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Abstract

We describe a construction of fuzzy spaces which approximate projective toric
varieties. The construction uses the canonical embedding of such varieties into
a complex projective space: The algebra of fuzzy functions on a toric variety is
obtained by a restriction of the fuzzy algebra of functions on the complex pro-
jective space appearing in the embedding. We give several explicit examples for
this construction; in particular, we present fuzzy weighted projective spaces as
well as fuzzy Hirzebruch and del Pezzo surfaces. As our construction is actually
suited for arbitrary subvarieties of complex projective spaces, one can easily ob-
tain large classes of fuzzy Calabi-Yau manifolds and we comment on fuzzy K3
surfaces and fuzzy quintic three-folds. Besides enlarging the number of available
fuzzy spaces significantly, we find evidence for the conjecture that the fuzzification
of a projective toric variety amounts to a quantization of its toric base.



1. Introduction

Consider two complex affine varieties X C C™ and Y C C" together with their coordinate
rings R(X) = Clz1,...,2m] and R(Y) = Cly1,...,yn). A well-known theorem in algebraic
geometry states that there is a one-to-one correspondence between morphisms f: X — Y
and C-algebra homomorphisms f* : R(Y) — R(X). This is easy to see: First of all, f*
uniquely pulls back polynomials on X to Y. Inversely, by f = (f1,..., fn) with fi = f*(v:),
we have a canonical morphism for every C-algebra homomorphism f*. Due to this theorem,
points in X correspond to maximal ideals in R(X) and we can identify X with the set of
maximal ideals, the mazimal spectrum, in R(X): X = SpecM R(X).

In noncommutative geometry, one makes use of this relation between algebraic varieties
and their coordinate ring: Instead of quantizing the space itself, one quantizes the algebra
of functions living on the space by truncating the algebra and/or deforming the product
structure. If the thus obtained algebras are isomorphic to finite dimensional matrix algebras,
which is the case e.g. for symplectic coset spaces, the resulting noncommutative geometries
are called fuzzy.

These fuzzy spaces are interesting essentially for two reasons: The first one is that the
fuzzy framework provides a nice way of regularizing quantum field theories on compact
Riemannian spaces without breaking spacetime symmetries. It is therefore considered a
useful alternative to the lattice approach. Second, fuzzy spaces arise naturally in string
theory when one considers D-brane configurations in certain nontrivial background fields,
see e.g. [1].

The fuzzy spaces studied in the literature so far are the fuzzy sphere [2], the fuzzy disc
[3], the fuzzy complex projective spaces [4] and deformations thereof [5], fuzzy tori [6], the
fuzzy supersphere [7], and fuzzy Grafmannians as well as fuzzy flag manifolds together with
their superextensions [8, 9, 10], see also [11]. This set of spaces is very limited, and hence it
is desirable to find further examples of fuzzy spaces.

In particular, compact spaces appearing in string theory’s compactification scenarios are
of major interest and one is therefore naturally led to examine projective toric varieties.
From an algebraic geometric point of view, these spaces are also the obvious next step after
the fuzzification of the classical projective spaces.

The key property used in our approach to rendering projective toric varieties fuzzy is that
these spaces have (by definition) a natural interpretation as subvarieties of complex projective
spaces. Recall that given a variety X, one can exclude a subset S of X by restricting to those
polynomials in the coordinate ring R(X) which vanish on S:

R(X\S) = {f e R(X)[f(5) =0} . (L.1)

To obtain the subset S itself, one factors out the ideal I generated by the elements in R(X\S)
from the full coordinate ring R(X):

R(S) = R(X)/I . (1.2)

The same holds for projective varieties and their projective subsets after restricting to ho-
mogeneous ideals, and this will yield a natural quantization procedure for such spaces.



The outline of our presentation is as follows: In section 2, we begin with a concise review
of the description of fuzzy CP"™ to establish our notation. Our construction is presented in
detail using the simple example of the Veronese surface in section 3. Section 4 deals with
some new features arising in the case of weighted projective spaces. After briefly reviewing
the basics of toric geometry in section 5, we present the general algorithm for constructing
fuzzy projective toric varieties in section 6. Section 7 is devoted to a number of interesting
examples of our construction, and we summarize our results in section 8.

2. Fuzzy complex projective spaces

2.1.  Matriz algebra on CP

The prototype of all fuzzy spaces is certainly the fuzzy complex projective space CP%, as the
constructions of almost all' other fuzzy geometries are derived from it; fuzzy toric varieties
will be no exception. The reason for this prominent role is the fact that CP"™ is the space
U(n)/(U(1) x U(n — 1)) = SU(n)/S(U(1) x U(n — 1)) and it is this coset description, which
allows for a particularly nice quantization prescription; see [10] for a detailed discussion of
the quantization of such coset spaces.

The first aspect of describing a fuzzy geometry is to give a matrix algebra approximating
the algebra of functions on this space. Consider the space C"! with its polynomial ring
R[C"™M1] = C[wy, ..., w,] and its restrictions to homogeneous polynomials of degree L, Ry.
Real analytic functions on C"*! can be Taylor expanded in terms of elements of R @ R}
plus their complex conjugate, where L and K run over the natural numbers. If we factor out
the ideal I generated by w;w; — 1 from R® R*, we descend to functions on S?"*+1. These are
therefore expanded in terms of (real combinations of) the normalized monomials

Wiy - oo Wip Wiy - oo Wiipe . —
LTK with r = Vww; , (2.1)

which are (normalized) elements of Ry, ® R},. The short exact sequence
1 — Ul) — st - ¢cpPr — 1 (2.2)

furthermore tells us that the real analytic functions on CP" are the functions on S?7*1,
which are invariant under a U(1) action. This action can be taken to be the multiplication
of the vector w by a phase, and real analytic functions on CP"™ are thus expanded in terms
of elements of My, := R;, ® R}, where L runs over the natural numbers. The w; then find
their usual interpretation as homogeneous coordinates on CP™.

Note that since we factored out the ideal I = {w;w; — 1}, any element of My_1 can be
written as a contraction of an element of My, :

Wiy - Wiy Wy« o - Wiy WeW  Wig e Wiy Wiy - Wiy _4 (2 3)
7 = F2(L—1) : :

The noncommutative picture arises by replacing complex coordinates with the creation
and annihilation operators of n 4 1 harmonic oscillators. On noncommutative C"*!, we have

w' — 4 and @' — & with [a,a

i = dij - (2.4)

i.e. except for the fuzzy tori



The elements of R ® R} naturally become operators, and the ordinary operator product
yields an infinite dimensional algebra. Note that by rescaling the creation and annihilation
operators of the individual oscillators, one can arrive at arbitrary deformation tensors G
on noncommutative R?"2 = ¢ntl,

Noncommutative S2"*! in operator language is obtained by factoring out the bi-ideal
corresponding to I. For this, we define the operators

b = 6 and B = ——al, (2.5)
VN VN
where N = &j&i is the usual number operator. Note that IA)IIA)Z —1 =0, and therefore switching
to the operators B, b corresponds to factoring out the appropriate ideal.

