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Abstract Massless spinning particle model that interacts
with electromagnetic and antisymmetric gauge fields in anti-
de Sitter space-time is considered as a constrained Hamilto-
nian system. d-dimensional anti-de Sitter space-time is real-
ized as a real projective manifold parametrized by the homo-
geneous coordinates. Classical constraints that generate in
the presence of interactions minimal world-line supersym-
metry algebra extended by the dilatations of the ambient-
space homogeneous coordinates are found. Various repre-
sentations of the Lagrangian of the spinning particle are
obtained. Dirac quantization is shown to produce first- and
second-order equations for the wave function of the spinning
particle that are presented in the homogeneous, inhomoge-
neous and intrinsic coordinates of AdS,.

1 Introduction

Spinning particle models [1-4] are known to provide classi-
cal realization of the spin 1/2 field equations in Minkowski
space-time as odd generators of the minimal world-line
supersymmetry algebra that is the finite-dimensional sub-
algebra of the infinite-dimensional superVirasoro algebra of
the superstring. Since the world-line supersymmetry is less
restrictive than the world-sheet one, spinning particle mod-
els admit a wide variety of generalizations. In particular,
it is possible to include interactions with background elec-
tromagnetic [1,5-8], Yang-Mills [9,10], gravitational [5,11]
and antisymmetric gauge fields [12] in a way consistent with
minimal world-line supersymmetry. Such models upon quan-
tization yield Dirac equation for spin 1/2 field interacting
with background fields. Apart from Minkowski space-time
of the special interest are maximally symmetric spaces such
as anti-de Sitter space-time. There the interplay between the
space-time geometry and world-line supersymmetry appears
to be quite non-trivial [13,14].

2 e-mail: d_uvarov@hotmail.com

Anti-de Sitter space can be described as a manifold embed-
ded into flat space-time with extra dimension(s) and it is pos-
sible to consider respective spinning particle models [15—
18]. These provide pseudoclassical realization of the idea
of formulating field dynamics in (anti-)de Sitter (as well as
Minkowski) space in a way exhibiting (conformal) isome-
tries that dates back to the seminal works of Dirac [19,20].
It was also applied to examine conformal field theories in
4-dimensional Minkowski (Euclidean) space-time [21-23]
and to formulate dynamical equations for the gauge fields
in 4-dimensional anti-de Sitter space [24,25]. More recently
embedding (or ambient) space description was applied to
study correlation functions in d-dimensional conformal field
theories taking advantage of the AdS/CFT inspired tech-
niques [26-28] and to study higher-spin field equations in
AdSy and its conformal boundary [29-31]. In Ref. [32]
there was considered the possibility of applying twistor meth-
ods to the AdS/CFT duality based on the projective-space
description of the bulk anti-de Sitter space parametrized by
the homogeneous coordinates that naturally combines lin-
ear realization of SO(2,d — 1) isometry and the projective
light-cone description of the (d — 1)-dimensional conformal
boundary space-time. Shortly after that two-twistor formu-
lation of the spinning particle in AdS; for d = 4,5, 7 was
proposed in [33]. It is based on the generalization [34] of the
two-twistor formulation of the massive bosonic particle in
AdSs [35].

Utility of the projective-space realization of anti-de Sit-
ter space from the viewpoint of canonical description of
massless particle (tensionless string) models can be justi-

