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Abstract. This paper is a review of monopoles, lowest Landau level, fuzzy spheres, and
their mutual relations. The Hopf maps of division algebras provide a prototype relation
between monopoles and fuzzy spheres. Generalization of complex numbers to Clifford al-
gebra is exactly analogous to generalization of fuzzy two-spheres to higher dimensional fuzzy
spheres. Higher dimensional fuzzy spheres have an interesting hierarchical structure made
of “compounds” of lower dimensional spheres. We give a physical interpretation for such
particular structure of fuzzy spheres by utilizing Landau models in generic even dimensions.
With Grassmann algebra, we also introduce a graded version of the Hopf map, and discuss

its relation to fuzzy supersphere in context of supersymmetric Landau model.
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1 Introduction

Fuzzy two-sphere introduced by Madore [1] was a typical and important fuzzy manifold where
particular notions of fuzzy geometry have been cultivated. In subsequent explorations of fuzzy
geometry, higher dimensional and supersymmetric generalizations of the fuzzy spheres were
launched by Grosse et al. [2, 3, 4]. Furthermore, as well recognized now, string theory provides
a natural set-up for non-commutative geometry and non-anti-commutative geometry [5, 6, 7]. In
particular, classical solutions of matrix models with Chern—Simons term are identified with fuzzy
two-spheres [8], fuzzy four-spheres [9] and fuzzy superspheres [10]. Fuzzy manifolds also naturally
appear in the context of intersections of D-branes [11, 12, 13]. In addition to applications to
physics, the fuzzy spheres themselves have intriguing mathematical structures. As Ho and
Ramgoolam showed in [14] and subsequently in [15] Kimura investigated, the commutative limit
of (even-dimensional) fuzzy sphere takes the particular form®:

S2 ~ SO(2k +1)/U ().

From this coset representation, one may find, though S%k is called 2k-dimensional fuzzy sphere,
its genuine dimension is not 2k but k(k + 1). Furthermore, the fuzzy spheres can be expressed
as the lower dimensional fuzzy sphere-fibration over the sphere

SH 57 x SEE2,

Thus, S%k has “extra-dimensions” coming from the lower dimensional fuzzy sphere S%k_Q. One
may wonder why fuzzy spheres have such extra-dimensions. A mathematical explanation may
go as follows. Fuzzification is performed by replacing Poisson bracket with commutator on a
manifold. Then, to fuzzificate a manifold, the manifold has to have a symplectic structure to
be capable to define Poisson bracket. However, unfortunately, higher dimensional spheres S2*
(k > 2) do not accommodate symplectic structure, and their fuzzification is not straightforward.
A possible resolution is to adopt a minimally extended symplectic manifold with spherical sym-
metry. The coset SO(2k + 1)/U (k) suffices for the requirement.

'The odd-dimensional fuzzy spheres can be given by S2*~! ~ SO(2k)/(U(1)®@ U (k— 1)) [16, 17]. For instance,
53~ 5% x S
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Since detail mathematical treatments of fuzzy geometry have already been found in the
excellent reviews [18, 19, 20, 21, 22, 23], in this paper, we mainly focus on a physical approach
for understanding of fuzzy spheres, brought by the developments of higher dimensional quantum
Hall effect (see as a review [24] and references therein). The lowest Landau level (LLL) provides
a nice way for physical understanding of fuzzy geometry (see for instance [25]). As we shall see
in the context, generalization of the fuzzy two-spheres is closely related to the generalization
of the complex numbers in 19th century. Quaternions discovered by W. Hamilton were the
first generalization of complex numbers [26]. Soon after the discovery, the other division algebra
known as octonions was also found (see for instance [27]). Interestingly, the division algebras are
closely related to topological maps from sphere to sphere in different dimensions, i.e. the Hopf
maps [28, 29]. While the division algebras consist of complex numbers C, quaternions H and
octonions O (except for real numbers R), there is another generalization of complex numbers and
quaternions; the celebrated Clifford algebra invented by W. Clifford [30]. The generalization of
complex numbers to Clifford algebra is exactly analogous to generalization of fuzzy two-sphere
to its higher dimensional cousins. Particular geometry of fuzzy spheres directly reflects features
of Clifford algebra. With non-Abelian monopoles in generic even dimensional space, we explain
the particular geometry of fuzzy spheres in view of the lowest Landau level physics. There is
another important algebra invented by H. Grassmann [31]. Though less well known compared
to the original three Hopf maps, there also exists a graded version of the (1st) Hopf map [32].
We also discuss its relation to fuzzy supersphere.

The organization is as follows. In Section 2, we introduce the division algebras and the Hopf
maps. In Section 3, with the explicit construction of the 1st Hopf map, we analyze the Landau
problem on a two-sphere and discuss its relations to fuzzy two-sphere SIQJ. The graded version of
the Hopf map and its relation to fuzzy superspheres are investigated in Section 4. In Section 5,
we extend the former discussions to the 2nd Hopf map and fuzzy four-sphere S}l;. In Section 6,
we consider the 3rd Hopf map and the corresponding fuzzy manifolds. In Section 7, we generalize
the observations to even higher dimensional fuzzy spheres based on Clifford algebra. Section 8
is devoted to summary and discussions. In Appendix A, for completeness, we introduce the 0th
Hopf map and related “Landau problem” on a circle. In Appendix B, the SU(k + 1) Landau
model and fuzzy CP* manifold are surveyed.

2 Hopf maps and division algebras

As the division algebras consist of only three algebras, there exist three corresponding Hopf
maps, 1st, 2nd and 3rd. The three Hopf maps

Sl

] S8 —4> S? (1st)
S — S (2nd)
R (3rd)

are closely related bundle structures of U(1), SU(2), and SO(8) monopoles [33, 34, 35]. Interes-
tingly, the Hopf maps exhibit a hierarchical structure. Each of the Hopf maps can be understood
as a map from a circle in 2D division algebra space to corresponding projective space:

1 st 1
Se — CP (1st)
Sy — HP! (2nd)
sy — op! (3rd)

For instance, in the 1st Hopf map, the total space Sé represents a circle in 2D complex space,
i.e. S3, and the basespace CP! denotes the complex projective space equivalent to S?. For
the 2nd and 3rd Hopf maps, same interpretations hold by replacing complex numbers C with
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quaternions H, and octonions O, respectively. For later convenience, we summarize the basic
properties of quaternions and octonions. The quaternion basis elements, 1, g1, g2, g3, are defined
so as to satisfy the algebra [26]

G=@=¢F=qpp=-1, qq=—qga (@#])),

or equivalently,
{ai:q5} = —20i5, @i 4] = 2€45q,

where €51 is Levi-Civita antisymmetric tensor with €123 = 1. Thus, quaternion algebra is non-
commutative. As is well known, the quaternion algebra is satisfied by the Pauli matrices with
the identification, ¢; = —io;. (We will revisit this point in Section 5.) An arbitrary quaternion
is expanded by the quaternion basis elements:

3
q=rol + Zrz‘qz',
i=1

where rg, r; are real expansion coefficients, and the conjugation of ¢ is given by

3
q" =rol — ZW%-
i=1

The norm of quaternion, ||q||, is given by

gl = Va*a = Vag* =

It is noted that ¢ and ¢* are commutative. The normalized quaternionic space corresponds to S3,
and the total manifold of the 2nd Hopf map, S7, is expressed as the quaternionic circle, SI%H:

3 3
Catd"d =g+ Dt gt Y o =1

i=1 i=1

Similarly, the octonion basis elements, 1,e1,es,...,e7, are defined so as to satisfy the algebras
{er,es} = =261, ler,es] = 2frikex, (2.1)

where I, J, K =1,2,...,7. §;r;5 denotes Kronecker delta symbol and fr;x does the antisymmetric

structure constants of octonions (see Table 1).

The octonions do not respect the associativity as well as the commutativity. (The non-
associativity can be read from Table 1, for instance, (eje2)es = e7 = —ej(e2eq).) Due to their
non-associativity, octonions cannot be represented by matrices unlike quaternions. However, the
conjugation and magnitude of octonion can be similarly defined as those of quaternion, simply
replacing the role of the imaginary quaternion basis elements ¢; with the imaginary octonion
basis elements ey. An arbitrary octonion is given by

7

o=rpl+ E rrer,
=1

with real expansion coefficients rg, r7, and its conjugation is

7

o =rgl — E rrer.

I=1
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Table 1. The structure constants of the octonion algebra. For instance, fi45 = 1 can be read from
ereqs = es. The octonion structure constants are given by fio3 = fias5 = fire = foag = [foor = fara =

f365 = 1, and other non-zero octonion structure constants are obtained by the cyclic permutation of the
indices.

| [ 1l e [ en[es [ ea [ es [ s [ er |
1 1 €1 €9 €3 €4 €5 €6 er
€1 €1 -1 €3 —€9 €5 —€4 —e7 €6
€92 €92 —es3 -1 €1 €6 er —€4 —€5
€3 €2 €92 —eq -1 er —€g €5 —€y
es || eqa | —e5 | —eg | —er | —1 el €9 es
es5 |l es | —eq | —e7 | eg | —e1 | =1 | —e3 | e9
e || eg | er e4 | —es | —eo | e3 -1 | —€
er || er | —eg | es es | —ez | —ea | e -1

The norm of octonion, ||o||, is

loll = Vo*o = Voo =

7
T02 + E 7”[2.
I=1

Like the case of quaternion, o and o* are commutative. The normalized octonion o*o = 1

represents S7, and the total manifold of the 3rd Hopf map, S'°, is given by the octonionic
circle Sé)7

7 7
* 2 2
0*0+o’0'=7‘3+2 r%+r6 —1—2 " =1.
=1 =1

One may wonder there might exist even higher dimensional generalizations. Indeed, following
to the Cayley—Dickson construction [27], it is possible to construct new species of numbers.
Next to the octonions, sedenions consisting of 16 basis elements can be constructed. However,
the sedenions do not even respect the alternativity, and hence the multiplication law of norms
does not hold: ||z||||y|| # ||« - y||- Then, the usual concept of “length” does not even exist in
sedenions, and a sphere cannot be defined with sedenions and hence the corresponding Hopf

maps either. Consequently, there only exit three division algebras and corresponding three Hopf
maps.

3 1st Hopf map and fuzzy two-sphere

In this section, we give a realization of the 1st Hopf map

Sl

S§3 =2 52

and discuss basic procedure of fuzzification of sphere in LLL.

