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ABSTRACT: We consider Bekenstein-Hawking entropy and attractors in extremal BPS
black holes of N' = 2, D = 4 ungauged supergravity obtained as reduction of minimal,
matter-coupled D = 5 supergravity. They are generally expressed in terms of solutions to
an inhomogeneous system of coupled quadratic equations, named BPS system, depending
on the cubic prepotential as well as on the electric-magnetic fluxes in the extremal black
hole background. Focussing on homogeneous non-symmetric scalar manifolds (whose
classification is known in terms of L(q, P, P) models), under certain assumptions on the
Clifford matrices pertaining to the related cubic prepotential, we formulate and prove an
invertibility condition for the gradient map of the corresponding cubic form (to have a
birational inverse map which is given by homogeneous polynomials of degree four), and
therefore for the solutions to the BPS system to be explicitly determined, in turn providing
novel, explicit expressions for the BPS black hole entropy and the related attractors as
solution of the BPS attractor equations. After a general treatment, we present a number of
explicit examples with P = 0, such as L(g,P),1<¢g<3and P>1,o0r L(q,1),4<¢<9,
and one model with P = 1, namely L(4,1,1). We also briefly comment on Kleinian
signatures and split algebras. In particular, we provide, for the first time, the explicit form
of the BPS black hole entropy and of the related BPS attractors for the infinite class of
L(1, P) P > 2 non-symmetric models of N' =2, D = 4 supergravity.
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1 Introduction

In the last decades, the theoretical and phenomenological implications of the physics
of black holes [73-75] had a profound and fertile impact on many branches of science,
from astrophysics, cosmology, particle physics, to mathematical physics [100], quantum
information theory [48-50], and, recently, number theory [15]. Remarkably, the singularity
theorems proved by Penrose and Hawking [84] imply that the black holes are an unavoidable
consequence of Einstein’s theory of General Relativity, as well as of its modern generalizations
such as supergravity [20-22, 44-46, 120, 121], superstrings and M-theory [23-28]. Classically,
the gravitational force inside the event horizon of a black hole is so strong that nothing, not
even light, can escape. However, in the 70s Hawking showed that quantum effects cause
black holes to thermally radiate, and eventually evaporate [81].

While the frontiers of physics are progressing also the 21st century, it should not be
forgotten that the physics of the 20th century is conceptually founded on two theories which
are mutually incompatible. On one side, Quantum Mechanics governs the microscopic world
of the basic constituents of matter, such as molecules, atoms, nuclei and beyond. On the
other side, General Relativity describes gravity and the macroscopic, large-scale structures,
ranging from planetary orbits to the Universe in its entirety. As the energy increases,
Quantum Mechanics and General Relativity inevitably meet, giving rise to startling, even
paradoxical, consequences.

A tantalizing aspect of the physics of a black hole is that its thermodynamical features
seem to encode fundamental insights of a not yet formulated theory of Quantum Gravity,
which should necessarily arise from the reconciliation of the two aforementioned apparently
contradictory physical theories. In this framework, a crucial relevance owes to the Bekenstein-
Hawking entropy-area formula [82, 83]:

kp Ag

S = @ 7 (1.1)
where! kp is the Boltzmann constant, /2, = Gh/c? is the squared Planck length, whereas
Ap denotes the area of the event horizon of the black hole itself. This formula relates a
thermodynamical quantity (the entropy S) to a geometric quantity (the area Ap), and after
much theoretical work it still puzzles the scientific community. In fact, a crucial issue that
Quantum Gravity must necessarily address concerns on the origin of S at a fundamental
level. At the classical level, (1.1) yields that black hole entropy is determined by the area
of the event horizon, which is a macroscopic and geometric quantity; however, black hole
entropy must also enjoy a microscopic, statistical derivation, accounting for fundamental
microscopic degrees of freedom.

Since superstring theory and M-theory are the most serious candidates for a theory of
Quantum Gravity, they are expected to provide a microscopic, statistical explanation of
the entropy-area law (1.1) [92-97]. Black holes are typical non-perturbative objects, since
they describe a physical regime in which the gravitational field is very strong; thus, only
a non-perturbative approach can successfully deal with them. Progress in this direction

'We will use the so-called natural units henceforth: h =c =G = kg = 1.



came after 1995 [138], through the recognition of the role of string dualities, which allow
one to relate the strong coupling regime of one superstring model to the weak coupling
regime of another. Remarkably, there is evidence that the string dualities are all encoded
into the global symmetry group (the U-duality, also named electric-magnetic, group) of the
low energy supergravity effective action [85].

Black holes, and in particular their extremal configurations [57, 58], are embedded in
a natural way in supergravity theories, which, being invariant under local super-Poincaré
transformations, include General Relativity, providing a consistent description of the
graviton coupled to other fields in a supersymmetric framework. Extremal black holes have
become objects of crucial relevance in the context of superstrings after 1995 [20-28, 92—
97, 111, 112]: the classical solutions of supergravity that preserve a fraction of the original
supersymmetries can be interpreted as non-perturbative states, necessary to complete the
perturbative string spectrum and make it invariant under the many conjectured duality
symmetries [68, 69, 85, 118, 119, 130-132, 136, 137]. In such a framework, extremal black
holes, as well as their parent p-branes in higher dimensions, are conceived as additional
particle-like states that compose the spectrum of a fundamental quantum theory. Similar to
monopoles in gauge theories, these non-perturbative quantum states originate from regular
solutions of the classical field equations, i.e. the very same Einstein equations on which
General Relativity relies. The crucial new ingredient, in this respect, is Supersymmetry,
which requires a precise balance between vector fields and scalar fields in the bosonic
spectrum of the theory. As such, the general framework we are going to deal with is
provided by the so-called Einstein-Maxwell-scalar theories, whose global mathematical
thorough treatment has been recently given in [91] (see also [12]).

Supergravity theories provide a low-energy effective theory description of superstring
and M-theory, holding at the lowest order in the string loop expansion, when the space-time
curvature is much smaller than the typical string scale (string tension). Consequently,
the supergravity description of extremal black holes can be trusted only when the radius
of the event horizon is much larger than the string scale, corresponding to the regime of
large charges. We will not be dealing with further corrections, introduced by string theory,
which give rise to higher derivative terms in the low energy effective action, such that the
black hole entropy is expected to be corrected by subleading terms in the limit of small
curvature:it is well known that these corrections determine a deviation from the area law
for the entropy [35, 36, 139].

The cosmic censorship conjecture [88] is naturally realized by conceiving extremal black
holes as solitonic solutions of N-extended locally supersymmetric theory of Einstein gravity:
in fact, denoting with N the number of spinor supercharges in 3 + 1 space-time dimensions,
when N > 2 the so-called BPS (Bogomol'nyi-Prasad-Sommerfeld) bound [32, 33],

M = |QJ, (1.2)

where M and @ respectively are the mass and the magnetic (or electric) charge of the
black hole, is just a consequence of the supersymmetry algebra, implying that no naked

singularities can occur.



When the black hole solution is embedded into a N-extended supergravity theory,
the model is characterized by a certain N -dependent number of scalar fields, collectively
denoted by ¢. In this framework, the charge () is to be replaced by the maximum eigenvalue
of the N/ x N central charge matrix appearing in the r.h.s. of the supersymmetry algebra
(depending on the expectation value ¢g (p, q) of the scalar fields on the event horizon, where
p’s and ¢’s respectively denote magnetic and electric charges of the black hole):

M = M(p,q) = | Zmax(¢u (p.q) .0, q)| (1.3)

In the present paper, we will be dealing only with extremal black holes, in which the BPS
bound (1.2)-(1.3) is saturated.

