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Abstract
We study the quantum geometry of the fuzzy sphere defined as the angular momen-
tum algebra [x;, x;] = 2iA,€;jrxr modulo setting Z[ xi2 to a constant, using a

recently introduced 3D rotationally invariant differential structure. Metrics are given
by symmetric 3 x 3 matrices g and we show that for each metric there is a unique
quantum Levi-Civita connection with constant coefficients, with scalar curvature
%(Tr(gz) — %Tr(g)z) /det(g). As an application, we construct Euclidean quantum
gravity on the fuzzy unit sphere. We also calculate the charge 1 monopole for the 3D
differential structure.

Keywords Quantum gravity - Fuzzy sphere - Quantum geometry - Fuzzy monopole -
Noncommutative geometry - Angular momentum algebra - Coadjoint quantisation

Mathematics Subject Classification 83C45 - 83C65 - 81T75 - 81R50

1 Introduction

The angular momentum algebra U (su>) has been viewed since the 1970s as the quanti-
sation of R3 viewed as sujy with its Kirillov-Kostant bracket as part of a general theory
for any Lie algebra. As such, setting the quadratic Casimir to a constant quantises the
coadjoint orbits, again in a standard way. The angular momentum algebra was also pro-
posed as ‘position coordinates’ for Euclideanised 2+1 quantum gravity by "t Hooft[15].
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We denote it C; [R3] or “fuzzy R3 with generators x; and relations [x;, x;] = 2A€;jxxx
as in [4,9,13,18] to indicate that we consider it a deformation of flat spacetime. Its
covariance under the quantum double D(U (su3)) = U (suz)><C[SU;] as ‘Poincare
group’ was found in [4] along with a 4D quantum-Poincaré invariant calculus, and fur-
ther studied in [13,18] among other places. This is by now a well-established picture of
a deformed R3 in Euclideanised 2+1 quantum gravity with point sources and without
cosmological constant, see e.g. [12] at the group algebra level. Moreover, it deforms
naturally to the quantum enveloping algebra U, (suz) with quantum Poincaré group
DU, (suz)) = Cy[SO3] in 2+1 quantum gravity with cosmological constant, see
[26] for an overview and the relationship to the bicrossproduct model Majid-Ruegg
quantum spacetime [25].

In physical terms, A =1, where A, is a real deformation parameter which, in the
above context (but not necessarily), should be of order the Planck scale. The general
idea that spacetime geometry is ‘quantum’ or noncommutative was speculated since
the 1920s but in modern times was proposed in [17] coming out of ideas for quantum
gravity of quantum Born reciprocity or observable-state/Hopf algebra duality. See
also subsequent works by many authors, including [1]. Not surprisingly, however, the
quantum spacetime C,, [R3] with its natural rotationally invariant quantum metric is
flat and admits only the zero Levi-Civita connection in the standard coordinates [9,
Example 8.15]. The same is true for the corresponding bicrossproduct model spacetime
with quantum Poincaré covariant calculus [9, Prop. 9.20], the two models being related
by twisting [23]. For quantum gravity effects with background gravity present, we
should look at curved quantum spacetimes.

Indeed, one might expect such quantum Riemannian geometry to be more interest-
ing for the corresponding ‘fuzzy sphere’ quotient, but it turns out that the differential
structure proposed in [4] does not descend to the fuzzy sphere. To address this prob-
lem, [9, Example 1.46] recently proposed a different 3D differential structure on the
fuzzy sphere and in the present paper we explore its quantum Riemannian geometry
with this calculus. We find that it is indeed curved for general metrics, including its
natural rotationally invariant ‘round metric’. We will denote the unit fuzzy sphere here
by C;.[S?]. The term ‘fuzzy sphere’ is also used in the literature, e.g. [16], for matrix
algebras M,,(C) viewed in our terms as further quotients of C,[S 2] for certain values
of A (those values for which the irreducible n-dimensional representations of spin /2
descend).

We use the constructive ‘quantum groups’ approach to quantum Riemannian geom-
etry as in the text [9]. This was established in recent years e.g. [2,5,6,8,19,21,22,24]
using particularly (but not only) the notion of a bimodule connection [11,27]. The
formalism is recalled briefly in Sect. 2 along with the new differential structure on
C,[5%] proposed in [9]. Section 3 contains the first new results, namely uniqueness
and construction of a quantum-Levi Civita connection for each metric. Metrics here
can be chosen freely as symmetric 3 x 3 matrices in the natural basis of the 3D cal-
culus. In Sect. 3.2 we look at the curvature as a function of the metric and use this in
Sect. 4 to explore Euclidean quantum gravity on the fuzzy sphere. Conventionally, the
Euclidean case, although not usual quantum gravity itself, is nevertheless of interest
on any compact Riemannian manifold with boundary [14].
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Note also that our approach to quantum Riemannian geometry is very different from
that of Connes [10] based on spectral triples as abstract ‘Dirac’ operators, but the two
approaches can sometimes be related [7]. A first step for the fuzzy sphere would be to
compute the Grassmann or monopole connection, which we do in the short Sect. 5.

