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Higher-derivative superparticle in AdS; space
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Employing the coset approach we construct component actions for a superparticle moving in AdS;
with N = (2,0), D = 3 supersymmetry partially broken to N =2, d = 1. These actions may contain
higher time-derivative terms, which are chosen to possess the same (super)symmetries as the free
superparticle. In terms of the nonlinear-realization superfields, the component actions always take a
simpler form when written in terms of covariant Cartan forms. We also consider in detail the reduction
to the nonrelativistic case and construct the corresponding action of a Newton-Hooke superparticle and
its higher-derivative generalizations. The structure of these higher time-derivative generalizations is
completely fixed by invariance under the supersymmetric Newton-Hooke algebra extended by two

central charges.
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I. INTRODUCTION

The standard action of any particle moving in a flat
spacetime is invariant under the target-space Poincaré
group realized in a spontaneously broken manner. The
spontaneously broken translations, orthogonal to the world
line of particle, and the Lorentz boosts rotating these
translations into world-line translations, give rise to
Goldstone bosons, which appear in the particle actions.
Usually, not all of these Goldstone bosons are independent
of one another, and so there are additional constraints
reducing the number of independent fields to a set
describing the physical degrees of freedom. In the super-
symmetric case the situation is more complicated, because
in extended supersymmetry additional covariant constraints
selecting irreducible supermultiplets have to be found.
These tasks can be algorithmically solved by using the
nonlinear-realization (or coset) approach [1], suitably
modified for supersymmetric spacetime symmetries [2].
In this approach, the corresponding constraints are con-
ditions on the Cartan forms (or on their & components).
Nevertheless, the coset approach fails to reproduce the
superspace actions, because the superparticle Lagrangian is
only quasi-invariant with respect to the super-Poincaré
group and, therefore, it cannot be constructed in terms of
Cartan forms. However, by passing to component actions
and focusing on the broken supersymmetry only, one may
easily construct an ansatz for the invariant action in terms of
0 = 0 projections of the Cartan forms. This program has
been performed in our paper [3] for a superparticle moving
in flat D =1+ 2 spacetime with N = 4 supersymmetry
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partially broken to N = 2. Moreover, the possible
higher time-derivative terms, possessing the same sym-
metry as the free superparticle, can also be constructed in
terms of the Cartan forms. The role of unbroken super-
symmetry is just to fix some free coefficients in the
component action.

In the present paper, we investigate the application of the
coset approach to a superparticle moving on AdS;. This
leads to the following complications:

(1) One has to choose a suitable parametrization of the
coset space (i.e. of the set of the physical bosonic
fields), which may, even in the bosonic case,
drastically simplify the resulting actions.

(i) The superspace constraints have to be properly
covariantized, selecting irreducible supermultiplets
which are rather distinct from the flat-spacetime case.

(iii) The fermionic components should be defined such
as to render the resulting Lagrangians readable. All
such choices are related by nonlinear invertible
fields redefinitions [4], but an improper choice
may result in highly complicated Lagrangians.

In the following we will solve all these tasks for a
superparticle moving on AdS;, with N =(2,0), D =3
supersymmetry partially broken to N = 2, d = 1. We will
construct the corresponding component actions in terms
of the 8 = 0 projections of the Cartan forms and prove
their invariance under the N = (2,0) AdS; algebra. The
higher time-derivative terms share this symmetry, and
the one with minimal higher derivatives (the anyonic
action) can also be written in terms of Cartan forms. The
analysis will then be extended by the nonrelativistic
limit, which radically simplifies everything: The AdS;
superparticle reduces to the Newton-Hooke superparticle
[5,6], while the higher-derivative terms acquire quite a
compact form.

© 2016 American Physical Society
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II. N = (2,0) AdS; ALGEBRA AND FIXING
THE BASIS

The action we are going to construct corresponds
to the partial spontaneous breaking of N = (2,0)
AdS; supersymmetry. To start with, let us define
the N =(2,0) AdS; superalgebra in a standard way
as (see e.g. [7])

My M g] = €4cMpy + €pgM 4o + €4aM e + €M
= (M)ah,cd’
m
[Mab7Pcd] = (P)ab.cd’ [Pab’Pcd] = _R(M)ab,cd’

[Mab’ Qc] = each + echa = (Q)ab,c’
[Malﬂ Qc] = (Q)ab.c’

[Pab’ QC] = 1% (Q)ab,c’ [Pab’ Qc] %(Q)ab.c’
[‘,’ Qa] = Qa? [J? Qa] = _Qaﬂ
{QmQh}:zpub"'iﬂMuh_’_imeahJ- (2.1)
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Here, the generators M, = My,,, Py, = Ppy, a, b =1, 2
form the bosonic AdS; algebra while the fermionic
generators Q,, O, together with the U(1) generator J
extend it to the N = (2,0) AdS; one.

Note that in our basis these generators obey the follow-
ing conjugation rules:

(Mab)-r = _Mabv
()=,

(Pab)T = Pah’

(Qa)]L =0, (22)

To have close relations with the previously considered
case of superparticle moving in three-dimensional
Poincaré spacetime [3], one has to choose the generators
spanning N = 2, d = 1 super-Poincaré algebra to which
the AdS; supersymmetry will be broken. One may

casily check that if we define the generators
{P.0.0} as
Q=0 +10,, 0=0,-i0,,
P=Py+Py+is (M11+M22)+mf (2.3)

4

then they will form the N =2, d =1 super-Poincaré
algebra

{0.0} =2P,

{0.0}={0.0} =[P.Q]=[P.0] =0. (24)
The remaining bosonic generators, having the proper

form in the flat limit, may be defined as follows:
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P,Z =Py — Py — 2111712+14 (M} — My, —2iM,),
Z=(2),
1
J321(M11+M22), TZz( 11— My —2iM,,),

T = (T)'. (2.5)

Thus, the bosonic part of the algebra (2.1), i.e. the
algebra so(2,2) x u(1), acquires the form

J3.T) =T, [J5.T|=-T. [T.T]=-2J;,

[P,Z] =2mZ, [P,Z] = —2mZ,

[Z,Z] = —4mP + 4m>J,

/3.2 = Z, [/3.2] = -Z,
] [T,P]=2Z, [T,Z] = —2P +2mJ,
]

(2.6)

Clearly, the relations (2.6) are maximally similar to the
D = 3 Poincaré ones we used in [3] and go to them in the
limit m = 0 (with decoupled generator J, of course).

As concerning the fermionic part of N = (2,0) AdS;
superalgebra (2.1), it is natural to define the generators of
broken supersymmetry as

S=0,+i0,. S=0,-i0,. (2.7)
Then commutation relations, which include spinor gener-
ators, read

{0.0y=2pP,  {S.5}=2P—4mJ,
{0.5} =227, {0,5} =27,
Z. Q] =—2mS,  [Z. 0] =2mS,
[ =—-2mQ, (Z,5] = 2mQ,

[ -0. [I.§]=0.

