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QUANTUM ROTATING BLACK HOLES
(RECOVERING GEOMETRY IN A QUANTUM WORLD)!

Classical geometries for spherically symmetric systems can be effectively obtained from quan-
tum coherent states for the relevant degrees of freedom. This description replaces the classical
singularity of black holes with integrable structures in which tidal forces remain finite, and
there is no inner Cauchy horizon. It is then shown how the extension to rotating systems can
avoid the classical inner horizon provided the rotation is not ultra-rigid.
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1. Quantum Gravity and the Planck Scale

For a particle of proper mass m, the Compton—
de Broglie length \,,, = i/m ¢ is comparable with the
gravitational (Schwarzschild) radius Ry = 2 Gy m, if
the mass is near the Planck mass

mp = \/ch/Gx ~ 10" kg,

corresponding to the Planck length

by = VhGx/c3 ~10"% m.

Quantum gravity is, therefore, usually associated
with processes occurring at the Planck mass m, and
length ¢,. However, the Compton length is relevant
only in the scatterings of (asymptotically free stan-
dard model) particle excitations [1], whereas pro-
cesses involving bound states are usually charac-
terised by (significantly) larger length scales. For ex-
ample, the hydrogen atom is a few orders of magni-
tude bigger than the Compton length of the electron,
superconductors and Bose—Einstein condensates can
be macroscopic in size, and neutron stars are quan-
tum objects of several kilometres in radius.

(1.1)

(1.2)
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The situation is more complicated in General Rela-
tivity, because the nonlinearity of the Einstein equa-
tions makes it difficult to separate (mass or length)
scales like we can do in electrodynamics or in the
weak-field approximation of gravity. For compact ob-
jects of ADM [2] mass M and radius Rs, we can-
not discard nonlinear effects, when the compactness
X = GNM/Rs ~ 1. In fact, X ~ 1 for a particle
of mass m = m, and Compton length A,, = ¢,
which is, therefore, expected to be a quantum black
hole [3, 4]. One might, therefore, wonder, if quan-
tum physics becomes generically relevant for self-
gravitating systems of compactness X ~ 1, leading
to a departures from classical expectations similar to
the case of the hydrogen atom.

2. Quantum Gravity
and the Gravitational Collapse

Objects with compactness X ~ 1 should appear
in the Nature during the gravitational collapse that
would classically end with a black hole geometry char-
acterised by the existence of a (outer) event horizon.
Such geometries, however, suffer of serious physical
issues: once the horizon forms, the interior becomes
geodesically incomplete, with regions, where tidal
forces diverge [5]; moreover, the evolution of quan-

1 This work is based on the results presented at the XII
Bolyai-Gauss—Lobachevskii (BGL-2024) Conference: Non-
Euclidean Geometry in Modern Physics and Mathematics.
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tum fields on such classical backgrounds leads to pos-
sible violations of unitarity [6]. We expect the quan-
tum theory will fix this inconsistent (semi)classical
picture, much in the same way that quantum mechan-
ics explains the stability of atoms by not admitting
quantum states corresponding to the classical ultra-
violet catastrophe.

The problem at hand is again much more involved,
because reaching X ~ 1 requires (several) solar mass
amounts of matter. In terms of the Standard Model of
particles, this means M ~ M ~ 10°7 neutrons and,
according to Bekenstein’s counting of gravitational
excitations involved in the corresponding geometry,
M2 /m2 ~ 107 gravitons [7]. These numbers clearly
put the gravitational collapse beyond any present and
future possibility of detailed modelling, and we must
do what we always do: find a simplified description
which allows for mathematical treatment, like the
Oppenheimer—Snyder model [8]. In Refs. [9, 10], the
quantum theory of a ball of dust was studied to show
that a ground state core of size Ry ~ G M might in-
deed replace the classical singularity (see Fig. 1). This
conclusion is also required by a consistent quantum
description of the geometry.

3. Coherent States for Classical Geometry

We will first review how to describe a spherically sym-
metric metric 42

2 2 2 102
ds*=—(1+2V)dt" + 1+2V+T dQ”,
where V' = V/(r) is recovered as the mean field of
the coherent state of a scalar field (for more de-
tails, see, e.g., Ref. [11-15]). We define the canoni-
cally normalised real scalar field ® = \/m /¢, V and
then quantize ® as a massless field satisfying the free
wave equation 2

(3.1)

2 1.0 (4,0
Normal modes of Eq. (3.2) can be written as
up(t,r) = e Ftjo(kr), (3.3)

where jo = sin(kr)/kr are spherical Bessel functions
with k£ > 0. The quantum field operator and its con-

jugate momentum read
o0

2
@(t,r):/k ko

272
0

2 Units with ¢ = 1 will be used from now, so that Gy = £p/mp
and h = £, mp [16].
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X \/Z [ak u(t,r) + &l ui(t, 7’)}, (3.4)
(t,r) =i / k;:f X

