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Abstract

The quantum mechanics in Moyal plane, which has noncommutativity [, §] =
i0(0 = constant), was formulated using Hilbert-Schmidt operators. This for-
mulation is shown to allow to construct the Schwinger’s SU(2) generators in
this noncommutative case. Using these generators we revisited the problem
of 2D noncommutative harmonic oscillator, which earlier was being stud-
ied by star product formulation of quantum mechanics in noncommutative
space. The energy spectrum of this 2D noncommutative oscillator is ob-
tained where it comes with the renormalized parameters different from the
bare parameters occuring in the Hamiltonian, from which it can be inferred
that observable mass and frequency of 2D noncommutative oscillator will be
different from the bare mass and frequency. The breaking of SU(2) and time
reversible symmetry in also shown.

The noncommutative geometry, which allows to do the geometry not only for
the commutative/usual space but also for the noncommutative /pseudo space
in the algebric manner, where the topological and geometrical informtion of a
space is captured through the spectral triple (Algebra (A), Hilbert space(H),
Dirac operator(D)). We applied the approach of noncommutative geometry
to compute this spectral triple in the noncommutative space whose coor-
dinates satisfy SU(2) algebra type noncommutativity- [Z;, &;] = i\€;jpdx.
With this noncommutativity, the radius-squared operator, which is Casimir
operator, is quantized, so the space can be viewed as concentric spheres, each
sphere being named "fuzzy sphere". We calculated the infinitesimal distance
function between two "points" (taken to be pure states of C* — algebra) on
these fuzzy spheres and studied its closeness with the commutative case,
calculating the distance function using the coherent state.
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Chapter 1

Introduction

The work of my MS thesis is related to the field of "Noncommutative quan-
tum mechanics and Noncommutative geometry".

1.1 History/Literature survey

Theory of noncommutativity deals in atleast two arena. One is noncom-
mutativity in the space-time coordinates and other is the noncommutativity
which arises by defining mapping from the differentiable manifolds to the
matrix spaces, these maps becomes noncommutative due to the matrices be-
ing noncommutaive. These kinds of noncommutativity arises in the so-called
"Almost commutative spaces", used in the spectral formulation of standard
model - a la Connes et.al [17]

The spacetime noncommutativty was first proposed by Heisenberg him-
self in 1930. His idea behind the proposal was to suggest one possible way
to remove the divergences occuring in the quantum field theory. The first
paper on the subject appeared in 1947 by Hartland Snyder. By that time
the renormalization technique to remove the divergences of quantum field
theory took the attention of the scientific community and the field of non-
commutativity got subsided. After that it only got the boost in mid 1990’s
with the paper of Sergio Doplicher, Klaus Fredenhagen and John Roberts in
1994 ([1] ). They set out an another motivation for the spacetime noncom-
mutativity from the argument of both Quantum mechanics and Einstein’s
theory of general relativity. The argument is given as follows: To probe the
distance of the order of the Planck length [, given by-

hG _
p = 073 ~ 10 336m (].].)
the probe wavelength has to be of the order of compton wavelength. Al-

ternatively, the probe mass/energy has to be huge (the probe mass/energy is



inversely proportional to the Compton wavelength). But from the considera-
tion of the general relativity , the localization of the huge mass/energy in the
scale of Planck length will automatically leads to the formation of Black-hole
and event horizon will take place, which in turn will make the measurement
impossible. So, it seems natural to propose the certain spacetime noncom-
mutativity which will prohibit to make the simultaneous measurement of all
the space-time coordinates.

Further, it got boost with the paper by Nathan Seiberg and Edward
Witten in 1999 [2]. In the context of string theory they argued that the low
energy limit of the string theory leads to the spatial noncommutativity in
the presence of constant B-field ( analogous to the constant magnetic field.)

Also, Since the space-time noncommutativity does not allows to make
a precise measurement of the space-time coordinates, the notion of the
usual/differentiable space is lost. The usual points, paths do not make sense
in the noncommutative case. The development of the "Noncommutative
Geometry" around 1980’s by French mathematician Alain Connes and his
co-workers helped to study these type of noncommutative spaces [I5]. The
development of the noncommutative geometry was based on the famous the-
orem - "Galfand -Naimark theorem" given by Galfand and Naimark around
1940’s , which estabilish a duality between a space and the algebra of the
smooth functions defined on it. Connes in the noncommutative geometry
developed the so called "Spectral Triplet" , comprising of - Algebra , Hilbert
space and the Dirac operator (A, H,D), (The algebra and Dirac operator
both acts on the Hilbert space through some appropriate representation)
where the algebra captures the topological information and the Dirac opera-
tor captures the geometrical information of the space. The algebra can then
be taken to be noncommutative and which is thought to be the algebra of the
functions defined on some "virtual noncommutative spaces." The attention
from the noncommutative spaces (which does not even concretely exist) is
switched to the noncommutative algebra, which is assumed to capture the
information of the noncommutative spaces.

It was argued by Alain Connes in one of his paper " Noncommutative
geometry and Physics"([16]) that at the level of the grand unification scale
(1016 Gev) with is three decimal lower than the Planck scale (10! Gev)
, unification of gravity with the standard model of particle physics at the
classical level will lead to a manifold which will not be a differentiable mani-
fold, instead it will be pseudo/noncommutative manifold which is described
through the noncommutative algebra. Using the approach of Noncommuta-
tive geometry the unification of gravity with the standard model of particle
physics has been given by Connes and his co-workers, the detail of which can
be found in the review article "Particle Physics from almost Commutative



Spacetime" ([I7]), by Walter D. Van Suijlecom and Koen Van Den Dungen
, where the Higgs field comes out naturally. Infact, the approach of non-
commutative geometry has been able to correctly postdicted the Higgs mass
around 126 Gev, ([I8]) which was observed recently in 2012 at LHC , Cern.

Also, the spatial noncommutativity can be realized in the presence of the
strong arbitrary magnetic field , where the field is assumed to be so high
that the particle can be assumed to remain in the lowest Landau level (the
energy level separation is directly proportional to the magnetic field). The
projected coordinates on the lowest Landau level than satisfy the certain
spatial noncommutativity. The realization of spatial noncommutativity can
also be obtained through the classical approach using the Dirac bracket anal-
ysis, where the requirement of the strong arbitrary magnetic field imposes
certain constrained equation, which in the Hamiltonian formulation are han-
dled using the Dirac’s prescription , where the Poisson bracket are replaced
with the Dirac Bracket and the first approximation to quantum theory is
obtained through Dirac bracket instead of Poisson bracket ([19]).

The quantum mechanics and quantum field theory in the simplest choice
of noncommutativity of type

[i.lm fiv] = ie,uu (1.2)

is being studied using the star product([3]), mainly the Voros star product
and the Moyal star product. Recently, it was shown that the different star
product leads to the different physical consequences ([5]) so it was necessary
to have an operatorial framework/formulation. The operatorial formulation
for the 2D plane with the noncommutativity [Z,y] = @6, which is called
Moyal plane, is given through the Hilbert-Schmidt operators in the paper

(I7)-

The Hilbert-Schmidt operatorial formulation in the Moyal plane has been
studied since its development to check its consistenty with the quantum me-
chanical interpretation . The various problems in noncommutative quantum
mechanics itself like- free particle, harmonic oscillator, Coulomb potential,
finite square well and many others has been studied since then using this
approach.

1.2 What underlies my work

The noncommutative harmonic oscillator has been studied widely but mostly
with the use of star products. We revisited the problem of noncommutative



harmonic oscillator in 2D Moyal plane in parallel to the 2D harmonic os-
cillator in the commutative case , using the approach of Hilbert-Schmidt
operatorial formulation with the help of Schwinger’s SU(2) generators. It
has been shown that the Hilbert-Schmidt operator formulation allows to
construct the Schwinger’s SU(2) generators in noncommutative Moyal plane
and using which it is also shown that the SU(2) symmetry of noncommuta-
tive harmonic oscillator is broken to U(1) symmetry along with the breaking
of time reversible symmetry. The energy spectrum is also obtained where it
comes with the renormalized parameters different from the bare parameters
occuring in the Hamiltonian, from which it can be inferred that observable
mass and frequency of 2D noncommutative oscillator will be different from
the bare mass and frequency. This has been uploaded in the arXiv: 1312.3095
[23].

The above used Schwinger’s SU(2) generators is now can be reinter-
preated as the position operators in 3D with the SU(2) noncommutative
algebra. Such a spatial noncommutativity is realized in the presence of the
strong magnetic field produced by the magnetic monopole. This type of spa-
tial noncommutativity is similar to the noncommutativity satisfied by the
angular momentum operators. One can define the simultaneous eigenstate
|n,ns) of radius -squared operator 5?2, which is Casimir operator, and the T3
operator similar to the case of angular momentum. The radius-squared op-
erator takes the value A2n(n + 1), so that radius is quantized. Each sphere
with radius indexed by n is called fuzzy sphere. The applicability of the
noncommutative geometry can be tested by applying to these simple non-
commutative spaces (fuzzy sphere), so we desired to apply the formulation
of noncommutative Geometry to these type of noncommutative spaces to
construct the spectral triplet (A, H, D) and to find the analytic formula for
the Connes infinitesimal distance function between two "points"(taken to
be pure states of an appropriate C*-algebra) derived in [21]. Also following
the paper [22] we constructed the perelemov coherent state on the sphere
and applied the formalism of [2I] to obtain the metric of the sphere in the
stereographic variables.



Chapter 2

Essential background theory

2.1 Noncommutativity in magnetic field

Noncommutativity can be realized in the strong magnetic field. The non-
commutativity in magnetic field arises when one consider the magnetic field
to be so high that particle can be expected to remain in the ground state
(The seperation between energy levels is directly proportional to the strength
of the magnetic field), then the projected coordinates on the ground state
satisfies the certain noncommutativity. In the Landau problem , where one
consider the magnetic field in the Z-direction and assume the motion of the
particle in the x-y plane. The projected coordinates on the lowest Landau
level satisfies the Heisenberg algebra type noncommutativity

—1

(2.1)

The noncommutativity in the magnetic field produced by the magnetic monopole
has also been obtained quantum mechanically from the projection of the co-
ordinate variable to the ground state in [24]. The projected coordinates are
found to satisfy the Lie-algebra type noncommutativity:

[Zi’i,.f’j] = Z)\E'ij-fk (22)

where A is inversely related to the strength of the magnetic field.

2.2 Formulation of quantum mechanics in noncom-
mutative Moyal plane

In this section we discuss the formulation of quantum mechanics in noncom-
mutative Moyal plane which has noncommutativity in coordinates £; and Z»
of the type-

[@17 i’g] = i@Eij (23)



In the noncommutative quantum mechanics there is a spatial noncom-
mutativity which imposes restriction on the simultaneous measurement of
the coordinates z1 and w9 of the form AziAzy > g. Due to this uncertain-
ity , noncommutative quantum mechanics does not allow to make a precise
measurement of position and the notion of points are lost. The configuration
space itself becomes blurred as it happens with the phase space in quantum
mechanics since coordinates and momentum does not commute. Here in
the nocommutative case the 2D configuration space itself is replaced by the
Hilbert space which is named as classical Hilbert space H.. The physical
state of the system under consideration is taken to be the Hilbert Schmidt
operators [¢) (denoted by this symbol to distinguish from the usual [¢))),
which are traceclass (well defined trace) and bounded operators (bounded
norm) on the H.. The Hilbert -Schmidt operators also forms a Hilbert space
which is named quantum Hilbert space H, to distinguish it from the pre-
viously defined classical Hilbert space H.. The element of H, which are
operators (polynomials in operators Z; and &2 ), now serve the purpose of
ket in noncommutative case. The wave function in the appropriate represen-
taion is obtained by taking the inner product with the corresponding basis.
The observables are then taken to be Hermitian operators on H, with some
approprite representation.

