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1 Introduction

Recently, a new type of models for N'=4 supersymmetric mechanics was discovered and
studied [1-4]. They are distinguished from earlier such models by the coupling of two irre-
ducible N'=4 multiplets, one dynamical and one “semi-dynamical”. The former produces
normal kinetic terms for all components, while the kinetic terms of the latter are one order
lower in time derivatives: the bosonic variables arise in a d =1 Wess-Zumino (WZ) action,
and the fermionic variables appear only algebraically in the action, thus are auxiliary. After
quantization, the semi-dynamical bosonic variables play the role of spin degrees of freedom
parametrizing a fuzzy manifold.! For this reason, we also call the semi-dynamical multiplet
the “spin multiplet”. A slightly different treatment of the semi-dynamical spin variables
was employed in [7-9].

The first examples of these compound N'=4 supersymmetric mechanics models were
constructed in [2, 3] as a one-particle limit of a new type of N'=4 super Calogero mod-
els [1]. They describe an off-shell coupling of a dynamical (1,4,3) multiplet to a gauged

n the simplest case of SU(2) doublets one gets the standard fuzzy sphere [5, 6].



(4,4,0) spin multiplet. They inherit the superconformal D(2, 1; «) invariance of the parent
super Calogero models [10] and realize a novel mechanism of generating a conformal poten-
tial ~ 22 for the dynamical bosonic variable, with a quantized strength. Soon after, the
construction was generalized by replacing the dynamical (1,4,3) multiplet with a (4,4,0)
or a (3,4,1) one, but still keeping the (4,4,0) spin multiplet [11-14]. The larger num-
ber of dynamical bosons allowed for Lorentz-force-type couplings to non-abelian self-dual
background gauge fields in a manifestly N'=4 supersymmetric fashion [12, 14]. Here, the
presence of the spin variables is essential for going beyond abelian backgrounds. It has
been conjectured in [2, 3| that these compound supersymmetric mechanics models may be
also relevant to the description of A'=4 supersymmetric black holes.

In the present paper, we entertain a different generalization of the (1,4,3)—(4,4,0)
model, by replacing the (4,4,0) spin multiplet with a linear (3,4,1) multiplet. For the
dynamical multiplet, we remain with the (1,4,3) one, postponing other choices to future
study. We employ the N’'=4,d =1 harmonic superspace approach [15, 16] for the off-shell
description of the N'=4 multiplets. To keep the treatment as general as possible, we re-
quire only N'=4, d =1 Poincaré invariance, which includes N'=4 superconformal systems
as a subclass.

What is the effect of changing the spin multiplet? In the (4,4,0) case [2, 3], the bosonic
variables form SU(2) doublets and after quantization span an oscillator-type Heisenberg
algebra. The fuzzy sphere arises from applying a quantum version of the S3 — S2 Hopf
fibration. In the (3,4,1) case considered here, in contrast, the elementary bosonic variables
Vg, a = 1,2,3, form an SU(2) triplet. The WZ action for the (3,4,1) multiplet produces
scalar U(v) and vector A,(v) potentials in the component action, which are related by
the three-dimensional Bogomolny equation rot A = grad U. The scalar potential U must
be a harmonic function in R? > {v,} and is related to the dynamical bosonic variable x
of the (1,4,3) multiplet by the constraint U = x from the superfield coupling of the two
multiplets. As a result, only two bosonic degrees of freedom remain independent in the
(3,4,1) multiplet. Being semi-dynamical (i.e. described by a Lagrangian of first order in
time derivatives), these are the genuine spin variables.

This separation of degrees of freedom carried by the three-vector v, has a remarkable
consequence. The set of Hamiltonian constraints implies a variant of the celebrated Nahm
equations for the vector v,, with the dynamical combination of the latter’s components as
the corresponding evolution parameter. These Nahm equations play a very fundamental
role: they represent the necessary and sufficient conditions for N'=4,d=1 Poincaré su-
persymmetry in our model. This phenomenon persists in the quantum theory: the N'=4
supercharges and quantum Hamiltonian constitute the Poincaré superalgebra if and only
if the quantum operators v, satisfy the operator version of the Nahm equations.

The two spin degrees of freedom encoded in the vector v, are described covariantly by
a constrained three-vector ¢,, a = 1,2,3. The constraint x = U and the Dirac brackets of
£, then determine the geometry of the spin space. In the one- and special multi-monopole
configurations we shall consider, the spin variables describe a fuzzy two-sphere. After



canonical quantization a la Dirac, they directly yield an SU(2) algebra.? For the one-
monopole situation, these features could actually be expected from the results of [2] by
way of a special (non-Wess-Zumino) gauge choice. In the two-monopole case, only a U(1)
symmetry survives, and we propose to use as a canonically conjugated pair of spin variables
the polar angle ¢ = arctan(¢2/¢;) and the U(1) generator ¢3. This choice allows us to take
advantage of the Moyal-bracket formalism for the Weyl-ordered quantum variables.

The WZ action used to describe the (3,4,1) spin multiplet has a consistent off-shell
superfield realization only within A/'=4 harmonic superspace. For this reason, in section 2
we start with the harmonic superfield action of the coupled (1,4,3)—(3,4,1) system and
then derive the corresponding component action. In section 3 we analyze the bosonic limit
of this system. We present the Hamiltonian formulation for a general scalar potential and
show how the classical SU(2) Nahm equations appear in this framework. In the one- and
two-monopole configurations we discuss in detail the definition of the spin variables and
perform the quantization. The full supersymmetric systems are considered in section 4.
We explain the relationship between AN'=4 supersymmetry and the Nahm equations at
the classical and quantum level. Section 5 provides a short summary of our results and
discusses peculiarities of the multi-monopole situation.

2 Superfield content and action

We shall deal with the off-shell superfield action

S = S+ Sini+ Swz = /MHL(x)+;b/ME42) y (L**+c*+)—;v/uf42) LD (LT ).
(2.1)
Here, ¢+ = clkuju; The renormalization constants v and b, as well as the constant
triplet ¢**, are parameters of the model. Below they will be appropriately fixed, either by
redefining component fields or by using some (broken) symmetries. For instance, the norm
of the vector ¢* can be fixed at any non-zero value by properly rescaling L** and the
parameter b.
The N = 4 superfields X and L™" accommodate the off-shell (1,4,3) and (3,4,1) mul-
tiplets, their precise definition is given below. The analytic superfield V = V((,u) is the
prepotential for the (1,4,3) multiplet related to the superfield X(¢,6;,6%) by the harmonic

integral transform [17]

(¢, 0,,07) = / V(a0 T (2.2)
The definition (2.2) is invariant under the gauge transformation
SV =DTTA| A" =A(¢u). (2.3)

The term proportional to ¢t in (2.1), i.e. i/,u(A_z) Vet is the FI term for the (1,4,3)
multiplet.

2In contrast to the (4,4, 0) spin multiplet case, where the spin variables form a Heisenberg algebra upon
quantization, while the fuzzy sphere and SU(2) group are recovered through a quantum Hopf fibration [2].



Next two subsections contain a brief characterization of the linear (1,4,3) and (3,4,1)
multiplets.

2.1 The (1,4,3) multiplet

The analytic prepotential formulation of the (1,4,3) multiplet as given in (2.2), (2.3) was
proposed in [17] in the framework of the general N'=4,d=1 superfield gauging proce-
dure [18]. This formulation was recently employed in [2, 3] in the context close to the
subject of the present paper.