! In [33,34] there was also proposed two-supertwistor formulation
of the particle model in AdS; (d = 4,5,7) foliated by the super-
Minkowski slices. For d = 5 complete twistor form of the massless
superparticle action in (10|32)—dimensional AdSs x S superspace
was found in [36]. In addition to the pair of SU (2, 2|4) Penrose-Ferber
supertwistors [37], it invloves the pair of SU (2, 2|4) supertwistors with
the odd SU (2, 2) and even SU (4) components in accordance with the
earlier results of Ref. [38,39].
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fied as follows. Description of AdS; as an embedded hyper-
boloid assumes imposition of the constraint y> + 1 =
0 on the ambient-space inhomogeneous coordinates y™,
where the SO(2,d — 1)-invariant scalar product y2 =
¥ - y) = Y™ Nmay™ is taken w.r.t. Minkowski metric 1, =
diag(—, —, +, - - - , +) and Ad S radius is set to unity. In the
canonical approach the mass-shell constraint for the mass-
less particle (tensionless string zero modes) in its simplest
form is p? ~ 0 and its Poisson bracket (PB) relations with
the above constraint imply that (y- p) ~ 0is also a constraint
forming with y> + 1 & 0 the pair of the second-class con-
straints. The presence of the second-class constraints neces-
sitates introduction of the Dirac brackets (DB) that in general
essentially complicates analysis of the Hamiltonian dynam-
ics (see, e.g. [40]) so it is convenient to treat the constraint
y% 41 ~ 0 as a gauge-fixing condition for the first-class con-
straint (y- p) ~ 0 that generates dilatations of the embedding-
space coordinates [41]. Gauged dilatations implement the
projective-space realization of AdSy, so the set of the two
first-class constraints (y - p) ~ 0 and p> =~ 0 can be taken
as the starting point for description of the massless particle
(tensionless string zero modes) models in such an approach.

In the Lagrangian approach important feature of the
parametrization of AdS; by the homogeneous coordinates
Xy = |x|71x™, |x| = +/—x2, is that the object that
can be naturally identified with the metric tensor, taking into
account the form of the line element,

2 1 m n 1
ds® = de—ewdx—, Omn = Nmn + W mXn, @))
is degenerate det@ = 0. So one is led to consider par-

ticle (string, brane) mechanics in the space with degen-
erate metric [42]. Tensor 6, and associated differential
operator 672 9 /9x™ also enter dynamical equations for the
AdS,; higher-spin fields in the ambient-space formulation
[24,25,43-45].

In Ref. [46] there was proposed massless spinning particle
model in Ad S, realized as the projective space parametrized
by the homogeneous coordinates. Three first-class con-
straints of the model (one odd and two even) span minimal
world-line supersymmetry algebra extended by the gauged
space-time dilatations. Dirac quantization of the model yields
Dirac and Klein-Gordon equations for the particle’s wave
function that is a homogeneous function of degree zero.

In this note we continue to study the above model and
examine the possibility of including interactions with back-
ground gauge fields. As the starting point we take Hamil-
tonian first-class constraints of the free spinning particle
model. Then we seek for the generalizations of the odd con-
straint, that is the world-line supersymmetry generator, by
the terms depending on the background gauge fields and cal-
culate its DB relations with itself that define bosonic con-
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straint generating world-line reparametrizations. Then lin-
ear combination of these constraints and the generator of
the space-time dilatations with the Lagrange multipliers is
used to write down the Lagrangian of the interacting spin-
ning particle model in terms of the phase-space variables.
These Lagrange multipliers play the role of the gauge fields
for local world-line supersymmetry, reparametrizations and
space-time dilatations. Integrating out space-time momen-
tum and some of the Lagrange multipliers we derive various
representations of the spinning particle Lagrangian. After
that we discuss Dirac quantization of the proposed models.
We find Hermitian operators associated with the classical
first-class constraints from the requirement that they satisfy
quantum world-line supersymmetry algebra. Then the sub-
stitution of the realization of the Hermitian momentum oper-
ator as a differential operator in configuration space produces
Dirac- and Klein-Gordon-type equations for the wave func-
tion of the spinning particle in homogeneous coordinates. We
also write these equations in the inhomogeneous and intrinsic
coordinates on AdSy,.

Section 2 is devoted to the spinning particle’s interaction
with the background electromagnetic field.> In Sect. 3 we
discuss gauge-invariant interaction with the rank » — 1 anti-
symmetric gauge field. Like in the case of electromagnetic
interaction closed algebra of the constraints is obtained and
various forms of Dirac- and Klein-Gordon-type equations for
the particle’s wave function are found. Let us remark that the
spinning particle model with minimal world-line supersym-
metry interacting with odd-rank antisymmetric tensor gauge
fields in (2d + 1)-dimensional Minkowski space was studied
in [12] from the perspective of the Kaluza-Klein dimensional
reduction. In 2d dimensions it results in the particle’s inter-
actions with both rank 2r and 2r + 1 antisymmetric gauge
fields as well as with the electromagnetic field. Curiously
antisymmetric gauge fields appear in quantization of the spin-
ning particle model with extended world-line supersymmetry
[53].