3.1 1st Hopf map and U(1) monopole

The 1st Hopf map can explicitly be constructed as follows. We first introduce a normalized
complex two-spinor

o= (1)
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satisfying ¢f¢ = 1. Thus ¢, which we call the 1st Hopf spinor, represents the coordinate on
the total space S3, and plays a primary role in the fuzzification of sphere as we shall see below.
With the Pauli matrices

R ) B (O

the first Hopf map is realized as

¢ =z = Ploio. (3.2)
It is straightforward to check that x; satisfy the condition for S2:
ziwy = (919)? = 1. (3.3)

Thus, (3.2) demonstrates the 1st Hopf map. The analytic form of the Hopf spinor except for
the south pole is given by

1
b= L (1t o
2(1 + x3) \71 + 122
and the corresponding fibre-connection is derived as
A =dz; A = —iglde, (3.5)
where
21+ x3>e”3x].

The curvature is given by

1
Ej = &A] — 8]AZ = ieijkl‘k, (36)

which corresponds to the field strength of Dirac monopole with minimum charge (see for in-
stance [36]). The analytic form of the Hopf spinor except for the north pole is given by

;o 1 xl—i.%'g
¢= 2(1 — z3) < 1—563)'

The corresponding gauge field is
A = —igdg = dw; Al

where
1

The field strength Fj; = 0; A’ — 0;A] is same as [; (3.6), which suggests the two expressions of
the Hopf spinor are related by gauge transformation. Indeed,

¢ =¢-9=g-9,
where g is a U(1) gauge group element

1 .
ﬁ(ﬂfl — Z.’L'Q).

g: e_ix pry
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Here, the gauge parameter y is given by tan(x) = % The U(1) phase factor is canceled in the
map (3.2), and there always exists such U(1) gauge degree of freedom in expression of the Hopf
spinor. With the formula

. %
—ig dg = Weiﬁ%d%’

1_
the above gauge fields are represented as

i

5 (1 +3)9"dg,

A= %(1 —x3)g*dyg, A =
and related by the U(1) gauge transformation
A=A —ig*dg.
The non-trivial bundle structure of U (1) monopole on S? is guaranteed by the homotopy theorem
m(U(1)) = Z,

specified by the 1st Chern number

1

Cl = —
47 S2

3.2 SO(3) Landau model

Here, we consider a Landau model on a two-sphere in U (1) monopole background. In 3D space,
the Landau Hamiltonian is given by
1 1 6? 1 0 1
H=—-——D?—-_ ~— - _ — Z A2
2M " 2M Or? Mr6r+2Mr2 v
where D; = 0; + i4;, r = \/x;x;, and i = 1,2,3 are summed over. A; is the covariant angular
momentum A; = —i€;;2;Dy. The monopole gauge field has the form

(3.7)

1
A — s
! 2r(r + x3) €3t
and the corresponding field strength is

I
ﬁxi.

F; = €10 A =
The covariant angular momentum A; does not satisfy the SU(2) algebra, but satisfies
[N, Aj] = iegin (A — 2 Fy).
The conserved SU(2) angular momentum is constructed as
Li = A; +r°F;,
which satisfies the genuine SU(2) algebra
[Li, Lj] = i€ Ly
On a two-sphere, the Hamiltonian (3.7) is reduced to the SO(3) Landau model [37]

1

H =
2M R?

A, (3.8)
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where R is the radius of two-sphere. The SO(3) Landau Hamiltonian can be rewritten as

1 , I?

where we used the orthogonality between the covariant angular momentum and the field
strength; A; F; = F;A; = 0. Thus, the Hamiltonian is represented by the SU(2) Casimir operator,
and the eigenvalue problem is boiled down to the problem of obtaining the irreducible represen-
tation of SU(2). Such irreducible representations are given by monopole harmonics [38]. The
SU(2) Casimir operator takes the eigenvalues L? = j(j + 1) with j = £ +n (n = 0,1,2,...).
(The minimum of j is not zero but a finite value I/2 due to the existence of the field angular
momentum of monopole.) Then, the eigenenergies are derived as

1
E, =
2M R?

(n2 +n(l+1)+ ;) : (3.10)

In the thermodynamic limit, R, — oo, with B = I/2R? fixed, (3.10) reproduces the usual
Landau levels on a plane:

1
En—>w<n+2>,

where w = B/M is the cyclotron frequency. The degeneracy of the nth Landau level is given by
dn)=2l+1=2n+1+1. (3.11)
In particular, in the LLL (n = 0), the degeneracy is
diin, =1+ 1.

The monopole harmonics in LLL is simply constructed by taking symmetric products of the
components of the 1st Hopf spinor

(m1,m2) _ n my mo
LLL ml!mgld)l P37 (3.12)

where m; + mgo = I (mq,m2 > 0). In the LLL, the kinetic term of the covariant angular
momentum is quenched, and the SU(2) total angular momentum is reduced to the monopole
field strength

i
2R

Then in LLL, the coordinates x; are regarded as the operator

Li — T‘2Fi = ZT;.
Xi = aLi?
which satisfies the definition algebra of fuzzy two-sphere
[Xz‘, Xj} = iaeiijk, (313)

with o = 2R/1.

We reconsider the LLL physics with Lagrange formalism. In Lagrange formalism, importance
of the Hopf map becomes more transparent. The present one-particle Lagrangian on a two-sphere
is given by

L= %xzxz + & Ai,
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with the constraint

ziz; = R% (3.14)
In the LLL, the Lagrangian is represented only by the interaction term

Lypy = i A;.

From (3.5), the LLL Lagrangian can be simply rewritten as

d
Ly = —il¢'—6, (3.15)
dt
and the constraint (3.14) is
plo=1. (3.16)

It is noted that, in the LLL, the kinetic term drops and only the first order time derivative term
survives. The Lagrangian and the constraint can be represented in terms of the Hopf spinor.
Usually, in the LLL, the quantization is preformed by regarding the Hopf spinor as fundamental
quantity, and the canonical quantization condition is imposed not on the original coordinate
on two-sphere, but on the Hopf spinor. We follow such quantization procedure to fuzzificate
two-sphere. From (3.15), the conjugate momentum is derived as m = —il¢*, and the canonical
quantization is given by

1
[¢Oc7 ¢:[k3] = _jéaﬂ- (317)

This quantization may remind the quantization procedure of the spinor field theory, but readers
should not be confused: The present quantization is for one-particle mechanics, and the spinor
is quantized as “boson” (3.17). Then, the complex conjugation is regarded as the derivative

10

oF = f%’ (3.18)

and the constraint (3.16) is considered as a condition on the LLL basis

0
t
— =1 .
3 ¢¢LLL PLLL
The previously derived LLL basis (3.12) indeed satisfies the condition.

By inserting the expression (3.18) to the Hopf map, we find that x; are regarded as coordinates
on fuzzy two-sphere

X; = Rploip = Zﬁbtai;’
which satisfies the algebra (3.13). Thus, also in the Lagrange formalism, we arrive at the fuzzy
two-sphere algebra in LLL. The crucial role of the Hopf spinor is transparent in the Lagrange
formalism: The Hopf spinor is first fuzzificated (3.17), and subsequently the coordinates on
two-sphere are fuzzificated. This is the basic fuzzification mechanics of sphere in the context of
the Hopf map.
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3.3 Fuzzy two-sphere

The fuzzy two-sphere is a fuzzy manifold whose coordinates satisfy the SU(2) algebraic rela-
tion [1]

[XZ', Xﬂ = Z'Oéeiijk.

The magnitude of fuzzy sphere is specified by the dimension of corresponding SU(2) irreducible
representation. A convenient way to deal with the irreducible representation is to adopt the
Schwinger boson formalism, in which the SU(2) operators are given by

~ o A ~

Xi = §¢T0i¢~

Here, qg = ((;31, (;ASg)t stands for a Schwinger boson operator that satisfy

[¢aa ¢I§] = 50{6:
with «, 0 = 1,2. Square of the radius of a fuzzy two-sphere reads as

A 02 an ap

XiXi=—(6'9)(9"4 + 2). (3.19)

The commutative expression (3.3) and the fuzzy expression (3.19) merely differ by the “ground
state energy”. Thus, the radius of the fuzzy sphere is

Ry = S\ +2),

where [ is the integer eigenvalue of the number operator I= (Z)ng = qg];qgl +g§;¢32. In the classical
limit I — oo, the eigenvalue reproduces the radius of commutative sphere

Ry = %\/I(IJF 2) — %I = R.

The corresponding SU(2) irreducible representation is constructed as

[m1, ma) = (3.20)

1 mi1 1mso
\/ngl ¢2 |0>7

where my + mg = I (mq,mg > 0), and the degeneracy is given by d(I) = I + 1. Appar-
ently, there is one-to-one correspondence between the LLL monopole harmonics (3.12) and the
states on fuzzy sphere (3.20). Their “difference” is superficial, coming from the corresponding
representations: Schwinger boson representation for fuzzy two-sphere, while the SU(2) coher-
ent representation for LLL physics. This is the basic observation of equivalence between fuzzy

geometry and LLL physics.

4 Graded Hopf map and fuzzy supersphere

Before proceeding to the 2nd Hopf map, in this section, we discuss how the relations between the
Hopf map and fuzzy sphere are generalized with introducing the Grassmann numbers, mainly
based on Hasebe and Kimura [39]. The Grassmann numbers, 7,, are anticommuting numbers [31]

Tlab = —1bNa- (4.1)



Hopf Maps, Lowest Landau Level, and Fuzzy Spheres 11

In particular, 2 = 0 (no sum for a). With Grassmann numbers, the graded Hopf map was
introduced by Landi et al. [32, 40, 41],

532 S, g212, (4.2)

where the number on the left hand side of the slash stands for the number of bosonic (Grass-
mann even) coordinates and the right hand side of the slash does for the number of fermionic
(Grassmann odd) coordinates. For instance, 5212 signifies a supersphere with two bosonic and
two fermionic coordinates. The bosonic part of the graded Hopf map (4.2) is equivalent to the
1st Hopf map.