It remains to explain why the cotangent bundle on the fuzzy sphere in this paper
is 3D not 2D. Indeed, it often happens in quantum geometry that there is an obstruc-
tion to having the same dimension connected differential calculus as classically and
preserving symmetries. This is because most highly noncommutative geometries are
inner in the sense of a 1-form 6 such that the exterior derivative is d = [0, }, but this
equation has no meaning in classical geometry (the right hand side would be zero)
and indeed it is a purely quantum phenomenon. Hence, quantum calculi often contain
an extra dimension not visible classically, which we could think of as an internally
generated ‘time’ direction 6§ = dr, since quite often the partial derivative in the 6
direction turns out to be the natural wave operator or Laplacian. This was explained
in [18] in the context of the 4D calculus on C;[R3], where this external time is not
part of spacetime but may be more related to geodesic flow proper time according to
recent ideas in [8] or to renormalisation group flow according to ideas in [13]. In our
context, for the new calculus on C;[S2] in [9] which we use, there is a more direct
geometric interpretation of this extra dimension: there is in fact a (nonconnected) 3D
calculus on C; [R3] with no extra dimension needed there, but when this descends to
the sphere quotient, the normal direction does not decouple as it would classically and
instead one has 6 = (2i1A p)_zxidxi. So one should think of the fuzzy sphere with this
calculus as embedded in a fuzzy R and retaining the normal vector as an additional
direction. This then makes its calculus 3D and not 2D.

2 Preliminaries

Here we give a very short introduction to the general formalism, with more details
to be found in [9] and references there in. This provides the framework whereby our
constructions for the fuzzy sphere should not be seen as ad-hoc but natural within this
context. To this end, let A be a unital algebra, possibly noncommutative, over a field
K (we will be mainly interested in C). By a first order differential calculus (Q', d) we
mean that:

(1) Q' isan A-bimodule;

(2) Alinearmapd: A — Q! such d(ab) = (da)b + adb foralla, b € A;
(3) Q! = spanf{adb|a,b € A};

(4) (Optional) ker(d) = K.14.

Here d is called the exterior derivative, the condition (3) is the surjectivity condition
and (4) is the connectedeness property, which is not an axiom but is desirable. We also
require Q' to extend to an exterior algebra Q@ = @; Q' of forms of different degree,
generated by A = Q0 and Q! with d extending by the graded Leibniz rule and d*> = 0.
The product of €2 is denoted A. For quantum Riemannian geometry we only need up
to Q2. See [9, Chap. 1].
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In this context, we define a quantum metric as g € Q'® A Q! such that there exists
an inverse (, ) : 2'®4Q! — A which is a bimodule map. Inverse here means in
the usual sense, explicitly (w, g')g? = @ = g' (g%, w) for all w in a notation where
g = g1®g2 (sum of terms and tensor product over A understood). This implies[9]
that g is central, since ag = gll(gz/, aghH®g? = g1/®(g2/a, gHg? = ga for all a,
where g = g1/®g2/ is another copy of g. We usually (but not always) also require g
to be quantum symmetric in the sense A(g) = 0. If this does not hold, we speak of an
asymmetric or ‘generalised’ metric.

Next, a left connection on Q! for us means a linear map V : Q! - Qles0!
obeying the left Leibniz rule

V(a.w) =da®@w +a.Vo

foralla € Aand w € QL. If X : Q' — A is a right vector field in the
sense that it commutes with the action of A from the right, then we may define
Vy = (X®id)V : Q! — Q! as an associated covariant derivative-like map. It
obeys Vy (aw) = (X(da))w + aVyw as expected if X also commutes with the action
of A from the left. In the classical case with local coordinates x?, say, we would set
Vdx! = —T' jxdx/®dx* in terms of Christoffel symbols. One can apply a similar
definition for any vector bundle in the sense of a left A-module E (typically required
to be projective). In our case £ = Q! is a bimodule and we demand

V(na) = (Vna +o(n ® da),
for a bimodule map o : Q' ®4 Q! - Q' @4 Q! called the generalised braiding.
If this exists, it is uniquely determined by this formula, so this is not additional data,
just a property of some left connections. We say that V is then a bimodule connection

[11,27]. This case is nice because bimodule connections can be tensor producted.
Relevant to us is that Q'®4 Q! gets a bimodule connection

V(o®n) = Vo®n + (0 (0®()®id)Vy

for w, n € Q' In this case Vg = 0 makes sense and we say when that holds that g is
metric compatible [6]. Explicitly, we need

Vg:=(V®idg+ (6 ®id)(id® V)g = 0.
See [9, Chap 8] for more details.
Also, for any left connection on Q! and a choice of 2, we have a canonical notion
of torsion, which is the standard notion but written in terms of differential forms as
Ty =AV —d: Q! - Q%
Given a generalised metric we also have a notion of ‘cotorsion’ defined by

coly = dg1 ®g2 —g1 A ng € Q4 Q'
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which classically is a skew-symmetrized version of metric compatibility. We say that
a connection is a quantum Levi-Civita connection (QLC) for a metric g if it is torsion
free and metric compatible. We say that it is a weak QLC (WQLC) if it is cotorsion
free and torsion free. One can show that a QLC is necessarily a WQLC, so it can be
useful to impose the WQLC condition first, being linear in V compared to the QLC
condition which is quadratic (due to the o, which is linear in V) and hence much
harder to solve.

Finally, over C, we need everything to be ‘unitary’ or ‘real’ in a suitable sense. It
means that A is a x-algebra in the usual sense, and that * extends to €2 in a way that
commutes with d and is a graded-order reversing involution (it means there is an extra
minus sign on a product of odd degree forms). We require the metric and connection
to be ‘real’ in the sense

flip(x®@%)g = g, o oflip(x®@*%x)V =V o x*.