2 Charged spinning particle in background

electromagnetic field

Consider odd constraint
D) =1x]§-(p—eAx)) =0 (2

as the classical analogue of the Dirac equation that includes
interaction with external electromagnetic field. We take it
as the generator of the minimal world-line supersymmetry.

2 (Non-minimal) electromagnetic interactions of the superparticle were
considered in [47-52].
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In the absence of the interaction it coincides with odd con-
straint introduced in [46]. Observe that the minimality prin-
ciple fixes the homogeneity degree of A, (x): (x - 9)A(x) =
—A(x). Transverse strength of the electromagnetic field by
definition is

Fn(x) = Gmk'gﬂl(akAl, — AL = OmAn — A,
n n Xpxt
On(x) =™+ — 5 (3)
- - x|

and the last equality follows by taking into account transver-
sality (x - A(x)) = 0 and homogeneity properties of the
electromagnetic potential. After introduction of the PB (DB)
relations

{Pms XM)p = 8, {E™, E%pp = in™ 4
it is easy to see that odd constraint (2) has zero PB with the
constraint

=x-p)=0 &)

that generates dilatations of the embedding-space coordi-
nates. Also the DB relations of the supersymmetry generator
with itself

{P), PeylpB =i T(e) (6)

define bosonic constraint

Te) = Ix|(p—eA)?+2i(§-x)&-(p—eA)+ielx|*(§-F-£) ~ 0
©)

that is the generator of the world-line reparametrizations.
Eq. (6) appears to be the only non-trivial relation of the
world-line supersymmetry algebra extended by the space-
time dilatations.

Having introduced the classical first-class constraints we
can write down the spinning particle’s Hamiltonian as their
linear combination

e
He) ZET(E)—aD—in)(e)%O ®)
with even e, a and odd y Lagrange multipliers. Then the

action is defined as the integral of the Lagrangian expressed
in terms of the phase-space variables

Ste) = fdff(emm )
where
Leyph = (p-%) + = (E £) — A, (10)

Integrating out the momentum p,, yields configuration-space
form of the particle’s Lagrangian

Leyeont = 5+ ax)” + e - A) + 55 - §)
ErGRIGE) (1)
g - G ax) = SExPE - F - 8).

The Lagrange multiplier a plays the role of the gauge field
for the scale transformations of x and p. Integrating it out
allows to bring the Lagrangian to the form

°g(e)RPd = 2€\x|2 (.Xex) +€(.X A) + 2(§ E)
|x|2 (s )C)(E )C) (12)
elx\ (£0X) — é|x|2(§ .F &)

that manifests the realization of Ad S, as the projective space
R P4 parametrized by the homogeneous coordinates with the
degenerate metric O,y = Nmn + |2 XmXn.

In quantum theory classical oLservables are replaced by
the Hermitian operators and their PB (DB) relations—by the
(anti)commutators. The operators associated with the phase-

space variables satisfy the (anti)commutation relations>

[pﬂ! xﬂ] = _lgnﬁv {%‘ﬂv Eﬂ} = 77@ (13)

From the anticommutation relations of &7 it follows that
they are proportional to y —matrices in (d + 1) dimensions:
gm = 271/2ym and their Hermiticity is understood in the
same sense as that of y2, ie. (y™)T = (=) AyA~!, where
A =099 ...90% and 1 is the number of time-like dimen-
sions (¢t = 2 for the realization of Ad S, as the hyperboloid in
the ambient space-time). Classical constraints become Her-
mitian operators that select physical subspace in the space
of quantum states of the spinning particle. We choose Her-
mitian operator associated with the classical supersymmetry
generator in the form

i(y - x)
2|x|

Pn = |x]y - (p—eA) + ~ 0, (14)

where the second summand arises as a result of moving the
momentum operator to the right in the manifestly Hermitian
representation for the first summand. The square of @)y

O = Ton (15)

3 We do not place hats over the quantum operators and set i = 1 not
to overburden the notation. Hopefully, this will not cause a confusion.