Because of the Hermiticity of the observables here too there eigenvalues
are real and there eigenstates provides the complete basis for #,. The postu-
lates of quantum mechanics still remains valid here. The position measure-
ment needs special attention since they do not commute so the simultaneous
eigenstates of both the position observables can not be constructed and there
is always an uncertainity in the simultaneous measurement. The best thing
one can do is to take the coherent state since they are the minimum un-
certainity state to give the notion of position measurement. But since the
coherent states provides the over complete basis for the H,, one can not
construct the projective valued measure (PVM) to assign the probability
of particular outcome, instead one uses positive operator valued measure
(POVM) to assign the probability of particular outcome.

2.2.1 Formulation

In 2D, the noncommutative coordinate algebra(in the unit & = 1) can be
written as

[f)i,fj] = ieﬁij (24)
Defining the creation bf = \/% (Z1 — i%2) and annihilation operators b =
\/% (Z1 +1iZ2) such that [b,b'] = 1. The noncommutative two dimensional



classical configuration space can be written as:
He = spanf] )} (2.5)

where |n) = \F(bT) |0) is the eigenstate of the operator bfb: (bfb|n) = n|n))
The corresponding quantum Hilbert space, the elements of which represent
the physical states, can then be taken as the set of Hilbert- Schmidt operators
which are all bounded trace-class operators over H,

Hy = {1 : tre(Th) < oo} (2.6)

The elements of H, are denoted by a round bracket [¢)) = span{|m)(n|}
(most general state) and the inner product between them is defined as

(¢lv) = tre(67) (2.7)

where the subscript c refers to tracing over H. and t denotes Hermitian con-
jugation on H. while I will denotes the same on H,.

If X; and P; are the representations of the operators #; and the conjugate
momentum respectively acting on H,, then a unitary representation is ob-
tained by the following action:

Kb =i, P = geliy vl = gey (XF = XF) ., (28)

where X L and X R refer to left and right action respectlvely ie. X L”(/J = z;0
and XRw ;. Note that, we have taken the action of X; to be left action
(X; = XF) some what arbitrarily and the momentum operator is taken to act
adjointly. This ensures that X; and P satisfy non-commutative Heisenberg
algebra:

(XF, XF = (X, Xj) = i0ei; 5 (X, Pj) =iy ; [P, Pj] =0 (2.9)
It can be checked easily that the right action satisfies
(X7 XJ) = —ifei; ; [(X}F, X = (2.10)

The corresponding right actions of anihilation operator is introduced in an
analogous manner:

(1] = < (0" = (br)" (jmm) (2.11)

so that for any ¢ € Hg,one define Bry = By and Bry = B and similarly

for BL/R

10



2.3 Non-commutative Geometry

In this section we briefly discuss the noncommutative geometry developed by
the French mathematician Alain Connes which allows us to give the concept
of geometry not only for the differentiable manifolds but also for the pseudo
spaces (noncommutative spaces).

The field of noncommutative geometry is based on the famous theorem by
Galfand and Naimark known as "Galfand- Naimark theorem." The statement
of the theorem is stated as: "The category of the locally compact Hausdorft
space is anti equivalent to the category of the commutative C*-algebra."

locally compact Hausdorff space ~ commutative C*-algebra®”  (2.12)

The term used in the statement of the theorem will be shortly reviewed in
the subsequent sections. The above stated Galfand- Naimark Theorem im-
plies that there is a duality between a locally compact Hausdorff space and
a commutative C*-algebra. In short, all the information about the space is
encoded through C*-algebra. One can now take the algebra to be noncom-
muative and the corresponding space will then be called the noncommutative
space. Alain Connes developed the formulation of noncommutative geome-
try where he defines the so called "spectral triplet" (A, H, D).

1. Algebra (A)
2. Hilbert Space (H)
3. Dirac Operator (D)

The algebra (A) captures the topological information of space and the Dirac
operator (D) captures the information of geometry in these spaces. The
choice of the algebra and Dirac operator constitutes the main input of the
model while the choice of the Hilbert space is irrelevant. The algebra element
acts on Hilbert space H through some appropriate representation. The Dirac
operator also acts on the Hilbert space. The commutator [D,a] ,a € A plays
the role of the differential ‘é—‘;, with ds the length element, in the commutative
case. The geodesic formula of the Riemannian geometry-

d(z,y) = Inf/ds (2.13)

~

is replaced in noncommutative geometry with-

d(x,y) = supp{la(z) — a(y)[} (2.14)
B={aecAl[Dd| <1}

11



2.3.1 Duality between space and algebra
Algebra

An algebra is a set of elements together with the property of vector space as
well as the group. Any algebra A will be an algebra over some field C . This
means that objects like aa + Bb € A with a,b € A and o, 5 € C. Also, it is
closed under product A x A — A, A > (a,b) — ab € A, which is distributive
over addition,

a(b+c)=ab+ac, a,bceA (2.15)

There are different class of algebra-

1. Banach Algebra -An Algebra with an additional property of definite

norm such that-
a,b € A |labl = [lall||b]] (2.16)

2. C*-Algebra -A Banach algebra with an additional property of the no-
tion of involution map * : A — A with the property

a,be A, a=(a")"=a (2.17)
(a+b)"=a"+0b" (2.18)
(ab)* = b*a” (2.19)

Category

A category C consist of collection of three main elements
1. Class ob(C) - The elements of it are called objects.

2. Class hom(C)- The element of it are called morphisms or arrows or
maps. Each arrow f € hom(C') connects a particular object a € ob(C)
to another obeject b € 0b(C) ,f : a — b.

3. Composition of arrows- such that for any three objects a,b,ce ob(C)
we have hom(a,b)x hom(b,c) = hom(a,c). hom(a,b) is the notation
for - hom class of all arrows from a to b

Galfand- Naimark Theorem

The celebrated Gelfand-Naimark theorem states that the category of locally
compact Hausdorff spaces is anti-equivalent to the category of commutative
C*-algebras:

{locally compact Hausdorff space} ~ {commutative C*-algebra}’” (2.20)

For a locally compact Hausdoff space X, let Cy(X) denote the algebra of
complex valued continuous functions on X that "vanish at oco" . This means

12



for any € > 0 there is a compact subset K C X such that |f(x)| < e for
r¢ K

Co(X)={f:X — C,f is continuous and f(co) = 0}. (2.21)

Under pointwise addition and scalar multiplication Cy(X) is obviously an
algebra over the field of complex number C, with the sup-norm

If1l = sup{|f(z)|;z € X} (2.22)

Also, let A be a commutative C* -algebra. Let Q(A) = set of characters of
A | where a character is simply a nonzero algebra map

Q:A-C (2.23)

From the theorem it follows that there is a duality between locally compact
Hausdorfl space X and algebra Cy(X) in the form-

X ~Q(Cu(X)) (2.24)
And for given C*- algebra ’A’ the duality is of the form-
A~ Cp(R2(A)) (2.25)

As a generalization one can now take the algebra to be noncommutative. A
noncommutative C*-algebra will be now thought of as the algebra of contin-
uous functions on some ’'virtual noncommutative space’. The attention will
be switched from spaces, which in general do not even exist 'concretely’, to
algebra of functions.

Alain Connes has developed the new calculus which replaces the usual
differential calculus. He defines the so called "spectral triple" ( A, H, D)
mentioned in the introduction part. The algebra A acts on the Hilbert space
‘H and captures the topological information discussed in the previous section.
The Dirac operator is needed to give a notion of distance.

2.3.2 Commutative space through noncommutative geome-
try

In the commutative, for a 'n” dimensional Riemannian manifold (X,g), Co(X)
the algebra of complex valued continuous functions on X that "vanish at
infinity" provides the algebra A of the spectral triplet. The Hilbert space
is taken to be square integrable sections of the spinor bundle over X , H =
L%*(X,S). The Dirac operator D is taken to be D = iy#V,,, where V,, is the
covariant derivative associated with the Levi-Civita (metric and torison free)

13



connection of the metric tensor ’g’ of the manifold X. The gamma metric v*
obey the relation

{v", 7"} =29 (2.26)
The elements of A acts as multiplicative operator on H.
(f)(@) = flx)d(z), [feA deH (2.27)

Let us apply it to the simplest case of one dimensional line. The spectral
triplet for the line is -

1. Algebra (A) - continuous functions f(x) defined on the line with f(+00)=0
2. Hilbert space (H)- same as algebra (only in this case)
3. Dirac operator (D)- —id,
The point of the space (1D line) is obtained by defining the map (2.24). The
dirac delta function provides the mapping:

/d:pf(:c)é(:t —x9) = f(x0) = C-number (2.28)

In the dirac delta function 6 (x—x¢), x¢ specifies the point of the 1D line. The
distance between two point x and y of the line is obtained through (2.14).

d(x,y) = Sup{[f(x) — f(W)], [0=(f(x))[| < 1} (2.29)

the suprimum will be obtained when the function has the slope of 1 i.e. f(x)
= x+c , so that we get
d(z,y) = |z —y| (2.30)

2.3.3 Noncommutative Case: Moyal plane

As earlier discussed the Moyal plane is defined to be the plane whose coordi-
nate satisfy the commutator algebra-[z,y| = 6 and we defined the noncom-
muative configutaion space by-

He = Span{|n)}2y (2.31)

where |n) is the eigenstate of the number operator b'b, where b = \/%(x +
iy).The number operator is related to the radius-squared operator by-

P2 =22 4 9% = 20000 + 1/2) (2.32)
so the state |n) is an eigenstate of the radius-squared operator with eigenvalue-

#2|n) = 20(b'b+ 1/2)|n) = 20(n + 1/2) (2.33)

14



starting from the smallest radius V@ , the radius is quantized . The
physical state of the system is taken to be element of the quantum Hilbert
space H,, whose elements are Hilbert-Schmidt operators (trace-class and
bounded operators) which acts on H,, so they are function of coordinate
operator £ and g. The general form is written as-

Hy = Spand|n) (ml} (2.34)
as introduced earlier the action of coordinate XZ and 151 on H, are given as-

Kb =di, P = gyl vl = gy (XF — %), (2.35)
The elements of H, forms an algebra. This algebra is then can be taken
to be the algebra A in the spectral triplet. It is a generalization from the
commutative case where the algebra is taken to be the function defined on
the space. The only difference is that now the coordinates becomes operator
in the noncommuative case. The Hilbert space H for the spectral triplet is
taken to be two copy of H, i.e. He @ C? (|¢),]¢)). The action of the algebra
on this Hilbert space is w(a)(|v), |¢)) = (a|)), a|¢)). The Dirac operator D is
taken to be io’P; (i=1,2, o' are Pauli matrices) ,where P; are the momentum
operator. Let us write the elements of spectral triplet together for the Moyal

plane-

1. Algebra A — Span{|n)(m|}

. [ span{|n)}
2. Hilbert space ‘H ( span{|n’)}

3. Dirac operator D = —io'P; = —71\/5 { 0 ol }
15 0
The action of the Dirac operator on the two component coulmn vector is
well defined. The action of the algebra on the Hilbert space is also well
defined and is the left multiplication. From the Galfand -Naimark theorem
we know the duality between the algebra A and a space represented by it,
and is defined through . The "point" (taken to be the pure state of
the C*-algebra) of the noncommutative space are then obtained by (2.24).
In this case the mapping is defined to be-

Q:fn)(m| = tre((In)(m])¥|n') (m]) = C (2.36)

The element |n')(m/| belongs to the dual of the algebra , which coincidently
is same as the algebra itself. The pure state p of this dual are the elements
of the form - |n)(n|, which represents the "points" of the noncommutative
space. Infact, it is the density matrix corresponding to the state |n) viewed
from the perspective of classical Hilbert space H. and the state |n) are the

15



eigenstate of the radius-squared operator with the eigenvalue . So, the
space can be viewed as the concentric circles , each circle representing one
"point" of the noncommutative space.