The key here is the map ¥ = flip(x®x%) : Q'@4Q' - Q'®4Q! defined by (w®@n)" =
n*Q@w™, which one can check is well-defined on the tensor product over A understood
here, and obeys (aw®nb)" = b*(w®n) a*. It is shown in [9] that (¢ o T)? = id then
holds. Just imposing the latter is a weaker notion of x-compatibility as in [5]. In the
classical case with self-adjoint local coordinates, the displayed ‘reality’ conditions
would ensure that the metric and connection coefficients are real. These are a well-
studied set of axioms for which many interesting examples are known, e.g., [6,21,22,
24]. Also note that if the reality property for V holds on w then

o (V(aw)’) = o (0*®@da* + (Vw)Ta*)
= 0 (0*®da*) + (Vo*)a* = V(v*a®) = V((aw)*)

using both Leibniz rules, so it also holds on aw. It follows that it suffices to prove it
on a generating set of 1-forms.

2.1 Fuzzy sphere and its 3D differential calculus

We work over C and start with the enveloping algebra U (su») of the angular momen-
tum Lie algebra, with basis x; normalised so that

[xi, xj] = 21hpejrxk
for a parameter A ,. We call this C; [R3] as a quantisation of functions on R>. We
take it as a x-algebra with x* = x; and A, real. Note that this has finite-dimensional
irreducible representations p; labelled by a non-negative half-integer j of dimension

n =2j+ 1 and in which }_; x? = (n*> — 1)Af, in our normalisation. We define the
unit fuzzy sphere A = C,[S?] as the quotient U (su2) modulo the relation

le-zzl—)»i
i
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which we see descends to the spin j representation precisely when A, = 1/n. We
keep A, as a free parameter, however. Note that in all cases, A = C; [S?] is infinite-
dimensional and therefore never a matrix algebra.

Next we define Q(C;,[R>]) as a free 3D calculus with central basis s', i = 1, 2, 3.
This means we impose [st, x ;1 =0, and we define a differential

k
dxi = €jjkXjS

which one can check is a translation and rotation invariant calculus, but not connected.
Indeed, d ) ; xl.2 = 0, so there are different connected components according to any
constant value of ), xl.z. The calculus is inner with

xis ——x;dx; = (dx;)x;.

= (21A ) (2”\ @2

Finally, for the exterior algebra we take s’ to form a Grassmann algebra, with

siAsi +5i Asi =0, ds' = —%eijksj A sk

and 2 free over this (so in each degree it has a basis over A given by a basis over C of
the Grassmann algebra). The reader should be warned, however, that this is no longer
inner by 6 in higher degree. That in turn means it is not the maximal prolongation of
the first order calculus, but is a natural quotient.

We then take the same form of calculus and d for A = C;[S?], where we add the
unit sphere relation. This is compatible with d for reasons already given and this time
we obtain a connected calculus. These facts are all covered in [9, Example 1.46] and
one could do the same for a sphere of any fixed radius.

Lemma 2.1 In Q(Cy[S?]), one has

sl = (1 (2lx,,x,9 + el,m(dx,)xm) = ﬁ (ﬁxlx,-dx,- ~+ €lim (dxi)xm) .

Proof First observe from the form of dx; that ¢;,,,;dx; = elmieijkxjsk = x;8" — xps.

Then

€1mi (Ax)xm = (8™ — xS Xm = X1xmS™ — XppXms' = 2iApx0 — XmXmS'

. 1 I 1 I
= 21)pr1(mxidxi) — X XmS = mx;x,-dx,- — XmXmS

using the two forms of 6. We then use the sphere relation and rearrange as stated. O

From this we see that s’ does not necessarily have a classical analogue when p =
0, due to the ﬁxi dx; in the second expression. However, if we take this limit with 6
P

fixed then x;dx; is order )3, and this ‘purely quantum’ term in s’ then vanishes in the
limit. In this sense, we think of s’ as a deformation of the Killing forms

l
Sc]ass = €lim (dxl )xm
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for the action of the rotation group on the classical sphere with its standard round
metric. These are the standard orbital angular momentum vector fields on the sphere
when viewed via the metric as 1-forms [9, Cor 9.10].

3 Moduli of QLCs on the fuzzy sphere

Once we have fixed the calculus, it is clear, since Q! (C; [S2]) has a central basis, that
a general metric, as already observed in [9, Example 1.46], takes the form

g = gijsi®sj

where, since g has to be central, we need the coefficients g;; to be central. Since
the centre of U (su2) is generated by the quadratic Casimir, it follows that C[S?]
has trivial centre, so g;; € C. For quantum symmetry, we need 0 = gijs' A sh =
Z,<j(g,js A s/ +gj,s/ Ashy = Z,<j(gu gji)s' A st e gij symmetric. We
assume such symmetry throughout, for simplicity. For the reality property, we note that
s'* = s’ so we need g; j to be hermitian which, given the symmetry, means g;; € R.
Finally, we need g;; to be an invertible matrix withinverse g/, say. Then (s’, s/) = g/
The new question, which we address, is what are the QLCs and WQLCs. Part of this
was answered in [30], although not our main result Proposition 3.4.

3.1 Quantum Levi-Civita connection
First, we consider an arbitrary connection equivalently in the form
Vsl = — —F’ ks’ ® sk

where Fj. © € A As s! form a basis, this extends by the Leibniz rule to a left connection.

Proposition 3.1 Let I';j; := giml";."k.

(1) V is torsion free if and only if I';j — Uixj = 28im€mjk-
(2) V is cotorsion free if and only lfFl/k Fjik = 28km€mij-

Proof (1) It is immediate from

Tys' = AVs' —ds' = A(—3T0s* ® s') + Leus* A s!

that torsion freeness needs F,id — Flik + 2¢€;;x = 0, which we write to match (2) in
terms of the lowered index version.
(2) We calculate
coly = d(g,-jsi) Qs/ — g,-jsi A (—%F;élsk ®sh)
= gij(_%eimnsm As")® s/ + %gijsi A (F]ilsk ® Sl)

— Y gmiemix — &, TP AsH) @',
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So vanishing of cotorsion requires that g;€mix — &ij F,{l is symmetric in i, k by a
similar argument as for symmetry of the metric, which we have written as stated. O

Therefore, the moduli of WQLCs (where torsion and cotorsion vanish) are given by
the two conditions (1) and (2) simultaneously. Note that the two conditions have a
very similar form, which is part of the symmetric role of torsion and cotorsion in the
WQLC theory. Finally, for the full QLC theory, we need to know when V is a bimodule
connection, i.e. when there exists a suitable generalised braiding o and what it looks
like.

