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Abstract. We investigate the hidden symmetries and existence of Killing spinors of
D = 5 minimal gauged supergravity solutions which admit a Killing-Maxwell system
in the sense of Carter, such as the Chong-Cvetié-Lii-Pope (CCLP) Kerr-dS black hole
spacetime and a 5-dimensional minimal gauged supergravity solution endowed with
a Sasaki structure deformed by torsion, a limiting case of the generalization of the
5-dimensional toric Sasaki-Einstein L»%¢ spacetime. We note that when an electro-
magnetic tensor is present and an associated Killing-Maxwell system can be constructed
in the sense of Carter, the Killing-Maxwell field becomes a PCKY (principal confor-
mal Killing-Yano) tensor or a PGCKY (principal generalized conformal Killing-Yano)
tensor, the latter in the presence of torsion. We find some new hidden symmetries of
the Chong-Cvetic¢-Lii-Pope black hole, i.e. we construct two more generalized Stéckel-
Killing tensors and the associated generalized Killing-Yano (GKY) tensors. We also
explicitly construct a Killing spinor for the specific 5-dimensional minimal gauged su-
pergravity solution that is endowed with a Sasaki structure deformed by torsion men-
tioned above.
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1 Introduction

Symmetries in nature have long been useful in determining constants of motion and hence in
helping solve equations of motion. Hidden symmetries, the symmetries of the phase space,
together with spacetime symmetries bring insight into the evolution of a system in curved
spacetime and are characterized by symmetrical Stickel-Killing (SK) and antisymmetrical
Killing-Yano (KY) tensors [1], while the latter symmetries are driven by Killing vectors.

There is a long history of separation of variables of Hamilton-Jacobi, Klein-Gordon,
and Dirac equations [2-12] against various background spacetimes, starting with the Kerr
spacetime in four dimensions and continuing with higher dimensional black hole spacetimes,
the work cited above having a particular emphasis on the most general Kerr-AdS-NUT
spacetime. All these with the miraculous help of SK and KY tensors, which build up
constants of motion, which in turn lead to the complete integrability of the above-mentioned
equations. Another important object in describing hidden and spacetime symmetries is
the PCKY and more generally the CKYs (conformal Killing-Yano tensors) [13-16]. The
PCKY generates in higher dimensional spacetimes towers of KY and SK tensors, playing an
important role in unveiling more hidden symmetries in the respective spacetime.

The group structure and algebras generated by Dirac-type operators in spacetimes that
are torsionless have been thoroughly studied for instance in [17-19]: these are operators
constructed with the use of KY tensors.

One other important aspect is the fact that there exist geometrical dualities that map
spacetimes with torsion in duals that are torsionless [20-22]. If a Killing-Yano structure
exists in the spacetime with torsion, then it becomes the vielbein of the torsionless dual
spacetime, while the vielbein of the spacetime with torsion becomes the Killing-Yano struc-
ture of the torsionless dual.

A lot of progress [23] has been accumulated since the seminal paper of Myers and Perry
[24], where the metrics describing the isolated, vacuum, rotating higher-dimensional Kerr
black holes were derived. Going forward in time we reach the derivation of the most general
symmetric non-extremal charged, rotating black-hole in D=5 minimal gauged supergravity
spacetime metric [25] which is one of the objects of attention in this current paper. We
cannot do justice here to the entire scientific effort of determining the metrics of various
black holes in higher dimensions since 1986.

Solving the equations of motion in spacetimes of black holes with gauge fields is aided
by the so-called GKY, GSK and GCKY tensors corresponding to symmetries with torsion.
There is an ample span of study of these tensors in the literature ranging from the D=5
minimal gauged supergravity spacetime [26,27], to the study of the black hole spacetimes in
the framework of string theory [28-30].

Here we study the properties of two related solutions of the D = 5 minimal gauged
supergravity, with its bosonic string lagrangian in five dimensions. Since there was in the
past a lot of work on higher dimensional vacuum solutions [2,3,39,40], where regular SK and
KY tensors helped reveal hidden symmetries of vacuum spacetimes, there is now a lot of work
done in recent years on solutions of various supergravities with gauge fields and cosmological
constant [41-43]. We find here two additional rank -2 generalized closed conformal Killing-
Yano tensors, which help find the complete tower of hidden symmetries and isometries of
the black hole spacetime. It is also well known that these tensors help classify the higher
dimensional spacetimes with gauge fields and also help obtain exact solutions of Einstein
equations [38].

In this paper we discuss the hidden symmetries of a solution of supergravity where the
*F (the Hodge dual of the Maxwell tensor) is assimilated with torsion. Hence we work with
generalized KY and SK tensors, which in turn can now help separate modified by torsion
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Dirac and Klein-Gordon equations. The particle equations are different in the presence of
gauge fields, as expected and there is an entire theory developed for particles with spin in
the presence of torsion [22].

