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Abstract We present a supersymmetric extension of the
exotic Newtonian Chern—Simons gravity theory in three
spacetime dimensions. The underlying new non-relativistic
superalgebra is obtained by expanding the N' = 2 AdS super-
algebra and can be written as two copies of the enhanced
Nappi—Witten algebra, one of which is augmented by super-
symmetry. We show that the exotic Newtonian superalgebra
allows to introduce a cosmological constant to the extended
Newtonian supergravity. Interestingly, the obtained super-
gravity action contains the extended Newton—Hooke super-
gravity as a sub-case.
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1 Introduction

There has been a growing interest in exploring Newtonian
(super)gravity theories due to their use in strongly cou-
pled condensed matter systems [1-11] and non-relativistic
effective field theories [12—16]. The construction of New-
tonian gravity, describing the physical gravitational force
at non-relativistic level, requires to consider the so-called
Newton-Cartan geometry [17,18]. Such geometrical frame-
work is necessary to covariantize the Poisson equation
of Newtonian gravity. Nevertheless, a principle action for
Newtonian gravity was recently presented in [19] which
has required to extend the Bargmann algebra [20-27] by
including three additional generators. Subsequently, a three-
dimensional Chern-Simons (CS) action has been constructed
in [28] which is invariant under a central extension of the
symmetry group that leaves the recently constructed Newto-
nian gravity action invariant. The novel symmetry has been
denoted as extended Newtonian algebra and can be recov-
ered by means of a contraction of a bi-metric model being the
sum of Einstein gravity in the Lorentzian and Euclidean sig-
natures. Interestingly, unlike the Newtonian gravity of [19],
the matter coupling of the extended Newtonian gravity the-
ory admits backgrounds with non-trivial curvature whenever
matter is present, similarly to the matter-coupled extended
Bargmann gravity [27].

The introduction of a cosmological constant in gravity
theories is known to have important applications, such as,
e.g., the ones recently presented in [29]. In non-relativistic
gravity theories the inclusion of a cosmological constant
in non-relativistic gravity theories is done considering the
Newton-Hooke symmetry [30-36]. However, an extension
of the extended Newton-Hooke algebra [37,38] is needed
to include a cosmological constant to the extended Newto-
nian gravity theory [39]. The novel symmetry is denoted as
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exotic Newtonian algebra and can be seen as an enhanced
Bargmann-Newton-Hooke algebra [40]. Both extended and
exotic Newtonian gravity theories can be recovered as the
non-relativistic limit of the coadjoint Poincaré @ u (1)2 and
coadjoint AdS @ u (1)? gravity theories [40].

Supersymmetric extensions of three-dimensional non-
relativistic gravity models have been recently approached in
[27,41,42] and subsequently studied in [28,43—-47]. In par-
ticular, a CS action based on the supersymmetric extension of
the extended Newtonian algebra has been presented in [28].
Although a cosmological constant has been accommodated
in a non-relativistic supergravity theory through the extended
Newton—Hooke superalgebra [44], the possible supersym-
metric extensions of the exotic Newtonian gravity remain
unexplored. Unlike bosonic non-relativistic gravity, the con-
struction of an action based on a non-relativistic superalge-
bra is non-trivial and requires the introduction of additional
bosonic generators. Furthermore, the non-relativistic limit is
often ambiguous when supercharges are present. One way to
circumvent this difficulty is through the expansion method
based on Maurer—Cartan forms [48] and semigroups [49],
which have proved to be useful to obtain known and new
non-relativistic supergravity theories from relativistic ones
[43,44,46].

In this work, we present a supersymmetric extension of the
three-dimensional exotic Newtonian CS gravity introduced
in [39] by applying the semigroup expansion (S-expansion)
[49] to the N' = 2 AdS supergravity theory. The motivation
to consider the CS formalism in three spacetime dimensions
is twofold. On one hand, three-dimensional CS gravity can
be seen as a toy model to approach higher-dimensional theo-
ries. On the other hand, the construction of a non-relativistic
(super)gravity action is much simpler and affordable through
the CS formalism which allows us to write a gauge-invariant
action. The novel Newtonian supergravity theory is invari-
ant under an exotic Newtonian superalgebra which can be
written as two copies of the enhanced Nappi—Witten algebra
[40,50], one of which is augmented by supersymmetry. Inter-
estingly, the extended Newton—Hooke supergravity action
appears as a sub-case of the exotic Newtonian supergrav-
ity theory. Moreover, we show that the extended Bargmann
and extended Newtonian supergravities are recovered in the
vanishing cosmological constant limit (i.e. the flat limit).

The paper is organized as follows: In Sect. 2 we review
the exotic Newtonian algebra and the corresponding three-
dimensional CS action. Sections 3 and 4 contain our main
results. In Sect. 3, we present an exotic Newtonian superal-
gebra by considering an S-expansion of the N' = 2 super
AdS algebra. In Sect. 4, we construct the exotic Newtonain
CS supergravity action and analyze its vanishing cosmolog-
ical constant limit. Section 5 is devoted to discussion and
future outlook.