Lemma 3.2 If'V is a bimodule connection on Q! ((C,\[Sz]) then

o(si ® sj) =5/ ®@s + ﬁ(ﬁxjxn[l“;k, Xn] + ejmn[F;k, xm]xn)sl ® sk
P

Proof The generalised braiding if it exists, given that [si, x;] = 0, is characterised by
o(s' ® dx;) = dx; ® st — [Vsi,xj] = €jmnXms" ® s+ %[ann,xj]sm Q s,
where the tensor is over the algebra A. Now substituting s from Lemma 2.1,

O'(si ®s") = cr(si ® mxnxjdxj + ﬁenmj(dxm)x]‘)

1 el ) I )
= 2[xp(1—xf,)x”xla(s ®dx;) + 1_A%€nm]U(S ® dxp)x;

1 k i | i k
2ixp(14%,)x”xj(efm"x”1s ®s' + 5[0 xj1s™ © 5)
1 . koo L I o kv,
+ l_kzenm/(emlkxls ®s +§[ Tk Xmls' ® $%)x;
P
=1 (L. . ) Nok o i
= 1052 (g, €jmkXn X jXm + EnmjEmiiX1Xj)s" @ s'+
P
1 1 i i 1 k
+ 52 G %X i X1+ €nmj [Ty, Xmlxj)s" @
P

i 1 1 j i I k
=s5"®s' + 20-22) (Zikpxnxj[rfk, xj] + 6nmj[l—‘llks xm]xj)s ®s
P

as stated, using the commutation relations in A. O

If follows that o has to be the flip on the s’ basic forms if the Fj. « € A are central,
i.e. [';jx € C as our algebra has trivial centre and g already has constant coefficients.
In this constant coefficients case, o (s'®s’/) = s/®s' has a well-defined extension
as a bimodule map since the s are a central basis of !, and V is indeed then a
bimodule connection. Also in this case, the ‘reality’ property with respect to * reduces
to I';jx € R. We are now ready to consider the condition for full metric compatibility
under this assumption.

Lemma 3.3 [30] The metric compatibility condition assuming I are constant coeffi-
cients is

Ui + Thig = 0.
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Proof
Vg = (V®id)(gijs' ®s7) + (o ®id)(gijs' ® V(s)))
= —gij%Finnsm Rs"®s —(c® id)(g,-jsi ® %F,J;,nsm ®s™)
= —gij%F,ilnsm Rs"®@s — %giszma(si s ®s"
1 1 XmX [ |
= (_E(Fnlk + D) — 4(1-2) Lin( 211;’ [Fllk, Xpl + €mpqg [Fllkv -xp]-xq)>
x sl @sk®s".
In the natural case of constant coefficients of I', we can drop the second term. O

It is a nice check that torsion free and metric compatible (in our constant I" case)
implies cotorsion free, as it must. Indeed, we can write torsion freeness as I'y,, —I';., =
281m€mki by Proposition 3.1. Given metric compatibility in the form just found, this
is equivalent to —T';,; + ['y;; = 2gim€mki, which is the cotorsion free condition in
Proposition 3.1. It remains to solve for the moduli of constant coefficient QLC solutions
for a given a metric gijsi ®s/.

Proposition 3.4 For any metric g;j, there is a unique QLC among those with constant
coefficients, namely

Cijk = 2€ikm&mj + Tr(g)€ijk-
These are real, hence the connection is x-preserving.
Proof We have to solve the joint system
Uit = Uik = 28im€mits Tijg + Ty = 0,

the second of which is solved by setting I';jx = €;xm Vi for some matrix y. Letting
L; be the matrices (L;)un = €imn, the first equation is then

Liy — (Liy)l + 2gimLm =0
as matrices. This is a linear system for y with a unique solution
y =2g —Tr(g)id

which translates into the solution stated. (Note that we do not have to solve the cotorsion
equation I'y;; — Ty, + 2gim€miki = 0 as this is implied, as mentioned.) O

For example, when g;; = §;; (the rotationally invariant or ‘round’) metric, we have a
unique solution I'; jx = ;. The classical limit of this metric with 6 fixed is gclass =
dx; ®dx;, which is the classical round metric on the unit sphere in this description [9,
Sec. 9.3.1].
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3.2 Ricci curvature

Now that we understand the moduli of QLCs, we explore their curvature on the fuzzy
sphere for general metrics. The curvature in quantum Riemannian geometry is

Rv:Q' - Q’®Q!, Ry=W®id—id A V)V
A

which one can check is well-defined and a left A-module map [9, Lemma 8.1]. In our
case, we can necessarily write it in the form

Rv(s') = p jk€jmns™ A s"@s*
for some curvature coefficients p’ jk € A. We are also interested in taking a ‘trace’ for
the Ricci tensor and the Ricci scalar, which in the current framework [9] means with
respect to a further, but in our case canonical, bimodule ‘lift’ map
i Q% - Q! ®Ql, i(si /\sk) = %(si ® sk — sk ®si).
A
For this choice of i and form of Ry, we have

Ricci = ((, )®id) (1d®Qi®id)(1d®Rv)(g)
= 18piP ji€jmn((sp. I®IA) (5" @s"®s" — 5" @5 ®5")

1 i n k 1 i m k [ m n
= 50" jk€jins" ®s" — 50" jk€jmis" ®5" = p' jn€jims" ®s".