The CCLP spacetime we study is endowed with a PGCKY and that is the Killing-
Maxwell tensor, the Hodge dual of which is the torsion of the spacetime, a GKY tensor.
Spacetimes admitting a PGCKY or a PCKY are remarkable, for instance the Kerr-NUT-AdS
spacetime is the only Einstein spacetime admitting a PCKY [38].

The motivation to study the D=5 minimal gauged supergravity stems from the fact
that this is the low energy compactification of type IIB superstring theory and moreover
its properties match the 4-dimensional boundary of the AdSs in AdS/CFT correspondence.
So our task here is to extend the work done in finding the hidden symmetries of the most
general non-extremal rotating black hole solution of the D = 5 minimal gauged supergravity
theory, the Chong-Cvetié-Lii-Pope black hole spacetime by [26] and find new GSK and GKY
tensors for it. Our work is inscribed together with previous work to extend the study of
higher dimensional vacuum solutions to those with gauge fields and cosmological constant.
The result of this study partially answers to interesting questions related to the significance
of GKY and GSK tensors, their relations to generalized hidden symmetries and algebraic
type of solutions [26].

The Kerr-dS black hole in 5-dimensional minimal gauged supergravity, the CCLP black
hole is also a Sasaki deformed by torsion metric [48], so it has that in common with the Houri-
Takeuchi-Yasui metric [48] for which we find a Killing spinor and which is a generalization
of the 5-dimensional toric Sasaki-Einstein spacetime L*¢, obtained by basically taking a
certain limit of a generalization of the global metric of L*%¢. Sasaki with torsion Euclidean
versions of Lorentzian 5-dimensional minimal gauged supergravity can be obtained via a
Wick rotation.

In section 2 we start by presenting some relevant calculus relations with torsion. In
section 3 we introduce some results obtained by Carter in the context of the Kerr-Newman
black-hole, dubbed the Killing-Maxwell system, and we also review some results obtained
previously in [17] where Dirac-type operators were constructed to describe hidden symme-
tries (here we write them out specifically in the framework of the Killing-Maxwell system
of the Kerr-Newman black hole). We then generalize in section 4 Carter’s Killing-Maxwell
system in the context of D=5 minimal gauged supergravity (new result), we review the
structure of the CCLP black hole and we find two new GSK and GKY tensors for this
spacetime. In section 5 we explicitly find a Killing spinor for a specific manifold endowed
with a Sasaki structure deformed by torsion, that is a solution of minimal gauged supergrav-
ity in 5 dimensions. In conclusion, we introduce in this paper two new results with direct
application in 5-dimensional minimal gauged supergravity.

2 Some calculus relations in the presence of torsion

In the following, the KY tensor Y € QP(M), the SK tensor K, and the CKY tensor (also
denoted Y') on a pseudo-Riemannian manifold (M, g) are used with their usual definitions
(for example see [31]). These definitions also hold in the case of a manifold with torsion.
In this case the tensors are called, as usual, generalized, and one just has to write the
meaningful connection for this case.

The basic calculus formulas in the presence of torsion 7' can be found, for example, in
[31-35]). Let T be a 3-form on a pseudo-Riemannian manifold (M, g) and e, an orthonormal
frame such that g(eq, ep) = dap. Then if X, and Y are vector fields then we define the Levi-
Civita connection as:
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1
VY =VxY + 3 T(X,Y, ea)ea, (2.1)

T is assimilated with torsion and we shall also use the T' = 2A4 notation for torsion. The
covariant derivative for p-form w is:

Viw = Vxw — (X_eyuA) A (epw), (2.2)
with the explicit formula for a 2-form being;:

VY, = V.Y, — 24,717 (2.3)

oplv

Note that the spinor covariant derivative with torsion can be written out as:

1
D) =D, + 57 A (2.4)

Hence the Dirac operator with torsion is:

1 v
D;\Pyu =D," + E’WW VP Ay - (2.5)

The Ricci relation with torsion for a Killing-Yano 2-form is as follows:

3
—fR)\aﬁ[’uYy]/\ — 2A|Mmav|"}\|Yﬂ]y. (2.6)

ATA _
VaVAY, = -3

The square of the Dirac operator as a function of the torsion 7' is:

dT T||?
where
AT =v% VL. + V%QXQ, (2.8)
and s is the scalar curvature of the connection with torsion:
s =—X"JR(X4, Xp)el. (2.9)
The curvature operator is defined as usual:
R(X,Y)w = (ViVy = ViV — Vig y)w. (2.10)
So the commutator of the spinor covariant derivatives is:
1
(D, D = gRaﬂlw[’ya,’yB]\If — A*,, D, (2.11)