@ Springer

2 Exotic Newtonian gravity in three spacetime
dimensions

In this section, we briefly review the three-dimensional CS
exotic Newtonian gravity theory presented in [39]. The
exotic Newtonian algebra, also denoted as extended post-
Newtonian algebra [51], is spanned by the set of generators
{J,G,, H, P,, M, S, By, T,} along with two central charges
Y and Z. The non-vanishing commutation relations of the
exotic Newtonian algebra are given by

[/, Gal = €asGp,  [Ga, Gpl = —€ap S,
[H,Gal = €arPp ,

[J, Pl = €an Pp , [Ga, Pr]l = —€apM ,
[H, Bs] = €apTp,

[J, Bal = €aBr,  [Ga, Bol = —€apZ,
[S, Gal = €an By,

[/, Ta] = €ap Ty, [Ga, Tp] = —€apY ,
[S, Pul = €an T} ,
(M, Gal = €apTp, [Pa, Byl = —€apY ,
[H, Pa] = %éabi,

1

1
[H,T,] = Z_zfabBb» [Pa»Pb]:_e_zéabSa

(M, P,] = glzeath» [Py, Tp] = _glzeabz~ 2.1
Let us note that ¢ is a length parameter related to the cos-
mological constant through A :I:[iz. In particular, in the
vanishing cosmological constant limit £ — oo, the algebra
corresponds to the extended Newtonian algebra introduced
in [28]. One can notice that the extended Newton-Hooke
algebra [37,38] appears setting B,, T, Y and Z to zero.
The exotic Newtonian algebra admits the extended Newton-

Hooke non-vanishing components of the invariant tensor
[37,38]

<HM = _@ )
g2
@0
(Pa Pp) = 6—28@, (2.2)

along with [39]

(8$S) =(JZ) =—po,
(GaBp) = Bobab »
(MS) =(HZ)={(JY)=—p1,
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(PuBb> = (GaTb) = ,Blaab s
Bo
(MM) = (HY) = -3

(PuTy) = %aab. 23)

Here, ag, a1, Bo and B are arbitrary independent constants.
In particular, the components of the invariant tensor propor-
tional to g and By are related to the “exotic” sector of the
theory [52]. On the other hand, the flat limit £ — oo repro-
duces the invariant tensor of the extended Bargmann algebra
[27,38] and the most general extended Newtonian one [39].
Let us note that, at the level of the exotic Newtonian algebra,
the invariant tensor (2.2) alone is degenerate. Nevertheless,
one obtain a non-degenerate bilinear form considering both
families of invariant tensor given by (2.2) and (2.3).

The CS action based on the exotic Newtonian algebra can
be obtained considering the following gauge connection one-
form:

A=tH+ e P+ o] + Gy +mM +sS +t°T,

+b“Bg + yY +2Z, 24

and the non-vanishing components of the invariant ten-
sor (2.2) and (2.3) into the general expression of a three-
dimensional CS action,

Ics = kadA+2A3
S~ 4x 370

Here k is the CS level of the theory which, for gravitational
theories, is related to the gravitational constant G through
k = 1/(4G). The three-dimensional exotic Newtonian CS
gravity action reads, up to boundary terms, as follows [39]:

(2.5)

Tgxotic-N = 4_7_[ / EExtended-NH + £Enhanced-BNH s (2-6)

where

1
LExtended-NH = 0 |:a)u R (w ) —25R (w) + 3¢ R¢ ( ”)
_l’_

+qua< —2mR (®) — 2sR(r)],
2.7)

and

Connancea i = o [ba R (") + @uR? (b) = 22K (@)
—sds — %yR (r) — Kizmdm
+€12taR“ (") + leeaR“ (zb)}
+B1 [eaR? (b°) + buR* (")
+1, R (wb> + w, R (z”) —2yR ()

— 2R (1) — 2mds] . (2.8)

Here we have used the curvatures

R (w) =dw,
R(r) =
1
R (a)b> =do® + ¢*“wu. + E—Zeacrec ,

R¢ (eb =de® + e*““we. + €“ T, ,

R (tb> dt* + e“wt. + €““tb. + €“se, + €“mw, ,
1
) ¢+ e“wb. + €“sw, + —=€“1t,

R (bb

32
1
+£2 €“me, . 2.9)
Moreover, one can also introduce the curvatures
R (m) =dm + €“wqe. ,
1
R(s) =ds + Eeaca)aa)c + ﬁe’”eaec ,
R (y) =dy + €“wqt. + €% “e,b,
1
R (2) =dz + €“wub. + 7 e Ceqte . (2.10)

While the first Lagrangian (2.7) corresponds to the extended
Newton-Hooke gravity Lagrangian [37,38], the second one
(2.8) coincides with the enhanced Bargmann-Newton-Hooke
gravity Lagrangian [40] plus an exotic sector proportional to
Bo. The extended Newton-Hooke gravity can be seen as the
non-relativistic limit of the AdS @ u (1)? gravity. On the
other hand, the enhanced Bargmann-Newton-Hooke grav-
ity theory appears as a non-relativistic limit of the coadjoint
AdS @u (1) gravity [40]. Both Lagrangians define the exotic
Newtonian gravity theory which in the vanishing cosmolog-
ical constant limit £ — oo reproduces the extended Newto-
nian gravity theory [28,39].

@ Springer
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3 Exotic Newtonian superalgebra and semigroup
expansion method

In this section, we show that the exotic Newtonian superalge-
bra can be obtained by considering the S-expansion [49] of
the relativistic ' = 2 AdS superalgebra. Our approach pro-
vides not only the (anti-)commutation relations of the exotic
Newtonian superalgebra but also the non-vanishing compo-
nents of the invariant tensor, which are essential for the con-
struction of a CS action. Before presenting the explicit deriva-
tion of the exotic Newtonian superalgebra, we first review the
S-expansion procedure and its main features.

The expansion method was first introduced in [53] and
subsequently developed in [48,49] to obtain a new (bigger)
Lie algebra & from an original one g. In particular, the expan-
sion based on semigroups [49,54-59] allows to define a new
Lie algebra, & = S x g, by combining the structure constants
of a Lie algebra g with the elements of a semigroup S. The
S-expanded Lie (super)algebra satisfies

[Tia.0)» Tis.p)] = Kap” Ca“Tic.y) »

where C4p€ are the structure constants of the original Lie
(super)algebra g, T4 o) = AqTa denote the generators of
the expanded (super)algebra &, and K,g” is the so-called
2-selector, which satisfies

3.1)

1 when AgAg = A
Kop” = o=
ap { 0 otherwise.