In the ordinary N'=4 superspace parametrized by the coordinates 6;, #° and t the
(1,4,3) multiplet is described by the superfield X (¢, ;, §°) subjected to the constraints [19]

D'D;X=0, D;D'X =0, [D', D)X =0, (2.4)

where D' = 0/00; — i0'0;, D; = 0/00" — i0;0; are spinor covariant derivatives.® The 6
expansion of this superfield is as follows

. A I j I | _
(t,0,0") = w + 0 + X0 + 00 K — S(0)%0 — 5(0°0%" + (00, (25)
with (0)% = 0,60%, (0)> = 0°0; . The first term in the action (2.1), Sy = /dt d*0 £(X), where

4np__ 1 0 90 0 0 :
d=0 = 197, 99% 67 90, has the following component form

. 1 . . 1 .
Se= [lde [e/ - g ({0 - x) + 5 &K K~ 2K R 1 A ]
(2.6)
Here, £/, £", £ LUV) are functions of x, and primes mean differentiation with respect
to z: L= L'(z), ete.
It is easy to see that the prepotential representation (2.2) solves the constraints (2.4).
Expressing D; = D’ui+ —D%u; and D; = D’ui+ —D*ui_ and using the only non-vanishing
anticommutation relations

{D*, D"} =—{D",D*"} = —2i0;, (2.7)

we find that the constraints (2.4) are satisfied as a direct consequence of the analyticity
conditions for V
DtV =DtV =0. (2.8)

To be convinced that V indeed describes the (1,4,3) multiplet we need to exploit the
gauge freedom (2.3). It can be used to remove an infinite set of gauge degrees of freedom
from V and to bring it into the Wess-Zumino gauge form

V(ta, 0,07, uF) = 2(ta) — 207X (ta)u; — 207X (ta)u; +30T0T K™ (ta)u;u, , (2.9)

30ur N'=4 superspace conventions are the same as in refs. [12, 14] and in our recent review [4]. They
differ from those used, e.g., in [16-18] by the sign of the evolution parameter ¢t. The advantage of this choice
is that it directly yields the correct sign of the fermionic kinetic term and, consequently, the sign ‘plus’
in front of the right-hand side of the quantum supersymmetry algebra anticommutator, {Q, QT} = 2H .
Quantization of N'=4 supersymmetric mechanics with the conventions of [16-18] can be found in [3].



where t 4 = t+i(0T0~ +6~07). The fields x(t), x*(t), X' (t), K*(t) are the same as in (2.5).
To preserve this gauge, the standard N' = 4 supersymmetry transformations of V should
be accompanied by a proper field-dependent gauge transformation with a composite A~

2.2 The linear (3,4,1) multiplet and its WZ action

The linear N'=4 multiplet is accommodated by the even analytic superfield L™ ({, u)
subjected to the additional harmonic constraint [16]

DY LTt =0. (2.10)

The constraints (2.10) can be directly solved. The off-shell component content of the
linear multiplet is comprised by the fields v;; = vj;, B, ¥; and ;. They enter the 6
-expansion of the superfield L™ subjected to (2.10) as [16]

LY =0t 0ty 1079t — 200707 (ot + B) (2.11)

where v+ = v¥ufu + ,

vt = vl uj, Yt = Yiul and Y = Yl
When taken separately, the last (WZ) term in the action (2.1), Sy z, provides an
example of supersymmetric Chern-Simons mechanics [20-24]. In components, it has the

following form

8L(+2)(v++,u) - 92.4,(+2) (v** u) gt
KSH/VZ:—y/dtalu80JrJr ( /dtdu Ty (AR
It can be rewritten as
1 . ; .
Sz = — / dt (§Aikiﬂk n % Rip b k) + u3>, (2.12)
where
oL+ aQL—H- oL+t
= o 22 - + U~
Air —Q/duu(iuk) == fRzk—/duu U, FIOiEaEh U= /du =
(2.13)
From the definition of these potentials follow the relations between them:
AgsU =0, ApsAip =0, O* Ay =0, (2.14)
aijﬂkl — 8klAij = (eikaﬂ + Ejlaik) u, (2.15)
Rir = 0 UL (2.16)

Here, 0;, = 0/ Ov™* and Ags = 0%0;;, is Laplace operator on R3.

Egs. (2.14), (2.15) are recognized as the equations defining the monopole (static) so-
lution for a self-dual Maxwell or gravitation fields in R* (see, for example, [25] and refs.
therein). Namely, the non-trivial physics arises in the presence of singularities in U. These
singularities lead to a non-trivial definition of the background vector gauge potential A;;
which necessarily involves the Dirac strings. This property requires the use of multiple
covering (or the fibre bundle formalism) of the v-space for the correct definition of the
potential [25]. Although we will sometimes give the expression for A;;, analysis of our
system does not require knowledge of the exact expression for this vector potential. The
Hamiltonian analysis of our system will deal solely with the field strengths.



2.3 The V - L1 interaction

The second term in (2.1), Sin, describes an interaction of the (1,4,3) and (3,4,1) mul-
tiplets. Its form is uniquely determined by requiring it to be invariant under the gauge
transformations (2.3). It has the following simple component representation
o ib (-2) ++ At
Sint = 5 py V(LT 4T (2.17)

1 _ 1 ..
= z’b/dt [—ixB—&- 5 (;zkwk—w’“xk) + EK”(Uz‘j‘i‘Cij) .

2.4 The total component action

After summing up the component actions (2.6), (2.12) and (2.17), the total action (2.1) in
terms of the component fields reads

5= [ar |- e (- xi) + 5 £E K - 27K o+ £
+baB + % b (x%k — q/?’“Xk) + % b K" (vij + cij) (2.18)
- %’Yﬂik@ik - %’YfRiklE(ilﬂk) - ’YUB] :
1\_Iext we should use the algebraic equations of motion for the auxiliary fields K, 1k
and
Kip=(L")™ [L"/X(iXk) —% b (Uz'k+cik)] o Yi==by T (R D, Pi=—by T (R ax”,
where (R71)* = 2R%* /(RIMR;,,,) is inverse of Ry, defined in (2.16). Integrating out these
auxiliary fields from (2.18), we obtain the action in terms of physical fields only:
S = /dt [Lfc + % DL (0 4 ) vy + eij) — %Mikoik ~ (yU-ba)B

. . . ) _ i i - —1yi v
=i (= 7) - 5 (€)@ 4 ) by R e (219)

1 3 _ ik
+ Z <L(IV) - 5 (LH) 1(L///)2> XiX Xka:|-

The renormalization constants b and v mark the contributions of the superfield in-
teraction and WZ terms to the physical component action. They can be converted into
some non-zero numbers by a proper rescaling of the variables v;;, B and the potential U.
Hereafter, we set b =1, v = 1.

3 Bosonic limit

3.1 Lagrangian, Hamiltonian and constraints

It is instructive to look first at the bosonic limit of the action (2.19). It reads:

1 ) g 1 .
Ghose — / dt [— i+ 5 ()7 07 + ) (v + ) = 3 Aad™ + B@ - W[ (3.1)



We see that the effect of adding the superfield coupling Si,; between the (1,4,3) and
(3,4,1) multiplets is two-fold: first, there appears an oscillator-type potential term for
the bosonic fields v* of the (3,4,1) multiplet (with the additional dependence on z) and,
second, the auxiliary field B appears as a Lagrangian multiplier for the constraint

x—U(v)=0. (3.2)

Here, the first term comes from Siy¢, while the second one from the (3,4,1) WZ term Sy 7 .

If we would leave, for the (3,4,1) multiplet, the WZ action Sy z alone we would obtain
the meaningless condition U = 0. On the contrary, the constraint (3.2) is quite reasonable,
expressing bosonic field of one N’ = 4 multiplet (viz. (1,4,3)) through a function of bosonic
fields of another (3,4,1) multiplet. Also, the potential term for v’ arises as a result of elim-
ination of the auxiliary fields K% of the (1,4,3) multiplet. Thus we observe a new mecha-
nism of producing the potential terms in such a coupled system. Even more interesting, af-
ter substituting (3.2) into the kinetic term of x, we finally obtain a non-trivial target metric

~ DU U0k oIt (3.3)

while originally there was no any kinetic term for v**, only the WZ term. This situa-
tion should be contrasted with the (3,4,1) supersymmetric mechanics models considered
in [16, 26], in which the invariant superfield actions from the very beginning involve both
the kinetic and WZ terms for the (3,4,1) multiplet. In this kind of N’'=4 mechanics models
the kinetic term of v** appears in parallel with a term bilinear in B, and elimination of

B by its algebraic equation of motion generates a potential ~ (U)?.

No any additional
contribution to the target v** metrics comes from the WZ terms in this case. The target
space metric for one linear (3,4,1) multiplet is always conformally-flat, while the induced
metric (3.3) for generic U does not feature this property.

However, the metric (3.3) is clearly degenerated. One can pass to the new parametriza-
tion of the target space, treating U as one of the new coordinates. Then two remaining
coordinates will not appear in the metric part at all and will contribute only the WZ cou-
pling. Thus there remains only one genuine dynamical coordinate and two independent
spin variables. Taking this into account, for quantization it proves more convenient not
to explicitly solve the constraint (3.2) at all, viewing x as an independent phase variable.
Eq. (3.2) will be treated as a second-class hamiltonian constraint, on equal footing with
some other second-class constraints associated with the action (2.19).

To simplify things, in what follows we focus on the option with £| = —%x2 (here, |
denotes restriction to the 6-independent parts). In terms of superfields, it corresponds to
the particular choice £(X) = —3X? in (2.1). The action (3.1) takes the form

1 . 1 ,
Sbose = /dt |:l’1’ - g (UU + C”)(Uij + Cij) - 5 .Aikl'}zk + B (:C - U) . (34)
Let us introduce the three-vector notation, passing from the spinor triplet indices (ik)
to the vector ones a = 1,2, 3:

. 1 .
v = wflkva, Va = 5 0q Vik \v|2 = VgV = — v, (3.5)



where aff = € aajk, Oaik = ekjaaij and o,;" are the standard Pauli matrices. Note that
A* B = 24,B,, 0y = iazk’@ik and 9'F = %aflkﬁa .