Extremal black holes enjoy the following peculiar and crucial feature: despite the
fact that the dynamics depends on scalar fields, the event horizon of the black hole
loses all information about the scalars, and this holds regardless of the supersymmetry-
preserving features of the solution. This phenomenon is described by the so-called attractor
mechanism [8-11, 18]: independently of their boundary conditions at spatial infinity, scalar
fields flow to a fixed point given by a certain ratio of electric and magnetic charges, when
approaching the event horizon. In this framework, the scalar fields are moduli, i.e. they
are continuous parameters which can be freely specified at infinity, raising the dangerous
possibility that the black hole entropy might depend on their values. Indeed, such a
dependence presumably would lead to a violation of the second law of thermodynamics,
since it would allow one to quasi-statically decrease the entropy by varying the moduli.
Instead, the black hole entropy turns out to depend only on the values acquired by the
scalar fields at the event horizon, which in turn only depend on the conserved charges (p
and ¢) associated to gauge invariance of the black hole solution itself: in this sense, the
entropy of extremal black holes is a topological quantity, because it is fixed in terms of the
quantized electric and magnetic charges, while it does not depend on moduli.

For extremal black holes in Maxwell-Einstein supergravity theories with N' = 2 local
supersymmetry in 3 + 1 space-time dimensions [5], the saturation of the BPS bound (1.3),

M (p,q) = 1Z(¢u (p,9), ;)| (1.4)

yields, for the black hole entropy,

S(p,a) = = =nlZ(¢u (,0) P9I, (1.5)

where Z is the N' = 2 central charge function [34]. The attractor values of the scalar fields
at the event horizon, here collectively denoted by ¢ (p, q), arise as solutions to the so-called
BPS attractor equations:

D¢Z(¢,p, q>|¢:¢H(p’Q) = 0’ (16)

where Dy denotes the Kéahler-covariant differential operator acting on the scalar manifold
(target space of moduli fields). The entropy S generally enjoys a U-duality-invariant
expression (homogeneous of degree two) in terms of electric and magnetic charges, only



depending on the nature of the U-duality groups and on the appropriate representations of
electric and magnetic charges [3].

Through the years, the attractor mechanism has been discovered to have a broader
application [16, 17, 61, 105-109, 113, 114] beyond the BPS cases, being a peculiarity of
all extremal black-holes, BPS or not. Even for these more general cases, because of the
topological nature of the extremality condition, the entropy formula turns out to be still
given by a U-duality invariant expression built out of electric and magnetic charges.

The present paper is devoted to the determination of the explicit expression of two
purely charge-dependent quantities, characterizing the physics of BPS extremal black holes:
the Bekenstein-Hawking entropy S (p,q) and the attractor values, collectively denoted
by ¢ (p,q), acquired by the scalar fields when approaching the (unique) event horizon
(regardless of the boundary conditions of their evolution dynamics). We will consider
ungauged Maxwell-Einstein supergravity theories with A" = 2 extended local supersymmetry
in 3 + 1 space-time dimensions, in the case in which the special Kéhler geometry of the
vector multiplets’ scalar manifold is determined by a cubic holomorphic prepotential (very
special geometry). In fact, in such a framework only the models in which the scalar manifold
is a symmetric coset have been thoroughly investigated: exploiting the relation to the theory
of cubic (simple and semisimple) Jordan algebras and related Freudenthal triple systems,
which hold in all cases but the so-called Luciani models (with quadratic prepotential), the
explicit expressions of S (p, q) and of ¢x (p, q) have been explicitly computed for extremal,
both BPS and non-BPS, black holes (cfr. e.g. [62] and refs. therein).

On the other hand, very little is known in the case in which the (vector multiplets’)
scalar manifold is not symmetric. In very special geometry, the BPS entropy and the
BPS attractor values of the scalar fields have been computed by Shmakova [122], up to
the solution of an inhomogeneous system of quadratic algebraic equations, named BPS
system. A noteworthy, countably infinite class of cubic non-symmetric models is provided by
homogeneous non-symmetric models, which have been classified in [53] (in a mathematical
context, see also the subsequent classification in [43]). These models are quite interesting
from a physical point of view, because some of them naturally occur in the four dimensional
effective supergravity description of brane dynamics, when their brane and bulk degrees
of freedom get unified. To the best of our knowledge, only [51] dealt with such a class
of models, but did not investigate the explicit determination of S (p,q) and ¢ (p,q). In
the present work, we will rely on the existing classification of homogeneous non-symmetric
special manifolds, and we will formulate a (sufficient but not necessary) condition for the
BPS system to be explicitly solved. Thus, within the validity of such a condition (which we
will prove to actually hold for an infinite, countable number of models), we will explicitly
determine the expression of the Bekenstein-Hawking (semi)classical black hole entropy
S (p,q) as well as of the purely charge-dependent attractor values ¢g (p, q) acquired by
the scalar fields at the event horizon of asymptotically flat, spherically symmetric, static,
dyonic, extremal BPS black holes.

The paper is organized as follows.

In sections 2-3 we introduce the Bekenstein-Hawking BPS black hole entropy and
the BPS attractor values of scalar fields in N' = 2 very special geometry, relating their



explicit expressions to the solution of the corresponding BPS system, or equivalently to the
inversion of the gradient map of the cubic form defining the corresponding cubic holomorphic
prepotential. Then, in section 4 we specialize the treatment to homogeneous very special
geometry, briefly recalling some basic facts on symmetric and non-symmetric spaces in
sections 4.1 resp. 4.2. In section 4.3 we review the classification of homogeneous special
d-spaces [53], and in section 4.3.1 we briefly consider the class L(g,1). Section 5, which is in
turn split into eight subsections, is then devoted to the introduction and review of another
important ingredient of our treatment: Euclidean Clifford algebras. Next, sections 6 and 7
contain the main results of the present paper: after enouncing an invertibility condition for
the gradient map of the cubic form in section 6.2 (then proved in section 7), the BPS system
is explicitly solved in sections 6.4-6.5, and the explicit expressions of the BPS entropy and
of the BPS attractor values of scalar fields at the horizon are computed in section 6.6. Then,
section 6.7 introduces the so-called complete models, whose known examples coincide with
the symmetric d-spaces, recalled in section 6.5.1. Sections 8, 9 and 10 present a threefold
wealth of models in which the invertibility condition of section 6.2 holds true, and in some
cases, such as the models L(1,2) and L(1,3) in sections 9.5 resp. 10.6 (then generalized?
as L(1, P) with P > 2 in section 10.7), the corresponding BPS system is explicitly solved
(with details given in appendices A and B), thus providing the fully fledged expressions of
the BPS entropy and attractors. The non-uniqueness of the matrices Qx’s occurring in
the invertibility condition of section 6.2 is discussed in section 11, and in section 11.3 the
difference between descendant models and submodels is highlighted (with details given in
appendix C). Moreover, section 12 discusses the unique model of the present paper which
has a non-vanishing P: namely, the model L(4,1,1). A brief discussion of cubic models
determined by Kleinian (rather than Lorentzian) quadratic polynomials (thus giving rise
to a non-special geometry) is provided in section 13. Finally, section 14 deals with the
model L(9,1), as an example of model in which the invertibility criterion of section 6.2 does
not seem to be applicable, and thus other approaches are needed to prove or disprove the
invertibility of the BPS system. Finally, some outlook and hints for further developments
are provided in the concluding section 15.

