FUZZY AND DISCRETE BLACK HOLE MODELS

J. N. ARGOTA-QUIROZ AND S. MAJID

ABSTRACT. Using quantum Riemannian geometry, we solve for a Ricci = 0
static spherically-symmetric solution in 4D, with the S? at each ¢, a noncom-
mutative fuzzy sphere, finding a dimension jump with solutions having the
time and radial form of a classical 5D Tangherlini black hole. Thus, even a
small amount of angular noncommutativity leads to radically different radial
behaviour, modifying the Laplacian and the weak gravity limit. We likewise
provide a version of a 3D black hole with the S* at each ¢, r now a discrete circle
Zn,, with the time and radial form of the inside of a classical 4D Schwarzschild
black hole far from the horizon. We study the Laplacian and the classical limit
Zn — S1. We also study the 3D FLRW model on R x S? with S? an expanding
fuzzy sphere and find that the Friedmann equation for the expansion is the
classical 4D one for a closed R x S3 universe.

1. INTRODUCTION

The idea that not only quantum phase spaces but spacetime coordinates them-
selves could be noncommutative or ‘quantum’ due to quantum gravity effects has
been around since the first days of quantum theory. An often cited early work
was [44], although not proposing a closed spacetime algebra as such. In modern
times, such a quantum spacetime hypothesis was proposed in [32] on the grounds
that the division into position and momentum should be arbitrary and hence if
these do not commute then so should position and momentum separately noncom-
mute. Several flat quantum spacetimes were studied in the 1990s[20, 38, 28], but
only recently has there emerged a constructive formalism of quantum Riemann-
ian geometry[12] to more easily develop curved models[11, 36, 37, 39, 3, 29]. This
formalism complements Connes’ well-known ‘spectral triple’ approach to noncom-
mutative geometry[18] based on an axiomatically defined ‘Dirac operator’ in that
the different layers of Riemannian geometry are built up starting with a bimodule of
differential forms Q! for the coordinate algebra A, a quantum metric g € Q' ®4 Q!
and a compatible ‘quantum Levi-Civita’ connection V : Q' — Q! @ 4 Q!, without
necessarily having a Dirac operator at all. This bottom-up approach fits well with
examples coming from quantum groups and in some cases leads to spectral triples,
see [12, Chap. 8.5].

In the present work, we take curved quantum spacetime model building to the next
level with black hole and FLRW cosmological models. Here, [3], introduced an
expanding FLRW model based on R x S! with S' replaced by a discrete group

2000 Mathematics Subject Classification. Primary 81R50, 58 B32, 83C57.

Key words and phrases. noncommutative geometry, quantum gravity, black hole, FLRW cos-
mology, fuzzy sphere, modified gravity, discrete gravity.

Ver 1.4 The first author was partially supported by CONACyT (México).

1



2 J. N. ARGOTA-QUIROZ AND S. MAJID

Z,, with noncommutative differentials, while the coordinate algebra itself remains
commutative. In Section 3, we similarly look at the 3D R x S? model but replace
S? by a noncommutative fuzzy sphere. This has coordinate algebra Cy[S?] defined
as the usual angular momentum algebra viewed as a quantum space[28, 9, 23] but
with a fixed value of the quadratic Casimir (i.e., a coadjoint orbit quantisation) and
with differential structure as recently introduced in [12]. Here, C,[S?] are infinite-
dimensional algebras but for a discrete series of values of the deformation parameter,
they can be reduced to the matrix algebra ‘fuzzy spheres’ introduced by Madore|[31]
as ‘finite geometries’ and studied in several further works, see [7, 25, 26, 47] to name
some. A feature of our approach is that we adopt a single functorial framework that
includes discrete geometries, noncommutative geometries such as fuzzy spheres, and
indeed classical Riemannian geometry, as opposed to ad-hoc methods for different
settings.

We then proceed to our main results, noncommutative black hole models. Pre-
viously, 4D black holes were studied in a semidirect ‘almost commutative’ quan-
tisation [35] but with the quantum geometry only implicitly defined through the
wave operator constructed as a noncommutative extension to the classical differen-
tial calculus. Also previously, a 4D FLRW model was constructed in a deformation
setting at the Poisson-Riemannian geometry level[24] and with the expected dimen-
sion, but at the price of nonassociativity of the exterior algebra due to curvature
of the Poisson connection. Hence, the models in the present paper are the first
fully noncommutative FLRW and black hole ones that we are aware of within usual
(associative) quantum Riemannian geometry. Section 4 does the 4D black hole
with S? in polars replaced by a fuzzy one, while Section 5 looks for a 3D black
hole model with the S' in polar coordinates replaced by Z,. The latter is not flat
but Ricci flat (which can not happen classically in 3D) and has a naked singularity
rather than a horizon.

A common feature that we find is what we call ‘dimension jump’. It has long been
known that quantum exterior algebras often have extra dimensions that could not
be predicted classically. Thus, in [36, 3] the calculus on Z and Z,, respectively was
actually 2D and this made possible curvature effects not expected for a classical
line or circle. The limit of the geometry on Z, as n — oo was likewise shown
in [3] to be a classical circle but with an extra 1-form ¢ normal to the circle
when viewed in the plane. We then found that the Friedmann equations for the
discrete R x Z,, model were the same as for a classical flat R x R?> FLRW model
(an expanding plane), i.e. a dimension jump. The same will apply now for the
fuzzy sphere with, in the classical limit A\, — 0, an extra ‘normal’ direction 6’ for
the sphere embedded in R3. This time the dimension jump means that the radial-
time sector matches to the closed (positively curved) 4D FLRW model. For the
black hole model, the dimension jump means we land on radial and time behaviour
matching the 5D Tangherlini black hole[45] when we use the fuzzy sphere. Here
the B(r) = 1 — rg/r factor in the familiar Schwarzschild metric case for horizon
radius ry is now a factor B(r) = 1 — r%/r?. This gets asymptotically flat faster
than the Schwarzschild case and the effective gravity in the Newtonian limit is an
inverse cubic force law. Finally, for the R? x Z, black hole, we have 8 = —ry/r
which is as for a usual black hole but without the constant term. This therefore
approximates the metric inside a Schwarzschild black hole of infinite mass (so that
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the missing 1 is negligible). We also cover the case B(r) = rgy/r of interest in its
own right. These models have no horizon but naked singularities. We describe the
Zy — S limit where S! retains a 2D noncommutative differential structure, and
the classical projection to the usual calculus on S' where the metric is no longer
Ricci flat, i.e. this is a purely quantum-geometric solution of the vacuum Einstein
equations.

Our noncommutative models are theoretical and we are not aware of an immedi-
ate application, but they do indicate an unusual phenomenon which has a purely
quantum origin in an extra ‘normal direction’ §’ required for an associative differ-
ential calculus in our examples. We also begin to explore some of physics in our
noncommutative backgrounds. In principle, one could use a new framework [10, 13]
of quantum geodesics to do this, but the full formulation of that is rather involved
and we propose instead a direct approach starting with the Klein-Gordon equation
in the noncommutative background. In Section 4.1, we introduce the notion of
a Schroedinger-like equation for an effective quantum theory relative to an exact
solution in the same manner as usual quantum mechanics for a free particle can be
obtained as a nonrelativistic limit of the Klein-Gordon equations for solutions of
the form e="™%4) with ¢ slowly varying. The novel feature will be to replace e=*™
by an exact reference solution of the Klein Gordon equation, and we explain first
how this looks for a classical Schwarzschild black hole. This appears to be rather
different from well-known methods of quantum field theory on a curved background
[14, 43, 42] but fits with the general idea of [10, 13] that a quantum geodesic flow
is actually a Schroedinger-like evolution.

The paper starts with some preliminaries in Section 2, where we introduce the key
points of the formalism for quantum Riemannian geometry from [12] by way of the
quantum metric and connection for the fuzzy sphere from [29], and investigate the
classical limit of the latter. We use dot or 9; for time derivatives and prime or 9, for
radial derivatives (while 0;, 0+ will be noncommutative angular derivatives). We
sum over repeated indices. ®s will denote the symmetric tensor product, where we
add the two sides flipped, and we work in units where A = ¢ = 1. Numerical com-
putations were done with Mathematica. The paper concludes with some remarks
about further directions.

2. RECAP OF THE FUZZY SPHERE AND ITS CLASSICAL LIMIT

The fuzzy sphere A = C,[S?] in the sense of [28, 23, 12, 29] just means the angular
momentum enveloping algebra U(suz) with an additional relation giving a fixed
value of the quadratic Casimir. This is the standard coadjoint quantisation of the
unit sphere with its Kirillov-Kostant bracket known since the 1970s, and in our
conventions takes the form

[, 2] = 20\p€ijTh, Zx? =1-X2, (2.1)

7
where A, is a real dimensionless parameter. These conventions are chosen so that
the standard spin j representation p; descends to a representation of the the fuzzy
sphere if A, = 1/(2j + 1). In this case, p; is surjective but has a large kernel and
quotienting out by this gives the ‘reduced fuzzy sphere’ ¢5[S?] = Ma;11(C) via pj,
recovering the original usage of the term ‘fuzzy sphere’ in [31] as a matrix algebra
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with additional structure. We are not restricted to these discrete values, however.
Also note that physical coordinate generators with units of length would be

X; = La;, [Xi,Xj] =2\ LeijuXp, Y X7P=L(1-)) (2.2)

as a deformation of a sphere of radius L. For a quantum gravity effect, we might
expect Ap ~ Ipianck/L in terms of the Planck length.