@ Springer
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defines Hermitian operator associated with the classical con-
straint T(,)*

2. 1
Ten = [Ixly - (p —eA)]” +iDy — 1 ~ 0, (16)
where
id+1)
DH=(X'P)—T%0 an

is the Hermitian operator for the generator of the space-time
dilatations. Note the relation

[IXly - (p — eA)] = [xP(p — eA)> +i(y - x)y - (p — eA)

+S P Fey) (18)
that makes obvious the contact with the classical constraint
().

For the case of flat configuration-space Hermitian momen-
tum operator can be realized as the coordinate partial deriva-
tive acting on the wave function W(x). Whenever config-
uration space is a curved manifold, Hermitian momentum
operator is given by

_1 1
Pm = —i(=8) *0u(—8)%, (19)
where g is the determinant of the configuration-space metric
tensor. In the realization of anti-de Sitter space-time as the
projective manifold, the scale-invariant measure is propor-
tional to |x|_d_18m1m2...md+lxﬂldxﬂ2 A Adx™d+t 50 as
the definition of the Hermitian momentum operator we take

d+1
P = —ilx| T oplx T = —i (0, + (_+Z)Xm . (20)
2|x]

Then the constraint (14) translates into the Dirac-type equa-
tion

id(y - x)

P (x) = —ilxly (3 —ieA)W ()~
x|

YUx)=0

1)
for the particle’s wave function W(x) that is the AL
component spinor field. It has the homogeneity degree zero

DV (x) = (x - 9)¥ = 0 and also satisfies the second-order
equation

. 2 d?
Teou¥(x) = =[xy - (3 —ied)]” ¥(x) — Z\Iz(x) =0.

(22)

4 Discussion of the ambiguities in the definition of Hermitian operators
in locally supersymmetric models can be found, e.g., in [54-56].
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To conclude this section let us discuss how the conven-
tional form of spin 1/2 particle’s equations in Ad S, in terms
of intrinsic coordinates can be derived from the equations
given above. As an intermediate step let us present Eqgs. (21)
and (22) in the inhomogeneous coordinates y” = |x|~1x.
For Eq. (21) we obtain

id
oW (y) = —iy - (V —ieA)W(y) — %(y Y)W (y) =0,
(23)

where V,, = 6,"(»)3/y", 0,"(y) = 8 + ym)y™, and
Eq. (22) becomes

: 2 d?
TV () = —[y - (V—ieAd)] W(y) — T‘P(y) =0.

(24)

The electromagnetic potential and field strength in the homo-
geneous and inhomogeneous coordinates are related as
XA () = An(¥)s X1 Fyun (X) = Fun (). (25)

Transverse field strength in the inhomogeneous coordinates
is defined by

Foun (3) = 00 0, 0k Ai =01 Ax) = (O +Ym) Ap—(On+Yn) Am
(26)

and the last equality follows by using the transversality prop-
erty of the potential y - A(y) = 0.

Above equations for the particle’s wave function in the
inhomogeneous coordinates can be transformed to intrinsic
coordinates using the transition formulae [24,25,45]. In par-
ticular, we use the relation between the derivatives of the
coordinate functions
VEZ" = g o, y™, (27)
where gun(2) = 0 Y20 ym and g""(z) = V"V, 7"
are the AdS; metric and its inverse in the intrinsic coor-
dinates. Also the spinning particle’s wave functions in the
inhomogeneous and intrinsic coordinates are connected by
the 2[[1%1] X 2[%] matrix M(z)

V(y) =My(z): (28)
_ 1 1

M0 M = Zon™ oy + S5 pa, (29)

M7y - )y - 3 y)M = €% py. (30)

In Egs. (29) and (30) e%(z) and w,“*(z) are the AdSy
vielbein and spin connection. Eq. (29) implies that M €
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SO0R2,d —1)/SO(1,d — 1) with the so(2,d — 1) gener-
ators realized by the Dirac matrices in d dimensions p“:

p“p” + pPp® =20 31

and oy, = ;lt(pa Pb— PpPg) that span the so(1, d —1) algebra.
Useful consequences of Egs. (29) and (30) are

v - 0my) = MpuaM ™' (y - ), (MpaM~', (y - y)} =0,
Pm = €% pa. (32)