2 BPS black hole entropy and attractors in very special geometry

A large class of four-dimensional Maxwell-Einstein gravity theories with local N' = 2

supersymmetry can be obtained by an S'-compactification of five-dimensional minimal

supergravity. In such a case, the Kahler-Hodge geometry of the vector multiplets’ scalar

manifolds in D = 4 is named very special [1, 64, 123-129, 133], and it is determined by an
holomorphic prepotential of the type?

1, XiXixk

F(X)i= sl

2In section 10.7.2 we will also briefly present a geometric point of view on the factorization of the inverse

(2.1)

map of the gradient map, whose detailed investigation goes beyond the scope of this paper.

3Einstein summation convention on repeated indices is understood throughout. Lowercase Latin indices
run 1,..., N throughout; N denotes the number of vector multiplets. The index 0 pertains to the (D = 4)
graviphotonic sector.



where d; 1, is a completely symmetric real tensor, and the X Mg A =0, 4, are the contravariant
symplectic sections of the Kéhler-Hodge target space of scalar fields. The symplectic frame
in which F'(X) (2.1) is specified is the one of the so-called “4D /5D special coordinates”
(see for instance [1, 39]): the manifest symmetry is the electric-magnetic (U-) duality? group
of the parent theory in D = 5 (which leaves d;;), invariant).

From the treatment given in [122], in the general case in which all electric and magnetic
charges associated to the black hole solution are non-vanishing, the Bekenstein-Hawking
entropy of static, spherically symmetric, BPS extremal dyonic black holes in ungauged
N = 2, D = 4 Maxwell-Einstein supergravity whose vector multiplets’ scalar manifold
displays a very special Kihler geometry, reads®

S

s

3Q0¢§Uhﬂf—9kﬁ@-®—2kwﬂa (2.2)

where p°, p’, qo and ¢; are the magnetic resp. electric black hole charges, and

1 ik 0 9I3(p) 0
A= idijkp]p TP = TP i (2:3)
p-q:=0p"q +p'a; (2.4)
1 o
I3(p) := gdijksz’Pk- (2.5)

Note that, as it must be, S (2.2) is homogeneous of degree 2 in the black hole charges.
Furthermore, o enters the expression (2.2) only through the quantity p - ¢ (2.4).

The z%’s appearing in (2.2) are the solutions x° (Aj; dgpy) of the system of algebraic
quadratic equations

1 .
gdijkfﬂ]l‘k = A@', (26)

which we will henceforth name the BPS systemS pertaining to the model of N' =2, D =4
ungauged supergravity (coupled to vector multiplets”) under consideration. Since the A;’s
are homogeneous of degree two in the black hole charges p’, p° and ¢;, (2.6) implies that
the x%’s are homogeneous of degree one in the same variables:

oxt . oxt o 01 ;
. — —q; = x". 2.7
Furthermore, the x*’s contribute to the black hole entropy only through the square of the
quantity®
1 o
Az = gdijkazzazjxk =:V(z). (2.8)

“In this paper, U-duality is referred to as the “continuous” symmetries of [41, 42]. Their discrete versions
are the U-duality non-perturbative string theory symmetries introduced by Hull and Townsend [85].

®This formula fixes a typo in eq. (12) of [122]. For further, recent insight on the BPS entropy in very
special geometry, see [12].

SLet us recall that the explicit solution of the BPS system is also relevant for the solution of the attractor
equations in asymptotically AdS, dyonic, extremal i—BPS black holes of U(1) Fayet-Iliopoulos gauged
Maxwell-Einstein A/ = 2 supergravity in four space-time dimensions [65, 79].

"The coupling to hypermultiplets can be disregarded, because their equations of motion decouple
completely in the ungauged case, and so they do not contribute at all to the extremal black hole entropy.

8Recalling (2.5), such a definition implies that I3(p) = V(p).



The number of equations in the system (2.6) is equal to the number N of complex scalar
fields, which in the large volume limit of Calabi-Yau compactifications of type II superstrings
correspond to the Calabi-Yau moduli fields. The Lh.s. of (2.6) is given by quadratic forms
with coefficients d ;) 1, while the r.h.s. is arbitrary and depends on the values of electric and
magnetic charges of the extremal BPS black hole. In other words, it defines N quadratic
hypersurfaces (each of dimension N — 1) in an N-dimensional space, and the intersection of
these hypersurfaces is the set of solutions of the system (2.6). Therefore, the BPS system
may also not admit any analytical (or in closed form) real solution at all.
Note that the condition

s (2) 9 -0~ 215(0)]” > 0 (2:9)

is a consistency condition for the BPS entropy (2.2) to be well defined. We will see below
what is the general (set of) BPS condition(s) in A/ = 2 ungauged supergravity with cubic
prepotential (cfr. (2.14) below).

By switching the notation of scalar fields (at the horizon) from ¢ to 2%, and denoting
with i the imaginary unit of C, the explicit solutions to the BPS Attractor Equations
read [122]

, 3 p_3 a S
) 0  k —_-_ = |0 . — — —i= —
2l (p P ,qO,Qk) ETINT [p (p-q) 213(19)} 0 TSR
_3 " |P(poa)—2L(p) .S N 42
T2 A1 l p° Cgten <Aj$ ) * P’ (210

where S is given by (2.2), and the subscript “H” denotes the evaluation at the (unique)
event horizon of the extremal BPS black hole.

Finally, it is here worth recalling that in very special geometry, by construction, the quan-
tity
dijklm(zjq)lm<zﬂ)lm<zg> must have a definite sign, say negative, and this imposes a
further constraint on the sign of z*’s:

. i J k 27 5% dipata’a” my 218 dijra'al 2k
d;j1Im (zH> Im (zH> Im (ZH) <0& 8 (Al sgn (Apz™) = ST AP < 0.

(2.11)
By exploiting (2.6), condition (2.11) can be rewritten as

27 - 653ng (A7)
8 ™ (Apah)?
and thus (2.10) gets simplified to”

<0& Ajr! >0 V(r) >0, (2.12)

2 (% P" q0. 0k ) = S A

3 28 |p’(p-q) —2I S i

p° ™ p°
with S given by (2.2). The expression (2.13) highlights the relation between the real and
imaginary parts of z}{ (i.e., the attractor configurations of axions resp. dilatons) and the

z%’s themselves.

9This formula matches eq. (24) of [122].



All in all, the BPS formule (2.2) and (2.13) are well defined for

V(z) >0 At > 0;
BPS : (2.14)
4 (Aixi)2 —27[p° (p-q) — 2]3(17)}2 > 0.

3 BPS systems and the gradient map V,,

Given a rank-3 completely symmetric tensor dij, = d;jz) in N dimensions (i, j,k = 1,..., N),
we recall the cubic form defined in (2.8):

V(z) =

= gdijkwix‘jxk. (3.1)

From the Euler formula, since V (3.1) is a homogeneous polynomial of degree 3 in the s,

it follows that
VY (x)

ot
More subtly, since the z*’s are themselves homogeneous of degree 1 in the black hole charges
pi, po and g¢;, it holds that

oV (:E (pj’po’qj)) i

' =3V (z). (3.2)

oV (x (pj,po,qj))po n oV (z (7, p°, 45))

Ip' v op° 9q; o
_ W@ W) 0t s OV (x (P00 gy) Ot 5 OV (@ (0, q5)) Dt
Oxk op' b Oxk 8p0p Oxk 0q; @
= 5alklm:r x <0pip + 8p0p + 4 g | = §dklmaz z'z™ =3V (x), (3.3)

where we used (2.7).
The BPS system (2.6) can then be defined as the non-homogeneous system of N

quadratic equations in N unknowns z’s (i = 1,..., N)
WV (z) ,0A(p,q)
— =3 . 3.4
ox’ opt (3-4)
where .
A(p,q) = gdijkplp?pk —p%'ai = Is(p) — s (3.5)

is a real quantity depending, for a given d;;i, on some real given (background) con-
stants, namely the magnetic and electric charges p, p and ¢; of the extremal black hole.
By (3.5), (3.4) can be rewritten as

1 .
§dijk$j$k =34 (p,q), (3.6)

where 9A (p.q) )
A (pq) = # = Sdijrp’p" = g (3.7)



Thus, by introducing the gradient operators Vg := {0,:},_;  and V, := {(91,1-}, e
=1,
0

the BPS system (2.6) (or, equivalently (3.4)) can be cast as follows:!