0
X \/h?k [ak u(t,r) — al wi(t, r)} (3.5)

and satisfy the equal time commutation relations

(O, ), 11t )] = 15 8 = 9), (3.6)
provided the creation and annihilation operators obey

the commutation rules
2

lag, al] = 2}% 5(k — p).
The Fock space of quantum states can now be built
starting from the vacuum ay |0) = 0 for all k£ > 0. It
is very important to remark that the flat Minkowski
metric in Eq. (3.2) corresponds to this vacuum state
representing a completely empty spacetime, devoid
of any matter source and without excitations of the
gravitational field. In this respect, the number of
space and time dimensions in Eq. (3.2) is formal and
arbitrary, what matters is that only those modes and
corresponding dimensions of relevance to the geom-
etry (3.1) will be assumed to get excited above the
vacuum. On the other hand, the choice (3.2) is also
consistent with the weak field expansion in which the
Newtonian potential in three spatial dimension is ob-
tained from longitudinally polarized gravitons [17].
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(3.7)

Star Star
e, Rip~ Gy M RH ~ GyM
Black hole Quantum black hole

(singularity hidden by horizon) (bound state)

Fig. 1. Black hole formation in classical General Relativity
(left panel) versus quantum gravity (right panel)
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Fig. 2. Quantum metric function Vs in Eq. (4.6) (solid line)
compared to Vs (dashed line) for Ry = Gy M. The horizontal
thin line marks the location of the horizon, where V = —1/2

We next assume that classical configurations (3.1)
of the metric can be realized in the quantum theory
by coherent states ay, |g) = gr €7+ |g) such that

by

5 gl d(t,r)19) = Vi), (3.9)
p
From the expansion (3.4), we obtain
. k2 dk
laenle) = [ 55
24, mp 0 .
X\ 9k cos[yk(t) — kt] jo(kr). (3.9)

We can eliminate the time dependence from the nor-
mal modes (3.3) by setting v = kt, and the coherent
state finally reads [15]

oo

_ E2dk
lg) = e Ne/2 exp / 5z Ik a;rc |0), (3.10)
0
where the coefficients
k V(k)
=4/= 3.11
w= /Y @11
are determined from
k2 dk -~ .
\%4 :/ 53 V (k) jo(kr). (3.12)
0
The normalization factor
TRk
Ng = / 52 I (3.13)
0

can be interpreted as the total occupation number of
the state |g), and it is a measure of its distance from
the vacuum of the Fock space |0) [15].
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4. Coherent States
for Schwarzschild Geometry

The Schwarzschild geometry is given by Eq. (3.1) with
GnM

V=Vy= , (4.1)
r
from which we find
- M
V]u = —47TGN ﬁ (42)
and the coefficients
47 M
- 4.3
T i my (43)
The total occupation number now reads
M2 T dk

Po

which diverges logarithmically in the infrared (IR)
and the ultraviolet (UV) [13, 15]|. The latter diver-
gence is due to the vanishing size of the source in the
classical Schwarzschild geometry, and the very exis-
tence of a proper quantum state | g> requires the co-
efficients g to depart from their purely classical ex-
pression (4.3) for k — 0 and k — oo. We, therefore,
remove the UV divergence by introducing a cut-off
kuv ~ 1/Rs, where Ry could be the finite radius
of the matter core at the end of the collapse dis-
played in Fig. 1. Likewise, we introduce a IR cut-off
kir = 1/Rw to account for the finite size R, of the
Universe, so that

v ae M2 /R
Ng =4 [ S5 420 ) (B)
¢ m2 k m2 <RS>

kir

(4.5)

This yields an effective (quantum) metric (3.1) with

(4.6)

f 2

where Si denotes the sine integral function (see Fig. 2
for an example).
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5. Quantum Integrable Black Holes

In the classical Schwarzschild spacetime, the
Kretschmann scalar R, RePrv  R%2 ~ =6 for
r — 0, whereas, for the above quantum corrected
metric, we have

64 GZ M?>

RQBHV ~ R2 ~
7w R2 r4

Rosy (5.1)
This ensures that tidal forces remain finite all the way
to r = 0, and the spatial integration of the FEinstein—
Hilbert Lagrangian density is also finite, since the
Ricci scalar R ~ r~2. The point at 7 = 0 can, there-
fore, be seen as an integrable singularity [18], where
some geometric invariants diverge with no harmful
effects on matter.