Hence the Ricci tensor defined by Ricci = R;,;,,s" ®s” and Ricci scalar S = (, )Ricci
are

i i mn
Riyn = p jn€jim, S=p jn€jim& -

Finally, we adopt the convention that indices of € can be raised with the inverse metric
(, ) = g~ with matrix entries g .

Proposition 3.5 For C,[S?], the scalar curvature for the QLC in Proposition 3.4 is
S = 3(Tr(g?) — 3Tr(9)*)/ det(g).
Proof We first compute from its definition as given above that

Ry(s') = —3(T},ds* + (dT})s") @ s’ + IT)s* A Vs

1 i I 1qmi koo Lpi ol k
= T €kmns™ As"®s" — 3dT As" @' — T T8 As™ @s"
which corresponds to
i 1pi 1 i1, il
P jk = erk - ijmnamrnk 8€]mnrmlrnk (1
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where d f = (9; f)s' defines the partial derivatives. One can check that this reproduces
the same Ry. This applies for any left connection on Q!.
We now specialise to the QLC in Proposition 3.4. Then
P ik = S(€ kmgmj — € 1p€jmn€ kg 8pm&an) + STr(g) (€ jk — €’k

+ e hgpr) — %Tr(g)zéijk
which we contract to obtain Ricci as
Rot = 3€ mgmjejis + 3Tr(g™ Dgst — 58 + 5Tr(g)(g" — Tr(g™ )y
—%eijpe,-jsgp,) + %Tr(g)zeij,eijs.
This then contracts further to

S=Tr(g™ ") + 3e" n(gme — STr()8mk + $Tr(g)* 8 eiji
+3Tr(e)(Tr(g ™) — Tr(g ™).

Finally, we identify the middle ... expression in terms of det g—!. This is most

easily seen assuming that g = diag(A1, A2, A3), say, but then holds generally. Here

eifkgmkeijk = efjkkfl)njflklzl = 6det g~! (summing over i, j, k) is well-known, but

a similar method gives
€ reijr = e,?jkxg‘x]fl = efjkx;‘)\jf‘,\;‘xk =2det g~ 'Tr(g)
el mgmeiji = € 2 M = €T AT INIA = 2det g7 Tr(g?).
In this way, we obtain
§="Tr(g™") + (Tr(g?) + {Tr()?) detg ™" + 4Tr(e) (Tr(g ™) — Tr(s™")?)

which then simplifies further to the form stated, as one can again check in the diagonal
case. In terms of the A;, this is

B AT+ A3+ A3 — 2(A1A2 + AA3 + A2h3)

S
4M1XoA3

@

which one can also regard as a function on the space of metrics modulo conjugation
if we think of the A; as the (not necessarily distinct) eigenvalues of g. O

Note that the classical limit of S in the noncommutative geometry conventions here
is —% of the classical value. Hence a classical unit sphere with its usual round metric
would in our conventions have § = —1. In the fuzzy case, for the rotationally invariant
‘round’ metric g;; = §;; on C;[S?] and the unique QLC T jx = €;jx in Proposition 3.4,
we have

EN[N)

Ripn = _%Smna §=-
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This is not quite the same as the classical value, presumably as a consequence of the
extra cotangent direction. If we perturb around this metric by setting ¢ = id + € then
we can write

$= -3+ UTre— ey + ey + e+ )

+ 21—4 ((611 — )% + (e11 — €33)” + (2 — 633)2) + 0(e%),

showing an unbounded mode for the average of the diagonal entries plus a positive
definite part for the ‘fluctuations’ off diagonal or between the diagonal entries.

4 Euclideanised quantum gravity on the fuzzy sphere

The scalar curvature found above is the main, but not the only, ingredient for quantum
gravity in a functional integral approach. Here we briefly consider the other elements
and formulate the theory, although it will remain too hard to compute explicitly. More-
over, this will not be physical gravity since our spherical form of coordinates where
> xl.2 =1- )L?D are suitable for a Euclidean signature (the actual ‘shape’ depends on
the metric but the choice of algebra plays the role of the manifold in some sense) but
this is still of interest in certain contexts. In the Euclidean case, the partition function
for the functional integral should take the form

Z = /Dge_%fs[g]

(and similarly with operators inserted for expectation values), where G is some real
positive coupling constant and

83+ 85 + 83 —2(g1182 + 811833 + 82833) +4 (g3, + 85 + 8%;)
4detg

Slgl =
3)

is the scalar curvature in Proposition 3.5.

We also need for the action a map [ : A — C which classically would be the
Lebesgue measure in local spacetime coordinates times /] det(g)]. One could attempt
to characterise this map in the quantum case by requiring that it is a positive linear
functional (so f a*a > 0 for all a in the algebra) compatible with the Riemannian
metric in some way (classically this would be so as to vanish on a total divergence).
This is an interesting question but is not needed for our present purposes as S[g] € Ris
amultiple of the constant function, so the only thing we need is | 1. The natural choice
here similar to integration on a Riemannian manifold would be power of | det g| (but
not necessarily its square root as classically, given that our tangent space and metric
have the wrong dimension compared to classical sphere). Bearing in mind the det(g)
in the denominator of S[g], the most natural choice here is to cancel this by setting

/1= | det(g)].
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Finally, we need a measure Dg for integration over the space of metrics. In our case,
this is the 6-dimensional space P3 of 3 x 3 positive-definite symmetric matrices, which
has the natural structure of a Riemannian manifold as the noncompact symmetric space
GL3(R)/03(R), with an invariant metric gp, given in line element terms as

ds® = Tr((g " 'dg)?).

