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Using the harmonic superspace approach, we construct, at the linearized level, NV = 2 supersymmetric
curvatures generalizing scalar curvature, Ricci curvature and Weyl tensor. These supercurvatures are the
building blocks of various linearized 4D, N' = 2 Einstein supergravity invariants. The supercurvatures
involving the scalar and Ricci curvatures are analytic harmonic A/ = 2 superfields, while the Weyl supertensor
is a chiral N" = 2 superfield. As the basic distinguished feature of our construction, all these objects are
expressed through the fundamental analytic gauge prepotentials 2+, M = (aa, a+, @+, 5). The related
characteristic features are the heavy use of harmonic derivatives and harmonic zero-curvature equations. On a
number of instructive examples, we describe the component reduction of the superfield invariants constructed.
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I. INTRODUCTION

Among various generalizations of Einstein’s theory of
gravity, supergravity and higher-curvature gravity are of
most attention for long. Supergravity naturally unifies
fields of different spins within a single theory and leads
to essential improvements of UV behavior (see, e.g., [1,2]).
Theories with higher curvatures also exhibit a number
of nontrivial quantum properties: e.g., (1) modification of
the Gilbert-Einstein action by terms quadratic in curvature
yields a renormalizable theory [3]; (2) the R+ R?
Starobinsky theory [4] is ghost free [5] and is exploited
in models of cosmological inflation; and (3) the pure R?
gravity (without a R term) is also ghost free [6]. It is of
significant interest to study the supergravity theories
involving higher-curvature terms in the bosonic limit [7].
The invariants of the higher-derivative supergravities find
applications as possible supergravity counterterms, are
relevant to the black hole entropy problem, have applica-
tions in cosmology, and also provide information on the
relevant conformal anomalies. Supersymmetric generaliza-
tions of the terms constructed from curvatures are also
of interest on their own as they can shed more light on
the intrinsic algebraic and geometric structure of diverse
off-shell formulations of supergravity. An overview of
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applications of the higher-order supergravity invariants
and a detailed discussion of methods of their construction
can be found, e.g., in Ref. [8].

The most efficient and convenient way to deal with
supersymmetric theories is the superspace approach [9-11].
In this paper, we consider linearized higher-order invariants
of A/ =2 supergravity in the harmonic superspace [12].
Among all the covariant superspace approaches to N = 2
supergravity (for review, see [13]) the formulation in
harmonic superspace has a number of advantages. The
main merit of such a formulation is the manifest presence of
N =2 supergravity prepotentials, which have a natural
geometric interpretation as vielbeins covariantizing the
derivatives with respect to harmonic variables. This way,
the harmonic formulation of N =2 supergravities non-
trivially generalizes the geometric Ogievetsky-Sokatchev
approach to N/ = 1 supergravity [14].

The N =2 supergravity unconstrained prepotentials
appear as analytic vielbeins in the covariant harmonic deriva-
tive which preserves the notion of harmonic analyticity:

Dt = D g g et g 4 et g 4 pS g
p .

(1.1)

The prepotentials with a clear geometric origin remain “terra

incognita” in all other formulations of A" = 2 supergravity.'
Meanwhile, the presence of prepotentials is a necessary

'The basic difference from the Mezincescu-type [15] prepo-
tentials is that the latter carry some gauge invariances of non-
geometric character that admit no a direct generalization to the
full nonlinear level (see, e.g., discussion in [16]).
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ingredient for studying the equations of motion and quantizing
the theory in a manifestly supersymmetric manner. Another
striking feature of the harmonic superspace is the possibility
to construct actions that do not admit formulations in the
conventional superspaces.

Despite the active developments of superfield formula-
tions of extended supergravity theories for recent years, not
too many studies were specially devoted to the harmonic
superspace formulation of A =2 supergravity and so
many relevant questions remained opened. In this regard,
it makes sense to start by briefly listing the main works on
the subject (for a comprehensive review, see [16,17]).

N =2 harmonic superspace was introduced in [12] as
the most adequate superspace for description of general
theories with manifest off-shell " = 2 supersymmetry. In
[12], N/ =2 Einstein supergravity analytic prepotentials
and the corresponding gauge group were discovered. The
invariant nonlinear action for N = 2 Einstein supergravity
was built by Galperin ef al. in [18]. In the accompanying
work [19] there was constructed a multiplet of A =2
conformal supergravity (N =2 Weyl multiplet) in har-
monic superspace and various versions of A" = 2 Einstein
supergravity were recovered through the appropriate super-
conformal harmonic compensators. In particular, the “prin-
cipal” version of N =2 Einstein supergravity with an
infinite number of auxiliary fields was introduced. In this
version, an off-shell hypermultiplet is used as a super-
conformal compensator (in addition to the A/ = 2 vector
multiplet) and just this version permits the most general
interaction Lagrangians of hypermultiplet matter in the
N = 2 supergravity background. The harmonic superspace
construction of general off-shell hypermultiplet couplings
in A/ =2 supergravity background and their relation to
quaternionic-Kidhler geometry were elaborated in a series
of papers [20-23]. The linearized action for N =2
Einstein supergravity was constructed by Zupnik [24]
and recently it was generalized to A =2 higher spin
supergravities in [25]. The interrelations between N = 2
supercurrents and supergravity prepotentials were dis-
cussed in [26,27]. More recently [28], there was suggested
a new covariant approach to the harmonic superspace as a
symbiosis of the latter with conformal 4D, N = 2 super-
space [29]. Nevertheless, many issues related to the
harmonic superspace formulation of N = 2 supergravity
have never been addressed. In particular, this concerns the
construction of off-shell higher-derivative A' = 2 super-
gravity invariants in the harmonic approach.

On the other hand, quite a few remarkable results in this
area were achieved in other superfield approaches to
N =2 supergravity. The N =2 curvature-squared off-
shell invariants were constructed in [30,31] (see also review
[32]), based upon the formulation of A =2 conformal
supergravity in SU(2) superspace [33,34] and N =2
conformal superspace [29]. The A/ = 2 supersymmetriza-
tions of R* invariants were considered in [35,36]. Using the

logarithm construction, proposed in [30] (for a review see
Sec. 10.2 of [13]) one can set up some higher-order
invariants. For example, higher-derivative super-Weyl
N =2 invariants, containing F 2 with n = 3,4, ... were
proposed in [37]. Another mechanism of generating higher-
derivative couplings in A =2 supergravity is the pro-
cedure of constructing composite reduced chiral superfields
[38] (for a brief review see Sec. 8.4 of [13]). However, to
the best of our knowledge, specific explicit examples of
higher-derivative ' = 2 supergravity invariants beyond R?
were not so far constructed in this approach.

Note that the construction of the on-shell A -extended
supergravity invariants in harmonic superspace have also
been extensively discussed in a number of papers devoted
to the on-shell extended supergravity counterterms. For
example, in [39] some invariants of 4D, N = 8 linearized
supergravity were constructed; the on-shell harmonic
superspace linearized counterterms [0*V=*R*] for N > 4
supergravities were presented in [40]. A short summary of
the results on such invariants can be found in areview [8]. For
a recent discussion of these on-shell superinvariants at the
nonlinear level, see, e.g., [41].

In this paper, we construct off-shell higher-derivative
N =2 supergravity invariants in harmonic superspace at
the linearized level, consistently applying the whole
machinery of the harmonic approach. The main distinction
of this scheme from the more conventional superspace
methods [30-32,35,36] is that its basic building blocks
are directly related to the unconstrained analytic prepoten-
tials underlying the structure of curved N = 2 harmonic
superspace and encapsulating the off-shell supergravity
multiplet in Wess-Zumino (WZ) gauge. This radically
simplifies deducing the component forms of the invariants.
Though the most difficult part of the road to components
remains solving the so-called harmonic zero-curvature
equations, it proves to be rather straightforward in
WZ gauge.

As we shall show, the basic objects in constructing
N = 2 higher-derivative supergravity invariants are linear-
ized gauge-invariant supercurvatures that have a surpris-
ingly simple structure:

_7:'++ad — (D+)4G——ad

_ .. 1 -
= -8i6,6; <R<aﬂ><aﬂ> - gewﬂea/’R> +.... (1.2

i

FHS — (D+)4G——5 — 5(9*)2R _é(gﬂR + ... (1_3)

— (DD - -t _ 8 —
Wiap) = (D)(D, Gy~ + DGy = 9,Gpy)

= 320700 IR (45 + ... (1.4)

The linearized N = 2 supercurvatures F 1% and F++3
are analytic superfields, while the linearized N =2

066020-2



OFF-SHELL INVARIANTS OF LINEARIZED 4D, N =2, ...

PHYS. REV. D 110, 066020 (2024)

Weyl tensor W, is a chiral superfield. All these super-
curvatures are constructed out of the superfield potentials
G~ G~73,G~** related to the basic analytic prepoten-
tials via the well defined harmonic zero-curvature equa-
tions. In WZ gauge, these equations can be directly solved,
giving rise to the explicit expressions for the G potentials in
terms of the N' = 2 supergravity multiplet fields and their
derivatives. In their component expansion, the supercurva-
tures involve all possible irreducible linearized gravity
curvatures quadratic in derivatives: the scalar curvature
R, the irreducible part of Ricci tensor R,z and the
linearized Weyl tensor R 4p,s). So these supercurvatures
can be viewed as the building blocks of various linearized
N = 2 supergravity invariants.