Observe that we can conveniently rewrite the basis elements of the operator algebra on
noncommutative C"*! in the following way: we introduce normal ordering of all creation
and annihilation operators, and insert a “double vacuum” between the two species obtaining
operators of the form?
al ...al [0)(0lay, ... a5, € Apx - (2.6)

11
As noted above, we descend to functions on CP"™ by considering polynomials My, i.e. by
fixing L = K. In this case, the number operator is just a constant, and the detour via the
operators b, bl on $2"*! is not necessary. We can implement this restriction by projecting
out all monomials of degree d # L,

A = 75L @AMJV 75L with 75L = —d,
M.N :

cal 10)(0lay, .. a, ,  (27)

where N are normalization constants ensuring that 75L acts like the identity operator on
Ap 1. The resulting monomials

al ...al [0)(0lay, ...aj, (2.8)

)

span the fuzzy algebra of functions truncated at level L, A, = Ap 1 =: R ® R}, which
defines the fuzzy complex projective space CP%. Here, Ry, denotes the restriction of the Fock
space of n 4+ 1 harmonic oscillators to its L-particle Hilbert subspace. The operators (2.8)
evidently form a finite dimensional algebra in which multiplication is defined as the ordinary
operator product. Note that this is in fact the case for arbitrary projectors Py, of finite rank,
and we will make use of this observation in the quantization of subvarieties of CP™. For
our choice of Pr, the algebra Ay, is isomorpic to the algebra of square matrices End (C%),
where dj, = % [4]. We interprete elements of Aj, as approximations to functions since
after taking the limit L. — oo in an appropriate way, Az tends to the ordinary algebra of
real functions on CP™ [4].

2.2.  Star product on CP%

Besides the operator approach, we can describe the algebra of fuzzy functions on CP’% by
restricting to the set of monomials of order L in both the homogeneous coordinates and their

2See [12, 10] for a more detailed discussion of this point.



complex conjugates, which we denoted by Mp. Consider the coherent states truncated at
level L,

w.2) = —— (wiaf) [0y = (wibl)"[0) (29)
w, = — (w;a, = (wsb; : .
VIL!
Given a homogeneous polynomial p € Clto, ..., t,] of degree L, we have the formula
p(ag,...,an)|w, L) = plwy,...,wy)|0) . (2.10)

The coherent states (2.9) allow us to introduce a natural map from operators in Az to
functions on CP":

fw) = Fu(f) = tr (ﬁ(w,L)f) with p(w,L) = |w, L){w, L] . (2.11)

Due to (2.10), Fr, maps the basis elements (2.8) to the monomials (2.1), up to an interchange
of the indices ix, and ji. Therefore, this map is bijective and together with (2.3), this motivates
the inclusion of Aj_; into Ay, via the identification®

ot

a AT

K . X
by e-af 10)(0lag, .. a5, ~ @ ...a;

L aL10)(Olaxdy, .. aj,_, - (2.12)

This inclusion is important, as it shows that each matrix algebra at level L approximates the
algebra of functions on CP"™ at least as well as a matrix algebra at lower levels.
Moreover, the map F7, induces a deformed or star product on My, [4] via

(fx9)w) = Fu(fg) = tr (p(w,D)f3) . (2.13)

where f = Fr(f) and g = F1(§) are the functions corresponding to the operators f and §.
Together with this deformed product, the set My, forms indeed an algebra, which we denote
by (Mp,*). In the limit L — oo, it is possible to show that the star product goes over into
the ordinary product between real analytic functions on CP" [4]. In its simplest form, the
deformed product reads as [13]

1 0 0 1 0 0 .
fxg = p [(L!@wil B, ®ani1 ...awiL> (f®g)} with  pla®b] = a-b. (2.14)

2.3.  The Riemannian geometry of CP'%

To define field theories on fuzzy CP", we require some additional structure corresponding
to the metric in the continuum. Even for a scalar field theory, it is necessary to define
a Laplace operator; further differential operators are needed in more general theories. On
ordinary manifolds embedded into flat space, we can simply pull back the flat metric to the
embedded space. Furthermore, if the ambient space is a Kéhler manifold and the embedding
is holomorphic (and thus the embedded manifold is a complex submanifold), the submanifold
is also Kahler.

3This identification is very natural from a group theoretic point of view, see e.g. [10]. Note that Ry, forms
a representation space of su(n 4 1) for the representation corresponding to the Dynkin labels (L,0,...,0),
while R7 is related to a representation (0, ...,0, L). The tensor product of these representations contains the
tensor products of such representations for any lower value of L.



In the case of CP", we can use the obvious embedding CP"<—C"*! and the pull back of
the canonical Kihler metric on C™*! will give rise to a Kihler metric known as the Fubini-
Study metric. Equivalently, we could use the natural embedding of CP" into R(m+1?. This
embedding is a result of the correspondence between a point on CP" and a rank 1 projector
on C"*1: Such a projector can be expanded in terms of the (n+41)%? —1 Gell-Mann matrices of
su(n+1), ANjpa=1,..., (n+1)%2—1, together with the unit matrix )\?j = 0;j. The embedding
CPr—RMD? i given explicitly by ¢ = u_zi)\?jwj, a=0,...,(n+1)?2—1, and the Euclidean
metric on R+ together with this space’s canonical complex structure induces again the
usual Fubini-Study metric. The derivatives spanning the tangent space to CP" in terms of
the coordinates on R("D” read as

£a = _ifabcxbaica

(2.15)

where f,¢ are the structure constants of su(n + 1).

By demanding that the derivatives act on functions in (My,*) as they would in the
continuum, we obtain induced derivations in A4y, from compatibility with (2.11) [4]. Explicitly,
the action of the derivatives £, is mapped to the adjoint action of the generators of su(n+1)
in the Schwinger construction:

Lo — [L% -] = [a]A&a,, -] . (2.16)

The Laplacian §%° £, Ly is then naturally mapped to the second order Casimir operator acting
in the adjoint,
A — A = ad(Cy)- = 6L [LP, -] . (2.17)

This fixes the actual geometry of CP% sufficiently for our purposes.

3. The fuzzy Veronese surface

Our approach to fuzzy toric geometries is based on the possibility of considering the projective
toric varieties as subvarieties of complex projective spaces. Let us start in this section with a
detailed discussion of a particularly simple example of quantizing a subvariety of CP™: the
fuzzy Veronese surface Vo ».

3.1.  Embedding of the Veronese surface in CP>

The Veronese surface Vo o is defined as an embedding vs o of CP?in CP°. In homogeneous
coordinates, this map reads explicitly as

a2 (20,21, 22) — (zg,z%,z%,zozl,zozg,zle) = (wy) . (3.1)

It is straightforward to generalize 192 by starting from an arbitrary complex projective
space CP™ and using homogeneous polynomials of arbitrary degree d. One thus arrives

at the Veronese variety of degree d, which yields an embedding v,, 4 : CP™—CP" with

n= (m;;d)—l.

Closely related to this picture is the so-called Segre embedding, which defines a map
L : CP™ x CP*—CP™MTD0+H)=1 4nd thus proves that the product of two complex



projective spaces is a projective variety. In terms of homogeneous coordinates on the involved
spaces, the Segre embedding reads as

Hmn * (:1:07 ey Ty Yo, - - 7ym) — (x0y07 oY1, - - - 7xmyn) . (32)

Another such embedding is the Pliicker embedding giving rise to GraBmannian manifolds,
whose fuzzification is discussed in detail in [10].

For our further discussion, we need explicitly the homogeneous polynomials generating
the ideal I, which we factor out from the homogeneous coordinate ring on CP? to obtain the
corresponding coordinate ring on Vyo. From (3.1), we read off the six linearly independent

hyperquadrics
L = wowl—wgz(), I, = wowg—wZ:O,
Ig = wlwg—wg = 0, I4 = wW3w4 — WoWs — 0, (3.3)
I5 = W3Ws —wW1wy4 = O, IG = WqpWs — wWwW3 — 0.