Next, there is a rotationally invariant differential calculus[12, Example 1.46] in
the sense of an exterior algebra (2,d) given by central basic 1-forms s* € Q! and
exterior derivative

d{Ei = Eijkéfjsk, ds* = —ieijksj AN Sk, (23)

with associated partial derivatives defined by df(z) = (9;f)s’ in this basis (they
act in the same way as orbital angular momentum). The s’ are preferable as they
graded commute with everything, but they can be recovered in terms of the dz; by
l‘idfﬂi

2N,

There is a similar formula in the context of reduced fuzzy spheres Ms;41(C) in [31].
There is also a *-operation with 2} = z; and s'* = s’. (Then * commutes with d
and 0% = 6’.) There is also a top form

. 1 _
st = q(xzﬂ’ + €jpdrjxg); 0 = a8 =

(2.4)

1 /3

1 2 3
N N -
S (= )

(2.5)

. . 2 .
in contrast to %eijkxisj A sk = 227 for a deformation of the 2-sphere volume form.
P

A metric on the fuzzy sphere from the point of view of quantum Riemannian ge-
ometry means g € Q! ® 4 Q! subject to certain conditions, and is shown in [12] to
be necessarily of the form
9=gijs' @5 (2.6)

for a real symmetric matrix g;;. Here g, in order to have a bimodule inverse, needs
to be central and this forces the g;; to be constants. Here, by bimodule inverse, we
mean a bimodule map

(,): @i — A (2.7
inverting ¢ in the sense ((w, ) ®id)(9) = w = (Id ® ( ,w))(g) for all w € QL. A
‘bimodule map’ means commuting with the product by elements of A from either
side, i.e. tensorial from either side, and we also require tensoriality in the middle
in asking that (, ) is well-defined on the tensor product over A. This then requires
g to be central[11], see [12, Lemma 1.16] for a short proof. In our case, (s¢,s/) =
g% is just the inverse matrix to g;;. The rotationally invariant ‘round metric’ is
gij = 0;j or g = s° ® s (sum over i understood). Finally, quantum symmetry in
the sense A(g) = 0 requires the matrix to be symmetric and reality in the sense
flip(* ® *)(g) = g then requires g;; to be real-valued.

We next need a quantum Levi-Civita connection V : Q! — Q! ® 4 Q! in the sense
of torsion free and metric compatible. Here, if X : Q' — A is a right module map
or ‘right vector field’ then Vy := (X ®id)V is well defined as a kind of ‘covariant
derivative’ on 2!, The associated left Leibniz rule is

V(aw) = da ® w + a(Vw) (2.8)
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for all a € A,w € Q'. We define the torsion tensor and Riemann curvature tensor
for any connection as maps[12]

Ty : Q' = Q% Ty =AV—-d, Ry:Q' = 0?20 Ry=(d®id—idAV)V.

(2.9)
However, as we can also multiply 1-forms by algebra elements from the right, we
need another Leibniz rule[22]

V(wa) = (Vw)a + o(w ® da) (2.10)

for some bimodule map ¢ : Q' @4 Q' — Q' @4 Q. The generalised braiding map
o is not additional data as it is determined by the above if it exists. Connections
where it exists are called ‘bimodule connections’ and we will focus on these. We
then define the metric compatibility tensor by

Vg :=(Veid+ (¢ ®id)(id ® V))g. (2.11)

The connection is quantum Levi-Civita if Ty = Vg = 0. We also require a reality
condition

goflip(x ® %) oV =V ox (2.12)

Finally, for physics we need a Ricci tensor and the working definition[12] is to

suppose a bimodule map i : Q2 — Q'® 40! and define Ricci by a trace of (i®id) Ry :

Q' - Q' @4 Q' @4 Q. This can be done explicitly via the metric and its inverse
to make the trace between the input and the first output factor,

Ricci = ((, ) ®id)(id ® i ® id)(id ® Ry)g. (2.13)

These natural definitions mean, however, that Ricci as it comes out from quantum
Riemannian geometry is —% of the usual Ricci in the classical case. The Ricci scalar
S = (, )Ricci is also —3% of the usual one.

All of this can be solved for the fuzzy sphere under the assumption that the con-
nection coefficients are constant in the s* basis, giving[29]

. 1. ) . .
Vs' = —§Fljk81 (9 Sk, szk = gll(2€lkmgmj + Tr(g)eljk). (2.14)
Moreover, as classically, we can just take the map ¢ to be the antisymmetric lift, so
o 1 . . . .
i(s'Ns) = 5(51®53 - ®s"). (2.15)

The resulting Ricci curvature on the fuzzy sphere is in [29] but in the round metric
case one has

Vsi:—le-- s7 @ sk Ricci:—1 S=—- (2.16)

2 ijk ) 497 4 .

This round metric connection projects in the reduced fuzzy sphere Ms;1(C) case
to something similar to the covariant derivative in [31]. The Ricci curvatures are
not the values you might have expected for a unit sphere even allowing for our
conventions. Nor does the Einstein tensor (at least, if defined in the usual way)
vanish as would be the case for a classical 2-manifold.

To understand this last point better, which is the modest new result of this prelim-
inary section, we look more carefully at the classical limit A\, — 0. By the Leibniz
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rule and the values above, we have for the round metric
) ) 1 ) ) 1 :
V(@) =2,Vs +dz; @ 8" = —ieijka:isj ® sk + eijkxjsk = ieijkxis] ® s*
1

s — .9’ . ’
= 2(1 — )\12))2 6”k($]9 + ejmn(dxm)xn) & (xke + ekab(dxa)xb)

1 . _
= ieijkdxl ® (daz?)z® + O(N,).

This means that we cannot just set # = 0 in the classical limit for the given
quantum geometry. Meanwhile, we write the commutation relations of the calculus
as

0, 2;] = 20\, da;,  @idz; = 20,0, [z, dxj] = 20\, (60" — (20 +€imn (AT )xy))

L
-2
from which we see that the calculus is commutative and z;dx; = 0 in the classical
limit A, — 0 as expected for the unit sphere, but ¢’ itself does not need to vanish,
and we have seen that it cannot if we want to have a limit for V. Rather, we
consider the classical limit as the classical sphere plus a single remnant # which
graded-commutes with everything and (in the classical limit) does not arise from
functions and differentials on the sphere. Indeed, this limit is not a strict differential
calculus but a generalised one for this reason, but there is no such problem in the

quantum case, where
1

- 2Ny
shows its origin as ‘normal’ to the sphere as embedded in R3. We now note that
the round metric has the limit
g=5"®5" = (26 + €mn(d2m)Tn) @ (2:0" + €iap(dzy)zy)
=(1—- )\12,)9’ @ 0"+ €imnrild Qs (dzm)Tn + (Smadnbd — OmbOna)(dxm )T, @ (dzg )T
=0 @60 +dr; @ dz; + O(N,)
since the calculus is commutative to O(),). Thus, we see that the rotationally
invariant ‘round’ metric actually has an extra direction required by the calculus.
We can recover the completely classical S? by the limit A\, — 0 and projecting

6" = 0, but traces taken for the Ricci curvature before we do this will remember
the extra ‘normal direction’ and not map onto the classical values.

9/ ZL‘Z‘d.TZ' (2.17)

3. EXPANDING FUZZY SPHERE FLRW MODEL

Here we work with the coordinate algebra A = C*°(R) ® C,[S?], where the R has
a classical time variable ¢ with classical d¢ graded commuting with ¢, d¢ and with
the generators z;, s* of the exterior algebra of the fuzzy sphere. We first consider a
general metric of the form

g=pBdt@dt +n;(dt ®s' +s' @dt) + gij5' @ &7, (3.1)

where g;; is a symmetric 3 x 3 matrix of coeflicients and 3, n; further coeflicients,
a priort all valued in A. Centrality of the metric, however, then forces the n; = 0
and the remaining coefficients to be in the centre of C,[S?], which is trivial. Hence
gi;, B are functions only of the time t. The reality condition for quantum metrics
forces them to be real-valued.
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Next, a general QLC for the calculus has the form
_ 1. . o .
Vs =— injksj ® 8P 448 @, dt + ridt @ dt (3.2)
Vdt =pjps’ @ s* + ;87 @, dt + Tdt © dt (3.3)

again with T, v*;, 7%, T, n;, uji € A. However, given that the spatial metric g;; are
functions only of ¢, it is natural to assume this also for the spatial Christoffel symbols
1";- & just as is done for the fuzzy sphere alone in[29]. In this case, compatibility of V
with the relations of commutativity of dt, s* with ¢, 2; and the natural assumption
that the associated braiding ¢ has the classical ‘flip’ form when one of the arguments
is dt require that 4%, 7", T, n;, 1, are also function of time alone in order to have a
bimodule connection.

The nontrivial conditions for V to be torsion-free are
1

5(—1—‘2'/@ + eijk)sj ® sk = 0, ik = tij, (3.4)

since d(dt) = 0. The conditions Vg = 0 for metric compatibility then produces

dt®s'® s gij + gur'y + g7 =0,
dt@dt@dt: f+28T =0,
Gin
2
st@dt® s gy + By =0,
dt@dt® s’ : gi;7' + By =0,
s"®sP®dt: gij'leUilnp + ﬂﬂnp =0,
dt ® s' @ dt : gi;77 + Bn; = 0,
s"@dt®dt: 26n, =0.

d@sm@s: f%rilm _dinpn o, =0,

It is clear from third of these and the first of (3.4) that '’ is indeed the Christoffel
symbol for the fuzzy sphere QLC as solved uniquely in the *x-preserving case with
constant coefficients in [29]. Also, the last equation implies that 7, = 0 and,
using this together with the fifth or seventh equation, we get 7¢ = 0. The second
equation makes I' = —(3/(28). Using gix7*; = 7i; and the symmetry of g;; in the
first equation gives the value of ~* j» then this together with the 4th equation gives
Hij, Tesulting in
, 1 .

V= —50mg™s = g%~ (3.5)
Note that f;; is proportional to the time derivative of the metric, which implies
that it is also symmetric if the metric is, solving the second half of (3.4). Because
v%;, tij just depend on real functions, they are also real-valued functions. This
leads to a reasonably canonical QLC.

Theorem 3.1. Up to a reparametrisation of t, a generic quantum metric on the
algebra C*(R) @ C»[S?] can be taken in the form

g:fdt®dt+gijsi®sj,
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where g;; is a time-dependent real 3 x 3 symmetric matriz. Moreover, this admits
a canonical x-preserving QLC

1 ; ; ; 1 . 1 .. .
Vdt = —§gijs’ ®s!, Vs'= —injksj ® s* — ag’“gjksj ®, dt,

where T'sji, = 2€ikmgm; + Tr(g)eijr as for the fuzzy sphere in [29]. The associated
Ricci scalar and Laplacian are

kl _mn

28 = —g"g;; —Tr(g) + §(Tr(g))2 — 05 — 1 (9™ 9" Gmigij + 9" 9™ Gurdim) »
.. 1 ..
A= g”@iﬁj - gg”gijat - 6,52

Proof. The analysis for the metric (3.1) was done above and we were forced by the
requirement for the metric to be central (in order to be invertible) to n;, = 0 and
only a time dependence 5(t), ¢;;(¢t). We add the x-reality of the metric in the form
flip(* ® *)g = g to find B and g¢;; real. Quantum symmetry also requires the latter
to be symmetric, while the expected signature requires 5(t) < 0.