The paper is organized as follows. In Sec. II we introduce
notations and shortly recall the structure of harmonic super-
space. In Sec. IIl we describe prepotentials of N =2
Einstein supergravity multiplet and the corresponding gauge
group. Next we perform the linearization procedure and
study in detail the component contents of the analytic
prepotentials. In Sec. 1V, the covariant N = 2 superfields
G**M are introduced and the linearized N = 2 supersym-
metric Einstein action is constructed. In Sec. V, the linearized
supercurvatures are defined and all invariant quadratic
actions in harmonic superspace are presented. In Sec. VI,
we elaborate on the component reduction of the linearized
N =2 Einstein supergravity, obtain the linearized super-
curvatures and the linearized quadratic invariants. In Sec. VII
we discuss construction of more general linearized N = 2
supergravity invariants. Section VIII is for conclusions and
outlook. In particular, we briefly sketch the higher-spin
generalizations of the invariants constructed.

Three Appendixes collect some technical details.
Appendix A provides the linearized gravity invariants
in the spinor notations used throughout the paper. In
Appendix B we introduce the linearized spin % invariants
that are needed when performing the component reduction
in the fermionic sector. In Appendix C we present the
solutions of the harmonic zero-curvature equations, which,
as was already mentioned, are a necessary part of passing to
the component Lagrangians.

II. HARMONIC SUPERSPACE

We proceed from N = 2 harmonic superspace in the
analytic basis, with an extra x> coordinate (for a peda-
gogical introduction, see [16])%

{xaa’ 0+u’ 9—(1, uii’ x5}’

’Here we use standard notations: x* = x"(,,)™*,
Lo, (50 03 =54, 00" =150), a=(a.q),

2%aa
0y = 5w 0f =50 (W) =W (WF) =wax® (07) =

0140} etc.

The harmonics u;" are auxiliary coordinates that parametrize

an internal sphere S? ~ SU(2)/U(1) and satisfy the relation
utu; = 1. The presence of harmonics u in the coordinate
set inevitably leads to an infinite number of component fields
in any unconstrained harmonic superfield. The additional
coordinate x> is needed to introduce the interaction of N = 2
Maxwell multiplet with hypermultiplet, as well as to describe
massive hypermultiplet (with a mass equal to central charge).
In this paper, all harmonic superfields are assumed to be x°
independent. The coordinate x> will be merely used for
the purpose to simplify handling N = 2 supergravity pre-
potentials in the linearized theory. In the analytic basis, rigid
N =2 supersymmetry transformations act on the coordi-
nates (2.1) as

5€xa{z — _4i(€—(1§+& + 9+ae—,—r‘1)’

Seut =0, 5.x° = 2ie 0.

5€9i& — Ei&,
(2.2)

+a +

Here ¢*% := ¢y are relevant spinorial parameters. These
transformations preserve an analytic subspace of harmonic
superspace:

Z_: = {xat('l7 6+&’ uli} (23)

This invariant subspace contains just half the original
Grassmann variables.

An analogue of complex conjugation in harmonic super-
space is the tilde conjugation. On complex functions, it acts
like the ordinary complex conjugation. Its action on the
harmonic superspace coordinates is as follows:

aa __ yad ,; _ p* ?i/ _ +
X = x4, 0y =0, 0, = -0,

(2.4)

The spinor derivatives which are covariant with respect
to N = 2 supersymmetry (2.2) are defined as

D} =05,
Dy = —0, + 4i07%0,, — 2i60s,
Dy == —0; — 4i07%0,, + 2i67 0. (2.5)
The covariant harmonic derivatives are given by
D = 0" —4i000,, + 07797 + 07707 05,
D~ =0" - 4i9‘f’9‘f’0,,,, + 6"/305 + i9‘f’9505,
DY =" + 9*’305 - e—f'a;. (2.6)

Here we used the following notations for the partial
harmonic derivatives:

ot =yt - 0" =u’! 4 .
ou™' dut?
.0 .0
0 =yt —u (2.7)

ou™’ ou™
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They satisfy these relations:

[07F,077] = d°, [0, 0%F] = +£20F.  (2.8)

The covariant harmonic derivatives play an important
role in the formulation of A/ = 2 supergravity in harmonic
superspace. They satisfy the SU(2)-algebra relations sim-
ilar to (2.8):

[DF, D] = D", [D°, D] = £2D*. (2.9)
The spinor covariant derivatives (2.5) obey the following
relations:

D D}] = ;.

a

[Dt,D}] =0,

(D, D3] = D

a’

[D——.D;] =0, (2.10a)

{Di.Di} = ~4idus.  {Di. Dy} = 4i0ss
{D{. Dy} = 2ieqp0s. {Df, bﬂ-} = —2ie,305.  (2.10Db)

Harmonic superspace can be looked upon as the most
general 4D, N' = 2 superspace [42,43], and it is indispen-
sable for formulation and study of classical and quantum
N =2 theories [16]. The analytic superspace (2.3) plays
the fundamental role as it underlies the geometric structure
of all N' = 2 theories (see, e.g., [44] for application to the
construction of the hypermultiplet couplings to higher
spins). In this paper, A/ = 2 harmonic analyticity will be
shown to be a necessary ingredient also in constructing
higher-derivative N = 2 supergravity invariants. In the
next section, as an instructive example, we shall expound
how the analytic unconstrained prepotentials of N =2
Einstein supergravity naturally appear in the harmonic
superspace framework. After that, we shall proceed to
the analysis of the linearized theory.

III. A =2 EINSTEIN SUPERGRAVITY
MULTIPLET IN HARMONIC SUPERSPACE

This section is devoted to a detailed discussion of N' = 2
Einstein supergravity multiplet and gauge freedom in both
the full-fledged nonlinear case and its linearized approxi-
mation. We will also define the auxiliary fields redefinitions
needed for performing the component reduction in Sec. VI.

A. N =2 supergravity multiplet: Nonlinear setup

The gauge group of N =2 Einstein supergravity is
constituted by the analyticity-preserving transformations of
harmonic superspace [16,18,19]3

3They can be treated as an analytic gauging of rigid N' = 2
supersymmetry transformations (2.2).

5/1xad — /lao‘t(é')’ 519-&—& — /1—&-&(41),
511/!?: - O, (SAXS - /IS(C)

5,07 :/1‘5‘(4’, 07),
(3.1)

Note that the only parameters which are not analytic are 174
Another peculiarity is that the harmonic variables retain inert
under gauge transformations. It is useful to introduce a
multi-index M := (aa, +&, —@, 5) and denote the harmonic
superspace coordinates as zM := (x*¥ 674 =% x°). Then
superdiffeomorphism transformations can be represented as
the action of the differential operator:

~

5,2M =AM, A:=Mo,,. (3.2)

This is a very convenient notation, because, for instance,

transformations of the superspace derivatives 0y :=
(Ouq» 95, 07 , 05) can be succinctly written as
8,0 = A, dy). (3.3)

In particular, it implies that the harmonic derivative D"
ceases to be covariant’ under supertranslations (3.1):

5D = [A, D] = =D+*IMo,, — 4iX 0679,
— 4i0"P2170,, + AP 05 + 2(A707)0s. (3.4)

The unwanted terms can be canceled by introducing a set of

gauge prepotentials:

Dt -5 =D h++aaa{m + h++&+a; + h++&—a(jlr
+ h* 305 (3.5)

with the gauge freedom:

5ﬂh++aa — @+ e | gj)tegta 4 4igtajta AptHtoa
5/1h++a+ — @ttt _ Apttat

5/1h++a_ — @t _ e _ Aptta-
S;htT5 = D5 — 2/1+&9§ — ARTHS

(3.6)

The modified derivative D is covariant under (3.1), i.e., it
satisfies

5, = [A, D]+ 5,h M, =0. (3.7
Since the harmonic derivative DT is real with respect to the

tilde conjugation, it is natural to require that D" obeys the
same property:

“It is the gauge group of N = 2 conformal supergravity that
affects harmonics, see [16,17,19].

The rigid N =2 supersymmetry transformations can be
defined as a subgroup of (3.1) distinguished by the condition
5. D =0.
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pted — o

57— BHHS = pS, 6.8
h++a+ h++a+ .
h++a+ — _pttat

Note that the transformation law of 474 in (3.6) allows to impose the analytic gauge A+ +%~ = 0, which expresses A%
in terms of the analytic parameter A+

D) = )t (3.9)

In the analytic gauge, the differential operator D** becomes analytic; i.e., it satisfies the condition [D}, D*F] = 0.
Hereafter, we always stick to this gauge.