4.1 Graded Hopf map and supermonopole

As the 1st Hopf map was realized by sandwiching Pauli matrices between two-component
normalized spinors, the graded Hopf map is realized by doing UOSp(1|2) matrices between
three-component (super)spinors. First, let us begin with the introduction of basic properties of
UOSp(1]2) algebra [42, 43, 44]. The UOSp(1|2) algebra consists of three bosonic generators L;
(i =1,2,3) and two fermionic generators L, (o = 61,03) that satisfy

. 1 1
[Li, Lj] = i€ Ly, [Li, Lo] = §(Ui)ﬁaLﬂ, {La,Lg} = §(€Uz‘)aﬁLz’, (4.3)

where € = io9. As realized in the first algebra of (4.3), the UOSp(1]2) algebra contains the
SU(2) as its subalgebra. L; transforms as SU(2) vector and L, does as SU(2) spinor. The
Casimir operator for UOSp(1|2) is constructed as

C=L;L; + €aglalLg,

and its eigenvalues are given by L(L + %) with L = 0,1/2,1,3/2,2,.... The dimension of the
corresponding irreducible representation is 4L + 1. The fundamental representation matrix is
given by the following 3 x 3 matrices

l'—l a; 0 l _1 O Ta
2\0 0)° T 9\ —(eta)t 0 )7

where o; are the Pauli matrices, 71 = (1,0)!, and 75 = (0,1)*. With I; and [,, the graded Hopf
map (4.2) is realized as
p — @i =200, o =20"ap, (4.4)

where ¢ is a normalized three-component superspinor which we call the Hopf superspinor:

¥1
p=1|v2]- (4.5)
U

Here, the first two components 1 and o are Grassmann even quantities, while the last com-
ponent 7 is Grassmann odd quantity. The superadjoint I is defined as?

ot = (oF, 05, —n"),

2The symbol * represents the pseudo-conjugation that acts as (n*)* = —n, (min2)* = nins for Grassmann odd
quantities 1 and n2. See [45] for more details.
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and @ represents coordinates on 5312 subject to the normalization condition

1

Ot = pip1 + a2 —n'n = 1.

x; and 0, given by (4.4) are coordinates on supersphere 5212 since the definition of supersphere
is satisfied:

x;x; + €aﬂ9a9ﬂ = ((pigo)z =1.

Except for the south-pole of S22, the Hopf superspinor has an analytic form

1 (14 23) <1 - Maw)

2(1 + xs) (xl —+ Z.%'Q) (1 -+ 4(1—’_"1:3)060)
(14 23)01 + (1 + ix2)02

SO:

The corresponding connection is derived as
A = —iptdp = dz; A; + dOaAq,
with

1 24+ x3 1.
A= (14 2T 90), Ay = — Li(2i0icO)a. 4.6
2(1+x3)€]3%< oty 6> 5 (wioict) (4.6)

A; and A, are the super gauge field of supermonopole. The field strength is evaluated by the
formula

F=dA= %dm A da; Fyj + d; A dfo Fio — %d@a N d05F g,
where
Fi; = 0;A; — 0;A; = %eijng (1 + ;&0) ,
Flo = 0 Aq — OuA; — —z'%(eaje)a(aij -
Fop = 0043 + 03A0 = —ixi(0i€)0p (1 + ;&0) . (4.7)

The analytic form of the Hopf superspinor except for the north pole is given by

1

—1 14+ ————0eb

1 (21 z:cg)( +4(1*$3) €>

/
Y= 1 )
21 —a3) | (1 —m3) <1 - 4(1_563)969>
($1 — i$2)91 + (1 — $3)92
and the corresponding gauge field is obtained as

1 2 - 1
A; = 72(1 — LU3) Eijgm'j <1 + 72(1 _?3)060> s A; = _ii(xiaifa)a = Aa. (4.8)
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The field strength F' = dA’ is same as (4.7), suggesting the two expressions of the Hopf super-
spinor are related by the transformation

=p-g=g-¢

Here, g denotes U(1) gauge group element given by

—3 xl—ixg 1
g=ce ’X:(l—i—{%@),
V11— a2 2(1 — 22)

with x given by tan x = 22. The U(1) group element yields

x1 "

- 1 1
—ig*dg = @eijgxidzj (1 + - 56% 969) ,
and A (4.6) and A" (4.8) are expressed as
1 1 .
A= i5 <1 —x3(l+ 2969)) g dg + dfyAq,
/ 1 1 *
A = —i5 1+ a3(l+ 5(96(9) g dg + df,A..

Then, obviously the gauge fields are related as

A = A —ig*dg,
and then
F'=F

4.2 UOSp(1|2) Landau model

Next, we consider Landau problem on a supersphere in supermonopole background [39]. The
supermonopole gauge field is given by

I
A, = — o €ij3%; (1 -+

2r 4+ x3 I .
Aa = - A% s
50+ 23) )960> , i(zio;€0)

2r2(r + x3 273

where % (I denotes an integer) is a magnetic charge of the supermonopole. Generalizing the
SO(3) Landau Hamiltonian (3.8) to UOSp(1]2) form, we have

1

H =
2M R?

(A2 + caphals). (4.9)
where A; and A, are the bosonic and fermionic components of covariant angular momentum:

. 1 1 1
A; = —Zeijkijk + §0a(0i>aﬂD,@, Ay = §(€Uz‘)aﬂ$iDﬁ — 595(01')5&132‘,

with D; = 0; + iA; and Dy = 0y + 1A4. A; and A, obey the following graded commutation
relations

. 1
[Ai, Aj] = i€ijn(Ag — r* Fy), [Ais Aol = 5 (0i)pa(Ap — r? Fg),

1
{Aa, Mg} = §(€Ui)aﬁ<Az‘ —r°F),
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where F; and F, are

I I

FiZQT‘gxia Fa:ﬁ

Oo-

Just as in the case of the SO(3) Landau model, the covariant angular momentum is not a
conserved quantity, in the sense [A;, H] # 0, [Aq, H] # 0. Conserved angular momentum is
constructed as

L;i=A; + TzFi, Lo=AL+ T'2Fa.

It is straightforward to see L; and L, satisfy the UOSp(1]2) algebra (4.3). Since the covariant
angular momentum and the field strength are orthogonal in the supersymmetric sense: A;F; +
€aphaFp = Fi\;i + eqpgFoAg = 0, the UOSp(1|2) Landau Hamiltonian (4.9) can be rewritten as

1 5 I?
H = W L’L + 6Q,BLOZLﬂ — Z .

With the Casimir index J = % + n, the energy eigenvalue is derived as

1 1 I? 1 1 I
E,=— i I ‘ - i ),
OMR? <J<J+2> 4) J=ntl  2MR? <”<n+2)+ (”+4>>

and the degeneracy in the nth Landau level is
dn:4J+1\J:n+é =4n+ 21+ 1.
In particular in the LLL (n = 0), the degeneracy becomes
dry, = 21 + 1. (4.10)

The eigenstates of the UOSp(1|2) Hamiltonian are referred to the supermonopole harmonics,
and the LLL eigenstates are constructed by taking symmetric products of the components of
the Hopf superspinor (4.5):

B (m1,m2) n F (n1,n2) I
L e La B orp "™ =y LA (4.11)
where my +mg = n1 +nz +1 = I (m1,m2,n1,n2 > 0). The total number of gofL(Lml’mQ) and

o (mm2) 6 (T 4 1) + (I) = 2T + 1, which coincides with (4.10). In the LLL, the TOSp(1]2)
angular momentum is reduced to

I I
Li = R'Fi=gzzi, Lo = R'Fa=gp

and coordinates on supersphere are identified with the UOSp(1|2) operators

Oa,

Xi = aLi, @a = OéLOH

which satisfy the algebra defining fuzzy supersphere:

. o «
(X, X = iceijp X, [Xi, Oal = E(Uz‘)ﬂa@ﬁa {60, 05} = §(€Ui)aﬁXz‘- (4.12)
With Lagrange formalism, we reconsider the LLL physics. The present one-particle La-

grangian on a supersphere is given by

L= %(3‘5? + €apbalp) + Aid; + 00 Aq
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with the constraint

;% + €aplallp = R2.
In the LLL, the kinetic term is quenched, and the Lagrangian takes the form of

Liiy, = &i4; + 00 Aq = —iILpi%go, (4.13)
with the constraint

oo =1. (4.14)

From the LLL Lagrangian (4.13), the canonical momentum of ¢ is derived as 7 = iIp*, and
from the commutation relation between ¢ and m, the complex conjugation is quantized as
10
Er

*

@ (4.15)

After quantization, the normalization condition (4.14) is imposed on the LLL basis:

t 8
¥ 55 PLLL = Tprir.
2

One may confirm the LLL basis (4.11) satisfies the condition. By inserting (4.15) to the graded
Hopf map (4.4), we obtain
0

O = aplly—.

0
X; = ap'l;
Op

%7
Apparently, they satisfy the algebra of fuzzy supersphere (4.12). Thus, in the case of the fuzzy

two-sphere, the appearance of fuzzy supersphere in LLL is naturally understood in the context
of the graded Hopf map.

4.3 Fuzzy supersphere

Fuzzy supersphere is constructed by taking symmetric representation of the UOSp(1|2) group
[3, 4, 46, 22]. We first introduce a superspinor extension of the Schwinger operator

$1
95 = @2 ’
Ul
where ¢1 and @9 are Schwinger boson operators, and 7 is a fermion operator: [gbi,g?);r-] = 05,

[0:,7] = 0 and {H, 7'} = 1. With such Schwinger superoperator, coordinates on fuzzy super-
sphere are constructed as

X =apllip, 64 =adlle.

Square of the radius of fuzzy supersphere is given by

a2

XzXz + eaﬁéaéﬁ = Z( AT@)(()&T@ + 1)7

and then the radius is specified by the integer eigenvalue I of the number operator I= otg =

@I@ + @;952 +7ih as

Ry = SV/IT+1).
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The UOSp(1]2) symmetric irreducible representation is explicitly constructed as

_ 1 ATymy [ 2T \ma _ 1 ATyn1( sT\n2 5t
|my, mo) = W(%) (5)"2]0), In1,n2) = W(%) (9)™n0'0),

with m; +mg = n; +na + 1 =1 (my,ma,n1,n2 > 0). Thus, the total number of the states
constructing fuzzy supersphere is d = (I + 1)+ (I) = 2I + 1. There is one-to-one correspondence
between the supermonopole harmonics in LLL and the states on fuzzy supersphere. Especially,
the Hopf superspinor corresponds to the superspin coherent state of Schwinger superoperator.