In the vector notation, the constraint (2.16) for R, is rewritten as:

1
Ro = 5 0all. (3.6)
The action (3.4) takes the form

/ [ (Vg + €a)(Va + €q) — Ay + B (z —U) |, (3.7)

while the constraints (2.14), (2.15) on the potentials A, and U are rewritten as:
6a8a U=0 5 (38)

0q0q Ap =0, OgAq =0

Fup = Oy Ay — OpAy = —€apcOU . (3.10)

Note that the Laplace equation (3.8) follows already from (3.10) as the condition ensuring
the Bianchi identity for Fyy, .

Each solution of (3.8) produces some static solution for the self-dual Maxwell potential
A, . For what follows, it is worth recalling the general multi-center solution. It is given by

n

U= Uy, = go + Is (3.11)

U — ks

where gop and gs are constants. Constant vectors ks can be interpreted as defining the
positions of the magnetic monopole charges. The constant gy specifies only asymptotic
properties of the potential (3.11). Taking into account the constraint (3.14), =z = U,
the presence of non-zero constant gy in U amounts to the trivial shift of the z variable.
Therefore, without loss of generality, we assume gy = 0 below. For the potential (3.11),
the solution of the equations (3.9), (3.10) for the 3-vector potential A = (A,) reads

A=N"A,, Ai=g— ”sx(”jks) , (3.12)

where the non-physical 3-vectors iy parametrize the Dirac string.*
Let us now perform the Hamiltonian analysis of the system with the action (3.7).
The relevant constraints are

Ta = pa+HAa =0, (3.13)
h=z-U~=Q0, (3.14)
and the Hamiltonian reads:
1 1
H = Zp2 + 1 (Vg + €a)(Va + ¢a) + AaTq + Bh, (3.15)

4Recall that the Dirac monopole field strength does not display dependence on these variables.



where A, and B are the Lagrange multipliers. Poisson brackets of the con-
straints (3.13), (3.14) are

[Favﬂb]p = —Jab, [77(17 h]p = 8au; (316)

where F, was defined in (3.10). Determinant of the matrix of the right-hand sides of (3.16)
is (0,U0,U)? # 0.5 Hence, all four constraints (3.13), (3.14) are second class. The Dirac
brackets corresponding to them are

€abcO0:U d, U
A B] =[AB A, g ,B A, 7], |h, B], —[A, «. Bl ).
(A Bly = A Bl + 5 Al ol Bl + 5t (407 olhs Bl = (4,8 (7o B, )
(3.17)
For the phase variables, they yield
[z, p], =1, (3.18)
0, U
pu— = .1
[Uavx]D 0, [Ua,p]D apuapua (3.19)
o U
a> = — €abe R 2
[Va, 0], €ab UG (3.20)

Now we have two independent physical phase variables (x and p) and two independent
spin variables, hidden in v,. Indeed, as follows from the examples considered below, the
constraint (3.14) can be treated as the equation defining a two-dimensional surface in the
R3 manifold parametrized by the variables v,.

3.2 Nahm equations

The Dirac brackets (3.19) and (3.20) guarantee the fulfillment of the equations

1
(s valp = 5 €ate [vs, vl - (3.21)

Surprisingly, they are none other than a version of the famous Nahm equations [27-29],
with the Dirac bracket instead of the commutators of the gauge group generators appearing
in the original form of these equations. We can define the “genuine” spinning variables
Ly, so that they decouple from the dynamical degrees of freedom z, p with respect to
the Dirac brackets, i.e. [{q, 2], = [la,p], = 0. Then [p,v,], = —%va := —v), and the
equations (3.21) are rewritten as

, 1

Vg = _5 €abe [Ubu UC]D (3.22)

for va=v4(x, €,). In this form they coincide with the generalized (the so called “SDiff(32)”)
Nahm equations, as given, e.g., in [30-32].

The mechanical model we are considering provides a dynamical realization of the close
interconnection between the three-dimensional Laplace equation and the SDiff(¥3) Nahm
equations established in [32]. Indeed, it is just the dim-3 Laplace equation (3.8) which

5The case when 9,U = 0 and U = const, A, = 0, is trivial and so we do not consider it.



ensures the self-consistency of the set of Dirac brackets (3.19), (3.20), which in turn imply
the Nahm equations (3.22). Below we will see that the Nahm equations (3.21) and their
quantum counterpart ensure the existence of the N'=4 supersymmetry in models with the
(3,4,1) spin multiplet, both at the classical and the quantum levels.

In the next subsections we consider some simple examples of the models associated
with the action (3.4).

3.3 The one-monopole case
Let us consider first the simplest one-monopole case, in which

€abcp (Uc - kc)

g
U=1U := , Ag=y9 — — —.
15— K| (17|15 — K| + 7(7 — F) )

(3.23)

The constant vector k can be absorbed into the redefinition of v?, and in terms of v =
v® — k® the potential Uy possesses manifest SU(2) ~ SO(3) invariance. The “magnetic
field” VxA points along the radial direction, VxA ~ 7, i. e.

Ogfaq =0. (3.24)
Obviously, in this case the whole Lagrangian (3.7) is SU(2) invariant under the condition

k=-¢, (3.25)

where ¢, = %afﬁ Cik -
According to [16], the one-monopole potential in (3.23) with 7@ = k/|k| can be produced

by the following analytic superfield Lagrangian £(+2)
LTt
(L+V1I—k L) V1—k LT+’

L2 (3.26)

which, besides N'=4,d=1 Poincaré supersymmetry, also exhibits N'=4 superconformal
invariance associated with the supergroup D(2,1;«) (it involves as a subgroup that SU(2)
which provides invariance of the bosonic action (3.7)). The total superfield action (2.1),
with £(X) = —1X?, exhibits the particular N'=4 superconformal SO(4]2) invariance,
provided the condition (3.25) is imposed [2].

The constraint (3.14), i.e. x = U, for the potential (3.23) becomes

z=g/|0—k|. (3.27)

Now we introduce the new variables

—k
by =x (Vg — kq) = gva . (3.28)
|7 — K|
The constraint (3.14) (or, equivalently, (3.27)) then amounts to the condition
loly = g% (3.29)

,10,



The Dirac brackets (3.18)—(3.20) are rewritten as

[z,p], =1, (3.30)
o, x], =0, [a,pl, =0, (3.31)
[gaa gb]D = 6abcgc . (332)

Thus the variables £, parametrize a sphere S? with the radius ¢ and generate SU(2) group
with respect to the Dirac brackets. The Nahm equations (3.22) are evidently satisfied by
Vg = % + k, as a consequence of (3.32). After quantization, the variables ¢, are going to
parametrize a fuzzy sphere, with the relation (3.29) becoming the SU(2) Casimir condition
for a fixed spin (“fuzziness”).

In the one-monopole case the Lagrangian in (3.7) takes the form

W7 - s
Lbhose — 44— ,W — Al (3.33)
4 x?

where
pe 6abcnbgc

0 (il + )

i.e. it is a sum of the conformal mechanics Laqrangian and SU(2) WZ term. Respectively,
the Hamiltonian (3.15) reads

H = 1 (pQ + MW) ) (3.34)

4 2

The requirement of preservation of the vector E_; [H, 4], = 0, leads just to the condi-
tion (3.25). Then, the bosonic Hamiltonian finally becomes

1y Ll 1[5 ¢
H—4<p+x2>—4<p+x2. (3.35)

The one-monopole system under consideration can be quantized in a few different ways,

depending on the quantum realization of the spin variables /,,.
Let us firstly consider one possible quantization scheme, which explicitly takes into
account the properties of fuzzy sphere. After quantization variables ¢, become operators

la — lo, - (3.36)

The commutation relations of /, are determined by the Dirac brackets (3.32)% and form
the su(2) algebra

(0o, 0] = il €l . (3.37)

“We quantize by replacing [A, B} ,=C — [A, E}: ih C for basic variables and explicitly keep the Planck
constant & in all quantum expressions, having in mind that in section 4 the quantum analogs of some classical
quantities will be sought for as a power series in h.
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The constraint (3.29) should hold for the operators l, in the strong sense, because we
quantize Dirac brackets. On the other hand, the quantity £,¢, is the Casimir operator for
su(2). Therefore, for unitary representations it must be equal to

loly = W2n(n+1), (3.38)

where n is a non-negative half-integer or integer number, i.e. 2n € N. Thus, in the
process of quantization the classical constant g2 present in the constraint (3.29) should be
substituted as

g° — Rn(n + 1), (3.39)

i.e. it gets quantized.