Notably, the gauge freedom (3.6) allows one to gauge away infinitely many fields from the prepotentials and to end up

with the off-shell N = 2 Einstein supergravity multiplet in the component expansion of 4+ _In this WZ gauge we have®

hJVVZ»ail _ _4i9+/)’§+/3q)zg + 16(é+)29+ﬂwgm‘ui— _ 16(9*)2é+ﬁ1/7§""'u{ + (9 ) V(za(z]) u] ,

hyy = —4i0"P0+PCyy + 8(0%)20 P phu; — 8(9+)Zé+ﬁ/5% uy + (9*)4S("j)ui_u]7,

h%}a—}— _ (9_+>29[-;-T(aﬁ) + (é+)29+aT_|_ <9 )29+Paﬂ 4 (6+)
h%}w _ (9+)25;;T(aﬂ) + (9+)2g+a7‘~_ (é )29;Pﬂa + (g+) 7

uy. (3.10)

The remaining fields are defined up to a residual gauge freedom. As usual, it is specified by the requirement of
preservation of WZ gauge, i.e., 5ffsh++M ~ h&,}M . As a result, the set of residual parameters is obtained:

%, = a®(x) — 4i0T7e% (x)u; — 4ie” (x)u; 0%

Ay = e (xuf + 01y (x) + 400D (58, + )36 (x)uy
Ay = Ex)u + 01 (x) + 4i0P0 (58], + /1), 6% (x)uy
Kz = c(x) + 2ie¥ (x)u; 0}

(3.11)

The realization of these transformations on the WZ fields directly follows from (3.6). As an example, let us quote the
transformations of the spin 2, % 1 gauge fields:

BDYE = (835, + P)1)0,pa"" — a0, D% — (1”85 + 831 ) (836] + V) — 2ieyi§™ — iy, (3.12a)
aai ai 1 )—m ; 1 o Qi 1 a ol 1 ac(i aa aai aai
Syt = —e (5"5"—1—(1);;)0 )€ +12T( —l§T5ﬁ€ - 2P€ —|—6€/,jV (J)+l//”p6 a® — a0,y — 1y Phyast,

(3.12b)

= (848, + D)0y = @0, Cois = (1P, + el Cyjy = iy, — iejpy (3.12¢)

These transformations make it possible to link the harmonic superspace formulation to the component approach. For

example, we see that the combination 6;5;:’ dJ"’” = am oﬁ ﬁea can be identified with the fierbein e, the parameter a®

stands for local translations and (%), 1@h) for local Lorentz transformatlons, while €%, &% are the parameters of local
supersymmetry. The metric tensor is then given by ¢™ = elein® and have the standard transformation law
8¢ = 0pa" g + 0ra" g"* — a*o,g™". The fermionic field l//‘"’” describes the doublet of the spin 3 3 Rarita- Schwmger
fields, C,, is the spin 1 gauge field. Other fields are auxiliary fields of the off-shell N” = 2 Einstein supergravity multlplet

The numerical coefficients are chosen so as to have the field transformation laws as simple as possible, see (3.19).
’Some auxiliary fields require redefinition, see the explicit redefinition in the linearized limit (3.26).
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aqi

Physical sector : <I>Zg,y/ﬁ . Cpps

Auxiliary sector: Vi), pi U T, T@h) pob yai  (3.13)

Totally, the multiplet carries 40y + 40 off-shell degrees
of freedom. The dimensions of the involved fields can be
directly determined from that of the prepotentials in WZ
gauge (3.10). The above component WZ expansion corre-
sponds to the “minimal” version of A/ = 2 supergravity
obtained from the conformal one through the compensation
by the so-called nonlinear multiplet (in our formulation
there are in fact two hidden compensators: N = 2 vector
multiplet and the nonlinear multiplet, see, e.g., [1,16,45]).
The off-shell component content of this version of N = 2
Einstein supergravity was first found by Fradkin and
Vasiliev [46,47] and, independently, by de Wit and van
Holten [48].

B. N =2 supergravity multiplet: Linearization

Linearizing gauge transformations (3.6) yields

5}h++aa — DFHH)od o gj)Tagta 1 4i9ta )t
5/1h++&+ — D+ )ta
5/1h++fl— — Dt —a _ )ta

5ﬂh++5 = DH)5 — 2i/1+&(9§

(3.14)

In the linearized case we also impose the analytic gauge
htte= =0, so D*+1~% = )*% In this gauge all prepoten-
tials are analytic. The WZ gauge has the same form as in the
nonlinear theory, Eq. (3.10).

Rigid supersymmetry transformations of the analytic
prepotentials can be obtained by requiring invariance of the
covariant derivative " under the rigid N =2 super-
symmetry:

5D = [A,, D] + 8,k M, = 0. (3.15)
As a solution of (3.15), all parameters AM span rigid
supersymmetry:

ig& — —4ijptaga — 4i€—(19—+il’

+a _ o 5 _ n: . —apt
Ad¢=¢e"9, A2 = 2ie™ 0}

lzra — €+(z,
(3.16)
Note that, in full agreement with (2.2), 5.z¥ = M.

From (3.15) we find that the rigid supersymmetry
transformations of the prepotentials are given by

5€h++a{1 — —4iptratEa _4ijemapttat 5€ZMaMh++aix
5€h++a+ — _5€ZM0M5€h++a+
5€h++d+ — _5€ZMaMh++ix+ (3'17)'

5€h++5 — 2ih++&+€(§ — 5€ZM0Mh++5

Note that the prepotentials 47+ and h**+> have nonstand-
ard transformation laws. As usual, in WZ gauge, super-
symmetry transformations must be accompanied by
compensating gauge transformations that ensure the pres-
ervation of the gauge-fixed form of i;,;".

From (3.17) one can deduce supersymmetry transforma-
tions of the component fields. For example, the gravity field
transforms as

5€<I>Z;f; = 2i(€};,y7;’;" - e‘;}y/;;;f‘). (3.18)
The complete set of linearized gauge transformation
laws for the component fields can be deduced from
(3.14) and the linearized version of the residual gauge
parameters (3.11):

5, @5 = dgpa — 185 — 351,%, (3.19)
S = —ofe™, (3.19b)
0,Coi = 04, (3.19¢)
8P = ~2i0 5", (3.194)
S =200, (3.19%)
51Pl = 0™ (3.19f)

Other fields in WZ gauge are invariant under gauge
transformations. The transformations (3.19a)—(3.19c) are
linearized gauge transformations for the spin 2, spin %, and
spin 1 fields, respectively. The fields P**, y* and p!, can be
properly redefined with the help of the spin 2 and spin %
gauge fields so as to ensure trivial gauge transformation
laws for them. Such redefinitions play an important role in
the component reduction, so we will explicitly present
them here.

Spin 2 field has the following decomposition into the
irreducible parts:

(3.20)

Using local Lorentz transformations, one can fix the
“symmetric” gauge: ®@) =0, ®@h) = 0, thus express-
ing local Lorentz transformations in terms of local
translations a®*:

1 o .
I = 50upa™. 1 =30,a". (3.21)

In this gauge, the remaining components undergo the
transformation laws:

066020-6
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iy . 1 ;
S®P)ap) — plalaghp), 5D = Z() ﬂﬁaﬁﬂ. (3.22)

The field P* possesses the nontrivial gauge transfor-
mation law (3.19d). Because of the relations (3.21), in the
symmetric gauge we have

1 NPT | A
—Waﬂaﬂﬂ:§ﬂa —Za yﬂaﬁﬂ.

. 1 .
(3ﬂl(ﬂ):RDa _4/j

(3.23)

Then the variation (3.19d) can be canceled by adding to P
the term iB**, where

B = —9,;@P@h) 4 39,

| | R B
5B —= _2011/)’[([;(1) = —Z Cg%> + EJ’“dﬂﬂaﬂﬂ. (324)

Note the important property, aﬁﬁBﬁ[’ = — IR, where R is the
linearized scalar curvature defined in (AS5). It is invariant
under the linearized gauge transformations (3.22).

The spin % field can also be decomposed into the
irreducible pieces:

Wﬂadi —_ w(/}a)di + €/3all/o'zi’ 5ﬂll/(ﬁa)m _ _a(/ia’tea)i’

. 1. .
511//‘” = —Edge‘”. (325)

The fields y* and p!, have nontrivial gauge transformation
laws (3.19e) and (3.19f). So they need to be redefined in a
similar way.

Finally, the complete set of the field redefinitions
required amounts to

poa _, paa + iB{lil, )(ai _))((li +4al/;l//;/}l,
(3.26)

After these redefinitions, the fields P*%, y*, and p., become
invariant under gauge transformations and so can be treated
as genuine auxiliary fields.

IV. N/ =2 SUPERGRAVITY ACTIONS:
NONLINEAR AND LINEARIZED

This section is a review of the construction of the
nonlinear A/ = 2 supergravity action and its linearized
version. An important ingredient of the construction is the
nonanalytic negatively charged gauge potentials related
to the fundamental analytic ones by the harmonic zero-
curvature conditions.

p{z _)piz - 21/7:1

A. Nonlinear theory

The action of A/ = 2 Einstein supergravity in harmonic
superspace was constructed by Galperin et al. [19]. Here
we briefly recall its main features. The action describes
N = 2 Abelian vector multiplet in the N = 2 supergravity
backgroundg:

Sfull = —/d4xd89duEH++5H__5. (41)

Here E is the N = 2 full harmonic superspace integration
measure with the transformation law:
S,E = —(04qA"* — 05414 — 05 A7Y)E. (4.2)
The measure E can be constructed from supergravity
prepotentials and it satisfies some useful properties. We
shall not present the whole construction here, for details
see [16,17,19]. It will be important that it is expressed in
terms of the potentials H**¥ and H~M that covariantize
the harmonic derivatives D**

D+t = gt+ + H++adaad + HH(H@E, + 9+&0§ + H++505,
(4.3a)

D=0 +H o+ H T, + H 0 + H 05
(4.3b)

The nonanalytic potentials H~~™ are uniquely determined
in terms of HT1t" as solutions of the harmonic zero-
curvature condition:

(D, D] = DO. (4.4)

One could also consider another nonlinear action:

(4.5)

Sat = / d*xd*0duEH " *H 7.

However, it vanishes due to the property (easily checkable
in WZ gauge):

(D*(EH~—%) = 0. (4.6)

In this paper we limit our attention to studying invariants

and their component reductions in the linear approxima-

tions, so we shall not discuss any higher-curvature gener-
alization of (4.1) or (4.5).