3 Review of Carter’s 4-dimensional Killing-Maxwell Sys-
tem

The minimal gauged supergravity in 5 dimensions spacetime together with its symmetries
has been recently studied in [26] and in this framework- also the most general known spherical
symmetric charged rotating black hole solution, the Chong-Cvetié-Lii-Pope black hole [25].
Previous work in 4 dimensions dates back to 1987 and was done by Carter [36,37] who
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investigated the solutions and symmetries of its lower-dimensional cousin, the Kerr-Newman
black hole. Carter reached the conclusion that there exists a Killing-Maxwell electromagnetic
system defined by the following equation for the 4-dimensional electromagnetic potential
(here we used Carter’s notations, in that semi-colon means taking the covariant derivative):

- 47
Apitip = 25 Juvlps (3.1)

3
where ¢ is the spacetime metric and j the current, which is a primary Killing vector (for
definition, see for instance [13]). The Killing-Maxwell electromagnetic system obeys regular
Maxwell equations, since the Maxwell field is defined as usual and respects Maxwell’s laws:

For = Amjt (3.2)

and

Fp = 0. (3.3)

Further, Carter mentions that the Hodge dual of the Killing-Maxwell electromagnetic field
is a Killing-Yano tensor of rank 2. Although he doesn’t state it directly, it follows that
F is a PCKY tensor (principal conformal Killing-Yano tensor)- as defined for instance by
Kubizndk in his thesis [13], Rel. (3.7)- since it satisfies equations (3.1) and (3.2). The fact
that £ is closed follows from Maxwell’s laws (3.3).

The Hodge dual of the Killing-Maxwell electromagnetic field consequently determines a
Dirac-type operator, that anti-commutes with the Dirac operator in the Kerr-Newman space-
time, according to [17]:

~ v 1 ~
Qup = 7"y Dy = 20"V ux Fup. (3.4)

This operator corresponds to a quantum (non-anomalous) hidden symmetry for the spin-
ning point particle in Kerr-Newman spacetime which is - as stated in [17] - an additional
non-generic supersymmetry of the particle. It is a remarkable fact that *F' generates a su-
persymmetry and it points out the subtle connection between the symmetries of the Killing-
Maxwell electromagnetic field in curved spacetime and this supersymmetry and further-
between spin and electric charge. In the 4-dimensional spacetime, the PCKY generates one
Killing-Yano tensor, which is % F' (the Hodge dual of a closed conformal Killing-Yano tensor
is a Killing-Yano tensor) and one Stickel-Killing tensor, K:

(3.5)

4 Hidden symmetries of the D=5 minimal gauged su-
pergravity spacetime with a Killing-Maxwell system

In the cousin spacetime, D = 5 minimal gauged supergravity, the Hodge dual of the elec-
tromagnetic field plays the role of torsion as evidenced in [26]. Here we are going to focus
on the case when *F is part of the Killing-Maxwell system, a generalization to 5 dimensions
of the work set forth by Carter. This means we are going to identify the PGCKY of the
5-dimensional spacetime, of which *F is a Killing-Yano tensor, with F' (the Killing-Maxwell
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electromagnetic field). The definition of a Killing-Maxwell electromagnetic field in D = 5
supergravity with torsion is (index A stands for torsion):

V?Eu/ = 27Tgp[;4.ju] (41)

and together with:
VOAFP = 4gjt (4.2)

form a Killing-Maxwell system that obeys Einstein-Maxwell’s laws. According to [26] the
PGCKY of the D = 5 minimal gauged supergravity spacetime is defined as:

1 g
Vohuw = 29,80 — ﬁ(*F)pU[uh v (4.3)

So the equation (4.3) becomes:
VA b = 29,60 - (4.4)

Note that if in the equation above we notate h by F' and we set j = w& then indeed the
definition in 5-dimensions of a Killing-Maxwell electromagnetic field and that of a PGCKY
coincide and hence our assumption that for the five-dimensional supergravity endowed with
a Killing-Maxwell system, such that =F' is Killing-Yano, then F and h coincide is true.
According to the theory of Killing-Yano tensors, xF' the Killing-Yano tensor is the Hodge
dual of the Killing-Maxwell electromagnetic field and which also plays the role of torsion in
this spacetime. It also generates the Stéckel-Killing tensor:

Ky = (xF) ppo (xF)7. (4.5)