Distance formula in the noncommuative geometry is given by

d(p, p') = Supp{p(a) — p'(a)} (2.37)
B={acAl[D,ad| <1} (2.38)

This formula is further simplified in our problem derived in [21] in the form

/ trc(d,o)2
d(p,p) = sm—7 2.39
0:7) = 1B, 2 (dp)Tey (2:39)

where A
HAHOp = SUPQSEHW (2.40)

and p is the pure density matrix corresponding to the state |n). The dp is
the infinitesimal change given as-

dp =|n + 1)(n + 1|=|n){n| (2.41)

The remaining calculation is now straightforward-

T
(D, 7(dp)] = —i\/g [ ’[b,o ” 1% d] } (2.42)

In order to take the norm we first diagonalize it

T
@)oo = | B ] @
and one can calculate-
b, dp]T[b, dp] = 4(n+ 1)|n + 1)(n + 1| + n|n)(n| (2.44)
+(n+2)|n+2)(n + 2|
%, dp]T[bt, dp] = 4(n + 1)|n)(n| +nln — 1)(n — 1| + (2.45)

(n+2)n+1)(n+1|

Both of these operators are diagonal. The operator norm, defined to be the
largest eigenvalue, can be read off exactly from both the equation (2.45[2.46))-
4(n+1), which gives the norm-

2(n+1)
0
Using tr.(dp)? = 2, the distance between the state [n+1) and |n) is obtained

from (2.39)

I[P, m(dp)]l| = 2 (2.46)

0

din+1,n) = St D)

(2.47)
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One can now calculate the infinitesimal distance function between the co-
herent states. The coherent state in the Moyal plane is -

|z) = e =% = o737 |0) (2.48)
The pure state density matrix is p =|z)(z|. The dp is then-
dp =|z + dz){(z + dz|—|z)(z] (2.49)
Using (2.48), we can write -
|2+ dz) = (1 + dzbl — R O(dz?,dz*, dzdz))|2) (2.50)

Using (2.50) and retaining the first order term in dz and dz ,the dp is written
as
dp = (b1 — 2)|2)(z|dz—|2)(z| (b — 2)dZ (2.51)

defining the operator b=b—zand bl = bl —z , 1t is easily seen that these
operators satisfy-

[b,bT] = [b,b1] =1 (2.52)

(b—2)|z) = blz) = b0) =0 (2.53)

Where we have identify |z) =|0). The states with tilde are then obtained by
the raising operator b'.

NG
n) = 2.54
)= (2:54)
The dp is now written in terms of the states with tilde.
dp =|1)(0|dz—|0)(1|dz (2.55)

Similar to the earlier case of the discrete basis , now we apply the Connes’
infinitesimal distance formula (2.39))for the coherent basis, using (2.55)). For
that, we calculate following quantity-

[b, dp] = d=|0)(0] — V2dz|0)(2| — dz|1)(1 (2.56)
[of, dp] = v/2|2)(0]dz—|1)(1|dz+|0)(0|dz (2.57)

Similar to the discrete case , to diagonalize the [D,m(a)] , we need to
calculate-

[b, dp)'[b, dp] = dzd=|0)(0] — V2(dz)?|0)(2]
+2dzdz|2) (2| + dzdz|1)(1] (2.58)
[bt, dp]t[bT, dp] = 3dzdz|0)(0] + dzdz|1) (1]
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By diagonalising the first one we get-

6dzdz
11D, p(a)]llop = 7 (2.60)
The distance is then-
20 —
d(z,z+dz) =4/ gvdzdz (2.61)
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Chapter 3

On the role of Schwinger’s
SU(2) generators for Simple
Harmonic Oscillator in 2D
Moyal plane

3.1 Angular momentum

We are now going to study angular momentum using Schwinger’s represen-
tation. First we will discuss angular momentum operators in commutative
2D case with the help of two decoupled simple harmonic oscillators. Then we
will move to non-commutative case where we will see how the roles of angular
momnientum operators gets interchanged with the operators in commutative
case. This is based on [23].

3.1.1 Schwinger’s representation of Angular momentum

Schwinger introduced a method to express a general angular momentum
in quantum mechanics in terms of the creation (a),) and annihilation (éa)
operators of a pair of independent harmonic oscillators satisfying:

lia ] = 0 = [a,, af}] and [aa,af}] = dap Vo, B =1,2 (3.1)

With the help of these operators the number operator N and angular mo-

mentum operator J is defined as follows:
N =afag (3.2)
T= Sl Fhasis 5 1o i) = ey (3.3)
with & being our usual Pauli matrices.
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3.1.2 Role of Angular momentum operators in commutative
2-D plane

In the commutative case let us choose our basis for a pair of decoupled
harmonic oscillators which can be regarded as |m) ® |n) € H. @ H.. We
define the creation operators &I, d; as (' ®1) and (1 ®al) respectively, and
their Hermitian conjugates as annihilation operators. Now using Schwinger’s

prescription (3.3) we obtain the three angular momentum operators as

- 1 - ) - 1
Ji=3 (aban +alas), Jo = 5 (aban —alas) and Js = 5 (alar - ala,)
(3.4)
such that they satisfy the su(2) algebra
[ji, j]} = z’eijkjk (35)

in which J3 and the Casimir J> operators satisfy following eigen-value equa-
tions:

jg(’m> ® ’n>) = j3(|m)®|n)), where jz = %(m —n) (3.6)
jg(’m> ®|n)) = j(G+1)(|m)®|n)), where j= %(m—kn) (3.7)

Let us consider the Hamiltonian of two independent harmonic oscillators
with same mass p and frequency w as follows:

F-twt (34 0)+ (e p) =2 (2 2] @
2 21 2\ pw

This can be identified with the 2D harmonic oscillator on a commutative
plane. We can then write the 4D phase space variables in terms of the
respective ladder operators as:

X, = \/21,17; (aa+ag) (3.9)

By, = i\/?(dg—&a) Voa=12 (3.10)

Now we perform following canonical transformation( which would preserve
the commutation relation [X,, Ps] = i6ap):

N

R P, . .
P, — Py = and X, — Tq = VwXa
W

With this our Hamiltonian becomes H = 5 (;%% + 23+ p? + ﬁ%), which clearly
enjoys SO(4) symmetry in the 4D phase space.
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To understand the action of the Schwinger’s angular momentum operators
(3.4]) let us calculate the following commutation relations:

i

5 - (5a1x1 — 5a2.1‘2) (3.11)

[j3>-ia] = 9

(5a2ﬁ2 - 5a1]§1> and [j372§a] =

I —1 R R A 7 N .
[J1,%a] = - (0a1D2 + 0a2p1) and [J1,pa] = 3 (0a1Z2 + 0a2Z1)  (3.12)

(o, ia] = %eaﬁfﬁ and [Jy, pa] = %ea[gﬁa; with a,8=1,2.  (3.13)
From the above relations we can conclude that Js generates simultaneous
SO(2) rotation in z1p; and zopy planes. Like-wise in case of jl the rotation
occurs in x1p2 and xap; planes, where as for jg the rotation occurs in x1x9
and pip2 planes.

This is however a part of the SO(4) symmetry only, as the SU(2) symmetry

generated by this J’s corresponds to one of the su(2)’s in the decomposition

of so(4) Lie algebra as su(2) @ su(2). To get the other su(2), one has to just
flip the sign of one of the momenta components, say of ps.

3.1.3 Schwinger’s Angular momentum operators in non-commutative
2-D plane

As we have discussed the quantum Hilbert space comprises of Hilbert-Schmidt
operators, and therefore any generic Hilbert-Schmidt operator can be written
as:

(W) =" Counlm) (n| € Hy

m,n

The H, can be identified with H, ® 7:10 , where 7:[0 is the dual of H.. Since,
there is a one-to-one map between the basis |m) ® |n) and |m) ® (n|, the
Hilbert spaces, span{|m) @ |n)}=H. ® H. and H, are isomorphic. In order
to obtain the angular momentum operators acting on H, i.e the counterpart

of the expressions in 1) let us replace a1 with By, and d;(and not ag) with
Bp and their respective Hermitian conjugates. Here the operators By, r and

Bi /R are the operators on quantum Hilbert space H, such that B, = b1
and Bp =1® l;R. Hence we get:

lei(BRBL+B§B};), JQZ%(BRBL—BiBg) and J3:§(B§BL—BRB§)

(3.14)
Clearly they satisfy the su(2) algebra
|:ji, jj} = iéijkjk, (315)
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in which Js satisfies the eigen-value equation:
- . . 1
Js|m)(n| = jslm)(n|, where j3 = §(m —n) (3.16)
and the corresponding Casimir operator
32 =Y (BB, + BeBl) (BLBL + BBl +2 3.17
_Z<LL+RR)(LL+RR+>’ ()
satisfying following eigen-value equation:
. 1
J?|lm)(n| = j7(j +1)|m)(n|, where j = §(m+n) (3.18)

These pair of eigen-values j3(3.16) and j(j + 1)(3.18)) are exactly identical
to the ones in (3.6) and (3.7). This suggests that both the basis states

‘m> ® ‘n> € He ® He and ‘m,n) = |m> ® <n‘ € He® ’;‘:[C can be labeled
alternatively as |7, j3) = ‘m,n where j = Z(m+n) and j3 = 3(m—n). This
is illustrated in following diagram(figure 1). We see from the diagram that
all the discrete points with integer-valued coordinates (m,n) with m,n > 0
in the first quadrant represent a basis element |m,n) = |m)(n| of the Hilbert
space of states H,. Hence we find that the Hilbert space gets split up into
states of constant j value lying on the straight line running parallel to jj3
axis e.g. j = % line, 7 = 1 line and so on, and j3 takes values within the
interval —j < j3 < j

We can then construct the usual ladder operators ji =J; + ijg, connect-
ing all states belonging to fixed 'j’ subspace of (25 4+ 1) dimension and the
extremal points are annihilated by Jy. This is just what happens in usual
quantum mechanics.