8Integration over Grassmann variables in defined as
d%0 = d*0d*0 == (D7)*(D)*, (D*)* = (D")*(D")% In-
tegral over harmonic variables is defined as f dul =1 and zero
otherwise.
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B. Linearized action and covariant superfields

To construct the linearized N/ = 2 supergravity action
with manifest N' = 2 supersymmetry it is natural to pass to
the covariant superfields, since the analytic prepotentials
defined above have nonstandard transformations laws
(3.17) under rigid A = 2 supersymmetry. The most natural
way to introduce A/ = 2 covariant superfields is to use the
basis of covariant derivatives. To this end, one needs to split
the covariant harmonic derivative into the flat and the
supergravity parts:

Dt = D 4, HHT = ptMg,,. (4.7)
These parts are independently invariant under rigid super-
symmetry: 6,0 = 0, 5, = 0. As the next step, one
rewrites the supergravity part AT in the basis of covariant
derivatives (2.5):

ﬂ++ _ G++a&a{m 4 G++a+'D; + G++&+'Da— + G++565.
(4.8)

Due to the invariance of both %" and covariant deri-
vatives under rigid N' = 2 supersymmetry, the new viel-
beins GTM are N’ = 2 superfields with the standard rigid
supersymmetry laws. However, most of the newly intro-
duced superfields G**M are nonanalytic:

GHtad — pttad 4 gipttatg-a 4i9—ah++d+’
Gt5 = pt+5 _pjpttatg-
a’

Gt = _h++&+’

GH+i= = pHti- =0, (4.9)

The linearized gauge transformations of H'' are
given by

ST =D Al,  A:=iMoy, = AMD,,,  (4.10)
where the parameters AM are defined as
A% = )9 L 4i)F07C + 4iGmO)
N =P =2iAte07,
A+& — _ﬂ“r&’
A=) DA+ AT =0. (4.11)

The linearized gauge transformations of the covariant
superfields G™*M are then obtained in the form:

51G++°’0" — D++Aaa’ 5,1G++5 — 'D++A5,

5,GHrat = DHATE, (4.12)

The linearized zero-curvature condition reads

[Dt,H] = D, ") (4.13)

Here we have introduced the negatively charged differential
operator H

D =D +H T,
H™ = G940, + G D; + G D + G50s.
(4.14)

By construction, it trivially transforms under rigid N' = 2
supersymmetry, 5,H" " = 0.

In terms of the covariant superfields the zero-curvature
condition (4.13) amounts to the set of equations:

DG — pD-——Gttaa
DG5S = D——G++5
DHG-—at — p—GHtat’
DG L Gt =

(4.15)

These are linear harmonic equations and they have a unique
solution [16]. Some constituents of this solution are
explicitly quoted in Appendix C.

The zero-curvature condition (4.13) is invariant under
the linearized gauge transformations:

SHTT =Dt Al,  §H T =[D A (4.16)

Then the linearized gauge freedom of the potentials G~
is given by

5,G% = D~ A%, 5,G5 =D A,
8,G™"4 = DAY L AT 5,G% =D A C,
(4.17)

Now it is not difficult to verify that the supersymmetric
and gauge invariant quadratic action has the form

Stin = —/d“xdgedu[G**"dG;(; +4GTHG]. (4.18)
Indeed, the gauge transformation of this action is

88t = =2 / d*xd®0du[G* D" Ny + 4GTHDTAT),

(4.19)

Integrating over nonanalytic Grassmann variables d*0~ :=
(DH)* =L (D")*(D")? yields
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(D+)4(G++aa'D__Aad) — 16ih++“+aad/1+“’

— 16iR Tt (4.20)
(D+)4(G++5D——A4) — —4ih++“+a(mi+i’
+ dipttatg ate. (4.21)

We observe that these terms in (4.19) explicitly cancel
each other.

In Sec. VI we shall perform a detailed analysis of the
component structure of this action and explicitly demon-
strate that it indeed describes the linearized off-shell
N = 2 supergravity.

V. LINEARIZED SUPERCURVATURES
AND QUADRATIC INVARIANTS

In this section, using the covariant superfields G**¥

introduced in the previous section, we construct the
linearized supercurvatures that contain linearized gravity
invariants R, R(aﬂ)(a ) R (apys)s R(a jpyé) (see Appendix A
for notations). We shall present all the superfield actions
that in components involve terms quadratic in the gravity
curvatures.

Inspecting the gauge transformations of the negatively
charged potentials (4.17) and generalizing the method that
was exploited for construction of the linearized N = 2
supergravity action, we can construct two manifestly
supersymmetric analytic objects:

]t’++a(1 = (D+)4G——ad’ (51&)

FH5 = (DG 3. (5.1b)
These quantities are invariant under the linearized gauge
transformations (4.17):

5, F et — (DHYASG% = (DT)*D =A% =0, (5.2a)

5, F 1 = (D*)*G=3 = (D)*DA> = 0. (5.2b)
It is then natural to treat these quantities as linearized N =
2 supergravity curvatures. Note that, as a consequence of
the superfield equations of motion of N = 2 linearized
Einstein supergravity (4.18) [49], these supercurvatures are
zero on shell of the latter theory:
Fitad =, FrH =0. (5.3)
Using these linearized supercurvatures, one can build
two N = 2 linearized supergravity invariants

aa °

I ==/d§(_4>f++“df;;:/d4xd89duG‘—aa(D+)4G——

(5.4)

I, ‘=/dC(_4)f++5F++5:/d4xd89duG“5(D+)4G——5_
(5.5)

In the second expressions the integration goes over the total
harmonic superspace. The invariants (5.4) and (5.5) have
the same form as the invariant constructed in [50] in six-
dimensional renormalizable higher-derivative gauge theory
and so can be considered as its spin 2 generalization. As we
shall see in the next section, at the component level these
invariants provide N = 2 supergravity extensions of the
linearized invariants 1R™R,, = 16R@WEIR . o +
R? and R?, respectively.

It is also possible to construct one more quadratic
invariant, with a more complicated structure. First, we
define the object:

Hi =D;G " =G, (5.6)

Since it is constructed out of the covariant superfields,
it is manifestly supersymmetric. Under the linearized gauge
transformation it behaves as

6,17’(:/? = D++Aa/)” A(U = D{;A/’J’r — ag/\/}/)' (57)

The newly introduced object is half-analytic:

DiH =0,

aﬂ — @:Aaﬂ = O (58)

This property fixes the relative coefficient in (5.6). The
superfield ;" can be decomposed into the irreducible

parts as ’H(f; = 'HZ;;) + €44 H . Using the zero-curvature
equation, one can define its negatively charged counterpart

aff :
D H ;s =D Hy (5.9)

The superfield H,; has the following linearized gauge
transformation law:

5 Mgy =D Ay (5.10)

Using the zero-curvature equations (4.15) one can explic-
itly express H,; in terms of the negatively charged
potentials G==M:
o = DaGy~ + DG~ =Gy (5.11)
With the help of the irreducible parts of ;" and H
one can construct two invariant actions:
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I = / d*xd*0duM P H (5.12)

Iy = / d*xd®0duH T H. (5.13)
The invariance of /5 and 1, directly follows from the half-

analyticity condition (5.8). For example, the transformation
of I3 is given by

8,1, =2 / d*xd®0duH T PDA .
1 _
— g/ d4xd49+(D+)2H++<aﬂ)(D+)2D__A<aﬂ>.
(5.14)
Then we can use the half-analyticity property (5.8),

(D)D" Aep) = Dy D™ A(ap) = D™Dy A(apy = 0.
(5.15)

The invariants /5 and I, have the same structure as the
action of A/ = 2 vector multiplet [16]. The gauge invari-
ance of the latter action was ensured by the analyticity of
both the prepotential V** and the gauge parameter A. In
checking the invariance of I3 and I, we used the weaker
condition of half-analyticity.

There is yet another interesting way to represent these
invariants. Let us define the gauge invariant superfield:

Waﬂ 1= <D+)2 (;/3_’ 5/1Waﬂ =0. (516)
As we shall show in the next section, the tensor W, in
components involves the linearized Weyl tensor R 4,5), SO
it is natural to dub W, as the linearized N = 2 super-
Weyl tensor. Antisymmetric part ¥V does not involve
gravitational curvatures and so (5.13) cannot lead to any
gravitation quadratic invariant, as will be shown below.

The tensor (5.16) satisfies some useful properties:

D++W(1ﬁ - O,
@(J-;Waﬁ - O,

D__W(lﬁ - 0,

Dy W, = 0. (5.17)

The last property can be checked in the following way:

DDy Wes = DiWap + Dy DWW,

=0= Dy;W, =0. (5.18)
Here we used the proposition that a negatively charged
harmonic object annihilated by the harmonic derivative
D** is zero. So we conclude that W,; is a covariantly
harmonic-independent chiral tensor.

Integrals over Grassmann variables can be represented as
d%0 := d*0d*0 = L d*0(D")*(D~)?, so due to the half-
analyticity condition for H**(%), the invariant /5 can be
rewritten as

1 _
I =1¢ / d*xd*0du(D™ ) H W . (5.19)

Using the relation D% = [D~~, D*%] and the properties of
the linearized N = 2 super-Weyl tensor (5.17), we obtain

I d*xd*0duDy DD~ H W 5. (5.20)

~ 16

Finally, using the zero-curvature condition (5.9) and
integrating by parts, we find

1
Iy = —— [ d*xd*OW W .

v (5.21)

Here we have also used the covariant harmonic-independ-
ence of W,5). So we end up with the integral over N =2
chiral superspace.

Using the same reasonings, the invariant /, can also be
represented in the chiral form:

1
Li=-1¢ / d*xd* ON?. (5.22)

In such a form, the invariants /5 and /, are manifestly
gauge invariant.