To obtain conventional form of the Dirac equation we mul-
tiply Eq. (23) by M~!(y - y) from the left. Application of
the transition relations (27)—(30) allows to obtain massless
Dirac equation in Ad Sy

iM~ (y - NPH(IMY () = p" Dy (A Y (z) =0, (33)

where

1
Dy (A) = 3y + Ewm“boab —ieAp (34)

is the spinor covariant derivative extended by the external
electromagnetic potential. The commutator of the covariant
derivatives

1
[D4(A), Dp(A)] = ERabfdocd —ieFyp = —0ap — ieFp,
Dy(A) = " Dy (A) (35)

appears in the transformation of the second-order equation
(24) to the intrinsic coordinates. To find the final form we
substituted explicit expression for the Riemann tensor

(R = Rmnmn = _d(d - 1))
(36)

Riimn = 8kn8lm — 8km8in

that provides solution of the Einstein equations in the form
widely used in the literature on the AdS/CFT correspon-
dence:

1
Ryn — EgmnR + Agmn =0 37

with the cosmological constant A = _W. The
resulting Klein-Gordon-type equation is

— M7 TouMyr(2) = D*(A)Y — iea™" Fyntr
d(d—1)
+——y =0. (38)
4
Note that [(y - y)®(u]* differs from &7, by the linear
combination of the constraints ® )y and Dy.

3 Spinning particle interactions with antisymmetric
gauge fields

In this section we discuss gauge-invariant coupling of
the spinning particle to external (r — 1)-form gauge field
Aplr—1] (x)? that we assume to be transverse XEAmr—21(x)
= 0 and homogeneous of degree —(r — 1). The definition of
the transverse field strength

Fin(r1 (%) = O, ™ Om,™2 - .. Om, " Ofn, Any...n,) = O, Amy..m,]
(39)

generalizes that for the electromagnetic field (3). Since the
form of the coupling is sensitive to the value of r we start
with the case of odd r and then turn to even r.

3.1 r odd

In this case the fermionic constraint
g, rodd) = [XIE - p) +i"qlx|"E2 T Fp ~ 0 (40)

naturally generalizes that for the free spinning particle. ¢
stands for the particle’s charge, 21 = 71 £ and the
factor |x|” makes the last term homogeneous of degree zero
like the first is, while the factor i, n = % — 2[%] makes
it real under the complex conjugation. DB relations of this
constraint with itself generate classical world-line supersym-

metry algebra

{® 4.7 odd)s P(g,r odd)}DB = iT(q, r 0dd) (41
with

Tl r odd) = |X*p? +2i(& - x)(€ - p)
+2ri"glx| e Ny, p™
—2ri" g |x|" N E - x0)E Fyy (42)
+(—)%”2q2|x|2r§m[r_1]Fm[r71]&
XFkl[r,]]Sﬂ[r_l] =~ ()

being the world-line reparametrization generator in the pres-
ence of the interaction.

Similarly to the previously considered case of the inter-
action with the background electromagnetic field, one can
write down the spinning particle’s Hamiltonian
e

2T(q,r odd) — aD — iXdD(q, r odd) ~ 0 (43)

jﬁq, rodd) =

> We use the notation according to which a number in square brackets
following an index stands for the set of antisymmetrized indices equal
to that number.

@ Springer
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and the action functional
S(q, r odd) = f df«iﬂ(q, r odd) ph (44)

where the Lagrangian expressed in terms of the phase-space
variables has the form

L, roddyph = (p-X) + = (5 £) — Ay, r odd)- (45)

Integrating consecutively momentum p™ and dilatation
gauge field a yields two representations of the configuration-
space Lagrangian:

1 . i .
ﬂq,rodd)conf = W(x +ax)2 + E(E &)

i .
—W(é x)(§ - %)

_rinq |x |r71€:m[r71] Fm[r—l]g)Ejﬂ

+ﬁ ¢ - (x+ax)

+(1 = Ni"gelx e Fyy)  (46)

and

(x6x) + > (S £)

g —
(g.r odd) RP4 = 2| 2ex]?