Such relations are easily found for general embeddings, but we need to prove in each case
that we have indeed the full set of polynomials generating the appropriate ideal. This proof
is rather straightforward for the Veronese surfaces Va2 using the following picture. Identify
each coordinate w; with a vector in three-dimensional space Z3, where the entries correspond
to the powers of z, in w;(zq):

2 0 0 1 1
wo - 0 , Wi 2 , Wy 0 , W3 1 , Wyt 0 , Ws:
0 0 2 0 1

An identity is thus given by two distinct paths starting from the origin and ending at the
same point in* Z3. To avoid trivial identities, we demand that our path is normal ordered
and thus all powers of w; come before those of w; for 7 < j. Common parts of the paths can
obviously be erased. The same holds for two parts of the paths, which are identical up to
the nontrivial identities I;. The set of I; is complete if for any pair of paths, these operations
yield no remainder.

Consider now two arbitrary such paths. We start by using the identities I; to get as many
compontents of wy and ws as possible in the paths. Then we erase common powers of wyg
and ws, and besides further powers of these two coordinates, the remaining paths are of two
types: they are either built of wis and at most one w3 or they consist of wes and at most one
wy. From rather trivial considerations, we can make the following statements: Two paths of
the same type have to be identical to have a common endpoint, even if powers of wy and ws
are assigned to either of the paths. Two paths of different type can never arrive at the same
endpoint. Altogether, we can conclude that any identity reduces completely using Iy, ..., Ig
and we thus have the complete set of homogeneous polynomials generating the ideal I.

Although this approach seems a little complicated for dealing with the Veronese surface,
it trivially generalizes to arbitrary embeddings of projective varieties into complex projective
spaces.

4Obviously, only the completely positive octant of this space is of interest.



3.2.  Towards the fuzzy matriz algebra

We observe that all the functions on the Veronese surface embedded in € P® are obtained by
restricting a function on the ambient space. We thus have R(Va2) = R(CP%)/I, where I is
the ideal generated by Iy, ..., Is as defined in (3.3).

For quantization, we should therefore start from the polynomials My, = (R(CP°)/I); ®
(R(CP%)/T)5. We can easily factor out the ideal by replacing all equivalent elements of
R(CP®)L, by their average. Explicitly, this is done by substituting the w; in the monomials
by their expressions w;(z,) in terms of coordinates z, on ©P? and then averaging over
all those monomials in the w; which yield the same expressions in the z,. For example,
(R(CP%)/I)s is spanned by the monomials

wowy , wWiwi , WowWs , %(wowl +w?) , %(wowg +w?)
Twiws +w?), wows, wows, FHwows+wsws), wiws, (3.4)
s(wiwy + wsws) ,  wiws ,  g(wsws +wows) ,  wowy , Waws .

The above considerations translate straightforwardly to the operator picture. By re-
placing homogeneous coordinates with creation and annihilation operators, we arrive at the
operators A; = Ry ® RL formlng the fuzzy algebra of functions. We can equivalently start
from the coherent state map Fy, obtained from the truncated coherent states

1 AL
.1y = = (wilza)al) 10} (3.5)
where the w; are again written in terms of the coordinates z, on CP?. We have to replace
all operators mapping to the same function under Fj, by their average. Both prescriptions
yield, e.g., that Ro is spanned by the states

abafloy , alajloy, afablo)y, L(afal + (ah)?lo), L(@fal + (ah)?)o)
Lalab + @)Hloy, alalloy, afabjoy, Labal+alal)o), afallo), (3.6)
Lalal +aal)joy , alaljoy, I(ahal+alal)joy, ababjoy, abal|o)

It is rather obvious that the operator product closes and that Ay, forms an algebra, since
(R ® R3) - (R ® R;) C (R, ® RE). Together with the star product induced from the
coherent state map Fy, on CP®, the algebras Ar and (M L,*) are again isomorphic.

In the case of the Segre embedding, a similar construction shows that we can write the
algebra of functions on the product space CPL x CPL at levels (L, L) as the algebra of
functions on (DP% at level L after appropriately factoring out an ideal.

3.3.  The projection Aj, — .,ZlL

Although we gave reasonable motivation for the averaging procedure from the continuum
description, it is desirable to have a more explicit construction, particularly for higher values
of L. Analogously to the construction of the fuzzy algebra of functions on CP" from the
noncommutative algebra on C"*1, we are looking for an operator Pr, which projects from Ay,
down to .,ZlL = 75LAL75L. As usual for projectors, we demand that 75% = 75L and 752 = 75L.



Recall that under quantization, an equation [;(w,w) = 0 should turn into an operator
equation I;(af,a)|1) = 0, where [¢) is an arbitrary state in the relevant Hilbert space. We
are thus led to introduce the six operators

L =@kl —@h)?, L = i@lah+@h?, I = Lalah+@h)?),
S i atat |, Atat - Lt ot | atat - L atat | atat (3.7)
Iy = 5(apas + azay) , Is = 5(a a4 + azas) , Is = 3(aza5 + aas) ,

and demand that® fzf = 0 for all f e Ar. A projector which guarantees e.g. flf =0 is given
by

P = (Ip— QniL) , (3.8)
where 1
1y := N al ...al |0)(0las, ... ai,
) 1 o . R (3.9)
Q.1 = mllah coeay 10)(Olag, - aqy o, 1h -
Here, the NV are the obvious normalization constants ensuring 17 = 1, and Q2 L = =Q Ii:L

cf. (2.7). As one can easily verify, all elements f of the algebra Py. LAL771 ., satisfy the
operator equatlon L f = 0.

To guarantee I; f = 0 for all i, we need to build a projector P from all 772 L Unfortunately,
at level L > 2, the projectors P; are no longer orthogonal. This implies that P LPJ L F
73j LPZ .7, and PZ LP] .1, is not a projector. One therefore has to find the unique projector 771] L
whose image is the intersection of the images of 731; 1 and ”PJ; 1. Putting all together, we arrive
at

Ap = 75123456;LAL75123456;L~ (3.10)

The explicit form of 75123456; 1 can be easily calculated but since we are more interested in
the principles of quantizing subvarieties, we refrain from going into further details. In the
following, we will shorten our notation and use P = 75123456; L.

Note that the algebra A}, obtained via the projector method is obviously identical to the
algebra we defined by the averaging procedure.

3.4. Embedding of Ar_1 in Af

As in the case of CP", each algebra at level L — 1 can be identified with a subalgebra of Ay
Since the projectors Py, do not commute with the Laplacian A, this identification is slightly
nontrivial. First, note that we have the following natural embeddings:

Ap 1 = A 1(Vao) — Ap 1(CP%) — AL(CP®) — Ap(Vas) = Ap . (3.11)

Furthermore, we have the projectors Pr, from above, giving a map Ay (CP®) — Ap, (Va,2).
It is important that the composite map Ar_1(Va2) — Ar(Va2) is injective, which
is most easily seen using the equivalent description in terms of polynomials. Given two
operators ¢1, ¢y in Ar_j, they are mapped to fi(2)g1(2) and fa(2)g2(Z) by Fr. Assume
that the operators are not equivalent, gbl o gbz, and thus we have fi # fo or g1 # g¢o.

f = 0 follows by complex conjugation



The operators dZngAblfzi and &qug&i are now mapped to p(z, 2) f1(2)g1(2) and p(z, 2) f2(z)g2(2),
which cannot be equal and therefore two inequivalent operators in Aj;_; are mapped to two
inequivalent operators in Ayz. Translated into monomials, we make an error by projecting
after multiplying the monomials of order L. — 1 by w;w;, but this error is proportional to
terms in Iy, ® R} U Ry, ® I7 and thus vanishes on the Veronese surface.

