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1 Introduction

Black holes in SO(8)-gauged N = 8 supergravity yield concrete examples of the physics of
the low energy limit of M-theory. The four-dimensional theory was originally constructed
in [1] and proven to describe the massless sector in the spontaneous compactification of
eleven-dimensional supergravity on S7 [2]. The consistent truncation of this theory to the
four vectors gauging the Cartan subalgebra of SO(8) is the N' = 2 U(1)*-STU model, whose
bosonic sector consists of the metric, four U(1)-vectors, three dilatons and three axions. The
static-spherically symmetric black holes in this model were obtained with either four electric
or four magnetic charges in [3]. These black holes were embedded in eleven dimensions
and generalized to hyperbolic and planar horizons in [4]. The spinning solution, with two
dilatons and two axions set to zero, was constructed in [5]. In [3], the BPS limit of the
spherical black holes was found to yield naked singularities in the electric case and not to
exist in the magnetic one. When the four U(1)-vectors are equal to one another, this theory
reduces to the minimal gauged N = 2 supergravity, with the bosonic sector corresponding to
the Einstein-Maxwell theory with a negative cosmological constant. In this limit, spherical
black holes exhibit naked singularities [6], while finite-area black holes must have a locally
hyperbolic horizon [7] and it was unknown whether running scalars would allow for spherical
and planar black holes. Eventually, the first regular, finite-area spherically symmetric and



planar supersymmetric black hole in A/ = 8 supergravity was constructed in [8]. The N =8
black holes are known to contain different kinds of instabilities which have been studied
restricting the number of charges [9-11].

In this paper, we provide a general and simple proof that the four-charge planar electric
black holes of gauged N’ = 8 supergravity are unstable when the temperature is low enough.
Indeed, there is a finite temperature at which the black holes are no longer equilibrium states
in the thermodynamical sense. To this end, we construct the equation of state of these black
holes and compute the determinant of the Hessian of the energy showing that, below a certain
temperature, it is always negative. This means that there is a spinodal line for these black
holes and we construct it explicitly in the pure Einstein-Maxell case.

This result is puzzling for the magnetic supersymmetric black hole. Indeed, from
electromagnetic duality, one would expect that the same equation of state would apply in this
case by replacing the electric charge squared with the magnetic charge squared. However, this
would mean that the supersymmetric black hole is unstable. Following the results of [12, 13]
we propose that the Hessian has to be computed on an energy that goes to zero in the BPS
limit and that satisfies the topological twist condition ab initio, a condition necessary for
the supersymmetric charge to exist asymptotically. Using this mass we find that the black
hole is indeed meta-stable. Metastability of supersymmetric black holes should be expected
as they are at the boundary of the allowed region of stability.

In the first section of the paper, we present the Lagrangian and our conventions. Then
we provide the general non-extremal solutions of [3, 4] written in a slightly different way.
Eventually, we derive the BPS limits of the electric and magnetic black holes. In the second
section, we compute the equation of state of electric black holes and show that there is a
critical temperature at which the Hessian is always negative. There we compute the spinodal
line for the usual Reissner-Nordstrém black hole. Then we analyze the magnetic case, where
there are supersymmetric black holes of finite area. We find that if the ensemble of black holes
is required to have boundary conditions that allow for the existence of a finite supercharge
asymptotically, and the mass is shifted, the Hessian is indeed positive definite. We also discuss
the stability of the non-BPS extremal solutions which admit a first-order description in terms
of a fake-superpotential [14-17]. There are appendices with details which are relevant to
the calculations provided in the body of the paper.

2 STU model

We are interested in studying the dilatonic sub-sector of the STU model, where the complex
scalars parameterizing the special Kihler manifold are purely imaginary z; = ie =%, i =1,2,3,
which leads to a substantial simplification of the model. The effective action principle, that
we consider for practical proposes, is given by

R 1 1 A w1
S= /d‘{m/—g (2 - ;amia#qsi - ;YAFHVF m oy 7z ;cosh gf)i) . (2.1)



The field equations coming from the action principle (2.1) are given by

dYa«FY =0, A=1,....4
1 1, 1 G OY) ,
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They partially reproduce the field equations of the dilatonic sector of the STU model. It
is required to impose also the following equations

PNF2AFI—FIAF =0,
EP2FYANF3 —FPAF =0, (2.2)
PP2F2AF?2 - F3AF =0,

coming from the truncation of the axion fields to zero. These constraints are automatically
fulfilled for purely electric and purely magnetic configurations. The quantities Y, depends on
the scalar fields and are minus the diagonal components of the generalized couplings Zxy, in
the purely dilatonic sector, see appendix A for further details. They are given explicitly by

Y, = eP11+d2+d3—2¢; , Y, = e~ $1—d2—¢3 , i=1,2,3. (2.3)

Reducing to the dilaton fields, some simplifications occur in the supersymmetry transfor-
mations: the Kéhler connection vanishes Q,, = 0, the first four components of the U(1)-section
are real L* € R, and the superpotential is real W € R. Hence the Killing spinor equation
coming from the supersymmetry variation of the gravitino reduces to

A — KA
SUtdzt = D4(e) (2.4)
1

1 1 1
4wab7abe’4 + §AM9M6AB(53060 + ZLTIFawabveABGB + §W’76AB€B =0,

=de? +

a

where we have defined the 1-form Clifford algebra valued v = ~,e®. The supersymmetry

variation for the gaugini are
iA ua i A 1 i7 A S _ab_AB i777M AB
ON = —~H0, 2" +§g f3 IasFopy®¥e™ e + g9U5 006" "ep =0, (2.5)
where in this cases the quantities zi,fé\ and UjM Oy are purely imaginary in the dilatonic

sector. The quantity U;™ is the U(1) covariant derivative of the U(1) section 7 and ?jA
are the first four symplectic components of UjM . The local supersymmetry parameters



A

are chiral spinors satisfying 75e4 = €4 and vse? = —e4, and are related to each other

through complex conjugation (¢4)* = e4. AM are the symplectic gauge fields, and the

embedding tensor is given by

1
Or = E(I,I,I,I,O,O,O,O). (2.6)
The supercovariant derivative (2.4) is the object entering the Dirac bracket between super-
charges that we outline in the next section. Since we are considering real y-matrices, all the
coefficients in the above equation are real. We can write an equation for the Majorana spinor
A = e 4 €4 by combining (2.4) with its complex conjugated. For simplicity, it is useful to
define a complex spinor whose real and imaginary parts are the SU(2) components of the
Majorana spinor ¢ = 1! + iv)2. The Killing spinor equation for the complex Killing spinor is

1 i i 1
(d + gwalﬁ“b — 5AM 00 — ZLTIFab»yabfy + 2ny) ¢=0. (2.7)
The same can be done for the gaugino equations that implies the following equations for
the complex spinor

i1 gyl a a77
(—’y“@uz = 5973 TFupy bty JU]M0M> (=0, (2.8)

See appendix A for the definitions and the explicit form of the ~-matrices that we are
considering.

