2wAp 5
Elr—r = =D 3)R\/l D22 R0 T p g
/(Q2 1 2wAp )
: [1 _\/1 T D22 R0 T p_apk }
(119)

For a stable configuration, the total gravitational energy
should have a minimum, defined by

dE 02E
G _o, G0

R OR?

(120)

The resulting expression can be rearranged into a cubic equa-
tion in A p, and thus solved analytically for A p in arbitrary
dimensions. However, the expression is long and compli-
cated, so we will give only the approximate form, valid to
leading order in Q2 and A p. Thus, we have

2D —=17)

= U R¥MD0? 4 3ApwR? &0,

5 (121)
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giving

2~ (2D—7 Kk Q?

, (122)

1/[2(D—-2)]
6 —wAD>

as the radius of a stable charged object, with minimum
mass/radius power ratio, which also minimizes the gravi-
tational energy of the configuration.

Following the method presented in [18], for compact
objects in (3 4 1) dimensions, we obtain the minimum mass
of a charged object as a function of the D-dimensional cos-
mological constant A p, and of its electric charge, in the form

D=3
—6wAp >2<Dz> (123)
2D — Tk

Qp-2 Dol
M=g<w,D>D_2QD—2(
where

2D -5 2D —7 D -2
g(w’D)EZ(D—3)+ 3 (w(D—l)+1>'

(124)

Using Eqs. (122) and (123), we can now eliminate the cos-
mological constant and obtain the ratio of the square of the
charge of the object to its mass, as a function of the radius:

0 D-2
M g(w, D)Qp_2

D=3 (125)

For D = 4, this gives

0? 1 ( 18w ) (1)9
M 4z \1+ 15w dr )7
(126)

From the expression for R in Eq. (122), we see that sta-
bility can be achieved only when Ap > 0 for negative w.
Furthermore, if we fix the mass M the of object to the mini-
mum allowed at a given radius R, and consider a change § R,
then any change in the charge contribution Q% must be com-
pensated by a corresponding change in the A p contribution,
in such a way that as to keep the gravitational energy of the
system constant.

In the case of the electron, for which Q = eand M = m,,
Eq. (126) automatically recovers the classical electron radius,
re = 1.28¢%/m, (in CGS units). In classical, relativistic, but
non-gravitational physics, this is obtained from the require-
ment that the electrostatic energy e?/r, equals the rest mass—
energy m.. In the present approach, this result is obtained by
minimizing the trotal gravitational energy of a charged sys-
tem with minimum mass/radius ratio.

5.1 A complementary stability analysis
Consider a charged static object with the minimum mass/radius

power ratio. One way to obtain a stability condition for this
object is by minimizing the quantity M/ Rgif with respect

@ Springer

to the radius R. If the object has the minimum mass/radius
power ratio and we make a slight change in R, its mass has
to change in such a way that the mass/radius power ratio
remains constant. By setting

ad M
ar\&n ), ="
min

and using condition (102), we obtain the stability condition

(127)

Kk Q2 2Ap (D=2
R2XD02 ~ " 2p_5 (D—l +w>’ (128)
yielding the radius
-7
. Kk Q*(2D —5) (129)

—2Ap (% + w)

Substituting back into Eq. (102) gives the mass at the mini-
mum mass/radius power ratio configuration,

D=3
2(D-2)

k02D - 5)
—2Ap (% + w)

_ Qp2@2D-5) @
B 2(D —3)

(130)

The dark energy constant A p can be eliminated using Eqs.
(129) and (130) to give

2 2(D -3
@ __ 2D g (131)
M 2D —-5)Q2p_»
For D = 4, this gives

2

1

@ _ 1o, (132)
M 6

Although the stability analysis based on the minimization
of gravitational energy allows only positive A p, for negative
w, the stability analysis presented here allows both Ap > 0
and Ap < 0. However, for Ap < 0, the equation of state
parameter w must satisfy the conditionw > —(D—1)/(D —
2), which gives w > —3/2 for D = 4.