Let’s now take a look at the Chong-Cveti¢-Lii-Pope black hole (CCLP) in D = 5 minimal
gauged supergravity framework, with the following notations:

g= Z (WHhw! + OPOH) + wws, (4.6)
H=z,y
A= V34, + 4p). (4.7)
And
o =Y o M’ (4.8)
X o(y — )
- . Y
W= /Y chy7 v = M’ (4.9)
v y(z —y)
1
w® = —=[pdt + p(x + y)do + zydy — yA, — zA,), 4.10
A, = —L (at + ydo) Ay = —L (dt + xdo) (4.11)
q T —y ) P T—y )
and )
X =(u+¢q?+ Az +CX% + ﬁAg;3, (4.12)

1
Y = (u+p)? + By + Cy* + EAy?’. (4.13)
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Please note that it was proven in [30] that CCLP is the unique minimal gauged supergravity
spacetime with torsion such that the torsion tensor is both closed (d¥T = 0 ) and co-closed
(6TT = 0). We then find the following [26] that, F', the PGCKY in our case is:

F =+/—2@0® ANw® + /—yo¥ Aw? (4.14)
and the corresponding Killing tensor:
K = y(w w® + 0"0") + z(wYw¥ + 0Y&Y) + (x + y)w w". (4.15)

Note that K is directly involved in separating the Hamilton-Jacobi and Klein-Gordon equa-
tions in this spacetime.

We can now proceed to write down a couple of new GCCKY (generalized closed conformal
Killing-Yano) tensors for the above metric:

hy = VAX W™ A wE + VYWY A we (4.16)
In a similar way we can retrieve:
ho = v/—xyw® A w® + /—zyw? A w* (4.17)

w is a Darboux basis for hi, hy and h and so that means that h, hq, ho are linearly indepen-
dent and so the ancillary GSK and GKY tensors are linearly independent, too.

The tensors GCCKY above generate 2 new Stéckel-Killing tensors via the following
relation:

1
Ko = hachbc ® §gabh2 (418)
which are
K = (x — y)wVw® + zww?, (4.19)
respectively,
Ky = (7 — y)w w® + ywwY. (4.20)

Also, for spacetimes with D > 6 where an electromagnetic field is present and a Killing-
Maxwell system can be constructed, the PGCKY is, naturally, in these spacetimes still the
Killing-Maxwell electromagnetic tensor, F, which generates a tower of Killing-Yano and
Stackel-Killing tensors as follows:

FY =FA--.AF. (4.21)

Above the wedge is taken j times, FU) is a (2j)-form and F") = F. FU) is a set of (n — 1)
non-vanishing closed CKY (conformal Killing-Yano) tensors, where D, the dimension of the
spacetime is-

D =2n+e (4.22)

Here € = 0,1 depending on whether D is even or odd. And this generates the towers of n—1
rank (D — 2j) Killing-Yano tensors:

vy = wg0) (4.23)
and n — 1 rank-2 Stéckel-Killing tensors:

K;Sju) —y® y @G)PrPb=2i-1 (4.24)

HP1 " PD—25—-1" Vv
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Now let’s turn our attention to the spinning point particle in the presence of torsion. The
rank-2 quantum phase space Dirac-type operator in the presence of torsion is given in [27].
Here, however, we are going to focus on writing the associated GKY with the GSK tensors
given by (4.19), (4.20) , which we are going to notate with Y7,Y5. So the two GKY tensors
are:

Y1 =7 — yw® AwY AwY + V/—2w” Awt A w? (4.25)
and
Yo = VT — yw® Aw?Y AwY + /—yw® AwY AWE. (4.26)

and this concludes our new result for CCLP here.

5 Killing spinors in D=5 minimal gauged supergravity

It is well-known that there is a close intertwining between the existence of Killing spinors and
Killing-Yano tensors and other structures and that Killing spinors have been widely used
to classify solutions of supergravity in various dimensions. The supersymmetric solutions
of minimal gauged and ungauged supergravity were classified for instance in [44,45]. In
particular for D = 5 the Killing spinors obey the equation:

1
§Aa)eb =0, (5.1)

1
3
where Y is a real constant and €*® the Levi-Civita tensor.

We are trying to go deeper here and explore the relationship between Killing spinors
and Killing-Yano tensors. In that, we focus on a spacetime in 5 dimensions with deformed
Sasaki structure by torsion in the context of minimal gauged supergravity described by the
Houri-Takeuchi-Yasui metric.