Now substituting the values obtained so far in the analysis of the general form of
(3.2)—(3.3), we have the connection
j 15 T e R D S N TR
Vvdt = g”s ® s — ffdt®dt Vs'=—-T",8' ® 8" — g™ g8’ ®s dt (3.6)
25 2p 2 2
for some unknown I';(¢), where this does not depend on fuzzy sphere variables
under our assumptions. The requirement of being x-preserving yields
gir(s? @ s —o(s"F®s7)) =0, Tips! @s"— fikja(sk ®s’) =0. (3.7
with the second of these the same as for the fuzzy sphere in [29] at each fixed time.
Here we used dt* = dt. Thus all the equations for I'*;; are the same as in that
paper and hence there is a unique solution (2.14) for it in terms of g;;(t), as stated,
under our assumptions. In this case, we know from [29] that o =flip on s/ ® s* and
hence the first of (3.7) is empty, as is the 6th of the metric compatibility equations

in our previous analysis. The rest of the *-preserving conditions require I, 7;, j
to be real-valued functions, which already holds as we have solved for them.

The curvature for the connection (3.6) is
Rydt = | —ii; p B i — g gagim | At A s @
25 1742 T g J

dik€ij + gul' k) s A s @ sF + —g'"gi1Gims' A 8T @ dt

=~
45 45
. 1 . 1 , )

Rys' = (4szlgmlgkm — 4Fljkgnglm) dt A&7 @ sF

L o m L ol ,

+ <4g”gmze ik — ZF 19 lgm) s A st @dt
1, 1.

+ (4F1ml6mjk - Z]-—wjm]-—‘mkl +

1, ,
4BQ"”!WQm) sT AP @ s

1 - ki - 75 5 7 1 7. m J
+ (—2(9’“ gik + 9" Gik) + @g’“ dik — 49’“ g lgucgjm) dt A 7 @ dt,
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For this connection we have the Ricci tensor,

P ﬂ kL. - 1 l m 1 l m 1 ml - .
2Ricci = <2ﬁ <gzj Qﬂgzg 9" Gudik +§F mj€ li_ZF 1l ij'FEg ImiJij

1
+ Flsz"l PR @g gzmgl]> s & Sj

l\J\»—t

. B . 1 .
(§" qu + 9" i) + @g”gij - nglgmngnk’gml dt @ dt

_|_

4
1 m 1 l nm - 1 l nm - %
<29 g1nn6 il ZF Imd Gin + ZF imd gln) s ® dt
(-

1 ) 1. ;
Z lmgnmgzn + 4gnl9mnrmli> dt ® SZ

Next, as we require 3(t) < 0, we can generically absorb this in a redefinition of ¢
(by changing to a new variable ¢’ solving % = /—p(t)). Therefore, up to spch a
redefinition, we can assume that 5 = —1 as stated. In this case, and with I'*;; as
explained from (2.14), the Ricci tensor simplifies to

.. 1 1 L. 1 ) )
2Ricci = ( g; + 29 "Gagie — 4gmlgmlgij — gij — 0ij + 2Tr(9)9ij> s'®@s’

- <—2 (gklglk + 97 Gij) — nglg gnkgml) dt ® dt

1 1 1 ,
+ (29 Grmn€™il — §eklmg"'”gkzgm + 4(26 mGik + Tr(g)e im)g"™ gln) s'®@dt

1 . 1 nl : m m 7
+ <_2€klmgkl9nmgin - 19 lgmn(ZEk gkl + Tr(g)e lz)) dt®s

Making the contraction with the inverse metric, we recover the required Ricci scalar.
The Laplacian for a function f = f(t,z*) follows as

AF = ()VAS) = ()V@Fs' + ft) = g90,0,F ~0Ff — 30761,00f — 5™ T 0011,

where the last term vanishes when we take into account the explicit form of I'? ks
recovering the required Laplacian. (I

The QLC here is unique under the reasonable assumption as in [29] that the Fijk
are constant on the fuzzy sphere, given that the g;; have to be. The theorem applies
somewhat generally, but now we take the expanding round metric g;; = R%(t)d;;
for the spatial part, so the metric, non-zero inverse metric entries, QLC, curvature
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and Laplacian are

- N
g=—dt@dt+ R*(t)s" @ s, (dt,dt) =—1, (s',s)= T (3.8)
5ol o ol i Lo o R
Vdt = —RRs'®s', Vs'= —5¢ ks ® 8" — =S ®s dt, (3.9
Rydt = —RRAt A s' ® s, (3.10)
i 1 pi 2 51 m n k R i
Rys' = 1€ nepkm — R0 0k | s A ST @87 4 Edt/\s ® dt, (3.11)
o 1 . 1., . 3R
Paal 2 - il W2 ) s
Ricei = —(R* 4+ 2RR+ 4)8 ® s+ 2Rdt®dt, (3.12)
R? R 1
_ o (B R 1
S 3<R2+R—|—4R2>, (3.13)
1 R
A= EZ@? — 350, — 2. (3.14)

Also of interest is the Einstein tensor and, in the absence of a general theory, we
assume as in [3] the ‘naive definition’ Eins = Ricci — %g, which works out as.

(s 1.y 1\, . 3( 1 R?
and is justified by checking that
V - Eins = 0. (3.16)

Here, if we have any tensor for the form T = fdt ® dt + pR2s’ ® s, then the
divergence is

V-T=((, )®id)VT=—<f+3(f+p)§> dt + 9;ps’ (3.17)

and we use this now for the particular form of the Einstein tensor to establish
(3.16). We also assume this form of T for the energy-momentum tensor of dust
with pressure p and density f, in which case the continuity equation V -T = 0 for
p a function only of ¢ is

, R
f+3(f+p)3 =0 (3.18)
as usual, and Einstein’s equation Eins + 47GT = 0 in our curvature conventions is
3(R* 1 R 1R 1 R 4rG
ArGf =2 = + — ArGp=—=—~— - — == _ "¢ (319
nGf 2<R2+4R2>’ =% 3w sw- r 3 B

These are identical to the classical FLRW equations, see e.g.[16, Chap. 8], for a 4D
closed universe with curvature constant x = 1/(4R32) in the classical FLRW metric

dt®dt+R(t)2< dr®dr+gsz>,

r2(1 — kr?)
where gg2 is the metric on a unit sphere, Ry is a normalisation constant with
dimension of length, and we have adapted R(t) to include a factor r in order to
match our conventions.
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4. BLACK HOLE WITH THE FUZZY SPHERE

We assume a similar framework as in the previous section, but now with a 4D
metric of a static form in polar coordinates. Thus, we add a radial variable r with
differential dr and consider the Schwarzschild-like metric

g=—B(r)dt®dt + H(r)dr @ dr +12g;;s' @ s. (4.1)

The algebra of functions here is A = C°°(R x R~() ® C,[S?] with classical variables
and differentials ¢, 7, dr, dt for the R x Rsg part (so these graded commute among
themselves and with the functions and forms on the fuzzy sphere). The coefficients
¢i; define the metric on the fuzzy sphere, and centrality and reality of the metric
dictates that these are constant real values. Thus, g;; is a real symmetric invertible
3 x 3 matrix (it should also be positive definite for the expected signature) and
B(r), H(r) are real-valued functions.

We start with the general form of connection on the tensor product calculus,

Vs' = —iféksj ® s* + aldt @ dt +~'dr @ dr + Aldr @, dt + n'jdt ®g 87 + 7' 5dr ®5 87,
Vdt = aijsi ® 7 4+ bdt @ dt + cdr @ dr + ddr ®, dt + e;dr ®s s+ fidt @4 §7,

Vdr = h;js' @ 87 +0dt @ dt + Rdr @ dr + ¢dr @, dt + vjdt ®@, s/ + 1h;dr @5 s7.

Assuming that o(dt® ),o( ®dt),o(dr® ),o( ®dr) are the flip on the 1-forms
dr,dt, s* and the natural restrictions needed for a bimodule connection, one finds
that all the coefficients are functions of ¢ and r alone (constant on the fuzzy sphere).

The torsion freeness conditions for Vdt, Vdr and Vs* are

hij = hji, rijk _ rikj + 26% =0, (4.2)

Gij = Aji,

respectively, and the conditions needed for the compatibility with the metric are

dr@dt®dt:

dT®3

dres e s

dr® s/ @dt/dr @ dt ® s’

8,8 +26d = 0,

:0-H+2HR =0,
L 2rgy; + 1795 + 2™ = 0,
s"T®s"dt:
dt®3 .
dr@dredt/dr@dtedr:
dt @ dr®@dr:
ss@dte@dr/s'@dredt:
1 —PBe; —|—7“Qgiin =0,
s'@dt®dt:
dt@dt® s’ /dt @ s? @dt :

—Bun + 129151710 = 0,
—26b =0,

—Bc+ Hp =0,

2He =0,

—fBe; + Hy; =0,

—Bf; +1rgija’ =0,

s@dtes: —Ba;; + Tlelei =0,
dt@dr@dt/dt@dt®@dr: —fd+ HI = 0,
dredt®dt: 0.8+ 28d =0,

s"@s"@dr:

l
ngOa

Hh,m + TQgijleai
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dt@dr®s'/dt® s @dr: Hy; + T2gijA‘j =0,
dredre@s/dres @dr: Hy; + TQg,-j'yj =0,
st@dr@dr:2Hy; =0,
S@dres: Hh;; + rzgljrli =0,
sP ® s & s glmFlpq + giijlma“pq = O7
dt®s' s gyn's + gan'; = 0.
We immediately note that b = ¢ = f; = ¢; = 0 for the 5th, 7th, 10th, and 18th
equations respectively. In this case, we have that o’ = ¢ = 4 = 0 by the 11th, 6th
and 17th equations respectively. Also, solving simultaneously the 8th, 9th, 16th
equations, we obtain A’ = e; = v; = 0. The value of d and R is deduced for the 1st

and 2nd equations respectively, while # comes from 13th and 1st equations, with
result

Orf o-H Oorf
Qe __ = _9b 4,
o5 BT om 2H (4.3)
The 3rd equations together with the symmetry of g;; lead to 7; = —14%;. Now,
we can solve the 19th equation as
r
hij = 4 9ij- (4.4)

The 21st equation gives the condition 7;; — n;; = 0, where we used nkjgki = 17;j-
But the 12th equation produces a;; = %Uz’j so that a;; is antifsymmetric, which
together with the torsion freeness conditions imply that a;; = n*; = 0.