VoV () = 3VpA(p,q); (3.8)
T
0,V (x) = 34 (p,q), Vi. (3.9)

All quantities involved in these formulee are real, and, for N, d;j;, and A; (p, q) given in
input, real solutions % = 2% (Aj; k) to the system (3.9) are searched in closed form, in
such a way that, when plugged into (2.2), one can obtain a closed form expression for the
Bekenstein-Hawking entropy (2.2) as well as for the attractor values of scalar fields (2.13)
of extremal BPS black holes also in homogeneous non-symmetric very special geometry. Of
course, as already mentioned, the system (3.9) might have no analytical real solution in the
general case: it describes N quadratic hypersurfaces (each of dimension N — 1) in RY, and
the intersection of these hypersurfaces is a solution of the system.

An important quantity is the Hessian matrix of the cubic form V (z) (3.1):

0?V(x)
which can be regarded as the Jacobian matrix of the quadratic map represented by the
gradient map Vy of V itself'!
vy RN & (RN)* ~RV: (3.11)
V(x) 1 ik
. = L = Zd,; ) 12
(Vv); (2) or Qdmkfv T (3.12)

Since each coefficient H;; («) of the symmetric matrix H is a linear homogeneous polynomial
in the z’s, the determinant of the N x N matrix H(z) is a homogeneous polynomial of
degree N in the z’s, as evident from (3.10). Even if we will not exploit it in the subsequent
treatment, the condition of non-vanishing det H (x) (i.e. H(z), and thus Vy, of maximal
rank) can be used to establish whether the gradient map Vy can be inverted; in fact, Dini’s
Theorem ensures that if det H () # 0 then locally the map Vy is a diffeomorphism, and
therefore z is an isolated point in the fiber (V)™ Vy (z) of (Vy) ™! over Vy (z).

4 Homogeneous very special geometry

4.1 Symmetric d-manifolds

The tensors d;;;, as in (2.1) giving rise to homogeneous very special Kéhler spaces (which,
for this reason, have been named d-manifolds) have been classified in [53] (see also [55, 56]).
A noteworthy subclass is represented by the symmetric d-manifolds [56], whose d;;j,’s have

We recall that the symplectic bundle of special geometry is flat [2, 38, 133].
"Note that each component of the map Vy is an homogeneous polynomial of degree 2 in the ’s, thus

(Vv); () = (Vv); (—2).



been reconsidered also e.g. in [30, 52, 62]

. Symmetric d-manifolds are characterized by
a purely numerical (constant) contravariant tensor d“/* such that the so-called “adjoint
identity” of cubic Jordan algebras holds [47, 77]:

4
dij 1 ajmm) P = 30 dimn)- (4.1)
Thus, when

d"PAL AN >0,
a solution to the BPS system (2.6) is given by (see section 3.3.1 of [79])
i_ 43 dIFA; A (4.3)
\f \/m
Indeed, by exploiting the adjoint identity (4.1), (4.3) yields to

19 dypdmd¥ Ay A ARA, (1.1) SLd™P AA,L AL A
dz]k‘x xk’ — gdljkd d l 4 (4:1) 67, d [ _ Ai’ (44)
312 AL ANANWAW drst AL AN\
thus obtaining (2.6).

Furthermore, by using (4.1), one computes that
rst rst 1 u, v 0 1 m,n 0 1 q 0
A AL AA = d §dmwp b —Dqr §dsmnp P —D s §dtpqppp —Pqt

3
- gdrStdruvdsmndtpqpupvpmpnpppq - Zpodmtdruvdsmnpupvpmpn%
3

+5 <p0>2 " dyuwp" P 450 — (p°)3 d"* 4 qsq1

1 .
= (dsmnpspmpn) p[)p] q; dsmnpspmpn

6
+ ; (po) A" druup"p" 44t — (p°)3 d*™" 45 qman

6 |I2(p

()~ *Pailso) + (1°) (Ls(p). Tal0)} — (po)gfs(Q)] . (45)

Thus, the consistency condition (4.2) can be recast as follows

—

Bo) - vl + (0°) (0. @) - (1°) B > o.

(4.6)
Moreover, the condition (2.12) can be rewritten as
3 dIRAA A 3
Ajr? >0 +-= = AN AL A, >0, 4.7
BVITAAN, B : (4.7)
implying that only the branch “+” of (4.3) is consistent; thus selecting it (for
d™ N ALA, > 0),
- d7TFAGA
2= ik (4.8)
V2 VA AN A,
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one obtains that the explicit solutions (2.10) to the BPS Attractor Equations read

. 3 d”kA A pO (p . ) — 21 (p) S pi
) 0  k 2k q 3 .
= = —1—| + —. 4.
ZH (p7p7QO7Qk) 2 llmnﬁlfmﬁn 0 1 0 ( 9)

By substituting (4.3) into (2.2), one obtains the BPS entropy S in terms of the quartic
invariant polynomial I (cfr. e.g. [39] and refs. therein), which can be proved to (finitely)
generate the ring of invariant polynomials of the non-transitive action of the 4D U-duality
group over the black hole charges’ representation space [87]. By defining

1 ..
I3(q) := Qd”qu'qj'qu; (4.10)
0I3(p) OI. 1
{Is(p), Is(q)} := 5’;?) g’q(?):Zld”’“dﬂmp’pmqjqk, (4.11)

and recalling (2.4) and (2.5), the expression (2.2) the BPS entropy can be remarkably
simplified into the following formula:

S
=00 Haah) - () + 4 {L0), B@Y = VE, (412)
and therefore (4.9) further simplifies to

: 3 dIRAGA (p-q) — 2I3(p) i
0 .k _ Rk pp-q 3P . b
Z}_[ (p »D 5490, Qk> = idlmnAlAmAn po —1 I4 + E (413)

It should be remarked that the condition I4 > 0 may be weaker than the actual BPS condi-
tion; in fact, it satisfied by both BPS and non-BPS attractors (these latter with vanishing
central charge). Indeed, in the symmetric d-spaces the strictly BPS conditions (2.14) can
be specified as the following system of inequalities:

I4>0& —(p-q)* +4q0l3(p) — 4p°I3(q) + 4 {I3(p), I3(q)} > 0;

dTE AN A > 06 T3(p) — PPl g; Is(p) + (1°)” {13(p), Ta(a)} — (1°)° Ta(q) > 0.
(4.14)

4.2 Non-symmetric d-manifolds

In non-symmetric d-manifolds, the tensor d7* still exists,'? but it generally depends on the
rescaled imaginary parts (denoted below by 53) of the scalar fields z*; indeed, within the
conventions of [39], the “dual” d”* cubic tensor is generally defined as

d9% .= aaT™a* " dpyns (4.15)

il = % (Z\W - 2/?;’7') : (4.16)