5 2nd Hopf map and fuzzy four-sphere
In this section, we discuss relations between the 2nd Hopf map
57 S_3> 84
and fuzzy four-sphere. Though the 2nd and 3rd Hopf maps were first introduced by Hopf [29],
we follow the realization given by Zhang and Hu [47] in the following discussions.

5.1 2nd Hopf map and SU (2) monopole

Realization of the 2nd Hopf map is easily performed by replacing the imaginary unit with
the imaginary quaternions, ¢i, ¢2, ¢3. The Pauli matrices (3.1) are promoted to the following
quaternionic Pauli matrices

(0 —a (0 _QQ> . <0 —Q3>
0 1 1 0
V4 = <1 0> ; V5 = (0 _1) : (5.1)

vi (i = 1,2,3) correspond to o3, 74 to o1, and 5 to o3, respectively. With such quaternionic
“Pauli matrices”, the 2nd Hopf map is realized as

t — @Z}T'Yaw = Zgq, (5.2)

where a = 1,2,...,5, and 1 is a two-component quaternionic (quaternion-valued) spinor satis-
fying the normalization condition Ty = 1. As in the 1st Hopf map, x, given by the map (5.2)
automatically satisfies the condition z,z, = (¢19)? = 1. Like the 1st Hopf spinor, the quater-
nionic Hopf spinor has an analytic form, except for the south pole, as

b= 1 <1—|—x5>
2(1 + x5) \ T4+ G ’

and, except for the north pole, as

W = 1 <$4 - quCi)
20 —a5) \ 1—a5 )~
where ¢ = 1,2, 3 are summed over. These two expressions are related by the transformation
V'=y-g=g

where g is a quaternionic U(1) group element given by

1
3 (5U4 - qzﬂ?z‘)-

g =% = cos(x) — g sin(y) =
X 1—
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Here, x; and its magnitude x = /X7 are determined by %tan(x) = éxi. It is possible to

pursue the discussions with use of quaternions, but for later convenience, we utilize the Pauli
matrix representation of the imaginary quaternions:

@ = —ioq, g2 = —i02, g3 = —ios.

The quaternionic U(1) group is usually denoted as U(1,H), and as obvious from the above
identification, U(1,H) is isomorphic to SU(2). The quaternionic Pauli matrices (5.1) are now
represented by the following SO(5) gamma matrices:

. 0 idl . 0 iUg . 0 iUg
M=oy 0) T iy, 0)7 BT \liey 0 )
/01 /1 0
Y4 = 1 0 3 V5 = 0 —1 y

which satisfy {va, 7} = 204 (a,b =1,2,3,4,5). Corresponding to the quaternionic Hopf spinor,
we introduce a SO(5) four-component spinor (the 2nd Hopf spinor)

U1
o= |02 (53)
(o
subject to the constraint
Yy =1.
With ), the 2nd Hopf map (5.2) is rephrased as
) — x40 = PIya1). (5.4)

It is easy to check that x, satisfies the condition of S%:

Lala = (U’W’)Q =1

An analytic form of the 2nd Hopf spinor, except for the south pole, is given by

. ; (1 + $5)<Z)
v= 2(1 4+ x5) (($4 — Zalajl)gb) ’ (5.5)

where ¢ is the 1st Hopf spinor representing S3-fibre. The connection is derived as

A=—ipldip = pTda,Agd (5.6)
where
Aym ot e As=0 (5.7)
BT T A ag) R T '

They are the SU(2) gauge field of Yang monopole [34]. Here, 77:m‘ signifies the ’tHooft eta-
symbol of instanton [48]:

77:,/1‘ = €uvia + 5u7l51/4 - 5u45Vi-
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The corresponding field strength FF' = dA +iAN A = %dma A dxpFap:
Fop = 00 Ay — OpAq + i[Aq, Ap),
is evaluated as

1
Fuo =—x,A  +2,A, + 577:”01-, Fus = —Fs5, = (1 +5)A,.

Another analytic form of the 2nd Hopf spinor, except for the north pole, is given by

o= 1 ) ((u —I—ixiai)qb) .

21 —x5) \ (I—w5)¢
The corresponding connection is calculated as
1
A/'L == —mnuyixyau A5 == 0,

where
77;:1/2' = Cuvid — 6,LLi5V4 + 5“451,2‘,
and the field strength is

1 _
F;Iw =uz,A, — a:VA;L + 5%1,1-02-, ;25 = _Féu =(1- m5)AL.

As is well known, the "tHooft eta-symbol satisfies the self (anti-self) dual relation
1
+ +
n#ui = iielﬂ/f?"nﬁai'
The two expressions, ¥ and 1’, are related by the SU(2) transition function
—_— 1 y . .
g = ﬁ(.ﬁ;l =+ ’L.’I)zO'Z),

which yields
igtdg = L d dggt = —_pt d
—tg ag = _1—7355277“”%% Ty —agg = 1—7305277“‘”'%% Ty

and the gauge fields (5.7) and (5.9) are concisely represented as

1— x5 _1—|—.CIZ5,T

A= idgg", A= 5 19 dg.

Then, A and A’ are related as
A= g'Ag —ig'dg,
and their field strengths are also

F' = gTFg.

(5.8)

(5.9)

This manifests the non-trivial topology of the SU(2) bundle on a four-sphere. In the Language

of the homotopy theorem, the non-trivial topology of the SU(2) bundle is expressed
m3(SU(2)) ~ Z,

which is specified by the 2nd Chern number

02:2(217r)2/54tr(F/\F)'

by
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5.2 SO(5) Landau model

We next explore the Landau problem in 5D space [47]. The Landau Hamiltonian is given by

1 1 0° 2 a
H=— 2 _ _ - = 5.10
2N ¢ oM Or2  MrOr 2M7“2 Z abs ( )

where D, = 0, + iAq, 7 = \/TaTq, and Ay, are the SO(5) covariant angular momentum
Aop = —txo Dy + ixp Dy
As in the previous 3D case, A, do not satisfy a closed algebra, but satisfy

[Aaln Acd] = Z‘((SacAbd + 5bdAac - 5bcAad - 5adAbc)
- i(xachbd + mbxdF’ac - $bchad - $a$dec),

where Fy;, are given by (5.8). The SO(5) conserved angular momentum is constructed as
Loy = Aap + r2Fab-

On a four-sphere, the Hamiltonian (5.10) is reduced to the SO(5) Landau Hamiltonian

1 2
H = 2M R2 Z Aab’
a<b
which is rewritten as

1 1
= WZ (L%, — R'F) = 2MR2 <L 21(1+4)),
a<b a<b

where the orthogonality, AqpFup = FapAap = 0, was used. Thus, the energy eigenvalue problem
of the Hamiltonian is again boiled down to the problem of obtaining irreducible representation of
the SO(5) Casimir. Since the SO(5) group has two Casimirs and the irreducible representations
are specified by two indices [A1, Ao].> With the identification [A1, \o] = [n + £, Z], the energy
eigenvalues are expressed as

1
2M R?

E, = (n® +n(I+3)+1I). (5.11)

The integer I (I = 0,1,2,...) specifies the SU(2) representation of the gauge field, while n
(n=0,1,2,...) does the Landau level. The states in the LLL (n = 0) correspond to the fully

symmetric spinor representation of SO(5), [é, é] The degeneracy in the nth Landau level is
derived as
1
dn:§(n+1)(I+1)(n+I+2)(2n+I+3). (5.12)

The eigenstates of the Hamiltonian are given by the SU(2) monopole harmonics [50]. In particu-
lar, the SU(2) monopole harmonics in the LLL are simply constructed by taking the symmetric
products of the components of the 2nd Hopf spinor (5.3)

|
(m17m27m37m4 I mi,,ma ;M3 5.13
LLL m1|m2|m3'm ,¢1 w? wS w ( . )

3We follow the notation in [49].
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with m1 + mg + ms +myg = I (my1, ma, m3,myg > 0). Then, the LLL degeneracy is given by
1

diir = al

I+3)I+2)I+1),

which actually coincides with d,,—¢ of (5.12). Up to now, everything is parallel with the SO(3)
Landau model, but emergence of fuzzy four-sphere in LLL is not transparent unlike the fuzzy
two-sphere case.

With Lagrange formalism, we revisit LLL physics of the SO(5) Landau model. The present
one-particle Lagrangian on a four-sphere is given by

M
L= iata+dada, (5.14)

with a constraint

TaTq = R2. (5.15)
In the LLL, the interaction term survives to yield

Lipy = 24 Aq, (5.16)

and the relation (5.6) implies

o+ d
Ly, = —N/)T%T/), (5.17)
and also the constraint (5.15) is rewritten as

Yy = 1. (5.18)

Interestingly, in the LLL, the original SO(5) symmetry of the Lagrangian (5.14) is enhanced
to the SU(4) symmetry: the rotational symmetry of the 2nd Hopf spinor. We treat the 2nd
spinor as the fundamental variable and apply the quantization condition. After quantization,
the complex conjugate spinor is regarded as the derivative y* = %%, and the normalization

condition (5.18) is translated to the LLL condition

d

t

— =1 . 5.19

v ¢wLLL YLLL (5.19)
The LLL states (5.13) indeed satisfy the condition (5.19). Here, we comment on the origin of
the SU(4) symmetry and its relation to the 2nd Hopf map. In the LLL, the 2nd Hopf spinor
plays a primary role, and the total manifold S” naturally appears in LLL. Projecting out the
U(1) phase from S7, we obtain the structure of

cpP? ~ S7/SL.

This suggests physical equivalence between the LLL of SO(5) Landau model and that of SU(4)
Landau model on CP3. (Detail discussions on physical equivalence between two Lagrangians
(5.16) and (5.17) are found in [51], and see Appendix B.2 also.) The appearance of CP3 can
also be understood as follows. As mentioned in Introduction, S* is not a Kéhler manifold
that accommodates symplectic structure. The “minimally extended” symplectic manifold of S*
is CP3, which is given by the coset SU(4)/U(3), and then the SU(4) structure naturally appears.
Such observation is completely consistent with the mathematical expression of the fuzzy four-
sphere, since

St~ SO(5)/U(2) ~ SU(4)/U(3) ~ CP3,



Hopf Maps, Lowest Landau Level, and Fuzzy Spheres 21

where we used SO(6)/SO(5) ~ S5 ~ U(3)/U(2) and SO(6) ~ SU(4). By inserting the deriva-
tive expression of the complex 2nd Hopf spinor to the 2nd Hopf map (5.4), we find that the
coordinate on S* is expressed by the following operator

0
Xo = O“/}t')/a@-
As we shall see in the next subsection, the SU(4) structure also appears in the enhanced algebra
of X,.