Integration over P3 therefore has a canonical Riemannian manifold measure Dg
defined relative to Lebesgue measure in local coordinates by /| det(gp,)|. The latter
works out at metric g as a factor | det(g)| =2, see [31, Sec 4.1.3].

Putting these ingredients together, we thus define Euclideanised quantum gravity
on the fuzzy sphere by partition function

2= /p [T dsis Idet(g)| "2 e MEI=3Tre?) @)
3

i<j

where G is areal coupling constant. Here, expectation values are the ratio of the same
expression with operators inserted divided by Z, both parts of which can be expected
to diverge given the above initial remarks and the noncompact nature of P3. One can
also write

det(g) 2 = (27) "2 / dPx e 2XEx
]R3

so that up to a discarded constant and assuming we can swap the order of integration,

1 2 1 2 1ot ,2
— | | . | | o o (Tr(g)—5Tr(g)")—5x'g7x
‘= /l‘&3 . i /733 dglj “r ’ 2 ’ ©)
1

i<j

giving an idea of the formal content of the theory. Moreover, if we ignored the restric-
tion to P3, we could then do the dg integration as a Gaussian to give the inverse
determinant of a quadratic form built from the x;. We can also write (det g)™> =
e~2TrIng in (4) as a non-quadratic ‘interaction’ term. We now look more closely at the
theory in a reduced form where we look only at S Oz-invariant expressions.

Our first step it to parameterize positive symmetric matrices according to the spectral
decomposition ¢ = C'diag(r1, A2, A3)C for some A € R3>0 and some C € SO3. The
latter is not unique but the multiplicity is discrete and generically we can convert dg
to these new coordinates with an appropriate Jacobean. To do this explicitly, we let
E 0, ¢, ) be the Euler rotation matrix for angles 6, ¢, ¥ and let

g =E©,¢,y) diag(h1, 22, 23)E(6, ¢, V).
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This change of variables is locally invertible for sin ¢ 7 0 and distinct %;, indeed
the Jacobean can be computed and we find

[ [dsij = dodpdy [sin@)| [ [dni (11 — 22) (1 = 23) 02 — A3)]

i<j i

On the other hand, the action itself does not depend on the S O3 conjugation (having
the value in (2) but without the A1 1> A3 denominator there), so for the partition function
and for any insertions that depend only on the A; and not on the angles, we can do the
integration over a dense subset of S O3 to give a constant, which we ignore. Hence (4)
becomes effectively

7 /LH i [(A1 — )»2)()»12—2)»23)()»2 - )"3)|e—%(A%-{-A%—i—k%—Z(M)\2+A1)L3+)»2)L3))’
€ ATASAS
(6)
where we have introduced cut-offs L >> ¢ > 0 to regulate divergences at both ends.
The story here turns out to be very similar to [21] in that the divergence as € — 0 does
not show up when we look as vacuum expectation values as these are ratios (both top
and bottom diverge as ¢ — 0 but the ratio is well defined in this limit). Moreover,

3 n
(hiy - hiy) ~ 2L

for large L, independently of which A; are involved (this was checked numerically
to several orders of 1), as plotted for n = 1,2 in Fig. 1. It follows that we have
well-defined ratios

()‘il e )"in)

_ (16 \n—1
(A =)

in the limit L — oo, and in particular that there is a uniform relative uncertainty in

the A;,
arg VB0 BE g
(hi) (&) 3

similarly to quantum gravity on a square in [21]. Note, however, that these are formal
interpretations given that this is a Euclidean theory.

We can also follow the pattern of [21] and look at a partial theory where we regard
the average of the A; as a background metric with respect to which we are quantising
only the differences. Thus, we let

M=u—2v, M=u+t+v—w, AM=u+v+w
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1.00006 |

1.00004 -

1.00002

1.00000

0.99998 |

0.99996

0.99994 |- ENY
16

L

35 40 45 50 200 400 600 800 1000

Fig. 1 Expectation values for Euclidean quantum gravity on the fuzzy sphere as a function of the cutoff L.
The right graph shows (1; ;) converging to ]3—6 (Ai)z and 13—6L2

with inverse
=3 +r+1r), v=30+i3—24). w=303—1),
which diagonizes the quadratic form in the action to
A2+ A3 422 = 20hiha + AAs 4 Aoks) = —3u? + 1207 4 4w’
In the partial theory, we leave out the du integral and regard u > 0 as a parameter.

Putting in the region of u, v, w corresponding to A; > 0, we have the effective theory
for the “fluctuation’ variables v, w,

L] u+v 2 .2
Z, — 2/2 dv/ dw |(92v w );UI . ze—g<3u2+w2)
—u —utv) (U =20)7((4 + v)* — w?)
4 + 2 2
- 4/2 dv /“ " dw Ov” = wlw e~ GOV
—u Jo (u —2v)*((u + v)? — w?)?

This is still divergent at the boundaries corresponding previously to A; = 0, but has
the merit that the inner integral can now be done analytically. The previous partition
function

o0
Z=/ du e%"zzu
0

still contains the other divergence at A; = oo, requiring a cut-off. One can make this
change for the diagonal entries of any metric and have the off-diagonals as three further
Gaussian variables according to (3), but the restriction on the variables for a positive
metric is then much harder to describe.
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5 Fuzzy monopole

We have focussed on the quantum Riemannian geometry of the fuzzy sphere with its
new calculus from [9]. However, we could also ask about the monopole connection for
this calculus. Classically, this arises naturally on the tautological line bundle over the
sphere, which in algebraic terms is the Grassmann connection for the rank 1 projector
associated with that.