6 Quantum implications of a classical minimum mass
for charged objects

In this section, we investigate the quantum implications of the
existence of a classical minimum mass for charged objects
in (3 + 1) dimensions. In Sect. 6.1, we begin by review-
ing a series of quantum gravity arguments that give rise to
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‘cubic’ MLURs, in which the minimum positional uncer-
tainty (Ax)min iS given by the cube root of three phenomeno-
logically significant length scales. In general, such relations
may be derived by minimizing the total uncertainty, due to
both canonical quantum mechanical and gravitational effects,
with respect to the mass M of the system. In Sect. 6.2,
we combine the mass minimization condition giving rise to
cubic MLURs with phenomenological results from canon-
ical quantum mechanics, namely, the existence of a mini-
mum Compton radius for any object (i.e. ‘particle’) of mass
M, and consider charged objects subject to the bound (10).
By combining all three mass bounds, we obtain the condi-
tion for quantum gravitational stability of a charged parti-
cle. Applying this to the electron, we find that saturation of
this condition requires the existence of a ‘new’ fundamental
length scale in nature, R, of order Ry . Furthermore, setting
R, = Ry = /3/A, we recover the expression for A, writ-
ten in terms of the fundamental constants {c, G, &, e, m,},
Eq. (15).

For later convenience, we now define the Planck length
Rp, mass Mp, and charge gp, expressed in terms of the
independent constants {c, G, i1}, via

Ro — hG Mo — [hc
P_ C31 P_ Gv

(133)
and
qp = Vhc. (134)

For the sake of clarity, all fundamental constants are written
explicitly throughout the remainder of this section.

Following [29], but adopting the notation and terminology
used in [36], we also define two mass scales, My and M,
associated with the cosmological constant A,

v _h[A G
Y"=oV3 TGV A

From here on, we refer to these as the first and second Wesson
masses, respectively. The associated lengths are

oo _ |3 o _1G[3
V=ya TWT IV

which we will refer to as the first and second Wesson length
scales. Hence, Ry is simply the Compton wavelength of a
particle of mass My and Ry, is the Compton wavelength of a
particle of mass M,. We also note that M}, = M3 /My and
Ry, = R%/RW, sothat {Mwy, Ry} < {M{,V R/W} under the
T -duality transformations (see, for example [45]), My <
M?%/Mw, Rw < R3%/Rw. Physically, M}, ~ 1.347 x 10
g and Ry =~ 1.0 x 10%® cm are of the order of the present
day mass and radius of the universe [36].

(135)

(136)

6.1 Cubic MLURSs in phenomenological quantum gravity

In addition to those proposed by Bronstein [6], at least three
sets of heuristic arguments based on quantum gravitational
phenomenology give rise to the cubic MLURSs. The first is
based on an extension of a gedanken experiment first pro-
posed by Salecker and Wigner [46], which proceeds as fol-
lows. Suppose we attempt to measure a length d using a
special ‘clock’, consisting of a mirror and a device that both
emits and detects photons. The photons are reflected by the
mirror, placed at some unknown length d from the device,
which emits a photon and re-absorbs it after a time t = 2d /c.
Assuming that the recoil velocity of the device is well below
the speed of light, it may be modeled non-relativistically.
Then, by the standard HUP, the uncertainty in its velocity
Av, at the time of emission, is of order

h
v = , (137)
2M Ax
where M is its mass and Ax is the initial uncertainty in its

position.

We note that the ‘device’ considered here may still be
small enough to behave quantum mechanically. For exam-
ple, we may consider a two-state system involving a charged
particle, embedded within a broader experimental set-up,
that emits and re-absorbs photons. In this case, Ax and
Ap = M Av refer to the positional and momentum uncer-
tainty of the charged particle, which, together with the mirror
that reflects the photons, measures (or ‘probes’) the distance
d.

During the time required for the photon to travel to the
mirror and back, the particle acquires an additional positional
uncertainty (Ax)" = 2d Av/c [i.e., in addition to the standard
positional uncertainty Ax 2 i/(2M Av)], so that the total
positional uncertainty is given by

hd  h +2dAv
McAx ~ 2MAv c

Minimizing this expression with respect to Ax, and using
(AV)max ~ /(M (AX)min), we have

| hd
(AX)min & (/ — = /Acd,
Mc

(A) | hic [Ac
V)maxy ~ —_— ) —_
max Md c d

(neglecting numerical factors of order unity), where Ac =
h/(Mc) denotes the Compton wavelength of the particle, so
that

(AXtot)min A v Acd.