5.0 —1Q, 15.0] =50,

[J3, 5] =5, [J3,8] = %S,

v.ol=0,  [.0]=-0, [J.S]=-5,
[7.85]=35 (2.8)

III. CARTAN FORMS AND TRANSFORMATION
PROPERTIES

In the coset approach [1,2], the spontaneous breakdown
of S, S supersymmetry and Z, Z translations is reflected in
the structure of the coset element
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g= P 0040 0 JwS+i S ,i(UZ+UZ) ei(AT+ﬁ)'

(3.1)

The N = 2 superfields U(z, 8, 8), w(t, 6, 0) and A(t 0,0) are Goldstone superfields accompanying the N = (2,0) AdS;
symmetry to N = 2, d = 1 super-Poincaré xU(1)? breaklng The transformation properties of the coordinates and the

superfields are induced by the left multiplication of the coset element (3.1)
gog = g’h, h ~ e eifs

The most important transformations read )
(i) Unbroken supersymmetry (SUSY) (gy = e“¢*¢9)

50 = e, 50 = g, 5t =i(ef + &0).

(i1) Broken SUSY (go — e€S+E§)

(1 = 2mynp),

550 = 4mey 0, b5t = i(Fw + &w)(1 — 6mod) — 4m(e0u — 0a)
S = &(1 —2m00)(1 + 2mynp) — 8im*w(é0u — 0 ), Ssu = 2ig

jay]

(1 —2myy)(1 — 4m*unr),

where & = e2Mg,

(ili) Z, Z transformations (g, = ¢!?Z+02))

5,0 = 2imby (1 +2m09), 5,1 = 4m(bOw — bOyr) — 2im(ba —bu)(1 + 2m68)(1 — 2mynjr),
Syu = b(1 —4m*uii)(1 + 2m60)(1 — 2mynyr),
S = 2imb 8 (1 + 2mynp) + 4m>y (b —bu)(1 + 2m60),

where b = e~ 2mp,
Here, the coordinates of stereographic projections were introduced:

_tanh (2mV'UU) U P tanh(VAA) A
2mVUO VAR

The local geometric properties of the system are specified by the left-invariant Cartan forms
g7'dg =1QpP +iQ,Z +iQ,Z +iQ;T + Q7T + Q375 +1Q,J + Q0 + Qp 0 + Q¢S + Q8.

which look much more complicated than in the flat spacetime (m — 0) [3]:

- A - A a Q _115_25‘
Qp = _[(1+A0)Qp — 2120, —1Q,)], Q=255
P 1—/1/1[( )Qp (A€, z)] 0 L=
I A & A A R a
7 = 1 _)j' [QZ —A2QZ + MQP], QJ = QJ — 1 _A’Z [Zm/qu — Zlm(XQZ —lgz)],
dA AdA — dAL Qg —i2Q,
QT:—_’ 3:1—_’ Szi_,
1—4A4 1—44 1—14

where the hatted forms read

"These two additional U (1) groups are formed by the generators J and J5.
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o, (1t 4mPun)At + 2im(udi — adu) + 8m(uydf — uy do)
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P =

1 — 4m?uii ’
~  du+ 2imulr —2i(ydo — 4m*utydo)
@ = | — 4m’un ’
—4am-uu
Q= - SmPut At 4 2im? iadu — jﬁ? i (uydd —21'11_/7019)
1 —4m~uu 1 —4m“uua 1 —4m“uua
— 8m?[dt — i(0d6 + 6dO) lyr + 2im(wdyr + ydy)
= 2m[dt —i(0d6 + 6d0)] — mAt — mQp,
. AQ — 2ima Ay ~ Ay —2imiAf
Qp=—r——or, = (3.8)
V1 — 4mPuii V1 — 4mPuii
Here,
At = (1 4 4mynp)[dt — i(0d0 + 0dO + wdiy + ydy)] = (1 + 4mynr) At,
AO = (1 —2myp)do, Ay = dy — 2imyldt —i(0d + 0d0)]. (3.9)

In what follows, we find it convenient to define the
covariant derivatives similarly to the flat case, i.e. with
respect to differentials A¢, d6, do:

0 0 -0 o

dl& + de% + dG% = AV, +dOV +doV. (3.10)
Explicitly, they read
V,=E'9,, V=D—iwVy+yVy)d,
V=D—-iwVy+ywyVy)o, (3.11)
where

e 0o .5

E=1+i(yy+ypy), D:%—u%),,
D = i —1i00,: {D,D} = —2i0,. (3.12)

00

These derivatives obey the following algebra:

{V.V} = 22i(1 + VyV iy +Vy Vi)V,
{V.V} = —4iVyVyV,, {V.V} = —4iVy VyV,,
V., V] = 22i(VigVy + Vy V)V,

V., v] = _Zi<vll_’ Vi + v‘lfvt‘l_/)vt' (3.13)

IV. PRELIMINARY CONSIDERATION: THE
BOSONIC ACTION

Before considering the full supersymmetric AdS; system
it makes sense to analyze its bosonic sector.

The bosonic sector of our N = (2,0) supersymmetric
AdS; superalgebra (2.1) contains the bosonic AdS; algebra

|

[i.e. so(2,2) algebra] commuting with the U(1) algebra
spanned by the generator J. In this section we are going
to consider the spontaneous breakdown of this AdS; x S'
symmetry down to d =1 Poincaré xU(1)? algebra, gener-
ated by P, J and J5 generators. Therefore, our coset element
is just the (6,y —0) limit of the full coset element (3.1):

itP pi(UZ+UZ) pi(AT+AT)

g=¢e""e (4.1)

The corresponding (6, w — 0) limit of the Cartan forms read

wp = =1+ )iy = (i, — 7).
1 . 2 A
ey [0, — 227 + 1Adp),
W) = &y = 7= [2milivp — 2im(Tivy — div7).
d Ad — dAA
_ _ A= Ak 4.2
wr 1= @3 ! 1—A1 ( )
where
1
op = ————[(1 + dm?uit)dt + 2im(udi — udu)),
1 —4m“un
A 1 1
by = T [du + 2imudt],
R 1 o
b7 =1 [dit — 2imudt],
2 2
@y = _# [dmundt + i(udn — adu)
1 —4m-un
= m(dt — @p). (4.3)

To reduce the number of independent Goldstone fields,
similarly to the flat space case [3], one may impose the
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following conditions on the Cartan forms w; and @
(inverse Higgs phenomenon [8]):

0= & i G
w; = oy = — )
‘ ‘ 1+ "
A . i+ 2imu
= = =1 - - o~
L+24 1+ 4mPuir + 2im(uit — wir)
0, =0= o *iié)
a Y
y _ i — 2imit
= == 1 . 0 N
1+ 24 1+ dm?uit + 2im(uit — it
(4.4)
and, therefore,
2 (1 + 2mul
_i(mu+ )(1 + 2mud) (4.5)

1+ A4+ 2m(itd + uld)’

These constraints are purely kinematic ones. Thus, to

realize this spontaneous breaking of AdS; x U(1) sym-

metry we need one complex scalar field, u(¢) and &(r).
Using the constraints (4.4), one may further simplify the
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- /W

2im(iin— uu)>2_4 it
(

1 —4m?uit 1 —4m’uir)?
12
- / At S— (4.7)
1+ A4+ 2m(Au+ Au)

One may check that the curvature of the space with the
metric

Us? — <dt n 2im(duin — udﬁ))z

1 — 4mPun

dudu
(1 — 4m?uin)?
(4.8)

is equal to R = —6m?.