5.3 Fuzzy four-sphere

The fuzzy four-sphere is constructed by taking a fully symmetric representation of the SO(5)
spinor [2, 9, 14, 15, 52, 53, 54]. As in the fuzzy two-sphere case, the Schwinger boson formalism
is useful to construct coordinates on fuzzy four-sphere

N o ~ -
o = Sohad, (520

where 1/3 is a four-component Schwinger boson operator satisfying [zﬂa,iﬂg] = 0ap (o,f =
1,2,3,4). The commutations relation of X, gives
o

[Xa, Xp) = 5 o

where X, is the SO(5) generator of the form

~ o A A
Xap = 501 oat) (5:21)
with og, = —i[’ya,%]. It is important to notice, unlike the case of fuzzy two-sphere, the fuzzy

coordinates do not sati§fy a closed algebra by themselves but yield the SO(5) generators. With
the SO(5) generators X, the fuzzy coordinates satisfy the following closed algebra,

A A O A A A a . -
[XaaXb] = EXaba [XaaXbc] = _15(6ach - 5ach)a

A~

A « A A A A
[(Xab, Xed] = 25(5achd — 0adXpe + e Xad — OpaXac)-

By identifying Xu6 = %X’a and X, = Xab, we find the above algebra is concisely expressed by
the SO(6) algebra,

~ N Qa N N N ~
[(XaB, Xcp| = 15(5ACXBD —0apXBc +6pcXap —dpXac),

where A, B = 1,2,...,6. Thus, the algebra defining fuzzy four-sphere is SO(6) ~ SU(4). We
encountered the SU(4) structure again, and the fuzzy manifold naturally defined by SU(4)
algebra is fuzzy CP3 (see Appendix B.1). The enhanced SU(4) algebra with extra X, coordi-
nates accounts for the existence of extra fuzzy-dimensions [14, 15]. Interestingly, CP? is locally
expressed as the two-sphere fibration over the four-sphere:

CP? ~ §* x §2,

since CP3 ~ S7/S' ~ §4x53/S1. The “extra dimension” of S% can be understood as two-sphere
fibration over the four-sphere.
Square of the radius of fuzzy four-sphere is calculated as

042

XaXa = Z(&TI&)(@;“’; =+ 4)7
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and, the radius is
Ry = %\/1(14—4),

where [ signifies an integer eigenvalue of the number operator I= 1[1“[1 = 1[11[1&1 —1—1%1[12 + 1%"@3 +
1&1@2}4. Similarly, the SO(5) Casimir operator is calculated as
590 az AL AL Ap A
> Xo = S W)@ +4),

8
a<b

which yields the eigenvalue %QI (I +4), and the corresponding fully symmetric representation is
constructed as

1
vV mllmglmg!m4!

with my + mo + m3 + myg = I (m1, me, m3, my > 0). The dimension for the symmetric repre-

sentation reads as (IIT;})!, which is equal to that of fuzzy CP3, suggesting equivalence between

fuzzy four-sphere and fuzzy CP3.

(@)™ ()™ (BFyma ()™ 0),

|m1,m2,m3,m4> =

6 3rd Hopf map and fuzzy manifolds

Here, we consider realization of the 3rd Hopf map
7
g1s S, S8,

and corresponding fuzzy manifolds. Unlike the previous cases, there are two kinds of fuzzy
manifolds; S% ~ SO(9)/U(4) and CPL ~ SU(8)/U(7), depending on the choice of irreducible
representation of SO(9). The contents in this section are mainly based on Bernevig et al. [55].

6.1 3rd Hopf map and SO(8) monopole

The 1st and 2nd Hopf maps were realized by sandwiching Pauli and quaternionic Pauli matrices
by spinors. One may expect that such realization can be applied to the 3rd Hopf map. However,
it is not so straightforward, since octonions cannot be represented by matrices due to their non-
associative property. To begin with, we construct Majorana representation of the SO(9) gamma
matrix with the octonion structure constants (Table 1). With ey = 1, the octonion algebra (2.1)
is expressed as

erey = —0rjeo0 + frixex, or epeQ = fPQRER,;

where P,Q,R=0,1,...,7. With use of fpgr, the SO(7) gamma matrices —iA; (I =1,2,...,7)
are constructed as

(A1)pg = —f1PQ;

or
o 0 0 0 0 —o3 0 0
v 0 o9 0 0 | 0 0 0
L= 0 0 oo 0 | 27 lo 0o o -1,
0 0 0 —oy 0 0 1y 0
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0 —o;1 0 0 0 0 —o3 0
| 0 0o \ 0 0 0 1
57l o 0 0 —ioy |’ T loes 0 0o 0|’
0 0 oy O 0 -1, 0 0
0 0 —o; O 0 0 0 —1,
\ 0 0 0 oy w0 0 - 0
T loy 0 0 o0 |’ =10 o3 0 o |’
0 —iocy 0 O 1o, 0 0 0
0 0 0 —ioy
. 0 0 —01 0
AT = 0 o1 O 0

—tog 0 O 0
They are real antisymmetric matrices that satisfy
{AnAs} = =261

With Ao = 1g, Mg and A; (I =1,2,...,7) are regarded as the SO(8) “Weyl +” gamma matrices.
Utilizing Ao and A7, the SO(9) gamma matrices I'4 are constructed as

I'r =i\ ® o2, I's =1g ® oy, I'g = 13 ® o3,

_ 0 Az (0 1g (1 O
FI_(—)\I 0>’ Fs_(lg 0)’ F9_<0 —15) "
Again, they are real symmetric matrices that satisfy

{FA7 FB} = 251437

or

where A, B,C = 1,2,...,9. The octonion structure constants appear in the off-diagonal ele-
ments of I';. The SO(9) generators are constructed as

1
YA = _ZZ[FA’FB]’ (6.1)

or more explicitly

where o7 are the SO(7) generators
1 Al
o1y =i~ )
17 = 17AL A

Since I'y4 are real matrices, the corresponding SO(9) generators (6.1) are purely imaginary
matrices; X% 5 = —X ap. Thus, the present representation is indeed the Majorana representation,
in which the charge conjugation matrix is given by unit matrix, and the SO(9) Majorana spinor
is simply represented by (16-component) real spinor. The 3rd Hopf spinor is introduced as
SO(9) Majorana spinor subject to the normalization condition

U =1, (6.2)
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and the 3rd Hopf spinor is regarded as the coordinate of S'°. By sandwiching I'4 between the
3rd Hopf spinors, we now realize the 3rd Hopf map as

U — 3y =UT40. (6.3)

74 in (6.3) are coordinates on S®, since

Z TATA = (\I/t\I/)z =1.
A=12,....9

An analytic form of W, except for the south pole, is represented as

1 < (14 z9)® )
. ,
2(1 + z9) \(28 — Arzp)®
where ® is a SO(7) real 8-component spinor subject to the constraint
PP =1,

representing the S7-fibre. Then, ® has the same degrees of freedom of the 2nd Hopf spinor 1.
We may assign ® = (Re,Im)?, and the 3rd Hopf spinor is expressed as

Re
1 (1+ x9) (Im w)
V=" Rev
2(1 4 z9) (xg — Ajzy) (Im ¢>
Naively anticipated connection A = —i¥!d¥ vanishes due to the Majorana property of U,

however, defining

@_:1<a+m@@>7 (6.4)

2(1 + z9) \@sls — Aray
the connection of S7-fibre is evaluated as
A= —iWld¥ = dxaAy,

where Ay = (A, Ag) (M =1,2,---,8) are
1

Ay = — OMNZIN, Ag =0, (6.5)
9

with M =1,2,...,8. Here, opn are SO(8) “Weyl +” generators given by

1
o1y = ZZ[)\I; A7l o8 = —08] = _ii)\l-

(o7 and og are pure imaginary antisymmetric matrices.) The field strength Fap = 04 Ap —
OpA4 +i[Aa, Ap] is also evaluated as

Fyun = -2y AN +enAy 4+ oun, Fuyrg = —Fou = (1 +29)An,

which represent the SO(8) monopole gauge field [35]. Similarly, except for the north pole, the
3rd Hopf spinor has an analytic form

1 rglsg + Arx
\I’/: 818 I I>, 6.6
2(1 — xg) ( (1 —m9)ls (6.6)
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and the connection is

, 1

M: 1

OMNTN, Ag =0, (6.7)

where
01J =017, 018 = —08] = OJ8-
The corresponding field strength is derived as
Fun =azuAy —anAy +oun,  Fuo = —Foy = (1 —x9) Ay
Here, the SO(8) generators oy n (Garn) satisfy a generalized self (anti-self) dual relation:

4 4

OMN = @EMNPQABCDUPQUABUCD, OMN = _anNPQABCD5PQ5AB5CD-

The two expressions (6.4) and (6.6) are related by

0
v = (Y >\1:
<0 g

where g signifies an SO(8) group element

(378 + )\[:L‘[),

1
7= V1 — 23

which yields

2
——1 vrndzy.
5892 MN

. 2 _ .
—igtdg = _WEMNQUNCZ&'M’ —igdg' = -

Then, the gauge fields, (6.5) and (6.7), are concisely represented as
A= 2%(1 — z9)dgg’, A = —’%(1 + x9)g'dy,

and are related by
A =gt Ag —igldg.

Similarly, their field strengths are
F' =¢'Fg.

The non-trivial topological structure of the SO(8) monopole bundle is guaranteed by the homo-
topy theorem

71'7(50(8)) ~7 @ Z,

which is specified by the Euler number

e:/ tr(FAFAFAF).
S8
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Table 2.
responding fuzzy spheres and complex projective spaces are equivalent, i.e. S% ~ CP} and S} ~ CP}.
Meanwhile, in the 3rd Hopf map, two corresponding fuzzy manifolds, S% ~ SO(9)/U(4) and CPL ~
S15 /81 are not equivalent.