2.1 Dirac bracket between supercharges

In gauge theories, the conserved charges associated with large gauge transformations are
obtained by the integration of a suitable conserved current on a co-dimension 2 spacelike
surface, due to the fact that the Hodge dual of the Noether current is a closed form, up to
imposing the field equations [18]. In [12] was developed a method to evaluate the superalgebra
in backgrounds that have an asymptotic Killing spinor for ' = 2 gauged supergravity solutions.
This prescription was applied to compute the BPS bound for configurations that asymptote
to AdS or mAdS, resolving the tension between the BPS bound propose in [19] and the
explicit BPS configurations found by Romans [6]. The same analysis was carried out in [13]
for D = 4, N' = 2 gauged supergravity coupled to matter fields, where it was shown that
the 3-form dual to the Noether supercurrent can be written as the exterior derivative of a
2-form up to imposing the field equations. This leads the supercharge to be expressed as an
integral of a 2-form over a spacelike surface in the asymptotic region. The Dirac bracket
between the supercharges is computed by acting with the supersymmetry transformation
on the supercharge leading to

(0,0} = —2 /d (v r0a@ —arADi) | (2.9)

where ©4(¢) is the supercovariant derivative defined in (2.4), and D 4(¢) is its complex

conjugated. We defined the Clifford algebra valued 1-form v = ~,e®*. We consider Q being the

A

product between the Grassmann-odd supercharge and the spinorial parameters ¢, i.e. there



are 1o free indices and it is a Grassmann-even quantity. If the superalgebra (2.9) is computed
in a supersymmetric background, the spinor €4 is chosen to be the Killing spinor of the
background, leading to zero in the right-hand side. However, one can consider a configuration
that breaks supersymmetry in the bulk but it has an asymptotic Killing spinor defined in the
asymptotic region by imposing certain boundary conditions on the gravitino and the gaugini

S =o(1/r"),  oAM =o(1/r"), (2.10)

where the constants n,n; > 0 must be chosen in such a way that the conserved charges
in (2.9) are finite. Configurations having the same boundary condition as a supersymmetric
background can be understood as excitations of it. We will compute the superalgebra in
backgrounds belonging to the dilatonic sector of the STU model. In that case (2.9) can
be written in terms of the Majorana Killing spinor ¢4 as (see appendix C for a detailed
derivation.)

—a 1, 1 1 . 1
{Q,Q}:2/¢ Y5y <5ABd+4Wab'7 b(;AB+§AM9M5AB+ZLTIFab7 b76A3+27W5AB> PPB.
(2.11)

2.2 Electric dilatonic black holes and their singular supersymmetric limits

The four charges electric black hole in the dilatonic sector in the STU model, with a spherical
horizon, was found in [3], and its generalizations to planar and hyperbolic horizons were
constructed in [4]. Here, we present the solution for arbitrary horizon geometry controlled by
the parameter £ = —1,0, 1 leading to hyperbolic, planar and spherical horizons. The BPS
limit of the configurations can be analysed in a simple way by introducing a parameter ¢
through a change of coordinates. The metric reads

f(r) o H(r), o 2 da? 2y 1,2
ds® = — dt d H(r) | ——— + (1 — ka*)d 2.12
s O + ) e+ (r) 1—k:x2+( x)dy” |, (2.12)

r? m
fr)=k+ ZHE) == =5 H()=HHHH, H=1+%. (213
The dilatons and the gauge fields are
1 HyHj 1 H1H3> 1 <H1H2>

=21 =1 =-1 2.14
$1=3 Og(H1H4> ; $2 =3 Og(H2H4 ; ®3 38\, ) (2.14)
AA:< @n )dt, 2=k + —q. 2.15
N KA Qr = qrk +aam —q (2.15)

Where pup is related to the electric chemical potential which is fixed in terms of the rest of
the parameters in such a way that the gauge fields are regular in the Euclidean configuration.
A necessary condition, and sufficient in this case, to preserve some amount of supersymmetry
is that the matrices of the gaugino equations (2.8) are not invertible. Imposing that the
matrices have zero determinant implies the following relation between the parameters

2

o (2.16)

“he=op



The BPS configurations exist only in the spherical and planar case, even though they are naked
singularities, they have a Killing spinor defined on the geometry. For the hyperbolic case the
condition (2.16) leads to purely imaginary gauge fields, which only can make sense by Wick
rotating the time coordinate leading to a FEuclidean configuration without a Lorentzian limit.

The Majorana Killing spinor for the planar BPS configuration can be found and is given by

GAm) = B ) Ba + e (2.17)
pI\” T 2H/8(r) ApI{r pI(7")71){0AB T €4BY0)¥0 » .

where ¥{ is Majorana constant spinor and the relevant functions are

1/2 1/2 )
api(r) = (1— *j;%) s Bo(r) = <1+g> . falr) = T—H—r%. (2.18)

L2
pl pl

The projector dap + € 4570 has matrix rank equal 2, which implies that planar BPS config-
uration preserves four real supercharges. Note also that the Killing spinor diverges at the
curvature singularities of the manifold which are located at H(r) = 0.

The Majorana Killing spinor for the spherical BPS configuration is explicitly given by

1/4
WAt ray) = 22 1)

it i _1
2H1/8(7a> 3T o37012 AICCOS T, — 51723 (asp(’r’) + ﬁsp(r)’Yl)((sAB + 5AB’YO)@Z)(J)3 ,

(2.19)
where the radial functions are

1_m 1/2 1_m 1/2 9 9
Qsp (1) = <1+ fl/?) , Bsp(r) = (1 - f1/§r> : fep(r) = ZQH+(1 - ;’;) )

sp sp
(2.20)
This background preserves four real supercharges, hence it is 1/2 BPS, and the Killing spinor

diverges at the singularity. The spinor depends on all the coordinates, which is also the
case in the purely AdS background.

2.3 Magnetic dilatonic black holes

The first example of, asymptotically globally AdS spacetime, supersymmetric static black
holes was given by Cacciatori and Klemm [8] by considering extremal magnetically charged
black holes. They also considered hyperbolic and planar horizon topology. The non-extremal
version of the spherical black holes with an arbitrary number of vector multiplets and FI
terms was constructed in [20]. In [17] a family of non-extremal solutions was constructed
which contain, in certain limits, the solutions of [8] and of [3, 4]. Here we present the dilatonic,
magnetic black hole configurations in a slightly different parametrization which allows us
to straightforwardly connect, through a suitable BPS limit, the magnetic version of the
four-dimensional black holes constructed in [3, 4] to the BPS configurations of [8], when the
theory allows an embedding in the maximal gauged supergravity.



The metric of the configuration is

" dz?

ds? = — \/f%dtz + \/f?dvﬂ + 2\ JH(r) (1 _xkxg +(1- kw?)d?f) : (2.21)
r2 m

f(r):ﬁH(r)—i—k—?—?%, H(r) = HiHoH3Hy, HA:1+q7Aa (2.22)

and the matter fields are given by

1 HyHs 1 H1H3) 1 (Hng)

¢1 2 0og <H1H4> ) ¢2 2 og <H2H4 ) ¢3 2 og H3H4 )
1

AN — \ﬁPAxdy, P} =@k+qum —q, (2.23)

Note that the magnetic charges Py are related to the rest of the parameters in order to
satisfy the field equations. This configuration corresponds to the magnetic black holes
constructed in [3] with different topologies for the horizon. The parameter ¢ allow to analyze
the BPS equations in a simple way, and it was introduced through a diffeomorphism by
shifting the radial coordinate.