12 As mentioned above, for symmetric d-spaces, it should hold that ag;k = 0, and this can be checked by

exploiting the explicit expression of d;; in such cases [53, 55, 56, 62].
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where the scalar fields read

2= gt — VBN (4.17)
1 PN
gdijkmuk =:1, (4.18)
and #% is the inverse matrix of
Rjk == djklj\l, /%ij/%jk =: 5};. (4.19)
Thus, it generally holds that
8dijk
o #0. (4.20)

This can also be obtained by the generalization of the adjoint identity (4.1) in non-symmetric
very special geometry,'® which reads [30]:

4
(i ety @ = 260 djmn) + EF (4.21)

3 ( ymn>
where the so-called “E-tensor” is defined as [29]
Ep ijmn — apkEph'jmn; (422)

1 (4’%(idjmn) - 3’%(ij’%mn)) Fop 4 12dy (3R

Eplijmn = Eplijmn) = —15 ;o (423)
_16’%p(zd]mn) — 12dq(ijdmn)rdpst/%qs/%rt

where
Ri = RigN = dip VAP (4.24)

4.3 Classification of homogeneous d-manifolds: L(q, P, P)

In the present investigation, we will focus on the solution of the BPS system (2.6) in the
case in which the d-manifolds (coupled to N' = 2, D = 4 supergravity) are homogeneous
(and thus the U-duality group has a non-linear but transitive action on the target space of
scalar fields) but'* non-symmetric.'> To this aim, we now recall some basic facts on the
classification of homogeneous d-spaces.

In [53, 55, 56], homogeneous very special Kéhler spaces arising as non-compact Rie-
mannian scalar manifolds of vector multiplets in N = 2, D = 4 supergravity have been
classified.!® They are denoted as “L-spaces” (or “L-models”), specified by three sets of

13 At least in the homogeneous non-symmetric case, such a generalization can be regarded as the “generalized
adjoint identity” holding for the Hermitian part of the rank-3 Vinberg’s T-algebras [135].

MNotice that all (known and classified) homogeneous non-symmetric manifolds are of d-type, even if, as
far as we know, there is no proof that homogeneous non-symmetricity implies d-type.

15Within the black hole effective potential formalism, a discussion of the various classes of attractors
and related black hole entropies in homogeneous scalar manifolds of A" = 2, D = 4 supergravity has been
given in [51]. Therein, in (2.23)-(2.25) the explicit expression of the E-tensor (which is non-vanishing for
homogeneous non-symmetric cases) has been computed.

161n [43] this classification has been rephrased in terms of normal J-algebras; for a recent survey, see
also [12].
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integer parameters: L(q, P, P) In such a classification, the index ¢ = 1,..., N is parti-
tioned as!'”

{i}:S’{I}>{O‘}?
1=0,1,...,9+ 1;

azl,...,Dq+1-(P+P);
qgeNU{0,-1}, P,P e NU{0}, (4.25)

where D41 is a certain function of ¢ valued in N (see e.g. table 1 of [53]):

q Dgt1
-1 1
0 1
1 2
2 4
3 8 (4.26)
4 8
5 16
6 16
7 16
n—+716-Dy
Note that we set
N=q+3+Dg1-(P+P). (4.27)

The electric-magnetic (U-)duality group G of the L(g, P, P) models has the following
graded structure [53, 55]:

G = Go x (G1 x Ga), (4.28)
Go = (SO (g+2,2) x 8, (P, P) x 8O(1, 1))0; (4.29)
g1 = <¢q+2727Fq,P’P)1 ; (4.30)
Go = (1,1),, (4.31)

where the subscripts (outside round brackets) denote the weights w.r.t. the SO(1,1) factor
in Go. Moreover, S, (P, P) is the compact, metric-preserving group in the centralizer of the

real Euclidean Clifford algebra Cl(g+ 1,0) in the Dy (P + P) -dimensional representation

7In the present paper, attention should be paid to the three different uses of ‘’: it indicates a scalar
product involving naught and ¢-indices (as in (2.4)), or an algebraic multiplication (as in the third row
of (4.25)), or a scalar product involving only i-indices (split into s, and x- and y- indices), as in (6.30)—(6.33).
We hope that such different meanings are easily inferred from the context.
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(see e.g. in table 3 of [56]),

q Sq(P, P)

-1 SO(P)
SO(P) ® SO(P)
SO(P)

U(P)
USp(2P) (4.32)
USp(2P) ® USp(2P)
USp(2P)
U(P)
7 SO(P)
n+7 asforg+1=n.

ST W NN = O

Also, 14122 denotes the (semi)spinor representation of Spin(g + 2,2), and Fq7 PP stands for

the fundamental representation of S, (P, P) itself.
The vector multiplets’ scalar manifold is a non-symmetric projective special Kéhler,
non-compact Riemannian coset of the form

My :=G/H, (4.33)
where H is the maximal compact subgroup of G itself,
H =mes (Go) = SO (¢+2) xS, (P, P) x SO(2). (4.34)

By respectively denoting with g and § the Lie algebras of the groups G (4.28)—(4.31) and
H (4.34), the scalar fields coordinatizing My group into H-representations, such that the
Lie algebra of the coset My enjoys the following 5-graded structure,'®

Lie(My) =g6&h
=(q+21), .o (v, F ,; ®(1,1)0® (1,1)y0® (Vgs2, F, ps
a »1)0,—2 g+2: PP )| 4 »4)0,0 »1)2.0 a+2:Fq PP )
®(q+2, 1)072 , (4.35)

where the first subscript reports (as above) the weight w.r.t. the SO(1,1) factor in Gy,
whereas the second subscript denotes the charge w.r.t. the SO(2) ~ U(1) factor in H (4.34).
The total (real) dimension of My is then

dim My = dim Lie (My) = 2+ 2(q + 2) + 2Dgs1 (P + P) = 2dim M5 +2,  (4.36)

where

dim M5 = g +2 + D41 (P + P) (4.37)

is the (real) dimension of the vector multiplets’ real scalar manifold of the parent theory in
5 space-time (Lorentzian) dimensions [53, 55].

!8Note that the presence of the upperscript “(')” means that (4.35) and (4.38) hold up to possible spinor
conjugation of (semi)spinors .
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The 2-form field strengths and their duals fit into the (generally reducible) Gy-module
R4 = (q + 47 1)71 ©® (17/}((]22,27 Fq,P,P)O ® (q + 4’ 1)1 ’ (438)

which has thus a 3-graded structure w.r.t. the SO(1,1) factor in Gy. The Gyo-module (4.38),
of real dimension

dim Ry = 2(q+4) + 2Dy 11 (P + P), (4.39)

is anti-self-conjugate (i.e., it is symplectic), and the corresponding ring of G-invariant
homogeneous polynomials is one-dimensional (cfr. the discussion in [12]). As far as we
know, the expression (4.38) has never been presented in the literature thus far.