Then, for ¢, we can use the standard realization by (2n + 1)x(2n + 1) matrices. As
a result, the wave function has (2n + 1) components and describes a non-relativistic spin
n conformal particle. The corresponding Hamiltonian is (3.35), in which the replace-
ments (3.36), (3.39) are done. The full set of the conformal symmetry generators will be
given below, while considering the supersymmetric case.

Now we apply to a different quantization method which will be also used in the two-
center case. Its main idea is to describe the spinning sector by two independent variables.
One can define the variables

/3 and ¢ := arctan <§2> , (3.40)
1

which still represent the two-sphere and have the canonical Dirac bracket

[p, 03], =1. (3.41)

Being rewritten through the variables ¢ and f3, the WZ term in (3.33) takes the very
simple form

- / Agdly = / lydp. (3.42)

It is easy to show that the WZ action (3.42) is invariant (up to a total time derivative
in the integrand) under the SU(2) transformations realized as a particular subgroup of the
general group of symplectic diffeomorphism of the surface ({3, ¢):

8[3 y 3 8@ ’
flp,€3) = azlz + 1/ 9> — £3 (a1 cos o + azsin @), (3.44)

where a; 23 are properly normalized parameters of SU(2).” This SU(2) is a symmetry of

the classical theory, so it is natural to require it to be preserved at the quantum level too.
The classical SU(2) generators can be constructed as

01 =/g?— 13 cosp, ly =/g? — 03 sinp, l3, (3.45)

"The WZ term (3.42) is invariant (up to a total t-derivative) under the full symplectic diffeomorphism

group [22-24]. However, this invariance is broken down to SU(2) in the full Lagrangian with fermions.
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or

(1 = gsindcos g, Uy = gsindsinp, l3 = gcos?, (3.46)

where 9 is the second (azimuthal) angle on the sphere. It is easy to check that these
quantities form the classical SU(2) algebra (3.32) with respect to the Dirac bracket (3.41)
(and in fact generate the transformations (3.43)). However, the direct passing to the
quantum case via replacing the Dirac brackets by commutators can be plagued by the
ordering ambiguities. It is convenient to pass to the complex variable

z = e cot (9/2) , (3.47)
2,7, = %(sz)?. (3.48)

In terms of z and z the generators (3.45) take the form

) 29z 5 29%
L =1 ly = =29z — z* ———
SR PRl A g2
29z
=10 —ily = 3.49
1 (2%) 1 ¥ 2z ) ( )
’ 1—2z 29z
Q = — = Z — .
3 g 1+22 1+22 g
Since -
gz
| =1, 3.50
[Z z(1+zz)L (3:50)
the quantum counterpart of 2gz/(1 + 2z) plays the role of 9, in the holomorphic represen-
tation, i.e.
29z 0
R — % J—
(I1+2z) 0z

after quantization. Then the holomorphic quantum realization of the SU(2) genera-
tors (3.49) is as follows [22, 23, 33-35]

él =h |:; (1 —z2)8z —l—gz] R

ly=nh [; (1+ 220, — igz} , (3.51)
03 =N (20 - g),
where, for coherence, we again restored the Planck constant. The possible ordering ambi-
guity can always be absorbed into a redefinition of the parameter g.

At fixed g, the Hilbert space is spanned by 2¢ + 1 basis wave functions 1, z, ..., 229
with the inner product defined as [22, 23, 33-35]

(U, ®) = 292; 1 /52 . +dj§29+2 T(2)d(2). (3.52)

The norms |®|? = (®, ®) are finite, and this property amounts to saying that ® and ¥ are
square-integrable (and hence well defined) functions on CP! ~ S2. In the realization (3.51),
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Uyl, = h%g(g+1), i.e. the basis functions span an irreducible spin g multiplet of the group

SU(2).%2 Thus in this quantization scheme the original constant g is identified with the
1

spin quantum number n € Z,7Z + 3,

as opposed to the quantization formula (3.39) of the
previously employed method.”

3.4 The two-monopole case

This case corresponds to keeping two terms in the general solution (3.11) (with go = 0)
of the Laplace equation for the function U. Without loss of generality, we can place the
singularity point on the axis z, other possible choices are obtained by proper rotations and
shift of the coordinate system. Thus, the two-monopole potential can be chosen in the form

g1 g2
G —ki| [T —ko|

(3.53)

where
El = (O’ 0’ kl) ) EQ = (07 07 k2) . (354)

The corresponding analytic superfield Lagrangian £(t2) is a sum of two Lagrangians (3.26),
with the parameters k% and k% . It possesses only U(1) internal symmetry and does not
exhibit superconformal symmetry (unless k:ik = k:ék is assumed, that would take us back
to the one-monopole case).

To quantize the system, we can proceed by analogy with the one-monopole case. We
should pass from the variables v, to some new variables, such that their Dirac brackets are
maximally simple. One of these variables is the “dynamical” degree of freedom x , whereas
two residual degrees of freedom are spin ones. In these new variables, the spin sector
should decouple from the “dynamical” sector (z,p). This separation of the true dynamical
degrees of freedom from the “semi-dynamical” spin degrees of freedom is a necessary step
in performing quantization of the relevant Dirac brackets.

Using the basic brackets (3.18)—(3.20), it is direct to check that the quantity

_qi(v3—k1) | go(vs —k2)
3= +

— — (3.55)
"U — ]ﬁ’ ”U - kQ’
commutes with the variables of the dynamical sector:
[43,p], = [¢3,2], =0. (3.56)

The second semi-dynamical spin degree of freedom is the polar angle coordinate of v

.= arctan 2 .
¢ = arct <v1> , (3.57)
lp.p], = lp,2], =0. (3.58)

8In fact, requiring the norm of ®(z) to be convergent with respect to the inner product (3.52) already
restricts 2¢g to be integer and ®(z) to be a polynomial in z of degree 2g.

9An equivalent approach is the Gupta-Bleuler (or “geometric”) quantization on the two-sphere (see
e.g. [34, 35)).
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Moreover, the variables (3.55) and (3.57) are conjugate to each other with respect to the
Dirac bracket:

. t3], =1 (3.59)

Thus, the phase space of the model decouples in the two sectors: one is the dynamical
sector spanned by the pair (x,p), whereas the pair (¢, ¢3) defines the semi-dynamical spin
sector. Similarly to the one-center case, the WZ term in the action (3.7) have the form
[ dt ¢3¢ in terms of the variables ¢ and (3.

Note that the variable £3 has the clear physical meaning: it is just the Néther conserved
charge for the O(2) phase transformations

ov1 = a vy, ovg = —a vy, ovg =0, (3.60)

when ¢, points along the third axis, ¢, = (0,0, ¢). Namely this case, when the vector ¢ is
collinear to the vectors k12 and

[ES’H]D =0, (361)

will be considered below.

The inverse relations v, = vy (x, f3,¢) are more complicated, and in what follows they
will not be used in the closed form. Rather, we will use the relations (3.53), (3.55), (3.57)
to express |0] and v3 in terms of z=U and ¢3 via some recurrence procedure with respect
to a small parameter. Let us illustrate this on two cases.

i) It is the case when the location of the second pole tends to infinity. Using the notation
g1 =g, E:[:E, E2:E+E/8a
we find that in the limit € — 0, when

2
_Eg2

E:?<<17 gO_T<<17
the following relation holds
$:u2:ul2::‘ﬂgE‘+2E(U3k)+go- (3.62)
U —

As was mentioned in section 3.1, a non-zero constant gg in the general two-center
potential (3.11) can always be absorbed into a constant shift © — 2’ = 2 — go. The
same can be done at each step of considering the € expansion of the potential: an
additive constant in any order can be removed by a similar shift of 2. In particular,
in (3.62) one can put go = 0. Thus the only essential small parameter in the e-
expansion will be . We will omit the primes on z, hoping that this will not give
rise to any confusion.

Thus, in the limit of small £ the potential (3.62) is reduced to the sum of the one-
monopole potential (3.23) and a constant “electric background field potential” ~
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—.

E(% — k). The U(1) Néther charge in the case of the potential (3.62) is given by the
expression

_ glvs —k)

— + E(|7-k? = (vs—k)?). 3.63
T (17— R = (vs — 1?) (3.63)

Now we can invert the expressions (3.62), (3.63) to represent |¢] and vz as a power
series in the small parameter

Y
k=243 L oE), (3.64)

(01)2 + (02)?2 = ng_@ (1 + E?;%’) +O(E?). (3.65)

In the expansions (3.64), (3.65), the higher-order terms are determined by the
lower-order ones by the recurrence procedure, with taking account of the next orders
in (3.62) and (3.63), etc.