The vanishing of the determinant of matrices entering in the gaugini variations (2.8)
implies a relation between the parameters that can be established in a simple way in terms
of the variable pp related to the gy as

q1 11 1 1 P1
@ | _ 1-1-11 D2 (2.24)
q3 1-11 -1 ps | '
q4 11 —-1-1 P4
The supersymmetry conditions are given by
8
m = —2kp1 + T5p2pspa, (2.25)

4
ﬁ(p:?pi + P3P} + P — 2pipopaps) . (2.26)

These are sufficient conditions to have a non-trivial Killing spinor satisfying (2.4). In this

1
g = =KL + k(=pt +p} + P} +pi) -

limit, the magnetic charges and the metric function can be expressed as follows:

P, 11 1 1 kL?
Py _ i 1-1-11 4pspy (2.27)
P3 2L 1-11 -1 4p2p3 ’ ’
P4 11 —-1-1 4p2p4

1 [k 2
f(r) = 733 <2L2 + (r+p1)* —p3— 13 —zﬁ) 7 (2.28)

where p, are real provided:!

(PL+ P, —kL)(Py+P3s—kL)(P,+P3s—kL)<0.

If this condition is not met, we need to change the last three signs in the last column of the matrix on the
right-hand side of eq. (2.27).



The metric function factorizes in a perfect square, then if there is any horizon, it will be an
extremal horizon. For the BPS configuration it follows that

1
Py =2kl <+ —T'M@y, =k, 2.29
Z A NG M (2.29)

which was recast in a symplectic-invariant way by using I'M that is the symplectic vector of
the topological charges I'M = (PA, Q4a), and Qp are the electric charges that in the present
case are zero. The condition (2.29) is known as the topological twist condition, and it was
shown in [14] that (2.29) is a necessarily condition to have a BPS static configuration with
dyonic topological charges in D = 4, N/ = 2 supergravity with vector multiples and FI terms.

The configurations satisfying the BPS conditions (2.25) and (2.26) have a well-defined
Majorana Killing spinor given by

)1/4
A(r) = f((r))l/8 411(1 +7) (648 — £aBY23)UE (2.30)

where w(’? is a constant Majorana spinor. The projector (1 + v1)(dap — £4p723) rule out 6 of
the 8 components of the doublet ¥)f*. Hence, the magnetic BPS black holes for any geometry
of the horizon have 2 real supercharges, which corresponds to 1/4 of the total supersymmetry.

3 Thermodynamic analysis for planar configurations

In this section, we will analyze the thermodynamic stability of the planar black holes in both
the electric and magnetic cases. In this case, the equation of state can be written analytically
in terms of the horizon “area-density”, given by

A=r2\/H(ry). (3.1)

From now on, with a slight abuse of notation, we will refer to it as the horizon area. In our
units the length dimension of A is 2 and the length dimension of the electric charges @, is 1.

3.1 Stability of electric black holes

Considering the electric configurations with arbitrary parameters given in (2.13), we can
solve the parameter m, which up to a numerical factor corresponds to the boundary term
given by the on-shell value of the Hamiltonian density [21, 22], in terms of the horizon area
and the electric charges Qx,

4 1/4
E=m= AW[H( +QA>] . (3.2)

The energy density given in (3.2) reproduces the Hawking temperature, up to a numerical
factor, by computing its derivative with respect to the horizon area
-1
m A? 1 OF
1| ==——=. 3.3
L2Z<L2 QA) ] 21 DA (3:3)

= A A




For the electric black holes, the regularity of the gauge fields at the horizon fixes the chemical
potentials pp in (2.13). This can be also reproduced by the computation of the partial
derivative of the energy (3.2) with respect to the electric charges

QA mQa 1 OF

UA = = = ——-. (3.4
V2riHy(ry)  V2(34 +Q3%)  V20Qa )
Then, we can construct the first law for the electric black holes
1 1
—O0E =TS+ ——= 0Qxp , 3.5
& H 87T\/§ZA:MA Qa (3.5)

where the factors can be reabsorbed in the definition of the energy density E and the
electric charges Qx.

Having an expression for the energy density as a function of the physical charges and the
entropy of the electric black holes, we can analyse the stability of the system by studying
the Hessian matrix

OF
aledlb’

which is a 5 x 5 symmetric matrix, and hence there is a limitation to find the eigenvalues in

Hap = "= (A/L7 QA) : (36)

a closed form for a generic value of the parameters. However, the determinant of the Hessian
can be written in a simple form in terms of the temperature as follows

detH = " ! S Q3 (3.7)
ARV ER 16E3LA £ YA ‘

Clearly, for all the extremal black holes, i.e. Ty = 0, the Hessian has at least one negative
eigenvalue, indicating an instability. Consequently, all the extremal electrically charged black
holes in this ensemble are thermodynamically unstable. Furthermore, even above extremality,
there is a finite gap for which these black holes are all unstable.

Now we will specialize in the computation for electrically charged Reissner-Nordstrom
black hole with a planar horizon, which is obtained by setting ¢x = 0 and defining Q? = —q.
The metric function and gauge fields reduce to its standard form

2 m o Q? Q
== - —+ = AN = [ — dt .
OERL (). (38)
and the temperature of the black hole becomes

3A2 _ L2Q2

T == e

(3.9)

In this case, it is possible to compute the eigenvalues of the Hessian matrix (3.6) which
are given by

2 122
o A (3.10)
IA(A2 + [2Q?)
1 3L2Q2 Q? Q*
@:Mme+fﬁi¢H”Rﬂwﬁﬁ’ (3.11)



where A\ has multiplicity three. The eigenvalues Ay are always positive for any value of
A >0 and @ € R, while the triple eigenvalue A is positive for large black holes compared
with the AdS radius and the electric charge, namely A > L|Q|. Whence the spinodal line,
which separates the stable from the unstable region, is located at A = L|Q|. Consistently
with our previous discussion, the extremal black holes are obtained at A = L|Q|/v/3 < L|Q|,
namely outside the stability region.

3.2 Stability of magnetic planar black holes

The planar magnetic black holes presented in (2.21) have a well-defined BPS limit that
generically represents extremal BPS black holes with a globally defined Killing spinor (2.30).
One can notice that for the magnetic black holes (2.21), it is also possible to solve the
integration constant m in terms of the horizon area A, defined in (3.1), and the magnetic
charges Pp as

1 A2 N\
m=— [1;[ <L2 +PA>] . (3.12)
Then, if m is identified with the energy density of the configurations, we can run the same
argument that we outline for the electric black holes and conclude that the extremal BPS
black holes are unstable. This is in tension with the fact that the magnetic planar BPS black
holes are vacuum states of the theory, and therefore are believed to be stable. In what follows,
we will show that the configurations (2.21) with k£ = 0 asymptote to the BPS configurations,
in the sense that they admit an asymptotic Killing spinor which leads to finite conserved
charges, if and only if the topological twist condition (2.29) is satisfied. Then, we compute
the Dirac bracket between the supercharges for the asymptotic Killing spinor, showing that
the quantity that we would like to identify with the energy density should vanish in the
BPS limit. We will take this fact into account to propose an energy density that leads to
a semi-positive defined Hessian matrix on backgrounds that satisfy the topological twist
condition imposed at the beginning of the analysis.