A smaller (super)algebra can be extracted from the expanded
one, called as Og-reduced (super)algebra, by considering a
semigroup with zero element Og € S and imposing the con-
dition 0g74 = 0. An alternative method to extract a smaller
(super)algebra from the expanded one & requires to con-
sider a subset decomposition of the semigroup S = | J pel Sp
which satisfies the same structure than a subspace decompo-
sition of the original (super)algebra g = P per Vp» Where 1
denotes a set of indices. Then, the subalgebra

6r=EPS, x V.
pel

(3.2)

(3.3)

is called the resonant subalgebra of the expanded (super)
algebra 6.

It is important to mention that, unlike the power series
expansion carried out on the Maurer—Cartan forms [48],
the S-expansion method is defined entirely on the Lie
(super)algebra g without considering the group manifold.
Furthermore, for a particular choice of the semigroup S,
the S-expansion procedure can reproduce the expanded
(super)algebras obtained through the Maurer—Cartan forms
power series expansion. Moreover, the S-expansion method
provides us with the non-vanishing components of the invari-
ant tensor of the S-expanded (super)algebra in terms of the
invariant tensor of the original (super)algebra. It is important

@ Springer

to mention that both expansion mechanisms have been useful
not only to construct new relativistic (super)gravity theories
[60-73] but also at the non-relativistic level [43,47,50,51,
74-80].

3.1 Exotic Newtonian superalgebra by expanding the
N = 2 AdS superalgebra

Here we explore a supersymmetric extension of the exotic
Newtonian algebra by considering the S-expansion of the
N = 2 AdS superalgebra given by an so (2) extension of the
0sp (2, 2) ®sp (2) superalgebra. To this end, we consider the
procedure used in [46,51] to obtain a proper exotic Newto-
nian superalgebra which admits an invariant supertrace.

Let us first consider an so (2) extension of the osp (2, 2) ®
sp (2) superalgebra which is spanned by the set of gener-
ators {f A, ﬁA, f, U , Q’a} and satisfies the following (anti-
)commutation relations [81]:

[fA, Jg | = eanci®.
[~A, Pg | = eanc PC .
~ ] 1

C
= E_ZGABCJ ,

[
[%Qé =—%(J/A)ofS Qfg
[

~ 1 -
s Qo | = % (ra)d Of .
[7.0.] = 5670}
@ 0= (6) I 1),
Cupel (u + -7) , (3.4)
where o, 8 = 1,2, i,j = 1,2 denotes the number of

supercharges and A, B, C = 0, 1, 2 are the Lorentz indices
which are raised and lowered with the Minkoswki metric
nag = (—1, 1, 1). Here, C is the charge conjugation matrix,

0-—1
_ (o _
Cap =C _<10>’

which satisfies CT = —C and Cy4 = (Cy™)T with y4
being the Dirac matrices in three spacetime dimensions. Let
us note that the presence of the generators (T, U} is required
not only to construct an exotic Newtonian superalgebra with
non-degenerate invariant tensor, but also to establish a proper
flat limit £ — oo. The non-degeneracy of the invariant tensor
is crucial to get a well-defined CS (super)gravity action and is
related to the Physical requirement that the CS action involves
akinematical term for each gauge field. In particular, the non-
vanishing components of the invariant tensor for the so (2)

(3.5)
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extension of the osp (2, 2) ® sp (2) superalgebra read

(TU) = 1,
7y Ki
i) = -5,

(01,05 =2 (w1 + 52 Cups” (3.6)
where po and p; are arbitrary constants. In the flat limit
¢ — oo, the invariant tensor corresponds to the N' = 2
super-Poincaré ones [81].

Before considering the S-expansion of the N' = 2 AdS
superalgebra (3.4), it is convenient to decompose the indices
A, B as

A — (0,a) 3.7

with @ = 1,2. Then let Vo = {Jo, Po, 7,U, O} and V| =
{Ja, Pa, O} be a subset decomposition of the A" = 2 AdS
superalgebra where

~ 1 ~ ~

o = 5 (Qé + eop Qf,) . 3.8)
One can see that the subspace decomposition of the N = 2
AdS superalgebra satisfies

[Vo,VWolCc Vo,  [Vo.VilCc Vi, [Vi,Vi] C Vu.(3.9)

Let us consider now Sg) = {Xo, A1, A2, A3, Ag, A5} as
the relevant abelian semigroup whose elements satisfy the
following multiplication law:

- )‘-O(+ﬂ if O[+ﬂ<5,
X“Af"{xs if a+p=5,

with A5 = Og being the zero element of the semigroup which
satisfies OgA; = Og. Then, let Sg) = Sop U S| be a resonant
semigroup decomposition where

(3.10)

So = {Xo, A2, Aa, As},
S1 = {A1, A3, As}.

@3.11)
(3.12)

One can see that such semigroup decomposition satisfies the
same algebraic structure than the subspace decomposition,

So-So C So, So-S1 C 81, S1-81CSo. (3.13)

Then one finds a new expanded superalgebra after extracting
aresonant subalgebra from the Sg)-expansion of the N =2
AdS superalgebra,

Gr=Syx Vo S| x Vi, (3.14)

and considering a Og-reduction. The novel superalgebra is
spanned by the exotic Newtonian bosonic generators

{J7 Gu’S5 Ba3Z7 Hy Pava TM’Y} (3'15)
along with
{Y11Y27Y37U17U27U37 le»s Q;aRaaw(;sW;}' (3'16)

The expanded generators (3.15) and (3.16) are related to the
N = 2 super AdS ones through

As
M| Z,Y, Y3, Us, W;_
A3 By, T,, W,
M| S, M, Y, Uy, Ry (3.17)
M Ga, P, Qf
M| J, H, Yy, Uy, Qj[_
jo, 130, 7T, U, Q;ﬁ' ja, 15,1, Q;

Using the (anti-)commutation relations of the N/ = 2 AdS
superalgebra (3.4) and the multiplication law of the semi-
group (3.10), one can show that the expanded generators
satisfy the exotic Newtonian algebra (2.1) along with the
following commutation relations:

1 1
[1, 0] = —5 0 Q5. 1, Rl = =5 G0) Rp.
1
[7.wr] = -3 o)l Wi,
1 1
o Ny 1=~ () Wr
[S.Ca]= =300 R [S. Q] =—5 ()’ Wy

1
IS, Ral = =5 (o) Wy,

[H. 03] = —2—16 0)d 0y, [H, Ryl = —2—15 r0)d Rg
[H.WE] = —217 o) Wi

(M. 051 =~ G0 Ry [M. 051 =55 0 Wy
M, Rel =~ 00 Wy

[Ga. 05 ] = —% o)l 05, [Gar 7] = —% a)d R,
[Ga, Ryl = —% vadd Wy .