Theorem 4.1. The static Schwarzschild-like metric with spatial part a fuzzy sphere,
g=—B(r)dt@dt + H(r)dr @ dr +r?g;;s' @ s,
where g;; is a constant real symmetric matriz, has a canonical x-preserving QLC

r

EgijSZ ® Sj — ﬁ&,@dt ® dt,

1 1
Vdt = —%&n,@dr Qs dt, Vdr = —ﬁ&Hdr Q@ dr +

) 1 . . 1 ;
Vs' = —ifljk.s] ® sk — ;dr R s,

where T'ijr = 2€iumgm; + Tr(g)€iji is the fuzzy sphere QLC from [29]. The corre-
sponding Ricci scalar and Laplacian are

1

b e 2 _ 3
S_ 2Hﬁa’l‘ﬁ 4H/82 (87“5) 4H258’l‘ﬁa’l‘H+ 2T2
1 B 0-H\ Tr(g),, H, (Tr(9)’
+47~H(3+Tr(g))( 3 H ) g W) e
_ Ll 1y (3 O0H 9 99 o
A= ﬂat + 0 + (TH 27+ 3hs Or + "5 0i0;.

Proof. Most of the analysis was done above. The torsion-freeness and metric com-
patibility conditions for the Christoffel symbol I' of the fuzzy sphere part are the
same as in [29], namely the second half of the *-preserving conditions

hijs' @ s — hjo(s? @s') =0, TWs! @s - fikja(sk ®s)=0
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coming from Vdr and Vs’ respectively, with (s°)* = s',dr* = dr and dt* = dt.
There is therefore a unique solution for I' under the assumption that it consists of
constants according to [29], and we use this solution. This has o the flip on the
s* and hence T real. In this case, the other condition for *-preserving requires hij
to be hermitian, which already holds because h;; is real and symmetric for (4.4).
The 4th and 15th metric compatibility equations also then hold. The connection
stated is then obtained by substituting into the general form of the connection.
This completes the analysis for the canonical QLC.

The curvature for this connection comes out as
) 1. . 1_. 1 ;
Rys' = <4F1jkejmn - Erlmlrlnk + Hgnkfslm) SN ST ® sk
1

i Lo i j 1 i
—ﬁarHs /\dr®dr+§(ejkffjk)sj/\sk(@drf—&ﬂs Adt ® dt,

2rH

_ (3B (2.8) 1 r D
Rvdt—<2ﬂ —<26> _4,87[{ TﬁaTH dt/\dr@dr—k@&ﬁg“dt/\s ® s’

Rydr = ——2;1_2 9ijO Hdr A s' @ s? + %(gmllﬁm — Gij€ mn)s" A" @ 87
1 1 1 Gii i
——0,B0,H — =03+ ——(0,8)° | dr Adt @ dt + =2s" A s7 @ dr.
+<4H2 B 2Hrﬁ+4ﬂH( ﬁ))r ®dt+Trs' A’ @dr

Taking the antisymmetric lift of products of the basic 1-forms and tracing gives the
associated Ricci tensor

- 2B 3 1 1,082
4Ricci = ( 5 — E&.H — M—H&ﬂ&.H — 5( 3 ) ) dr @ dr
+ L (18Tﬁ8TH — 026 + i(arﬂ)Q - 36,3) dt @ dt
H \2H " 25 r
T T gij i j
+ (wgijarﬁ - ﬁgijarH + 4? — 292']' — 251’]’ + Tr(g)gij> s s’
This gives the Ricci scalar as stated. The Laplacian is also immediate from V and
the inverse metric. (]

The QLC here is unique under the reasonable assumption as in [29] that the 'y
are constant on the fuzzy sphere, given that the g;; have to be. To do some physics,
we focus on the static rotationally invariant case where g;; = kd;;, for a positive
constant k. In this case, it follows from the above that Ricci = 0 if and only if
1 1,1 3 c1
— r)==(-4+1) - -k+ —,
Br) = 5 +1) = Jh+ 3

Blr)’
where c¢; is an arbitrary constant. The values
1
k= g(\ﬁ— 1), c=-14 (4.5)
give the form of 8 for the Tangherlini black hole metric of mass M, namely
r2 8
=1-- 2 =_"G;M 4.6
B =1- "2, % =GN, (46)

but note that the latter only makes sense in 5D spacetime due to an extra length
dimension in the Newton constant G5. We are thinking of our model as 4D so we
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will not take this value but just work with rg as a free parameter. A different value
of k can be absorbed in different normalisation of the ¢, 7 variables while 7 is more
physical.

The quantum geometric structures in this ‘fuzzy black hole’ Ricci flat case are

2 2
g:f(l—r—g)dt@)dﬂr(lf THY=14r @ dr + 1r2ks' ® s, (4.7)
r
2 72 ij
T H 6
(dt7dt) = _ma (dT, d?") = T2 (S Sj) krga (48)
2
Vdt = —— L _dr o, dt, (4.9)
r(r? —r3)
,],.2 %{ 71%{ 7"%{ . .
vdrzzidréédr——g l—— Jdt@dt+rk(l-—|s'®s,
r(r2 —r%) r T r
(4.10)
i Ly ok 1 i
Vs' = —gejps’ ©5" — —dr®, s, (4.11)
3 2 2 . .
Rydt = _ﬁdtmr@dm (TTH) kdtAs' @ s (4.12)
—TH
ry 2 . . 2 r2 — 7"2
Rydr = (7) kdr As' ® s" + 3ry G Lar A dt @ dt, (4.13)
. 1 2 2 1 ;
Rys' = <_+k<1—rg>> sSAST ®s) 4+ (rH) —— 5 s ANdredr
4 r r/) or2—r?
2
+ %(r% — st Adt @ dt, (4.14)
2\ 1 2 2
_ "H 2 3 Ty 2 2
A_—<1—TZ> 8t+<r—T)8+< )8 +—Za

(4.15)

For comparison, the classical Tangherilini 5D black hole metric has the form

2 2\ 1
g= (1—>dt®dt+<l—r§) dr @ dr + r?ggs
T

with the Laplacian

2\ 1 2 2
_ TH 9 3y TH 9 1
A__<_7"2> 8t+<7‘_7"3>ar+(_7“2>87‘+7‘2AS37

where ggs denotes the metric element on a unit S. We see that this has just the
same form as our metric and Laplacian except that our unit fuzzy sphere Laplacian
>, 02 is replaced by the classical unit S* Laplacian

1 .9 1 . 1 5
Ags = —5—0y(sin” Y0y) + —5———0p(sin00p) + —5——5—-0;

sin“ 1) sin? 1) sin 0 sin” ¢ sin? @
in standard angular coordinates.

We will also be interested in the spatial geometry of the fuzzy black hole as a time
slice with respect to the t coordinate. This is easily achieved in our formalism.
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Proposition 4.2. Defining the spatial geometry of the fuzzy black hole as a slice
of the 4D geometry by setting dt = 0, gives
g=pB"tdr®dr+kr’s' ® st
h i o o i i ok 1 i
Vdr = —=dr®dr+ krfs'®s*, Vs' = fiejksj ®s" — —dr ®g s*,
r

303
TH\2 i i i 1y j j 7"12LI i
Rydr =k(—)“dr As'®s', Rvs :(kﬁ—z)s /\sj®sj+4—ﬁs Adr @ dr,
r r
T r2 1N 3 1
RICC127"4/BdT®dT+<k(127"2)4 S ®S, 5:7"72(17@)’

2
using the antisymmetric lift as usual and =1 — :—2’ The spatial Einstein tensor
Eins = Ricci — gg comes out as

.3 1 11 7’%, i i
Elns—M(@*B)d?"@dr‘i’i(i*k(l#»ﬁ))s X s

and is conserved in the sense V - Eins = 0.

Proof. That setting dt = 0 gives a QLC for the reduced metric and its curvature
follows on general grounds but can be checked explicitly. The computation of Ricci
is a trace of Ry as usual: we apply this to the second factors of g and then apply
(dr,dr) = 871, (s%,87) = lfrg (and other cases zero) to the first two tensor factors.
The Ricci scalar S and Einstein tensor then follow. For its divergence, we first
compute VEins by acting with V on each tensor factor but keeping its left-most

output to the far left using the trivial flip o,
2
1 3

VEins = %(i —k(1+ %))(f;sl ® st @dr) + d(2r26(@ - ) ®@dr@dr
+ i(i fﬁ)(ﬁdr®dr®dr+krﬂsi®si®d7’) +--
2r23 4k 3.3 ’
where - - refers to terms that involve dr ® s* or s* ® dr in the first two tensor

factors. The terms in V(s' ® s*) with s’s in all tensor factors cancel. We then
define V - Eins by applying (, ) to the first two tensor factors to give

3 1 r? 1 r?
- Ei :(——f—kl A - — k(14 -y
V- Bins = (= o — RO+ ) + (5 — k(1L T)
3,1 2r% 9 1
—(——0) =5+ z=(—— d
+ 52 (G 5)7«35 AT ﬁ)) "
from the displayed terms taken in order. We then check that the function in brackets
vanishes. 0

4.1. Motion in the fuzzy black hole background. In terms of physical im-
plications, since the radial form for the fuzzy black hole is the same as that of
the Tangherilini solution, we can apply the usual logic that gog = —(1 + 2®) to
first approximation contains the gravitational potential ® per unit mass governing
geodesic motion for a mass m in the weak field limit. Therefore in our case, this

should be
d = —iq (4.16)
2r2 '
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but, because we are thinking of this as a 4D model, we do not set ry to be the
same as for a Tangherilini 5D black hole. Rather, we think of rg as the physical
parameter and equate it for purpose of comparison with rg = 2GM so that the
horizon occurs at the same r as for a Schwarzschild black hole of mass M. The
weak field force law is no longer Newtonian gravity, having an inverse cubic form
according to ® = —2G?M?/r?2. This is rather different from modified gravity
schemes such as MOND for the modelling of dark matter[41], but could still be of
interest.