We can now express the position and momentum operators in terms of
EL,BIL, Bp and Bé By making use of equation @, the definition

SL/R | .oL/R

BL/R = \/%(Xl +iX577") [B] and its Hermitian conjugate, and the adjoint

action of momenta((2.35)) we get:
Sr 0 - ot
Xf = /3B +B) (3.19)

. lo . .
;= Z\@Bi - By) (3.20)

- Z /\i _ A _ /\i A
P (BL By - Bh+ BR> (3.21)
N B .
P= (BR +Br- B! BL) (3.22)

Further, the commuting coordinates [5] introduced as

1/s 5 . 0 4
ch — 5 (XZL + X1R> =X;+ iquj (3-23)
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A-
j,=(m-n)/2
j=(m+n)/2
i=1/2 m
».
satisfying [Xf, XJC] = 0, can be expressed like-wise as:
ce 1 /9 p L pt LBt
Xr=3\/3 (BR+BL+BL+BR> (3.24)
AC i 9 /\i ~ Ai A
X5=2\/3 (B} - Br+ By - Br) (3.25)

To see the similarity of the action of Schwinger’s angular momentum opera-
tors with their commutative counterpart(3.11} , we first perform follow-
ing canonical transformation, to construct dimensionless phase space vari-

ables: .
N X¢ ~ ~
Xf—>:ﬁ§:\/§ and P, —p;=V0P Vi=1,2 (3.26)

Then we calculate following commutation relations:

=2 (6:1P] — diops) and [0}, J1] = % (diodo — 04121) (3.27)

[wi,Jz]=—§(6i1p’2+5i2p’1) and [p;,.]g]:§(5i1x2—|—5¢2931) (3.28)

[1’?, J3} = §€ij37j and [p;, Jg} = §€ijp;‘ (3.29)

Here we have introduced p, = % So we see that the angular momentum

operators .J; are responsible for inducing simultaneous SO(2) rotations in two
orthogonal planes of our 4-D phase space. In fact for J; the rotation occurs in
X{P| and X§P} planes. In case of Jy the rotation occurs in X{Py and X§P|
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planes, where as for .J3 the rotation occurs in X{X§ and P P; planes. Here we
can also appreciate that roles of commutative and non-commutative angular
momentum operators are exchanged in following manner (where superscript

C refers to commutative case(3.1153.13)) and NC for non-commutative([3.27]
3.29) case):

JNC & GO JNC 5 JC and JNC & JE (3.30)
Again like the commutative case this is also a part of SO(4) rotation in
X§,XS§, P1, P> space, as JNCg corresponds to only one of the su(2)’s of
so(4) = su(2) @ su(2). In either case, this is just reminiscent of the splitting
of the SL(2,C) algebra by taking suitable combinations of spatial rotations
with Lorentz boost in 3+ 1 dimensional Minkowski space-time, and ST(2,C)
happens to be just the double cover of the Lorentz group SO(3,1),whose
Euclidean version is the spin group Spin(4), which is the double cover of
SO(4). Now we can obtain the rotation matrix for finite rotation R;(\;)
generated by J; in the 4D phase space by using above commutation relations
(3.2753.29)) which is implemented by the following unitary transformation

E— T = einmeit o R(X)

(1]

(3.31)

where the 4-component column matrix = comprises of phase space variables
and is given by:

A \T
= (flagff, %, p;) (3.32)
The matrix representations of the corresponding generators in the 4-dimensional
representation are given by J; = —ia%w . This yields
i IX=0

0 01 O 00 0 -1 0 1 0
- +f0 OO0 -1 » 4]0 0 -1 O] » «[—-1 0 O
=51 100 o]"T2lo1 0 o720 0 o

0 1.0 O 1 0 0 O 0 0 -1
The corresponding Casimir operator is then given by:

o _s2 52, 52 L1

indicating that this corresponds to spin 3 representation of SU(2) C SO(4
which looks odd from a naive consideration, where it appears to be j =
representation as the dimensionality is 2j4+1=4. This is however easily ex-
plained by fact that the J's are making simultaneous rotation in two different
orthogonal planes through j = % representation. However, the various basis
states |7, 73) in fig.1 will transform according to the j—th representation of

Schwinger’s SU(2) generators.

);
3
2
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Finally, we would like to point out the important role played by the com-
muting but unphysical position-like operators X b ; It is only Xic, rather
than the physical non-commuting position operators X;, that transform co-
variantly under SU(2). Tt is only under SO(2) rotation, generated by J3, that
both X¢ and X; transform covariantly. As has been shown in [I4], that in
3D Moyal space also, it is only Xf that transform covariantly under SO(3)
rotation, although Xf does not correspond to any physical observable [3].
Further, as we shall see later that this is also true for Bogoliubov transfor-
mation, where it undergoes simple scaling transformation and plays a very
important role in our analysis, despite being an unphysical observable [5].

3.2 Simple Harmonic Oscillator in commutative plane
In commutative (6 = 0) case the Hamiltonian is given by (3.8):
A 1 5 1 o
H; = —uw?X? + —P? 3.35
1= 5w + o (3.35)

Using the form of position and momentum operators in terms of ladder

operators (3.943.10)), we get following result:

X2 = 2;60 (@ +afal + asas + alal) + le (alar + alas +10p.36)
P o= B (@ + afal + sy + afal) + o (aar + ada + 10p.37)

so that our Hamiltonian becomes:
Hi =w (aJ{al + agag + 1) , (3.38)

which is clearly SU(2) invariant as it commutes with angular momentum
operators J;(3.4). Using our most general state |m) @ |n), we get following
spectrum:

Hilm) @ |n) = w(2j + 1)[m) @ |n), where j:%(m+n), (3.39)

which was expected as our state |m) ® |n) corresponds to pair of simple
harmonic oscillator (one ket for each SHO), and the energy of any SHO, say
Im) is w (m + %). SU(2) invariance of the Hamiltonian is also evident from
above as spectrum is given by E(j,j3) = w(2j + 1) and is independent of js
and (2j+1) being the dimensionality of j-th subspace.

3.3 Simple Harmonic oscillator in non-commutative
plane

Here we shall first analyze the unphysical Hamiltonian of simple harmonic
oscillator involving the commuting coordinates X¢ [5], which is shown to
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yield the same spectrum as in the commutative case(3.39)). This will then
pave the way to analyze the physical oscillator involving non-commuting
operators.

3.3.1 Unphysical SHO involving (X¢)

Let us first construct following quadratic form:

<ﬁ1::<1@?%24-9ﬁﬂ>, (3.40)
0 4

which can be regarded formally as a Hamiltonian of a harmonic oscillator
with particular choices of mass and angular frequency parameters. But since
it involves XZ-C , which is just a mathematically constructed commuting
observable and is devoid of any physical interpretation [5], this oscillator is
really unphysical in nature. Now using canonical transformation above
Hamiltonian becomes:

R ) N 2
Hy = <(i“f)2 + (25)% + (%) + (%) > = =72 using (3.32), (3.41)

which is manifestly invariant under one of the SU(2) symmetry group in the
decomposition of SO(4) i.e SO(4) = SU(2)®SU(2) analogous to commuting
caseﬂ This is evident from commutation relations and unitary
transformation (3.31).

Then (using [3.21]3.25), one gets

2, A A O /v A A A At oA
(X)? = (XD)*+(X5)" = 5 (BEBL + BpBY+1+ BB + BiBR) (3.42)

5 R . 2 /o L . o
P = (P + (B)* = 5 (BEBL + BrBh+1- BBl - B}BR) . (3.43)

so that our Hamiltonian (3.41]) becomes:

. 1/2 2 05 AF B 5 A

Hence for a general basis state |m)(n| we get following spectrum:

Hilj,j3) = Hilm)(n| = (m +n + 1)|lm)(n| = (2j + 1)|5,J3), using (?7)
(3.45)
and the spectrum can be read-off easily, yielding just (25 + 1).
We then consider following Hamiltonian, which is a slight variant for the

! Actually, it is invariant under the entire SO(4) group itself; the other SU(2) symmetry
is realized by flipping the sign of one of the momenta component say of p»2, as was observed
earlier. In our present analysis, we shall not make use of this second SU(2). We shall
therefore continue to refer to the first SU(2) symmetry only.

26



non-physical planar harmonic oscillator(3.40)), by introducing mass (u) and
angular frequency (w):
12, 1

= PPy (X2 4
o + Hw(X) (3.46)

H,y
Naively we expect that this Hamiltonian to be equivalent to H; lb how-
ever this is not the case because there is a major difference in the construction
of actually commuting and mathematically constructed commuting
X'f coordinates. The annihilation operators a; and ag occurring in act
on the left and right slots separately, annihilating the vacuum |0) ® |0). In
this case we can define creation and annihilation operators in an analogous

manner to(3.9)and 3.10)) as:

- \/21% (,uwa—iPZ-> L O = \/21% (uwa+iP,-> Voi=1,2,
(3.47)
which, however involves Xf and P acting simultaneously in the left and
right slots. One can see that the relevant ground state here i.e. |0) ® (0| is
annihilated by C; only under a special choice of parameters p and w, which
we call as a critical point :

_wo _ 1
po="5="7 (3.48)

Also we notice that at this critical point H, 1} reduces to H; 1} up

to an overall constant: Hy = %Hl and furthermore, the ladder operators

C; and C’j reduce to the following linear combination of operators By
and BE:
élzi<BL+Bi)' ézzi(BL—Bi> (3.49)
\/5 R)> \@ R
It is therefore interesting to see how our Hamiltonian(3.46)) behaves under
above condition. We find that:
0

(92 + 4132) — o (BLBL+ BaBl+1).  (350)

= wg (;
so that its action on |m,n) = |m)(n| = |7, j3) gives

Hy|m)(n| = wo(2j + 1)|m)(n] (3.51)
yielding the spectrum as

E(j, j3) = wo(2) +1) (3.52)

matching with the spectrum of commutative case(3.39)), as was expected. It
should be mentioned here that the contrasting situation in the non-commutative
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context from the commutative case discussed in the previous section becomes
clear here. The mass and frequency parameter y and w requires to be com-
patible with each other, as in (3.48) and also with the natural mass scale

introduced by (% ).

Now in order to calculate the spectrum of the Hamiltonian H, |D for
arbitrary value of parameters p and w, we write it in following form by

using(3.4243.43):

ity = o (B By + BBr) + 8 (B} Br + B},BL) (3.53)
where ) )
pw*6 1 pw*6 1
_ 2 oand G= = 54
« 1 + I, and 1 " (3.54)

Clearly Hamiltonian contains off-diagonal terms. To diagonalize the Hamil-
tonian, let us introduce the new set of operators B} and B, which are
related to un-primed ones via Bogoliubov transformation as:

B;\  [cosh¢ sinh¢)\ (B (3.55)
By) ~ \sinh¢ cosho) \ By '
This ensures [B’L,Bg] = —[B}%,Bg] = 1 like their un-primed counterparts.

With above transformation our Hamiltonian becomes:

Hy = [a (cosh2 ¢ + sinh? ¢) — 283 sinh ¢ cosh (;5] (BILIB;: + B}gég)
+ [B(cosh? ¢ + sinh? ¢) — 2a sinh ¢ cosh @] (B'Lif%% + BgB’L)
+ 2asinh?¢ — 2@ sinh ¢ cosh ¢ + a

For diagonalizing the Hamiltonian, let us set the coefficient of the non diag-
onal term zero i.e.

B (cosh2 ¢ + sinh? ¢) — 2asinh ¢ cosh ¢] = 0, (3.56)

which gives
2
coth ¢ + tanh ¢ = ?O‘ (3.57)

and the Hamiltonian becomes:

(BiBL+ BrBE+1)  (358)

2
H, = 2 sinh ¢ cosh ¢ [(;) -1

We can now determine the spectrum easily by acting above Hamiltonian
on an appropriate basis |m)’(n|" which is related to older basis |m)(n| by a
unitary transformation, as we will show later.

Now we proceed to show that the Bogoliubov transformation used above is
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equivalent to a certain canonical transformation. To achieve this we expand
the ladder operators in matrix equation(3.55)) in terms of position operators
acting from left and right to get the following set of equations:

X1t = cosh¢pXF +sinh X ; X0 = cosh g XL + sinh o X
XB = cosh¢XT +sinhoXF ; XIF = cosh g X T + sinh ¢ X¥(3.59)

which when re-expressed in terms of Xf and ]Si, takes the follow-
ing simple form:

Xle=e?X¢; Pl =e %P (3.60)
Clearly, this is a canonical transformation in the (X'ZC, 15]) space, where Xf’s
are scaled and P;’s are de-scaled. The scaling factor e? can be determined
easily by solving the quadratic equation in tanh qﬁ. The two roots are
evidently reciprocal to each other and choosing one smaller than unity yields
the value

tanh ¢ = ;(a —w) (3.61)

Putting back the value of o and 8 we finally get:

0
e = % (3.62)

which clearly reduces to unity at the critical point(3.48]). This has some
points of contact with the Eq.(18) in [9]. It can be easily checked that
under this scaling transformation, the spatial non-commutative parameter
preserves its value: [X;, X;] = [X], X[] = ife;;. It is interesting to note here
that the canonical relation(3.60)) is equivalent to following unitary transfor-
mation: o o

~ C A~ 2 kel (3

X'y = e?Xf = e 2P Xfe2?P, (3.63)
where D = %(Xf]f’l + PX¢) = i(BEBR — BLB%) is the dilatation operator.
Correspondingly, one finds

Bl + Bj, = e 392 (By, + Bp)e2%P = *%(B, + Bp) (3.64)
and the basis states in H, undergo following transformation:
m)(n] = [m)'(nf' = &P m){n| = XPRPL=PLED m) (| (3.65)

Hence instead of doing Bogoliubov transformation, we could have equiv-
alently done the canonical transformation(3.60) to re-write the Hamilto-
nian(3.46) in a manifestly SU(2) invariant form in the primed frame as:

A 1 2 0 =
Hy=uw ((X’C)2 + (P’)Q) —w (BfB’L + BB + 1) using ((3.62

0 4
(3.66)
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We can check that the coefficient of Hamiltonian(3.58) is indeed w, by using
the values of tanh ¢, and S so that one gets the spectrum of the same
form(3.52)) with replacement wy — w:

E(j,j3) = w(2j +1) (3.67)

This demonstrates that SU(2) symmetry is preserved even at a point away
from the critical point in the —w plane. As we shall show in the next
sub-section that this SU(2) symmetry will, however, be broken in the phys-
ical oscillator, where unphysical commuting “ position -like" observable X'f
in will be replaced by the physical non-commuting position operator
X'i in the Hamiltonian below .