If we then require d > Rs = 2GM/c? (i.e. that our measur-
ing device is not inside a black hole), we obtain (Axio)min =
Rp. However, more realistically, we may require d > Ac,

Axmt = Ax +

(138)

(139)

(140)
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so that the measurement process devised by Salecker and
Wigner gives rise to a MLUR which is consistent with the
standard Compton bound.

The original argument presented in [46] may also be mod-
ified to explicitly include the classical ‘uncertainty’ in the
position of the measuring device due to gravitational effects.
Assuming that this is proportional to the Schwarzschild
radius of the device Rg, the total uncertainty due to canonical
quantum mechanical effects, plus gravity, is

A | hd +ﬂGM
X =,/— —_,
Mc c?

where B > 0 [47]. Minimizing this with respect to M yields

(141)

d \!3
M >~ Mp (;32_Rp> (142)
and, substituting this back into Eq. (141), we obtain
Ax = (Ax)min = (BRpd)', (143)

where (again) we have neglected numerical factors of order
unity in the preceding expressions.

One disadvantage of the approach described above is that
it appears to apply only to the specific measurement process
envisaged in [46]. However, in [48,49], it was shown that the
expression for (Ax)min given in Eq. (139) may be obtained
from general principles in canonical quantum mechanics. For
V = 0, the time evolution of the position operator X (¢) given
by the Schrodinger equation (in the Heisenberg picture) is

dx@) i~ . p
=—-[H, ()] = —. 144
” 7l x(n)] i (144)
This may be solved directly to give
n n R t
x(@)=x0) + p(O)M. (145)

The spectra of any two Hermitian operators, A and B, must
obey the general uncertainty relation [50]

1 . A
AAAB > §|([A, B]), (146)
so that setting A =3(0), B =) gives
t
2(0), ¥(0)] = ih—, 147
[x(0),x(@®)] =1 7 (147)
and
Ax(0)Ax(t) it (148)
x(t) = —.
* M

In the Heisenberg picture, we have (Ax)? = Ax(0)Ax(?),
so that, again setting t = d/c, (Ax)min is given by Eq. (139).

As with Salecker and Wigner’s gedanken experiment, we
have again considered performing two measurements of the
position of an object, one at + = 0 and the other at some
time ¢ > 0, and can relate this to the uncertainty inherent in
the measurement of a length scale d = ct. However, in this
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case, no assumptions have been made about the details of the
measurement procedure, so that Eq. (139) may be considered
as a general result in canonical quantum mechanics (i.e. not
accounting for the effects of gravity). As such, the arguments
presented in [47], and hence the cubic MLUR (143), may be
considered to have general validity for gravitating quantum
mechanical systems.

Cubic MLURs of the form (143) (with 8 = 1) were also
obtained in [33,34] by considering a gedanken experiment
to measure the lengths of geodesics with minimum quantum
uncertainty. This derivation relies on the fact that the mass
of the measuring device M distorts the background space-
time. Equating the uncertainty in momentum of the device
with the uncertainty in its mass then implies an irremovable
uncertainty or ‘fuzziness’ in the space-time in the vicinity of
the device itself. This results in an absolute minimum uncer-
tainty in the precision with which a gravitating measuring
device can measure the length of any given world-line, d.

As with the results proposed in [47], in this scenario the
value B ~ (O(1) arises as a direct result of the assump-
tion that the Schwarzschild radius of body of mass M,
Rs = 2GM/c?, represents the minimum classical ‘gravita-
tional uncertainty’ in its position. In fact, for cubic MLURs
of the form (143), it is usually assumed that § ~ O(1) in
most of the existing quantum gravity literature [5]. For all of
the scenarios leading to Eq. (143) considered above, this is
directly equivalent to assuming a minimum classical gravi-
tational uncertainty, given by Rg.

However, since Eq. (143) holds if and only if Eq. (142)
also holds, it is straightforward to check that setting § = 1
is inconsistent with the requirement that quantum gravity
effects, stemming from MLURs of the form (143), be sub-
dominant to ‘standard’ quantum effects. Since quantum grav-
ity has not been observed in the lab, we require (AxX)min =~
(BR%A)'3 < h/(Mc), or, equivalently

Rp\ /3
MEMP —_ .
Bd

Substituting the minimization condition for Ax, Eq. (142),
into this inequality then gives

d< \/BRP-

Clearly, for 8 ~ O(1), this contradicts the weak gravi-
tational limit of the theory, represented by Eq. (139), and
which yields d > (AX)min = Rp. This implies that the
arguments of Kdrolyhdzy et al. [33,34], which automatically
assume B = 1, are also inconsistent with the weak field limit
and the condition that quantum gravity effects from MLURs
become subdominant to canonical quantum uncertainty in
this regime.