To properly justify the above, we should study geodesics, which is possible but not
easy on quantum spacetimes. Here, we instead reach the same conclusion from the
point of view of quantum mechanics as the non-relativistic limit of the Klein-Gordon
equation

Ap = m?¢p.
As proof of concept, we first do this for a classical Schwarzschild black hole, where
B(r) =1— 2. The Laplacian is
1 9?
B o2 r2 87“ ( 87")
and Agz is normalised to have eigenvalues \; = —I(I+1) on the spherical harmonics

of degree I € NU {0} for the orbital angular momentum. We focus on waves of
fixed [ and look for solutions of the form

¢ =e " (t,r)

with 1; slowly varying in ¢. Accordingly neglecting its double time derivative, the
Klein-Gordon equation becomes the Schroedinger-like equation

Wy = fn <A + >1/Jz + (B — 1)%1/)1, (4.17)

1
ASch = - + Ar + ﬁASz; Ar = ﬂ 2

where B(A, + %) is a modification by B of the R3 Laplacian on ; in polars,
which we think of as the square of a modified momentum (the difference is anyhow
suppressed at large r), and (8 — 1)m/2 = —GMm/r is the expected Newtonian
potential for Schroedinger’s equation in the presence of a point source of mass M.

Note that e =™ is not itself a solution of the Klein-Gordon equation. Repeating the
above but with reference to an actual solution would be analogous to finding the
forces experienced by a particle in geodesic motion, where one only sees tidal forces.
Doing this in the Schwarzschild case, we first solve (numerically) for spherical I = 0
solutions of the form

2

6= 0u); (g =)yt Ardy =0 (4.18)

with initial conditions specified at large r. We then look for a Schroedinger-like
equation relative to a fixed ¢,,, by solving the Klein-Gordon equation for solutions
of the form

¢ =e "o, (r)ult,r) (4.19)
with ¢, of orbital angular momentum labelled by [ and slowly varying in ¢. This
time we obtain )

s Pl

wy = w(A + — + 2ﬁ¢ )1/) (4.20)
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(1) ~ T
Im rmy[——

RG] ]

FIGURE 1. Radial solution ¢, (r) for the Klein-Gordon equation

around a black hole shown for m = 2/ry,rg = 1 and asymptotic
form of ¢!, /¢, shown dashed

FIGURE 2. Schroedinger-like evolution relative to the ¢, in Fig-
ure 1. We see an initial Gaussian centred at r = 5ry evolving
much as in quantum mechanics but decaying over time, with the
essentially zero initial values at » = 1.1rg, 10rg held fixed.

with a new velocity-dependent correction but without the gravitational point source
potential, as expected.

The natural choice for a reference field is to focus on the case w = m. For large r,
we can neglect 8’ relative to 2/r in A,. and in this case one has an exact solution for
¢m in terms of Bessel I, K functions. We choose conditions which match to Bessel
I, say, at large r, and we assume m > 1/ry so that the test particle Compton
wavelength is less than rg. Then ¢, /¢y, is barely oscillatory for larger m and
decays gradually as » — co according to

/
r
Om 2 am A r>>ry. (4.21)
Pm T—TH
The exact numerical solution as illustrated in Figure 1 is similar to this, although
more oscilliatory. We see that in this ‘comoving frame’ from a Klein-Gordon point
of view, we do not experience the main force of gravity but we do see a novel radial
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velocity term in the effective Schroedinger-like equation approximated as

. A s [2GM
R At (4.2)

far from the horizon. Nearer the horizon, one needs to use the actual ¢!,/d,, to
avoid an instability coming in from the horizon. A numerical solution for i, at
I = 0 using the actual values is in Figure 2, showing an initial Gaussian centred
at r = bry evolving much as in regular quantum mechanics but, unlike the latter,
decaying over time. Some of the noise in the picture comes from the numerical
approximation.

The above is for a regular Schwarzschild black hole, but one can make a similar
analysis for the different radial equations for our fuzzy black hole and thereby justify
(4.16), provided we know something about the operators >, 67.

Proposition 4.3. Y, 0? on the fuzzy sphere has eigenvalues Ay = —1(l + 1) as for
the classical Ag2, with eigenspaces

Hy = {z"2" 2" f; . | f totally symmetric and traceless}.

Proof. Here, as vector spaces, C[z?, -+ ,2"] = Clsu}] = U(suz) by the Duflo map
(as for any Lie algebra). This sends a commutative monomial in the z° to an
average of all orderings of its factors (it is an isomorphism because, although there
are nontrivial commutation relations in the enveloping algebra, these are strong
enough to reorder at the expense of lower degree.) This map is covariant for the
coadjoint and adjoint actions, in our case, of sus, and therefore descends to a
vector space isomorphism between polynomial functions on the classical sphere
in cartesian coordinates on one side, and the fuzzy sphere C,[S?] on the other
side. Moreover, Opx; = eijkxj for our differential calculus on the latter acts as
orbital angular momentum. Hence ), 0? acts as the quadratic Casimir and can be
computed on the classical sphere, where it decomposes the polynomial functions
into the spherical harmonics of each degree [. These then correspond to the H; as
stated. One can check this directly on the fuzzy sphere on low degrees by hand, to
fix the normalisation. For example, on degree [ = 1, we have Y, 02z° = Oye;jp27 =
ejmkeijkxm = —2xi. O

An expansion of Ma;11(C) into subspaces similar to H; also applies in the reduced
fuzzy sphere case with [ = 0,---,2j, see [31]. It means in our case that we can
solve the Laplacian and look at the non-relativistic limits by the same methods
as we illustrated for the Schwarzschild black hole. The only difference is that the
functions have values v (t,7) € C,[S?], but the differential equations themselves in
t,r are purely classical according to

1 0? 1 10
“Goe + A+ WAU Ay = 7*(57‘3*)

with 8 = 1—r% /r2. Taking e "™! as reference gives the same form as (4.17) but with
AL in a modified effective spatial Laplacian. Then (8 — 1)m/2 = —2G?M?*m/r?

kr2
for the gravitational potential energy, in agreement with (4.16).

Afuz =

Next, for the ‘comoving’ version, the [ = 0 solutions of the Klein-Gordon equation
are given by solving (4.18) as before and, relative to this, slowly-varying 1; defined
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FIGURE 3. Radial solution ¢,,(r) for the Klein-Gordon equation
around a fuzzy black hole shown for m = 4/rg,ry = 1, and func-
tion @, (7)/Gm (r).
by (4.19) obey the Schroedinger-like equation (4.20) but now with 2% in place of

%. Focussing on the w = m case, the main difference now is that ¢,, decays more
rapidly and in first approximation, if we leave out the 8’ term in A,., is now solved

by
(r2 =12 )%i%m
Om (1) )

We focus on the + case of the square root, which leads for m >> 1/rg to a fair
approximation

/
P, sm—

om (1=
The exact numerical solution is similar but with a degree of oscillation as illustrated
in Figure 3. As a result, the long range Schroedinger-like equation is

. A 2GM
i = (8 2 ) - 2y

, Tr>>rg.

2m

if we use the Schwarzschild value of rp, showing a coupling to the velocity term of
the same size as the usual gravitational potential per unit mass. As before, near the
horizon we need the actual ¢/, /¢, values for stability of the solutions. An initial
Gaussian breaks up and decays over time, looking much as before.

Finally, although we have used the Schwarzschild value of rg for purposes of com-
parison, since the geometry is asymptotically flat, we could naively try to define
an actual ADM mass by copying its physical formulation in terms of the Einstein
tensor of the spatial geometry[5, 17, 40], which in spherical polars amounts to the
limit r — oo of

_ 2 : n—1
M(T) - G(TL — 1)(7’7, — 2)Qn_1 /3?1 ElnS(Tam \/Bar)d Q
2 s
= mr 1E1ns(7“ar, \/Bar)

for a spatial geometry of dimension n. Here there is a factor —2 compared to the
usual definition because our Ricci and hence Einstein tensor conventions reduce in
the classical case to —% of the usual ones. €2, 1 is the volume of a unit sphere
of dimension n — 1 and we integrate with measure d" =€ over the sphere S*~! at
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radius . The conformal Killing vector field in the general formula in [40] is just
rd, in our case and the unit outward normal vector field is /39, given the form of
the spatial metric. As everything is rotationally invariant, the integration merely
gives a factor ¥~ 'Q,,_;. For a usual Schwarzschild black hole with n = 3, the
FEinstein tensor of the spatial geometry in our conventions can be extracted from
[12, Cor. 9.9] to find

EinSSch (ram \/Bar> = (1 - ﬂ)a M(T) o o

1
- = — s —
2rv/B 2GvVB  2G
as expected for the Schwarzschild 5(r) = 1 — 2. If we instead use the fuzzy quan-
tum black hole spatial geometry in Proposition 4.2, the radial sector is completely
classical, so it still makes sense to read off Eins(9,, ;) as the coefficient of dr @ dr,
resulting in our case in

. 3 1
Eins gy (ro, VBo,) = W(@ - B),
which, since 8(r) = 1 — :i’; and k # , results in M(r) — co. If we took k = }

then we would not have a Ricci flat metric in the spacetime quantum geometry
and we would get M(r) — 0, which is not reasonable either. These problems are
a consequence of the dimension jump in the quantum model, evidently requiring a
more sophisticated approach to ADM mass. By contrast, if we were to set n = 4
and k = i then we would obtain M (r) — %, which is rather close to the value
(4.6) for a classical 5D black hole.

There is a similar story if we try to compute the Komar mass in 4D from its classical
formula as a surface integral around a 2-sphere at infinity. This can be written,
cf[46], as the limit r — oo of

1

Ny 1,
“5G Jo io, 00, (0pfdt Adr) = —7r°0.3

2G

where, for our form of metric, the timelike Killing vector converted to a 1-form via
the metric is £ = —fdt with VA £ = =V A (8dt) = —d(pdt) = 9,.6dt A dr since V
has zero torsion. The unit timelike reference field is ﬁ@t and (and as above) the
outward unit normal to the sphere S%(r) of radius r is v/£9, (the \/j factors cancel
in their product). For a Schwarzschild black hole, this gives 5Z as expected, but for
our solution B(r) =1— :i’;, we obtain Mk omar(r) = 0. We would have obtained a
reasonable answer if we were integrating over a 3-sphere in a 4-dimensional spatial
geometry, but that is not the case for our fuzzy black hole geometry.