Quite analogously, one can introduce the conjugated
superfields H(;;), H(_a_/})’ W45 and construct the con-

jugated invariants.

VI. COMPONENT CONTENTS OF THE
LINEARIZED INVARIANTS

Given the component expansion of the prepotentials in
WZ gauge (3.10), it is straightforward to deduce the
component expansion of the invariants constructed.
Technically, the most involved part of the component
reduction procedure is solving the harmonic zero-curvature
equations (4.15). The solutions of these equations are
collected in Appendix C. Using these results, in this section
we present component expansions of all invariants con-
structed earlier. In some cases, if necessary, we present the
full component structure, while otherwise quote only the
relevant terms in the gravity sector.

A. Einstein supergravity

We start with the component reduction of the linearized
N =2 supergravity action (4.18). It is convenient to
consider the bosonic and fermionic parts of the action
separately.
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After substituting the solutions of the zero-curvature equations and integrating over Grassmann and harmonic
coordinates, we obtain the linearized off-shell A/ = 2 Einstein supergravity action in the bosonic sector as

lin

(bos) _ 4 acpp . 0P BB . 1 - (ap) 5 . (0 f ,
S =8 / d*x [<1> PG + 4C” (a,,pa// Cyj — EDC,,,,) +HT D, Cpyy — 4T @D, Cpy

1

1 a 1 ap T 1 ad p 3 adc 3_050':_ 1 aa(ij ij
+§T( DT (op) +§T( AT op —2TT =5 PU Py = 3 PPy = 3 PPy ==V DV iy SRl (6.1)
It will be useful to decompose the electromagnetic tensor into the irreducible parts:
F oopir = 9 Copip = 0ppCop = €303 Copy + €500, Cop) = €T () + €, (pp)- (6.2)

The irreducible spin tensors JF 5 and F (pjp are gauge invariant and they will be used for finding out the component

structure of invariants.
For the Maxwell part of the action (6.1) we find the following (up to integration by parts):

) ; 1 b Ny
2 <%‘W Cpj - zmcpp-> = 16(7C = 7 CP)(04Cp = 0, C)

This Maxwell action has the incorrect sign. This is because, within the compensating procedure of deriving the Einstein
supergravity action from the conformal supergravity one, the above Maxwell field comes from the vector superconformal
compensator action with a wrong sign. However, the situation can be remedied by taking into account the tensorial auxiliary
fields. The equations of motion for them are algebraic:

Tap) = ~4iF @) Tiap) = 4HF @p)s

T=T=0, Py =Py =0, yealii) = (, St =0 (6.4)

and so these auxiliary fields can be eliminated from the action. As a result of this elimination, we arrive at the on-shell
massless Pauli-Fiertz and Maxwell actions with the correct signs:

bos a 3 (B 7 T T T
sibos) g / X QG + AFONF o + 4F T ), (6.5)

linjon-shell ~—

thereby confirming the status of C,; as the physical “graviphoton” field.
In the fermionic sector we are left with the following off-shell action’:

r i s .y 1 .
Sl(lf; " = 32i / d*x (l//ﬂamgﬂaai + 2ﬂ”’a§ﬁzﬁ + 1_6pm)(ai + C-C'>- (6.6)

Here Gﬂam is a complex spin % gauge field strength [see Eq. (B3)]. The auxiliary fields y* and p* have the algebraic
equations of motion and are equal to zero on shell. So on shell we end up with the free action of the SU(2) doublet of the
spin 3 Rarita-Schwinger gauge fields y#e® = y/(Pa)di 4 caby o,

Thus we have come to the component off-shell action of the linearized N' = 2 supergravity and confirmed that on shell it
is reduced to the sum of the free spin 2 action, the action of the doublet of spins % and the spin 1 action.

B. R™R,,, invariant

Using the relations of Appendix C, one can straightforwardly deduce the component contents of the linearized
supercurvatures. The supercurvature (5.1a) in WZ gauge has the following component expansion:

Note that, in the process of calculating the component action, many unexpected cancelations occur.
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Fried = —8i0f 0} <R<aﬂ)<aﬂ> - ge%aﬂR +iel*P o P — iewaﬂ)ﬂpg) + 4(6%) (04T ) + 97T

2
+ 4(6+) (aaT(aP) 4 aaaT) 4 - 3 Vaa(t/)u _|_ g19+ﬂg-&-,oa Vaa(z])u -3 (9+)4DV0’“(’1)

uj
— 161'6’3rg’5"””1,t+ 1616’+Q/’“"”u+ + 32(6’*)26”% G iy 32(9*)26?*”6 ,GPiy
+ 2i0T gt — 200y ut — 4(07)20 0%y ur — 4(0F )29+p6p;( uy. (6.7)
From this expression we conclude that the analytic superfield F %% is N' = 2 generalization of the linearized Einstein
tensor (All).

After integration over Grassmann coordinates and harmonics, the linearized invariant (5.4) yields the following
component Lagrangian:

iy 1 3i 3i
— 4 aff)(a 2 Q
I = —16/d x[R( PEDR gy ap) + 76 B + IR 00,4 Pyy — 16iR P @9, Py +— 3 0P MR- 3 dyPPR

. _ ~ _ - 11
- SPaaDPaa - SP{mDPa(‘I + 4Pa/}aaaaﬂﬂpﬂa - ZT(aﬁ)aZagT(aﬁ) + 10T + gﬁ Vaa(l])ljvaa + 16lgpama/)g)aw

i
_){maa(iv)(? . (68)

2i0
+ 2 >

api- papi
/}pgp ’ ai 210/)/)g/ / ai

From this component structure we see that /; is just ' = 2 superextension of the square of the linearized Ricci curvature.
The auxiliary fields in /; have nonalgebraic equations of motions and so are dynamical, in contract to those in the linearized
N =2 Einstein supergravity.'’

C. R? invariant

The component structure of the second linearized supercurvature (5.1b) is worked out in a similar way:

) . i - o g . i N
FHH = 3 (9+) (R —4idy;PPP) — 3 (07)(R + i0,,P) + 8i6; 0" (aaﬂﬂ., 5+ Ea@,ﬁﬂ ﬂ>)

_ . [ =i 1. 4 . . 2 .
- 8ifF ot (aa/’}“(aﬂ) -5 aﬁT("/’)> + §S<”>ui+uj+ +3 i046"70,,S W ufu; — 3 (07)*0SWuyuy
+ 4i0 R uf — 4i0 R ui + 8(01)2070,, R u; + 8(607)*0™70,, R* u;
1 8iotodlpi L + 8if A plu — 4(6%) 20 Ophu; + 4(9+)zé+ﬁﬂﬁ2u;
— 0yl + 0w —2(07)20 0%yt uy — 2(07)* 0P uy (6.9)
Then the component content of the invariant (5.5) is given by the following expression:
1 . o : ) _ . ) _ ._
= / d*x {Z R* — iROy; PP + iROy; PP + 4(0,3PP)(0,,PP7) + (2F@P) +iTCPOQ2F ) + iT (4

+ QF @) —iT@PNOQF () — iT (o)) — 8QRF @)+ iT@P))90,5 2F @) — iT<“ﬁ))+..}. (6.10)

This is N/ = 2 generalization of the R? invariant.
D. Weyl-squared invariant
Though the component reduction of the linearized N' = 2 Weyl tensor is technically more involved, it can be performed

quite analogously to the previous supercurvatures. We confine our consideration merely to the lowest term in the
supercurvature expansion and to the gravity sector. As a result, we obtain

"“This property is typical for superinvariants with higher derivatives, see, e.g., [50].
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Wiap) = 320700 IR 5,5 + ... (6.11)

W=600"-0+.... (6.12)
From these formulas we observe that V) does not contribute
to the pure gravity sector. The terms denoted by ellipses
also contain at least three derivatives of the spin 2 field. So
for the invariant /5 defined in (5.12) and (5.21) we have the
following expression in the gravity sector:

Iy~ / d* xRPIOR (5,5 (6.13)

The conclusion is that the invariant /5 is an irreducible part
of the linearized N' = 2 Weyl-squared superinvariant. It is
worth to note that, using /5, its complex conjugate and the
invariants /;, I,, one can also construct a supersymmetric
generalization of the square of Riemann tensor.

To summarize, we have the complete set of the linea-
rized off-shell AV = 2 supergravity invariants in terms of
analytic prepotentials. In components, they start with the

As examples, we present some interesting invariants:
(1) R* invariant:

/ d*xd80du(D==F++5)4 ~ / d*xR* + ...

(2) OIROIR invariant:

/ A xdS0du(D- 2 F 5 (D2 FHS ~ / d*>x0IRCIR.

(3) R?0IR invariant:

/ d*xdB0du(D—=F++5)2 (D)2 F++5 ~ / d*xR*0IR.

(4) R*™ invariant:

/d4xd89du(D“.7-"++5)4[(’D‘)zf++5]” ~/d4xR4+" +...

(5) G* invariant:

/ d*xd®0du(D~~ FHiaa) (D= Ftiae)(D—F It (D Fit)

- / d4xga]ﬁldl/jlgaZﬁZdZ/jzgﬂzalﬁlazgﬂlazﬁzdl to

(6) Bel-Robinson tensor squared:

squares of gravity curvatures: I, ~ R™R,,,, I, ~ R, and
I3 ~ RUYPIOR 4.