Keeping in mind that the Cartan form wj is shifted by the
full time derivative under all transformations of the AdS; x
U(1) group, the invariant anyonic term, i.e. the action
which results in the at most third-order time derivative
equations of motion of the fields and which possesses the
invariance under full AdS; x U(1) symmetry, acquires

Cartan forms wp, @w; (4.2) to be the form
1— A 1— A
=T, — mdi — op. (4.6 43=4a
o =Typln @y mdtmmim e (46) Sanyon = — /ws—l/dt .49
Clearly, the simplest action, invariant under full AdS; x
U(1) symmetry, is In terms of u, &z and their derivatives it reads
|
¢ / dt{zi(m‘t — i) — 8mitit + 8im?(irit — i) + 4m (iiit + iiu)
e VO = 4m2ui — 2im (i — iir))? — it
. : T -1
X [1 4 4m?ui + 2im(uit — i) + \/(1 — dmPuii — 2im(itu — 0ir))? — 4aii] } (4.10)
The actions Sy (4.7) and S,py0n (4.10) may be slightly simplified by passing to new variables g, g defined as
g = eXmiy, g =e2my, (4.11)
In terms of these variables the action of the AdS; particle reads
. 4q—14q 444
So=— dry/| 1 =2 — , 4.12
o= | \/( i ) T 12
while the anyonic action (4.10) is simplified to be
Supo = [ anf 21D i
anyon — — - = T T =
V(1 —4m’qq +2im(Gq — 47))* — 444
- .- _ . = . .ol
x 1 —4m?qq + 2im(qq — 4 q) + \/(1 —4m*qq + 2im(4q — 44))* — 44 4] } (4.13)

This action can be rewritten through the Lagrangian Lpg, of a particle on the pseudosphere and connection A, as

21% + SmﬁpSQ

Sunyon /dV —

Aq") —4Lpsy (1 — A, g" + \/(1 — A4 —4Lps))

(4.14)
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Here
qq P T e U
Lpy =—F7——, p— im 2199
PS2 (1 —4m2qq)? Ag im - Inad
(4.15)

The AdS; anyon action, written in terms of the A, A
variables (4.9), has the same form as in the flat
spacetime case [3]. This analogy is slightly broken
for the AdS; rigid particle action, which is invariant
under the full AdS; x U(1) symmetry and leads to
equations of motion of at most fourth order in time
derivatives,

Srigid:/wTwT
wp
T 1 1 1 .
:/dt R | N ) R
1+ )\a=m

The term proportional to m is needed to provide
invariance with respect to the AdS; symmetry, realized
by left multiplications of the coset element (4.1) as
follows:

go = €@THaT) = 5.1 — —jga (e 4 1)
+iau(e 4 1),
5rh = a— ak?,

. 1
Sru = % e 2m (1 — dm>uir) — . (a —4m?au®),

go = ei(bZ+i_JZ) = 5,0 = _Zim(be—ﬁmta _ BeZimtu)’

Syu = b(1 — dmPuit)e™m 5,1 =0. (4.17)

Let us finally stress that the actions (4.7), (4.10),
and (4.16) we constructed are precisely the flat spacetime
expressions when expressed in the terms of Cartan
forms [3].

V. FULLY SUPERSYMMETRIC CASE

To construct supersymmetric component actions, invari-
ant under both unbroken Q and broken S supersymmetries,
in full analogy with the flat case [3], one has to perform
four steps:

(i) impose some additional constraints to reduce the
number of independent superfields and impose
irreducibility constraints on the essential superfields;

(i) find the transformation properties of the physical
components under both supersymmetries;

(iii) write an ansatz for the component actions invariant
under broken supersymmetries (the corresponding
invariants are provided by the Cartan forms evalu-
ated at @ = 0 = 0 condition);
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(iv) fix the arbitrary parameters in the ansatz by demand-
ing invariance under the unbroken supersymmetry.
Let us go through these steps.

A. Irreducibility conditions

From the beginning, in our coset (3.1) there are three
independent complex superfields u, y, A [considering the
redefinitions (3.5)]. To reduce the number of independent
superfields we impose the same conditions (4.4) as in the
bosonic sector,

B ETE. b, =it 0
Q,=0 T Y Y
(5.1)

Equating the coefficients of the differentials Az, d0 and d6
we get

_ . . A1 —4m’un)
1—-4 Vau=-2imu—i = =,
(1= dmy )V, T A 1 2m(aa + Au)
, . A1 —4mPui)
1 —4mynp )V, o = 2ima + = -
(1= dmyy) Vi =20 i i + )
(5.2)
and
Vu + 4muyV,u = 0, Vi—4miyV,i=0, (53)
Vu = 2 (1 — 4mPui + 2imiV,u),
Vi = 2iy(1 — 4m*ui + 2imuV,a). (5.4)
These relations simplify the form Qp to
_1—2d,
T .
. At+4 do —ay do
Op = (1 + dmy) | ALy dd — Qw dO)] 5 )
U 2ma

In principle, (5.2)—(5.4) solve all tasks. Indeed, using
(5.2) one may express the superfields A, A in terms of time
derivatives of u, i, while (5.3) can be solved to express
the fermionic superfields y, { in terms of spinor covariant
derivatives of the same u, u. Thus, like in the flat case [3],
we remain with only one N =2 complex bosonic
superfield u(z,0,0), restricted by (5.3) to be covariantly
chiral, with slightly modified chirality conditions.
However, in what follows we are going to use as indepen-
dent components the & = § = 0 projections of the super-
fields y, w instead of the projections of Vu and Va.
Therefore, it would be useful to find the consequences of
the constraints (5.2)—(5.4).

065024-6



HIGHER-DERIVATIVE SUPERPARTICLE IN AdS; SPACE

First of all, acting by V on the first equation in (5.3) and
by V on the second one and using the algebra (3.13) of the
covariant derivatives, we get the conditions

Vy + dmuyV,y = 0, Vi —4miuy Vg = 0.
(5.6)

Note that this asserts the self-consistency of the modified
chirality constraints (5.3) because

{V+4muyV,,V +4muyV,} =0,

{V—4mayV, V—dmiayV,} =0. (5.7)

Secondly, acting by V on the first equation in (5.3) and by
V on the first equation in (5.4) and adding the results, after
quite lengthly calculations with heavy use of (3.13), we
obtain

A+ 2mu
e
1 +2mui
— dmuy'V,p.