In fact, subsequent work has claimed that Karolyhazy’s
quantum space-time MLUR is incompatible with observa-

(149)

(150)
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tions in yet another sense, in that it implies a vacuum energy
density of the order of the neutron star density [35]. While it
would be interesting to repeat the arguments presented in [35]
using the more general relation, Eq. (143), and to consider
the value of B required to reduce the neutron star density to
the observed vacuum density, this task lies outside the scope
of the present paper and is left to future work. However, for
now, we note that only the more general relation (143), with
B > 1, is compatible with current observations.

Although the arguments presented in this subsection do
not allow us to fix the value of g, or even the minimum value
of B required for consistency with the weak field limit, we
note that they yield two conditions on the mass of the mea-
suring device M in relation to the distance to be measured
d, Eqgs. (142) and (149), and that these relations involve only
a single free constant. In the next subsection, we combine
these with the condition relating the mass M and radius R
of a gravitationally stable charged body, and explicitly con-
sider an object of charge e¢ and mass m, (i.e. an electron).
In so doing, we see that the consistency of all three relations
implies the identification of fundamental constants given in
Eq. (15).

6.2 Quantum gravitational bounds for stable charged
objects

One possible definition of the quantum gravity regime is the
requirement that the positional uncertainty of an object, due
to combined canonical quantum and gravitational effects, be
greater than or equal to its classical radius, (AX)min > R.
(This is essentially the inverse of the requirement for classi-
cality: that the macroscopic radius of an object be larger than
its quantum uncertainty.) Thus, the conditions

Ac = (AX)min = R (151

correspond to a regime in which the ‘particle’ behaves quan-
tum mechanically and gravitationally, but in which spe-
cific quantum gravitational effects are subdominant the stan-
dard Compton uncertainty. In this regime, we may therefore
assume that

(AX)min = (BR3d)'? = yc, (152)
where y < 1. Likewise, we may set
ER = (AX)min = (BR3d)'/°, (153)

where £ > 1, if we expect the object to display no classical
behavior. Clearly,

y =§, (154)

with equality holding if and only if y = & = 1.

For convenience, we now rewrite the three independent
expressions we have obtained for M throughout the preced-
ing sections of this work, namely

d 1/3
M = MP (/32—RP> s (1553)
RpM
M= V;—P’ (155b)
(BR%d)1/3
2 EMpR
_Q° EMpRp (1550)

43 (BREA)

Equations (155a) and (155b) are simply Eqgs. (142) and (152)
restated. Equation (155¢) corresponds to saturating the bound
in Egs. (9) and (10) by assuming that R = (AX)min/& rep-
resents the value of the classical radius that minimizes the
ratio M /R, for a sphere of mass M and charge Q. (For sim-
plicity, we have neglected numerical factors of order unity in
Eq. (10)).

Thus, the quantity M in Egs. (155a) and (155b) denotes
the value of the mass for which the quantum uncertainty
of the object, including gravitational effects, is minimized,
whereas the M in Eq. (155c¢) is the mass of a body for which
the classical bound (10) is saturated. By Eq. (131), this is
also the radius at which both the classical mass/radius ratio
and the classical gravitational energy are both minimized.

We now investigate the properties of a charged particle for
which the combined uncertainty (due to both canonical quan-
tum and gravitational effects) and the classical mass/radius
ratio and gravitational energy are minimized. Thus, we pro-
ceed by equating the three expressions for M in Eqgs. (155a)
and (155c). The physical picture is that we use a ‘particle’ of
mass M and classical radius R as a probe to measure a dis-
tance d: the minimum uncertainty in the position of the parti-
cle is also the minimum uncertainty in the measurement of d.

Equations (155b) and (155¢) immediately imply

Y
2 oYy 156
gf (156)

or, equivalently,

0 <ar. (1)

This gives a nice (and self-consistent) interpretation of the
Planck charge gp as the leading order contribution to a sum
of terms that determine the maximum possible charge of a
stable, gravitating, quantum mechanical object. The bound
(157) may also be obtained in a more direct way by com-
bining a general relativistic result with canonical quantum
theory: rewriting Eq. (142) as 0> < g2RM/(MpRp) and
invoking a Compton-type relation between R and M (i.e. tak-
ing R to be the Compton radius of the sphere), yields exactly
the same result.