Note that the matrix algebra Aj is isomorphic to the matrix algebra of (DP% at level
2L. This follows immediately by recalling that we consider only operators which map to
inequivalent functions under F, : Ar(Vaa) — Mar(CP?). At level 2, e.g., there are 21
monomials spanning R(CP®), and 15 monomials spanning R(CP?)4; the number of mono-
mials spanning (R(CP°)/I)s is also 21 — 6 = 15. For embedding Az_1(Va2) into AL(Va2)
we could therefore have also used the embedding

AL_I(VQ,Q) = AQL_Q((DPz) ‘—>A2L((DP2) = AL(WQQ). (3.12)

In our above considerations, this would amount to an embedding by multiplying by wqwo +
W1W1 + Wty + 2w3ws + 2wty + 2wsws instead of w;w;. The first convention, however, has
some advantages as it is compatible with the geometry of CP°, which in turn is responsible for
classifying the algebras Ay, and Aj. Furthermore, the second convention does not generalize
to arbitrary subvarieties of CP".

3.5.  Riemannian geometry

It remains to provide the geometry of the Veronese surface as additional information to the
given matrix algebra. That is, we have to define a Laplace operator, and the way we rep-
resented the matrix algebra suggests to take the one obtained by restricting the Laplace
operator on CP° to Va,2. At the same time, it is clear that the projection of the operator
algebra from CP° to V2,2 will not be compatible (i.e. it will not commute) with the decom-
position of the operator algebra into eigensubspaces of the € P°-Laplace operator A. This is
reflected in the additional projection we used in the embedding of Az_; (Vs 2) into AL (V2 2).
We are thus led to introduce the representation of the restriction of a derivative L® on CP%
as

pEPLIPL = (L2, ) PufPL = PN PP, G13)

Va,2

with p(-) being the adjoint action. Therefore, it follows that L* = PLLYPr. As one easily
checks, this derivative satisfies the Leibnitz rule. Furthermore, the integral over Vg is

defined as tr (Pr,-) and we have tr (Py[L%-]) = 0, the prerequisite for partial integration.
The definition of the Laplacian is now evident as well:

A = Sup(Lp(LY) . (3.14)

This Laplace operator is the one which becomes the ordinary Laplace operator on CP° (and
Vg}z) when taken out of the coherent state map:

Fr(A) = AFL(-). (3.15)

Just by comparing the spectra of the Laplace operator on CP?, which is k242k, k =0,...,2L
with the one on C'P°, which reads as k%2 + 5k, k = 0,..., L, we conclude that the metric on



both spaces is indeed different. Condition (3.15) actually provides us with a unique Laplace
operator on the Veronese surface, even in cases in which the metric on V3 2 does not descend
from the Fubini-Study metric on CP°.

Recall that in the limit L — oo, the algebra® M, approaches the algebra of real analytic
functions on CP™. As projecting on the subalgebra A amounts to factoring out the full
ideal I in the limit, the algebra M, clearly approaches the algebra of real analytic functions
on the Veronese surface Vs .

Note that at level 1, the spaces Wi 5 and (DP‘;’; are completely indistinguishable since both
the matrix algebra and the Laplacian agree. Instead of being disturbing, this feature might
give an idea of what interesting properties are to be expected once spacetimes in physics are
replaced by more fundamental objects, as e.g. fuzzy matrix algebras.

3.6.  Alternative description using composite oscillators

The Veronese varieties — as well as the Segre varieties and the GraBmannians obtained from
the Pliicker embedding — allow for an additional description using composite oscillators. That
is in the case of V2, we replace

(Z0721722) — (CA"AO?dlvdAQ)) B - - (316)
(wo, ...ws3) — (Ao,...,As) = (Goao, @101, G202, God1, Goa2, G1a2)

when quantizing the space. The L-particle Hilbert space Ry obtained from acting with
L composite operators A; on the vacuum is identical to the one obtained from our above
construction, and the Laplace operator derived from

(3.17)

where A}, are the Gell-Mann matrices of su(6), is also equivalent to the one introduced above.
More details on using composite oscillators in the construction of fuzzy matrix algebras are
found in [10, 12].

3.7.  The most trivial projective subvariety

The most trivial example of a projective subvariety is in fact the embedding CP'<—CP?
given by
CP' 5 (20,21) — (20, 21,0) = (wo, w1, wz) € CP? . (3.18)

The ideal to be factored out here is generated by I} = ws, and accordingly we have the
operator 11 = ao together with the projector

N 1 i N
Pr =1 — %aga;rl . -~a1'LL,1‘

0)(0as, . .. ai, ,as (3.19)

and the resulting algebra of functions A; = PrLALPL. The quantization of this subvariety
clearly yields the usual fuzzy algebra of functions on CP% and it is hence equivalent to the

Smore precisely: its real subalgebra

10



ordinary quantization procedure. Even the Laplace operator obtained on the fuzzy subvariety
agrees with the one on (DP};. However, none of the subtle issues in quantizing a projective
subvariety appear in this case and we therefore considered the Veronese surface as a first
example instead.

4. Fuzzy weighted projective spaces

Weighted projective spaces are a first step towards more general fuzzy toric geometries:
While the complex projective space CP" is constructed from C"*1\{0} by factoring out the
homogeneous toric action

(wo, -, wp) ~ (Awp, ...,  \wy,) , e CT, (4.1)

the weighted projective spaces WCP"(po, . . . , pn) are obtained from C"*1\{0} after factoring
out the weighted toric action

(205 s2m) ~ (ANPzy, ..., APz ) Ae CF . (4.2)

4.1.  Embedding of weighted projective spaces in CP™

Consider the weighted projective space WCP™ (po, ..., pm) with all weights p; > 1. There
are two isomorphisms between weighted projective spaces, which we can use to simplify the
discussion [14]. First, if ¢ is a positive integer, it is

WCP™(po,...,pm) = WCP™(qpo;-- ., qpm) - (4.3)
Second, if (po, ..., pm) have no common factor and” ¢ = ged(po, - . ., Pm), then
WCP"(po,---.pm) = WCP"(po,p1/q.---.pm/q) - (4.4)

Thus by repeated application of these isomorphisms, any weighted projective space is isomor-
phic to one of the form WCP™(po, ..., pm) with pg > ... > py, and ged(po, - - -, Diy - - -, Pm) =
1, where the hat * indicates an omission.

An embedding into CP" can always be found from a generalization of the Veronese
map: take the least common multiple k of the numbers py, . .., p, and construct all possible
monomials w; of the coordinates z, ..., 2y, which transform as A\¥ by the toric action. The
number of the wj; is then equal to n+ 1 and the embedding is given by mapping (2o, .. ., 2m)
to (wo,...,w,) in an arbitrary order. In general, these monomials will not be independent,
and one will arrive at a number of relations I; = 0, where I; are elements of the homogeneous
coordinate ring of CP™. To arrive at the coordinate ring on the weighted projective space,
one has to factor out the ideal generated by the I;.

As an illustration of the procedure, we consider the two examples WCP?(1,1,2) and
WCP?(1,2,2). In both cases, the least common multiple is evidently 2. For the first space,
we define an embedding into CP? by

WOP*(1,1,2) 3 (20,21, 20) — (23,27, 2021,22) = (wo,...,w3) € CP3 . (4.5)

"ged: greatest common divisor or highest common factor
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From the embedding, we can also read off the defining equation I; = wow; — w3 = 0 for
W@Pg(l, 1,2) in CP3. Analogous considerations to the ones outlined in section 3.1 yield
straightforwardly that there are no further nontrivial identities than I7, and the homogeneous
coordinate ring is just R/I, where R is the homogeneous coordinate ring on CP? and I the
ideal generated by wow; — w3.