Vi = (1 — dmynp) — Sim*uynp

(5.8)

Repeating similar calculations with the second equations in
(5.3), (5.4) yields the conjugated expression

_ A+ 2ma
Vi =i "2 (1 — dnynpr) + Sim>tiyp
7 11+2mu/l( myy) + 8im*uyy

+dmuay V,y. (5.9)
Now we have all ingredients needed for constructing the
component action.

Before closing this subsection let us visualize a more
simple way to obtain (5.8) and (5.9). The idea consists in
using the constraints

Qla, 0, =0 Qsloya, = 0. (5.10)
Here, the notation | 0.0, Means that the Cartan forms Qg
and Qg must be expanded in the forms Qp, QQ, QQ before
nullifying their |QQvQQ projections. At first sight these
conditions seem to be more complicated due to the highly
nontrivial structure of the Cartan forms involved. However,
this is not the case and the calculations can be simplified
using the following procedure.

With the help of our definitions (3.7), the first constraint
in (5.10) can be formally represented as

—/——— = ddpA,

Q. =
s 11—

(5.11)

*These conditions, being some variant of the superembedding
conditions [9], were trivial in the flat case [3].
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where X is some expression which is defined by this
equation. The main difference between (5.10) and (5.11) is
that the latter one is written as the equation on forms.
Therefore, one may just substitute in (5.11) the exact
expressions from (3.8) and equate on both sides the
coefficients of the differentials Az, df and df. The At
coefficient relation yields X in terms of V. Substituting
this expression for X in the df, df projections of (5.11) we
immediately obtain the first equation in (5.6) and also (5.9).
The same procedure applied to the second constraint in
(5.10) produces the second equation in (5.6) as well
as (5.8).

These considerations demonstrate that the constraints
(5.10) are a consequence of our basic constraints (5.1).

B. Transformation properties of the components

As we are going to construct the component actions, we
need to know the transformation laws for the components.
We denote the components of the superfields in the
following way:

ulp_y = u, Wlg—o =¥,

Z|9:0 =2

Uy = i,
Wlo=o = W (5.12)
Equations (5.2) evaluated at 6 = 0 = 0 provide relations
between A, A and the time derivatives of u, &. Thus, 4, 4
are not independent components. We introduce these
variables just to simplify many expressions in what
follows.

1. Broken S supersymmetry

The transformation properties of our components (5.12)
under broken supersymmetry can be easily learned from
(3.3). Before listing these transformations, we point out
that, in contrast to the flat case [3], the superspace
coordinates @ and @ are not invariant under the broken
supersymmetry (3.3):

550 = dmee* ™y, 550 = —4mee 2My0).
However, the right-hand sides of these variations disappear
in the limit @ = 6 = 0 and, thus, the set of the components
{u,u,y,yw} is closed under the broken supersymmetry.
The corresponding transformations read

5St — i(862imtl/_/ + Ee—Zith)’
S5 = &2 (1 + 2mynr),
(5.13)

sy = ee™ (1 + 2mynp),
5Su = 0, 5517l =0.

It is rather easy to check that the expression

(1 + 4myp) Atlg_o = (1 + dmyp)[dt — i(wdip + wdy)]
= &dt (5.14)

065024-7
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is invariant with respect to (5.13). Therefore, it is natural to
define a new covariant derivative as

D, =&710,,
' = (1 —4myyp)[l —i(Dyip + Dypry)].
It then immediately follows from (5.14) and (5.15) that

(5.15)

8sDu=0, 8Dii=0= 51=053=0. (516)

2. Unbroken Q supersymmetry

The transformations under unbroken Q supersymmetry
can be defined in the usual way as

Sof = —(eD +&eD)f|y_o = —(eV +&V)f|,_ o, — HO,.
H = ie(w N +5V)lo_o + i€V + Vi)l
(5.17)
For example,
Sou = 2iey (1 — 4m?uit) + 4m(euy — € wy)D,u — Hu,
Soy = —(eVy +EVy)|og — Hyp. (5.18)
Another important object is the vielbein £ (5.15) which
transforms as follows:
80& = 2i(1 + 4myip)E[(eVy + eV ) o_oi
+ eV + &V ) g o]
— 4mE(Vy +eVy)|ool

+ 4mE(eVyr + eV W)|g_ow — 0,(HE). (5.19)

Of course, to find the explicit form of the transformations
(5.19) one has to use the relations (5.6), (5.8), (5.9)

evaluated at 0 = 0 = 0:

(Vy)|g—o + 4muyDy =0,
(V) |gg — 4mit iy Dy = 0,

PHYSICAL REVIEW D 93, 065024 (2016)

In particular, the transformation (5.19) acquires the form

A+ 2mu
=—0,(H 26 ——— (D — 2i
6o& 0,(HE) + gl—f—Zmﬁle( W — 2imy)
A+ 2mii .
—26———€(Dy + 2imy). 5.21
T 2 E Di + 2imip) (5.21)

Finally, we stress that the relations between the components
u, i and A, A are given by the following expressions:

_ 2,7
Dou = —2imu —i AL — 4m b_‘”) .
1 4+ A4 + 2m(Ai + Au)
(1 — dmPuii
Dy = 2imi 4 i — L mui) (5.22)

1+ 2+ 2m(Ain + Au)

C. Actions

We are ready to construct the supersymmetric generaliza-
tion of the actions (4.7) and (4.9).3 As they have different
dimension, these actions must be invariant individually.

1. Superparticle

It is easy to check that the evident ansatz

/ dtEF (u, i, A, 2)

is invariant under the broken supersymmetry for any

function F' because, in virtue of (5.13), (5.14), (5.16),
6sF =0, Ss(dt€) = 0. (5.23)

The desired bosonic limit (4.7) immediately fixes the
function F up to constant a:

1— A2
So = — di€ _ _ (5.4
0 m”/ [a+ 1+ A2+ 2m(ul + Lu)] (5.24)

This constant @ can be determined as unity either from
linearized Q supersymmetry invariance or from the flat
spacetime action of [3]. Let us explicitly demonstrate that

_ . A+ 2mu _ the action
Vi) | = -0 (14
(ViF)lg—o 11 I 2ma,1( myy) g
— 8im*uyyy — 4muy D, Sg=— /thl =
. 2"‘"” i 0= Mo Tt m+ i)
= LA+ 2mu _
(Vy)lp—o = lm(l — dmynjy) = _m, / dil (5.25)
+ Sim?ayy + 4miy D,y.
is invariant under the unbroken Q supersymmetry.
(5.20) Using (5.18) and (5.22), one finds that
|
i - . _ 1+ 2mui - - o -
8o = —2&(Dyy + 2imyp) = (1 + A4+ 2m(ud — i) + 4m(euy — ey )D,A — HO,A, 59A = (8p4)".  (5.26)

14+ 2mud

*Higher-order corrections to the superparticle superspace action in flat spacetime were considered previously in [10].
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Now, the variation of integrand in (5.25) reads
1—21

PHYSICAL REVIEW D 93, 065024 (2016)

11—

6oL = —0,(HL) + 4mE(euy — € ) D

(1= 220)(1 + 2mud) (A + 2mu)
[1+ 24+ 2m(ud + id))?