The second limiting case corresponds to the situation when the distance between
poles tends to zero:

g1=g2=9/2, E1=E, ko =k +ek.
In the limit € — 0 we obtain

r=U=U) = —F 5 + > (3.66)

where
d=ckg<1.

The potential (3.66) is the sum of the one-monopole potential (3.23) and the
“electric dipolar potential” ~ d(v—k)/|G— k|3. The generator of the U(1) symmetry
transformations in this case is expressed as

_gles—k) [Tk (vs— k)

k| 7 — k|3

(3.67)

The expressions inverse to (3.66), (3.67) are represented in the form of a series in
the small parameter d as

1 1 1 2303 — g2
vg—k:—3+d7—d2x—f+d3x(377m+(9(d4), (3.68)
x g g g
2_62 2 2 35
(1) + (v )2:7%3 <1+d2;g4—d3 5;73>+O(d4). (3.69)

Like in the previous case, higher-order terms in the expansions (3.68), (3.69) are
determined by the lower-order ones by recurrence, with taking into account the next
orders in d in (3.66) and (3.67).
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Choosing, as in one-monopole case, ¢ = —k in the Hamiltonian (3.15) and using
there the expression (3.64)—(3.65) or (3.68)—(3.69) we obtain the Hamiltonian in
terms of the variables p, x and /3 as a series in the relevant small parameters.

We observe that in the two-monopole case the expansion for v3 (see (3.64) and (3.68))
contains not only the linear terms in ¢3 as in the one-monopoly case, but also terms
of the higher-order in this variable. The presence of these higher-order terms will
lead to the essential modification of the quantization procedure in the full-fledged

supersymmetric case.

In the expansions (3.64) and (3.68), we will leave only the first nontrivial corrections
quadratic in /3. Note that in the considered case such terms appear in the third order
in d, while in the previous case already in the first order in £. This is the reason why
we restrict our attention to the first and third orders in the relevant ¢ expansions.

The commutator of the quantum operators ¢ and 05 corresponding to the classical
Dirac bracket (3.59) is
(@, 03] = ih. (3.70)

Obviously, we can choose the natural angular-momentum representation for these operators

ls = —ihd/0yp, o=, 0<p<2r. (3.71)

The wave function is then represented by the Fourier series

o0
U(z, @) = Z e Pah () . (3.72)
n=-—oo

The component d = 1 fields ¢, (x) describe the states with a fixed value of the U(1)
“momentum” generator 05 . We can keep only one component in the expansion (3.72), thus
choosing some fixed irreducible representation of U(1). This is sufficient for constructing
a quantum system which respects the same U(1) symmetry as in the classical case.
Alternatively, we could pick up a many-component wave function on which more general
SU(2) group is realized, in the same way as in one-monopole case (3.47)-(3.51). In this
case we will obtain a quantum system with the spinning sector still represented by fuzzy
sphere. Such a system will be considered in the next subsection.

3.5 A special multi-monopole case
Here we consider the potential of the form

U= % arcoth <|U nal il e k|> ) (3.73)

t 2k

where k = (0,0,%). By Euler homogeneity operator v4d, the potential (3.73) reproduces
the standard two-center potential (3.53) [32] (see also [36, 37]):

~ 1 1
Us = —0,9,U = & . (3.74)
2\|g+k  |5-F
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Besides the two poles at & = +k, the potential (3.73) possesses the third pole at ¥ =0.

Choosing the potential in the form (3.73) makes it possible to define the spin variables
in a way similar to the one-monopole case and, what is most important, to quantize the
corresponding full-fledged supersymmetric model by analogy with that associated with
the one-monopole potential. We should pass from the variables v, to the new triplet
of variables /,, such that their Dirac brackets with p vanish, [(,,p], = 0. In terms
of these new variables, the spinning sector decouples from the “dynamical” sector (z,p).
This separation of the true dynamical degrees of freedom from the “semi-dynamical” spin
degrees of freedom is a necessary step in quantization of the relevant Dirac brackets.

We split v, into the “radial variable” = and the spin ones ¢, by the following relations

v1 = fi(z) ly, vg = fo(z) Lo, v3 = f3(x) {3, (3.75)

where

k
g sinh(kz/g)’
The functions f, thus defined satisfy the Euler equations!®
fil=—rfafs, fo=—fifs, fa=~ffa. (3.77)

The Dirac brackets (3.18)—(3.20), being rewritten through the new variables, take the
form

fi= = =& cotha/). (3.76)

[:Bap]D = 17 [Kaal‘]p = 07 [eaap]p = Oa [Eaagb]D = Eabcgcv (378)
whereas the constraint (3.14) becomes the 2-sphere condition
laly = g° . (3.79)

The Hamiltonian (3.15) is rewritten as

1 k2 k k kz\ 2
H = 1p2 + @ sinh—2 (;) [(51)2 + (52)2 + <COSh<;> l3 + % Sinh<;)>

where we take ¢ = (0,0, ¢) in order to obey the requirement that ¢3 has the vanishing Dirac

, (3.80)

bracket with the Hamiltonian and hence generates U(1) symmetry of the system. Thus, we
obtain the Hamiltonian system which gives an opportunity to proceed to the quantization
along the same line as in the one-monopole case. Note that the relations (3.75) reproduce
the one-monopole solution (3.28) in the limit & — 0. In addition, the Nahm equations (3.22)
are satisfied with the Dirac brackets (3.78) and the Euler equations (3.77).

As opposed to the one-monopole model of section 3.1, where all the components of £,
a = 1,2,3, commute with z, p and Hamiltonian, the considered case is quite analogous
to the model based on the standard two-center potential (3.53), in which only ¢3 can have
vanishing Dirac bracket with H,

[53’H]D =0, (3.81)

"Note that the functions f, are particle case of elliptic functions since cs(z;m) = ds(z;m) = 1/sinh(z),
ns(z; m) = coth(z) when |m| = 1.

,18,



whereas

K
[EI,H}D:—QKQ, [gQ,H]D:a£17 a':ng.

(3.82)
Therefore, only the third component /3 is the ‘true’ conserved quantity in the considered
case, while /1 and {9 are not. However, the Dirac brackets (3.82) show that the evolution
of the variables ¢; » with time amounts to their U(1) rotation with some field-dependent
parameter. Then the transformed vector

by by +0thy =Ly + 5t [ly, H, (3.83)

satisfies the same basic relations (3.78) of the deformed fuzzy sphere (with the replacement
Ly — Za) Thus, the (deformed) fuzzy sphere is preserved under the dynamical evolution
of the system and we can still use the standard quantum realization of its coordinates by
the (2n + 1)x(2n + 1) matrices, as described at the end of the section 3.1.

To summarize, we succeeded in performing the quantization of the bosonic limit of our
N'=4 supersymmetric mechanics model in a closed form, not only in the superconformally-
invariant one-monopole case, but also in the special two-monopole case, which preserves
only d = 1 Poincaré supersymmetry. While the first case was already considered in [2],
based upon the (4,4,0) spin multiplet, the second option was not addressed before. We
managed to quantize due to passing to the proper spin variables with the clear geometric
meaning, based upon the requirement that the spin sector decouples from the physical
variables z and p. Although the new spin variables are related to the original variables
by the rather involved nonlinear transformations, they have simple Dirac brackets and,
therefore, admit a rather straightforward quantum realization. We fixed the redundancy
in the definition of the new spin variables by requiring them to form su(2) algebra as in
the one-monopole case, and so to parametrize a fuzzy sphere. This particular quantization
scheme is distinguished in that the spin variables have a simple matrix quantum represen-
tation. As distinct from the one-monopole case, this su(2) is not a genuine symmetry of
the system. Only one of the spin variables, just ¢3, commutes with the Hamiltonian and
so generates the genuine U(1) symmetry. Nevertheless, the SU(2) algebra and its Casimir
operator at the fixed fuzziness are preserved under the time evolution.