For convenience, we now rewrite
R, = Bd, (158)

where R, is an arbitrary length scale. We note that, if B
is independent of d, R, is simply proportional to d, but, if
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B x d~1, R, is a constant. (Also note that setting 8 o d-!
would in no way alter the argument for the minimization
of Ax with respect to M, proposed in Sect. 6.1.) Equations
(155a)—(155c) then become

Mpd

M = W, (159)
and
M =y MpM,)'7?, (160)

respectively, where M, = M p R p/R.. Equating the two then
yields

d =y (R3R)'3. (161)

The expression for M, Eq. (160), also implies that the Comp-
ton wavelength of the particle is given by
. _ (RER)'P ER _ gpR
c=E=E—"—=—= —"F5_.
14 y 0%
The self-consistent solution to Egs. (155a)—-(155¢), written
in terms of R, = Bd (158), is therefore

(162)

2
V=5—2§1, §=1, (163)
P
yielding
Q2
R = q_z)\c = (R3R.)'3, (164)
P
where Ac = h/(Mc) and
Q2
M==-(MpM,)'">, (165)
P
together with
Q2
d= q—2(R%,R*)1/3. (166)
P

To summarize our results, we have shown that, to probe
a distance d, given in terms of some length scale R, by Eq.
(166), we can minimize the combined quantum mechanical
and gravitational uncertainty inherent in the measurement
of d by choosing an appropriate probe ‘particle’, with mass
M, given by Eq. (165). This mass corresponds to a classi-
cal radius R given by Eq. (164). In addition, we found that
the minimum value of the combined uncertainty, incorpo-
rating gravitational effects, is equal to the classical radius,
(Ax)min = R. [Alternatively, if we take a particle of mass
M, given in terms of Q and M, = MpRp/R, by Eq. (165),
the value of d obtained in Eq. (166) represents the length scale
with is naturally ‘probed’ by such a particle, with minimum
uncertainty (Ax)min = R.]
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Mathematically, the three length scales Ac, (AX)min = R,
and d, are related via

2 2 4
d= Q_Z(Ax)min = Q_2R = Q_4)‘C' (167)
qp qp qp

We also showed that the Planck charge acts as a maximum
possible charge for any stable, gravitating, quantum mechan-
ical object, regardless of its mass M and associated Compton
radius Ac. Therefore, for Q < gp, the positional uncertainty
induced by quantum gravitational effects is strictly less than
the Compton scale, for a stable body of any mass M.

Let us now reverse this argument by asking the following
question: If we suppose that M represents the mass, not of a
composite body, but of a true fundamental particle, what is
the inherent length scale that such a particle can probe, with
minimal uncertainty? To answer this question, we first note
that, in order for M and Q in Eq. (165) to be constants of
nature, R, must also be a constant of nature.

As a test case, let us now consider the electron by setting
M = m, and Q = e, for which Eq. (167) recovers the
well known relation r, = aA,., were ¢ ~ 1/137 is the fine
structure constant. For convenience, let us also associate R
with another universal constant, which we denote A, via the
relation

Ay = R%% (168)
From Eq. (165), we then have

Ay = 3%. (169)
Evaluating this numerically gives

Ay~ 1.4 x 1070 cm ™2, (170)
and we recall that

A~3.0x107°cm™2, 171)

is the value of the cosmological constant implied by various
observations [23-27]. This strongly suggests the identifica-
tion A, = A, R, = Ry.

We stress, however, that this identification is not based
purely, or even primarily, on a numerical coincidence. Rather,
our requirement that the total uncertainty Ax, incorporat-
ing canonical quantum and gravitational effects, be min-
imized for all stable bodies, including fundamental parti-
cles, requires the existence of a fundamental length scale
in nature which is many orders of magnitude larger than the
Planck length. Specifically, the minimization of the com-
bined canonical quantum and gravitational uncertainty of the
electron requires the existence of a fundamental constant,
with dimensions L2, of the form (169). Formally identify-
ing A« = A and substituting this back into Eq. (9), we obtain
the bound
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2 2G5 1/6 2
Q_<<3 Gc) e (172)

~ _ 8
S A wm—e—2.52x 10° Fr/g,
to leading order. The fulfillment of this condition therefore
indicates the stability of a general, charged, gravitating, quan-
tum mechanical object, as claimed.