In the 1st and 2nd Hopf maps, the fuzzy manifolds are uniquely determined, since the cor-

Division algebra

Complex numbers

Quaternions

Octonions

Hopf maps

1st

2nd

3rd

Fuzzy sphere

S2 ~ SO(3)/U(1)

St ~ SO(5)/U(2)

S8 ~ SO(9)/U(4)

Fuzzy CP"

CPf ~ 53/t

CP} ~ S7/St

CPL ~ S5t

6.2 Fuzzy CP" and fuzzy S®

In the realization of the 3rd Hopf map, we utilized the real (Majorana) spinor. The fuzzification
procedure in the previous sections can not be straightforwardly applied to the present case,
since we do not have the complex conjugate spinor to be identified with derivative. However,
with 16 real components of the 3rd Hopf spinor, we can construct an 8-component normalized
complex spinor to be identified with coordinates on CP7. Then, in the present case, there exist
two different types of fuzzy manifolds, depending on the choice of the irreducible representation
of SO(9). The first one is the above mentioned fuzzy CP" ~ S /81 specified by the vector
representation of SO(9), while the other is the fuzzy eight-sphere S% ~ SO(9)/U(4) specified
by the spinor representation. Both two fuzzy manifolds are reasonable generalizations of the
previous low dimensional fuzzy spheres and fuzzy complex projective spaces (see Table 2).

7 Beyond Hopf maps: even higher dimensional generalization

We have reviewed the construction of fuzzy manifolds based on the Hopf maps. Since the Hopf
maps are only three kinds, the corresponding fuzzy manifolds are also limited. However, from
the results of the Hopf maps, one may naturally infer two possible generalizations of the fuzzy
manifolds, one of which is a series of fuzzy spheres:

S2F ~ SO(2k +1)/U(k),
and the other is that of fuzzy complex projective spaces:
CPE~ SU(k+1)/U(k) ~ §%+1 /51,

In this section, we first introduce mathematics of fuzzy spheres S%k in arbitrary even dimensions,
and next provide their physical interpretations, mainly based on Hasebe and Kimura [56] (see
also Fabinger [57] and Meng [58]). Fuzzy CP* manifolds and their corresponding Landau models
are discussed in Appendix B.

7.1 Clifford algebra: another generalization of complex numbers

It may be worthwhile to begin with the story of generalization of the complex numbers to
Clifford algebra. Generalization from fuzzy two-sphere to its higher dimensional cousins are
quite analogous to the generalization of complex numbers. As discussed in Section 2, Cayley—
Dickson construction provides one systematic way to construct new numbers by duplicating the
original numbers, but this construction method has a fatal problem: If we utilize the method, the
resulting algebra loses a nice property of numbers one by one. For instance, in the construction
of quaternions, the commutativity of the complex numbers was lost. In the construction of
octonions, even the associativity of quaternions was abandoned. Consequently, generalization
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of complex numbers ends up with the octonions, and there are only three division algebras
(except for real numbers). Clifford found another generalization of complex numbers, based
on Hamilton’s quaternions and Grassmann algebras, known as Clifford algebra. The Clifford

algebra, Cliff,,, consists of 2" basis elements {1, €4, €4€p, €a€p€p, - - ., €1€263 €} (a #b,a # b #
c,...), and its algebraic structure is determined by the relation®
{€a,ep} = 20ap. (7.1)

The division algebras except for the octonions are realized as special cases of Clifford algebra,
i.e. R = Cliffy, C = Cliff;, and H = Cliffs. The Clifford algebra can also be regarded as the
“quantized” Grassmann algebra (compare (7.1) with {ng,m} = 0 (4.1)). Though the division
property is in general lost, the Clifford algebras always maintain the nice associative property,
and are represented by gamma matrices that satisfy

{’Vav 7b} = 20ap-

Importantly, there are analogous geometrical properties between the division algebras and the
Clifford algebras: In the division algebras, new numbers are constructed by the Cayley—Dickson
construction. Similarly, higher dimensional gamma matrices are constructed by the lower dimen-

sional gamma matrices. Specifically, SO(2k — 1) gamma matrices 7-(%71) (i=1,2,...,2k—1)

are provided, SO(2k + 1) gamma matrices fyé%ﬂ) (a=1,2,...,2k+ 1) can be constructed as

(2k+1) _ 0 iy PF @k+1) _ (0 1 @k+1) _ (1 0 79
Vi = _Z,’y'(Qk_l) 0 ) Yok ~\1 0/ Yokrr = \g 1) (7.2)

Thus, in any higher dimensional gamma matrices are constructed by repeating the above pro-
cedure from the SO(3) gamma matrices, 7§3) = —09, 753) = o1, 7§3) = 03. As the Hopf maps
exhibit the hierarchical structure stemming from the Cayley—Dickson construction, the geometry
of higher dimensional fuzzy spheres reflects the iterative construction structure of the gamma

matrices as we shall see below.

7.2 Mathematical aspects of fuzzy sphere

We first introduce mathematical construction of fuzzy spheres [2, 9, 14, 15, 52, 53, 54]. Co-
ordinates on fuzzy 2k-sphere are constructed by the SO(2k + 1) gamma matrices in the fully
symmetric representation [%, %, ce é]

(6
Xo=5(1a®10  81+7%@1@ - @l+ +18 18 %)ym,

where v, (a = 1,2,...,2k + 1) are the SO(2k 4+ 1) gamma matrices in the fundamental repre-
sentation, and the number of the tensor product is I. Square of the radius of fuzzy 2k-sphere is
given by

Similarly, in the symmetric representation, the eigenvalue of the SO(2k + 1) Casimir is

2k+1 o2
> X = Tg P+ 2F),
a<b

4Though we treat Clifford algebras with Euclidean signature, Clifford algebras can be generally defined with
indefinite signature.
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where X, = —i1[Xq, Xp) are the SO(2k +1) generators. (Detail calculation techniques for sym-
metric representation can be found in [21].) Thus, the index I of the symmetric representation
determines the magnitude of the radius of fuzzy sphere. As the dimension of the symmetric
representation becomes “larger”, the corresponding fuzzy sphere becomes “larger”.

As in the case of fuzzy-four sphere, the fuzzy coordinates X, do not satisfy a closed algebra
by themselves, but X, and X, satisfy the following enlarged algebra

. et
[Xaa Xb] = 2Z05Xab7 [ch Xbc] = _15(5ach - 5(1ch)7

e
(Xab, Xed] = 25(5achd — 0adXpe + e Xad — OpaXac)-

With identification X, or42 = —Xog12, = %Xa and X, = X, the above algebra is found to
be equivalent to the SO(2k + 2) algebra

e
[(Xap, Xcp| = 715(5ACXBD —0apXpc + dpcXap —dpXac),

where A, B,C,D = 1,2,...,2k + 2. Thus, the algebra of fuzzy sphere Sz is SO(2k + 2) [14],
and S%k is expressed as

S = SO(2k +2)/U(k + 1) = SOk + 1)/U k),

where we used the relation SO(2k +2)/SO(2k + 1) ~ S?¢+1 ~ U(k 4 1)/U(k). The above coset
representation can also be expressed as

SH ~ SO(2k +1)/SO(2k) x SO(2k —1)/U(k — 1) = S* x SZ2, (7.3)

Fuzzy 2k-sphere is constructed not only by the operators X, but also the “extra” operators X,
and the very existence of X,; brings the extra fuzzy-space S%k_Q over S?*. From (7.3), one may
find the fuzzy sphere is expressed by the hierarchical fibrations of lower dimensional spheres

S2k o G2k 5 =2 5 81 % §2, (7.4)

which reflects the iterative construction of gamma matrices from lower dimensions.

7.3 Hopf spinor matrix and SO(2k) monopole

To obtain monopole bundles in generic even dimensions, we “extend” the Hopf maps. First, we
define “Hopf spinor matrix” of the form

vt <((1 + Top41)1 > ’ (7.5)

2(1 + zopp1) \(Tarl — ivizi)

where 1 stands for 2% x 2¥ unit matrix, v; (i = 1,2,...,2k —1) are SO(2k — 1) gamma matrices,
and x, (a =1,2,...,2k 4+ 1) are coordinate on 2k-sphere satisfying Zi’:{l ZTqTq = 1. The Hopf
spinor matrix is a 25*1 x 2% matrix that satisfies

Tql = Win, U,

where v, are SO(2k + 1) gamma matrices (7.2). The corresponding monopole gauge field is
evaluated as

A=dr Ay = —i¥dw,
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where

1
Ayj=——" 3t A =0. 7.6
a 2(1 + z2p+1) o 2t (7.6)

¥r, (v =1,2,...,2k) are SO(2k) generators given by
1
2
The field strength Fyp = 05 Ay — OpAa + i1[Aq, Ap] is calculated to yield

1
= _Zz[%%‘], Sho=—Sh =~y

Fw, = _-75#141/ + xz/A,u + E:w Fu,2k+1 = _F2k+1,u = (1 + $9)A,u-

These are the SO(2k) non-Abelian monopole gauge field strength [59, 60, 61]. Another repre-
sentation of the Hopf spinor matrix is introduced as

2(1 — $2k+1) (1 - x2k+1)1 ’
and the corresponding gauge field, A’ = —iWTd¥’ reads as
A :—;E_:c : =0 (7.8)
”w 2(1 _'$2k+l) [ %d 3] 2k+1 ) .
where
Y e

The gauge field strength F, is

Fl/“’ = x,uA;j - .’EVA;L + 2;1/7 F,li,2k‘+1 = _Fék+17u = (1 — xg)Afu

The SO(2k) generators, E;‘V and ¥, satisfy the generalized self and anti-self dual relations,
respectively:

2k—l

+ + +
EHl#Z ==+ (2k — 2)!€M1M2M3M4"‘M2k71#2kEusmx T Eﬂ2kflﬂ2k'

The two Hopf spinor matrices (7.5) and (7.7) are related by the transformation

0
v = (Y >\1:
<0 g

where g is an SO(2k) group element
1

9272
\/1 — Tok41

With g, the gauge fields (7.6) and (7.8) are concisely represented as

(ks + ivix;).

1 1
A= 25(1 — 2ak+1)dgg, A= —15(1 + ok+1)g' dg,

where

. 2 _ .
—igldg = ———— X, Tudxy, —igdg" =

2

_f v

- 7 X LudTy,.
2k+1

L =25
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Then, the two gauge fields are related as
A =g'Ag—igldg,

and the field strengths are
F' = gTF qg.

The homotopy theorem guarantees the non-trivial topology of the SO(2k) bundle fibration
over S2k:

WQk_l(SO(Qk‘)) = Z,

which is specified by the Euler number

e:/s%tr (F").