To simplify the analysis we consider the supersymmetry transformation for the complex
spinors, and denote the complex gravitino and complex gaugini as the chiral one but erasing
the SU(2) index. The leading order of the gaugini equations expanded at r — oo goes as 1/r
and is a matrix equation that can be solved by imposing the following projector

1
Coo = 5(1+71)X007 (3.13)
then the subleading term of the complex gaugini equations read

1 [(PP = PP = (P} = Bp)?

i_ L 4 . _3 o
M=o 2Lm? +¥QzAPA1’Y23 oo F0(r™2), iFjFEFL,
(3.14)
1-1-11
Qu=|1-11-1]. (3.15)
11 -1-1

,10,



It is interesting to notice that the matrix in bracket in the subleading term is invertible
unless the Py and m satisfy the BPS conditions; the same will happen for the subleading
terms in the gravitino equations. Using the projector (3.13) the gravitino equations for the
complex spinor in the asymptotic region are given by

0V = 040 + - Z Prv023¢0 + 0(1"_2) , (3.16)
8Lr n
1

0Wy = OrGoo = 5-Coo + o(r~?), (3.17)

6\111‘ = xCoo + 817 Z PA’Y3COO + O(T72) 3 (318)

A

0y = Dyl — =23 Paloo + — 3 Payaloo + 0(r™2). (3.19)

4 n &r n

Note that the second term in the equation (3.19) is leading in the expansion on r, thus,
a necessarily condition on the background to have asymptotic Killing spinors is that the
topological twist condition (2.29) must be fulfilled. Solving the leading order of the above
equations equal zero, and going back to the Majorana spinor, we find that the asymptotic
Killing spinor on a background that fulfills the topological twist condition is given by

1
Vi (r) = 52+ e +o(r™2) =1 PPapyg (3.20)

where 1/1()4 is a constant doublet of Majorana spinors. Observe that the radial dependency
agrees with both the expansion at infinity and the projection 1 + ; of the Killing spinor of
the BPS background given in (2.30), and there are no further projections of the asymptotic
Killing spinor. Therefore, the asymptotic spinor (3.20) has 4 independent real components
which represent an enhancement of the 2 independent real components with respect to the
global Killing spinor defined in the vacuum (2.30). Indeed we can assert that the asymptotic
Killing spinor can be split into two independent spinors obtained by projecting (3.20) with
the projector

Php = (14 7)(0ap +eapy2s). (3.21)

] =

Computing the right-hand-side of the algebra (2.9) on the background (2.21) satisfying the
topological twist condition for the asymptotic Killing spinor (3.20) we get the following result

2¢1/2 ;.3

{Q,0}=—= ZH1/4 l( 17"[7];/\ 1ZHA> ¢§70PAB¢§—7;/\\%A75€ABPBC@D§ dzAdy.

(3.22)
Note that the last term would be combined with the first term if the asymptotic spinor would
satisfy the extra projection condition that we are lacking to reproduce from the asymptotic
analysis. We proceed as follows, let us consider the two independent Killing spinors obtained
by projecting the asymptotic Killing spinor (3.20) with (3.21) and then computing Dirac
bracket between supercharges twice, one for each independent spinor. To emphasize this fact
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we include a subscript in the supercharge Q.. The resulting algebra is the following

F271/2 3
{Qi,gi}—Q/ Z ( fA + = Hy i) o Phpugde ndy,  (3.23)
:iMiEO VPApYS /dﬂf/\dyv (3.24)
where
L
M. = 2m3(m + mipg)(2m” = mpps) , (3.25)
103 1/2
2 _ 2
Mpps = 1T <Z QiAPA> : (3.26)
2V2L 5\

and €2, is defined in (3.15). We will show that indeed, the charges are such that m3pg > 0
in the region of the phase space where the black holes exist. As expected the BPS bound
computed with the spinors that asymptote to the Killing spinor of the background (2.30),
i.e. with the lower sign, leads to a non-trivial constraint on the parameter m

M_ >0 = m > mpps. (3.27)

While the BPS bound coming from the asymptotic Killing spinor with the upper sign is
trivially fulfilled. Now, we go back to the issue of the definition of the energy density in
this configuration.

Note that the derivative of (3.12) with respect to the horizon area correctly reproduces the
Hawking temperature of the black hole. To avoid spoiling the above relation, any reasonable
attempt to define a new thermodynamic energy density can only differ from (3.12) by the
addition of a function of the magnetic charges.

For configurations satisfying the topological twist condition, we propose the following
definition of energy density

E= m(A, PA) - mes(PA) , (328)

where m(A, Pr) is given in (3.12) and mppsg is given by (3.26). Under these considerations,
it is straightforward to prove that the 4 x 4 Hessian matrix is semi-positive defined on
extremal configurations.

Now we move to the discussion on the existence of black hole configuration in the extremal
limit that satisfies the topological twist condition. First of all, observe that the location of
the horizon in terms of the horizon area and the location of singularities in terms of the
integration constant m and ¢ are

. g (3.29)

respectively. The black hole configuration exist if rg > r/(\smg) which implies that

1 A2
<L2 + PA> >0. (3.30)
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The existence of a zero of the metric function f(rg) = 0 implies the existence of a horizon
with horizon area A > 0. The equation (3.30) implies that if such a condition is fulfilled,
a horizon automatically covers the singularities.

Extremal configurations have Hawking temperature equal to zero. The Hawking tem-
perature for the magnetic black hole configurations is obtained by computing the derivative
of the energy (3.28) with respect to the entropy over 8w, leading to

Tz Z( +PA>_ — 1] : (3.31)

Replacing the topological twist condition on (3.31), we find that the right-hand-side gets

m(A, Py)

Ty —
= 4 A

factorized and consequently
Ty =0 - P01+(A, PA)POI,(A, PA) =0, (3.32)

where

At A2
Pol.(A4,Py) = (2+ 1 i+ o7E Z P F HPA satifying > Py=0. (333
A

The greater root for A coming from Pol_(A, Py) = 0, which we call A_, correctly reproduces
the horizon area of BPS black holes. While the greater root for A from Poly (A, Py) = 0,
which we call A4, corresponds to the horizon area of non-BPS extremal black holes. In
the surface with Ty = 0 for configurations satisfying the topological twist conditions, there
are three magnetic charges as remaining free parameters. The horizon areas Ay and A_
take values on this space. It is interesting to note that in the region where A_ > 0 we
have A, < 0 and vice versa, therefore, the location where A_ = 0 coincides with A, = 0.
This is depicted in figure 1.

One can interpret this result as follows. For extremal black holes, there are certain
boundary conditions that allow the existence of supersymmetric magnetic black holes, and
its complementary region will lead to extremal non-BPS black holes. These two essentially
different boundary conditions lead to the horizon area A_ and A, respectively, that can
be written in terms of quartic invariant quantities constructed out of the embedding tensor
6, the topological charges symplectic vector I'M and Ky ~NpQ rank-4 completely symmetric
tensor of Sp(8,R). The explicit form of the horizon area for the extremal BPS black holes is?