—W@-x)(s-x)
i )
2 eon)
(1= Ni"gelx M Fy) . (4D)

In quantum theory the Hermitian operator associated with
the odd constraint (40) is

ity -x) i"q .
Dy, rody = [X|(V-P)+——+— 1le 14
2lx| 24

(43)

where the antisymmetrized product of r y -matrices is defined
as

mlrl — ! y[mlym2 ..ymf]. (49)

% py

Squaring the constraint (48) allows to obtain quantum version
of the world-line supersymmetry algebra (41)

2
Q. r oy = Tig.r 0dd)H (50)

@ Springer

2 iy ~ 0,

and define the Hermitian operator corresponding to the gen-
erator of the world-line reparametrizations

Ty, rodat = [IxI(v - P+ |x|’+1 e 1™ pm
2 2

Vin+l
+ e (- 0y Fgy

22

—|x Pyl lamFm[Hl)

(_)nq m[r 2 . 1
ok > (™ Fyppr) +iDn =
~0. (51)

Let us note in passing that the square of "1 F,,, can be
expanded over the basis of the antisymmetrized products of
y -matrices using the relations given, e.g. in [57]

r—1
7 "2
= Qk+D! (r — 2k — DI

% Fm[2k+l]g[r— I[r—

=g, m2k-+1] ]Vg[r—Zk—lll[r

—2k—1]
= p2poalr=tp, lr= ”J@[rfl]urfl]
[r(r — DP? _
_ - FrBlr =31 =3l s
() T IR (52)

Clearly which of the (r 4 1)/2 terms actually contribute to
the sum depends on the values of r and the space-time dimen-
sion d.

Substitute now the realization (20) of the momentum as
the differential operator to impose (48) and (51) on the con-
figuration space wave function W(x). So we come to the
first-order Dirac-type equation

. id(y - x)
g, r oddyH¥ (x) = —i|x|(y - DY — W\y
i”q r.mlr B
+ =l Fy W = 0 (53)
2 2

and the second-order Klein-Gordon-type equation

2
Tig.rodyu¥ (x) = —[|x|(y - 0)]" W
ri" +1 r+1 n[r 1] m
- L1l Fulr—11=0m W
2 2
rittlg
+ T (- 0y Fy
27

_lxl alr= l]am mn[r 1]>\I’[



Eur. Phys. J. C (2019) 79:425

Page 7 of 10 425

(_)an 2r ¢, mlr] 2 d?
2’—_1|x| =" Fuir) ‘I’—I‘I’

—=0. (54)

+

For transformation of the above equations to the intrinsic
coordinates let us first rewrite them in the inhomogeneous
coordinates. Eq. (53) takes the form

D, rodypY (y) = —i(y - VW — %(V Y)WV
i"g
2%
where the r-form field strength in the homogeneous and inho-
mogeneous coordinates is related in the following way

|x|rFm[r](x) = Fm[r](y), Fm[r]()’)
= O, + " — DYm,)Am,..m,1 (56)

+

Y2 B W = 0, (55)

generalizing (25) and (26) for the electromagnetic field.
The Klein-Gordon-type equation (54) in the inhomogeneous
coordinates reads

2
Ty, r oddHY (¥) = — [(V : V)] v
ri"'Hq

r=3

22
in+1

y N Ey 12V, ¥

r
+

q
((V : y)ym[r]Fm[r]

r—1

272
n[r—1]ym
_ynlr=lly Fm,,,”) v

(_)an m[r] 2 d2
> Y= Eup)” W — T\IJ =0.

(57

+

Then using the relations (27)-(32) we find wave equations
describing gauge-invariant interaction of the spin 1/2 field
on the AdS,; background with the odd-rank antisymmetric
gauge field in the intrinsic coordinates

iM~ (- )P, r ody HM Y (2)
in+lq
= "Dt + — P Fpiry ¥ = 0 (58)

22

and

—~ M 'Ty.  dyn M (2)

‘n+1
rit q ml.