—dim&ey

Using the relations (5.22), the last line in (5.27) may be
represented as
1—A4

Amé(eyDyu — EDYD, i) ———= J+ k)’
m (el// U ey tu)l_’_/'{/l_i_zm(u/'{—f—ﬁl)

and, therefore,

8oL = —0,(HL) +4mED, [W“ —epa)(l - AZ)}

14 24 + 2m(uld + )
(ewu — ey in)(1—AA) (5.28)
1+ A+ 2m(ud + @d)]’ )

=0, [—Hﬁ +4m

Thus, the action (5.25) is invariant under both the broken S
and unbroken Q supersymmetries, and it is the action of the
N = (2,0) AdS; superparticle.

The AdS; superparticle action (5.25) may be written in
terms of the Cartan forms evaluated at @ = df =0 in a
rather simple way as

mg

So = . Qlp—o- (5.29)

"1+ AL+ 2m(ul + )
(1 =22)(1 + 2miid) (A + 2mit)

4mé&(eDyu — e, i _ _
AmE(eDyu =& ’w")1+u+2m(u/1+m)

—dim&ey

(14 A4 + 2m(ul + #A)]? (5.27)

2. Supersymmetric AdS; anyon

The supersymmetrization of the anyoniclike action (4.9)
is more involved. To construct it, let us firstly note that,
with respect to broken supersymmetry, the covariant time
derivatives of the fermionic components D,y and D,y
transform as

5¢Dy = 2imee?™ (1 — 2myy) — dmee* " yD,y,

1 — 2myp) + dmee2""yD,p.
(5.30)

5¢D, iy = —2imge 2 (

Therefore, the S-invariant fermionic correction to the
bosonic action (4.9) has the form

/dté’}"(ﬂ, Aou, @) (1 + dmyp) (D — 2imy)
x (Dy + 2imip).

Thus, our ansatz for the supersymmetric AdS; anyonic
action reads

D, — D, =
Sanyon = / di€ |:1t7[ + -7:(/17 A u, it)(l + 4ml/“/_/) (Dtl// - Ziml//) (,Dtl/_/ + 21ml/_/):| = / dt['anyonv (531)

1—24

where the function F has to be determined by invariance under unbroken supersymmetry. The first term in (5.31) is a direct
supersymmetrization of the bosonic anyon action and, by construction, is invariant under broken supersymmetry.
Due to the transformation property of all our ingredients, which roughly takes the form

50E ~—0,(HE) + - --,
So(u,it, 2, 2) ~ —H(Ou, 0,1, 0,2, 0,2) + -+ -,

the H-dependent terms convert into full time derivatives. Hence, while checking invariance of the action, these terms can be

ignored.

The simplest way to fix the function F is to consider the variation of the action (5.31) to first order in the fermions v, .
At this order the variation of the integrand in (5.31) reads (we write only the e part of transformations)

80 Lanyon = 4ie(Oy — 2imyr) 0,4

To cancel this variation one has to choose F as

F=4

(1 — 4mPuir)(1 — A2)?

1+ 2mud 1 + A4+ 2m(ud + @d) . , 1 — 4m*uii
AS —ie(Ow —2 0 —SF. 5.32
A ¥ 2mid (11— 1) €O = 2my)0- s e e (532)
(14 2mid) (1 + 2mud) (1 + A4 + 2m(uld + i) (5.33)
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Now, it is a matter of direct but slightly complicated calculation to check that the action (5.31) is invariant under the
unbroken supersymmetry to all orders in the fermionic variables. The terms which are not explicitly canceled in the
variation of the integrand in (5.31) read (all terms coming from 0,F and 0;F canceled trivially)

5Q£a.ny0n = _at(Hﬁanyon) + 4m€m//€ : Dt [F(l + 4ml//l/_/) (th - 21ml//> (Dtl/_/ + 21ml/_/)]
1 — dm?uii

_ .OF _ .
+ €l//Dtl//D,l//g{21 % (1 — 4m2uu) + 41m.7: {—lm

— 8iD,u + 8mu] }

19) A+42
+ ey DyE - 4m{a;;: (1 — 4m?uin) — 2mF [% + 2iD,u — 4mu] } (5.34)
It is straightforward to evaluate the curved brackets, as the [(J3,.T| =T, [J3,T] =T,
funcnor'l F is already known (5:33). Substituting here' the /3.2] = Z, V2] = —Z.
expression for D,u (5.22), one finds that the last two lines ~ ~
in (5.34) combine to [P.Z] =2mZ, [P,Z] = —2mZ,
(U 2mad)(1 + 2mud) I.P]=-z,  [I.P|=2 (6.2)
— 16imAE =
(1—=44) Clearly, the generator J is decoupled from the algebra
x ey DDy — 2imeyyD,y]. (5.35) while J5 generates outer automorphisms.
The algebra (6.2) is just the Newton-Hooke algebra
These terms identically cancel the last term in the first line in [11,12]. To bring the commutation relations to the
(5.34) (after integrating by parts and substituting expression conventional form [6,13,14] one has to redefine the
for D,u). Thus, the anyonic action (5.31), with F given by generators as follows:
(5.33), is invariant with respect to both supersymmetries.
Similarly to the action of the AdS; superparticle (5.29), H=P—mJ;, p=2Z—mT,

the anyonic action has a rather simple shape when written

in terms of Cartan forms: p=2Z—mT, G=T.G=T, J3. (63)

In terms of these generators the nonzero commutators

Sanyon = — / <Q3 - 4QS§QS> (5.36) acquire a standard form:
P/ lo=0 ~ _
. . .. . . [H’ =D [H,G}:—p,
The supersymmetric extension of the rigid particle action
(4.16) is a more complicated task. The corresponding =

G|
[H, p]
]

]

m*G, [H, p] = —m*G,
action cannot be written in the terms of Cartan forms. (/3. p] = p. [J3,p] = —p.
The exact form of the action will be considered elsewhere. - =
[/3,G] =G, [/3,G] = —G. (6.4)
VI. REDUCTIONS TO THE (i) The second reduction includes an additional rescal-
NONRELATIVISTIC CASE lng Of the generator J:

The actions we constructed have quite a complicated
structure. A possible way to simplify our system is ~ i
considering the nonrelativistic limit. Before reducing the T - oT, J — a?J. (6.5)
full supersymmetric case, let us shortly discuss possible
reductions of the purely bosonic system, i.e. the non-
relativistic reductions of the AdS; algebra.