Finally, let us now consider the role of the length scale d,
given by Eq. (166), when R, is a universal constant and so is
Q. Combining this with the requirement that R, = fd, Eq.
(158), we obtain the following expression for §:

L (R ek
~ 02\ R, - p2

0 \Rp R}
The preceding arguments, given in Sect. 6.1, then imply that
the gravitational uncertainty of the particle is given by

B (173)

AcR
—5 X Rs = R = (AX)min,
R

P

(Ax)grav ~ (174)

rather than (Ax)gray &~ Rs = 2GM/62, as assumed in
[34,35,47]. This implies that an additional, self-consistent
interpretation of the classical radius R of a charged object, is
that it represents the minimum value of the classical gravi-
tational ‘disturbance’ induced by the objects mass M.

As an additional check on the consistency of this result,
we note that imposing the general condition 8 = R,/d on
Eq. (141) yields

IMpRpd
Ax =
X I +

Clearly, minimizing this expression with respect to M (i.e.
treating M and d as independent variables), yields

R.RpM

175
Mpd 175)

(AX)min = (RBR)3. (176)

However, since the length scale that may be probed with min-
imum total uncertainty using a particle of canonical quantum
width Ac isd = (Q*/q$)rc (Eq. 167), where Q2 < g3, itis
reasonable to ask, what happens in the ‘canonical quantum
limit’, where d — Ac, so that d and M can no longer be
considered independent variables? In this case, for a charged
particle, Eq. (167) requires Q* = q%, and Eq. (175) becomes

R.R,  RpMp  R.M>

Ax=d .
et MM

77
Minimizing this expression with respect to either d or M
yields Eq. (176). Hence, Eq. (175) is the only form of Eq.
(141) which is valid, for charged particles, in the canonical
quantum regime. However, we may conjecture that Eq. (177)
is valid in general, even for uncharged particles, since Eq.
(141) breaks down, for g ~ O(1), when particles are used
to probe distances comparable to their canonical quantum
radius.

We also note that, in the limitd — A¢, Eq. (173) implies
R, — )%/R%,. Substituting these values into Eq. (175)
yields

Ax X (AX)min = R =d = Ac, (178)
and
)»3
R,=-%. (179)
RP

Since we require Ac 2 Rp, in order to avoid black hole
formation, all quantities {Ax, R, d, Ry, Ac} remain above
the Planck scale in this limit.

Finally, before concluding this section, we note that Bron-
stein’s bound (3) is also a form of cubic MLUR, which may

be rewritten as

M2 1/3
(AX)min ~ (M—’;> R, (180)
after identifying Ax = cAt, where we have used the fact
that p = MR denotes the classical density. It is clear
that this is compatible with our result, Eq. (167), only when
M = M p. Thus, in general, our results are incompatible with
those presented in [6].

Although Bronstein did not explicitly consider charged
particles, so that our results are not directly comparable to
his, the origin of the difference appears to lie the fact that
his results imply the gravitational field of an object gives
rise to an additional uncertainty in its momentum, of order
(ApP)grav & Gp>V AxAt. Though it is beyond the scope of
the present work to investigate this discrepancy further, it
would be interesting to consider extending Bronstein’s orig-
inal arguments to the case of charged bodies, to see whether
they are compatible with those presented here.

6.3 MLUR and holography in arbitrary dimensions

In this section, we will demonstrate that the MLUR which
represents the minimum possible uncertainty due to com-
bined canonical quantum and gravitational effects, implies
holography involving quantum gravity ‘bits’, in space-times
with an arbitrary number of noncompact dimensions.