We can now turn to solutions of eq. (5.1) for the case of a manifold with Sasaki deformed
by torsion structure in 5-dimensional minimal gauged supergravity. In D=5 minimal gauged
supergravity there exists always a symplectic Majorana spinor [46] and we are going to
construct a solution to equation (5.1) on the model of the solution given in [47], where
Killing spinors of the following form were constructed in AdSs:

1
D, + — 5’7_4657}7‘ €@ _ Gab’a_
[ (v V) E et —xe™ (=5

€ = (eé‘“M’”)ij(éjk + §ax°"ya(Mjk — i6ikYr) ) k- (5.2)

With this starting point, we formulated our own ansatz that the Killing spinor that verifies
equation (5.1) is of the form:

jell

inig, ko i a a . a
e = (€27 M) (612 (7™ — 657°) Fs + - Xz YoM — i Aay™))Ek, (5.3)
where M = & with & the Pauli matrices and
Z = (sin 6 cos ¢, sin 6 sin ¢, cos 6) (5.4)

and €% is the Levi-Civita tensors and & is a symplectic Majorana spinor. We also note that
the vector z, (in the coordinates in which our Sasaki deformed by torsion minimal gauged
supergravity metric is given) is given by:

To = w07 (55)
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x1 =z cosb, (5.6)

T9 = x sin f cos ¢,

x3 = xsinfsin ¢ cos Y, (5.8)
x4 = xsinfsin psin . (5.9)

Moreover €; needs to verify Rel. (5.1) in [44], the integrability conditions of the Killing
spinor and consequently there will be constraints for the Majorana spinors as well, if we
plug in the expression for ¢; in Rel. (5.1) of [44]. So the integrability condition reads:

1 v 10% v 12
{§5RPWWQ'Y W24 F(’Y[u W+ 4y 15[:)vp]Ftl1uz

1
B 48(_2F27#P 8F; [P,y ul + 12FMV1F V2'7U1V2 + 8Fy1V2Fl/3[P’y/l]V1U2V3)
X2 X b_b
— E'yw}ea — ﬂ('yp#””’zl:‘l,ll,2 —A4F, " — Fpu)e®e” = 0. (5.10)

We work with the metric in [48], which is Sasaki with torsion and satisfies the equations of
motion of 5-dimensional minimal gauged supergravity:

g =(¢ — 2)(d6? + sin? 0d¢?) + Qfx) (2)(dey + cos 0de)>
+4(d¢0+(x+%_£)dw1+(:c—§+ xgg)cosﬁd(b)Q, (5.11)

where

Q) = 20+ (11227 zfsjqc 2+ 1260 +k

and ¢, £ and k are free parameters. As it is well known the action in minimal gauged
supergravity in 5 dimensions is:

(5.12)

1 1
Ls=%R—-A7A)— 3 /\*F+3\/§F/\F/\A, (5.13)

where F' = dA and in our case the Maxwell potential is:

2v/3¢q

A= —j(dwl + cos 8dg), (5.14)

and the torsion T' = *F/\/§ The equations of motion are:
Ruv =g+ 5(FacFif = g gunFuaF™), (5.15)
d*F—LF/\F:O. (5.16)

V3
Consequently, we can derive these results for this metric:

2v/3¢ 2/3q 2v/3q
@) ————dx ANdi + —¢ sin 0df A d¢p + 7( RE

We defer the calculations to the appendix, where we spell out the inverse metric, the Christof-
fel symbols, the Ricci tensor and the spin connections. After highly non-trivial work and
cancellations, plugging in formula (5.3) in Eq. (5.1) gives the much sought-after null result,
and this concludes our proof here. One can extend the study of the relationship between
the existence of a (generalized) Killing-Yano tensor and that of a Killing spinor to other
supergravities in various dimensions, but we leave this for future work.

F= cos Odx A dg. (5.17)
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6 Conclusions

We overviewed briefly some of the symmetries of the Kerr-Newman spacetime, endowed
with a Killing-Maxwell system and higher dimensional minimal gauged supergravity solu-
tions with torsion (such as the CCLP black hole spacetime). For the studied 5-dimensional
spacetimes the Hodge dual of the Killing-Maxwell electromagnetic field plays the role of
torsion and is at the same time a generalized Killing-Yano tensor of the spacetime, being
derived naturally from the PGCKY. We find two more GKY and GSK tensors (generalized
Killing-Yano and Stackel-Killing) for the CCLP spacetime and we write out the Dirac oper-
ator with torsion. We then turn to another related example of minimal gauged supergravity
in 5 dimensions with Sasaki structure deformed by torsion, the Houri-Takeuchi-Yasui metric,
and we find a Killing spinor for it.

It is interesting that indeed supersymmetries are generated by the Killing-Maxwell elec-
tromagnetic field when this is present and this sparks further investigation of the correlation
between the electromagnetic gauge symmetry and supersymmetry in curved spacetimes,
which was pursued initially by Carter. Also an interesting future track would be to deter-
mine the dual (torsionless) spacetime of the D = 5 minimal gauged supergravity solutions
used here.
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Appendix A.