From the Einstein tensor, one can find the effective
energy density and pressure

M . r
E = m Sin (RS) = —Dr (52)
and the effective tension

M . r r r
Po= 133 [sm (RS> -, o (RSH (5.3)

Note, in particular, that the effective energy density
can be interpreted in terms of a normalizable wave-
function ¢ = ¢(r) for the matter in the core,

e~ |(r)? ~r72 forr—0, (5.4)

and the Misner—Sharp—Hernandez mass function |19,
20] is given by

-
m(r)=4x /332 e(x)da ~

0

2Mr
TRy’

for r — 0, (5.5)

with m(r — oc0) = M.

Another good feature of this quantum corrected ge-
ometry that follows from Eq. (5.5) is that there is
no (inner) Cauchy horizon (whenever there exists the
outer event horizon). The locations of horizons are,
in fact, given by solutions of

A=r2(142V) =7 —2rGym(r) =0. (5.6)

If there is an outer (event) horizon A(r.) = 0 at
r = ry > 0, the function A becomes negative for
r < r4 and remains negative all the way to » = 0 pro-
vided Rs < 4Gn M /7 (see solid line in Fig. 3). Note

that, for a regular black hole solution with m(r) ~ r3,
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Gy M

Fig. 8. Behaviour of A in Eq. (5.6) for integrable black holes
(solid line) and regular black holes (dotted line)

-1.0+

Gy M

Fig. 4. Behaviour of A in Eq. (6.2) for integrable black holes
with differential rotation (solid line) and rigid rotation (dotted
line)

the function A will necessarily becomes positive in
a neighborhood of the center (see dotted line in
Fig. 3). The absence of inner horizons can be gen-
eralized to electrically charged black holes [21] and
excludes potentially serious casual issues which are
often present in regular black hole candidates (see,
e.g., Ref. [22] and references therein).

6. Rotating Integrable Black Holes

The ultra-rigid rotating black-hole-geometry for con-
stant specific angular momentum a = J/M can be
written as

2
ds® = {1 = ’“2’"} dt*+
0

darm sin®6
2

p2
dt do— X dr? —
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Y sin® 6
—p2 d92 — Td(z)Q, (61)
where p?> = 72 + a®sin®f and ¥ = (2 + a?)? —
—a? A sin? 0. Horizons are located so that
A=a*>+r*—2rGym(r) =0, (6.2)

in which we assumed a mass function that depends
only on the radial coordinate like in the spherically
symmetric case [23].

A mass function which behaves itself like the one in
Eq. (5.5) near r = 0 will again removes the (ring) sin-
gularity of the Kerr geometry that arises for m = M
[24]. However, A(0) = a? > 0, and one necessarily
encounters an inner horizon at 0 < r =r_ < r; (see
dotted line in Fig. 4). In order to eliminate the zero
of A at r = r_ > 0, we must consider a differential
rotation a = a(r) such that a ~ r® with a > 1 for
r — 0 [25] (see the solid line in Fig. 4).

Building coherent states for differentially rotating
geometries (6.1) with m = m(r) and a = a(r) repre-
sents a huge complication with respect to the spheri-
cally symmetric cases. As of now, only slowly rotating
geometries with a < M were investigated in Ref. [26].
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KBAHTOBI OBEPTOBI YOPHI AIPU
(BIAHOBJIEHHA 'EOMETPIi B KBAHTOBOMY CBITI

Kiracuuni reomerpil jyisi ccpbepuIHO-CUMETPUIHUX CUCTEM MO-
XKyTh OyTu e(dEKTHUBHO OTPUMAaHI 3 KBAHTOBUX KOT€PEHTHHUX
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CTaHiB IS BiNOBIAHUX cTyneHiB BlbHOCTI. JaHuit onuc 3ami-
HIOE KJIACHYHY CHUHTYJISIPHICTD YOPHHX Jip iIHTErPDOBHUMU CTPY-
KTypaMU, B SIKUX IPUIJIUBHI CHJIM 3aJIMIIAIOTHCS CKIHYEHHUMU
i memae BHyTpimHbOro ropusonty Komri. ITorim nmokasano, sik
y3araJIbHEHHsI Ha OOEpPTOBI CHCTEMM MOYXKE YHUKHYTU KJIACH-
YHOI'O BHYTPIIIIHBOI'O FOPU30HTY 3a YMOBH, III0 OOEPTAHHS HE €
HaIXKOPCTKUM.

Katowoei caoea: KiacudHa reoMeTpis, KBaHTOBI 06epTOBi

JOpHi Jipu, KBAHTOBa I'paBiTallis, mkaJa [lianka, rpasiTariii-
HU KoJjtaric, reomerpia [IIBaprimmibaa.
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