The non-vanishing components of d;jx = d;;x) are

1 %dSIJ = T]IJ:diag -L1,....1;
?dijk : q+1 (4'40)

319108 = (T1) o

where, for I = 0,1,...,¢+1, the square matrices I'7, of size Dy 1 - (P + P) and components
(I‘I)aﬁ are defined as follows: I'g := ]IDqH.(PJrP), and {I‘I}I#O are I'-matrices that provide
a real representation of the Euclidean Clifford algebra C1(q + 1,0); see section 5. All the
other, unwritten, components of d;;;, vanish. We should also recall that non-vanishing (and
independent) values of P are possible only when ¢ = 4m, with m € NU{0}. Indeed, for ¢ =0
mod 4 the representations I'; and —I'; are not equivalent, and a reducible representation is

given by I' = n ® I'y (with n =diag| 1,...,1,—1,...,—1|) and thus characterized by the
——— —— —
P times P times

multiplicity of each of these representations, namely P and P; of course, an overall sign
change of all the gamma matrices can always be re-absorbed, and this is the reason why
L(4m, P, P) = L(4m, P, P). If the representation consists of copies of only one version of
the irreducible representations, then we denote it by L(4m, P).

In correspondence with the splitting (4.25) of the index set, we introduce new variables
s, 1 and y®, and define

£:="T (s,xI,yo‘) . (4.41)

Then, (3.1) and (3.5) can be written as

V(@) = snrge’a” + 2" (T1),5 9%y = sq(@) + 2'Qr () ; (4.42)
A(p,g) = V() ~ " (p°as + P ar +P"4a)
= p'np'p” + 0" (01) s p°p” = 1° (P05 + plar + 040 (4.43)
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where!?

q(x) == nrya’a’; (4.44)
Q1 (y) == (1) vy (4.45)

The BPS system (2.6) (or, equivalently, (3.9)) is an inhomogeneous system of N quadratic
equations in N unknowns (s, z!,y®), and it acquires the following form:

q(x) = 3Ag;
2snryz” + Q1 (y) = 3Ap; (4.46)
22! (Fj)aﬁ yﬁ = 3A,.

The open orbit of electric and magnetic charges supporting %—BPS “large” extremal
black holes is an homogeneous non-symmetric manifold,

Opps = 7~ —. with Hpps = SO (¢ +2) x 5 (P, P) : (4.47)

BPS
of real dimension

dim Opps = 29 + 7+ 2Dy41 (P+ P) "2 dim R, — 1. (4.48)

Since Opgps is a generic, open orbit of the non-transitive action of the Lie group
G (4.28)—(4.31) on the representation space Ry, the result (4.48) is consistent with the
general counting formula:

dim Ry = dim Ogpg + 1, (4.49)

because, as mentioned above, the ring of G-invariant homogeneous polynomials on Ry is
one-dimensional [12]. Moreover, the fact that the stabilizer Hppg (4.47) of Oppg is compact
implies that no moduli space of BPS attractors exists at all, as pointed out in [63] and
firstly noticed in [61].

4.3.1 L(q,1) and “magic” enhancements

A noteworthy subclass of homogeneous d-manifolds is provided by the models L(g,1,0) =
L(g,1) [53], which have P = 1 and P = 0. From (4.28)-(4.31), the electric-magnetic
(U-)duality group G of the L(g,1) models has the following graded structure:

G =Gy x (91 Xg2)a

Go = (SO (q+2,2) x 8;(1,0) x SO(1,1)),;
G1 = (Y122, Fg10);

G2 = (1,1),,

9The parameter ¢ € NU {0, —1} occurring in de Wit-Van Proeyen’s classification [53] should not be
confused with the quadratic form g(x) (4.44).
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where the subscripts (outside round brackets) denote the weights w.r.t. the SO(1,1) factor
in Go. Moreover, S, (1,0) is the compact, metric-preserving group in the centralizer of the
real Euclidean Clifford algebra Cl(q + 1,0) in the D, 1-dimensional representation,

q Sq(1,0)
-1 I

(4.54)

TR WD RO
a
wn
ko)
~—~
M\_/
S~—

7 I
n+7asforqg+1=n,

where I denotes the identity. It is interesting to note that for ¢ = 1,2,4, 8, the Lie algebra
of S4(1,0) =1,U(1),USp(2),I can be regarded as

Lie (54(1,0)) = @, uy, usp,y, @ = tri (A) ©s50(A), with A =R,C,H, O, (4.55)

respectively. “tri” and “so” respectively denote the triality and norm-preserving Lie algebras
of the corresponding division algebra A (see e.g. [13]).
Furthermore, the underlying real vector space V has the following structure:

V=RaVas, dimV =¢+2, dimS = Dy41, (4.56)

where D, is the minimal dimension for which there are Clifford matrices I'1,...,T'g41 €
Mp,,(R), and it is given in (4.26) (cfr. also table 1 of [56] or table 3 of [56]). The total
dimensions of V is thus 1 + (¢ + 2) 4+ Dy41. By defining the standard quadratic form in
R” as

2

h 2
=3 (a:I ) : (4.57)

qn () = (931)2 4+ ...+ (CBh)

there exists a Lorentzian (mostly plus) quadratic form on V:

q(z%, 2t 2t = — (mO)Q + qgr1(x) == — (m0)2 + (xl)Q +...+ (mqﬂ)Q . (4.58)

On the other hand, the I'-matrices?” of the Euclidean Clifford algebra Cl(q + 1,0) will enter
(only) as the matrices defining quadratic forms @7 on S, and they will all be symmetric
matrices [53]. In a different context, these models have been treated in [6].

In L(g,1) models, the 2-form field strengths and their duals fit into the (generally
reducible) 3-graded (SO (q + 2,2) x 5,4 (1,0) x SO(1,1))-module

Rii=(a+4.1)_ & (22, F10), @ (a+4.1);. (4.59)

20Notice that one can take “diagonal blocks” of T-matrices to produce new ones.
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The open orbit of electric and magnetic charges supporting %—BPS “large” extremal black
holes reads

Opps — Hg . with Hyps = SO (q+2) x S, (1,0), (4.60)

BPS
with real dimension
dim Ogps = 2¢ + 7 + 2Dq+1. (461)

Within the class L(gq, 1), there are special models corresponding to homogeneous
symmetric d-manifolds: they occur when, for Dyy1 = 29 = 2,4,8,16, with g = 1,2, 3,4,
the mazimal corresponding ¢, namely g = 29~ = 1,2, 4,8 such that Dy41 = 2q, is taken;
the corresponding models, named “magic” [76-78], all pertain to N' = 2 Maxwell-Einstein
supergravity:

L(1,1), L(2,1),
dimV =1+3+2=6, dimV=1+4+4=09,
C1(2,0), C1(3,0),
IR J5;
(4.62)
L(4,1), L(8,1),
dmV=14+6+8=15 dimV=1410+16 =27,
ClL(5,0), C1(9,0),
I3 T3,

respectively. In these models, V has dimension 3¢ + 3, and it can be realized as the simple
cubic Jordan algebra J£ of Hermitian 3 x 3 matrices over the division algebra division
algebra A = R, C,H, O, with O denoting the algebra of octonions [86]. As we have already
mentioned (cfr. section 4.1), the entropy of extremal black holes in these models is explicitly
known, and it is given by the (unique) quartic invariant polynomial, Iy. The symmetries of
“magic” Maxwell-Einstein supergravity theories in D = 3, 4 and 5 space-time dimensions
have been discussed along the years from various perspectives, see e.g. [66, 70-72] (and
refs. therein).