This appendix presents calculations for section 5.
The inverse metric of the Sasaki with torsion in section 5 has the following non-zero com-
ponents:

g = e~ a)sin®0 - 4Q(o)] (A1)
s _ 4(¢ — x)%sin?0 A
Q(x)D(w()awlaxaaagﬁ)’ ( 2)
o (€=2) {—16Q?(x)cos®0 + 4Q(x)[(¢ — x)sin>0
D(o, ¢1,,0, )
+ 32cosf(x + . z 5)(33 —-&+ xi—f) —16(x — £+ xL—g)Q]
— 320(z + %_5)2(93 . ﬁ)? —48(x + %_éf(g — x)sin26}, (A.3)
00 _ 1 o2 2 o Nein?2
g 7Q($)D(¢07¢17$,9,¢){ 8Q“(x)cos”0 + Q(z)[4(¢ — xz)sin=0
q q q
+ 1286089(1‘ - § + f_g)($ + r_g) — 64(.13 - f + 567—5)2}
— 48(z + ﬁ)%g — 2)sin20 + 256(x + %75)2(1; —E+- - 5)2}, (A.4)
b _ 4§ — ) . q \2
g D(wo,wl,x,e,@Q(x){Q(I) 48(z+ — g) 2 (A.5)
g¥ovr =g¥1¥o — (€= 2) {-16Q(x)cosO(x — & + 4 )
Q(‘r)D(w()vwlaxagad)) xfg
Flat S a)sin0 -6+ T -+ Tt (A)
gwow — gﬂiwo =0, gibo@ — gewo =0, (A7)
Yob _ b0 _ v -8 _ _ q
gt =gt = Q(w)D(wo,wl,x,H,cﬁ){ 16Q(x)cosl(x — € + — £)
q q q .
—64(z — &+ H)Q(x+ ﬁ) + 8(x + r_g)(f—x)stG}, (A.8)
gt = g™ =0, g’ =g" =0, (A.9)
Wi _ gun _ z—¢ _ q _ q
T (TR A e

(A.10)
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g =g" =0, g"? = g% =0, g’ =g%" =0, (A1)

where the function D (the determinant of g) is:

D (o, 1, 2,0,0) = — 16Q*(x)cos*0 + Q(z)[4(¢ — x)sin’0
q

q qd 2
+ 224(x + —— x—§+ cos — 64x75+7
(@+ — E)( 5) ( 5) ]
£ 16(z + %_5)2[—3(5 - x)sm29 13—+ —g)] (A.12)
And the torsion tensor is:
«F =g ghrin ( ‘/;q) dipo A dO A do + 79 g%% fg sinfdio A dipy A d
x
2
4 g o \_/‘5?)2 cosOdipo A diby A d6. (A.13)
The inverse vielbeins are:
é1 = —g%%\/¢ — xdb, (A.14)
ey = g%/ — xsinbdg + gV % \/€ — zsinbdipy + g¥0? /€ — xsinbdi, (A.15)
é wa_ 1 d (A.16)
é3 = ¢ ——dx, .
Q(z)

=(g"""V/Q(z) + g"?/Q()cos0)di
(g9°Y" \/Q(z) + g¥°?/Q(z)cost)diyo

(gdnm VQ(z) + g¢¢«/Q(z)cos€)d¢, (A.17)
és :2(gw1¢0 + gw1w1 (z + xL_g) +gw1¢(x — &+ %_g))dd;l
+ Q(gwolﬁo + gwolbl (z + %_5) + g¢0¢(x — &4 %_g))dwo
+ (g% +g¢¢1(x+w;z§)+g¢¢(z,g+ mif))dqs, (A.18)

And now in preparation of calculating the Ricci tensor and then the Riemann tensor, we
get for F? in vielbein indices:

2 1 2

VB 1 3 a2V
r—§r—¢  2Q(x) (z —§)Q(x)

+ (- V3qcoshsing 3 A g2 2\/§qsin229é1 A2
Q(x)(§ —x)3/2 (z —¢)

And now we know using our metric that the only not-null components of the Ricci tensor
are:

F =

(A.19)

1 1
Raa = _4gaa + 7(ggagchacFac o ggaagccgddFCdFCd)' (A20)

2
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Detailing this with 4 indices (note that gh¥ = etel):

1
Ry = —4g5s — 5955{911944(1?14)2 + g11922(F'*)? + 933940 (F**)? + 2g33922(F*%)?)},

v v 1 v
Ry"" = —4g4y + 5{(934)# (g11(F*)? + gss(F*)?)

3

+ 933924 (F**)? + 2933902 (F*)?}},

v v 1 v
Ras"" = — 4g43’ + 5{(933)# (944(F?*)? + goa(F*?)?)

3

+ 933924 (F**)? + 2933902 (F*)?}},

v v 1 v
oot = — 4ghy + {(g8)" (935(F*)* + gu1 (F*')?)