3.3.2 Physical SHO involving non-commuting coordinates
Let us finally consider the Hamiltonian for the physical simple harmonic
oscillator involving non-commuting position operators:
. 1 2, 1 5
Hy = —P? + —puw?(X)? 3.68
5= 9, W (X) (3.68)
Using([3.23)), this can be re-expressed as:

. s, 1 2, 92 = .
Hy = —P? + ~pw? [(X9)?2 + Z-P? +20.J3 , (3.69)
2 2 4

which can be brought to the same form as Hy 1} up to a Zeeman term
as:

N 1 2 1 2 ~
Hs = FP2 + §M/w’2(XC)2 + pbw? Js, (3.70)
v
with re-normalized parameters p/ and o', satisfying pw? = p/w'?, are given
by:
1 1 uw?6? P 9 purw?6?
;:;—l— 1 and W =w*(1+ 1 (3.71)

The presence of Zeeman term however, breaks its SU(2) symmetry to U(1),
as the Hamiltonian does not commute with angular momentum operators Ji
and Jo anymore. But the Hamiltonian is still symmetric under rotation gen-
erated by j3. Now we can again do the same canonical transformation,

with new parameters y’ and w’ satisfying

'W'0

(3.72)

and keeping in mind that j3 = einij remains unaffected under this trans-
formation, to get:

ulew/2

ity = o' (B By, + BpBjy +1) + (BiBL-BRBY)  (3.73)
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The corresponding spectrum can be easily read as
E(j,j3) = &/ (2] + 1) + 0/’ s (3.74)

The presence of js-dependent term is clearly due to the presence of the
SU(2)- symmetry breaking Zeeman term in in (3.70). The occurrence of
these renormalised parameters w’ and g’ in the spectrum (3.74)) indicates that
these parameters, rather than their ’bare’ counterparts w and p occurring in
, are the observable quantities of the theory. Indeed, it can be easily
checked, using that for 4/ and w’ at the critical point Le. y = “’7/ =
%, the corresponding bare mass diverges pu — oo and frequency w — 0.
Nevertheless, in order to establish compatibility with [8], it is desirable to
express in terms of the bare quantities p and w. Using the definition

of u' and w'(3.71)), we can easily write above Hamiltonian (3.73)) as:

A )\+ 1t )\7 L

fry =5 (2B7BL,+1) + e (2BRBj; + 1), (3.75)
where A4 and A_ are given by:

Ay = % (,uw\/él T 20202 £ u2w20) (3.76)

This clearly reproduces spectrum of [§] calculated using a different approach.
We therefore turn our attention now towards the determination of the ground
state. To begin with, let us note that, unlike in the commutative case, where
the ground |0) ®|0) is annihilated by operators a; with a; and ay annihilating
the ground states |0) occurring in the left and right sectors respectively in
|0) ®10), in the non-commutative case the corresponding ground state |0) (0|
is not annihilated by operators OZ except at the critical point.
Besides, the form of C; at the critical point clearly indicates
that these C;’s have simultaneous actions on both the slots. Indeed, the
analogous expressions for the commutative case will be combinations \% (a1 +

ag) and %(&1 — ag) respectively. But away from the critical point 1}
i.e. for general values of p and w there must exist another ground state
|0)'(0[’, related to the older one as in (3.65)), which should be annihilated by
a transformed C!.

CHOY (0] =0 ; [0)(0 = e#BLBr=BLBR)|g) (g (3.77)

where OZ’ is defined analogously as in (3.49)

¢ = % (BL+BY): ¢h= \‘/% (B, - B;) (3.78)

in terms of B’L and Eﬁ% introduced in (3.55)). Equivalently,

B0)(0' = 0 and Bj|0)/ (0] =0 (3.79)
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which are clearly not independent of each other, as they are related by Her-
mitian conjugation. One can easily see at this stage that either of these
equations are trivially satisfied by making use of . But, before
going ahead with the straightforward computation of |0)'(0|" and compare
with the normalised version of the ground state obtained in [8], we would
like to point out certain exact parallel between the approach followed here
with [8]. To that end, note that, using these equations and making

use of (3.55)) we get R )
b|0)'(0]" = — tanh ¢[0)’(0|'d (3.80)

and its Hermitian conjugate. Then using (3.72]) and the counterpart of (3.61)
i.e tanh¢ = %(o/ — '), where o and 8 defined analogously as in 1'

with the replacements p — /' and w — W', yielding
(14 6X2,)b|0) (0" = [0Y/ (0’ (3.81)
just from the first equation in (3.79)). As expected, the second equation of

(3.79) yields the Hermitian conjugate of (3.81)) and these pair of equations

exactly reproduces the defining equations (3.53|, [3.55) of ref [§]. One can
then proceed analogously, as in [§] to get the normalized version of the ground

state as

= 10) (0] = =@ (3.52)
where
= log(1 — 6A_) = log(— tanh ¢) (3.83)
so that
29bThy _
(Yolvho) = 2 ¢T7“c( T =1 (3.84)

Here, we have made use of the 1dent1t1es

As 1
14+6A1)(1—60A_) =1 and tanh¢ =
(14 6A4)( )= Land tanh¢ =37 = ==

Now expanding (3.82), using the complete set of basis Y ~°_, |m)(m| = ¥

as

o = sech¢Xor_o(—1)" (tanh ¢)™|m)(m| = sech¢ (|0)(0] — tanh ¢|1) (1] + ...)
(3.86)

we can easily see that the Taylor’s expansion of tanh ¢ , sech¢ and their

product exactly reproduces (3.77)

o) (0l" = e*¢<BiER*BLE%>\o><or
¢? ° 5

= =5+ ¢ —)I0)(0[ + (¢ — = + ¢ DDA+ = o

Finally, note that the sign alternates from one term to another, because
of the presence of the factor (—1)™ in % in and therefore cannot
be interpreted as a mixed density matrix, from the perspective of classical
Hilbert space H..

(3.85)

5<15
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3.4 Time reversal

We proceed to check how the Hamiltonian I:I3, defined through 1} be-

haves under time reversal. Using the defination of Xf defined through (3.23|),

XZ.L can be written as-

- - 0 .
Xt =X+ 5P (3.87)

Now using the fact that Xf, which is mathematically commuting coordinate,
does not undergo any change: X’f — Xf under time reversal and P; — — P
under time reversal, the following transformation property of XZL under time
reversal can be obtained

0Xre™! = XL + ¢, P, 3.88
7 7 J= ]

where O is the time reversal operator. Similarly, we obtain the transforma-
tion property of XZ-R under time reversal to be

oxfo~l = XF - 0c;P; (3.89)

Further, we proceed to check the transformation property of By, /R (defined
earlier)

©BLrO " = B, (3.90)
OB} ,,07" = Br/L (3.91)

So that the Hamiltonian Hj 1} and angular momentum jg, under time
reversal transform to

,U,/QW/Q

OH;:07' = (BB, + BRBE+1) - (BB, — BRB7) # Hj
0071 = —(BIB, - BRB}) = —Js (3.92)

This clearly indicates that time reversal symmetry is broken and that the
Zeeman term is solely responsible for breaking the both SU(2) and time
reversal symmetry.
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Chapter 4

Distance function on
Fuzzy /noncommutative sphere

Here we would like to discuss the work which we have carried out on the
"distance calculation on fuzzy sphere" through the formalism of noncommu-
tative geometry described earlier and the analytic formula for the Connes
infinitesimal distance function derived in [2I] and also discussed in the dis-
tance calculation of Moyal plane .

The spatial noncommutativity of Lie algebra type, where the coordinates
satisfy SU(2) algebra is given by

[fi, i’]] = i)\Eijkiﬁk (41)

and is similar to the noncommutativity satisfied by the angular momentum
operators J. As earlier discussed, this type of spatial noncommutativity is
realized in the presence of magnetic field produced by magnetic monopole.
One can define the simultaneous eigenstate |n,ns) of radius-squared opera-
tor (925’2), which is Casimir operator, and the &3 operator similar to the case
of angular momentum where one defines the simultaneous eigenstate |7, j3)
of J2 and Js. The notion of 3D configuration space is now replaced with
the Hilbert space spanned by the ket |n,ng). The eigenvalues of the radius-
squared operator are A2n(n + 1) and the eigenvalues of &3 are Anz where
—n < ng < n. The radius is quantized and each sphere with the fixed radius
is called the fuzzy sphere.

In this work we apply the Connes formalism of the noncommutative ge-
ometry for the computation of infinitesimal distance between any two generic
"points" (taken to be pure states of an appropriate C* algebra) on these
fuzzy sphere. We construct the spectral triplet (A, H,D) discussed earlier,
for these fuzzy spheres and apply the Connes distance formula for the com-
putation of infintesimal distance. Also, using the construction of perelemov
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of the coherent states on these spheres [22] and applied the formalism of [21]
in these coherent states to obtain the metric in stereographic variables.

In the next section we will discuss the construction of Dirac operator on
the spheres S? and S? and subsequently the construction of spectral triplet
and the distance computation will be discussed for the noncommutative case.

4.1 Construction of Dirac operators on 5% and S?
and noncommutative geometry

In this section the construction of Dirac operator for commutative 2 and
3-spheres i.e. S? and S? will be discussed. This construction then will pave
the way to generalize it for noncommutative case.

4.1.1 Commutative case

The C2 manifold which is isomorphic to R* — {0} is defined through the
nonzero complex doublets.

== (1) ectnz0 (4.2

The C'P! manifold consist of nonzero complex doublet with the identification

X1 Axa .
() () esas 03

which are complex lines passing through the origin in C2. The representative
points on each line is choosen by first imposing the restriction xfx = r =
constant.

{x= < ii > €c? |XTX =|x1*+|x2|* = r} (4.4)

Which clearly is S3. With 7 = 1 we have S3 ~ SU(2). We then have still
U(1) freedom left in the constraint in (4.4]) with respect to the transformation

Xi — eiGXi (45)

If we choose the gauge from this U(1) freedom, we get S? — SU(2)/U(1) i.e.
choosing the section from the U(1) bundle. Two particular ways of doing
this are -

1. Choose a section from the U(1) bundle where x1 is real- xj = x1 in the
neighborhood Uy : x1 # 0. With this the constraint in (4.4) reduces
to -

Xt + el?=r (4.6)
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Which clearly is S2. This can equivalently be obtained by the trans-
formation

Uy :x =X = < X1 > - <XT>1/2 < X1 > = <XT)1/2>< (4.7)
X5 X1 X2 X1

with the identification (4.3]). Now choosing A = 1/x1 we can write

(e)=(0) 49

where p is a complex number representing the stereographic projection
of a point of the sphere from the south pole. Thus Uy corresponds to
the northern hemisphere.