1
[Ga. Wy ] =~ ) WS .

1
> [Ba, 021 = =5 v)d W,

@ Springer
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[Pa, 0] = —z—lg a)d Qp
[Pa Oy ] = —z—lz (Ya)d Rps [PasRal= (m Wy,
[P W] = =55 0 W5
(7. 05] = 217 vad Wi [, 05] = i% 0ap O »
[Y1, Ry] = 5 (V0)ag Rp »
[v1, wi] = i% 0)ap Wy o [Y2, Q8] = %(ymaﬁ Rg.
Y2, 0,] = —% (0)ap Wy
[Y2. Ry] = %(yo)aﬂ Wy, [n.of]= %(m)aﬁ Wi

1 1
(2,021 = -5 W& Wi, [¥. 03] =—5; (0 Wy,

(3.18)
and the following anti-commutation relations:
0s. 0ty = -1 (), 7 - (vc),
L) - ), o
(0. Qﬁ}_—i(yac)aﬁc;a (7C)y P
(05051 =7 (1°€),, 5= (°€) v
#y (), vt (00),, 0o
(05 k) = =7 (°€) 5= (€)1
L), - (670),
Qe Re) = — 7 (Y'C)yy Ba — () s T
(0 Wy) =~ (°C) s Ba = (1°C)yy o
05 w1= () 7 (),
), 1+ (40), 05
i w1 =1 (), 2 (),
L), 1= (),
o= () 2 (7).,
—% (y0C>aﬁ Ys — (yoc)aﬂ Us.  (3.19)

The superalgebra given by (2.1), (3.18) and (3.19) corre-
sponds to a supersymmetric extension of the exotic New-
tonin algebra [39]. Let us note that the expansion proce-

@ Springer

dure implies the presence of additional bosonic generators
{Y1, Y», Y3, Uy, Uy, U3} which, as we shall see, ensure hav-
ing not only a non-degenerate invariant tensor but also a well-
defined non-vanishing cosmological constant limit £ — oo.
Indeed, in the flat limit, one can see that the superalgebra
reduces to the extended Newtonian superalgebra introduced
in [28] in presence of the additional generators {Y1, Y3, Y3}
and central charges {Uj, U, U3}. The extra bosonic gen-
erators {Y1, Y», Y3} are expansions of the relativistic R-
symmetry generator 7 and act non-trivially on the fermionic
charges.

Interestingly, the exotic Newtonian superalgebra (2.1),
(3.18) and (3.19) can be written as two copies of the so-
called enhanced Nappi—Witten algebra [40,47], one of which
is augemented by supersymmetry. Indeed, let us consider the
following redefinition of the generators:

- 1 ~ 2
Gy=Ls—Lg, Pa=Z<La+La)vQ:¢_=\/;Qt—;

- 1 ~ _ 2
B, =N, — Ny, TaZZ(Na‘i’Na)’Qa: ZQa

~ | 3 2
J=L+1, H:Z(L—L>,Ra:\/;73a,

S=N+N, M:%(N—N),
WJ:@WJ,Z:BJFB, Y:%(B—B),

_ 20
i s

Vi=Xi—-X1, Yr2=X>—Xo,

Y3 = X3 — X3,

U=1%. =1z

1 - g 17 2 - e 27

1~

Uz = ZX3, (3.20)
where the set of generators
{L’NvaLa9Na9X17X27X37 Q:(_’ Q;sRO[)WO[_aW;_}

(3.21)

satisfies a supersymmetric extension of the enhanced Nappi—
Witten algebra. In particular, the generators of the enhanced
Nappi—Witten superalgebra obey the following commutation
relations:

[L.Lal = é€apLlp. [La.Lp| = —€apN,
[N, Lq]l = €4pNp,
[L, Nl = €apNp, [La. Np| =

£ B A%
(L. Q5] = -5 md Q5.

—€4p B,
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1 1

[L.Ral = =5 00 R [LW] = =3 00d Wi«
1

[V, Qf] = =5 0)d' Rg.

[N, Ral =

[V,
[B. Q4

1o\ By Lo B+
) (Y0)a Wﬁ s 3 (Y0)a Wﬂ s

1 B+
_E (Y0)a Wﬁ s

1
2 (0)ap U+ [X1. Ral =

1
5 Wap R

(X

1
£ (0)ap W -

%] =
]
[x1. Q4]
Wl
&)

[X2, 098] = %(VO)&;‘} Rg. [X2.9;]= —% (V0)ap W
[X2, Ral = %(yow Wi,

(%5941 = 3 s W+ [Lar €] = —5 0 Q5
[La, Q5] = %(ya)a Rg,

(L Ral = =3 d Wy [La Wal = =5 G d W
[Na: Q3] = =5 G Wy .

[Na: Q] = % va)d Wi . (3.22)
along with the following anti-commutation relations:

{QF, Q) = = (W C)ap L — (0C)p X1 ,

19, Q51 == (0 )up N + (0C)ap X2,

(QF Rp} = — (0C)es N — (0C) s X2 .