The second space turns out to be less interesting, since we are led to the embedding

WCP?(1,2,2) 3 (20, 21, 22) — (28,21,22) = (wo, w1, wz) € CP? (4.6)

with no defining relation between the coordinates. The coordinate ring on the weighted
projective space W(DPQ(L 2,2) and the one on CP? are thus identical and we conclude that
CP? 2 WCP?%(1,2,2) in agreement with (4.4).

4.2.  Fuzzification of weighted projective spaces

To fuzzify these spaces, we can proceed as in the case of the Veronese surface. That is, we
start from operators corresponding to the equations I;(z, Z) = 0, which cut out the weighted
projective space from CP"™. For our example W(DPQ(I, 1,2), we have only one such equation,
and the projector 751; 1, obtained from I is therefore given by

Prr = (1 — Qur) (4.7)

at arbitrary level L, where

r .
1 = 57— al ...al |0)(0las, ... ai,
21...20,
3 1 ot ottt ot (48)
Qi1 = N (&1d2 — &3d3> a; ---a; . 10)(0ag, ...ai,_, (a1G2 — asas) .
i1...01,_2
The matrix algebra is obtained as
AL = 731;LAL751;L = 7éL & 7§'*L , (4.9)
and R, = 751;,;72,; is spanned, e.g. at level 2, by
abadloy , alallo) . (afal +alal)joy, alallo), alajo), alalioy,  (410)
where k = 0,...,3. These operators are in one-to-one correspondence with the polynomials
wowy , wiwy , F(wowy +wows) , Wowz , WiW2 , WW3 (4.11)

spanning (R/I)s.

Note that the coherent state map Fy, : Ar, — M (CP?) gives rise to a bijective map Fy, :
AL — M 1 by restriction F . = Fi| A This map defines again a star product. Furthermore,
we have an embedding of A7_1 in Ay via a similar argument as in the case of the Veronese
surface.
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4.3.  Singularities in the fuzzy picture

A new aspect of weighted projective spaces is that — contrary to the Veronese surfaces — they
are not smooth manifolds in general but contain quotient singularities.

First, recall that there is a natural notion of a cotangent space on an algebraic variety,
which is rather intuitive. The cotangent space is spanned by elements df, where f is a linear
function and one therefore defines the Zariski cotangent space of an algebraic variety X at a
point p as

TH(X) == mp/m> (4.12)

where m;, is the maximal ideal of functions on X vanishing at p. The dimension of 7 (.X)
is in general not constant, and points at which the dimension exceeds the dimension of
X are called singular. This directly translates into the following prescription for finding
singularities: Given a d-dimensional projective algebraic variety X defined in CP™ by k
algebraic equations I; = 0, consider the rank of the matrix

I;
Jij = 4 , (4.13)
ow; ),y

[ARAS] ;]:0,..,,71

where w; are the homogeneous coordinates on CP", at points p on X, i.e. I;(p) = 0. Wherever
the rank of (J;;) is smaller than n — d, the linearizations of the I; cut out a tangent space of
dimension larger than d and accordingly, the variety has a singular point at p.

Let us consider again our example W(DP2(1, 1,2). The equation embedding this space
into CP3 is I} := wowy — w% = 0. At wg = w1 = wy = 0, the entries of the matrix Jy;
vanish and thus its rank is 0. We conclude that W(DPQ(l, 1,2) is singular at the point
(wo, w1, w2, w3) =(0:0:0:1) or (20,21,22) = (0:0:1).

A natural question to ask at this point is what happens to the singularity under fuzzifica-
tion. One obviously expects the fuzzy algebra of functions to be insensitive to the singularity.
Unfortunately, we do not have a finite matrix algebra on CP" corresponding to holomor-
phic functions at hand, and thus, we have to switch to the category of real functions. This
is easily done by embedding CP" into R(+D? using the generators )\fj of u(n + 1) as de-
scribed in section 2.4. For simplicity, let us restrict again to our example WCP?(1,1,2).
Switching to real functions, we arrive at a set of equations® defining the embedded CP? as
well as additional independent ones corresponding to wow; — w3 = 0 and reducing CP3 to
W@Pg(l, 1,2). We can again associate a point p with the ideal of functions vanishing at p,
and the Zariski cotangent space is defined as above. At the singular point, the dimension of
the cotangent space again increases.

In the fuzzy case, we can still find subsets of A, corresponding to operators, which are
mapped to sets of (real) functions via Fr, or Fr, vanishing at points p. However, there is no
analogue to the correspondence between points and maximal ideals in the continuum. Since
the algebra is noncommutative, we have to distinguish between left- and right-ideals. The
only bi-ideals in Ay are 0 and Ay itself, as given two elements f,§ € Az\{0}, we can always
find functions le, iLQ € Ay, such that ﬁl filg = ¢. This statement is obvious from the form
of the basis elements (2.8) of our operator algebra Ay. Furthermore, in the algebra of real
functions, all the operators are hermitian conjugate and therefore a left-ideal is automatically

8Their explicit form is given in [4].
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a right-ideal and thus a bi-ideal: Assume i = | generates a left-ideal I and f = fl e Ay
We then have
Isfi = (fo)f =atff =iferl. (4.14)

Altogether, the definition of the Zariski cotangent space breaks down, since we are not
able to resolve points in the fuzzy algebra of functions on Ay via a correspondence with
maximal ideals. The fuzzy picture is therefore necessarily insensitive to singularities.

5. Toric geometry

The generalization of our construction to arbitrary complex submanifolds of CP"™ should
by now be obvious. Before we summarize the algorithm for projective toric varieties and
present some examples, let us briefly review the construction of these spaces. A more detailed
introduction to toric geometry is found e.g. in [15], or, more concisely, in [16] and [17], chapter
7.

5.1. Toric fans

Toric geometry is essentially the final step of generalizing C*-actions on complex manifolds,
and a toric space will always be defined as subset S of C"\{0} on which the equivalence
relation given by the toric action

(20, 2n) ~ (/\‘fo’l...)\?O’jzo,...,)\‘f"’l...A?"’jzn) D ST YR (5.1)

is factored out. Instead of specifying S and the (g; ;) directly, one is usually given a so-called
toric fan. This is a diagram from which useful information on the corresponding toric variety
can be directly read off.

Consider a lattice Z" and its underlying continuum R"™ & Z" ® R. For our purposes, a
cone’ o is a subset of R”, which can be written as a linear combination of elements in Z"

with positive coefficients,
o = {av;la; >0and v; € Z"} | (5.2)

together with the condition that o N (—o) = @. A collection of cones ¥ is called a fan if the
intersection of two cones in X is a face of each of the two cones and each face of a cone is
also an element of . As examples, consider the following two fans:

(0,1) (0,1)

(—1,—1) (_17_1) (07_1)
They will turn out to represent the complex projective surface CP? and the Hirzebruch
surface 1, which is the blow-up of CP? at one point. Identifying the fans with the vectors

9more precisely: a strongly convex rational polyhedral cone
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they are spanned by, we have an (ordered) n + 1-tuple
Y = (voy...y0n), (5.3)
i.e., in the case of our examples,
¥ = ((-1,-1),(0,1),(1,0)) and X5 = ((—1,-1),(0,1),(1,0),(0,-1)) .  (5.4)

Define now a map ¢ : C"t! — C” by

1 ‘e
G(to, .. bn) = (80 A0, 100tV (5.5)

The kernel of ¢ consists of the (tg,...,t,) mapped to (1,...,1) and defines a toric action on
C"*+! parameterized by elements of C*. In the case of our examples, we have

P1(to, t1,ta) = (tg'ta,tg't1) and  o(to, t1,ta,t3) = (tg'ta,tg titz') (5.6)
which have nontrivial kernels (A, A\, A) and (A, Ay, A, 1) and accordingly yield the toric actions
(20,21, 22) = (A20,A21,A22) and (20,21, 22,23) = (20, Apz1, Aza, pz3) (5.7)

Evidently, one has to exclude the trivial fixed points of such toric actions from C"*!, and the
prescription for this is as follows: Let s denote a subset of (the vectors spanning) 3 which
do not form a cone by themselves and construct the linear subspace V(s) by putting the
coordinates z, corresponding to the vectors v, € s to zero. The union of all the V(s) forms
the set we want to subtract from C"*1.