2. Choose a section from the U(1) bundle where 3 is real- x2 = x5 in the
neighborhood U_ : x2 # 0. With this the constraint in (4.4) reduces
to -

> +x3=r, (4.9)

which again clearly is S?. Here also similar to the previous case the

doublet can be written as
Y = < 717 ) (4.10)

where 17 = x1/x2 is a complex number representing the stereographic
projection of a point of the sphere from the north pole. Thus U_
corresponds to the southern hemisphere.

Both the chart U4 and U_ is interepreted as covering the northern hemi-
sphere and southern hemisphere respectively. The chart U, misses only
south pole and the chart U_ misses only north pole. In the overlapping re-
gion U, (U_, one therefore has 7 = 1/p. For unit sphere S2, the transition
function relating sections 1 of the tautological line bundle thus takes the
form:

by = eiPy_ (4.11)

The cartesian coordiantes of the S? in the respective chart is defined through
the Hopf map -

v =x"Toix €Uy i=1,2,3 (4.12)
x;’ _ X/TO'iX, cU_,i=1,2,3 (4.13)

where o’s are the pauli matrices. In the region U, N U_ the coordinates
and 2/ coincide i.e. 2} =z = z, as they are gauge invariant.
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The y € S can be parametrized in terms of Euler’s angle as-
L cos Letotw)
X1 = T2 cos 562 ¥ (4.14)
0 _i
X2 = r% sin ie_i(sp_w) (4:].5)
The x/, X" € 52 is then obtained as-[]

Y = e 30Oy (4.16)
X' =e2P ¥y (4.17)

In the region U; N U_ we have the transition map to go from one chart to
other.

X = ey, (4.18)
which clearly has the same form as . Before, we construct the spinor-
bundle , let us re-look at , where p representating a point in the complex
plane which coordinatises a point of CP!. Now if we consider a map p — p"
(say), with 'n’ being a positive integer, then it is clear that p"™ winds around
the complex plane 'n’ times in the counter-clock-wise direction. Like-wise,
n-occuring in (4.10) will also wind around 'n’ times -but in the clock-wise
direction. For complex conjugate variables p* and n* these are just opposites,
as one can easily see. Consequently considering any function

f(p.p*) = (p")™ p™ (4.19)

given in terms of the monomial, and defined in the region U,, the total
winding number is ms — mq, which is nothing but the algebric sum of the
winding numbers. For generic cases this function can not be regarded as a
section in the tautological line-bundle, rather on other non-canonical U(1)
bundle over S?, with the asscociated transition function €%

Py = 6Py (4.20)

It is only for n=1, that one can identify the bundle to be S2, with this
background let us now consider first spinor bundle over the C3 manifold
whose sections are of the form-

v < ¥1(Xar Xj)

Yol 1) > a,B=1,2, (4.21)

where 1), are polynomials of homogeneous function y, s and x%’s.

Ya= > O s O™ O™ XN, mi,ma, i, € 2

mi,m2,ni,n2

(4.22)
!The parametrization of x (4.15l4.14) when used in the Hopf map (4.12l[4.13), gives

the familiar coordinates of S2 ,x1 =7rsinfcosy ,r2 =7rsinfsiny and x3 = rcosb)
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Note that, we have used here the homogeneous coordinates xq, x},- rather
than the stereographic variables p and 7, in the argument of both the vari-
ables 11 and 1. These can be regarded as a doublet of scalar fields like
([#.19), but transforming under SU(2). This is a trivial bundle, defined glob-
ally on C’S. The section of the spinor bundle over S® is defined with the
restriction on x’s of the form

X'x=r (4.23)

and the sections of the spinor bundle over S? is defined using x’ in U, and

V' in U

The differential operator

1 * *

Ji = 5 (Xa0] "By = X5(07)]"By3) (4.24)
acts on the spinors 1’ defined on Cg. Since these differential operators are
independent of r and depends upon 6 , ¢, and v, these operators therefore act
on S? as well and can be identified with rotation generators for the spinors
on S3 (See appendix A). Similarly the dilatation operator, is given by the
differential operator

1
K= §(Xaaxﬁ — Xzax;) (4.25)
Since each term in (4.22)) can be factored in to homogeneous holomorphic and
anti-holomorphic functions, K yields the net winding number. The operator
Ji and K can be expressed in terms of Euler’s angle using (4.15[14.14)).

o o ] .cosp 0
Ji = isingog + zcosg@cotQ% g )
) 0 ] ) 0 sing 0
Jo = —icospo, —I—ZCOtQSIHQD% i Em
0
J3 = —i—
3 1590
0
K = i— 4.2
50 (4.26)
The operator J; satisfy SU(2) algebra -
[Jiy Jj] = ieijr i (4.27)

Now, since the component of the sections of the spinor bundle on unit (r=1)
S3 of the form (4.22)), it can be written in terms of the Euler’s angles, intro-

duced in (1.15]4.14)),
Yo = Z Cy, (cos §)™1 T (sin §)"2 M2 (4.28)

mi,m2,n1,n2
mi,ma,ni,n2

X6fi%(m17m27n1+n2)67i%(m1+m27n17n2) (429)
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the sections on S(C?) and S(S®) can be further divided in to class of different
subbundles , indexed by the eigenvalue k of the dilatation operator K(4.26)):
Sk(C?) and Sy (S3) where

k=mi+mg—n1—no (4.30)

is the eigenvalue of the operator K
KV =kV (4.31)
The section of the spinor bundle over S? as earlier mentionedE] has the form

V1 (Xa» X5)
w’:<¢g(X27X§) a,f=1,2 on Ug (4.32)

" 1 e
\If”:< ;,Eigi‘(gg) a.f=12 on U (4.33)
(o2

In terms of Euler’s angle they can be written as-

! _ I*mq _ Ixmao _ Ini . Ing :
v, = E UninamimaX1 Xo X1 Xe o in Uy (4.34)
mi+mo+ni+ng 0 9 .
_ —_——— mi+n : ma+n2 ip(ma—mn
= E Anyna,mi,moT 2 (COS 5) i (Sln 5) e p(ma—na)
" _ xmq  Msxma _IIny  !Ing H
v, = E Any,ng,mi,ma X1 X2 X1 Xo in U- (435)

mjt+mo+ng+ng 0 0 ;
_ Zymi4ni (qin 2 \ma2+ng Jip(n1—m1)
= > e s Sy (sin e e

these are independent of v, so they live on S2. Since the coefficient in both
the expression are same in the vicinity of equator (# = 7/2) so that in
Uy (N U- we have

\I’, — eik<‘0+i6\11” (436)

where k is the topological index (Chern class) given in (4.30), and § may be
constant or globally defined function on S?. Consequently, the two sections
Vo and ¥y on S? is called equivalent if

R L (4.37

2The section of the spinor bundle over S? can be obtained from by the
gauge fixing i.e. by setting ¢ = ¢ in U; and ¢ = —% in U_. In both the charts the
component of the section differs in the exponential factor in the form *#(™2~"2) in U_
and e’("1=™1) in U, . If we have the condition k = 0, the components matche in both the
chart and ¥ is globally defined on S? and we obtain a section on the trivial bundle. On
the other hand, for k # 0, then we have the transition rule to go from one chart to another
in the form e'?(m27m2) = ¢i?(m1=m1=k) " the k is called the winding number, introduced
earlier and is the eigenvalue of the K operator
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The equivalance class of a given section ¥ € Sj(S?) is denoted as ¥. The
representative section can be given as

VLX) = ) any s mems X3 XXX on Uy (4.38)
Va(x"sX"™) = ) tny oy o XTXGTXMXG™ on U(4.39)

with & = mq1 + mg — nqy — ng. The coefficients in the both the expressions is
same and the transition rule

\‘I}/(Xlaxl*) _ eik’cp\il//(xll,x/l*) (440)

is satisfied. o )
The free Dirac operator D} : S(S?) — S(5?) is defined by

Dy, = [io"™(9), + A)] on Uy (4.41)
Dy = [ic""(0), + AJ)] on U (4.42)

Where 0,, denotes the derivative dp, O, in the local coordiantes § and ¢ in
U NU- and (9, + iA,) represents covariant derivative. The o’s (0¥ and
o %) satisfies the following Clifford algebra

{c", 0"} =2¢", p,v=1,2 (4.43)

in Uy (U-, where g"¥ is the inverse of the metric tensor EI of S2. and A, is
the k- monopole field and is given as (which are derived in Appendix B)-

A; = ikx’TGLX/ on Ui (4.44)
AZ = ik:x”“?ﬁx" on Us (4.45)

The field Aj, and A} in Uy (\U- are related by the gauge transformation
Al = Al —ihdh™' b= e (4.46)

The J’s in are the vector field on S® reperesented in the coordinate
basis (0p, D, 0y). These J's provide an orthonormal basis at T),(S%) and
9(Ji, J;) = 60;; and correspond to the rotation generators in three indepen-
dent directions. Correspondingly, the dual vectors e’’s provide an orthonor-
mal basis in the cotangent space Tj(5%), < ', J; >= &;;. Both of these

3starting from the metric ds® = 4dx'dy for C3, we can obtain the metric on unit S°
(r=1) by the parametrization to get ds® = 1/4[d0? + dp? + dip* + 2 cos Odipdap).
Upon gauge-fixing 1 = £¢ one gets the following expressions of metric on S? , ds® =
(dg)2 + sin? %dgf for U_ and ds®> = (d%)2 + cos? gdcpZ for Uy. The expression for U,
takes the canonical form upon the replacement § — (w — ), as here the stereographic
projection is being made from the south pole, Further since a point on S2, having the
polar angle 6, subtends an angle 6/2 at the south pole, it gives rise to an additional factor
of 1/4 for the metric ds® for S*, apart from explaining the occurence of 6/2 rather than
6 in the metric for S?
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can be obtained, also from the Maurer-Cartan left-invariant 1-form (See Ap-
pendix D). So we should be able to write them locally in the form-

o
Ji=— =123 4.47
s, (4.47)

where s}s are the 3- affine parameters along the integral curve of .J;. The

tri-beins-

ot
N =
JZ'S aSi

el where,p=1,23st. =0, &=¢and & =1

(4.48)
by considering ¢! and &2 only, the tri-beins connects the coordiantes basis
to the orthonormal basis on the cotangent T;(Sz)

der = (J;6M)ds" (4.49)

The o* matrices which satisfy the clifford algebra on S? are obtained from
the usual pauli matrices ¢ from these tri-beins in the following way-

ot = (JiE")o's p=1,2 (4.50)

A straightforward computation yields,

0 1 — cot fe
7 7| —cotfei® -1
0 —ie” ™
Y = :
7 [ i 0 ]
satistying (4.43) and
k
Ay=0, A, = §(C089 -1) (4.51)
k
p =0, A= §(C089 +1) (4.52)

In S? the eigenvalue problem of~the Dirac operator has to do in the patches
U, and U_ differently, so the Dy in S;(S?) is switched to the problem in
Si(S3), which will be defined globally on S3, with the transformation of the
sections and Dy,

U = e 3RO op Uy (4.53)

N O A (4.54)
And
Fetv) on U, (4.55)
Fetv) on U (4.56)

A straightforward computation shows these special cases of the Dirac oper-

ator on S3, given as ,
1 kx;
Dy, = =0;(J; .