(190 Wyt == (1C)ag B+ (0C)ap X3,

{QF Wi} == (1C)ap B — (10C)up X3,

{Ras Rg} = = (10C)op B — (W0C)op X3,

{Q4. Q) =~ (¥"C),p La

{Qu . Rp) == (¥"C) 4 Na.

{Qa Wy} =—(r"C) s Na- (3.23)

While the Nappi—Witten superalgebra [46,47] requires three
fermionic generators {Qof, Q.. Ry}, the supersymmetric
extension of the enhanced Nappi—Witten algebra requires
the introduction of five fermionic generators {QF, O, Ry,
Wi, W, }. The presence of additional Majorana fermionic
charges is due to the extra bosonic content and such fermionic
generators are necessary to satisfy the Jacobi identity.! On
the other hand, the set of generators

! Let us mention, here, that the presence of extra fermionic generators
(namely besides the gravitino) in supergravity has been considered also
in higher-dimensional (relativistic) cases, see e.g. [69,82-85].

(LN, B, La, No, X1, X2, X3) (3.24)
satisfies the bosonic enhanced Nappi—Witten algebra [40,

47], that is

I:ia ifa:| = eabLb ) I:Llh Lb] = _EabN )

(L8] = eanliy, [La N | = —€arB (3.25)
supplemented with the additional bosonic generators {X|,
f(z, X 3}. Although the extra bosonic generators {)~( 1, )~(2, X 3}
do not appear explicitly into the commutation relations,
they are essential to define a non-degenerate invariant ten-
sor. It is important to mention that the exotic Newtonian
superalgebra can alternatively be obtained by expanding the
enhanced Nappi—Witten superalgebra (3.22)-(3.23), follow-
ing the same procedure used in [47] (more details about the
expansion of the enhanced Nappi—Witten superalgebra and
its invariant tensor are given in “Appendix A”).

4 Exotic Newtonian supergravity action and flat limit

In this section, we shall explore the explicit construction of a
CS action based on the exotic Newtonian superalgebra given
by (2.1), (3.18) and (3.19). As we shall see, the exotic Newto-
nian superalgebra allows us to accommodate a cosmological
constant to the Newtonian supergravity.

The non-vanishing components of the invariant tensor for
the exotic Newtonian superalgebra can be obtained from the
N = 2 super AdS ones considering Theorem VII of Ref.
[49]. In particular, the exotic Newtonian superalgebra admits
the non-vanishing components of the invariant tensor for the
extended Newton-Hooke superalgebra [47],

(JS) = —ap, (GaGp) = apbap
(JM) = (HS) = —ay, (GaPp) = a18ap ,
073} (&40]
(HM):_E_Z’ (Pan>:£_28aba
(Y1Y2) = (Q;QE) = (QiRﬁ)
=2<0€1+O;TO)C0¢},
i) = %5 . (Y1Us) = (U)) =
.1
along with
(§S) =(JZ) =—po,
<GaBb> ,308ab’
(MS)=(HZ)={JY)=—Bi1,
(P Bb> (GaTb ﬁlaab7
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(MM) = (HY) = —%, (PuTy) = %aab,

("1¥3) =(1aY2) = Bo,
(QEWH) = (05 W) = (ReRg) =2 (ﬂl + %) Cap

(U1U3) = (UsUs) = —’j—;,

("1U3) = (Y3Uy) = (YaUz) = B, 4.2)

where the extended Newtonian parameters are related to the
relativistic A/ = 2 super AdS ones through the semigroup
elements as

o] = Ay,
B1 = Aap1 .

ag = A2/ ,

Bo = rapo, (4.3)
One can notice that the invariant tensor is given by two
families proportional to o and B, respectively. In particular,
the components proportional to «g and By are related to an
exotic sector of a non-relativistic supergravity theory. In the
vanishing cosmological constant limit { — oo, we recover
the invariant tensor for the extended Bargmann [27] and the
extended Newtonian superalgebras [28]. Although one could
consider additional components coming from the expan-
sion with the Ag element, we shall omit such components
since they are related to trivial CS terms. On the other hand,
although the invariant tensor (4.1) is non-degenerate for the
extended Newton—Hooke superalgebra, the non-degeneracy
of the invariant supertrace for the exotic Newtonian superal-
gebrarequires also to consider the components given by (4.2).
As we shall see, the non-degeneracy of the bilinear invariant
supertrace implies that the CS action involves a kinematical
term for each gauge field.

The gauge connection one-form for the exotic Newtonian
superalgebra is given by

A=1tH+e'P,+ o] + G, +mM +sS + T,
+b"By + yY +zZ + yiY1 + »Y2 + 313
+urUr +uaUs + usUs + QT + 970~ + 4R
+ptWE+ oW (4.4)

The corresponding curvature two-form F = dA + % [A, A]
reads

F=R(r)H+R“(eb)Pa+R(w)J+R“<wb)Ga

+R(m)M + R (s) S + R (r”) T,

+FC (bb) B+ FO)Y+F@QZ+FONY
+F () Y2+ F (y3) Y3+ F (u) Uy

@ Springer

+F (u) Uy + F u3) Us + VYT O+ + VY~ 0~
+VHR+VPTWT + Ve~ W .
(4.5)
Here, the bosonic curvature two-forms are given by
1 -
F@) =R @)+ 0%,
1 -
FOn =dy+ 97y,
1-
a b\ _ pa b —ataa—
Fe (o) = R (o) + it
1 - l-
F =dy, — —U Yo%+ vty
() =dy %w V2 +£w Yop
1 -
F(t)=R)+zvyyt,
2
- o, 1- 1 _
F(y3)=dys— -9y + -4y  + —py%.
] ¢ 20
Fé (eb) — R (€b> + 1ﬁ+y“1/f_ ,
1-
F(un) =du+ 597y,
1o —Lai o
F)=R©)+ v vy +-v7yp,
20 ¢
1. - Las o
F(uz)=duz—§w 128" +§1ﬂ Voo,
l- l-
a b\ _ pa b ST —.a Lo+ a—
Fo(0) = R (00) + 307 v o + 50 v 97
. _ _ 1_
Fu3) =dus — 9y + v Tyt + Epyop,
1. 4 -
F(m) = R(m)+ 9y 0™+ 9%,
Fe (r”) = R (t”) YT+ Uy,
1-_ o _ 1- 1 _
F@)=R@+ ¥ v + -9y’ "+ —5yp.
¢ ) 20
- -~ _ 1_
FO) =R+ 97y + 07y "+ 25",
(4.6)
where R (@), R* (@”), R (v), R® (€?), R (s), R (b®), R (m),
R? (tb), R (z) and R (y) are the respective bosonic curva-
ture two-forms (2.9)—(2.10) of the exotic Newtonian alge-