7 - wZ, 7 - wZ, T - wT,

Taking now the limit @ — oo we finish with
the same relations (6.2) and three new nonzero

commutators:
A. Bosonic reductions [Z.7) = 4m2J [T.Z] = 2mJ
In the bosonic case we have three possible nonrelativistic 7
. T,Z] = -2mJ. 6.6
reductions of the AdS; algebra (2.6). [ ] " (6.6)
(1) The fiI‘St reduCtiOl‘l COIlSiStS iIl the fOllOWil‘lg rescal‘ The generator J now becomes the Central Charge
ing of the generators: generator, and the corresponding algebra is just the

Bargmann-Newton-Hooke algebra [13], i.e. the
central charge extension of the Newton-Hooke
and then taking the limit @ — oo. After performing of algebra. In terms of the generators (6.3) new nonzero
this step, we will finish with the following algebra: commutators have the form

Z-wZ, Z-wZ, T-ool, T-oT (6.1)
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[p.G] = 2mJ, [p,G| = —2mlJ. (6.7)

(iii) The third reduction includes the rescaling of both
generators J and J3:

Z - wl,
T - oT,

Z - wZ,

J = @?J,

T - oT,
(6.8)

Again, after taking the limit @ — oo, we obtain the
following commutation relations:

J3 - 0)2.]3.

[T,P] =-Z, IT,P) =Z,

[P,Z] =2mZ, [P,Z] = —2mZ,

[T, T) = —2J3, IT,Z) =2mJ,

T,Z) = —2mJ, (Z,Z) = 4m?J. (6.9)

Now both generators J and J; become central
elements in the algebra (6.9). Moreover, the U(1)
rotations generated previously by the generator J;
disappeared from the algebra. Clearly, the corre-
sponding generator V5 with the relations

V3. T] =T, V3. T] =T,

3 T
Vy.7] = Z, (6.10)

can be easily added to the algebra (6.9).
To pass to a conventional form of the algebra one
has to redefine the generators as follows:

H=P—mV;,
G=T,

p=27Z—mT, p=72—mT,
G=T, J, J3. (6.11)

The full set of nonzero commutators read

]
]_
[Vs.pl=p. [V3.D]=—D.
[V3,G]=G, [V3,G]=-G,
[p.p)==2m*I5, [p.G]=2m(J+13).
[p.Gl==2m(J+J3), [G,G]==2J5. (6.12)

Thus, we have two central charge extensions of the
Newton-Hooke algebra [15]. The extension with
the central charge J; exists in three-dimensional
spacetime only and is called “exotic” central
extension [16].
It should be clear that if we choose the coset element in the
usual way as
itP i(uZ-&-ﬁZ)ei(/lT-&-/_lT)’

g=c¢e""e (6.13)

then the central charges in the algebra (6.6) and in the
algebra (6.9) will not have any realization on the

PHYSICAL REVIEW D 93, 065024 (2016)

coordinates and fields, while the Z, Z and 7, T trans-
formations will be realized in the same way for all three
algebras:

5214 — 6‘_2imt(l, 5212 _ eZithl
e—2imt -1 e2imt —1-
oru =——b, ori = ——b. 6.14
TU m TU m ( )

The advantage of the third reduction is the presence of two
new Cartan forms for the central charge generators which,
as we will see shortly, can be used to construct invariant
actions.

With the coset element (6.13) the Cartan forms read

wp = dt, wr = dA, oy = da,

w3 = i(AdA — AdA),

wz = du + 2imudt 4 iAdt, @y = dit — 2imidt —iddt,
w; = —8m3undt + 2im*(idu — diiu) — 2mildt

— 2im[A(diu — 2imu) — A(du + 2imu)). (6.15)

Similarly to the previously considered bosonic case, one
may impose the inverse Higgs effect conditions (4.4):

Wy = (Z)Z = O,
which result in expressing A, 4 in terms of u and i:
A = —iit — 2mi.

A= iit — 2mu, (6.16)

Keeping in the mind that the action [wp = [ dt is trivial,
we have three possible invariant actions:

P / o) — / dilicii — im(ii — uiz)],  (6.17)

S8%on = — / w0y = / driiidi — i)

+ 4im? (it — uit) — Smiit},  (6.18)

shos / 0rr _ / difiifi — 2im(iiii — i) + dm2ici].

rigid wp

(6.19)

These actions may be slightly simplified by passing to
the new variables
q= e*iymlu’ g = eiymtﬁ’

(6.20)

in which they acquire the form

*A nonlinear realization of the algebra (6.12) and the analysis
of the system with S§° were considered previously in [17].
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Sbos — /dt{qé—im(l +7)(G3—qq9) + m*y(2+7)qq}.

(6.21)
Stin = [ drli(@d-40) = 2m(4+ 31)i 4
—2my(2+7)*qq
+im*(2+7)(2 +3y)(¢3—49)}, (6.22)
st = [ drlad—2im(1+1)@i-44)
+2m*(2 4+ 6y +37%)q ¢
—2iy(1+7)2+7)m* (43— 4q)
+m*y*(2+7)*qq}. (6.23)
Choosing, for example, y = —1 one may bring the action
SBOS to the harmonic oscillator [6],
S5 = / di(q g —m*qq), (6.24)

as it should be for a Newton-Hooke particle. Then the
actions Shoson and .Sg?;id with y = —1 will give correspond-
ing higher-derivative corrections to this action. All these

actions are invariant under the algebra (6.9).

B. Supersymmetric nonrelativistic
Newton-Hooke particle

It is possible to construct a nonrelativistic version of the
N = (2,0) supersymmetric AdS; algebra and the corre-
sponding superparticle actions. Remembering our rescaling
of the bosonic subalgebra (6.5) and preserving the unbro-
ken supersymmetry, one cannot rescale the generators
Q. Q. In addition, for keeping the relation {Q, S} = 2Z
in order to realize some sort of inverse Higgs effect, it is
required to rescale the S generator as S — @S. Performing
such a rescaling and taking the limit @ — oo, we obtain the
following superalgebra:

{0.0} =2pP, {0.5} =22,
{0,8} =27, {S,8} = —4mJ,
[Z.0] = —2mS,  [Z.0] =2msS,
[P,S] = —2mS, [P, S] = 2mS,
[7.0]=-5. [I.0] =S5,
[T.P]=-z, [I.P|=2Z.
[P,Z] =2mZ, [P,Z] = —2mZ,
[T.7T) = —2J5.  [T.Z] = —2mJ,
(T,Z] =2mJ, (Z,Z] = 4m?J, (6.25)
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where the generators J and J5 are still central elements of
the superalgebra.
The coset element can be parameterized as before (3.1):

g= itP 0000 WS+ S fi(WZ+0 2Z) fi(AT+AT)