VII. LINEARIZED N =2 SUPERGRAVITY
INVARIANTS BEYOND THE
QUADRATIC ORDER

In harmonic superspace one can construct invariant
actions as integrals over both analytic and full harmonic
superspaces:

Inss = / dCVLED | Tyes = / d*xd®0dul. (7.1

Using the gauge-invariant supercurvatures JF 9%,
FH5 Wiap)s Wiy defined in (5.1a), (5.1b), (5.16) and
covariant derivatives (2.5), (2.6), one can construct a family
of such invariant actions. Being aware of the component
structure of supercurvatures, one can generate linearized
higher-order N = 2 supergravity invariants and deduce

their component structure in the gravity sector.

(7.2)

(7.4)

(7.5)

a oy aa

(7.6)

Bel-Robinson tensor in the spinor notations is defined as (see, e.g., [51])

Riapro)Riapys)-

(7.7)
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(M

Inspecting the component structure of super-
curvatures, one immediately observes that the Bel-
Robinson tensor is contained in the superfield

WiapWiap) ~ 07107070 R apyo) Riapysy (78)

Then one can construct N/ = 2 extension of the Bel-
Robinson tensor-squared invariant:

/ d*xd30duW Py WEDW
~ / d*XRAPOR (s ROPIIR s (1.9)

R? invariants and two-loop finiteness of supergravity:

Itis known that A/ = 2 supergravity is finite to two
loops. This means the absence of the on-shell cubic
supergravity invariants. It is interesting to analyze this
issue using our off-shell approach. On dimensional
grounds, [R3] = 6, so such invariants can be con-
structed as an integral over the full harmonic super-
space Lagrangian with the dimension [£] = 2 oras an
integral over the analytic superspace with [£(+4)] = 4.
The supercurvatures have dimensions [F %] =1,
[F++3] =1, and Wiap] = 1.

The only cubic invariant which does not vanish on
shell is the product of three Riemann tensors. The
product of three Riemann tensors in the spinor
notation corresponds to the invariant

R R R . (7.10)
The N = 2 supersymmetric invariant extending such
a product can naturally be constructed from three
N = 2 super-Weyl tensors W(ap)- Since W, is not
analytic superfield, one needs to integrate over full
harmonic superspace or chiral superspace. Using the
component structure, it is easy to prove that the
invariants containing (7.10) after passing to compo-
nents, cannot be constructed in such a way. Indeed,
though a superfield containing (7.10) can be con-
structed from the A/ = 2 Weyl tensor,

D+5W{IﬁWI}}/Dg Wya ~ (91L )2 (9_)2R11/}y6Ry5pKRpkaﬁ
+..., (7.11)

this superfield is not chiral and so does not contain
the necessary invariant as a coefficient of the highest
(67)*(6~)* monomial.

This reasoning is similar to the A" = 1 superspace
arguments about absence of such an invariant in
N =1 supergravity [51]. So we conclude, that it
is not possible to N/ = 2 supersymmetrize the invari-
ant (7.10).

VIII. CONCLUSIONS AND OUTLOOK

In this paper, using the prepotential formulation of
N =2 supergravity in harmonic superspace, we con-
structed the off-shell linearized A/ = 2 supercurvatures

j:++5 (é/)’

W(a/;) (x,0,u),
(8.1)

which contain, respectively, the linearized gravity curva-
tures:

]—'**“"‘(C), W(aﬁ) (x, 9, u),

gaﬂaﬁ, R, R(aﬂy&) (82)

Raprs)»

From these supercurvatures we constructed all linearized
quadratic invariants and presented some examples of the
linearized invariants beyond the quadratic order. All the
constructed objects are expressed in terms of unconstrained
analytical prepotentials, which is the main feature of our
approach in contrast to the previous superspace studies
[30-32,35,36]. This allows us to systematically derive the
component form of the invariants by solving the harmonic
zero-curvature equations in WZ gauge. It is interesting to
note that all the linearized higher-derivative supergravity
invariants constructed have an obvious tensor structure and
are manifestly invariant with respect to the gauge trans-
formations. It is the basic difference of these invariants
from the action of N =2 Einstein supergravity (4.18),
which is gauge invariant up to total derivatives and so
represents a Chern-Simons-like action.

These results raise a number of interesting and natural
issues which we hope to address in the near future.

(1) Nonlinear invariants in harmonic superspace:

The most direct task is to construct nonlinear
generalizations of the supercurvatures and invariants
introduced here. Since there exists no analytical
integration measure in this version of A" =2 Ein-
stein supergravity [16], one can expect that the
corresponding nonlinear quadratic invariants can
be written in the full harmonic superspace as

ad

/ d*xd®0duEH°% (D) H >

/ d*xdSOduEH==5(DH)*H~. (8.3)

Checking the invariance of such expressions implies
making use of the properties of the integration
measure E and integrations by parts. We hope to
achieve some progress toward this goal elsewhere.

It is interesting to establish the connection of such
nonlinear invariants with those found in other
approaches [30-32]. Despite the fact that the invar-
iants constructed supersymmetrize the same gravi-
tational invariants, it is problematic to compare the
results obtained at the superfield level, since in our

066020-14



OFF-SHELL INVARIANTS OF LINEARIZED 4D, N =2, ...

PHYS. REV. D 110, 066020 (2024)

@
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approach the invariants are constructed in terms of
analytic prepotentials, while the standard approach
uses supercurvatures and supertorsions. This issue is
discussed in more detail in the next item.
Differential geometry of curved A/ = 2 harmonic
superspace:

The natural way to construct higher-derivative
N = 2 supergravity invariants is to use the super-
torsions and supercurvatures appearing in the algebra
of covariant derivatives [52]. Such a method was
adopted in [30,31]. The covariant supergeometry of
N =2 supergravity in harmonic superspace was
considered in [18,53]. In the harmonic superspace
approach all the basic supergravity constraints are
automatically solved in terms of analytic prepoten-
tials. In a separate publication, we shall present such
nonlinear invariants constructed out of the covariant
torsions and curvatures, starting from the full har-
monic superspace algebra of the covariant derivatives.

In this regard, one can also ask which of the
linearized supercurvatures (8.1) have nonlinear exten-
sion and how these objects are related to the prepo-
tential superfields solving the A/ = 2 supergravity
constraints. It is well known how the well-defined
nonlinear generalizations of invariants F %5 and
W,p) appear in the covariant superfield formulations
of N' =2 supergravity [32-34,52]. As one would
expect, a nonlinear extension of the supercurvature
FF+a% defined in (1.2) can be obtained as a descendant
of the curvature tensor 7%, of the superspace formu-
lation of A/ =2 Poinciaré supergravity given in
[54,55]. This conjecture is based on the fact that this
superspace formulation of N = 2 Einstein supergrav-
ity is directly related to the Fradkin-Vasiliev—de Wit—
van Holten [46-48] off-shell N' =2 supergravity
multiplet, which is described just by the unconstrained
analytical prepotentials (3.10) used through the paper.
Checking this amounts to an additional analysis at the
full nonlinear level and is beyond the scope of the
present work.

N =2 Gauss-Bonnet theorem in harmonic super-
space:

In the pure gravity, there are two topological
invariants quadratic in the Riemann tensor: Pontrya-
gin and Gauss-Bonnet (GB) invariants. Gauss-Bon-
net invariant is given as the integral of Euler density:

Igp = / d*x\/g(R™ "R .1 — AR™R,,., + R?).
(8.4)

Such invariants are topological in the sense that

5IGB/5gmn =0.

N =1 Gauss-Bonnet invariant was constructed
in [51] and its N =2 cousin in [30] in the
framework of conventional A/ =2 superspace. It
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would be interesting to explicitly construct A = 2
generalization of these invariants in harmonic super-
space and to explicitly check that such invariants are
topological; i.e., they satisfy the relation

ShttM = 0.

81 = /d4xd89duE (8.5)

Sht M
In [30], the topological nature of A/ =2 GB term
has been established only at the component level.
N =2 conformal supergravity invariants:

N =2 conformal supergravity formulated in
harmonic superspace [19] involves an additional
analytic prepotential 42(*%), so the structure of the
linearized Weyl-squared invariant will be modified
as compared to N =2 Einstein supergravity. It is
quite simple to extend the construction of Sec. V to
the conformal case. We shall present this result and
its higher-spin generalizations elsewhere.

The problem of constructing nonlinear N = 2
Weyl-squared action in harmonic superspace re-
mains a challenge.

Other versions of N = 2 supergravity:

It is well known that various types of N =2
Einstein supergravity can be constructed from the
conformal A/ = 2 Weyl multiplet using superconfor-
mal compensators [1,16,17]. The N =2 Maxwell
multiplet must necessarily be present as one of the
compensators. The second compensator may be the
hypermultiplet, the nonlinear multiplet, the tensor or
central-charged multiplets. These compensators lead
to different versions of supergravity. The “principal”
version (when one of the compensators is the hyper-
multiplet) contains an infinite number of off-shell
components, other versions contain 40g + 40y off-
shell degrees of freedom. In this article, we dealt with
the version corresponding to the nonlinear compensat-
ing multiplet. It is natural to consider the construction
of invariants also in other versions of supergravity.

In this regard, we note the work [27] in which various
linearized versions of N' = 2 Einstein supergravity
were considered. It is instructive to reproduce such
versions within the harmonic superspace framework.
Such formulations can lead to the alternative versions
of N/ =2 higher spins [25] and can clarify their
relationships with the off-shell superconformal multip-
lets of A/ =2 higher spins recently considered in
Ref. [56].

It is also of interest to construct the linearized
versions of N = 2 anti—de Sitter supergravities, which
were investigated in Ref. [57]. The harmonic formu-
lation of such theories is so far unknown.