= Dzl// + o r_l]Fm[rfl]nan

r=3
272

+ ——= "D 19

dd—-1)

n,2 5
— —_l(ﬂm[r]Fm[rl) ¥+ )

Yy =0. (59

The definition of the spinor covariant derivative coincides
with (34) in the absence of electromagnetic field and the
r—form field strength in the ambient-space and intrinsic
coordinates is related as

Fur1(3) = 0™ ym, - 8™ yim, Finir)(2),
Fu(r1(2) = Opmy Amy..m,1(2).- (60)

3.2 r even

In the case of r even, the odd constraint takes the form

Dy r eveny = 1XI(E - p) +i"qlx 7 (E - x)E2UT Eyp ~ 0.
61)

In this subsection n = 5 — 2[7]. Similarly to the previously
considered models, DB relations of this constraint with itself
generate the world-line supersymmetry algebra

{(D(q, r even)s cI)(q, r even) }DB = iT(q, r even)s (62)

where the world-line reparametrization generator equals

Tig.r even) = |x[>p* +2i (& - x)(§ - p)
+2ri"glx|" (& - )& T Fy e 1ym p™
+2i"q|x|" €™ Fyypy (x - p)
— ()" E Fypp)® 2 0. (63)

The constraints (61), (63) and D are the first-class con-
straints of the model and are used to define the spinning
particle’s Lagrangian and action functional

S(q,r even) — /dfog(q,r even) ph - (64)

. i . e
ﬂq,reven)ph =(p-x)+ 5(%” &) — ET(q,reven)

+aD+iX(b(q,rcven)- (65)

Substituting explicit expressions for these constraints and
integrating out the momentum allows to transfer from
the phase-space to the configuration-space form of the
Lagrangian

1 . i .
Llg. r even) conf = W(x +ax)* + SE O
i .

- W(é -x)(€ - x)

—ri"glx" 2 (& - x)E T Ey it
(_)n 2~

+ Temz’ (EM Fypp)?
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+ﬁ(§ (x + ax)

+(1 = P)i"qell (& 0 Fy ).
(66)
Further integrating out the dilatation gauge field, one finds the

Lagrangian that corresponds to the realization of the AdSy
as a projective manifold with the degenerate metric

"g(q,r even) RP4 = (x6x)

2| 221x]?
+—(s-§)—#<s-x>(s-x)

—ri"glx| 3¢ - x)Emlir- g,

(—) g%
&lx* (&2 Fyypp)?

P
m[r 1InX—

+

+ ﬁ ((§6x)

(1= D"l € - 2§ Py
(67)
Now we come to the discussion of the Dirac quantization

of the model. Let us define the Hermitian operator associated
with the odd constraint (61) as

i(y-x)
q)(q,reven)l-l = |x|(y - p) + 20|
i"g
+2T|x|r Yy -0y Fyp ~ 0. (68)
2

As inthe previous sections expression for the Hermitian oper-
ator that corresponds to the world-line reparametrization gen-
erator is obtained by requiring the closure of the world-line
supersymmetry algebra

q)(zq reven)H — T(q, r even)H» (69)

where

2

T(q,r evenyi = [|x|(V : P)]
ri'"q _
+ —Ix"(y )Y E ™ pm
2571
i"tlg

| | < m[r]Fm[r]

ST

2

+(y 'X)Vﬂ[r_l]amFm[rfl])
(= )'gq?
2r

i 1
(1 +— ?IXI’y’"[r]Fm[r]> Dy = ~0.

X P M Fe)® i

22
(70)

@ Springer

Realizing momentum operator as the differential operator in
configuration space allows to obtain Dirac-type and Klein-
Gordon-type equations for the particle’s wave function in the
homogeneous coordinates

id(y - x)

—ilx|(y - )Y — ——v¥

cID(q,reven)H“I’()C) = 20x|

|x|’ Yy -0y M Fyp ¥ =0

ST

2
(71)
and
Tl r evenn ¥ (x) = — [|x[(y - )1* ¥
ri n+l
- q|x| (v -y 20,0
22
rl‘n—H
+ Ay (Vm[’]me
22
+(J/'x))/n[r lam mn[r l])ql
(_)n 2 d2
- Tquﬁ’(yﬂ”@[r]f\v -
=0. (72)