With such a coset element the Cartan forms are
simplified to

wp = At = dt —i(0d6 + 6d6),

wr = dA, w3 = i(AdA — AdA),

wz = du +i(2mu + A) At — 2ipdé,
wg = dy — 2imy At —i(2mii + 1)d0,

Cl)Q = dg,

w; = 2im(pdy + wdy) — 8m*ynp At
— 8m?(uydl — @y df) — SmPuilAt — 2mALAt
— 2imA(dli — 2imaAt — 2iyd@)
+ 2imA(du + 2imuAt — 2iyd0)

— 2im?(udi — iidu). (6.26)

Imposing the standard conditions of the inverse Higgs
effect (4.4),
Wy = O, (DZ = 0,

we get the equations

Du=0,  Da=0, (6.27)
i i o
‘I/ZEDIL ‘I/ZEDIL A =i(u + 2imu),
A= —i(ii — 2imu), (6.28)

where the flat spinor derivatives D, D were defined in
(3.12). We are dealing with chiral superfields u, @ and,
therefore, the physical component fields may be defined in
the usual way as

<1

= ﬁ|9—>0’

W =Wlp_0

U= u|9—>0’

¥ =lg_o. (6.29)

The transformation properties of these components under
the unbroken supersymmetry Q and the broken supersym-
metry S are very simple:

Sow =€, Sp = eil, (6.30)

065024-12



HIGHER-DERIVATIVE SUPERPARTICLE IN AdS; SPACE
5514 == 0, 5317! == O,

Sqy = ee*™, Sy = Ee~ M, (6.31)

To construct the invariant supersymmetric actions gen-
eralizing the bosonic actions (4.7), (4.10), and (4.16), we
must investigate S and Q supersymmetries. It is not hard to
check that these actions are § invariant but not Q invariant.
Thus, one has to find fermionic completions invariant under
Q supersymmetry. It is rather easy to see that the following

fermionic actions:
s = [ g +iw) + 4. (632
St = [ alirir—amtyl. (633)

Sttt = [ deltiniv i) + 16wy (634

have the proper dimension and are § invariant. Thus, our
ansatz for the fully supersymmetric actions is

So = S5 + roSE™. (6.35)

Sanyon = Sanyon + 71Sanyon + mr2Sg™, (6.36)

Srigia = Shna + V3Stma + myaSamyen + m*ysSg™,  (6.37)
where ¥, ..., 75 are constant parameters. Imposing invari-

ance of these actions under the transformations (6.30),
these constants can be uniquely fixed as

V2 = 8’
rs = —4

71 = 47
V4 = _8’

Yo = _17

vz =—1, (6.38)

Thus, the full actions invariant under both the broken (S)
and the unbroken (Q) supersymmetries read

Sy = / dt{it i —im(iu T —iin) — (G i) — Ay},
Smwn— /d4Kuﬁ—ﬁﬁ)—8maﬁ+ﬁm%uﬁ—um
-+ Ay i +8im (yr i —yp) + 16m>yip),
&@d:1/}hmﬁ—amquﬁ—uﬁ)+4nﬂuﬁ
— (@ =y i) — S iy —4im? (jr =y ).
(6.39)

Note that the Newton-Hooke superparticle actions S,
and S,,on may be represented, similarly to the bosonic
case, as integrals of the Cartan forms (6.26) taken in the
60 — 0 limit:
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S—l
" om

W5
Sanyon :—/(L)3|9_,0+4/< wp ) .
6—0

Finally, the bosonic part of these actions may be slightly
simplified, as in (6.21), by passing to the ¢, g variables
(6.20). In addition, one may redefine the fermionic com-
ponents in a similar way as

Wy |0—>0,

(6.40)

W = e PME, W= ePmE, (6.41)
Then fixing the parameter p one may reach the desired form
of the fermionic part of the actions. For example, choosing
the new fermionic variables as

5 — 672imzl//’ E — eZimtl/—/’ (642)
one may represent the fermionic parts of the actions
(6.39) as

so:/dr[...—i<éé—¢§>1,
%m:/mp+qa

Srigid - mSanyon = / dt[ - 1(55_ 55)] (643)

C. Comments

We make some comments concerning the nonrelativis-

tic case.
(i) The structure of the bosonic actions (6.17) is
completely fixed by the symmetry under the
(Z,Z) and (T, T) transformations realized as (6.14)

5214 — e—21mta’ 5212 _ 621mt6_l,
e—Zimt -1 eZimr —1-
Spu=— b P —
2m ’ 2m

(i) The fermionic components (,{) are invariant
under the (Z,Z) and (7, T) transformations
(6.44)

Oz =69 =0, ory = 61w = 0,

and, thus, the fermionic terms completing the
bosonic actions to the full supersymmetric ones
(6.39) are determined by their invariance under
the S, S and Q, Q transformations (6.30) and (6.31).
(iii) The action S (6.39) is some variant of generalized
Galileon action (see e.g. [18,19]). Indeed, the trans-
formations (6.14) are some variant of polynomial
shift symmetries [20]. They go to the standard
Galileon symmetries in the flat (m — 0) limit
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(6.45)

Szulyo = a, Srul,,_o = —ibt.

(iv) Our supersymmetric actions (6.39) are a supersym-
metrization of extended Galileon actions. Of course,
these are not really Galileons, because in one
dimension the higher-dimensional terms in the
action always produce higher-order equations of
motion. Nevertheless, our actions possess the proper
extension (6.14) of the Galilean symmetries (6.44).
Funnily enough, the simplest harmonic oscillator
action (6.24) (as well as its supersymmetric exten-
sion) features such a symmetry, and it may be called
“extended Galileon”.

(v) Due to the slightly nonstandard reduction we used
(6.5), the actions (6.40) can be represented in terms
of Cartan forms which behave as Wess-Zumino terms
under (Z, T, S) transformations. Performing the first
reduction (6.1), the forms w;, w; will vanish and,
therefore, the proper actions should be constructed in
a standard way as Wess-Zumino terms [18].

VII. CONCLUSION

We have extended our previous analysis of a super-
particle moving in flat D =2+ 1 spacetime (including
higher time derivatives) [3] to a superparticle moving on
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AdS;, with N =(2,0), D =3 supersymmetry partially
broken to N =2, d =1. We have employed the coset
approach to constructing the component actions. The
higher time-derivative terms were chosen to preserve all
(super)symmetries of the free superparticle in AdS;. The
actions have a nice form in terms of covariant Cartan forms.
We also considered the nonrelativistic limit, in which our
superalgebra turns into the Newton-Hooke superalgebra
extended by two central charges, and the reduced actions
describe a Newton-Hooke superparticle including higher-
derivative terms.