Let us now turn to our two examples. In the first case, the only subset s is given by
s = {vo,v1,v2}, and we conclude V(s) = {0,0,0}. In the second case, we have two such
subsets: {vo,v2} and {v1,v3}, and thus V(s) = {0, 21,0, 23} U {20, 0, 22,0}. Altogether, the
first example is indeed the complex projective space CP? and the interpretation of the second
space as a blow-up of CP? at one point will become clear in section 7.2.

5.2. Toric bases

An alternative description of a projective toric variety is given by so-called integral convex
polytopes, which are convex hulls of lattice points in Z". The idea behind this representation
is to factor out any toric action allowed on the variety and arrive at a polytope which forms
a “skeleton” of the space. Each point on the interior of an n-dimensional component of
the polytope corresponds to an n-dimensional torus; endpoints of edges of the polytope
correspond to points on the toric variety, at which the toric action becomes singular. Simple
examples of such polytopes are the line segment [0, 1] corresponding to the sphere 2 =2 CP!
and the triangle with corners (0,0), (0,1), (1,0) € R?, which corresponds to CP?.

Given an integral polytope A, one can easily construct the corresponding fan ¥a. Con-
sider the inward normals 7ip on every facet F', where a facet is a subset of the polytope with
codimension one. Then there are integers ar such that the polytope is given by

A = [ {FeR|(Fir) <ar} . (58)
F
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The toric fan YA corresponding to the polytope A is now spanned by the normales g, and
it is a well-known result that the toric variety X is projective precisely if its fan ¥ originates
from an integral polytope. Every facet I’ of the polytope corresponds to a vector spanning
the fan and therefore also to a coordinate zp on C"*!. Furthermore, we can associate each
integral lattice point p'in A to a monomial m(p) according to

m(p) = [ (5.9)
F

Note that the power of each zp in m(p) corresponds to the lattice distance from p'to F'. All the
monomials m(p) scale with a common factor under arbitrary toric actions and thus provide an
embedding of X := Xy, into CP?"!, where ¢ is the number of lattice points in m(p). It is
the existence of this embedding which provides the key ingredient for constructing fuzzy toric
geometries. As an example, consider the following triple of a polytope, the corresponding
normal fan and the monomials m(p):

(0,2) (0,1) 2
0
(1,0) Z0%2 2021
(27 0) Z% 2921 Z%
(07 O) (_11 _1)

This triple of equivalent data clearly corresponds to the Veronese surface CP?—CP®. The
polytope for [y will be given in section 7.1.

5.3.  Blow-ups

As in the case of weighted projective spaces, most of the toric varieties will not be smooth but
contain singularities. Although one can detect them in the way we analyzed W(DPQ(l, 1,2),
there is a more convenient method: Given a toric fan, consider one of its cones. On each ray
belonging to this cone, choose the smallest integer lattice point away from the origin. If the
simplex obtained from these lattice points has the same volume as the unit simplex in R",
then there are no singularities in the corresponding patch. As an example, consider again
WCP?(1,1,2) with its toric fan and the derived simplices

(0,1)

(1,0)

(_2a _1)

The simplex to the upper left of the origin has twice the volume of the other two, whose
volume is that of the unit simplex. The patch at which the variable zo corresponding to the
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edge (1,0) is not zero thus contains a singularity, while the other two are non-singular. The
only possible singular point is therefore (zo, z1,22) = (0:0: 1).

From this rough analysis of singularities in projective toric varieties, it is clear how to
obtain a smooth variety: one needs to subdivide those cones which correspond to singular-
ities until all the simplicial volumes are the ones of the unit simplex. Given an arbitrary
algebraic variety containing singularities, one can in fact always perform a finite number of
these geometric operations called blow-ups, which render the variety smooth. Note that a
subdivision of a cone in a toric fan corresponds to “chopping off” corners in the equivalent
toric polytope. In the case of W(DP2(1, 1,2), e.g., one simply adds the edge (—1,0) and
the resulting toric variety is smooth. This geometry is the Hirzebruch surface Fo discussed
in section 7.1, and the blow-up (or o-process) amounts to replacing the singular point by a
CP.

6. Fuzzy toric geometries

6.1. Fuzzification of a toric variety

Let us assume that we consider a toric variety T defined by a toric polytope A. From this,
derive the corresponding toric fan XA, which leads to a toric action

(204 -y 2n) ~ ()\({0‘1 .. ./\;z-o’jzo, .. .,)\(f"’l ...)\?’L’jzn) ;o AL, A ECT (6.1)

with all the g; ; positive. Each edge in the toric polytope A is associated with a coordinate,
and we assign a monomial in the coordinates on T to each integral lattice point within
the polytope as discussed in secion 5.2. The number n + 1 of these monomials tells us, in
which CP"™ the toric variety is embedded and how to build the coordinates w; on CP™ from
monomials w; = w;(z,) in the coordinates z, on T. This identification gives rise to a set
of identities I; = 0, which in turn generate the ideal of (holomorphic) functions, which we
wish to factor out. As in sections 3 and 4, we have to make sure that we read off all the I;
using the procedure presented in section 3.1. (Recall furthermore that in the continuum, a
homogeneous ideal generated by I; in R(CP™) can be replace by another homogeneous ideal
generated by {w’é[ Ly oees wﬁ[ 1}, k € N, in the definition of a projective subvariety. This will
clearly give rise to ambiguities in the quantization process, which are avoided by considering
the saturation of the relevant ideal. Following our recipe, this problem will however not
appear.)