We have seen, in Sect. 6.1, that the minimum canonical
quantum mechanical uncertainty is proportional to M ~1/2,
where M is the mass of the object (cf. Eq. (175)). It was also
shown in Sect. 4 that, for a given mass of a static object,
its classical radius has a minimal possible value before the
object collapses to form a black hole. (This because the ratio
M/RD_3 has an upper bound; see also [36]). Thus, the min-
imum classical gravitational uncertainty is given by the min-
imum radius of the object, which is roughly the same as the
horizon radius of the corresponding black hole. This is pro-
portional to M!/(P=3) in D dimensions.
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Therefore, the MLUR of the D-dimensional space-time
can be expressed in the form
¢ 1/(D-3)
Ax > —=+xM ) (181)
VM
where ¢, x are positive constants. This expression contains
the canonical quantum mechanical term and the classical

gravitational term. By minimizing Ax with respect to M,
we obtain the minimum length

D—1 2
(AX)min = —— <

D-3
D-1
> ZTiE) @ xPHMPL a8y

which corresponds to the mass
2(D-3)/(D—1)
D -3
M:(a v .
2x
For a measuring apparatus with size ¢, the quantum mechani-

cal uncertainty term and the classical gravitational term have
parameters

(183)

Lh
é‘ ~ )

c
X~ (k)P (184)
By using the D-dimensional Planck length

1/(D-2)
fikc?

Rppy ~ (T) ; (185)

we can express the maximum number of degrees of freedom
in an £2~! volume as

¢ D—1 ¢ \D-2
) )
(AX)min Rp(p)

Remarkably, the result satisfies a holographic relation.
Thus, the maximum number of degrees of freedom in a
(D — 1)-dimensional volume is proportional to the (D — 2)-
dimensional ‘area’ of the boundary in which the volume is
enclosed. Specifically, it is equal to the number of quantum
gravity bits, (£/Rp( D))D —2, on the (D —2)-dimensional sur-
face. Hence, we prove that cubic MLURs, combining the
minimum possible uncertainties arising from both canonical
quantum and gravitational effects, inevitably lead to holog-
raphy in arbitrary, noncompact, D-dimensional space-time.

(186)

7 Discussions and final remarks

In the present work, we have investigated the possibility of the
existence of a minimum mass/radius ratio for charged, stable,
compact general relativistic objects in arbitrary dimensions,
in the presence of dark energy in the form of a cosmological
constant. We have shown that for a static, spherically sym-
metric mass distribution, such a minimum ratio does indeed

@ Springer

exist, and that it arises as a direct consequence of the D-
dimensional Buchdahl inequality, which also gives rise to an
upper bound for the mass/radius ratio.

In the case of the minimum mass/radius ratio, we obtained
an explicit inequality giving the lower bound on M/R in
arbitrary dimensions, as an explicit function of the charge Q
and the D-dimensional cosmological constant A p. In order
to obtain both the upper and the lower bounds, we general-
ized the approach introduced in [36] for uncharged objects
to include nonzero charge, Q # 0. For Q = 0, all our results
reduce properly to the bounds obtained in [36].

In addition, we have investigated the condition of the ther-
modynamic stability for objects with minimum mass/radius
ratio, which requires that they are in the minimum energy
state. To estimate the total energy of these objects, we have
used the definition of gravitational energy introduced in [42].
In D = 4 dimensions, imposing the condition of minimum
stability, for charged objects with minimum mass/radius
ratio, leads to an explicit expression, Eq. (126), in which the
ratio of the square of the charge of the object to its mass is pro-
portional to the radius, Q% /M o R. The same bound was also
obtained as a stability condition for charged bodies in [18].

We have also investigated the quantum implications of the
existence of a classical minimum mass for charged objects
in four space-time dimensions, by starting from a series of
quantum gravity arguments that give rise to cubic MLURs of
the form Ax > (AX)min = (BR%d)'/?,Eq. (143), where B is
positive numerical constant which is related to the positional
uncertainty of the object induced by its gravitational field.
In these approaches, Ax represents not only the uncertainty
in the position of the object, but also the irremovable quan-
tum uncertainty inherent in any measurement of the physical
length d.

We have combined the mass minimization condition, giv-
ing rise to the cubic MLURs, with phenomenological results
from canonical quantum mechanics, namely, the existence
of a minimum (canonical) quantum radius (the Compton
radius), and have considered objects subject to the mini-
mum mass/radius bound for charged bodies (10). By com-
bining all three mass bounds, we have obtained the condi-
tion for quantum gravitational stability of a charged particle,
0*/M < (312G2cS/A) 0 ~ e /m, = 2.52 x 108 Fr/g,
Eq. (172).

Physically, we may interpret this as meaning that, if the
electron were any less massive (for fixed charge e), or more
highly charged (for fixed mass m,), a combination of elec-
trostatic and dark energy repulsion would lead to instabil-
ity. In other words, the electron would blow itself apart, as
claimed in the Introduction. In addition, saturation of this
condition yields an expression for A in terms of the con-
stants {c, i, G, e, m,}, given by Eq. (15).