MKO'mar (T) =

5. BLACK HOLE WITH THE DISCRETE CIRCLE

We now consider the same ideas as in the preceding section, but for a 3D spacetime
metric with S! in polar coordinates replaced by the discrete group Z,. The 2D
FLRW model with S* replaced by Z,, was done in [3] and we use the same notations.
Briefly, i € Z,, now labels the vertices of a polygon as an integer mod n. The ‘step
up’ and ‘step down’ partial derivatives are 01 = Ry —id, where (R4 f)(i) = f(i£+1)
and eT are the associated invariant 1-forms with et = —e~. The calculus on Z,
is not commutative as e* f = Ry (f)e® for a function f, the e* anticommute with
each other and the exterior derivative is df = (04 f)e® (sum over +) and de® = 0.
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The classical limit n — oo can be seen as a circle with a noncommutative 2D
calculus, which is the classical calculus on S' extended by a 1-form ©y. The latter
has no classical analogue but can be viewed as normal to the circle when embedded
in a plane[3], but without an actual normal variable. The natural invariant metric
on the polygon is —et ®, e~

Now the spacetime coordinate algebra is A = C°(R x Rs) ® C(Z,,) with ¢,r for
the time and radial classical variables, and we consider a static Schwarzschild-like
metric of the form

g=—B(r)dt ® dt + H(r)dr @ dr — agy(r,i)e® @ e’ (5.1)

Invertibility of the metric requires centrality, which dictates cgp(r, i) = g (r,1)dgp—1
for some real-valued functions «,. We also require edge-symmetry o, = R,(qg-1)
so that the length of each edge o; — e, 1 for the Z,, at radius r is the same in either
direction, namely given by some real function a(r,i) according to

oy (ri) =a(r,i), a_(r,i) = R_a(r,i). (5.2)

We limit attention to this form of metric.

We take analogous conditions on the tensor product calculus as in the previous
section, in the sense that the functions of the time ¢, radius r as well as d¢,dr are
classical and graded-commute with everything. In view of this, and in line with
[3] and with the fuzzy case above, we make the simplifying assumption that the
connection braiding o among the differentials dr,dt and between them and e* is
just the flip map. In this case, the most general form of a potential bimodule
connection turns out to be

Ve = —T%ce’ ® e + v*dt @ € + y"pdr @ €,
Vdt = Epe” @ ¥ + bdt ® dt + cdr @ dr + hdr @5 dt,
Vdr = Age® @ €® + Bdt ® dt + Cdr @ dr + Ddr ®, dt,

where the coefficients are elements of the algebra A and of the form

Vab = Va(Sa,b—lv 'Vab = 'Va(sa,b—lu Aab = Aa(sa,b—la gab = ga(sa,b—l‘ (53)

We now analyse when such a bimodule connection is a QLC. The requirement to
be torsion free comes down to

Aab = Aba; fab = fbaa Fabc = Facba A(ld + U)(ea ® eb) =0, (54)
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while to be metric compatible comes down to the 13 equations:
dredt®dt: 0,8+ 28h =0,
dr®3 . 9,H +2HC =0,
dt®3 : 28b = 0,
dredt@dr/dreodre@dt: —fc+ HD =0,
dt@dt@dr/dt@dredt: —fh+ HB =0,
dt®drodr:2HD =0,
dr®e® @ e’ : —0reap — epYS — tacRa(75) =0,
" @’ @dt: —fu — acaRe(v? )oY oy =0,
" @dt ®@e”: —BEa — awre =0,
et @et@dr: HAy — acdRc('ydf)Ucfab =0,
e @dr®e’: HAw — aayte =0,
e ®e’ @ et —0uape — agelap — agrRa(T7 40) 0% 0 = 0,
dt@e®*®e’: —apr, — aqcRq (V%) = 0.
The 1st and 2nd equations gives h, C' respectively, and these together with the 5th

equation give B, resulting in

1 1 1
h= _ﬁarﬂ, C= —ﬁ&nH, B = —ﬁ&«ﬁ. (5.5)
The 3rd, 6th and 4th equations imply that ¢ = b = D = 0. Next, the 9th and 11th
equations tell us that

HA
Vg = —6&1, Yo = —2, (5.6)

Qg Qq
while, given the edge-symmetry, the 13th and 7th equations reduce to

Orag

Vo + Ra(”afl) =0, Yot Ra(ﬁ)/afl) = (5'7)

Qg

Given that the 12th equation for metric compatibility and the torsion-freeness con-
dition are the same as for the polygon in [3], we are led to take I'%,. at each radius
r the same as for the QLC V%~ on the polygon found there. This has
i+ 1
vZn€+:(1_p)e+®e+7 vZne— :(1—R3p_1)€_®6_7 p(nl):w
a(r, 1)
and its braiding obeys o(e* ®eT) = eF ®e®, in which case the 8th and 10th metric
compatibility equations become
HA,-
Rulvas) =~ D60s, Rulas) = 0o (58)

Qq Qg
Using the first of (5.6) and (5.8) in (5.7) leads us to &, = —&,-1, which together
with the second half of the torsion-freeness conditions (5.4) requires £, = 0, and as
consequence v, = 0. Similarly, inserting the second half of (5.6) and (5.8) in (5.7)
produces

(5.9)
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In summary, for a QLC, it only remains to solve for A,,~, subject to such residual
equations, with the other coefficients zero or determined. It also remains to impose
reality in the form of V %-preserving.

Proposition 5.1. Assuming a static edge-symmetric central metric (5.1) and o
the flip on gemerators involving dr,dt leads to a x-preserving QLC if and only if
0_0ra, =0 (which needs the underlying a(r, 1) to be the sum of a function of r and
a function of i). The x-preserving QLC with real coefficients is then unique and
given by

1
Vdt = — %&ﬁdr ®, dt,
1 Orauy Oy 1
- _—9.H _Yr + - Y — +
vdr 2H8T dr @ dr Vi e R®e 57T e ®e Vi - Adt ® dt,

1
Vet =VZre® — Zdr @, et
r

Proof. The *-preserving conditions for V include conditions on I" which coincide at
each r with those for a QLC on Z, as in [3], for which the solution is unique, so
we are forced to this choice for I". The remaining *-preserving conditions require
B,C,h to be real-valued, which already holds because they are functions of the
metric coefficients, together with the conditions

S (Ao @e?) — Age® @) =0, T, = Ral(7a-1), (5.10)

Z(gaila(ea_l ® ea) — £t ® 60'_1) =0, U,= Ra(l/a_1). (511)

a

The conditions (5.11) are trivially fulfilled, while the second half of (5.10) implies

A, = A,-1, which together with the form of the braiding map o solves the first
half of (5.10). In this case, (5.9) takes the form
— Oraig

—A, — A, = (5.12)
The second halves of (5.6) and (5.8), together with the edge-symmetric condition,
tell us that A, = R,-1(A,) and hence that A, is independent of the discrete
variable, i.e., just a function of r. In this case, we must have

_8rai + Hy(?")

7
20z:|: a4

arai

A =
+ 2OH

+ ’Ly(?"), T+ =

for some real-valued function y(r). It is natural at this point to set y(r) = 0 so as to
keep coefficients real, and we do this now (this was also done at the parallel point
in [3]). Another consequence of A1 being constant on the polygon is 9L Ay = 0,
which lead us to 0+0,.a, = 0. This corresponds to restricting the underlying metric
function a(r, ) in (5.2) as stated. O

This is a general result, but we now focus attention to the Z,-invariant metric
where a(r,4) is independent of ¢ and moreover of the expected radial form.

Theorem 5.2. The static Z,-invariant Schwarzschild-like metric

g=—B(r)dt®@dt+ H(r)dr @ dr — r’et @4 e~
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has a canonical x-preserving QLC,
Vdt = i@ Bdr ®, dt
- 2ﬁ T T Xs )

1 Ty _ 1
Vd'f = — ﬁ&Hdr ® dr — Ee ®3 e — ﬁarﬁdt ® dt,

1
Vet =— ;dr ®s et

with the corresponding Ricci scalar and Laplacian

S =530 — 135 OB — {750 HO5 - ;paTH+ OB
A :%(m o) - 58? + Eaﬁ + (ri{ 2H20 H ot rﬁ)
This is Ricci flat if and only if
H() = =, B(r)="2 (5.13)
B(r) r

for some constant gy of length dimension.

Proof. Taking a4 = r? in the preceding proposition immediately gives the canonical
QLC stated. Its associated curvature comes out as

Rydt = 25 (625 — —( 0,p)? — 2&1‘[&6) dt Ndr @ dr — O Bdt NeT @€,

2p
o-H 1 1
Rye® = —2;—Hei Adr @ dr — T@,.ﬁei Adt ® dt — Eei NeT @ e,

T
2Hp
Ryd - (L 0,80, H — 626+—( B)?)d /\dt®dt—186d NeT ®,e”
vT‘—2H r 25 r T 27“T T (& s €

Taking the antisymmetric lift of products of basic 1-forms and tracing gives the
associated Ricci tensor

2Ricci = 826 0.5 Q—Laﬂaﬁ—iaﬂ dred
1CC1 = 28 28 4Hﬂr - Hor r r

( 2Hﬁ rﬁ+2H28H H)e Qs €

1 2
+ (gg0rsont - 5026 + (0.6 -

9
rH

> dt ® dt.

The Ricci scalar and Laplacian follow on application of the inverse metric. We then
solve for Ricci = 0. The calculations are straightforward and are omitted. [



FUZZY AND DISCRETE BLACK HOLE MODELS 25

The quantum geometric structures in the discrete black hole-like Ricci-flat case are

g=- "H it @ dt + —dr @ dr — r2et ®se, (5.14)
T rg
TH r n 1
dt,dt) = ——, (dr,dr) = — ef) =—=, 5.15
(drd) ==, (@rdn =T () = - (515)
1
dt =—dr ®, dt, 1
v 2r " (5.16)
1
Vdr:—Q—dr@)drfrHeJr@se +—dt®dt (5.17)
r
1
Vet = — —dr ®, e™, (5.18)
T
1 TH + _
Rydt == dt Adr@dr+ —dt Ae” ®se, (5.19)
T 2r
rh rH b -
Rvdr:—jdr/\dt@)dt—l——dr/\e ®se, (5.20)
1 2
Rvei——Q—Qe /\dr®dr+ﬁe /\dt®dt$—e+/\e ®et (5.21)
A———82+ 62+—a+ (a++a) (5.22)

To keep the signature, we can take ry > 0 and we will analyse this case first.
However, to approximately match the inside of a black hole, we will then also
analyse the case 1y = —2G M < 0 with the physical roles of r, ¢ interchanged.