To obtain the identities I;, one can use the following simple algorithm. Consider a poly-
tope A with monomials at each integral lattice points and coordinates zg, ..., 2z, associated
to the edges of the polytope. A step from one integral lattice point to a neighboring one in
a certain direction always changes the powers of the coordinates z, appearing in the mono-
mials in the same way. If we identify every monomial at an integral lattice point p with an
(r + 1)-dimensional vector m(p) indicating the powers in the coordinates z, and the change

—

of the powers in the direction @ with a similar such vector §(a@), we can write:

-

(P + (@) = m(p+a) . (6.2)

Note that multiplying two monomials ms = mi;ms amounts to adding the corresponding
vectors 1z = My + mly. Consider two partitions @ + ...+ d; and @) + ... + c?;- of a path @
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in the integral lattice and a lattice point . Then we have
m(p+a)+...+m(p+ad;) = mE+a)+ ... +m@E+d) (6.3)
and therefore
m(p+a)-...-mF+d;) = m@E+ay)-...-mE+a;) . (6.4)

By considering all pairs of partitions involving only points inside the polytope, we get all the
necessary identities I;.
As an example, consider the polytope for the Veronese surface Vo with the associated

monomials,
) 22 w1
P11 D2 2122 20721 w5 w3 (6.5)
P3 Pi Ps 25 2022 ZF w2 wa wp

From the partitions (%) + (5) = () + (1), (5) + (5) = (o) + (5) and (%) + (5) =

(_01) + (_01), we obtain the first three identities

e}
—
o
=)
~—

wowl—w§ = 0, wowQ—wi = 0 and wlwg—w?) =

the partitions (7)+(5) = (o) + (1) (1) +(5) = () + (L)) and (1) +(5) = (5) +(%)
yield
wywy —wows = 0, wsws —wiwg = 0 and waws — wowg = 0. (6.7)

From all of the I;, i = 1,..., k, where k is at least'® n — dim(7T'), we construct operators
I; using the map F, on CP". These operators in turn define projectors Q and Pp, according
to (3.8) and (3.9). The fuzzy algebra of functions Az, on T is obtained from the algebra of
functions Ay, on CP" via

Ap = PLALPL . (6.8)

The operator acting on elements of Ar and corresponding to the Laplace operator on T’
is defined as in the case of the fuzzy Veronese surface and reads as

A = Sup <i“> P (l:'/b> , (6.9)

where p (ﬁ“) 75Lf73L = 75L [ﬁ“,ﬁLfﬁL] 75L and L% is the generator of su(n + 1) in the
representation acting on the matrix algebra on CP" at level L.

6.2. Singularities and blow-ups

One might be tempted to assume that the resolution of singularities which is obtained by
rendering the algebra of functions on a singular toric variety fuzzy is in some way connected
to a blow-up. This is not so, as a blow-up will always change the number of integral vertices
in a toric polytope and thus the fuzzification of a singular toric variety happens in a different
complex projective space than the fuzzification of its blow-up. However, there are often
several ways of rendering a singular projective toric variety smooth and they yield varieties,
which are related via so-called flop transitions. The meaning of such transitions in the fuzzy
picture certainly deserves further study.

10Recall that e.g. in the case of the Veronese surface Va,2, k was larger.
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6.3. Fuzzy toric geometry as quantization of the toric base

Recall that the fuzzy algebra of functions Ay on CP" is constructed as the algebra of
operators acting on an L-particle Hilbert space, which serves as a left-module R;. The
operators can thus be represented as sums of tensor products of elements of the left-module
and the corresponding right-module, A7, = Ry, ® R}. For L = 1, the number of elements in
Ry, equals the number of integral lattice points in the polytope. For higher values of L, it is
immediately clear that one replaces the initial integral lattice with one with lattice spacing!!
1/L; then the relation between the integral lattice points in the interior and the elements in
Ry is preserved. Quantizing CP" thus means to put the corresponding toric polytope on a
lattice whose graining is related to 1/L.

We conjecture that this interpretation holds in fact for a general fuzzy projective toric
variety obtained in the way described above, and we will give some evidence for this conjecture
in the examples of the del Pezzo surfaces D7 and Dg.

7. Examples

In this section, we briefly present some of the probably most interesting fuzzy toric geometries.
That is, we will make explicit the fuzzification of some projective toric varieties up to the point
where expressions for the operators I; are found, from which the derivation of corresponding
projectors P;, and thus the construction of the fuzzy algebra of functions is straightforward.
If one’s interest in fuzzy geometry is essentially coming from regularizing four-dimensional
quantum field theories, the most interesting toric geometries are certainly complex surfaces
of which the most prominent candidates'? are probably the Hirzebruch surfaces IF,, and the
del Pezzo surfaces Dy, see e.g. [18] for further details. Interestingly, these two species also
play an important role in string compactification, which in turn naturally leads to Calabi-Yau
manifolds embedded in complex projective spaces.

7.1.  Fuzzy Hirzebruch surfaces

Hirzebruch surfaces are particularly interesting as together with € P?, they provide a skeleton
for smooth rational surfaces in the sense that every such surface can be obtained by a sequence
of blow-ups of a Hirzebruch surface F,,, n = 0 or n > 2, or CP?. They are therefore called
minimal surfaces. The Hirzebruch surface IF,, is defined by the toric fan

(0,1)

(=1,-n) (0,-1)
" The polytopes obtained in this way are also assigned to the holomorphic line bundles O(L) on the complex

projective space; see e.g. [17] for details. Furthermore, the relation between O(L) and Ry is clear from [12].

12A complete classification of compact complex surfaces is given by the Enriques-Kodaira classification.
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where we order the edges according to ((1,0),(—1,-n),(0,—1),(0,1)). This fan yields an
embedding of IF,, in ©C?\{0} x C2\{0} with the identification

(20,21, 22,23) ~ (Az0, Az1, Nz, pzg) , A, peC*. (7.1)

Alternatively, one can write F,, = P(O(n) ® O(0)) and accordingly, F,, is a CP-bundle
over CP'. We have Fy = CP! x CP! and F; = Jp(DPQ. Although there is an embedding
[F1—CP* obtained in the usual way from the polytope corresponding to the toric fan, let us
give an embedding into CP? x CP', which shows that F; is indeed a blow-up at one point:

F, & {((1:0,.%1,%2)7 (ymyl)) S (DP2 X @Pl | 1Yo = a:oyl} . (72)

The relation with the homogeneous coordinates (z) is given by

To = 2023, T1 = 2123, T2 = 22, Yo = 20, Y = 23, (7.3)

which is bijective and guarantees z1y9 = xoy1. Note that at every point except for the point
p=(0:0:1), Fy is identical to CP?, as the coordinates on CP! are fixed by the constraint.
At p, however, the constraint is automatically satisfied, and we gain the freedom to specify
a point on a sphere.

In the case of general IF,,, the polytope corresponding to the above fan gives rise to the
following monomial structure:

_ .n+1 _ _ _ n+1
wy = 2y 23 W1 = ZjF1Z3 ... Wy = 202123 Wptl = 2| 23 (7.4)
Wn42 = 2220 Wn43 = 2221

This implies that the fuzzification of F,, happens in CP3™™. The identities are found from
two kinds of paths in the polytope: purely horizontal ones and those containing a step in the
negative vertical direction. Again, by the algorithm proposed in section 3.1, one can prove
that all the nontrivial identities are the ones at L. = 2, i.e. those involving products of two
monomials. The first kind of paths gives rise to the operators

Liji = GiGj — agepap, with @ < j—1,k < j—1i, (7.5)

while the second kind of paths yields

I; = an43Gi41 — Gpyad; , 1@ = 1,...,n+1. (7.6)

From these operators, the projectors Pr are easily constructed, and the fuzzy algebra of
functions reads as A; = PrArPr, where Ay is the algebra of fuzzy functions on CP3" at
level L.