3

+ 933924 (F**)? + 2933902 (F*)?}

v v 1 v
Ri"" = —A4g)y + 5{(9%)“ (922(F'%)% + gaa(F')?)

3

+ 933924 (F**)? + 2933902 (F**)?} }.

And now using the formula:

v a _a v
Ry." :epeaRaa“,

1 .
— =04 {91944 (F™)? + g11g02(F'?)?

1
— — 55 {11944 (F™)? + g11g22(F'?)?

1
— 5y {11944 (F™)? + g11g22(F'?)?

1
— — g {g11924(F'™)? + g11g02(F'2)?

(A.21)

(A.22)

(A.23)

(A.24)

(A.25)

(A.26)

we finally get to the Riemann tensor we need in the integrability conditions stated in section

5:

RpoozB = Gap9pv Rpa'”

(A.27)

This whole context was useful to find the Riemann and the electromagnetic tensors, which
appear in the integrability conditions on the Killing spinor. In the end these integrability
conditions translate in constraints on the Majorana spinors and the fact that y? = 1.

We now turn to determining the Christoffel symbols and the spin connection coefficients.

The only not null Christoffel coefficients are:

| —Lgm{—saf* — (1 —246)2% +2¢(1 — 126)x + (8¢ — 26 + 1263)¢ + k), (A.28)

2Q(x)?
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e, =4gvovo(1— @ _‘15)2) + %gw‘”/’l [—82°% — (1 — 24€)2? + 2¢(1 — 126)x
+8(z+ - 1 -4 fg)Q) + (8q — 26 +12€2)¢ + ], (A.29)

o 0’70 1 091
Ty =dgvovo(l— @ _qg)Q) + 5911) Y1[—8z% — (1 — 24€)a?
+26(1 = 128)a + 8(a + %_g)(l G _‘15)2) + (89 — 26 +126%)¢ + K]+

+ %g¢°¢[2(—8x3 — (1 —24¢)2* +2¢(1 — 12¢)z)

q 2q

+8(x+m)(Qx—f—l—m)+2[(8q—2§+12£2)£+k]], (A.30)
Ff;bo — 4(gw1¢1 +g¢1¢)(1 _ (x _(15)2)7 (A31)
Dl =407 9717 4 g7 ) (1~ ), (A-32)
Ffmwo = Fiodﬂl = _493036(1 O (m _qé“)Q)’ (A‘33)

Ff; =4g%0%0(1 — @ —615)2) + %g%w‘ [—2cos0(—82% — (1 — 24¢)z?

q 2q

+ 2c0s0][(8q — 2 + 126%)¢ + K], (A.34)

0 =4g%ovo(1 — = 35)2) 0 %g¢“w1[—20059(—8x3 — (1 — 24¢)a?
q 2q
+26(1 — 128)x) +8(1 — = 5)2)(2x — &+ m—_f)
+ 2c0s0[(8q — 26 + 12¢%)¢ + k] — % g"°?sin20, (A.35)
T3, =T%, = —4g™ (1 - ﬁ), (A.36)

q
(z —¢)?

q 2q
+26(1 —128)x) + 8(1 — m)(m — &+ ﬁ)

+ 2cos0[(8q — 2¢ + 1262)¢ + K] — %g‘wsinz&, (A.37)

T?

toe =497 (1 =

1
)+ §g¢w1 [—2cos0(—82® — (1 — 24¢)z?
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¢ _glgtr o goy 4
Iy =497 +97)(1 e ) (A.38)
b1 191 4 1 091 3 2
IV =491 (1 - e §>2) + 591" Y1[—2cos0(—8z% — (1 — 248)x
2
2= 126)2) 4801 - _‘15)2 )2z — €+ f_qg) + 2c08](8q — 26 + 1262)¢ 1 K]
— %gw”j’sinQ& (A.39)
1
¢ —1? —4g0%01 - 4 = g#9[—2c0s0(—8z% — (1 — 24€)a?
Y1x 1 g ( (IE _ 5)2) + 29 [ 6089( 8z ( f)ﬂ?
2
+26(1 — 126)2) + 8(1 — ﬁ)@x . x—fg) + 2¢050[(8q — 26 + 126%)¢ + k]
1
+ 59" 0[-80% = (1 - 24)a® + 26(1 — 126)a + (8¢ — 26 + 126 + b+ 8(a + %—g)
q
1-— . A.40
- ) (4.40)
The Dirac operator is written as:
Db = 0t + wuap 20, (A.41)
where the spin connections can be calculated as:
Wy = —e“,\eb”l"ﬁ,{ —e50ue,°. (A.42)