We also note that 5 = H = 1 leads to
1
g:fdt®dt+dr®drfr26+®se_, Ricci:f§e+®se*, S=—
A=-0}+0*+ 8 +3 (8++8)

which is more like the spacetime Laplacian in 3 spatial dimensions, again showing
the dimension jump and the constant curvature at each fixed radius and time. Here
S1 behaves more like S? in polar coordinates, just with 2(d; + d_) in the role of
the angular Laplacian.

5.1. Klein-Gordon equation on the discrete black hole-like model for
B(r) > 0. Here, we analyse the case of the length scale rg > 0 in the Lapla-
cian (5.22) found for the discrete black hole-like model above in ‘polar coordinates’
form. The eigenvalues of the angular Laplacian 04 + 0_ are labelled by [ € Z,, and
given by|[3]

2ml . o, Tl e
N=¢+qg'-2= 2(cos(7) -1) = —451112(;); g=e=

with eigenfunctions ¢*. If we followed the format of Section 4.1, we might first
consider ‘quantum mechanics-like’ solutions of Klein-Gordon equations A¢ = m2¢
of the form

¢ =e " (t,r)
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&)1 e

$u(1)

m

F lolry
05+
; ' . . Ly

FIGURE 4. Solution of Klein-Gordon equation for | = 0 and w =
m = ry = 1, with Cauchy boundary condition at ry = rgm?/w?.

of orbital angular momentum [ and slowly varying in ¢. This is not particularly
justified from the form of the metric but leads to

. rH 2N TH.M TH
=—— A+ — 1——)=¢; A, =—=0.(r0).
! mr( +7“2>wl+( 7“)2wl r2 (rdr)
The mass term from the Klein-Gordon equation has not cancelled due to the rg /7

factor in the dt ® dt term in the metric, except in the vicinity of r ~ ry.

Here, it makes more sense to look in the ‘comoving’ case where we start with an
I = 0 reference solution of the Klein-Gordon equation of the form

_ p—wt . " 1 / 72 2 r 2 _
¢—€ (buh d)w—'_id)w—’_(Tw -——m )d)w = 0.
r 7 rg

A generic solution of this for w = m = ry = 1 is shown in Figure 4, which illustrates
that we can have an extended region where ¢,, is approximately constant, here with
boundary condition

m2

P(ro) =0, ¢u(ro) =1; 1o:= THF'
This results in
PL(r)
bu(r)
for a reasonable range around the central value, as illustrated in the second half
of the figure. An obvious choice would be w = m and hence 7y = rg, but we can
choose other w to have other central values rg.

m

T=To

|wlre’

Next, we use this as reference and look for solutions of the Klein-Gordon equations
of the form ¢ = e™“¢,,(r)e;(t,r) with +; in the )\; eigenspace and slowly varying
in t. Discarding v; terms, we have

o _TH 20,11, | 2N
Wy = Yor (Ar + b T Or + r2 )wl

and hence in any regime where the ¢/ /@, term can be neglected, we have approx-

imately
: TH 2N
~—— A+ =
1y or < + 2 > Uy
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as an effective Schroedinger-like equation. We still have an expected scale factor
out front, but now the unwanted mass terms are absent, i.e. this looks more like
free motion as expected.

We can go further and replace r by a new variable

r? 5, r 0 0? o (r 0 r? 02 1 0
o=ty L0 P _0(r 0y 0 10
2ry’  Or rgdp Or or \rg dp r4; Op T Op

: 1 (8% 198 2\
Wy X —— —2+——+7 Y.
2w \0p® PO (2p)3r2

in which case

This absorbs the % = r2, /r? factor in front of the radial double derivative so as to
look more like flat space quantum mechanics, but has an unusual radial power for
the angular contribution. Here w plays the role of the effective mass and determines
the central value
rg /m\4
w2 (2)

2 \w
around which we wish our approximation to hold.

5.2. Continuum limit of the discrete black hole-like model. Here, we send
n — oo in such a way that the Z, geometry becomes S' with its usual constant
metric. The algebraic way to do this was explained in [3] as a switch from functions
on Z, to the algebraic circle C[s,s™!], where classically s = ¢*? for an angle coor-
dinate #. The limiting calculus is not, however, the classical one on S!, being 2D
not 1D. Rather, it is the ¢ — 1 limit of the 2D g-deformed calculus with generators
f* and the commutation relations and exterior derivative|3]

frs=—sft, frs=s(f~+(@+a)f"), ds=sf", ds'=s"f".

The calculus is inner with

@:ﬁ(f++f_)

and has a quantum metric

951=*f Qs [T+ — T+ )+ )

(¢ — )

One can check that this is central, i.e. commutes with s and obeys the reality
property ﬂlp(* ® *)(gs1) = gs1 for a quantum metric if ¢ is real or modulus 1. If we

impose ¢ = e™» and s” = 1 then this is the constant metric i(q —qg D2t ®e”
on Z,, under the correspondence[3]
+ rF
et = M (5.23)

(¢—q')(g-1)

In this case (¢ — q~ is negative, which is the reason for the — sign that was
needed in the discrete model. But we do not impose these restrictions and thereby
work on the circle. One still has a flat *-preserving QLC with

VEE=0, ff =

1)2
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and o the flip on the basic 1-forms. We now work on A = C°(R x R+¢) ® C[s, s7}]
with ¢, 7,dt, dr classical and graded-commuting with the s, f*. We take the metric
g= -t @dt + —dr®dr+r2gg
r TH
and we look for QLCs with ¢ assumed to be the flip on the basic 1-forms.

Proposition 5.3. The metric g has a canonical Ricci flat x-preserving QLC and
associated geometry

1 1
Vvdt :Edr ®sdt, Vdr= ——dr ®dr + —Hdt Qdt +rpgsr, VfE= —fdr ®Rs fT,
1
Rydt =—dt Adr@dr - 5 i’dmgsl, Rydr = — dr/\dt@dt— de/\gsl
Ryf* = ——fiAdr®dr+—fiAdt®dt+ fi/\gsl
_ 2 2 _ A+ (g —1)s0y) 2
A——f(r“) -l— 8 +7’728T+T‘72AS1’ Ag1 = — CEE (Saq) ,
where Oy is the standard g-derivative so that Ag1 on modes st has eigenvalue
4412 1—¢
N = My = —L.
g+ 1% l—gq

Proof. First, we can redo the discrete black hole-like model with a(r,i) = ar? for
any constant factor a for the angular term gz, = —aet ®s e~ in the metric. This
same factor enters in the connection Vdr as gz, there. The same happens for Ry in
the term where e™ @, e~ entered. We then replace gz, by gs: to get the connection
as stated, noting that f* are a linear combination of e*, so expressions linear in
these have the same form. This version is constructed so as to be isomorphic to the
discrete black hole-like model when ¢ = et and s" = 1 are imposed, but these
properties do not enter into the computations for a QLC, so this also holds for
generic ¢, and likewise for Ricci flatness and for being *-preserving when |¢| = 1.
One can do a direct check of these features and see that V is x-preserving also when
q is real, as a consequence of gg1 being real in the required sense.

For Ricci, the antisymmetric lift i(f*™ A f7) =2(fT @ f~ = f~ @ fT) of
_ -1 _ _
Fraf = < >(q—q1)26+/\6

+1
is equivalent to that of e™ A e~ when we use the correspondence (5.23). We also
use the inverse metric which on the f* comes out as
4q

(fivfi):_mv (fiaf:':):

¢ +1
r2(g+1)%

For the Laplacian, we use ds! = —%“fl(q[—l —lgft + 1 —14f) from [3] and

(, ) to compute As! = (, )Vds! = —%[[]ﬁsl, which we write as stated since
50,8' = [l]4s' for the standard g-derivative 9, f(s) = (f(gs) — f(s))/((¢ —1)s). The
other values of A on functions of r, ¢ are unchanged from the discrete case. In the
classical case with s = €, we have s% = 71% as the limit of s0,. [
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It remains to say a few words about the actual classical limit of the geometry. As
explained in [3], this is a joint process ¢ — 1 and f™ = — f~, with the latter taking
precedence so that gg1 — —fT ® fT = df ® df as classically in our normalisation
of gg1. In this way, one arrives as the classical 1+2-dimensional curved metric

Getass = — LAt @ dt + —dr @ dr + r2d0 ® d),
r TH
which is not, however, Ricci flat. One finds in our conventions (which are —1/2 of
the usual ones)

1(r? 1
Ricci = —= (2 dt@dt — —drodr+ 2do@dd), S=0,
2 \ 27 2r2 T
r rH 1 92
A=——02+ 20+ - —.

rH it r T+r2892
The Laplacian agrees with the limit of the g-deformed geometry but Ricci does
not. This is due to the 4D cotangent bundle in the quantum model, since the trace
gives a different result from the trace in the quotient, where we impose f+ = —f~.
Moreover, the dropped terms in the metric that are singular as ¢ — 1 contribute
in the calculation of Ricci = 0 in the quantum model.

5.3. Discrete black hole model for 3(r) < 0. Here we briefly analyse the case
where ry < 0 in our previous presentation of the discrete black hole-like model.
More precisely, we still define rgy = 2GM > 0 but replace vy by —ry and we
also replace t by r and r by ¢ in all the formulae (5.14)-(5.22) so as to match the
signature. Thus, the quantum metric and resulting quantum geometry are now

r

t
——dt®dt + fdr@dr —t?2et @57,

TH

Q
Il

1 1 2 . _
Vdr = Q—tdr ®Rsdt, Vdt= 72—tdt®dt+ 2—t3dr Qdr —rge’” ®se
1 r t r 2
+ _ + o H o2 2 H
Ve —-;d’f’ ®S€ 5 A——Tat +E3T —t—Qat—i—th(aJr—l—({L)

with a curvature singularity now at ¢ = 0. We next make a change of variable

(e ) = (o )

QT‘H

= ()

Wl
1T ol

r

in order to have a constant term in the ‘time’ coefficient of the metric, so that the
quatum geometric structures become
g=—dr@dr+n2dredr —n'riet @5,

2 1
Vet = ——dr@,et, Vdr=———dre@dr —nrget e,
37 3n%T

1 1 2
Vdr = — . A=—-0%+—0, +n0*+ — ).
dr 3Tdr®( dr, 87+3Ta +n a’"+n4r§,(a++a)

We now do the parallel analysis to Section 5.1. Using the above Laplacian for the
Klein-Gordon equation, we first look for solutions of the form ¢ = e~ (7, 1),
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where ¢, is slowly varying in 7 and with eigenvalue \; for the angular sector.