We recall that if A is a unital algebra, a vector bundle can be viewed as, say, a left
finitely generated projective module S. This property is characterised by existence of a
finite number 1 of generators e* € § and corresponding left module maps eg : S — A
such that s = e, (s)e” for all s € S. There is an associated projection P,g = eg(e®)
obeying P = P as an element of M, (A) and expressing relations ¢ = Paﬁeﬁ inS.
Equivalently, given a projection P, we can realise S concretely as generated by the
rows e* of P and set eg(e”) = Pyp extended as left-module maps. The associated
Grassmann connection and its curvature in the conventions of [9, Prop. 3.24] are

Vse® = (APap) Pay®¢”,  Rs(e®) = —dPap A (dPgy) Pys@e’.

The construction is best-known in the case of the universal calculus, where it underlies
the Chern-Connes pairing between K-theory and cyclic cohomology [10].

It was already shown in [20] that the fuzzy sphere (as well as the standard g-sphere
and the 2-parameter g-fuzzy sphere) has such a projection matrix Pyg associated to
a tautological rank 1 projective module S. Here P € M>(A) and [9, Example 3.27]
covers the Grassmann connection but depending on the choice of calculus; here we
carry this through for our choice of Q2 ((CA[Sz]). In terms of natural ‘coordinates’ and
relations

x=3(3+ 144y, z=23101+1x);
.2l =2pz, [2.2°1=2hpx —Ap(1 +2p), Zz=x(1—1x),

the projection matrix is [20]

p— IL+Ap—x 2 _1 I+Xxp—x3 X1 +ixp
- z* x] T2\ x1—1x 1+ 2xp+x3

which one can check obeys P> = P. Starting with P, one can realise S as spanned
by the rows of P with one relation,

el =(1,0.P=0+1r,—x,2), €=(0,1).P=E"x); (x—2irpe =z

and forming dual bases with eg defined by eg(e®) = Pyg as explained. Here, we will
stick with the x; generators of A in order to match the rest of the paper.
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Lemma 5.1 The monopole Grassmann connection on S for our projection P and
calculus on C, [S?] is

1+ X 1—22 An(l — A
Ve* = ( 7 deaB + ApPypt +1 ) P Oup — %801/39 ®€’B7
3 1 2
—s st 41s
Where Q = <S1 _ 1s2 S3 >

Proof Here Vs : S — Q!®4S obeys similar axioms to those for a left connec-
tion on ! in Sect. 2. The calculation of the stated formula from the projector is a
straightforward from

dp = 1 < XQSI — X1S2 X2S3 —)C3S2 + IX3S1 - 1x153>
-2

X283 — x382 —1x3s' 4+ 1x783 X182 — xps!

and the commutation relations in the algebra. For example,

(dP)P)11

= 41-1 ((36281 —x152) (14 Ap — x3) + (x25° — x357 — x5’ 4+ 1x15%) (x) — zxz))

41'1 ((1 + kp)(xzsl — x15%) 4 1x3(xrst + x257 + x35%) — 1 (1 — )»?,)sS—i—

+lx3, x21s' + [x1, x318% + [x2, X1]s3>

% ((1+)Lp)(x2s1 —x1s2) —2x3\p0+1 (A?) — l)s3 —21)\,,(xls1 +x2s2~|—x3s3)>

! ((1 +ap)d(=x3) +102 = Ds® = 24,x30 + 4x§9)
(14 2p)dP11 4 Ay P10 — 5(1 = Ap)hpf — 51— 12)s7.

Nl—= B

Similary for the other entries of d P. P, the proof of which we omit. O

The curvature of V was also recalled in general as —d P A (d P) P acting as a 2-form
valued operation on our e*.

Proposition 5.2 The curvature of the monopole connection is given by

_ =2 (X1 Ap) 2 3 X2 tAp) 3.1
dPA@P)P = —; <<)»p x1>s AS —l—(_mp x2 STAS

X3 —Ap 0 1 2
+< 0 x3+kp)s /\S)P.
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Proof We similarly compute the matrix-valued coefficients of s Las?, 283, s3As!of

dP A (dP) P, using the commutation relations in the differential algebra. For example,

8(dP A (dP)P);1 = 8(dP11 AdPyp +dPip AdPr1) P11 +8(dP1p AdP1p +dPip AdPr) Pay
= ((xzsl — xlsz)(xzsl - x1s2) + (x2s3 - x3s2 + 1x3s] — lxl‘v3)(x2s3 - X3s2 + 1x1s3 — lxgsz))

(I+Ap —x3)

1

+ ((xzsl - xlsz)(x2s3 - x3s2 +1x3s° — lx1S3) + (x2s3 - x3sz + l)C3S1 — tx1s3)(x1s2 - xzsl))

(x1 —1x2)
and from this we pick out the coefficient of s' A 52 as

([x1,x2] — 21x32)(1 +ip —x3) + (—[x2, x31x2 — 2x3xp + 1x, x3] + 2ex3x1) (x] — 1x72)
= (2tApx3 — 21x32)(1 +Ap —x3) + (=2tApxy — 2x3x2 + 2Apx2 + 21x3x1)(x] —1x2)
=21(x3 —Ap) ()C3(—1 —Ap +x3) + (x1 +1x2)(x] — lxz))
=21(1 = Ap)(x3 = Ap)(1 +Ap — x3)

using the commutation relations and the quadratic relation for the fuzzy sphere. By
comparison, the coefficient of s' A 52 on the right hand side of the stated result is