Note that W(x) is homogeneous of degree zero since
DpV¥ (x) = 0. In terms of the inhomogeneous coordinates
y™ = |x|~'x™ these equations acquire the form

id
= —i(y - V)W — %(y Y)W

Tn

<I)(q, r even)H\Ij(.Y)

q
S - Y I Ey @ =0 (73)
2

and
T(q,r even)H"I"(y) =—[(y- V)]Z\Ij
ri”'Hq _
- (V ! }’)Vﬂ[r l]Fg[rfl]mvm\I‘[
227
rittly
+t— (Vm[r]me
22
—l—()/ 'Y)Vn[r 1 8m mn[r 1]) v
(_)n 2 d2
- —zrq (0 Fy )W = W =0,
(74)

Connection between the r-form field strength in the homo-
geneous and inhomogeneous coordinates is given in (56).
Using the transition relations (27)—(32) one can write the
above equations in terms of the intrinsic coordinates. Eq. (73)
transforms into the massless Dirac equation on Ad S; coupled
to external r-form field strength
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iMm~! (y - Y)(D(q, revemHM Y (2) = p" Dy
in—l q mir]
+ L " Fypyyyr = 0. (75)
22

The relation between the r-form field strength in the inho-
mogeneous and intrinsic coordinates is given in (60). Anal-
ogously the second-order equation (74) transforms into the
generalization of the Klein-Gordon equation

~ M7y evennM Y (2)

2 ”l’H-lq n[r—1] m
=DV +——p Fupr—1]" DY

22

rittl _
- _rqpn[r l]Dman[rfl]w

22
(—)nqz 2
+ 2—r()0m[r]Fm[rJ) v

dd -1
L d@-n

V=0 (76)

4 Conclusion

In this note we have studied interactions with background
electromagnetic or rank (» — 1) antisymmetric gauge fields
of the minimally-supersymmetric massless spinning particle
in anti-de Sitter space-time. d—dimensional anti-de Sitter
space-time has been realized as a real projective manifold
parametrized by the homogeneous coordinates. For all of
the considered interactions we have found the set of three
first-class constraints, one odd and two even, that gener-
ate extended world-line supersymmetry algebra. The con-
straints are the classical generators of 1d supersymmetry,
reparametrizations and rescalings of the space-time homo-
geneous coordinates. Various forms of the spinning par-
ticle’s Lagrangian both in terms of the phase-space and
configuration-space variables have been derived. Then the
quantum realization of the classical constraint algebra by the
Hermitian operators has been found. The form of the Her-
mitian operator associated with the classical generator of the
world-line reparametrizations is unambiguously fixed by the
closure of the quantum algebra of the constraints. The real-
ization of the Hermitian momentum operator as the differen-
tial operator in configuration space yields first- and second-
order equations for the particle’s wave function in the pres-
ence of background electromagnetic field or antisymmetric
gauge fields. These equations have been presented both in the
homogeneous and inhomogeneous coordinates of the ambi-
ent space. Finally using known transition relations between
the ambient and intrinsic coordinates they have been written
in the conventional form of extended Dirac and Klein-Gordon
equations in AdSy.

Let us note that although we treated independently inter-
actions of the spinning particle with electromagnetic and
(r — 1)-form gauge fields, along the same lines it is possi-
ble to consider simultaneous coupling to a number of gauge
fields and electromagnetic field. One can also consider inter-
actions with mixed symmetry fields that carry even number
of indices in each set of the antisymmetrized indices.

The part of our discussion that concerned transition
of the equations for particle’s wave function from the
ambient-space to intrinsic coordinates assumed implicitly
that Spin(1,d—1) and Spin(2, d —1) spinor representations
have equal dimension that is the case for d even. So one of
possible generalizations is to consider the case of d odd that
presumably requires introduction of additional (odd) vari-
ables and constraints to impose chirality projection on the
spinor wave function in d + 1 dimensions.

As a further development of the results reported here it is
possible to consider interaction of the spinning particle with
the Yang-Mills field, to look for the superfield formulation
and to describe particles with other values of spin.
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