2
3[2 3[2 1I4

A2 =22 e 34

- 2[0+ <2IO> 41y’ (3:34)

since Iy < 0 then the area is real an if I < 0. The horizon area for extremal non-BPS
black holes are

2
15 11 1 Iy
A2 =22 ~= — = )
+ 2IO+ <2IO> +1210 (3.35)

2For the expression of A_ in terms of SL(2,R)*-invariants see [23]. Here we also give the analogous
expression for the horizon-area A, corresponding to new extremal non-BPS solutions.
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again Iy < 0 then the above area is real if Iy > 0. We have defined

1
Iy = —21:(0,0,0,0) = -, (3.36)
I, = —27,(I,T,T\T') = 4HPA, (3.37)
I :—7121 (T,0,T,6) 6L22A: (3.38)

where the last relation was obtained provided that >, Py = 0, see appendix D for the
definition of the tensor Z;.

3.3 First-order description and stable extremal non-BPS solutions

The BPS solutions discussed above admit a first-order description in terms of gradient-flow
equations defined by a suitable black-hole superpotential. The general form of the latter
was found, in the spherical horizon case, in [14]. A general discussion of the first-order
description of extremal solutions in the STU model was performed in [17]. Using the following
standard notation for the spacetime metric:

ds? = —e~2U @2 4+ =2 @2 + 20 2 (3.39)

where d?Q is the metric on the horizon and U = U(r), ¢ = #(r), the superpotential for
the BPS case can be written in the form:

W (U, 2 2) = eV (2+i20"Dw). (3.40)

where Z = VICT is the N' = 2 central charge and W = V7 § is the gauge superpotential.
In our solutions:

U(r) = 1log (szigz/2> , P(r) =log (rf(r)l/Q) (3.41)

The scalar fields satisfy the gradient flow equations:

dzt _
d—i =2 W g0,

There is a non-BPS branch of extremal solutions whose first-order description was studied
n [15-17]. The fake-superpotential for the dilatonic solutions has the form

3
Wyonpps(U, 1, 2%, 2') = eV (; <Z+ZDiZ> +¢62(¢U>W> , (3.42)
=1

where:

DZ =¢ (az- + ;ai/c) z, (3.43)

are the three matter charges, eg being the inverse vielbein matrix, see appendix A for the
relevant definitions related to the special geometry of the model.
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A<0&A>0

\ A,>0 & A_<0
s 4 — A;=0

P,IP,

P1/P4

Figure 1. Considering P3 = —P; — P, — Py, we consider the plane (P; /Py, P,/ P;) where the coloured
regions correspond to the existence of susy black holes with A_ > 0. We defined A as the grater
root for A of Poly (A4, Py) = 0.

The expressions for the relevant quantities for these non-BPS solutions are obtained from
the corresponding ones derived above for the BPS black holes, upon changing Py — —Pj.
The topological twist condition (2.29), for instance, for the flat-horizon case, becomes:

P+P+P;—Py=0. (344)

Just as it happened for the BPS case, the above condition implies a factorization of the
expression of the temperature Ty. The horizon area now corresponds to a root A’ given
by that of A_ by changing Py — —Py:

2
3[2 3[2 1I4
A? =22 o2 ~2 A

- 2]0+ (21()) +4.70’ (3:45)

since Iy < 0 then the area is real an if I, > 0. The expression of the Hessian, as a function of
the charges, is the same as that of the BPS case. By the same token, we then conclude that also
these non-BPS extremal solutions, described by first-order gradient flow equations, are stable.
Stability seems then to be implied by the existence of a first-order description of the solution.

By the same token, we also find, for suitable values of the magnetic charges, extremal
non-BPS solutions with area A’ whose expression is obtained from that of A by changing
P4 — —P4:

2
11, 11, 114
A? =22 L A

+ 2[0+ <2I0> 12 I (3.46)

Reality of A, then requires Iy < 0. We conclude that the condition I < 0 does not uniquely
define the BPS configuration. This is to be expected since, in the two cases, the linear
conditions on the charges, (2.29) and (3.44), are different.

The stability of the magnetic configuration can be compared with perturbative stability
analysis existent in the literature [24, 25] where the authors studied the perturbative stability
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of magnetic configurations in the context of the purely dilatonic sector of the STU model.
In particular, they studied the stability of magnetically charged AdSs x R? geometry, which
corresponds to the near horizon region of the extremal magnetically charged black holes
considered here.

Considering the extremal limit of the magnetically charged black hole solutions in (2.21)—
(2.23), we can find analytically an expression for the value of the scalars at the horizon

m2A

, =1,2,3. 4
PIy AZjI3) PR+ A%jLe)| 0 TS (347)

¢i(ry) = —log (

In [25] they studied a perturbation of the STU model of AdSs x R? background in the
T3-truncation of the STU model, and gave an analytic expression for the eigenvalues of the
mass matrix. These backgrounds can be obtained from our black holes by taking the extremal
limit and then the near horizon geometry for +P, = +P, = £ P3 = P, for any choice of the
relative signs. The smallest eigenvalue of the mass matrix of the perturbation is given by [25]?

-4
1 X)?
L3ds,Mimin = _ L _GE3X) 134 Ls : (3.48)
4894+ 3X +X
_ Al/2
X = mn (3.49)

(772+A2/L2)1/2(P3+A2/L2)1/2’

where Lags, is the AdS radius of the AdSs near the horizon and X = Yfl/Q = Y{l/z =
Ygfl/ 2 = Y41/ % evaluated at the horizon. The BF bound on the AdS, is violated when
X < (-1+ %)1/4. We found that for the BPS configuration X saturates the bound X |gps =
(—1+ %)1/4 in agreement with [25], while for the non-BPS configuration X|non_pps = 1 >
(=14 %)1/ 4 which is above the BF bound indicating that the instability is not triggered
by the particular perturbation considered in [25]. For the non-BPS, thermodynamically
stable configurations, we found that they also saturate the BF bound, as they are obtained
from the BPS configurations by mapping Py — — Py, and the value of the scalars at the
horizons depends on the Pf.

4 Conclusion

In this work, we presented a simple argument to prove the thermodynamic instability of
extremal planar 4-charges electric black holes in the STU model of the maximal theory in
D = 4. This result constitutes a generalization of the instabilities of electric black holes
studied in [11]. The argument can be made sharper to conclude that there is a finite critical
lower temperature for which electrically charged black holes are unstable, indicating that the
mechanics that trigger the instability do not rely on particular features of extremal black
holes. We note that indeed it is well known that extremal black holes are unstable under
charged perturbations [26]. However, the phenomenon presented here is different because
it does not require extremality and occurs at fixed charges. It seems, in other words, to
somehow capture the non-linearity of gauged N' = 8 supergravity.

3The exact mapping between conventions is the following: ¢P™® = —pthere Ahere = gAthere and [ = 1/v/2.
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It would be interesting to investigate which kind of instability is at work. There are at
least two candidates: a Gregory-Lafflamme type of instability, due to the presence of flat
directions; a superradiance effect that could appear in rotating black holes, as in our case,
from the point of view of 11D supergravity, the system corresponds to rotating M2-branes
along the U(1)? isometries of the S”.