(1=2p) ((X3 —Ap)(+2Ap —x3) (3 —2Ap)(x1 +1x2) )
4 (3 +2Ap)(x1 —1x2) (3 +2)(1+ A, +x3)

which thus verifies the top left corner entry. Similarly for the other matrix entries. One
then repeats for the coefficient of s2 A s3> and of s> A s!. Note that the factorisation
into matrices in the stated answer is not unique as P has a kernel; we have chosen a
factorisation which is much simpler than taking the matrix coefficients of dP A dP
as the factor in front of P. O

Note that the right hand side in the proposition reduces as A, — 0 to F'P, where

F = %(xlsz AsS 4+ x2s3 As! +x3s1 A s2) = %eijkxisj A sk = %eijkxidxj A dxk
if we use the classical limit of the s’ with 6 fixed as discussed after Lemma 2.1. This
agrees with a classical monopole where the curvature is an imaginary multiple of the
volume form. The last expression is indeed a multiple of the classical volume form by
rotational invariance. O

6 Concluding remarks

Fuzzy-R? in the form of the angular momentum algebra U (su7) has a long history as
a ‘quantisation’ as well as clear applications such as at the heart of 3D Euclideanised
quantum gravity without cosmological constant. Its quotient the fuzzy sphere is like-
wise well known as the quantisation of a coadjoint orbit. Although less relevant perhaps
to 3D quantum gravity, it is nevertheless related to Penrose’ spin network geometry

@ Springer



Quantum gravity and Riemannian geometry on the fuzzy sphere Page 190f21 29

[28], and could also have a role for the geometry of angular momentum in actual quan-
tum systems. A differential calculus that works with it was, however, only recently
proposed [9, Example 1.46] and it is significant that, using this, we have now solved
its quantum Riemannian geometry (found a natural quantum Levi-Civita connection)
for any quantum metric, including the canonical rotationally invariant ‘round’ metric
given by §;;.

After understanding this moduli of quantum Riemannian geometries on the fuzzy
sphere, we went on and constructed Euclidean quantum gravity on it, where we
integrate over all quantum geometries. Even though the fuzzy sphere is an infinite-
dimensional algebra which becomes functions (in some form) on the usual sphere in
the classical limit, its quantum geometry turned out to be much more rigid and to
admit only quantum metrics of the form of a single 3 x 3 real symmetric matrix g;;
transported over the whole algebra. It turned out that the quantum Levi-Civita con-
nection, hence the whole moduli of quantum Riemannian geometries could similarly
be developed with constant coefficients, hence the quantum geometry behaves effec-
tively like just one point. This was not put in by hand, but forced by the rigidity of
the axioms of noncommutative geometry and the noncommutativity of our particular
algebra. Moreover, our results were strikingly similar to quantum gravity on a quadri-
lateral in [21] even though the details are completely different not to mention that that
model was Lorentzian with 1 in action, whereas ours is Euclidean. In both cases, the
functional integral over all metrics of the natural action built from the quantum Ricci
scalar has UV and IR divergences, appearing in our case at A; = 0, co. In both cases,
the divergence at metric zero modes cancels in the ratio of functional integrals when
we look at expectation values. In both cases, the other divergence is controlled by a
cut-off L, and in both cases the expectation value of an n-th power of the field diverges
as L" with the result that ratios of expectation values can still be defined as L — oo.
In both cases, we found in this way a uniform relative uncertainly in the quantisation
of the metric components (in our case, we quanitised the metric eigenvalues but one
can also think of this as quantising diagonal metrics).

There are many interesting directions that one could further explore. On the quan-
tum gravity front, one could introduce matter and see how some kind of Einstein
equation emerges out of quantum gravity with matter. A first step here would be to
better understand the geometric approach to the stress-energy tensor. One can consider
quantum matter fields on curved FLRW cosmologies R x S2, where the S? is now
fuzzy. Although the field theory stress tensor is not clear, the analysis for a perfect
fluid is possible and will be done elsewhere in the spirit of [2], where R x Z, was
done using quantum geometry on the polygon Z, (this work also solved Euclidean
quantum gravity on Z,). Finally, one could look at quantum geodesics on the fuzzy
sphere using the recent formalism in [8].

We have also constructed a natural fuzzy monopole and there are potentially many
applications that could be related to that. In physical terms, this could be relevant to
any quantum system where classically one has angular momentum at play, for example
the effective geometry around a quantised hydrogen atom. In mathematical terms, an
important application would be towards the programme of ‘geometric realisation’ -
constructing examples of Connes’ notion of spectral triple [10] or ‘axiomatic Dirac
operator’ but in a geometric manner starting with the quantum differential structure,
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a spinor bundle with connection, a quantum metric and a Clifford structure. This was
done for the g-sphere in [7] and one might try to follow the same steps. Thus, the
spinor bundle on the sphere should be of the form & = Sy @& S_ where Sy is the
charge 1 monopole line bundle as found in Sect. 5 and S_ is its dual. The Clifford
structure is a ‘Clifford action’ map Q'®4S — S obeying certain axioms [7,9] of
compatibility with the x-structure, with the connection on S and with the quantum
Levi-Civita connection. On the other hand, the Clifford structure for the g-sphere case
in [7] was found from the holomorphic structure of its 2D calculus, which does not
apply here. This nevertheless merits further study and will be attempted elsewhere. If
a geometrically-realised spectral triple can be constructed on the fuzzy sphere, it may
(or may not) descend when A, = 1/n to the quotient ¢, [S 2] isomorphic to M,, i.e. to
the reduced matrix fuzzy spheres. This may then complement (or perhaps relate to) the
finite fuzzy Dirac operators constructed in [3] using Connes formalism and starting
from the reduced noncommutative torus.
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