7.4 SO(2k + 1) Landau model

In generic d-dimensional space, Landau Hamiltonian is given by [506]

H——LDQ——ia—Q—(d—n ! 2JFLZAQ (7.9)
T o2M Y 2M 92 2Mror - 2Mr? ab’ '

where D, = 0, + 1A, (Ag is the SO(2k) monopole gauge field), and Ay, = —ixg Dy + ixpDy,.
The covariant momentum A, does not satisfy the SO(2k + 1) algebra but satisfies

[Agbs Acd) = 1(dacApa + ObaNac — ObeNad — SadNbe)

— i(TaxcFod + TpTaFac — TpTeFud — TaTalhe)-
The conserved SO(2k + 1) angular momentum is constructed as
Lab = Aap + 7% Fa,
which satisfies the SO(2k + 1) algebra
[Labs Lea) = i(6acLivd + ObaLac — ObeLad — dadLlie),
and generates the SO(2k + 1) transformations, for instance

[L(zba Acd] - i((sacAbd + 5bdAac - 5bcAad - 6adAbc)a
[Laba ch] = Z‘((sac‘de + 5bdFac - 5chad - 5adec)-

On 2k-sphere, the Landau Hamiltonian (7.9) is reduced to SO(2k + 1) Landau Hamiltonian

1 2
= game 2N
a<b
With the orthogonality AqpFap = FupAap, the Hamiltonian is rewritten as

1 1
HZ*QMRZ (ZLZb—ZF3b> = IMR2 <ZLZb_ZE/2w> )

a<b a<b a<b n<v
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Table 3. The fuzzy 2k-sphere is physically realized in the LLL of the SO(2k + 1) Landau model.
Previously encountered monopoles are understood as the special cases of SO(2k) monopoles, for instance
U(1) ~ SO(2), SU(2)(®SU(2)) ~ SO(4). Note also SU(4) ~ SO(6). The holonomy groups of spheres
are equal to the corresponding monopole gauge groups.

’ Fuzzy sphere ‘ Corresponding original sphere \ Monopole gauge group
5% ~ S0(3)/U(1) 52 ~ S0O(3)/S0(2) U(1)
St~ SO(5)/U(2) ~ SO(5)/S0O(4) SU(2)
S8 ~ SO(7)/U(3) ~ SO(7)/S0(6) U(4)
S8~ S0(9)/U(4) ~ SO(9)/SO(8) SO(8)
S% ~ SO(2k +1)/U (k) S ~ SO(Qk +1)/S0O(2k) SO(2k)

where Y, F2 =% u<v Efw was used. As in the previous Landau models, we take the fully
symmetric spinor representation (I/2) = [g, g, cee 2] for the SO(2k) Casimir Z/KV Ly and
the irreducible representation (n,1/2) = [n+2%, 2 2 ... L] for the SO(2k+1) Casimir }_,_, L%,

with the Landau level index n. In such a representation, the energy eigenvalues are given by

Bn = s (Conia (0. 1/2) = Col1/2),

where Copy1(n,1/2) is the SO(2k + 1) Casimir eigenvalue for (n, I/2):
k
Corr1(n, 1/2) =n* +n(I +2k —1) + 71 +2k),
and Car(1/2) is the SO(2k) Casimir eigenvalue for (1/2):

Cor(I/2) =Y %7, = 2Tk(I + 2k — 2).
p<v

Consequently, the energy eigenvalues of the SO(2k + 1) Landau model are derived as

1 1
E, = 2 I+2k—1)+ =Ik).
2MR2(n +n(I+ 2k )+2 k)

In the thermodynamic limit: R, — oo with I/R? fixed, the Landau levels are reduced to

1

1
~ 9MR?
The LLL energy, ELLL = o7 R2 k, depends on the spacial dimension 2k. In the thermodynamic
limit, S%* is reduced to 2k-dimensional plane, and the zero-point energy % = ﬁ coming
from each 2-dimensional plane amounts to Epyr..

As discussed above, coordinates on fuzzy 2k-sphere are given by the SO(2k + 1) gamma
matrices in the symmetric spinor representation. Similarly, the LLL basis of the SO(2k + 1)
Landau model realizes such a symmetric spinor representation. Thus, the LLL of SO(2k + 1)

Landau model provides a physical set-up for 2k-dimensional fuzzy sphere (see Table 3).

7.5 Dimensional hierarchy

Here, we give a physical interpretation of the hierarchical geometry of higher dimensional fuzzy
spheres (7.4). From the formula of the irreducible representation of SO(2k + 1) [49], the degen-
eracy in nth LL is given by

— k

2n+14+2k—1 (n+k—1)! n+I+2k‘—z I+2k—i—1
d = (I42i .
() = == wigE=1), 1;[ e sz 2%k —i ZHUIZL Th—i—1
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Figure 1. Lower dimensional spheres gather spherically to form a higher dimensional fuzzy sphere.

Table 4. Correspondence between algebras, monopoles, and fuzzy spheres.

’ Algebras H Bundle structure ‘ Monopoles ‘ Fuzzy manifolds

Division algebra Canonical bundle U(1), SU(2), SO(8)| Fuzzy 2,4,8-spheres
Grassmann algebra| Graded canonical bundle| Supermonopole Fuzzy supersphere
Clifford algebra Spinor bundle SO(2k) Higher d. fuzzy spheres

NI~

In the LLL, the representation is reduced to the fully symmetric spinor representation | ,é,. . .,%],

and the degeneracy becomes

(I+2k—1 = I+2l 'z'

(2k — I =D)LL (T +1)!

diiL — s T2 3Rl TR = kD (700)

The last expression implies a nice intuitive picture of the hierarchical geometry of fuzzy spheres.
Each of the SO(2k) monopole fluxes on S?* occupies an area (2 = (1/B)k = (2R2/I)k with the
magnetic field B = (271)/(47R?), and the number of fluxes on S% ~ R /{% ~ I*. Besides,
the monopole flux itself is represented by the generators of the non-Abelian SO(2k) group, and
is regarded as a (2k — 2)-dimensional fuzzy sphere. Again, the (2k — 2)-dimensional fuzzy sphere
is interpreted as a (2k — 2)-dimensional sphere in SO(2k — 2) monopole background, and then,
on %72 there are SO(2k — 2) fluxes each of which occupies the area (22 = (1/B)F~1 =
(2R2/I)k_l. Therefore, the number of SO(2k — 2) fluxes on S?F~2 is ~ RZ=2/¢2=2 k=1,
Similarly, the SO(2k — 2) non-Abelian flux is given by the generators of the SO(2k — 2) group,
and regarded as a fuzzy S?*~*. Thus, on S%*, we have I* §%~2, on which I*~! $2*=% on which
Ik=2 §2k=6 . By this iteration, we obtain the formula (7.10). Inversely, we can view this
mechanism from low dimensions: Lower dimensional spheres gather spherically to form a higher
dimensional sphere, and such iterative process amounts to construct a higher dimensional fuzzy
sphere. The dimensional hierarchy is depicted in Fig. 1.

8 Summary and discussions

We reviewed the close relations between monopoles, LLL, and fuzzy spheres. The fuzzy 2k-sphere
is physically realized in the LLL of the SO(2k + 1) Landau model. In the generalization of fuzzy
spheres, three classical algebras; division algebra, Grassmann algebra, and Clifford algebra,
played crucial roles. They brought the basic structures of monopole bundles and fuzzy spheres
(Table 4). In particular, the hierarchical geometry of fuzzy spheres is a direct manifestation
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of their gamma matrix construction: As higher dimensional gamma matrices are constructed
by lower dimensional gamma matrices, higher dimensional fuzzy sphere is constructed by lower
dimensional spheres. Such dimensional hierarchy can be physically understood in the context of
higher dimensional Landau model. It should be mentioned that, in [62], such interpretation was
successfully applied to dual description of higher dimensional fuzzy spheres in string theory. We
also emphasize the importance of the Hopf map in realizing fuzzy sphere. In the fuzzification of
spheres, the total manifolds (Hopf spinor spaces) of the Hopf maps played a fundamental role:
The total manifolds were firstly fuzzificated and as “a consequence” the basemanifolds (spheres)
are fuzzificated. Interestingly, this fuzzification mechanism coincides with the philosophy of
twistor theory (see [63] and references therein).

There are various works related to the present paper: Even restricted to the recent ones,
supersymmetric extensions of the Landau model [64, 65, 66, 67, 68, 69], supersymmetric fuzzy
manifolds [70, 71], generalizations of the Hopf maps [72, 73, 74, 75], supersymmetric quantum
mechanics [76, 77, 78, 79, 80, 81, 82], and applications to string theory [83, 84, 85, 86].

Finally, we comment on applications to many-body physics. The correspondence between
fuzzy geometry and LLL physics argued in the paper was at one-particle level observation.
Interestingly, there even exists correspondence at many-body level: Many-body groundstate
wavefunction of quantum Hall effect (Laughlin wavefunction) is mathematically analogous to
an antiferromagnetic ground state (AKLT state) [87, 88]. Accompanied with the higher di-
mensional and supersymmetric generalizations of the quantum Hall effect®, their formalism has
begun to be applied to the construction of antiferromagnetic quantum spin states with higher
symmetries [88, 93].

A 0th Hopf map and SO(2) “Landau model”

Real numbers are the “Oth” member of the division algebra. For completeness, we introduce the
O0th Hopf map
gt Za, 517

and the corresponding Landau model. The Oth Hopf map is realized by identifying “opposite
points” on a circle, and is simply visualized as the geometry of Mdbius strip whose baseman-
ifold is S' and transition function is Z. Unlike the other Hopf maps, the dimension of the
basemanifold is odd and the structure group is a discrete group.