7.2.  Fuzzy del Pezzo surfaces

Another class of surfaces are the del Pezzo surfaces Dy, which are complex two-dimensional
Fano varieties. In general, they are the blow-up of 9 — d generic points on CP?. There is a
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subset of toric del Pezzo surface, Dy & CP?, 5 =g, Dg = Fy, Dy and Dg, whose fans
look like

where all the endpoints are of the form (a,b) with a,b € {—1,0,1}.
From the above discussion, it is clear how to render the algebras of functions on'® Dy,

Dg and Dg fuzzy. For Dy, assign coordinates (zo,...,z4) to the edges in the toric fan in a
counter-clockwise direction, starting at (1,0). Then the equivalence relation reads as

(ZO)Z1)227Z37'Z4) ~ ()\ﬂZO))"izlaM227)\Z3aKZ4) ) ’{a)\au S (D* ) (77)

and we arrive at a polytope with the following monomials attached to the integral lattice

points:
wo = 2(2),232’2 wp = 2’02’22’32,22 Wy = Z%Z%ZZ
w3y = 282124 W4 = 20212223724 Ws = zlz%z?%m; (7.8)
we = 202322 wr = 232323

The quantization of D7 thus makes use of the fuzzy algebra corresponding to'* (DP}. As
far as the relevant identities are concerned, we obtain from the purely horizontal and purely
vertical paths (g) and (_02) the following operators at level 2:

7 o 2 & PN -2 £ -9 Ao -2
Iy = apag —ay, Iz = asas—ay, I3 = aiae—ay, 14 = asar —ap . (7.9)

We have furthermore

1 - . . - . . - . .
4 ) I = oty —ads, Is = ar1as — agay , I7 = asar — asag ,
2 - . . - . . - . .
)¢ I8 = dods —anas Iy = apas —aray , Lo = asar — aaag
1 A . . - . . - . .
o] I = aoas — azaa , Lo = aiar — aeaz , Iis = aiar — aqas
2 - S

o) Iy = aoay — asay ,

and the prescription of section 3.1. shows after some work that there are no further nontrivial
identities at higher levels. Note that the left-module part R, of the algebra of fuzzy functions
on D7 has 8 -9/2 — 4 — 10 = 22 elements, the number of integral lattice points of the toric
polytope of D7 if we replace the lattice spacing by 1/2, as conjectured in section 6.3.

13The del Pezzo surface Dy is more precisely the Veronese surface Vz 3, for which the quantization is also

clear.
Note that more generally, one should consider the del Pezzo surface of degree d as a subvariety of CP.
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In the case of D¢, we assign coordinates to the edges of the toric fan as above and arrive
at the equivalence relation

(20, 21, 22, 23, 24, 25) ~ (Avzo, pz1, kVze, A23, W2y, K25) 5, K, A, v € C* (7.10)

together with a polytope containing integral lattice points with associated monomials

woy = 2(2]212’32’52) wp = 20232'22%
wy = zgz%zgzg) W3 = 202122232425 W4 = zgz§ZEZ5 . (7.11)
ws = ZQZ%Z%Zg We = 212’%2’32,24

The various paths on the integral lattice lead to the following operators at level 2:

2 0 A R
; i Iy = agaq —agaz , Iy = ayas —agas
0 —2
1 - i A a 5 N A a
L) Is = apaz —ajaz , Iy = asgag — aqas ,
2 - C e - N A a
1 : I5 = apa4 — aiasz , IG = aza¢ — azas , (7.12)
1 - i s - i
v I; = apas —agaz , Ig = ajae — asay ,
( 2 ) A A ! A !
9 Iy = apaeg — azas .

Again, one can show that these operators correspond to the entire set of nontrivial identities
and moreover, as predicted by the conjecture in section 6.3, the number of elements in the
left-module Ry, is 7-8/2 — 9 = 19, the number of integral lattice points of the polytope for
Dg after replacing the lattice spacing by 1/2.

7.8. Fuzzy K3 and fuzzy quintic

In string theory, most of the interest in toric geometry is not in the toric varieties themselves
but in hypersurfaces of these varieties, which contain a large class of Calabi-Yau manifolds
[19]. These manifolds are used in compactifying ten-dimensional superstring theories down
to lower dimensions. They admit a Ricci-flat metric in every Kéhler class and have trivial
canonical bundle allowing for the volume form to be split into nowhere vanishing holomorphic
and antiholomorphic parts. In the case of Calabi-Yau three-folds, one can use the holomorphic
part of the volume form to write down an action for a holomorphic Chern-Simons theory
[20].

A hypersurface in a toric variety T is given as the zero locus of a polynomial I transforming
homogeneously under the permitted toric action. In particular, on complex projective spaces
CP" with homogeneous coordinates wg, . .., wy,, such a polynomial is homogeneous, e.g.

I = aquwi+ ...+ auw? . (7.13)

The degree d of this polynomial is referred to as the degree of the hypersurface. The con-
ditions for such polynomials to yield hypersurfaces without singularities which are moreover
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Calabi-Yau are found in [19]. Two famous examples are the quartic hypersurface in CP? and
the quintic hypersurface in CP* giving rise to Calabi-Yau two- and three-folds, the former
being called K3 surfaces.

Starting from the algebra of functions at level L on fuzzy CP? and CP*, Agps,,, and
Ag pt.1,» the fuzzification of these Calabi-Yau manifolds proceeds precisely as for the embed-
dings of the projective toric varieties in complex projective space. From the polynomials'®

Ixs = wy+wi+ws+ws and I = wy+w) + ws + wi + wj (7.14)
one obtains the operators
Ixs = ag+at+as+as and I = af+a)+ad+a3+aj . (7.15)

These in turn give rise to projectors 75;(3; 1, and 75Q; 1 and the algebra of functions on the
fuzzy K3 surface and the fuzzy quintic are given by

AK3;L = 75K3;L~ACP3;L75K3;L and AQ;L = ﬁQ;LACP“;LﬁQ;L' (7.16)

One should stress that the Laplace operator descending from CP? and CP* to the respective
hypersurfaces is not related to a Ricci-flat metric in either cases.

8. Results and outlook

In this paper, we showed how to construct fuzzy matrix algebras approximating arbitrary
projective toric varieties. In particular, we discussed the examples of Veronese surfaces,
weighted projective spaces, Hirzebruch surfaces, del Pezzo surfaces, K3 surfaces and the
quintic in CP*. The latter two spaces are Calabi-Yau manifolds, and we gain thus access to
fuzzification of spaces, which not only play an important role in string compactification, but
also open perspectives for the definition of holomorphic Chern-Simons theory in the context of
fuzzy geometry. Moreover, it seems conceivable that interesting algebraic geometric aspects
of theses spaces are reflected in the fuzzy picture, as e.g. the relation between different blow-
ups of the same singular variety via flop transitions.

It should be stressed that our construction extends to any compact complex manifold,
which can be embedded in CP". According to Kodaira’s embedding theorem, this holds for
any compact complex manifold which admits a positive line bundle, or, equivalently, has a
closed positive (1,1)-form w whose cohomology class [w] is rational.

Besides the fuzzy flag supermanifolds constructed in [10], the description of fuzzy toric
geometries creates the possibility of studying mirror symmetry between fuzzy Calabi-Yau
manifolds, which in turn might provide further examples on what this symmetry translates
to at the level of string geometry, where the fundamental notion of space is no longer that
of a manifold.

Beyond these far reaching questions, there are some more immediate open problems
arising from our construction. First, one should confirm the established conjecture of a
connection between fuzzification and quantization of the toric base. Second, it could be

5For convenience, we chose the simplest form of the hypersurfaces.
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interesting to perform numerical studies of scalar models on the various complex surfaces
presented in this paper and examine the sensitivity of the model to the different geometries.

One should also stress that the construction of noncommutative vector bundles over the
fuzzy toric geometries studied in this paper is rather straightforwardly derived from the one
on CP%, see [12].

Eventually, if physical models on fuzzy superspaces should become important in the
study of noncommutative supersymmetric theories or provide a successful regularization for
physical theories, one might be interested in extending the constructions obtained here to
toric superspaces, as discussed e.g. in [21]. This should be rather straightforward, using the
construction of fuzzy CP™" as given e.g. in [9, 10].
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