" — 57) (4.57)
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4.1.2 Noncommutative Case

In this section we will describe the noncommutativity of the type-
[T, T5] = iXegjndr, (4.58)

where A is the noncommutative parameter having the dimension of length.
This can be obtained from the commutative version by making the previously
defined x’s and x*’s to be annihilation and creation operator respectively
satisfying

-

A
[Xas X5 = 505 5 [arxsl = 0= o xgl (4.59)

The coordiantes obtained through operatorial version of the Hopf map, which
is nothing but the schwinger’s construction (3.3)),

& = xoix = xholsxs (4.60)
which clearly satisfy the spatial nonommutativity . The algebra defined
in is isomorphic to the two sets of harmonic oscillator so that any
generic state is labeled by a pair of integers ni and ng as |ny,n2) ( ng is
a label for first harmonic oscillator while ng is for the second one) and can
be obtained by applying the creation operators XJ{ and X; on the "ground
state" |0,0) =[0):

(2/\m

fn1 . in2

[n1,mg) =
and the operator x'y takes the value

A
XTx|TL1, n2> = 5(711 + ng)\m, n2> (4.62)

The Casimir operator :%ZQ and 23 takes the value

iFn1,ne) = Mn(n+1)|ng,ng) , n= M ;nQ (4.63)
Z3lni,m2) = Anglni,ne) , ng = M ;nQ (4.64)
calling
nl;m:n , n1;n2:n3 , forfixedn, —n<n3<n (4.65)
the state |ni,ng) can be relabeled by |n,n3) where we have
#2n,n3) = Nn(n+1)n,ns) (4.66)
Zg|n,n3) = Ang|n,ns) (4.67)
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Clearly n is an integral multiple of 1/2 . The ladder operators & = &1 + i

and Z_ = &1 — iZ2 can be checked to satisfy
[Z3, 4] = Aoy, [&3,2-]=A2_ , [T4+,2-]=2Ai3 (4.68)
so that,
Zy|n,n3) = /n(n +1) —nz(nz + 1)|n,ng + 1) (4.69)
&_|n,n3) = /n(n +1) — nz(nz — 1)|n,n3 — 1) (4.70)

The 3D configuration space is replaced by the Hilbert space F spanned by
’TL, n3>

F = Span{|n,ns)} (4.71)

where radius is quantized (4.66). Each n corresponds to the fixed sphere
of radius A\®n(n + 1). For fixed n the Hilbert space is restricted to (2n+1)-
dimensional space

Fn=A{In,n3g) | nisfixed,—n < nz <n} (4.72)
The Hilbert-Schmidt operators which act on the F can be written as
U = Span{|n,n3)(n',n%|} (4.73)

of course, subject to additional conditions like "trace-class" and bounded-
ness. The previously defined operator K and rotation generator J;
in the commutative case acts on the section of the spinor bundle. The
action of J; and K on the ¥, in the noncommutative case is given by the
following adjoint actions:

1
JZ‘\IJQ = X[l’i,‘l’a] (4.74)

KV, = [N,¥,] , N=xlxv+xix (4.75)

These actions of J; and K in the noncommutative case is obtained by replac-
ing the derivatives in (4.24] |4.25) with the following commutators-

0¥ = [ ¥) | 040 =[x V] (4.76)

The action of the position X; on the ¥, is taken to be left multiplication in
Sy for k > 0 and the right multiplication for k& < 0.

XU =2V , k>0 (4.77)
XU =0z , k<0 (4.78)
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Spectral Triplet For The Noncommutative /Fuzzy Sphere

In this section we discuss the construction of the spectral triplet (A, H, D) for
the fuzzy sphere. In the commutative case as earlier discussed , the complex
valued functions defined on the manifold serve the purpose of the elements
of the algebra (A). The function of x’s , x's € S% of the type -

T= > NG (4.79)

my,m2,n1,n2

with & = mq + ma — ny — na = 0 are the functions defined on S?, which is
clear from (4.29)), since ¢ dependence goes away . So in the commutative
case the algebra (A) is-

A= {0 =3 ™" G2 | k=mi+me—ni—ny =0} (480)

The multiplication of two elements of A also preserve the condition k = 0,
so indeed they forms an algebra.

In the noncommutative case also the algebra elements are taken to be the
elements as in but x’s and x!’s are now operators, which are taken in
the normal-ordered form:

A={U =300 | k=mi+me—ni —na =0}  (4.81)

In the noncommutative case consider the sphere indexed by n. The elements
of Fp, (4.72) are the states which describe the sphere indexed by n. Consider
the operators which acts on F,, and constructed from the elements of F,-

Q =|n, n3)(n, nk| (4.82)
The operator K 1) has the eigenvalue k=0 on these Q 1)
K|n,n3)(n,n| = [N, |n,n3)(n,nj|] =0 (4.83)

So these  should be analouge of the ¥ (4.80) in the noncommutative case.
So in the noncommutative case we take the algebra A to be-

A = Span{|n,n3)(n,n5| | —n <ng,nf <n} (4.84)

The Hilbert space (H) on which the algebra and Dirac opertor acts is taken
to be section of the spinor bundle over Sj(S?%), with both the component of
the section having same k value. The Dirac operator (D) is given in ({4.57]).
Let us write the spectral triplet for this fuzzy sphere.

1. The Algebra A = Span{|n, n3)(n,ns|, —n < ng,ns < n}

Y1 (Xas Xb)

2. The Hilbert space H =V =
( ¥2(Xas X1) )
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3. Dirac operator D = Dy = 10;(J; — £%1)

7
The "points" of the noncommutative space are defined through the mapping-

QA C (4.85)

As discussed in the Moyal case the "points" of the noncommutative space are
the pure state |n, nsg)(n,ns|, which belongs to the dual of the algebra (here
algebra and its dual are same ). This is the pure density matrix corresponding
to the |n,n3), so these |n,ng), for fixed n and —n < ng < n, represents the
"points" of the fuzzy /noncommutative sphere whose radius is indexed by n.

Connes distance calculation on Fuzzy sphere

In this section we discuss the Connes’ distance calculation on the fuzzy
sphere. The "points" of the fuzzy sphere are described by -

In,n3) e H. , —n<ng<n (4.86)

we would like to calculate the distance between the two nearest points |n, n3)
and |n,n3+ 1) on the sphere. The Connes distance formula between the two
points w and w’ of the noncommutative space as mentioned in the Moyal
case, following [21], is given by -

tr(dp?)
d(w,o’) = Sup{|(w) —a()] , [D,alllp <1a€ A} = ot
. 1D, 7 (dp)]llop
(4.87)
In this case p =|n,n3)(n,n3| and p’ =|n,n3 + 1)(n,n3 + 1| and dp is-
dp =|n,ng + 1)(n,n3 + 1|—|n, nz)(n, ns| (4.88)
First we need to calculate ||[D, 7(dp)]||op- The D (4.57) is,-
_ 1 Js— 5% Ty — iy — kaazize
D= r |: J1+1Jy — %7501-:%'962 —J3+ %% (4‘89)

Dirac operator Dy, (4.89) acts on the sections of the spinor subbundle S, (S?).
The Algebra has k=0, so in the Dirac operator we take k=0. The commutator
[D, 7(dp)] now reduces to

1z — iz
e A R il B
Al 0 G.de)
- r[i[w,dp] "o ] (4.9)

where the commutator [J3, (dp)] vanishes. The action of J; on the Hilbert
space is defined through (4.74). In order to take the norm we write-

(&), dp) (-
[D,ﬂ(dp)]f[p,w(dp)]:;{Az[( ),dpg [(2-), dp] ;2[(@+),d;?m(i+)adp] (}4.92)

45



An explicit computation yields

[24,7(dp)] = v/n(n + 1) — (ng + 1)(ns + 2)|n, n3 + 2)(n, n3 + 1|
—2¢/n(n+1) —ngz(nz + 1)|n, ng + 1)(n, n3|
+v/n(n+ 1) —nz(ng — 1)|n,n3)(n,n3 — 1| (4.93)

[z, 7(dp)) = V/n(n+1) — (n3 + 1)(n3 + 2)|n,n3 + 1) (n,n3 + 2|
+2v/n(n +1) — nz(nz + 1)|n, n3) (n, n3 + 1|
+y/n(n+1) —nz(ng —1)n,n3 — 1)(n,n3| (4.94)

so that

[(&4), dp][(24), dp] = [n(n+ 1) — (n3 + 1)(n3 + 2)]|n,n3 + 1)(n,n3 + 1|
+4[n(n + 1) — (n3 + 1)ng]|n, n3) (n, n3|
+n(n+1) — (n3 — D)ngl|n,ng — 1)(n,n3 — 14.95)

[(&-),dp]"[(&-),dp] = [n(n + 1) = (n3 + 1)(ng + 2)]|n, 13 + 2)(n, n3 + 2|
+4[n(n+1) — (n3 + 1)ns||n, ng + 1)(n,nz + 1|
+[n(n+1) — (n3 — 1)ns||n, ng)(n, n§.96)

Since both of these operators are diagonal, the operator norm, defined to
be the largest eigenvalue, can be read off exactly from both the equation,
yielding - 4[n(n + 1) — n3(ng + 1)]. This gives the operator norm of the
commutator as,

2y/[n(n + 1) — ng(ng + 1)]

L W=

(4.97)

The infinitesimal distance between the state |n,ns) and |n,ng + 1) is then
easily obtained from (2.39)), using tr.(dp)? = 2,

Ay/n(n+1)

4.98
\/[n(n +1) —n3(ng +1)] ( )

d(nz +1,n3) =

On the infinitesimal nature of the distance formula (4.98))

To clarify the adjective "infinitesimal" in the context, let us recall from the
theory of angular momentum that the state |n,n3) can be visualised as the
vector & preceesing the x3- axis along a cone, in such a manner that the tip
of the vector Z lies on the circle of latitude on a sphere of radius Ay/n(n + 1)
, m being an integer —n < m < n (see fig.). The associated polar angles are
therefore quantized as,

m

m) (4.99)

O, = sin~1(
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Now, let us treat 'm’ to be a continuous variable for a moment.

d,, = dm (4.100)
n(n+1) —m?

So the distance is obtained by multiplying with quantized radius to get

s — A/n(n+1)dm (4.101)

n(n+ 1) —m?

This almost matches with the distance expression (4.98)); infact with the
replacement dm —A m =1 and m? — nz(n3 + 1) one reproduces (4.98))
exactly.

Construction of Perelemov Coherent state on S? and distance func-
tion

We now provide a brief review of the construction of Perelemov’s SU(2)
coherent, as given in [22]. Let us consider a general Lie group G, whose
unitary irreducible representation on some Hilbert space H is denoted as
T(g). Consider a fixed vector in the Hilbert space denoted as |zp) and
consider |x) obtained as, |x) = T'(g)|zo), where g is any element of the group
G. The two state T'(g1)|zo) and T(g2)|xo) are called equivalent if they differ
by a phase factor-

T(g1)|z) = e“T(g2)|z0) = T(g5  g1)|z0) = €|z0) , "] =1 (4.102)
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Consider the subgroup H of the group G with the property-
T(h)|zo) = €M) (4.103)

This construction shows that the vectors |z)4 for all group element g, which
belongs to the left coset class of group G with respect to the subgroup H |,
differs only in the phase factor, so they determine the same state. Choos-
ing a representative g(x) in the equivalance class © € G/H ,one gets the
associated state |x). These states are the Perelemov coherent states on the
base manifold G/H. Here, particularly we are interested in the construction
of coherent state on S? = SU(2)/U(1), with G= SU(2) and H=U(1). We
write an element of SU(2) as the matrices-

g= { _uﬁ ; ] (4.104)

which can be parametrized in terms of Euler angles exactly like (4.15]14.14]).
The subgroup H=U(1) is

h:[gg] . u=ez? (4.105)

is a stability subgroup. As discussed earlier the S? manifold is described by
the doublet- < i > Upon normalization,one can identify, u = 1/+/(1+]z]?)
and v = z/+/(1 +|2]?) , so that the associated SU(2) group element can be

written-

! [ 1 Z] (4.106)

I Vit L7 1

Here z € C represents the stereographic projected coordiantes of the points
of the S? manifold from the south pole. The coherent state on the S? is then

|2) = T(9(2))|0) (4.107)

where |z¢) =|0) represents the north pole, and T'(g(z)) is given by (4.106]).
This can be re-casted as-