We also considered 4-charge magnetic black hole configurations with different horizon
topologies constructed in [3, 4], and presented them in a slightly different form that allows us
to prove that they do have a regular black hole BPS limit. This result shows that, when the
embedding in the maximal theory exists, the non-extremal configurations which generalize [8],
correspond to the black holes discussed in [3, 4] and, in the spherical case, they coincide
with the non-extremal black holes presented in [20].

Within the context of extremal magnetically charged black holes with flat horizon
geometry, we identified three families of extremal black holes classified by their boundary
conditions. One of them corresponds to the family of extremal BPS black holes, whose
fields can be written as a solution of a first-order system of equations controlled by a
superpotential [14], and the quartic invariant in the charges turns out to be negative. The
thermodynamic stability analysis of the Hessian matrix imposing the topological twist
condition ab initio indicates these configurations are metastable. The remaining two families
of black holes are extremal non-BPS and they differ in the sign of the quartic invariant; this
suggests that the sign of the quartic invariant is not a sufficient condition to identify a black
hole configuration as supersymmetric or not. One of these families is obtained from the
extremal BPS family by flipping the sign of the magnetic charge of the graviphoton, and
thus satisfies a topological twist condition with one sign flipped. This class is also described
by a first-order system controlled by a fake-superpotential [16]. We assert thermodynamic
quasi-stability for the black holes belonging to this family, and the perturbative stability
analysis carried out in [25] shows that the mass of the perturbed scalars saturate the BF bound
in the AdSs. The last family corresponds to extremal non-BPS configurations that exist for
certain choices of boundary conditions in a complementary region in the space of the magnetic
charges where the two latter families exist. These black holes are not described by a first-
order system and its Hessian has generically negative eigenvalues indicating thermodynamic
instability. Applying the analysis in [25] to these backgrounds leads to scalars whose mass
squared is above the BF bound of the AdSs, indicating that the instability is not triggered
by the perturbation considered in [25]. A more exhaustive perturbative analysis is required
to explore this further. In general, all these instabilities open the question of what is the
phase diagram relevant for supergravity and its dual field theory, something that we expect
to explore in the future along the lines of [27].
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A The STU model from maximal supergravity

Let us recall in this appendix the basic facts about the STU model and its embeddings in
the SO(8)-gauged maximal supergravity [3]. This STU model describes ' = 2 supergravity
coupled to 3 vector multiplet, with a suitable Fayet-Iliopoulos (FI) term. The four vector
fields gauge a Cartan subalgebra of the s0(8) gauge algebra. The corresponding gauge group
SO(2)* = SO(2)o x SO(2)1 x SO(2)2 x SO(2)3 C SO(8) can be chosen so that each factor
act on one of the four couples (4y), I = 0,...,3:

Ao=(1,2); A1=(3,4); A2=(56); A3=(7,8).

in which the R-symmetry index of the eight gravitini ¢;,, i = 1,...,8, of the maximal
theory, can be split:

U, ={¥a,utr=0,.3,

so that the couple of gravitini ¢4, , transform as a doublet under SO(2);. The bosonic
sector of the STU model is defined by the fields of the A/ = 8 theory which are singlets
under SO(2)*. The 28 gauge fields A;[f , I,J =1,...8, of the parent model, transforming
in the 28 of SL(8,R), together with their magnetic duals Azj,, yield, upon truncation, the

following singlet vector fields
(A1) = Q- (A2, AB AP0 ATS Avs i, Asay, Asep, Arsy) - (A.1)

The above fields transform as a symplectic vector in the (2,2,2) of the classical global
symmetry group SU(1,1)3 of the N’ = 2 theory and €2 is a constant 8 x 8 symplectic matrix
encoding the freedom in the choice of the basis of the symplectic representation (symplectic
frame). We shall discuss the relevant symplectic frames below.

The 70 scalar fields ¢*3%' of the maximal theory, transforming in the 70 of SU(8),* upon
reduction to SO(2)*-singlets, reduce to three complex scalars

(b12)(34)> P(12)(56)> P12)(78)) = 7' = xs +ie ¥, i=1,2,3

spanning the scalar manifold of the STU model:

Mycal. = (SUU((117)1)>3 .

This is a special Kihler manifold® whose isotropy group U(1)? being the subgroup of SU(8)
commuting with the SO(2)?* residual gauge group. The isometry group SU(1,1)3 defines
the on-shell global symmetry group of the classical theory, acting on the eight Ai‘[f in the
(2,2,2) symplectic representation, as mentioned above.

The fermionic sector, on the other hand, depends on the factor SO(2);, within SO(2)4,
which is chosen to lie within the R-symmetry group of the N'= 2 model. This sector of the

*Recall that the ¢'*' satisfy the reality condition ¢'** = L IR (i3
5See [28], and references therein, for a review of special geometry and of the gauging of A = 2 models in
the embedding tensor formalism.
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corresponding STU model, which will be referred to as STUjy, is then defined as the singlet
sector, within the maximal theory, with respect to the remaining group SO(2)? = SO(2), x
SO(2)k xSO2)r, I #J # K # L # I and 14, are the spin-3/2 fields of the truncation.
The consistency of this truncation is guaranteed by the fact that the STU; model, so defined,
is the singlet sector with respect to the subgroup SO(2)? = SO(2); x SO(2)x x SO(2)[, of
SO(8). Choosing, for instance, the STUy model, whose gravitini are 14, , = (¢1 4, 12,), the
spin-1/2 fields which are singlets with respect to SO(2); x SO(2)2 x SO(2)3, are:

(034 \A056 Z\A0T8) — Nido ;i — 123 Ag=1,2.

and enter the three vector multiplets together with the complex scalar fields and three of
the vector fields.

Upon reducing the gauge group of the maximal theory to SO(2)* and the electric/magnetic
duality index to the eight SO(2)*-singlets, the gauge connection reduces to:%

AV Xy = A on" (A.2)

where ¢ are the four generators of SO(2)%. In the STU; model, only ¢; has a non-trivial action
on the fermionic fields and thus the only minimal couplings involve the spin-1/2 and 3/2 fields
and the single vector combination Aﬁ/l ©r!. The 8-component symplectic vector ©;! defines
the FI term of the model and the corresponding scalar potential. For the sake of concreteness,
we shall work in the STUy model, which we shall simply refer to as the STU model, denoted
by 6 the corresponding FI term ©,° and by A, B = 1,2 the R-symmetry indices Ay, By.

geometry of the spacial Kéhler manifold .., is described in terms of a holomor-
phic symplectic section Q2 (z;) which, in the symplectic frame that we adopt and modulo
multiplication by a non-vanishing holomorphic function, reads:

oM = (2223, 2123, 2122, —1, 21, 22, 23, —212223) , (A.3)
The Kéhler potential, for instance, reads:
K(z,z) = —log(i a'c Q) = 8Tm(z1)Im(zp)Im(z3) = e~ #17 92793 (A.4)

where C is the Sp(8,R)-invariant matrix:

C (A.5)

Il
/N
|

'_lO
o =
~__—

The metric reads:

1 ’ 20 0\*
26ijzzei(ej) ) (A.6)

(i — 20) i=1

gis = 005K = —

where el is the complex vielbein matrix. We also define the covariantly holomorphic symplectic
section VM (z,2) = e£/2Q(2)M, in terms of which the A" = 2 central charge Z on a given
solution and the gauge superpotential VW induced by the FI term, read:

z=r".c.v, w=vT.9, (A.7)

I = (I'M) = (P*, —Q) being the symplectic vector of quantized charges.