It is interesting to remark that the J-based “magic” models L(q, 1) with ¢ = 1,2,4,8
correspond to “sweet spots” within the class L(q, 1); in fact, for ¢ = 1,2, 4,8 an enhancement
of the electric-magnetic (U-)duality group G (4.50)-(4.53), as well as of its R4 module (4.59)
and of the corresponding BPS orbit Oppg (4.60), takes place (for further detail, see e.g.
the discussion on triality in [104], as well as [16] for enhanced BPS orbits). It should be
noticed that the dimension of the scalar manifold as well as of the BPS “large” charge orbit
is invariant under such an enhancement, because the same amount of (compact) generators
is added at the numerator and at the denominator of the corresponding cosets. Explicitly,
one has:

e ¢=1: L(g,1) & J5,

G: (50(3,2) xSO(1,1))y X (41 x 12) — Sp(6,R);

Ry 5_1®4)D 5 — 14 = A}, (4.63)
_ (SO(3,2)xSO(1,1)), (41 x 12) Sp(6,R)
Ogps : SO(3)xS0(2) = — é)U(S) :
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o ¢=2: L(q,2) & JS,

G: (S0 (4,2) x U(1) x SO(L, 1)), (41,1 x 4) 4 x 12,0) —» SU(3,3);

Ry: 6_10@® 401D 467_1 ®61p — 20 = /\3;
_ (SO(4,2)xU(1)xSO(1,1))g o (41,1 x4]_;x120) SU(3,3)
Ogps : SO(4)><SOE)2(;><U(1) == " SUB)=SU@)"
(4.64)

o q=4: L(q,4) + J5

G: (SO(6,2) x USp(2) x SO(1,1)), x ((85,2); x (1,1),) — SO*(12);
(r

Ry : (80,1) 1 & (8,2), ® (84, 1), —  320);

) (S0(6,2)x USp(2)xSO(1,1)), % ((85,2); x(1,1),) S0*(12)

Ogps SO(6)><SO(2)><%Sp(2) : : 7 TSU®) -
(4.65)

e ¢=28: L(q,S)(—)Jg,

Gg: (SO (10,2) X SO(l, 1))0 X (321 X 12) — E7(_25);

Ry: 12 1P 32)P 12, —  56; (4.66)
_ (SO(10,2)xSO(1,1)),x (321 x12) Er(_os)
Opps : SO FI I R—— T oy

Finally, we remark that, while for 0 < ¢ < 8 the L(g,1) models are sub-models
obtainable by suitable truncation of the exceptional “magic” Maxwell-Einstein N = 2,
D = 4 supergravity model L(8,1) based on J;?, for ¢ > 9 such models provide an infinite
(countable) sequence of homogeneous non-symmetric models which are not truncations of
any symmetric model.

5 Basics on Euclidean Clifford algebras

We recall the definition of a Clifford algebra and the basic results on (matrix) representations
of such algebras. We then discuss ['-matrices and Clifford sets of I'-matrices, which define
such representations. We recall the Pauli matrices and introduce quadratic forms defined
by symmetric I-matrices that are tensor products of Pauli matrices. These quadratic forms
are building blocks in the definition of the cubic forms in the L(g, P, P)—models.

5.1 Euclidean Clifford algebras

The FEuclidean Clifford algebra Cl(n,0) is the quotient of the tensor algebra on V' = R"™ by
the relations ¢, (v) = v®w for all v € V, where ¢, (v) is the Euclidean quadratic form (4.57):

Cl(n,0) = CUV, qy) == (B VE) ) < gu(v) —v @0 > . (5.1)

We identify V' with the corresponding subspace in Cl(n,0) and we write zy for the product
of x and y € Cl(n,0). If ej,...,e, is an orthonormal basis of V and we write v =
zle) + ...+ 2", then in Cl(n,0) we have g,(v) = v?, so:

(x1)2 +o+ @)= (zler + ...+ 2e,)?, (5.2)

~19 —



and expanding the right hand side we see that in Cl(n,0) we have (here I,J =1,...,n)
e? =1, erejt+ejer=0 (I #J). (5.3)

The Euclidean Clifford algebra Cl(n,0) is a vector space of dimension 2" with basis the
enern,...er, with I <Ilp <...<Ipand k=1,2,...,n.

5.2 Representations of Cl(n,0) and Clifford sets

The structure of the Euclidean Clifford algebra Cl(n,0) is well-known, we just recall here
the ‘Bott periodicity’: denoting by Mis(R) = R(16) the algebra of real 16 x 16 matrices (of
dimension 16 x 16 = 28), it holds that

Clin+38,0) = Cl(n,0) @ Ms(R). (5.4)
For n =1,...,8, there are isomorphisms of algebras:
Cl(1,0) 2R xR, Ci(2,0) = My(R), CIi(3,0) = My(C), Ci(4,0) = My(H), (5.5)
where H is the division algebra of quaternions,

Cl(5,0) = Mo(H) x Ma(H),  CI(6,0) = My(H), (5.6)
CI(7,0) = Mg(C), C1(8,0) = Mg(R). (5.7)

Bott periodicity then implies that
C1(9,0) = Mis(R) x Myg(R), Cl(10,0) = My (R) ® M16(R) = M33(R) . (5.8)

Since C and H can be identified with subalgebras of Ma(R) and M4(R) respectively, we
obtain non-trivial homomorphisms (which are injective unless n =1 mod 4, and in that

case they are projections on one of the two factors):

Cl(1,0) = R, Cl(2,0) = M2(R), CI(3,0) — My(R), CIi(4,0), Cl(5,0) — Mg(R),
(5.9)
and similarly

C1(6,0), CI(7,0), CI(8,0), C1(9,0) — Ms(R). (5.10)
Notice that these are homomorphisms Cl(q + 1,0) — Mp,_, (R) with Dy as in (4.26).
Under the homomorphisms (5.9) and (5.10), the elements e; € Cl(n,0) map to so-called
F-matrices I'; which satisfy the Clifford relations (I,J =1,...,n):
2 =1, I+, =0 (I#J);
)

'Ly 4+ Ty = 26741 (5.11)

A set of n matrices {I'1,...,T'y} of size m will be called a Clifford set (of cardinality n and
size m). In (5.25) we will define specific I-matrices.

—90 —



Conversely, given a Clifford set {I';,...,I',} C M, (R) the definition of the Clifford
algebra shows that there is a unique homomorphism Cl(n,0) — M,,(R) sending e; — I';.
Since the matrix algebras M,,(K), with K = R, C,H are simple (so any homomorphism
M, (K) — M, (R) is either injective or it is the zero homomorphism), it follows from the
isomorphisms (5.5) (5.6) and (5.7) that a Clifford set with matrices of size 1,2,4, 8,16 can
have cardinality at most 1, 2, 3, 5, 9, respectively.

Furthermore, if {I'y,...,T,} is a Clifford set, one easily checks that

n 2 n

2

(Z xfn) - <Z (xf) )]129. (5.12)
I=1 I=1

5.3 The product decomposition for n =1 mod 4

We recall the product decomposition of the Euclidean Clifford algebras Cl(n,0) in case
n =1 mod 4. The key point are the following elements in such a Clifford algebra, where

we use the notation from section 5.1:

ci=ejey...ep, cr:=14¢))/2, c_.:=(1-¢)/2 (e Cl(n,0)). (5.13)
Since e% =1 and ejey = —ejey if I # J, one easily verifies that
A =ere9...n61€0.. .6, = (—1)”71616263 e en_le%elegeg e Cpl = (—1)”("71)/2 ,
(5.14)
and that for any I we have
cer = e1ey...enC = (—1)n_1€[6162 R (—1)”_1610. (5.15)

In particular, if n =1 mod 2 then we have ce; = eyc which implies that cx = xc for all
x € Cl(n) since the e; generate the Clifford algebra. Notice that then also the ci are
central elements, xcy = cyx for all z € Cl(n,0). If moreover n =1 mod 4 then we also
have that ¢? = 1.