bra. On the other hand, the fermionic curvature two-forms
reads

1 1 1
VT =adyT + cony T+ Sty — Syinwyt

2 20 2
_ _ 1 _ 1 _ 1, n
VY~ =dyT + zw)/()l/f + ﬁf)fol/f + P Ya¥
1 a + 1 -
+ﬂe Ya¥r +§y1)/ol/f

1 1 + 1 a —
Vo =dp+ F@V0P + Esyow + i Ya¥r
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+1 N 1 . 1, -
_T JE— JE—
¢ TYoP Tt 5mno ¢€ Va

1 1 n
—ZV1Y00 — 2o,

2 2
+ v 1 v 1 L,
Vo' =d¢™ + 560)/01# + 35v0p + Pk Ya®
LB+ ot + A
p— _‘[ JE—
5 Ya 20 Y0 2ZmVOP
1, 1 1
I - — 4 - _ _ +
+2€€ 21 20 Ya¥ 2Y1V0¢
1 Lot
2)’27010 2)’3V0 ,

_ _ 1 _ 1 _
Vo~ =d¢ +§0)VO¢ +§SVO¢

L tyap + L w++1r ¢>*+1 v
) = — —m
B YalP 3 Va 20 Yo 20 Yo

+ Lo + ! oyt + ! o
_e — p—
20 Ya P 20 Ya 2)’1)/0

1 1 L1 N
+-nnv +§zyow + —ynyr.

7 7 4.7

The gauge-invariant CS supergravity action based on the
super exotic Newtonian algebra given by (2.1), (3.18) and
(3.19) can be obtained by combining the gauge connec-
tion one-form (4.4) and the non-vanishing components of
the invariant tensor (4.1) and (4.2) into the general expres-
sion for the CS action (2.5). In particular, the exotic Newto-
nian (EN) CS supergravity action can be written in terms
of the super Extended Newton—Hooke (ENH) and super
Enhanced Bargmann—-Newton—-Hooke (EBNH) supergravity
Lagrangians, that is

k
ISuperEN = P / Lsuper ENH + LSuper EBNH » (4.8)

where
2-__
Lsuper-ENH = LExtended-NH + 0 | 2y1dy2 — Zl/f Vi
2. 2
—Zytvp—Zpvyt
vV VY }
2
+ai1 | 2y1duy + 2y2duy + E—zuldMZ
=2y VyY T =29 TVp — 2;3v1//+} . (4.9)
and

Lsuper-EBNH = LEnhanced-BNH + B0 [2)’161)’3 + y2dy2

25yt
ZV/ V¢
Zorvyt _ 2g-ve-
£¢ vy glﬂ V¢
2 _2_v}
Z¢ v 7PVe

+B1 [2y1dus + 2y3duy + 2yrdus

2 1 T+t
+£—2u1du3 + Z—2u2du2 —2%" Vo

=201 VYt —297VeT — 247 VY

—2pVp] . (4.10)

Here, Lgxtended-NH and LEphanced-BNH correspond to the
Extended Newton-Hooke and Enhanced Bargmann-Newton-
Hooke gravity Lagragians which are given by (2.7) and (2.8),
respectively. The exotic Newtonian supergravity CS action
(4.8) generalizes the extended Newtonian supergravity the-
ory [28] by introducing a cosmological constant and consid-
ering six additional bosonic gauge fields yi, y2, ¥3, 41, u2 and
u3. Interestingly, a supersymmetric extension of the extended
Newtonian gravity [28,39] appears in the vanishing cosmo-
logical constant limit £ — oo. In such limit, the curvature
two-forms reduce to the extended Newtonian ones. Further-
more, the fermionic gauge fields do not contribute anymore
to the exotic sectors, along o and By, in the flat limit. Such
exotic terms can be seen as the non-relativistic version of the
exotic supergravity Lagrangian [52]. In particular, the exotic
Newtonian supergravity CS action (4.8) can alternatively be
recovered as an Sg)—expansion of the relativistic ' = 2 AdS
supergravity CS action [81,86,87],

_ 1 1
32 = /MO |:0)Ad0)A + §€ABCCUACOBCDC + £—26ATA
2. ..
ttdt — ZWVW

1
+u1 |:2€ARA + ﬁEABCeAeBec + tdu

1 = ..
—E—2udu — 210'V1/fi| , 4.11)
where
A a1 apc
R = d(l) + 56 wWBWC ,
1
TA = de” + EGABCCOBEC )
- | . 1 . o
VY =dy' + EwAyAW + 2—£6AVA1//’ + ey
(4.12)

Indeed, the exotic Newtonian CS supergravity action appears
after considering the Sg) -expansion of the N = 2 super AdS
gauge fields as

@ Springer



646 Page 10 of 15

Eur. Phys. J. C (2021) 81:646

w = Awy, §S=Awy, Z=AIwg,
Wq = Mg, ba =A3wg,
T =hoeo, m=2Xep, y=>Aeo,
ea = req, o =2A3eq,
Yy =200, p=2a¥t, ¢T =ryT,
Yo=Y, ¢ =k,
yi=2Xtot, y2=Xit, y3=2Ast,
U] = Aou, Uy = Aryu, U3 = AqU, (4.13)

along with the expanded parameters (4.3) and defining

7+ L=y 72
V= (wa + eaﬂwﬁ) . (4.14)

On the other hand, the non-degeneracy of the invariant
tensor (4.1) and (4.2) implies that the field equations derived
from the CS action (4.8) are given by the vanishing of the
curvature two-forms (4.6)-(4.7). Such curvatures transform
covariantly under the supersymmetry transformation laws
(the explicit supersymmetry transformation laws of the exotic

Newtonian superalgebra are given in “Appendix B”).