N =2 higher-spin generalizations:

Generalizing the invariants constructed to
N =2 higher-spin off-shell supermultiplets goes
straightforwardly. For example, in terms of the
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covariant  superfields ~ GFrels—Dals=1) gpd

G++a(s-2)a(s=2) iptroduced in [25], we can immedi-
ately derive the following generalizations of the
invariants /; and I:

( /dC f++a s—1)a(s— ]]:';r+ as—1)

Fhtals—Da(s=1) ,— (D+)4G——a(s—1)d<s—1), (8,6)
Iés) _ /dC f++as 2)a(s=2) '7::+ 2i(s_2)"
]:'++a(s—2)0’z(s—2) = ('D+)4G——G(S—2)a<5_2)' (87)

These invariants are the higher-spin generalizations
of the R? and R™R,,, invariants of A/ = 2 super-
gravity. In a similar way, one can generalize other
invariants to A/ =2 higher spins. In the bosonic
case, the higher-spin invariants of this kind were
discussed in [58].

(7) Induced actions:

It is known that the higher-derivative gravity and
higher-spin invariants can be recovered as induced
actions by starting from couplings of the higher-spin
gauge fields to quantum matter fields and then
integrating out the matter fields from the generating
functional (see, €.g., [59]). The hypermultiplet g™ is
the most general N/ =2 matter multiplet. Using
cubic interacting vertices of hypermultiplet with
gauge higher-spin superfields [44], one can consider
an effective action of the form:

/ DgtetET PTG (g g)

(see [44] for details of the notation). Doing this
functional integral must yield some higher-deriva-
tive invariants of the higher-spin N =2 gauge
multiplets. In particular, it would be instructive to
reproduce in such a way the invariants introduced at
the linearized level in the present paper.

(8) 6D, N = (1,0) supergravity invariants:

Various higher-derivative invariants of 6D, N =
(1,0) supergravity have been actively studied in the
superfield approach (see, e.g., [60-63]). 6D super-
gravity in harmonic superspace was constructed by
Sokatchev in [64]. However, the higher-derivative
invariants of N = (1, 0) off-shell supergravity were
never tackled in detail by the harmonic superspace
methods.'" It is worth noting that the construction
of such invariants in the formulations of A =2
supergravity without analytic prepotentials requires
utilizing new action principles based on the use of

"In Ref. [65] the harmonic approach was applied for analysis
of UV divergences of 6D supergravities.

closed covariant superforms [60]. It is of interest to
learn whether such invariants admit a reformulation in
harmonic superspace. Recall once more that the latter
provides the universal methods of setting up super-
field invariants, based upon the analytic gauge pre-
potentials and the harmonic zero-curvature equations.
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APPENDIX A: LINEARIZED GRAVITY
INVARIANTS IN SPINOR NOTATIONS

We use the standard definition of the linearized gravity
field g,,, = Mun + Pon»> B :== ™" h,,,. The linearizations of
Riemann curvature tensor, Ricci curvature and scalar
curvature are given by

Rirmn = 2000y
— %(ama,hnk — 0,0ty — 0,0, hp + 030y,
(Ala)
R, %(ara By + 00,1y — Ohyyy — 0,0,h), (A1)
— 9" h,,, — Oh. (Alc)

All curvatures are invariant under the linearized gauge
transformations oh,,, = 9d,,a, + 0,a,,.

The spin 2 field QZZ from WZ gauge (3.10) is related to
the fierbein as 5;’;52 dJ"“ = am o ﬁ/j

expansion near the flat Mlnkowskl background is given
by et = o' + €' so that h,,,, = €,,, + €,,,- After fixing the

e”. The fierbein

local Lorentz freedom, in the symmetric gauge €,,, = €(un)
we have
_ __ ~aa ﬁ . R
hmn - 2€mn = Op Gﬁn (q)(aﬂ)(aﬂ) + €Ulﬁ€dﬂq))
= Utrlnadétﬂé(a/})(a/}) + 2’7mnq) (A2)

From this relation it follows that & = 8®.
One can rewrite'” the curvatures (A1) in terms of the
irreducible spin 2 fields @, and @:

Here we use standard notations, see, e.g., [16]:

(flﬂ) (( -

Olmn] =

)iow = (6,)50%).

(@p) _

5[mn] (63{1(6")5 - O-Zd (am)g)‘

[\)|~ l\)l
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_ ) o) (] 1
Rirmn = Oy Oy (— 5 Raprs) ~ 4_8€a7€/55R)

1 ) (@)

Oltr] O lmn] Reap) () T €-C-» (A3)

Y 1
_ aa PP
Ry = o C#ﬂ <R(aﬁ)([x/3) + 8€r1/)’€o‘c/3R> ’ (A4)
R = 40P, 1 — 6010, (A5)

Here we used the following notations for the irreducible
parts of the linearized curvatures:

Riapro) = 005 @,syaiys Riapys) = 050 Priyiap  (AO)
R = 20, D 0 — 2D,
(@)(@p) = 20(a@®” Pip)p)pp) ~ 5P ap)(ah)

Note that the linearized invariants (A6) are constructed
from the conformal graviton and so can be identified with
the self-dual and anti-self-dual parts of the linearized Weyl
tensor. For completeness, we give explicit relations for the
irreducible decomposition of the Weyl tensor:

1
Wirmn = Rirmn — (gk[mRn]r - gr[mRn]k) + gng[mgn]rv
(AB)
L @p) _(9) L @h) -9 7
Wirmn = =2 011 O un Reapro) =5 8(kr) Flun ey (A9)
The linearized Bianchi identities read
o _1y Al0
Riapyap) = g uaR: (A10)
so the linearized Einstein tensor has the form
1 7
Gapap = Riapyap) = g CasapRs ' Gagap = 0. (A1)

Using the linearized Einstein tensor one can represent the
linearized Einstein-Gilbert action as

Sy ~ / dx@PebG . (A12)

We make use of the above notations for curvatures when
writing solutions of the harmonic zero-curvature equations
in the gravity sector and also in the component reduction of
N =2 invariants. In such a formulation, the component
invariants are explicitly invariant with respect to the
linearized gauge transformations.

APPENDIX B: SPIN % LINEARIZED
CURVATURES

In this appendix, we present the expressions for the
linearized curvatures of the Rarita-Schwinger spin % gauge
field. Such curvatures appear in solutions of the zero
curvature equations in the fermionic spin % sector and in
the component representation of N =2 supergravity
invariants.

In accord with Eq. (3.25), the irreducible parts of the spin
% Rarita-Schwinger field undergo the following linearized
gauge transformations:

W/}m'li — l//(/ia)&i 4 e/i(lwr‘li’ 5/11//(/1’(1){1i _ _a(/}('lea)i,

i _ _ Lo ai
oy 26a€ (Bla)

and, for the complex-conjugated field,

lpﬂaai _ lp(ﬁa)ai + eﬁ'o'zlpai’ 5/11/7(/3(1)011' _ _a(ﬁaéd)i’

. 1 .
5}}/_/(11 = —5836“’. (Blb)
From these irreducible parts one can construct one-
derivative irreducible linearized gauge invariants:
byi . — 3yl
P gy = 30w
(B2a)

i — A, i i
Riia = Qe lapyp) + ¥y R

dﬁlp 3051//ﬁ

(B2b)

(1/3)/5) + a(adlplﬂ) ’

— .

The Einstein-like spin % tensors have the form given

below and satisfy the linearized Bianchi identities:

g’ =

wpa = Rapa 0G o = 0

afa

1 .
+ Eed/ﬂ%ﬁ,, (B3a)

= - 1 _ .
fxﬁ(x = R (ap)ax + Eellﬂ,R’&v aaaglzxﬁd =0. (B3b)
Using these linearized tensors, one can construct the

. . . 1 .
gauge-invariant spin 35 action as

S%N/d4xill7i1[')’aigaﬁai. (B4)

APPENDIX C: SOLUTIONS OF HARMONIC
ZERO-CURVATURE EQUATIONS

To perform the component reduction of the supergravity
invariants, one needs solutions of four linear harmonic
equations (4.15):
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DG = D——Gttaa,
DG = 'D__G++5,
DG4+ = D——GTt+a+

DG4 + G4 = 0. (Cl1)
Because of linearity, one can solve these equations for each
field in WZ gauge (3.10) separately.

Note the important property

S[(DH)*G—*] =0, S(DH*G=5] =0. (C2)
So all (0~)* components of G==%* and G~ are invariant
under gauge transformations (4.17). This useful observa-
tion makes it possible to verify the correctness of the
solutions obtained. In order to explicitly identify gauge
invariant terms in the solutions of zero-curvature equations,
we shall use the notation of Appendixes A and B.

In this appendix, we explicitly quote solutions of the
zero-curvature equations necessary for the component
reduction of the A/ = 2 supergravity curvatures and invar-
iants defined earlier. We are working with the redefined
auxiliary fields Py, pj; and yj, see Eq. (3.26).