5We absorb the gauge grouping constant g in the embedding tensor.
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The relationship between the different STU; models within the maximal one can be
inferred from inspection of the gravitino shift-matrix A5 as a function of the singlet scalars,
whose only non-vanishing entries are:

_ 1 1 =7
A L hY=—"7W=—2V .0,
1 Ag, Ao ( ) \/Q \/é

1 .

=Wy =—=D;VMO,', i=1,2,3, A8
\/5 (2) \/i 1 M ( )

where D;VM are the Kéhler-covariant derivatives of VM:

_ 1
Ay A A (L l)

)

. , 1 . .
DiVM =i D, VM = ¢l (82- + 5 &-IC) VM el = (2 — 7)ot

If Wy = W is the gauge superpotential in the STU=STUy model, W;) is the corresponding
function in the STU; model. In the chosen symplectic frame, we have:

1
eMz@MO:E(1,1,1,1,0,0,0,0), (A.9)

On' =01 oy, On® =0y Oy, On® = 051" Oy,
where the symplectic matrices O;, i = 1,2,3 read:”
0, =diag(1,-1,-1,1,1,-1,-1,1),
Oy = diag(—1,1,-1,1,-1,1,-1,1),
O3 = diag(—1,-1,1,1,—1,-1,1,1).
Moreover, one can verify that:

O;-V(z,2) = D,V

(ZZ‘A)ZZ‘, Zj#iﬁffj) ’

Oi - Djv - ’Q’jk‘ Dl%v (zi—zi, 2jpi—>—27) (A10>

Using the first of the above properties, one can verify that:
Wiy =W . A1l
@ (zi—zi s Zj#i%—fj) ( )

We then conclude that solutions to the STU =STUy model are mapped to solutions of the
STU; one through the following transformation:
{F—>(9¢-F, 00 =00
STUg — STU; < - (A.12)
Zi — Zi, Zjti —r —2Z3

Under this transformation, a BPS solution of the STU model is mapped into a BPS solution
of the STU; one, which is non-BPS in the original truncation but BPS in the maximal theory.
The action of O; for going from STUy to STU;, at the level of R-symmetry indices, as an SU(8)
compensating transformation, has the effect to exchanging the couples (Ag) = (1,2) with (A;)
and (Aj) with (Ag), i # j # k # . For instance, O implies (1,2) <+ (3,4) and (5,6) <> (7,8).

"The matrices O; (i = 1,2, 3),together with the identity matrix ¥gxs define a Klein group Za x Zz. They
satisfy the relation
O; - Oj = 5¢j“‘ + ‘Eijk|0k .
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Action and supersymmetry transformations. The N’ = 2 gauged STU model has the
following bosonic action principle (we set 87Gn = 1):

R — 1 1
S = /d4x\/—g (2 — 9502017 =V (2,2) + ZIAEF;\VFEW + SQRAEFSVF,EEWPU) .

(A.13)

where 4,5 = 1,2,3, A,2X =1,...,4 and we are considering the symplectic frame described by a
holomorphic section of the form (A.3). This frame is associated with a prepotential of the form

F(X) = 2iVX0X1X2X3 (A.14)

Indeed QM (2), modulo multiplication by a non-vanishing holomorphic function, can be
written in the form QM = (X4 9F/0X") provided we identify:

I XiX?2 1 X0Xx2 o/ Xox! A
T\ xoxse 2T\ xixse BT 7\ xaxs (A-15)

The Kéahler potential and the metric are given in eqs (A.4) and (A.6), respectively.

The supersymmetry variations of the fermions in a bosonic background are given by?®

1 1
SU4 = Dye + ~ LA F oty y,eBep + < i(0) A 0ePC Waes (A.16)
4 2 —
§JAB
. . 1 .
SNA = —Buz"y“eA + ig”fé\IAg ) TN eABep 4 WidBep (A.17)
where
1 1 )
Due? = 0,6 + —w, P yape + AN 0y i(0%) peP —I—EQHGA , (A.18)
4 2 # - 2
EAB(chEC
Q, = %(&K@,ﬁ 0K 8,7) Ze@auxz, (A.19)
VM = K2OM — (LA M), K= —1og[—m(z)T<cﬁ(z)] : (A.20)
w=vM On (A.21)
V(2,2) = §7DW DNV — 3SWW, (A.22)
WitB = (%) Pl g1 7V 0)) . (A.23)
—_————
§AB
and the embedding tensor ), was given in (A.9).
8We consider (02)*c = —id{'0% + i65'6%, for which the following identities hold i(c?)*ce?C = 648,

i(02)ge? = e1%cpel, i(0?)cPe? = 648, Requiring that (02)'s = (02)12, meaning that they are the

same matrices, implies that (6%)p? = —i6503 + i0%07" leading to the identity i(c?)cPe* = 645,
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Relation to other symplectic frames. Let us now give the explicit relation between the
symplectic frame used in the present work and other frames commonly used in the literature.

Frame 1. The first is the symplectic frame, which we shall refer to as cubic frame, in
which the prepotential function F(X) has the following cubic form:

fopy i XXE RIRK
D=5 "% T x

(A.24)

The corresponding holomorphic section Q(z) = (X, 9F/0X") reads, modulo multiplication
by a non-vanishing holomorphic function:

O(z) = (1, 21, 22, 23, 212223, —2223, —2123, —2172) , (A.25)

where
Xi

=g xitie =123

Zi
The two frames are related by the following symplectic matrix E = (EM y):

0 000
0 000
0 000

0 -10 0
0
0
~ -1000 0
0
0
0

-1 0
—1
(A.26)
0 100
0 010
0 001
0 000 -1

0
0
0
0
0
0
0

o O O O o O
o O O O O

The charges TM = (P*, Q,) in our frame are then related to those M= (p™, qa) as follows:
FM = (_qh—Q2,—q37—P0>P17P2aP37—QO)- (A27>
The quartic invariant, see appendix D, in the cubic frame, reads:

L) = —(pqa)® —4qop' p?p® + 49" q1 g2 93 + 4 (Z piqiquj) : (A.28)

1<j

In light of eq. (A.27), we can write the quartic invariant in our frame, in the magnetic case
Qa = 0, in terms of the charges in the cubic one as follows

L(T) =4P'P’P?P* = 4p°q1 9203

Frame 2. The second symplectic frame is the one which naturally arises from direct
truncation of the SO(8) gauged maximal theory. It is a special coordinate frame with a
prepotential function F(X) of the form:

F(X)=—-2\/X0X1X2X3, (A.29)

— 922 —



The holomorphic section = (X%, F'/0X*), modulo multiplication by a non-vanishing
holomorphic function, can be written in the form:

A

Q(z) = (212223, 21, 22, 23, —1, —2023, —2123, —2122) , (A.30)
where:
xXoxi .
The symplectic transformation relating this frame with the cubic one is straightforward:
g0 08 g g OF _ g0 OF _OF
X0’ " 9X0 T oXT 09X

B Spinor conventions

We use the Majorana basis for the Clifford algebra

| 0 o9 o3 0 [ 0 —o9 oy 0

0 1 2 3

_ - _ v = ~° = . (B1
7 Z<02 0)7 7 <003>’ Z(02 0)’ <001) (B-1)

The charge conjugation matrix and v° matrix are given by
C =", 7’ =iy (B.2)
We use N = 2 chiral supersymmetry parameters e, e4 with A = 1,2, satisfying

A _ _ A

v €, ’75614 = €A, (B.3)

that are defined as the chiral components of doublet of Majorana spinors 1) = e 4+ 4. The
relation between the chiral spinors is €4 = (e4)*. It is useful to define the complex spinors

(=9 +1ig? (B.4)
that allows one to write down a set of differential equations. The general rule to go from an
equation with real coefficients for the Majorana spinor 1 to an equation for the complex
spinor ( is by replacing 645 — 1 and €45 — —i, and vice-versa.

C Dirac bracket between supercharges

The author of [13] showed that the Dirac bracket between the supercharges is expressed as
(0} = [ dmuer (e4,010(0) ~ ear0%(0)) (CAY

where D4, (¢) is generically defined by the variation of the gravitino W#. Since we are
interested in the purely dilatonic sector, D4, (¢) is given by (2.4) and D 4, (€) is its conjugated,
explicitly
Lo b Ly m BC 1o ab B, 1y B
Da(e) =dea + qWabyeat §A Orieapd” €c + ZL TFypy"veape”™ + §W75AB€ ;
(C.2)
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we used the fact that the Kéhler connection vanishes. The 2-form volume is defined as
1 o o
d¥,, = §ewpadx Adzx?. (C.3)
First, we simplify the contraction appearing in the integral, namely
45,97 = L wprdat A da? C.4
€ = 5 Cunase N Adx? . (C.4)

Considering the definitions of the symbolic with curved indices

€uvps = efleauebyecpedgeabcd, P = e te’ e egf el (C.5)
where the symbol with flat indices is €03 = 1 = —€?123. Hence,
€urseP? = ecAed(;egpeh”eabcdeabgh . (C.6)
using the identity egpeqe™9" = —45?C (53}, it follows that €, \s€"*7 = —2(6507 — 6565), which
leads to the following simplified form of (C.4)
A%, €7 = — (6869 — 6565)da* A da® = —2dx” Ada” . (C.7)

Replacing this result into the bracket between supercharges (C.1) we obtain (2.11). The
expression (2.11) can be obtained by defining a Majorana spinor

P =es 4 (C.8)
which implies the following relations
1
ea =Pyt et =p g, Pr=5(1£7). (C.9)

We recall that the conjugated of the chiral spinors is defined as €4 = i(e?)T70 and € = i(e4)T4?,
in order to preserve the chirality. In our basis fyg = 75, so one can check that

ea=0"P,, A=y, (C.10)

Now, we use the fact that the electric components of the U(1) section and the superpotential
are real functions, i.e. L®, W € R. Then, the supercovariant derivatives D4 (¢),D 4(€) can
be written in terms of the Majorana spinor as follows

1 1
D4(e) = P_dyp? + Ewaw“bP—wA + §AM9M5ABéBCP_wC+ (C.11)
1 1
t+ LT Ty e PP P + SWnd PP P
1 1
Dale) = 5ABP+de + Zwaw“chABm@bB + EAMHMEABPerB—i— (C.12)

1 1
+ LT TFu " veasP- P + SWydapP-v”,
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The 2-form appearing in the integral of the Dirac bracket are
—A 1 1
AYADa(e) =9 Yy AP (dsz + ZwabVbeA + §AM0M5A3530¢C+
1 1
+1LTIFab7ab75AB¢B i 2WM5AB¢B> ’
1

1
4wab7ab5AB¢B + §AM9M€AB¢B+

—A
MY ADA(e) = APL A <5ABd¢B +

1 1
L TRy eans® + QanABwB) ,

Clearly, its subtraction cancels the identity factor in P4 leading to (2.11).

D Quartic invariant of SL(2,R)3
To construct the quartic invariants of SL(2,R)? C Sp(8,R) we consider its generators given by

oM L, _ M
OXi Ixg=0 b 0% lyg=0

X Z; = [Yi, X, (no sum over 7)  (D.1)

with ¢ = 1,2,3. They span the three commuting sl(2,R) algebras. It is convenient to
consider the basis with nilpotent generators e? = £7 = 0 and the generators h; of the Cartan
subalgebra, given by

1 1
h; = §Yi> ei = —=(Zi +2X;), fi=el

4+/2 v

[h,e;] = e, les, £i] =h;, [h;, £;] = —1;.

(D.2)

We collect all the generators as t(;), = {ei, hi, £;} with a =1,2,3. By definition the positions
of the symplectic indices are ¢(;), = (t(i)a) uVand we lower them by the symplectic matrix C =
Cun defining ¢;),C = ((;)0) mn. We construct the Cartan-Killing form 708 = Tr(t(;)at(i)s)

[0}

and its inverse, denoted by 7%”. These allow us to define (t2)yn = 177 (tys) N and
(2) (%) (i) \"(D)B

construct the following tensors of ®%8

Cunpg = CunCpqg, (D.3)
(Zi)mnpg = (L) MN (ti)a)PQ (D.4)
(Lij)mnpe = () me () N (taa) Pe(t()8) @ (D.5)
(Zijk) MNPQ = (t((li))MO(t(ﬁj)).'(t’(y]g)yN(t(i)a)PO(t(j)ﬂ).O(t(k)’y).Q' (D.6)

which are invariant under SL(2,R)?. Among all the above tensors only eight of them are
independent, and one can pick these to be {C,Z1,7Z2,Z3, L12, L13, La3, Z123}. Nevertheless,
when these tensors act on two arbitrary symplectic vectors the eight invariants reduce to

seven independent functions.
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In our case we have two symplectic vectors I'™ and M = CMNgy, hence we can
construct the following independent invariants

Il(FaraFaF) = _2HPA7 (D7)
A
1
11(070707 9) = _@ ) (DS)
1 2
Z,(T',0,T,0) = T (ZA: QiAPA> . (D.9)

The rest are zero or functionally dependent on the above ones. Note that the BPS mass
can be expressed in terms of the invariants as

mppg = 64L° [[Z:(T,6,T,6). (D.10)

(2

Other invariants that are dependent on the above are the following.

2
1
C(I,6,T,0) = 373 (ZA: PA> , (D.11)
Il<F,F,0, 9) = _2L2 (P2P3 +P1P4) s (D12>
1
(I, T,0,0) = —@(Plpg + PP, (D.13)
Z3(I, 1, 0,0) = 572 (PP + P3Py), (D.14)
1

Z193(T,1,0,0) = ———— [[ PaFx, (D.15)
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