5 Conclusions

In this work we have presented an exotic Newtonian CS
supergravity theory in presence of a cosmological constant.
The underlying non-relativistic superalgebra, which we have
called as exotic Newtonian superalgebra, is obtained as an
S-expansion of the ' = 2 AdS superalgebra considering a
particular semigroup. Interestingly, we showed that the exotic
Newtonian superalgebra can be written as two copies of the
so-called enhanced Nappi—Witten algebra [40,50], one of
which is supersymmetric. The new Newtonian supergravity
action contains the extended Newton-Hooke CS supergrav-
ity term [44] as a sub-case. Furthermore, we showed that
the most general extended Newtonian supergravity action
appears in the flat limit £ — oo which contains the extended
Bargmann supergravity [27] as a particular sub-case. It would
be interesting to explore the matter coupling of the exotic
Newtonian supergravity theory presented here. Although
the exotic Newtonian supergravity theory differs from the
extended Newtonian one at the action level, one could expect
that the matter couplings of both theories behave similarly.
It would be worth considering further extensions of
the Newtonian supergravity theory obtained here and in
[28] by considering a Maxwellian generalization. One
could expect that such generalizations are given by the
respective supersymmetric extensions of the enlarged and
Maxwellian extended Newtonian gravity presented in [50].
On the other hand, following [44], one could explore a
Schrodinger extension [42,88] of the exotic Newtonian
superalgebra. Moving towards Newtonian supergravity the-

@ Springer

ories and their Schrodinger extension can be useful, for
instance, to approach supersymmetric field theories on non-
relativistic curved backgrounds via localization [§9-91].
Our results and those obtained in [46,51] could be
extended to other relativistic (super)algebras. Indeed, it
seems that the S ?) semigroup allows to obtain the respective
Newtonian version of a relativistic (super)algebra. In par-
ticular, the procedure used here could be useful in presence
of supersymmetry, where the study of the non-relativistic
limit is highly non-trivial. It is interesting to notice that the
exotic Newtonian superalgebra can alternatively be recov-
ered by expanding the enhanced Nappi—Witten superalgebra
(see “Appendix A”). Although both methods are based on
the semigroup expansion method [49], they present subtle
differences which could lead to diverse extensions of our
results. Indeed, to obtain diverse Newtonian (super)algebras
from an enhanced Nappi—Witten (super)algebra, we need to
consider diverse semigroups as in [5S0]. On the other hand, the
derivation of various Newtonian (super)algebras by expand-
ing arelativistic (super)algebra requires to consider different
original algebras without modifying the semigroup.
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A Exotic Newtonian superalgebra by expanding an
enhanced Nappi—Witten superalgebra

As was shown in [50], diverse generalizations of the extended
Newtonian algebra appear as S-expansions of an enhanced
Nappi—Witten algebra. Here, we show that a supersymmetric
extension of the enhanced Nappi—Witten algebra allows to
obtain the exotic Newtonian superalgebra (2.1), (3.18) and
(3.19) considering a particular semigroup. Let

A

g = {i, Ns é’LavNu7X17X2’X3’ Qa? Q;’ Ras W_ W+}

be a supersymmetric extension of the enhanced Nappi—
Witten algebra whose generators satisfy (3.22) and (3.23).
The presence of the additional generators {}A( 1 }A(z, )23}
allows us not only to make contact with the exotic New-
tonian superalgebra obtained here but also to establish a
non-degenerate invariant tensor. In particular, the enhanced
Nappi—Witten superalgebra (3.22)-(3.23) admits the follow-
ing non-vanishing components of the invariant tensor:

A2

group whose elements satisfy the following multiplication
law [73]:

A2 A2 A2 Ao

(A.3)

where L, = Oy is the zero element of the semigroup. Then,
let us consider a semigroup decomposition Sg) = So U S
with So = {Ao, A1, A2} and §; = {A1, Ap}, which is said
to be resonant since it satisfies the same algebraic structure
as the subspace decomposition (3.9). After considering a
resonant subalgebra of the S,{l)-expansion of the enhanced
Nappi—Witten superalgebra and performing a Og-reduction,
one finds an expanded superalgebra which is spanned by the
set of generators

{L’N9 B7LaaNa’X19X27X37I:’N7E7I:a’N()9}2]7

X2, X3, QF, Q)  Ra, W, . Wi (A.4)

The expanded generators are related to the original ones
through the semigroup elements as

)"1 La N5 Ba Laa Na, X]a X27 X3

Q:t_’ Q(;a ROU W;_’ WD(_

(A.5)

o | L, N, B, La, Nay X1, Xo, X3
L7 N7 Bv Lav Nav Xls X27 X3 Q;9 Q;s RO{9 WJ? WJ
Two enhanced Nappi—Witten algebras, one of which
is augmented by supersymmetry, are obtained using the
multiplication law of the semigroup (A.3) and the (anti-
)commutation relations of the original superalgebra (3.22)-
(il(f) Y1, (IQN) = (1\71@) =—-y, (3.23). In particular, the set of generators
LaLp) = vi8ap. (LaNp) = y28ap, _ -
(/\a/\b> yl ab /\(/\a b) /\)/%\ ab {L’NvaLa’Na9X17X27X37Q:l_,QaaRa»Wa’W;_}
(X1X2) =01, (X2X2) =(X1X3) =02, (A6)
(07 05) = (QF Rg) = 2y1Cop,
(Q{; 2 ;_> = A; Aﬂ—) = (R, 1@/3) = 292Cap . (A2) satisfies the enhanced Nappi—Witten superalgebra (3.22)-

where y1, 01, 02 and y, are arbitrary independent constants.
Let us note that the components proportional to y; and p; cor-
respond to those of the super Nappi—Witten ones [47]. Nev-
ertheless, the complete set of components (A.2) is required
to ensure the non-degeneracy of the bilinear invariant trace.