Our consideration was purely classical. To analyze the
effects of the higher-derivative terms one should quantize
the system. In the present case this is much more compli-
cated than for a superparticle moving in flat D =2 + 1
spacetime. Already the quantization of the nonrelativistic
systems constructed here should be quite useful. We are
planning to come back to this task in future publications.

ACKNOWLEDGMENTS

We are grateful to Anton Galajinsky and Armen
Nersessian for valuable correspondence. The work of
N.K. and S.K. was partially supported by RSF Grant
No. 14-11-00598 and by RFBR Grant No. 15-52-05022
Arm-a.

[1] S.R. Coleman, J. Wess, and B. Zumino, Structure of
Phenomenological Lagrangians. 1, Phys. Rev. 177, 2239
(1969); C.G. Callan, S.R. Coleman, J. Wess, and B.
Zumino, Structure of Phenomenological Lagrangians. 2,
Phys. Rev. 177, 2247 (1969).

[2] D. V. Volkov, Phenomenological Lagrangians, Sov. J. Part.
Nucl. 4, 3 (1973); V. 1. Ogievetsky, in Proceedings of the
Xth Winter School of Theoretical Physics in Karpacz
(Wroclaw University, Wroclaw, 1974), Vol. 1, p. 117.

[3] N. Kozyrev, S. Krivonos, O. Lechtenfeld, and A.
Nersessian, Higher-derivative N =4 superparticle in
three-dimensional spacetime, Phys. Rev. D 89, 045013
(2014).

[4] S. M. Kuzenko and S. J. Tyler, On the Goldstino actions and
their symmetries, J. High Energy Phys. 05 (2011) 055.

[5]1 A. Galajinsky, Conformal mechanics in Newton-Hooke
spacetime, Nucl. Phys. B832, 586 (2010).

[6] E. Bergshoeft, J. Gomis, M. Kovacevic, L. Parra, J. Rosseel,
and T. Zojer, Nonrelativistic superparticle in a curved
background, Phys. Rev. D 90, 065006 (2014).

[71 S.M. Kuzenko and G. Tartaglino-Mazzucchelli, Three
dimensional N =2 (AdS) supergravity and associated
supercurrents, J. High Energy Phys. 12 (2011) 052.

[8] E.A. Ivanov and V.I. Ogievetsky, The inverse Higgs
phenomenon in nonlinear realizations, Teor. Mat. Fiz. 25,
164 (1975).

[9] D. Sorokin, Superbranes and superembeddings, Phys. Rep.
329, 1 (2000).

[10] J. P. Gauntlett, K. Itoh, and P. K. Townsend, Superparticle
with extrinsic curvature, Phys. Lett. B 238, 65 (1990); J. P.
Gauntlett and C.F. Yastremiz, Massive superparticle in
d =2+ 1 and sigma model solitons, Classical Quantum
Gravity 7, 2089 (1990).

[11] H. Bacry and J. M. Lévy-Leblond, Possible kinematics,
J. Math. Phys. (N.Y.) 9, 1605 (1968).

[12] J.-R. Derome and J.-G. Dubois, Hooke’s symmetries and
norelativistic cosmological kinematics—I, Nuovo Cimento
Soc. Ital. Fis. 9B, 1 (1972); J.-G. Dubois, Hooke’s sym-
metries and norelativistic cosmological kinematics—II:
Irreducible projective representations, Nuovo Cimento
Soc. Ital. Fis. 15B, 1 (1973).

[13] G. W. Gibbons and C.E. Patricot, Newton-Hooke space-
times, Hpp waves and the cosmological constant, Classical
Quantum Gravity 20, 5225 (2003).

[14] R. Andringa, E. Bergshoeff, J. Gomis, and M. de Roo,
‘Stringy’ Newton-Cartan gravity, Classical Quantum Grav-
ity 29, 235020 (2012).

[15] Y.-H. Gao, Symmetries, matrices, and de Sitter gravity,
Conf. Proc. C0208124, 271 (2002).

[16] J. A. de Azcarraga, F.J. Herranz, J. C. P. Bueno, and M.
Santander, Central extensions of the quasiorthogonal Lie
algebras, J. Phys. A 31, 1373 (1998).

065024-14


http://dx.doi.org/10.1103/PhysRev.177.2239
http://dx.doi.org/10.1103/PhysRev.177.2239
http://dx.doi.org/10.1103/PhysRev.177.2247
http://dx.doi.org/10.1103/PhysRevD.89.045013
http://dx.doi.org/10.1103/PhysRevD.89.045013
http://dx.doi.org/10.1007/JHEP05(2011)055
http://dx.doi.org/10.1016/j.nuclphysb.2010.02.023
http://dx.doi.org/10.1103/PhysRevD.90.065006
http://dx.doi.org/10.1007/JHEP12(2011)052
http://dx.doi.org/10.1016/S0370-1573(99)00104-0
http://dx.doi.org/10.1016/S0370-1573(99)00104-0
http://dx.doi.org/10.1016/0370-2693(90)92101-N
http://dx.doi.org/10.1088/0264-9381/7/11/017
http://dx.doi.org/10.1088/0264-9381/7/11/017
http://dx.doi.org/10.1063/1.1664490
http://dx.doi.org/10.1007/BF02899951
http://dx.doi.org/10.1007/BF02899951
http://dx.doi.org/10.1088/0264-9381/20/23/016
http://dx.doi.org/10.1088/0264-9381/20/23/016
http://dx.doi.org/10.1088/0264-9381/29/23/235020
http://dx.doi.org/10.1088/0264-9381/29/23/235020
http://dx.doi.org/10.1088/0305-4470/31/5/008

HIGHER-DERIVATIVE SUPERPARTICLE IN AdS; SPACE

[17] P.D. Alvarez, J. Gomis, K. Kamimura, and M. S. Plyushchay,
2+ 1) D exotic Newton-Hooke symmetry, duality and
projective phase, Ann. Phys. (Amsterdam) 322, 1556 (2007).

[18] G. Goon, K. Hinterbichler, A. Joyce, and M. Trodden,
Galileon as Wess-Zumino terms, J. High Energy Phys. 06
(2012) 004.

PHYSICAL REVIEW D 93, 065024 (2016)

[19] K. Kamimura and S. Onda, Contractions of AdS brane
algebra and superGalileon Lagrangians, J. Math. Phys.
(N.Y.) 54, 062503 (2013).

[20] T. Griffin, K. T. Grosvenor, P. Horava, and Z. Yan, Scalar
field theories with polynomial shift symmetries, Commun.
Math. Phys. 340, 985 (2015).

065024-15


http://dx.doi.org/10.1016/j.aop.2007.03.002
http://dx.doi.org/10.1007/JHEP06(2012)004
http://dx.doi.org/10.1007/JHEP06(2012)004
http://dx.doi.org/10.1063/1.4810765
http://dx.doi.org/10.1063/1.4810765
http://dx.doi.org/10.1007/s00220-015-2461-2
http://dx.doi.org/10.1007/s00220-015-2461-2