Specifically, by combining the mass bound obtained from
purely classical considerations with the cubic MLURSs, moti-
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vated by quantum gravity, and applying the result to body of
charge e and mass m, (i.e. an electron), we obtained a pre-
diction of a ‘new’ constant of nature, A, which may be
expressed in terms of other fundamental constants. Physi-
cally, the existence of this constant is required in order to
ensure the consistency of MLURs with the weak field limit
of canonical quantum theory and with the classical stability
bounds for charged, gravitating ‘particles’. Evaluating A
numerically, we have shown that it has the same order of mag-
nitude value as the observed cosmological constant, which
motivates the identification A, = A ~ 10°® ¢cm—2. Cru-
cially, this implies that, if the cosmological constant can be
expressed as a function of the set of the ‘standard’ constants
{c,n, G, e, m,}, it cannot be interpreted as a fundamental
constant of nature.

It is also interesting to note that the cubic MLURs used in
this work, which, together with the classical stability bounds
obtained for charged objects, imply a fundamental relation-
ship between the existence of the cosmological constant and
the stability of fundamental particles, also imply the exis-
tence of a holographic relationship between the maximum
number of degrees of freedom in a bulk space-time and the
number of quantum gravity ‘bits’ on the boundary. This is
proved explicitly, for arbitrary D-dimensional space-times
(with noncompact dimensions), in Sect. 6.3.

Finally, we note that the formalism developed in this paper
can be easily extended to the case of non-electromagnetic
interactions. For example, by interpreting the charge Q as a
generalized charge, corresponding to a Yang—Mills field, we
can apply our results even to the case of strongly interacting
particles, based on the fundamental QCD Lagrangian [51]

1
Locp = > FY P
a

a X

Ny
+ 3 010 — sy, :

f=1

—mf)w, (187)

where the subscript f denotes the various quark flavors
u,d,s etc., and the corresponding quark masses m s. The
nonlinear gluon field strength is defined as
Fil, = 0, A% — 0,A% + oy fape AL, AS. (188)
In Eqgs. (187) and (188), ¢ is the (spinor) wave function of
the quarks, y# are the Dirac matrices, f,p. are the structure
constants of the group SU(3), and « is the strong interaction
coupling constant. In the first order perturbation theory, one

can neglect the quark masses, so that the equation of state for
zero temperature quark matter can be obtained [51,52]:

pg = % (:Oqc2 — 48) : (189)

where B is interpreted physically as the difference between
the energy density of the perturbative and non-perturbative
QCD vacua (the bag constant), while o, and p, denote the
energy density and thermodynamic pressure of the quark
matter, respectively. Equation (189) is called the MIT bag
model equation of state. From a physical point of view,
Eq. (189) represents the equation of state of a gas of mass-
less particles (the quarks), with corrections due to the QCD
trace anomaly and perturbative interactions included. The
quarks are bound together by the vacuum pressure, B. Hence
Eq. (189) provides a simplified theoretical model for the
long-range, quark confining interactions in QCD. The typ-
ical value of the bag constant B, as obtained from particle
physics experiments, and theoretical considerations, is of the
order of B = 57 MeV/fm? ~ 10'* g/cm? [51,52]. On the
other hand, after a neutron matter—quark matter phase tran-
sition, which can take place, for example, in the dense core
of neutron stars, the energy density of strange quark matter
is of the order of p, ~ 5 x 104 g/cm?.

However, it is important to note that, in the case of the
QCD description of strong interactions, the strong coupling
constant o is a function of the particle (i.e. quark) momenta,
and of their energy density. For the simplest hadronic mod-
els, the quark—gluon coupling constant is of the order of
ag ~ 0.12 [51]. If we define the generalized QCD charge
as Qqcp ~ asl / 2, we may obtain an estimate for the mass
of a quark, interpreted as an electric and color-charged par-
ticle having a minimum mass/radius ratio by applying the
formalism developed in this paper and identifying the con-
stant A, with B, where B is the bag constant introduced in
the simple MIT bag model, Eq. (189). This yields a value of
order m, ~ 67.75 MeV [18], which represents a reasonable
approximation to the predicted mass of the s quark [52].
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