4 Turning on supersymmetry

As in the previous section we consider the particular case with £| = —% 22. Then the total
action (2.19) takes the following form

S=5+5¢, (4.1)

where the pure bosonic part S, was defined in (3.7), whereas the terms with fermionic
fields are .
. - —k - ? — ) —
S =i (X — X ) - 5 R (4.2)
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The action (4.1) is invariant under the N'=4 supersymmetry transformations

ox = —EiXi + EZ'}ZZ‘ ,

P B S T A oo Lo ek

(SX = 1X€E 5 (U +c ) €k 5X7, = —1xg; 9 (Uzk + Czk) g, (43)
g T . 1d . .

o0 = —(® M [+ ], 0B =~ LR alet + 1Y),

where ¢;,&" are the Grassmann parameters. The corresponding supercharges are

Q' =px'+ (v“‘c + cik) Xk — % (z—U) (R X, (4.4)
Qi =pXi— (v + ) X+ 5 (= U) (R (45)

The full Hamiltonian has the form

1 1/ . . ; .
H= sz +3 (v’k + c”“) (vig, + cix) + % (RYHY*xixk — B (z —U). (4.6)
Bosonic variables are subjected to the second class constraints (3.13), (3.14) and, as
before, we use Dirac brackets (3.17) for them. As a result, the last terms in the supercharges

and the Hamiltonian (4.4)—(4.6) vanish, and these quantities are finally expressed as

Qi = pXi + 1 (Va + ca) O'(iszk ) Qz =pXi—1! (Ua + Ca) Uaik)zk ) (4.7)
1 1 )
H = Zp2 + 1 (v* + ) (Ua + ca) — Xiazkfgk I U/ (0pUOU) , (4.8)

where we passed to the vector notations. Dirac brackets of the bosonic variables are the
same as in (3.18)—(3.20). Fermionic variables x* and y; have the following non-vanishing
Dirac brackets: .

O Xbp = =5 00 (4.9)

We checked that the operators (4.7), (4.8) form N'=4 supersymmetry algebra:
An important property of the supercharges (4.7) is that the basic relations of the
supersymmetry (4.10) are valid just because of the Nahm equations

1

[P. valp = 5 €abe [b, Ve (4.11)

for the bosonic variables v,. Indeed, the generators (4.7) have the following Dirac brackets

o 1 1 1 1 _
{Q', Q7Y =2ié [4 p? + 1 (v* + ) (va + ca) + 3 <[p, Valp + 5 €abe [vp, UC]D)Xkalel}
. i 1 n.—
+1 04 [p7 Ua]D - 5 €abc [Ubv UC]D X Xn (412)
o s 1
(@@, =07 (Ip.uly 5 are ol ) X
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From these expressions we observe that the N' = 4 supersymmetry algebra (4.10) takes
place only provided the equations (4.11) are valid. As noticed in section 3.2, in the con-
sidered system the validity of the equations (4.11) is a consequence of the Dirac brack-
ets (3.18)—(3.20).

Quantum counterparts of the supercharges (4.7) are uniquely found to be

Q' =pX +i (0 + ca) oy, Qi =D Xi — 1 (0a + ¢5) TaitX" (4.13)

where .
(b = hoi (114)

The anticommutators of the supercharges (4.13) are as follows

n oA I, 1. R (R A 1 A
{Q", '} =—2heV [4 P+ 2 (0" + ¢*) (8, + ca) — ih ! <[p, 0q] + 5 €abe [%;%])Xkasl)(l}

.. 1 . 1
+Z’O—¢sz <[ﬁ, @a] - 5 €abc [@ba 60]) <>2”>Zn - 5 h> ; (415)

N oA o A 1 o U
(@0 =0 (Ip.0a] = 5 a0 8] ) £

Then the fulfillment of the basic supersymmetry relations at the quantum level,
{QQuy=2m6{H,  {Q.QF} =0, (4.16)
requires the validity of the operator Nahm equations

. 1 L
[pa Ua] =3 6abc[vba Uc] . (417)
2

The relevant quantum Hamiltonian is uniquely determined to have the form

H= i p* + i (T + a) (0 + o) — iR~ [P, Da] Vi X - (4.18)

Thus, quite similarly to the classical case, where the vector variables v, are obliged to
satisfy the classical Nahm equations (4.11), after quantization the quantum operators 7,
must be subjected to the operator Nahm equations (4.17).

It is the appropriate place here to make a short account of what we have observed.

First, like in the classical case, the operator Nahm equations (4.17) guarantee the
existence of the N'=4 supersymmetry at the quantum level for the supercharges of the
form (4.13).

Second, while quantizing such systems, one should require the preservation of the
Nahm equations (i.e., the passing from the equations (4.11) with Dirac brackets to the
operator equations (4.17)), in addition to the standard procedure of replacing the Dirac
brackets of the phase variables by (anti)commutators.

The second point requires some additional comments concerning the chosen scheme of
passing to the quantum theory.
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The equations (4.17) involve the operators p and v, which obey a complicated com-
mutation algebra induced by the Dirac brackets (3.18)—(3.20). As was already explained
in sectiond for the bosonic limit, in order to simplify things we should split the basic
quantum variables into the two decoupled sectors: the one formed by Z, p and the sec-
ond (spinning) sector spanned by the operators l, (or ¢, ég) with transparent algebraic
and geometric properties. Then the operators f)a:@a(i’,éa) (or 0,="04(Z, @,@3)) are com-
posite quantities and they are constructed from the corresponding classical expressions
Va=a(2,ly) (Or va=v4(x, ¥, ?3)) by the appropriate ordering of the operators {,. Tn this
case, the equations (4.17) take the form of the operator Nahm equations

0 i

h % Vg = 5 eabc[@ba @c] . (4'19)

Since # commutes with all operators /g (and with ¢, ég), the left-hand side of the
equations (4.19) is directly specified by the classical expressions for v, , up to the ordering
of éa. Then one is forced to assume that the right-hand side of egs. (4.19) is also uniquely
determined by the Dirac brackets, i.e. [0,,0] = ik [va for vo=v4(z,¢,). But it is
obvious that these severe conditions cannot be generically satisfied, as soon as we proceed
from the standard quantum relations between the quantities £, [(q, 03] = ik [m b as
the basic ones. Only in some special cases we can expect an agreement of the quantization
of the composite vector v, with the quantization of the “elementary” constituents ¢,
when simultaneously passing from the classical Nahm equations to their quantized version.
This becomes possible in the one-monopole case and special multi-monopole case, when
the components of the vector v, are linear functions of /.
In the standard two-monopole case, when the expansion of v, contains all degrees of
{,, the only possibility to preserve Nahm equations (and, hence, N'=4 superalgebra) at
the quantum level is to properly modify the vector operators v, as compared with their
classical expressions,
@a(ivga) - ﬁa(‘%a&ﬁh)a

and to require that the new operators satisfy the operator Nahm equations to all orders in
h. In this case, the zero-order term in the h expansion of operators 4(Z, Uy h) is uniquely
determined by the corresponding classical expressions,!! while the higher-order terms are
iteratively found from the requirement that the quantum Nahm equations hold.

It should be emphasized that in our consideration we strictly follow the standard
ideology of passing from the classical system to the corresponding quantum theory. If one
could directly construct a quantum theory, without any reference to the classical system,
no the problem of compliance with these additional restrictions would arise. However, we
do not know how to proceed in the second way.

4.1 The one-monopole case

Let us firstly consider the case of one-monopole potential (3.23). We use the variables (3.28)
subjected to the constraint (3.29) and parametrizing the two-sphere. The Dirac brackets

"'More precisely, the classical expressions are the Weyl symbols of the zero-order terms.
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of bosonic variables are as in (3.30)(3.32). With the choice & = —k (see (3.25)) the
generators (4.7), (4.8) take the form

- Lol _ o X"
Q' =px' +i——2== ;X’“, Qi=pyi—i—" C;;’“X , (4.20)
1 2 Lol l, Xio'ikgk
H= <p + )+ (4.21)

As opposed to the pure bosonic case considered in section3, the vector ¢, has
non-vanishing Dirac brackets with the Hamiltonian (4.21) and, also, with the super-
charges (4.20). The transformations generated by N'=4 supercharges and the Hamiltonian
are realized on ¢, as

0y = [5H + EiQi — &:iQZ‘, ga]D = €apewWp le - (4.22)

Here, wy, = ﬁa};kxi)zk/xQ — ia};k(siXk — &Xx)/z and fB,&; and & are parameters of the
t-translations and supertranslations. Thus the supersymmetry transformations of ¢,
like its H-transformation, are represented as SU(2) rotations with the field-dependent
parameters. As a result, the supersymmetry-transformed vector £, = £+ 60, + . . . satisfies
the same basic relations (3.29) and (3.32), i.e. 0ol = g2 and [Za,gb]D = €apcle.