A.1 Realization of the 0th Hopf map

With the coordinate on a circle, w = (wy,ws)? (a real two-component spinor subject to wiw =
w? + w3 = 1), the 0th Hopf map is realized as

w1
w = <w ) — x1 = wlosw, xo = wloqw. (A1)
2

Here, 01 and o3 are the real Pauli matrices. 1 and xo are invariant under the transformation
(w1, we) — —(w1,ws), and hence (x1,x2) is Zy projection of (wy,wsz). From (A.1), one may find
2?2 + 22 = (w'w)? = 1. Inverting the map, w can be expressed as

0

o <1+a:1>_ cos 5
2(1+a1) \ 22 snl |’
2

®Interested readers are expected to consult the review [24], and [89, 90, 91, 92, 63] for more recent works.
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where x1 and xo are parameterized as x1 = cosf and y = sinf. The corresponding connection
)

vanishes: A = —iw'dw = 0. Meanwhile, using a U(1) element w = w; + iwy = €'2, the Oth Hopf

map is restated as

w—>1:1+i$2:w2,

and the connection, A = —iw*dw = jw'codw = dz A, + dyA,, is given by
1 1 1
A, = —iy, Ay = im or Ay = —3

It is straightforward to see the field strength, B = 0,A, — 0,A;, represents a solenoid-like
magnetic field at the origin:

B = 7mi(z,y).

A.2 SO(2) “Landau model”

Next, we introduce “Landau model” on a circle in the presence of magnetic fluxes [94]
B = Iné(z,y).

Here, I is the number of magnetic fluxes, and takes an integer value. The corresponding gauge
field is given by

I 1

Ay = _277“221’ Ay = 27335,

where 12 = 22 4+92. Since the magnetic fluxes are at the origin, the classical motion of a charged
particle on a circle is not affected by the existence of the magnetic fluxes. In quantum mechanics,
however, the result is different. With the covariant derivatives D, = 0,+%A, and D, = 0, +1iA,,

Landau Hamiltonian on 2D plane is given by
1 92 N 1
2M Or?2  2Mr?

where A is the covariant angular momentum

1
H=—2(D;+Dj) = A%

0

— + A

Zae + Ag,

with Ag = £. On a circle with radius R, the Hamiltonian is reduced to SO(2) “Landau Hamil-
tonian”

1 1 o i\’
H= A=~ —+ 1) .
2M R? 2M R? <80 + 2 )
This is a one-dimensional quantum mechanical Hamiltonian easily solved. In higher dimensions,
the covariant angular momentum is not a conserved quantity, but the present case it is, as simply

verified [A, H] = 0. Since the magnetic field angular momentum does not exist on the circle,
the particle angular momentum itself is conserved. Imposing the periodic boundary condition

A = —izDy + iyD, = —

u(@ =2m) = u(f = 0),
the eigenvalue problem is classified to two cases: even I and odd I. For even I, the energy
eigenvalue are given by

1 2
En =S
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where n =0,1,2,3,.... The eigenstates are

o 1 i infé 6
uwgm_whe( )o.
Except for the lowest energy level n = 0, every excited energy level is two-fold degenerate.
The physical origin of the double degeneracy comes from the left and the right movers on the
circle. The energy levels are identical to those of free particle on a circle. Thus, for even I, the
magnetic flux does not affect the energy spectrum of the system. Meanwhile, for odd I, the
energy eigenvalues become

E’—# +1 i (A.2)
nTomrz\""2) :

and the corresponding eigenstates are

ul(a)ﬂ:n _ \/%ei(:t(n-‘ré)—é)@.

All the Landau levels are doubly degenerate even for n = 0. The energy spectra (A.2) are
different from those of the free particle on a circle, reflecting the particular role of the gauge
field in quantum mechanics. It is also noted that the number of the magnetic fluxes I has nothing
to do with the degeneracy in Landau levels unlike the other Landau models (see equation (3.11)
for instance).

B Generalized 1st Hopf map and SU (k + 1) Landau model

B.1 SU(k + 1) Landau model and fuzzy complex projective space

The projection from sphere to complex projective space,
1
52k+1 S_} (Cpk,

is a straightforward generalization of the 1st Hopf map. (Note CP! ~ $2.) In [95], Karabali
and Nair introduced SU(k + 1) Landau model on CP* in U(1) monopole background. Since the
SU(k + 1) Landau models are reviewed in [20, 24], we survey the main results. The SU(k + 1)
Landau model Hamiltonian is given by

o koo,
H=crmm <CSU(k+1) mf ) ; (B.1)

where Cgpr(x41) represents the Casimir operator of the SU(k + 1) group. One may notice
analogies between (B.1) and the spherical Landau model Hamiltonians (see for instance (3.9)).
The SU(k+1) group has k Casimirs, and hence its irreducible representations are specified with
Young tableau index, [A1, Ag,...,Ax]. In the SU(k 4+ 1) Landau model, Young tableau index
is chosen as [A1,A2,...,  \¢] = [P+ ¢,¢,...,q]. When ¢ = 0, the Young tableau index becomes
[p,0,...,0] representing the fully symmetric representation of the SU(k+ 1) spinor. Meanwhile,
when p = 0, the index becomes [q,q,...,q| representing the fully symmetric representation
of the SU(k + 1) complex spinor. The “difference” between the fundamental and complex
representations is specified by I = p — ¢, which corresponds to the U(1) monopole charge. The
Landau level index can be taken as ¢ = n, since, in LLL (n = 0), the irreducible representation
is reduced to the fully symmetric spinor representation. Thus, the SU(k + 1) Young tableau
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index (n,I) = [2n+ I, n,...,n] specifies the states of the nth Landau level in U(1) monopole

background with magnetic charge 2(%”[ . Then, the energy eigenvalues are derived as

1 k A k

and the corresponding degeneracies are

I+n+k—-Dl(n+k—1)!

d(n, 1) = T+ )l

2n+1+k) (B.3)

1
RIS

The k dependence of the LLL energy Er11, = ﬁk is simply understood by remembering that
CP* consists of k complex planes each of which equally provides zero-point energy contribu-
tion % = ﬁ to LLL energy. The LLL basis elements are constructed by the fully symmetric
products of the SU(k + 1) Hopf spinor or the Perelomov coherent state of SU(k + 1) [96]

1

z

. 1
111 — Z9 , (B4)

VIt 2+ B+ + 2z
2k
as
1
I(JTIYJLIlJ7m2,~~~,mk) — - - —; 1m1zlm222m3 .. kakJrl’ (B5)
VIt iz + 2+ + Zia

where my + mg + -+ + myy1 = I (m1, ma,...,mg > 0). Thus, the degeneracy in the LLL is

drir, = S that coincides with d(0,1) of (B.3). With the SU(k + 1) Hopf spinor (B.4), the
LLL Lagrangian is given by

. d
Liin = —Zfl/JT@W

After quantization, the normalization constraint 1)f1) = 1 is imposed on the LLL states:

d
t
& in = Idrie.
v ¢ Yrin = I
Indeed, the LLL states (B.5) satisfy the above condition.
Fuzzy CP* is constructed by taking the fully symmetric representation of SU(k + 1) [97, 98,
99, 22]. With the SU(k + 1) extended Schwinger boson operator

(5

<
Il

&k-‘rl
satisfying [1[10“ @;] =0a8 (a,=1,2,...,k + 1), coordinates on fuzzy CP* are constructed as

T, = apit;yp



Hopf Maps, Lowest Landau Level, and Fuzzy Spheres 37

where t; (i = 1,2,...,k%+2k) stand for the fundamental representation matrix of the SU(k+1)
generators, normalized as tr (t;t;) = %515. Square of the radius of fuzzy CP* is given by the
SU(k + 1) Casimir operator:

k242K
T;T;
i=1

k

- 72(k+1)a21(1'+k+1). (B.6)

In particular for fuzzy CP! (k = 1), equation (B.6) reproduces the result of fuzzy two-sphe-
re (3.19):

Similarly for fuzzy CP? (k = 3), equation (B.6) becomes

A 3
T,T; = goﬂI(I + 4),
1

-
I

which is equal to the Casimir of fuzzy four-sphere

5
1 PSS PSRN 3
12 XaXa+ ) XuXa = QLI+ 4),
a=1 a<b
where X, and X, are given by equations (5.20) and (5.21), respectively.
The symmetric representation is constructed as
1

\/mllmg! s ‘mk+1!

(@) (@)™ - ()™ o),

|m17m27 .- amk>sym. =

where my +mg + -+ +mpy1 = I (mq1, ma,...,mgr1 > 0). The number of the states consisting

of fuzzy CP* is d(0,1) = (I,:!rﬁ)!. From the above discussion, the correspondences between the
SU(k 4 1) Landau model and the CP* fuzzy manifold is apparent.

B.2 Relations to spherical Landau models

As easily verified, the SU(2) Landau model is equivalent to the SO(3) Landau model. From
the formulae (B.2) and (B.3), the energy eigenvalues and degeneracies of the SU(2) Landau
Hamiltonian are derived as

1 1

These indeed reproduce the results of the SO(3) Landau model, (3.10) and (3.11). Moreover,
the SU(2) coherent state

po ! 1
N VItziz \z)’
corresponds to the 1st Hopf spinor (3.4) by the relation

Z_@_l'l—i-ixg
$1 1+ 3

and the SU(2) LLL basis elements (B.5) for k = 1 are equal to equation (3.12).

9
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There also exists correspondence between the SU(4) and SO(5) Landau models in the LLL.
Again from equations (B.2) and (B.3), the energy eigenvalues and degeneracies of the SU(4)
Landau model are read as

1 3
E”_m <n(n+3)—|—[<n+2>>,

d ! m+1)(n+2)IT+n+ )T +n+2)I+2n+3). (B.7)

(et
The SU(4) Landau level energy is different from that of the SO(5) Landau model (5.11), only
by the total energy shift ﬁ[ . This discrepancy is understood by a simple geometrical argu-
ment [95]: Since CP? ~ S* x S2, the CP? is regarded as S2-fibration over S4, and the zero-point
energy from the extra S%-space, % = ﬁ] , gives rise to the difference. Generally, the degene-
racy of Landau levels of the SU(4) Landau model (B.7) is different from that of the SO(5) Lan-
dau model (5.12), but in the LLL, both quantities coincide to yield drrr, = #(I+1)(I+2)(I+3).
This manifests the equivalence between the SO(5) and SU(4) Landau models in LLL. By com-
paring the 2nd Hopf spinor (5.5) with the SU(4) coherent state

1
w N 1 21
V14 2tz + 2520 + 2523 | 22 ’
Z3
we find the correspondence
212@2@, 222%2 ! <$4—i$3—(i$1+$2)¢2>,
1 Y1 145 $1
Py 1 ( : , ¢2>
23 = —— = —wx1 +x2 + (x4 +223)— |,
Y1 1+uas ( )¢1

and also for the LLL basis elements, (5.13) and (B.5) for k£ = 3.
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