Note that in the end we need to calculate the following coefficients and actually only 30 are
not null, out of which we need to calculate only 15, given the fact that the coefficients are
antisymmetric in ab:

Wyab = gaa(_ea)\ebnrlzﬁ - eaoaueba)- (A43)

We are going to write the extended formulae (which are non-trivial) for only three of them
and we are going to leave the rest in a constrained form. Here they are:

o _ gzt —4(5—1‘)2
Wepp43 = g FwOT - Q(m)D2(¢07¢17$797¢)

+4Q(2)[(€ — x)sin?0 + 32cos6(x + %_é_)(x —¢4 - z §)

—16(x — &+ %_5)2] — 320(z + %—5)2(”3 . %)2

—48(x + %—5)2(5 — 2)8in*0}{—8Q(x)cosh(2x — 2¢ + f—f

o g)(f — x)sin?0 — 4(¢ — x)sin*064(z + %_5)(% Sy . g 5)2
q

q q
—32(3?4—?75)(1‘—5—1'?75)}(1— W), (A44)

{~16Q*(x)cos*0

9
€ )

+ (4 —2
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Wapes3 = — Q(x)?’/?j?((gw;az;)ix,@, 3 {—16Q?(x)cos0
+4Q@n@—xpm%+3%wmx+xfgxx—g+;%zyamu—g+;§2ﬁ
—320(z + fiéﬁ(m — &+ - z §)2 —48(x + - 3 5)2(5 — x)sin?60}
{-8Q(x)cosh(2x — 26 + % +1)+ (z+ szf)(f — x)sin’0
— 4(& — x)sin0 — 64(z + . z E)(:c -&+ . g 5)2
=82+ =6 M0 - et ) (A.45)

_16(6 — x) 7 sind
032 = B3 o o1, 2,0, ) Q2 ()
+ 32cos0(x + ng)(x—é-l- %_5) —16(z — £+ ng)ﬂ
q

—mmx+;%Ef@—g+Eizﬁ—4ax+;%zﬁg—xpm%}

{—16Q*(x)cos*0 + 4Q(x)[(€ — x)sin>0

{-8Q(x)cosh(2x — 2§ + le_qg +1)+ (z+ %_g)(g — x)sin*0
— 4(& — x)sin?0 — 64(x + %75)(33 — &+ - z E)2_

—3mm+xz€xx—§+5%zﬂu—5€zf. (A.46)

And now the rest of the spin connections in constrained form:

29" o
Wiy 53 = — T Lz (A47)
1 Qz) ¥
WMM=—&@@%%+WWM%W&W» (A.48)
VE—asind . .
Wy 32 = _Wg gw0¢rw1wov (A.49)
2g$$ wo
Weps3 = —— 7T o (A50)
NCIGN
Woss = —%Q(x)(gwm + g%0%cos)I'%,,,, (A51)

VE— a:sin@gmgww "

We32 = — = | R (A.52)
Qx)? .
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wase =21/ Q(z)(x + ﬁ)(gd’”’1 + g%%osa)%o

Yoo ot q Yoo 9 \y\2
+{16(g"" + g*" (x + _£)+g (@ =&+ —— g))

+4(g%% + g®¥1 (z + o 1 f) + g% (x— ¢ + o 1 )) (€ — x)sin>0
A g ) g ! Tl + 4w )
+32(yg P1bo _|_g¢11/’1 (z + 75) +g¢1¢(m — &4 %6))
Yoto 4 gtoth Yo (g q 4
(g™ +g (x+x_§)+g (w=+ =t =)
4 32(911101110 4 gwowl (z+ %75) +gw°¢($ — &+ %ﬁ))
(97 + g7+ L) g — ek T = 6 )
("' V/Q(x) + ¢¥*\/Q(z)cost) + (¢°1/Q(x)
+ ¢%2/Q(x)cosh)cosh} ((1 — ﬁ) (A.53)

We write the following two in constrained form noting that the term in gs5 writes the same
way in both the two related terms:

. q v q
was2 = /& — zsind{—2(z + xi—f) ¢0¢F$11ﬁ0 +ebel g (97 + gV ?) (1 - )}

(x—¢)?
(A.54)

Weao = /€ — xsinf{/Q(x) gd’o‘szjpo + 23\7%65 o (g%‘/’ + gd"/’cosﬂ)}. (A.55)

The last three spin connection coefficients are:

weae = /(€ — x)Q(w)cosBe‘;eggw(g¢wl + g¢¢cos@), (A.56)

woas = 2/ — wcosfg??” + g*¥ (o + %_g) +g(x - €+ - z Jlesesgu,  (ABT)

£

woas = —/Q(x)sinb[g?"* + g** (z + % )leieigu.  (A58)

5)Jrg""”(ﬂc—é”rgﬁ

§
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