The fuzzy-sphere coordinate ¢, is a part of the triplet of the generators

Jo =L — Xi02k2k7 [Jaa Jb]D = €ape Je (4'23)

which commute with the Hamiltonian, [H, J,], = 0, and generate SU(2) transformations
acting on all doublet indices ¢, k:

Q= ol @e, Qi Ty = g oun Q" (4:24)

The generators (4.23), together with the generators (4.20), (4.21) and

1 L
I == Oax™ + X" x) s

2 .
Iy = _% (Xk:Xk - )Zkf(k‘) ) [Ia” Ibl]D = €aperde - (4'25)
Iy = —xkX"
S'=—2xx +tQ", Si=—-2x% +tQ;, (4.26)
K=2>—txp+t*H, D:—%poH, (4.27)

constitute the algebra of the A/ = 4 conformal supergroup OSp(4/|2). This supergroup
provides the full symmetry of the component action in the one-monopole case. Note that,
although the quantities (4.23) form the algebra SU(2) and commute with the Hamiltonian,
they cannot be treated as the coordinates of the fuzzy sphere: no condition J,.JJ, = const
is valid and, moreover, such a condition would be not invariant under supersymmetry
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transformations, in contrast to the invariant condition ¢,¢, = g*>. Therefore, in the full
supersymmetric setting, the bosonic fuzzy sphere is still spanned by the same variables £,.'2

The preservation of the basic relations (3.29) and (3.32) which define the fuzzy sphere
suggests the use of the standard (2n + 1) X (2n 4 1) matrix realization for ¢, , where
n € Z,Z + % is the spin of SU(2) irrep (“fuzziness”). It should be emphasized that in this
case the quantum Nahm equations (4.19), which are necessary for the implementation of
N=4 supersymmetry at the quantum level, are valid because 0,—k, = l, /& for the fuzzy
sphere in the one-monopole case.

Using the holomorphic representation for the fermionic operators

~i i ~ 1
X=X\ xe=5ho/ox" (4.28)

and taking into account that the quantum supercharges and Hamiltonian are (2n + 1) x
(2n + 1) matrices, we find that the wave function should have the form

U (z, ') = ¢ (z) + X' ¥ (2) + X xi e (2) (4.29)

where the external index A =1,...,2n + 1 is the index of the irreducible SU(2) represen-
tation with the matrices ¢, as generators. It is easy to see that, with respect to the full
SU(2) transformations generated by (4.23), the bosonic wave functions ¢ (z) and ¢ (x)
form two spin n SU(2) irreps, while the fermionic wave functions ¥{*(z) carry two SU(2)
irreps, with SU(2) spins n + 1.

This result is in full agreement with the result obtained in [2], where the spin variables
were represented by the gauged (4,4,0) multiplet. In contradistinction to the formulation
in [2], where the fuzzy sphere coordinates are constructed as bilinear products of the SU(2)
doublet component fields obeying the oscillator algebra, i.e. as some secondary composite
objects, the (3,4,1) spin multiplet provides the description of the fuzzy sphere directly in
terms of the non-abelian vector coordinates ¢, , which are treated now as “elementary”
constituents.

4.2 Multi-monopole cases

We first consider the quantization of the standard two-monopole case with the potential
of the form (3.53).

Inverting the relations (3.53), (3.55), (3.57), we find the following expressions for the
components of the three-vector v, in terms of the dynamical variable x and the spin ones
©, 63:

vy = V(x,l3) cosg, vy = V(x,03) singp, vy =Wz, l3). (4.30)

The explicit form of the functions V' (z,#3), W(z,¢3) in two limiting cases considered in
section 3.4 can be easily obtained from the expressions (3.64), (3.65) and (3.68), (3.69). But
the explicit form of these functions still does not prompt us how to quantize the system.

12Note that here we consider the model with the world-line supersymmetry. In the case of supersym-
metrization of the target space there arise target fuzzy supermanifolds, e.g. the so-called fuzzy supersphere
(see [38, 39] and refs. therein).
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As argued in [40], the basic step in passing to the quantum supercharges from the
classical ones is to perform the Weyl ordering of the latter. Following this prescription
and employing the simple algebra of the basic operators z, p, ¢, ég, we can make use of
the Moyal bracket [40-42] in our analysis.

The quantum expressions corresponding to the expressions (4.30) are

by =0y £ ity = (V(&,03) ™), O3 = W(&,03), (4.31)

where the brackets (.. .),, denote the Weyl ordering of the noncommutative operators ¢, ls.
At the same time, classical expressions (4.30) should be Weyl symbols of the corresponding
quantum quantities, i.e

. 1 o o
01 (l3, ) = ) /da dB dls dp V (z, £3) €% e H{ls+8¢) gilats+BP) (4.32)

The Weyl ordering of the products of various operators is accomplished by means of the
Moyal bracket. In our case, the Moyal brackets of any operators M , N is defined by the
following general formula

2 2
2 sinh E 9 Ol 9 ©) (4.33)
4 8X(2)k85(k aX(l)kaik

L ( 2 ) Lih( o
2 \9zMap?) 922 9p(1) 2 8(p(1)8€g2) &P(Q)aﬁz(gl)
M (zM,pM, oW gD Wk Uy N (22 p@) o) g3) @k X;(f))’

[[M, fv}} v

1)=(2)
= (h[M,N},, .

Note that the definition (4.32) implies the exact operator relations
by = T2V (3, 03) eF19/2 (4.34)

They are obtained by rewriting the operator exponential in the integral (4.32) as
eilals+88) — iaBh/20iBpgials and then performing the appropriate Fourier transforms. We
have also used the relation F(f3) ¢'®? = ¢'®? F ({5 4 ah).

As we already know, the implementation of N = 4 supersymmetry at the quantum
level in the present model requires the operator Nahm equations (4.17). Their fulfillment

for the Weyl ordered quantities is expressed as the Moyal-Nahm equations'?
1
[pv UG]M = 5 6abc[vba UC]M . (435)

A direct calculation with using the Moyal bracket (4.33) shows that the Moyal brackets
in the left-hand and right-hand sides of the equation (4.35) do not match each other: the
left-hand side of (4.35) coincides with the Dirac brackets,

v,
[p7 UG]M = 85[7 = [p7 UG]D ) (436)

13Moyal deformations of Nahm equations were earlier considered in [31] and [43].
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while the right-hand side contains extra terms of the order A% and higher. For example,

in9 9
ih [U37Ui]M =-2 V3 sinh {2 8753 &0} V4 = ih [US, Ui]D + O(hg) . (437)

Thus we are led to modify the passing to the quantum theory.

Note that in the one-monopole case, when the function W is linear in ¢3, such a
problem does not arise. We have W = ({3/z) + k, V = /g% — (3/z in this case and the
Weyl-ordered operators (4.31) (see (4.34)) are

b3 = (l3/) + k, by = eti9/2 meiw/z/j‘
They obey SU(2) algebra
(04, 0] = 2hos/i,  [bg,02] = £hin/i.

As a result, the operator Nahm equations (4.19) are nicely satisfied in this case.

In the two-monopole case we must modify the classical-quantum correspondence (4.32)
to save the most important equation (4.35) which guarantees the ' = 4 supersymmetry
at the quantum level. For this purpose we need to change the symbols of the quantum
operators 7,. Instead of the symbols (4.30), basically coinciding with the classical
expressions, we consider the following ones

vy = V(z, 3, h) T vy = W(x,l3,h). (4.38)

The correspondence principle with the initial system is ensured by the coincidence of the
first terms in the expansion of (4.38) in & with the expressions (4.30):

V(x, l3,h) = V(x,03) + hVi(x, 03) + h2 Va(x, l3) + -,

_ (4.39)
W(l’,gg, h) = W({L‘, fg) -+ th(l’, Eg) + K2 WQ(I’, £3) + e
The relevant operators read
by = T2V (2,05, 0) T2 b3 = W (&, l3,h). (4.40)

Thus we propose to correct the quantum operators in higher orders in the expansion in A,
in such a way that the full operator Nahm equations are satisfied, while the limit A — 0
still yields the classical system.

The Moyal-Nahm equations (4.35) for the symbols (4.38) or, what is the same, the
operator Nahm equations (4.17) for the operators (4.40) now amount to the equations for
the coefficient functions V,,(z,¢3) and W, (z,#3). Solving these equation, we can find the
complete solutions for the quantum operators. In appendix we present the general scheme
of finding the solutions as series in A and explicitly give first non-trivial orders.

Thus, we succeeded in constructing the quantum theory in the two-monopole case,
using the expressions (4.38) as Weyl symbols of the quantum operators (4.40). In this
way, the fulfillment of the operator Nahm equations guarantees the N'=4,d =1 Poincaré
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supersymmetry. The generators of the Poincaré supersymmetry are given by the expres-
sion (4.13) and (4.18), in which 04 and o3 are given by eqs. (4.40), with the functions
V and W defined as series in h. For example, using the expression (A.14) obtained in
appendix we find the first terms of the quantum supercharges (up to the first order in F
and up to the fourth order in %) in the case i) of section 3.4:

Qi =pi+i {(W — k:)aék + P2V (12 5k e_i¢/2f/e_i¢/20f] Xk
) ) o o (4.41)
Qi=pxi—1 [(W — k)osip + €92V 20 4 e W2V e 20, ,k} ",
where o4 = % (01 £ i09) and
_ . 1 . 2 _ 2
W(eds) —k = - <€3+E3€3A2 J )
(4.42)

- R 92_4?2 3E/ K2 BA
Vi, lah) = —— 1+ =] (1+ — + -
x x 8(g% - £3) 128(g% — 53)2

In (4.41) we take @ = —k as in the one-center case.