Ignoring 1;, we have
2
. n 2 8)\1
= - 8 —_—
ST — ( Pt 972> v
where dot denotes 0. If we assume that we are very far from the 7 = 0 singularity
in the sense

1
T>> —
m

(i.e. at macroscopic times much larger than the Compton wavelength in time units),
we have

2
e T (g2 BN
“M ~ 2m (67 + 97_2) wl' (524)

This looks a bit like quantum mechanics, not in the presence of a point source
potential but rather with an overall time-dependent expansion factor and a time-
dependent contribution of the angular momentum. Note that e=*™" does not itself
obey the Klein Gordon equation.

Next, we look for the ‘comoving’ behaviour, noting that reference solutions of the
Klein-Gordon equation of mass m and [ = 0 are in fact given by Hankel functions,
of which we focus on the first type,

Om(T) = T%Hg) (mT).

Here, the real and imaginary parts (Bessel J, K functions respectively) oscillate,
#m(0) is a nonzero (imaginary) value and |¢,,|? gradually increases with time.
This therefore plays the role of an exact plane wave. Relative to this, we look for
solutions of the form

¢(Ta T) = Qsm (T)T/)l (T7 T)
with v; slowly varying in 7, leading to a Schroedinger-like equation
2
i .n h(mt) (0 87>‘l
Wi = 2m <3T + 972 2
where
1 (s)

h(s) =1 ~ 1
H) (s) = g H3 (s)

for large s, as shown on the left in Figure 5. Here, one can see that h(mr)
approaches 1 very rapidly as 7 >> 1/m. In other words, the behaviour near the
7 = 0 singularity is different but for larger 7 the effective Schroedinger-like equation
is now much more sharply approximated by (5.24) than before.

The numerical solution for the real part of these equation is shown on the right
in Figure 5, where we used the exact function h(m7) and set the initial Gaussian
at m7 = 1. The evolution becomes noticeably constant in r compared to regular
quantum mechanics. Some of the noise in the picture comes from the numerical
approximation.
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initial
singularity

30

Re h(m7) o
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FIGURE 5. Function h(m7) in definition of Schroedinger-like equa-
tion for discrete black hole metric and evolution of a Gaussian cen-
tred at » = 10rg at 7 = 1/m, for ry = m =1 and I = 0. The
essentially zero initial values at » = 0,20ry are held fixed.

6. CONCLUDING REMARKS

We have solved for the quantum Levi-Civita connection and hence found the quan-
tum geometry for quantum metrics with each sphere at radius r,t replaced by a
fuzzy sphere C,[S?]. We did this for both FLRW-type metrics (3.1) and static
black-hole like metrics (4.1) in polar coordinates and general metric g;; on the
fuzzy sphere. We also completed the discrete case with static metric (5.1), where
each sphere is replaced by Z, as a discrete circle or its noncommutative S* limit,
the FLRW-like case having already been treated in [3]. After the general analysis,
we specialised to the ‘round’ metric g;; = kd;; in the fuzzy case and the regu-
lar polygon metric —e™ ®, e~ in the discrete case, respectively, and solved the
Friedmann equations for the cosmological model and the Ricci=0 equation for the
black-hole-like models.

The four models between them show a remarkably consistent ‘dimension jump’
phenomenon where the radial-time sector behaves as for a classical model of one
dimension higher. The origin of this from a mathematical point of view is what has
been called a ‘quantum anomaly for differential structures’ [33], where quantisation
of an algebra while preserving symmetries typically has an obstruction requiring
either a breakdown of associativity or, which is our approach here, an extra cotan-
gent dimension. This then affects both the Ricci tensor and Laplace operator. This
is not surprising, but it is remarkable that the result appears so simply as a clas-
sical dimension jump. The consequence from a physical point of view is striking:
if each sphere at r;t is better modelled as fuzzy due to quantum gravity effects,
which is plausible enough if one wanted to preserve rotational symmetry but allow
for some noncommutativity of spatial coordinates, then Ricci flat solutions, in par-
ticular, have a very different long range behaviour in 4D, being now of the form
of a 5D black hole with the black hole appearing as a source of an inverse cubic
gravitational force. In the discrete circle case, as well as in its noncommutative
circle limit, the fact that the circle has zero constant curvature in contrast to 52
also resulted in dropping the 1 in the usual Schwarzschild factor 5 =1 — 2GM/r,
which meant that we only approximated the a black hole far inside the horizon.
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We are not proposing the model as 4D physics, since the angular sector remains
a circle not a sphere, but it could be of interest in 241 gravity. It also illustrates
that it is possible to have a nonflat Ricci=0 quantum geometry in 3D, ultimately
because of the hidden extra cotangent direction. The geometric meaning of the
extra dimension was discussed in [3] as a kind of normal to the circle but without
actually extending the circle to an ambient plane. (This is not unlike the notion of
a ribbon or framed knot in TQFTs.) Finally, we have considered 6’ as part of the
background quantum geometry, but in the light of experience with Connes spectral
triple approach (and notably, the appearance of a Higgs field there[19]), it could
be interesting to promote this extra 1-form to a dynamical field. According to our
discussion, such a field might be associated to some kind ‘normal bundle’. Other
ideas for a physical role of # have ranged from a spontaneously induced external
time as in [33, 34, 35] to a direction associated to a renormalisation group flow[23].
In the former context, a functional coefficient in front of #’ was indeed interpreted
in [34, 35] as a gravitational potential.

In summary, we offer new models with different radial-time behaviour from those
expected. We do not know if such effects could be relevant to real-world cosmology,
but the idea of modified gravity[41] is of interest and it is possible that our new
theoretical mechanism could likewise be of interest. We also introduced a novel
‘comoving’ Schroedinger-like equation i.e. slowly varying relative to an actual so-
lution ¢,, of the Klein-Gordon equation. We have not developed this as a formal
theory but this could certainly be looked at further as a complement to more estab-
lished methods of quantum field theory on curved spaces[14, 43, 42]. In particular,
the solutions ; appear in practice to dissipate over time even for a regular black
hole background. This could potentially relate to ideas for gravitational measure-
ment, but note that this would be a very different phenomenon from gravitational
decoherence[8], which applies to mixed states not pure states.

Of course, our analysis is only as good as the assumed formalism, and here we
assumed the constructive approach to quantum Riemannian geometry as in [12].
As in the concluding remarks in [3], it would be fair to say that the Einstein
tensor in the general set up is not known and the proposal for Ricci is merely
by analogy (a trace of Riemann) rather than springing from a more conceptual
understanding. In general, in order to take a trace, the formulation of Ricci depends
on a lifting map i : 02 — Q! ®4 Q! which classically would express a 2-form as
an antisymmetric tensor but which in general depends on the structure of Q2.
Fortunately, for the models in the present paper, as in [3], there are natural basic
1-forms with respect to which Q2 is given by skew-symmetrising, so we can take 4
in the standard form as classically. We also found for the FLRW model (3.15) and
for the spatial geometry of the fuzzy black hole model (Proposition 4.2), that the
quantum Einstein tensor defined by Eins = Ricci — g g, where S is the Ricci scalar,
led as expected to V - Eins = 0. Such vanishing of the divergence provides evidence
that this ‘naive’ definition of the Einstein tensor can be useful for some classes of
models. It has also been used in some other approaches, such as [4]. An actual
derivation and deeper understanding from a noncommutative variational principle,
remains, however, an important direction for further work. This issue is discussed
further in the concluding remarks of [3].
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The physics of such quantum Ricci and Einstein tensors also remains to be under-
stood much better. For example, we took the view for the fuzzy black hole that
an observer sees the event horizon at » = rg, which is the physical parameter, but
equated it to 2GM for an effective ‘Schwarzschild mass’ for the purposes of com-
parison. To do better, one should have a noncommutative version of ADM theory,
but we saw that naively adopting its classical physical formulation in terms of the
spatial Einstein tensor[5, 17, 40] while using the spatial quantum Einstein tensor
gave an infinite ADM mass as a consequence of the dimension jump. We likewise
found that naively adopting the classical formulation of the Komar mass as a sur-
face integral gave an unreasonable answer. Here again, one should have a better
noncommutative version of the theory relating a ‘surface’ integral of *d¢ (where £ is
the timelike Killing 1-form and = is the Hodge star operator) to a volume integral of
the evaluated Ricci curvature (so as to be topological for a vacuum solution). This
again requires a deeper understanding of the Ricci tensor in the noncommutative
case. In our case, we would also have to deal with *d{ being a 3-form due to the
extra dimension.

It is also the case that the models in the present paper do not concern quantum
gravity itself, but rather noncommutative classical gravity proposed to better model
quantum gravity effects. It remains to understand mechanisms for how our class of
models might indeed emerge from an underlying theory. Thus, [28, 24] gave some
reasons for why the fuzzy sphere could emerge from 2+1 quantum gravity, but
it is unclear how such arguments might extend to the higher dimensional models
proposed here. By contrast, [1] studies effects on the interior of a black hole from
loop quantum gravity, albeit the considerations there are quite different. See also
[6] as an example of a loop quantum gravity model of a cosmological nature. There
are also many other approaches to quantum gravity, some of them implicitly or
explicitly related to some kind of noncommutative geometry. Aside from Connes
spectral triples, which can be applied to models of quantum gravity, e.g.[27], we also
mention lattice quantum gravity[2] and causal set models [21] as approaches where
spacetime is modified away from the continuum and which it would be interesting
to connect better to noncommutative geometry. There are also emerging variants
of the formalism we used which could be useful to consider, for example [15] studies
Z,, with a larger class of not necessarily edge-symmetric metrics compared to [3].

Nevertheless, the class of models studied in this paper were particularly nice as far
as the quantum geometry itself is concerned and more tractable than fully noncom-
mutative models where 7, ¢ need not be classical as they were for us. We refer to
the concluding remarks of [3] for a wider discussion. Also remaining to study, even
for our simple class of models, are quantum geodesics using the Schroedinger-like
formalism of [10, 13]. This requires further machinery, notably the construction of
a certain A-B-bimodule connection (where B is the classical geodesic time algebra),
and will be considered elsewhere. These are some directions for further work.
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