1 1 _
|z) = \/W]O) + m(zmr —zo_)|0) (4.108)

where 04 = 01414092 and 0_ = 01 —109 and 01, 02 are the two pauli matrices
in the defining fundamental j=1/2 representation of the SU(2) Lie group
generators. In an arbitrary j-th representtion, we can write the coherent
state as-

1 1

= i T iR

(2Jy — 2J)|0) , Ji=Jy +iJy (4.109)
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with J; being the corresponding generators. In the noncommutative case
the |0) which represents the north pole is identified with the state |n,ng =
n)(r = Ay/n(n+1),z3 = An), which represent the north pole closely and
J1, Jo can be taken to be x1 and x4 since they satisfy the SU(2) Lie algebra
noncommutativity. So, we can write the coherent state as-

2)

224 — Zx_)|n,n) (4.110)

1 1
= )+ ———(
V14|22 V14|22

For the infinitesimal distance function on S? using coherent state , letus
write dp introduced earlier-

dp =|z + dz)(z + dz|—|z) (2] (4.111)
This is obtained as (see Appendix D for the derivation)

1\ 2
D= 1:_7‘:’2“7%,71—1><n,n!d2—dz\n,n><n,n—1\) (4.112)

Similar to the earlier case we calculate [D, 7 (dp)] -

_ L[ [Js,dp]  [J-,dp]
[D,m(dp)] = .[Ji,d[jo] —[Js,dpp]

(4.113)
At this stage, we observe that any point on S? can be regarded as a north-
pole, upon suitable SO(3) rotation of the coordinate axis and Jjs can be
regarded as the SU(2) generators, associated to these new axes. With this
the point coordinatized by z, will remain invariant under the action of the
stability subgroup U(1) contained in SU(2), for which the generator is Js.
Consequently, the state |z) will now correpond to |n,n) and J3 terms, oc-
curing in the diagonal elements of (4.113)) can be disregarded. Indeed, the
Clifford algebra for 2-d manifold like S? should be generated by just 2 Pauli
matrices. This indicates that the structure of the Dirac operator on S? has
a similar form as that of the Moyal plane- % [ JO JO_ ], but Ji defined
+

locally, by identifying the point in question to the north pole. This allows
us to write the commutator [D, w(dp)] in the following form:

D, 7(dp)] ::i{_[J:fdp] [Jédp}} (4.114)

or rather in terms of SU(2) Lie algebra-valued position coordinates as,

[aﬂ@n_iﬁmfw]uéww (4.115)
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Clearly, the rest of the computation is just like the Moyal case. To obtain
the operatorial norm, we first write-

xT TCE
D) [Dontdp) = o | TP S g | @)

and calculate

W 2n
1+ |z[2

(dzV2n|n)(n| — dzv2n|n — 1) (n — 1|
+dzyv2(25 - DIHG -2)  (4117)

[x4,dp] =

[r-dp) = {5 (02207 = Dl =2l — d=v/23li ~ DG — 1
+dzv2n|5) (j]) (4.118)

The maximum eigenvalue A4, is obtained by diagonalisation to yield,

dn(3n—1)
D, m(dp)llop = | 5 dzd 4.11
1D, 7(dp)]op \/<1+|z|2>2 2dz (4.119)
Finally, using
tro(dp)? = 47nd§dz (4.120)
‘ (1+ 2% '

and multiplying by radius Ay/n(n + 1) we get using 1) the infinitesimal
distance on S2:

Ay/n(n + 1)\/ dn \/4n2(n+ 1) Vdzd
d dz)) = dzdz = Ay — T2 121
(12}, |2+ dz)) 1422 V3n—17" =1 132

This is precisely, the form of the metric on S? in the stereographic variable.
Further the linear scaling with 'n’ for large 'n’ is manifest in the expression.
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Chapter 5

Conclusuion /Result

5.1 Result

A. The noncommutative 2D harmonic oscillator energy spectrum is obtained
as-

m-+n m-—-—n

E(j,j3) = ' (2 + 1) + 0p/%jy , J = 5 o = (5.1)
where w’ and y/ are given as-
1 1 pw?6? 9 9 p2w?0?
ﬁ:;+ 1 and W”=w"(1+ 1 (5.2)

The spectrum in the limit # = 0 reduces to the commutative result E(j, j3) =
w'(27 +1). Also, The spectrum of the 2D oscillator comes with the renor-
malized parameters w’ and p/, so the observable mass and frequency will be
these renormalised mass and frequency rather than their bare counterparts.
In the noncommutative 2D oscillator the |0) (0| state is the ground state only
for the particular value of the parameters named as critical parameters:

po=— = —F#= (5.3)

This is unlike to commuative case where |0)(0] =|0,0) is always the ground
state. In the noncommutaive case the hamiltonian of the harmonic oscillator
does not respect the time reversible symmetry.

,ul O"?

OH;07' = J(B}B; + BB +1) - (BB}, — BRBY) # H4)

Where O is the time reversible operator. Also, the SU(2) symmetry is broken
to U(1) symmetry due to the presence of J3 term. in the hamiltonian.
X 1 =

2, 1 5 A
Hs = 27132 + 5y/w/?(XC)Z + pbw? Js3 (5.5)
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B.  In the noncommutaive geometry part the space with the noncom-
mutativity [Z;,Z;] = iA€;j1 T can be viewed as concentric sphere, because
the Casimir operator is the radius-squared operator which is quantized. FEach
sphere named as fuzzy sphere. the spectral triplet for these fuzzy sphere |
which captures the topological as well as the geometrical property of these
noncommutative space is obtained as-

1. The Algebra A = Span{|n,n3)(n,ns|, —n < nz,n§ < n}

.|.
2. The Hilbert space H =¥ = ¥ (Xa’x?)
¥2(Xas Xj3)

3. Dirac operator D = Dy, = %Uj(Jj - ng)

7
The state |n, ng)is the simultaneous eigenstate of the radius-squared operattor(:i"’)2
and Z3 . The distance between the state |n,ng)and|n,ng 4+ 1) which are the
closest "point" on the fuzzy sphere is obtained as-
A/n(n+1)
VIn(n+1) —n3(nz +1)]

The infinitesimal distance between the coherent state on the fuzzy sphere is
obtained as-

d(ns +1,n3) =

(5.6)

4n2(n+1)Vdzdz
3n—1 1+4|z|?

auxp+d4)—x¢ (5.7)

The scaling property for large n is clearly linear in 'n’.
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Appendix A

Appendix

A.1 Appendix A

The x transform as -

X = X' = x+ (i/2)e' 0l 5xs (A.1)

Taking each component ¥, of the section of the spinor bundle over S3 to
transform as a scalar,

U (Xar Xia) = Ua(Xas X)) = Pa(Xas X5) (A.2)

we get

Vo (Xar Xa) + 185 X5(0)as0 = X5(0)a50%]Va = ValXar xa)  (A3)

so that
0o = W, (X Xer) — PalXas X5) = —ic" J; ¥4 (A.4)

where J; are given as

1

Ji = §[X6(0i)aﬂf9a — X5(0)5500] (A-5)

A.2 Appendix B

Since S3 is the U(1) bundle over CP' ~ S2, there exist a natural U(1)
connection (gauge field) over S2. We would like to calculate this connection
term A, on the S manifold using Atiyah’s method.

We shall first discuss the general construction and then the special case of
CP'. Consider a vector bundle E over the base space M consists of a family of
vector space E, parametrised by points y € M. Also, let E be a subbundle
of the trivial bundle M x RY, such that E, can be embeddedas a vector
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subspace in RY and any section f(y) of E taking its values in E, can be
thought of as a function taking value in F,. The partial drivative of f, may
not take value in RV . The projection of the ordinary derivatives in to E,
defines the covariant derivative on E,

Vf = Pdf, P — projection operator (A.6)

If E is the tangent bundle over M and P be the orthogonal projection, we get
Levi-Civita connection of the riemannian geometry. Choosing an orthogonal
gauge/local frame for the bundle E gives the linear maps R" — E, which
are isomorphisms preserving orthogonality. Composing these isomorphisms
with the continuous embedding of £, in RN, we can write Uy, : R" — RN,
The UyUJ = P, is the projection operator and projects orthogonal elements
in RN on to E,. To calculate the covariant derivative V in the gauge 'U’ we
put f=Ug, where g is function on M which takes values in R".

V(Ug) = Pd(Ug) = UUd(Ug) = Uldg + i(—iUTdU)g] (A7)
which shows that the gauge field is
A= —iUtdU (A.8)

To determine the U(1) gauge field over C P!, consider the tautological line
1/v1+ pp )
p/vV1+ pp
represent a unit vector in C?. and multiplication by the nonzero complex
numbers A generates a whole comlex line through this point in CP! and
defines section/gauge in this line bundle over S2. The U, here is given by-

()= (%)

bundle over C P!. with the gauge z; = Z; the complex doublet z = (

and one gets using (A.8)),
A=—izldz (A.10)

A.3 Appendix C

Using the x parametrization (4.154.14) one can obtained the metric over
S3, as induced from the flat metric on C3, given as

ds® = 4dxTdx (A.11)
This is obtained as

ds? = 4dx dx = [d0? + dp* + dip? + 2 cos Odpd)] (A.12)
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Identifying this with the metric tensor through ds? = gijdxidxj with (2! =
0,22 = ¢, 23 = 1) one gets,

9(0,09)  9(0p,0,) 9(Dp, Dy) 1 0 0
gi; == | 9(0s,08) 9(0p,0p) 9(0p,0y) | = |0 1 cosf |(A.13)
9(0yp,09) g(0yp,0p) g(Oy,0y) 0 cosf 1

Using this the inner product between J; (4.24) (4.26]) over S can be easily
computed to get

g(Ji, Jj) = (Sij (A.14)

A.4 Appendix D

We know that S? is ahomogeneous coset space: S% ~ SU(2)/U(1). Consider
2\—1/2 1 =z
SU(2) 3 g(z) = (1+]z]%) 5 1 (A.15)

parametrized using the stereographically projected variables (4.8[}4.10)) it is
then straightforward to calculate the left invariant Maurer-Cartan 1-form

g (2)dg(z) to get

A i
1 . . . _
g (2)dg(z) = 1503 + W[—za+dz + io_dz] (A.16)
where
zZdz — zdZz
A=i(————— AT
i) (A1)

is the U(1) connection 1-form. The state |z + dz) is written as-
1 A
|z+dz)=(1+g dg—2503)|z> (A.18)

Note that we have excluded the o3 term, as this is asscociated with the
stability subgroup U(1). This finally yields

|z 4+ dz) =|z) + [—io4dz 4+ i0_dZ]|z) (A.19)

o
1+]z[?
The |z) is identified with |z) =|n, n),by rotating the coordinate axes, so that-

i/2jdz
1+]z|?

|z +dz) =|z) + |n,n — 1) (A.20)

and the corresponding dp is defined as -

dp =|z + dz)(z + dz|—|z) (2] (A.21)
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On a straightforward computation, this gives

o
dp = Y (dz|n,n — 1)(n,n| — dz|n,n)(n,n — 1|) (A.22)

1+]|z|2
Finally, we would like to mention that, using Eulerian angle parametrisation,
one can compute the left-invariant 1-form e*’s occuring in the Mauree-Cartan

1-form g~ 'dg as

g tdg =i/2(e'o") (A.23)
to get
el = sinydh — sin 6 cos dp (A.24)
e? = —costdf — sinfsindyp (A.25)
3 = —cosfdp — di (A.26)

They provide an orthonormal basis in T;(SQ) and their duals are precisely

the SO(3) rotation generators .J; (4.2614.24)) satisfying,

<e Ji> = & (A.27)
g(Ji,Jj) = 5ij (A28)
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