Gravity sector:

G++aéz —

. N+ o 27+p p—i pa
s —419+ﬂ9+ﬂ®ﬁﬁ+4(9+) 070 B

—4(6")20*P6BS, (C3a)

G = —4i6‘ﬂ6_—ﬁcb“°f'

2 P +ﬂ ac
770 ( ﬂcD/f'/)’

- 25p3ﬁ>
29 p9+ﬂ( s ¢aa _ _5aBa>

1
_ 8l( )49+9+ (R ap)(ap) _ ge‘)‘/’eo“pR> (C3b)

Gy’ =2(07)°0"67 By +2(67 070 "Byy.  (C3e)
G(_(I;)5 — _2(9 )29 ﬁ9+ﬁBﬂﬂ ( )4(9+)
—2FPOEIBy O PR (CH)
Gio)" = =i(0%)0;BY, €
—a L (0-)20+ B — ~)0- B
Gl ' ==5(07)0 BV ~i(0"67)0;BY

+(04)2(07)2070,,B — (07)2(0+67)0+°9,,BY
+2(07)20°70+007)9,,, B -
(C3f)

i —\4(n+\29+5 a
L(07)4 (0726 OB,

i _ ) .
Glaf™ =~ O VB + ()0 oy (Cp
Maxwell sector:
G’ = =400 Cpyp, (C4a)
G5l = —4i07P67Cyy + 8(67)207 06N F
—8(07)20° VO F )
i Iy B
= 8i(07)' 00 (0 F jy + 9 F ). (C4b)
Auxiliary field T();
G = 4i(07)20,0-°T ) — 4i(0%)2050-°T@),  (C5a)
G;(;ga _ —4i(9__)29[;é+aT(“ﬂ) + 4(9—)4(é+)2627‘(ap)
. N—\2 A— p+a(af —\4 2 3o (ap
+4i(07)2050 TP 4(07)*(0+)20 T,
(C5b)
Gliy ==2i(07)200;T@) — 2i(9+)zégéﬁ—f<dﬁ>, (C5c¢)
G = —2i(07)2050; T\ — 4(67)*050"79,, TV
—2i( )Zégégﬂaﬂ) — 4(9—)49;9+aagﬁf(aﬂ),
(C5d)
Gl = =(0%) 0, 1), (C5e)
—a [ ) 0+0-\9—T(
Gront = -5 )20, T ) — (6+07)0; TP
(é ) (016~ )9+pa T (ap)
—2i(0 )20 PgG70,,T);
—i(07)%(67)2670,, TP
1 _
+5 (607)*(67)26; 00T, (C5f)
1~ : A
Gra =3 (67)20;T) — i(07)*G%70,, TP, (C5g)
Auxiliary field 7
G = 4i(07)207°07°T — 4i(07)*07 0T, (Cé6a)
G(—T—)a(’x _ _4i(9_—)29—11é+r'1T + 4(9—)4(9_+)2aa(‘1T
+ 4i(07)20-49T + 4(607)*(0+)20™T,  (C6b)
G5 = =2i(07)X(07607)T +2i(0+)*(0+6)T, (Céc)

(T)
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G773 = =2i(607)2(0107)T + 2i(07)*(0*0")T, (C6d)

(1) G’ = 2i(9+)29/;§;P/’ﬁ + 2i(é+)29;éﬁ—ﬁﬂﬁ, (C7c)
Gi™ = —(07)0" T, (Cée) S i s .
Gl = =2i(07)20;0; PP + 2(07)* (0" )0y, P
1 - o Dy P _
G(—T—)a+ :_5(9—)29+aT_(9+9—)9—aT —2i(0 )20/,9;Pﬂﬂ+2(6 )4(9+)26ﬂ/~,Pﬂﬂ, (C74)
—i(OT\2(0-)2p—P (O0-)2(0+T0-\9+P
1(9 ) (9 ) 0 apT+l(9 )1(9 0 )9 a;)T G?——})—a-&- (9+)29+P0{/}’ (C7e)
—2i(07)%0+*9"619,,T + 4(0—)4(é+)29—aDT,
——a 1 —\2 7+ paj —\J— paf
(Céf) G = _5(9 )20, PP — (0767)0; P
i ; — i(07(07)20770,,P7
G ==(07)%07T — = (67)*0"P04T. C6 - :
o =3 RS0 (Ceg) +i(07)2(0107)00,,P
Auxiliary field P —2i(67)206+ o) 0P
Gl = 4i(07)*0L07“PY + 4i(6)*0;0-*P%, (CTa) -3 (9—)4(9+)29+ﬁDPg, (C7f)
G = 2i(07)2(016~ )Paa+4z(9—)25+.é—a>Paﬂ T IO 4
) o Gy~ =—5(0 205 P —i(07)'0*P9y,P. (CTg)
—8(07)*0+ 80, PP — 2i(07)X(8+0) P
_ o Auxiliary field V().
T 4i(8 200,07 PP — 8(07)40+00,, 08 P, N
++aa __ ac(i
c7h) G = PV, (s
|
——aa 1 + aa(ij) ;,—,— 1~ + aa(ij) ;,—,— 4 +o0-\(a+o-\vaealij),,—,,— 2 -+ aq lJ +.,—
Gy :5(9)(9)11 Uy u; +3(9)(e)v Uy u; +3(99)(99)V uiuj—g(e)(ea)v ui u;
2.5 4. n— —p O+p aa(ij),,—,— 4.5 — 0 0—p aa(ij),,—,,—
5(9 (007 ) Vet us +§z(9+)2(9 2070170, Vi) yru; +§z(e+)2(9 )20°76770,, VoD uru;
1 (i 4. ad(i - 2 — ad(ij),,—,—
+§(9—)4vww>ui+uj++§z<9 020770, VoLl u; 3(9 MO Ovedliurys, (C8b)
Auxiliary field S§/):
G&J)rs _ (9+)4S(ij)ui_u;, (C9a)
G’ = l(9 V2(0)2S D usu; + ! (0)2(07)2S WDy us + 1 0707)(0707)SDuru7 — 2 (0)2(0107)S D ufu;
) - 3 i 3 i 3 i 3 L

%(é RGN u+u—+§z(a+) (07)2670%70,,S" Duru; +—z(9+) (07)207079,,S D u;
+%(9—)45i/u,.+uj+ +§i(9 )40°070,,S D uf ;—%(0—)4(9+)4DS<%;M;. (C9b)
Rarita-Schwinger field % =yl 1 gaby,di,
G = 16(é+)29+ﬂwgafu;—16(9+)2é+ﬂu7;;f"f — 16i(61)%6~ ﬁaﬁwam 16i(e+)49—ﬂaﬁw;m -, (C10a)
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G(—W—)aa = 16(é+§‘)6—ﬂwao‘ziui‘ + 8(5—)26+ﬂwaaiu.— - 8(5—)29—ﬂwzaiui+ —16i(6°)2(60+ 6~ )9+0(aﬂwaaz 52,0;; aﬂz) ur

+8i(0)(07)207% (2005 — 55;@/@ DYy —320(67) 207 P00,y uy — 16i(07)40; Gt
+32(07)4(67)20770,,G Iy — 16(6707)0 sy — 8(07)20 Pty + 8(67) 20 Pypuf
—16i(07)2(676~ )9+ﬂ(aﬁwm 5 n,/;“ uy + 8i(01)2(67)20~ (2&%("" 5ga§1,7§“’ uy
+32i(67)20-Pgtolgteg,, AU — 16i(07)*0F G uf — 32(07)*(01)20170,,G5" % u7 (C10b)
Gib = —16(9+)29+ﬂy/ uy + 8i(07)*0; aﬂyﬂﬂ‘u +16(07)20 Pyrhu; — 8i(9+)4égaﬁy7ﬁmui_, (C10c)
G = —16(9+H‘)§‘ﬂwzu; - 8(9—)2é+ﬂw;u; + 8(9—)2é—/ﬁ,ﬂi ut —8i(07)2(6707)0 R¥ u;
— 4i(07)2(97)%0; (R + 2a”ﬂw/;)u; + 4i(07)* 0, R ui + 8(67)*(07)2070,, R u;
+16(8407)0 Py + 8(67)20 Py — 8(67)20 Priul — 8i(67)2(07 07 )0 R uy
— 4i(07)2(67)20; (R™ + 20y} )uy — 4i(07)* 0, R ui + 8(67)*(61)*0770,, R u; (C10d)
Auxiliary fermionic field pj:
Gl1> = 8(64)20 pju; - 8(9*)29_”’/52%‘, (Clla)
G® = 8(0707)0 P pjuy +4(07)20 P plus — 4(07)*0Ppju” — 8i(67)2(0707)0dplyuy + 8i(6)2 (0720~ plyuy
— 16i(67)20-V01 040, piu; + 8i(07)* 0+ dypiu — 4(07)* (020 Dplyuy — 8(9+9-)é-ﬁ'p-;u;
— 40O + 400 Pl - Si(e-)2(5+é->e+va§p;u; n 8i(9+)2(é-)29—aa§,5;u;
+16i(67)20- 000070, plu; + 8i(¢9‘)4¢9+"6§ﬁ}3uf +4(07)4 (0720 Oplu;. (C11b)

Auxiliary fermionic field yj:

GJ(;;ra{l _ _4i(9+)49——( (llu _|_4l(9+)49—a paiy, us, (C12a)
G_()(_)ad — 41( 2(9+9—)é+(x aiu7 _ 21( 2(9+)2§—a aiu7 _ 2i(9 )49+a)(a1 + _ (9 )4(0+)29+pa;)1)(aiui—

") ")
— 4i(07)2(B107)0 U + 2i(07)X(01)?0 g + 2i(67) 0 U — 4(07)4(64)* o uy,  (C12b)

Gl = =2i(07 )0 yiu; + 2i(07 )0 Fhu; (C12c)
G° = 2i(07) (07 07)0 gy — i(07)2(07)0 ylu; — i(07) 0 yiui = 2(07)1 (07?0 o yiuy
+ 21(9_ ) G )9+ 7 u; + 1(6+) (9_)29_“)2314; + i(9_)464”")25-),141-+ —2(9_)4(5+)29+/’62 "f},ul»_. (C124d)
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