Before considering the S-expansion of the enhanced
Nappi—Witten superalgebra, it is convenient to consider
a subspace decomposition g = Vo @ Vi where Vy =
{L,N,B,Lq No, X1, X2, X3} and Vi = {0F, 03, R,
Wa_ , W; }. Such subspace decomposition satisfies (3.9). On
the other hand, let SE]) = {Xo, A1, A2} be the relevant semi-

(3.23). On the other hand, the set of generators

{L,N, B, Ly, N4, X1, X2, X3} (A7)
satisfies the bosonic enhanced Nappi—Witten algebra (3.25).
Then, the exotic Newtonian superalgebra (2.1), (3.18) and
(3.19) appears by considering the redefinition of the genera-
tors as in (3.20). Let us note that the non-vanishing com-
ponents of the invariant tensor for the two copies of the
enhanced Nappi—Witten algebra, one of which is supersym-
metric, can be obtained following the definitions of [49].
Indeed, the expanded superalgebra admits the following non-
vanishing components of the invariant tensor:
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(LaLp) = p18ap.  (LaLp) = vidap .

(LN) = —pu1, (LN)=-v,
(X1X2) =p1, (X1 X2) =p1,
(LaNp) = p28ap,  (LaNp) = v28ap ,

(NN) = (NB)=—us, (NN)=(NB)=—v,,
(X2X2) = (X1X3) = 2, (X2X2) = (X1X3) = f2,
(Q Qp) = (QyRp) =2m1Cap, (QyW5) = (QuWy)

= (RaRp) =212Cqp , (A.8)

where the constants are related to the enhanced super Nappi—
Witten ones through the semigroup elements as

P2 = X102,
02 = X002 .
(A.9)

p1 = A\o1,
Pl = Aoo1 ,

M2 = A1Y2,
v =A0)Y2,

1= Ay,
Vi = A0Y1,

Interestingly, the non-vanishing components of the invariant
tensor for the exotic Newtonian superalgebra (4.1) and (4.2)
can be alternatively recovered from the invariant tensor (A.8),
considering the redefinition of the generators as in (3.20) and
setting

1
oy = w1 + vy, Ol1=Z(M1—U1),
prL=og+ar, p;=-—or,
1
Bo = n2+v2, ,31=Z(M2—v2),

m=Pp+p1, p2=-Pi. (A.10)

B Supersymmetry gauge transformations

The supersymmetry transformation laws under which the
curvature two-forms (4.6) and (4.7) of the exotic Newtonian
superalgebra transform in a covariant way read

1
Sw = ——¢€ y0w+
¢
1
8w“=—25+ al/f 6 y 1/[-1‘
8T=_g+y0w+
86“: 6+)/a1/f b2 yaw+
1 1
§s = ——e 0 o4 0 __—0+’
s 7€ ¥ € VP gy ¥
sm= -y -ty — pyy T,
1 1 1 1-
8[9“:——_7 a, s ayg— _ =t ap— " =—, da +’
Eve znyw Eeyqﬁ Eiyw

—efyiT —¢TyyT,
1- 1

- _ 1z - _ 14,0+
Z( vy 7€ v ¢

8t = ="y p —ny*yT

1
(S = ——¢
Z Ee Y o
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1- 1_
—ZC+V01/f+ — Znyop,
8y =—& vy — Oy —etylpt —tylyt
-0
—7y"p,
1.
Sy = —Z€+V01/f+,
[ 1._
dyr =+ = &y — Syt
1 o 1-_ . 1.
Sy3=+- % + -y — eyt
I E ¢
yOyt — m/ o,
8u1 = —E+)/01/f+ s
Sur =+ YOy~ — ety — pyOut,
Suz =+ ¥~ + ¢y — Tyt
—c Ty %yt — iy, (B.1)
along with
1 1 1 N
Sw =de™ +2wyoe +ﬁTV0€ _E)’IVOE
1 1
Sy~ =de + szOG_ + ﬁTVOG_ + EanaGJr
1 1
+2—£6 Ya€ T + 2yll/oé
1 1 1 1
Sp =dn+ F@von + Esyoe + 2w Ya€ + 5¢TYon
1 1
+2€myoe +ﬂe Ya€
1 1
—5 V1701 = zyzyoe+
+ + 1 + 1 Uow -
SpT =deT + Ea)yoe + Esyon + i 1Z19
+Lpa + 41
€ —T —m
5 Ya 20 VO§ 20 Yon
1 1 N
ZE Va§ + ﬁ Vae - 5)’1)’0(
1 1
—5Y270m = §y3)/06+
_ _ 1 _ 1 N
d¢~ =d¢ +§wy0§ +§SV0€ +§w Yall

1 1 1
+2b Ya€t + ﬂryo;“ + Z—Zmyoe

1 1 1 1
—t?
+2£€ Yal + 20 Ya€" + 2)’1V0C + 2)’2)’06

1 1
+= zyoe +—yyoe (B.2)

2 2¢
where €*, ¢* and 7 are the respective fermionic gauge
parameters related to the fermionic generators Q*, W and
R. One can notice that in the vanishing cosmological con-
stant limit, £ — oo, we recover the supersymmetry trans-
formations laws under which the curvature two-forms of the
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extended Newtonian superalgebra transform in a covariant
way [28].
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