There is also another way of constructing a quantum A'=4 supersymmetric system
in the multi-monopole case, which bears close parallels with the fuzzy-sphere method of
the one-monopole case. This option is associated with the special multi-monopole system
considered in section 3.3. We just consider the quantum counterparts of the relations (3.75)

A~

i = f1(2) b1, By = fo(#) Lo, 03 = f3(2) L3, (4.43)
where fa are the standard fuzzy sphere coordinates,
o, O] = iheapele,  Llola=g°, (4.44)
and f, are defined in (3.76). As pointed out in section 3.1., we must make the identification
g*> =h?n(n+1), 2n €N to deal with the unitary SU(2) representations.

Due to the Euler equations (3.77) quantum Nahm equations (4.17), (4.19) are satisfied.
As a result, the operators (we choose ¢, = (0,0, ¢) in (4.13), (4.18))

neo o dk o (kBN [, A
Q"'=px'+ —sinh 1 <g> {61 oika + £y aéka

g
kY - ki :
+ (cosh<x> l3 + “ sinh<x>> aékf(k] , (4.45)
g k g

Qi =DPXi — sinh_l( g ) {21 o1ikX” + la o2 ik X*

g
+ (cosh<km> @3 + 9 sinh<kx>) Ugik)%k] ,
g k g
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al o 1 ~2 kQ . -2 kf% ~ 2 ~ 2 ]{:i‘ ~ Cg . k‘i’ 2
H = Zp + @Slnh (g> [(fl) + (62) + cosh ? £3+ ?Slnh ? (446)

k2 . (ki kTN [+ . s PN TN
+ el sinh~? (g) [Cosh2 (g) (&Xﬂik}?k + fzxz‘aék)_(k) + €3Xi0'éka:|
form the standard N'=4,d =1 Poincaré superalgebra.

5 Summary and outlook

In this paper we presented a new version of N'=4 mechanics, which couples a (1,4,3)
multiplet to a (3,4,1) multiplet. The (1,4,3) multiplet represents one dynamical bosonic
and four dynamical fermionic variables. The (3,4,1) multiplet appears in a superfield
Wess-Zumino action and thus is “semi-dynamical”; after elimination of the auxiliary
fermions a bosonic three-vector spin variable remains. The N =4 supersymmetric coupling
of the multiplets generates a constraint which relates one degree of freedom of these
vector variables to the dynamical boson. The remaining two bosons of the semi-dynamical
(3,4,1) multiplet are genuine spin variables.

These spin variables parametrize some two-dimensional fuzzy surface in three-
dimensional (flat) space. The Dirac brackets defined by the harmonic scalar potential yield
an algebraic structure in the spin sector. For the one-center potential (3.23) and the special
multi-center potential (3.73), the spin variables form an SU(2) algebra and parametrize the
fuzzy two-sphere. These quantum models can be given in closed form, while the one with a
general two-center potential needs a power series expansion (in small parameters and in 7).

An unexpected and, in our opinion, most remarkable feature is the occurrence of the
Nahm equations for the three-vector spin variable as a consequence of the Dirac brackets of
the constraints. We discovered a strict correspondence between these Nahm equations and
the presence of N'=4 supersymmetry in the model, classically and quantum mechanically.
In other words, the Nahm equations guarantee extended supersymmetry.

We did not yet study the most general type of models possible. Rather, we restricted
ourselves to the action (3.4) and to special multi-monopole configurations. It would be
interesting to study the general multi-center solution of the Laplace equation 9,0, U = 0,
which is given by (3.11). For this case one may expect the spin variables to parametrize
some fuzzy Riemann surface (see, e.g., [44, 45]) and form a nonlinear deformed algebra
(see [46] and references therein). Furthermore, our supersymmetry generators are linear
in the fermionic variables, which is also special. In the more general case of N'=4 super-
symmetry generators cubic in the fermions the Nahm equations might get supplemented
by additional relations to ensure full extended supersymmetry. Finally, it remains to
investigate other combinations of dynamical and semi-dynamical N'=4 multiplets for
describing spin variables, utilizing for instance the nonlinear (3,4,1) multiplet [16, 47].
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A Solving the quantum Nahm equations

In this appendix we find the solution of the Nahm equations for the quantum-modified

functions
by = eV (3,05, h) eFP2 b3 = W (2,03, 1), (A.1)
where B
V(I’,fg, h) = %(I‘,Eg) + h2 VQ(IL‘,E;}) + h4 Vv4(ll,‘,€3) +ee,
) (A.2)
W (z, €3, h) = Wo(z, £3) + B> Wa(z, £3) + h* Wa(z, ) + - - .
The operator Nahm equations
A 1 A
[p, Ua] = 5 eabc[vba UC] s (A3)
or their corresponding Moyal representation
1
[P, Vel = 9 €abe[Vb, Vel » (A.4)
amount to the following equations for the functions (A.2)
. 11~ .
RO (t3) = 5 [v% Y RJ2) — V2l — h/2)] , (A.5)
ROV (ts) = — [W(ts + 1/2) = W(ts = 1/2)] V(83). (A.6)

Since the Nahm equations with the Moyal bracket must be corrected at the level h? and
even higher-order levels, in the expansions (A.2) we assume that V,,(x,l3) = W, (z,¢3) =0
for n = 2k+ 1. Then, the equations (A.5), (A.6) give rise to an infinite set of the equations
for the coefficient functions in the h?-expansion:

oVy oWy oWy %)

Mo _ _ v, M A.
oz - % ar - ag (A7)

3 1 3 2

Wy Wy | OWy | Vo OWo  OWe _000V) | 1 BN, o
ax (%3 663 223' 8533 8m 863 233' (%33

oV, oWy oWy 1 93Wy oWy 1 PWy 1 W
CACIN VAL - A.
or ~ i or V2 ( a6, "oz a6 )~V \ar, 9231 aep Tt g ) A9

oWy oVe 00AVi) | 1 (W) | 1 9°(4?)

or ol a0 2231 0l33 250 9lgd

)
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The equations (A.7) are automatically satisfied by the classical expres-
sions (3.64), (3.65) and (3.68), (3.69) for the two limiting cases considered in section 3.3:

/A2 _ P2
Vo = QT% <1+E?;f§> + O(E?),
i) (A.10)
( /92_52 :U2 2$3£3
%:x?’(1+d224—d3 — | +0(d"),
ii) g g (A.11)
U3 1 o xl3 3 932(3€§ — g% 4
Wo =kt~ +d—d 5 +d ==L+ 0(d").
g g g

In fact, these equations are just the classical Nahm equations (4.11) with Dirac brackets.

The remaining differential equations (A.8), (A.9), and so on, serve to define the func-
tions Vo, Vy, ... and Wy, Wy, ..., respectively. Note that it is enough to take only some
particular solution of these equations to obtain a self-consistent quantum system corre-
sponding to the given classical system. In the cases considered here the function Wy has
the degree two in {3, and it already induces the first nontrivial quantum corrections in V,,
and W,, with n > 0. The expressions for the leading in h? and h* components are as follows

1 303 2 2
- (1+E=2 E = O(E
. Va 82(? — B)172 < + 2 ) + O(E7), Wy = O(E7),
i) ] 30, , ) (A.12)
Vy= 1+ FE— O(E Wy = O(E?);
1T 128a (g2 — 2)32 ( * x2> +OED, 1= O(F:;
1 x? 22305
Vo=— [ 14+d® — —¢* odh), Wy =0(d),
i) 2 8z (g% —13)1/? < - 294 g7 >+ . ’ ‘" (A.13)
1 x2 22305 '
Vy= 14+d? — —d? oY,  Wi=0(db.
- GeE (14 i 20 ) o), wa=o0(a)
As a result, we find the solutions up to the i* terms
§ 1/92_@( 3E€3> ( h? h ) 2 15
= 1+ 1+ + +O(E?, 1Y)
i) 3; 2 a? ; 8(92—13) 128(¢g>—13) (A.14)
3 —
W=k+ 2+ B39 L o(B, W)
x x
( 2_ 2 2 3 2 4
~ Vg —13 o T 3 22703 I I3
V=YX 2(14+d"——d 1
x < T 97 TS-3) 18—y
ii) +0(d*, 1), (A.15)
~ 14 1 14 2(302 — g2
W=k+—+d- —dzx—f+d3x(3377g)+(’)(d4,h5).
\ T g g g
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