Now we assume that n =1 mod 4. Then we find that

A=0+c)(1+c)/d=(1%+2c+P)/d=(1%¢)/2=cx, (5.16)
and recall that the c4+ are central:
cie. =ccp = (*=1)/4=0, (5.17)

so the cy are central idempotents in Cl(n,0). This causes the algebra to split into two
components as follows. For z € Cl(n,0) let

r=z(14+¢)24+2(1—-¢)/2=24 + x_, (5.18)
and thus the vector space Cl(n,0) splits as

Cl(n,0) = Cl(n,0)+ @& Cl(n,0)_, Cl(n,0)+ == {zxcx = crx 2 € Cl(n,0)}, (5.19)
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the sum is direct since if z = zcy = ye_ then zc; = yc_cy =0 and z_ = xcyc— = 0 hence
z = zcq + zc— = 0. The subspaces Cl(n,0)+ are actually subalgebras: if u,v € Cl(n,0)+
then also uv € Cl(n,0)+ since we can write u = zc4, v = yct and thus

uv = (wex)(yes) = 2yct = xyer € Cl(n,0)+ . (5.20)

In particular, given a matrix representation (an algebra homomorphism) ¢ : Cl(n,0) —
M,,(R) defined by ¢(e;) = I'y, the element ¢ maps to I'1T'y...T, and ¢ = 1 maps to I,.
If the representation is irreducible, then by Schur’s lemma any element, like ¢(c), that
commutes with all ¢(z), z € Cl(n,0), is a scalar multiple of the identity and since ¢ = 1
it follows that ¢(c) = £I,,. In case ¢ = I,,, one finds ¢(cy) = I, and ¢(c—) = 0, so that
Cl(n,0)_ = ker(¢), but in case ¢ = —I,, one finds ¢(c_) = I, and ¢(c4) = 0, so that
Cl(n,0)4 = ker(¢).

Notice also that changing the sign of all I';, I = 1,...,n, one obtains again a repre-
sentation ¢_ : Cl(n,0) — My (R) (with ¢_(e;) = —I'y) but now, since n is odd, we have
d—(c) = —¢(c). So, as is well-known, the representations ¢ and ¢_ are not equivalent. More
generally, changing the sign of an odd number of the I'; defines a representation which is
not equivalent to ¢ since it changes the sign of ¢(c).

5.4 Quadratic forms and I'-matrices

Recall the definition of the four 2 x 2 (Pauli) matrices:

I — 10 oy 01
Yoo = 12 = 01 )’ Y10 ‘= 01 = 10"

(5.21)
10 . 01
= 03 = = 109 = .
701 = 03 0_1) ™ 2 10
The notation is chosen such that (we recall that i, 7, k,0 = 0,1)
Vi Vel = £V(irk) G+0) (5.22)
where the indices are summed modulo 2. Notice that
v = (1), Vi = (=1 vy, T = (=1)". (5.23)

Recall that the tensor product of the square matrices M = (M;;) and N = (Ny;), of
size m x m and n x n respectively, is the matrix of size nm x nm given by the (block)

matrix
MNi1 ... MNy,
M ® N = : : : (5.24)
MNyi ... MNpy,
By a I'mmatrix (of size 29 x 29, and characteristic [;112]), in this paper we intend the
following tensor product:
I'= F[;ll?;] =Y Q. Yigg- (525)
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Such a '-matrix is symmetric iff the sum of the products iy jj is zero modulo 2:

T =T(viuj, ® .. ®%ig5,) = (Vi) ® ... ® (Tiy5,)

2 :9 . g ..

= (—1) a=1‘tala (77;1_7'1 ®...Q ’Yigjg) = (—1)20.:1 tajan, (526)

The quadratic form (with characteristic Heloly gy y,...,y* associated to the
J1---Jg

I-matrix (5.25) is defined as

QUL 1(y) = Ty(irjs ® - ® Yigs, )y - (5.27)

If Y9, iqjo = 0 modulo 2, the parity of the characteristic is said to be even, and then (5.26)
shows that the I'-matrix is symmetric. The (anti)symmetric I' matrices of size 29 are a
basis of the vector space of (skew)symmetric matrices of size 29.

5.5 Examples of the quadratic forms

In case g = 1 there are 3 symmetric ['-matrices, Yoo, Y01, 710 and the corresponding quadratic
forms are respectively:

A=)+ (). Q=) -(»). Qb= (2

For g = 2 there are 10 symmetric (and 6 antisymmetric) I' matrices, here are some examples
of the corresponding quadratic forms with I'-matrices o1 ® 01 and o1 ® o3 respectively:

Qo) =2w'y* + %), Q%) :=2'y* — *y). (5.29)

In case g = 3 there are 36 symmetric and 28 antisymmetric I'-matrices and for example the
quadratic form corresponding to 19 ® v11 ® 11 is

Qo) =2('y® + v*y" — v*y° — ™). (5.30)
5.6 Clifford sets of I'-matrices

One easily verifies:

LS I = (i ® -+ ® Vi) iaty ® -+ ® Vil
=(-1) Z 1l“l“+j"k”(7klzl® - ® Vhgly) Vings @ -+ ® Vigj, )
= (—1) 2z lalatiakap e g (5.31)
(CE20)" = (i © - ©31,5,)% = (—1) D ol (5.32)

Note that (5.26) and (5.32) show that if a I'-matrix F[;] is symmetric then F[§]2 = Iipg.
Moreover, from (5.31) it follows that two distinct symmetric I'-matrices F[;] and T'[F]
anti-commute iff the characteristic [*1%] is odd, that is >9_, (iq + k) (ja + o) = 1 mod 2,

J+l
(use that the symmetry implies Y7 _; igjo = >9_, kola =0 mod 2).
Thus a set of Imatrices {I'[;;],...,I'jn]} is a Clifford set iff all characteristics
i ..., [in] are even and the sum of any two distinct characteristics is odd.
J J
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5.7 Quadratic identities between quadratic forms

Whereas the quadratic forms Q[}] (with even characteristics of length g) are a basis of
the vector space of all quadratic forms in m = 29 variables, their squares, homogeneous
polynomials of degree four, are not linear independent. The most basic example, known as
Jacobi’s identity, is:

— QP+ QEI* + Qlg)* =0, (5.33)

which is easily verified since, by definition,

and thus we indeed have the identity

((y1)2 - (y2)2)2 = ((y1)2 - (y2)2)2 + (2y1y2)2 : (5.35)

For g = 2,3,4 there are similar identities between 4,6,10 respectively such quadrics,
see (8.61), (8.37), (8.5) respectively. A remarkable fact, and crucial for the invertibility
results in this paper, is that in all these four cases the Gamma-matrices of the quadrics
are I,, and the remaining I'; form a (maximal) Clifford set. Actually, these identities are
classical identities between theta functions. The case g = 1 was known to Jacobi, and the
other cases were already known to Max Noether, see [110, p.332, p.334].

Unfortunately, for g > 4 it seems that the squares of the quadrics defined by I,,, and a
maximal Clifford set are no longer linearly dependent.

5.8 Heisenberg groups

The I'-matrices generate a finite (non-Abelian) subgroup of GL(29,C), which is called a
Heisenberg group (cfr. e.g. [40]) or a Clifford group. The subgroup has order 2-229 and each
element is of the form +I" where I is one of the 229 I'-matrices. See [40, appendix A] for
the quadratic forms @,, = Q[%]. The quadratic relations among the Q,’s that we discussed
can also be found in A.3 of [40], where they are discussed in the context of Hopf maps.

6 BPS entropy and attractors in L (g, P) models

In the present paper we focus on BPS systems related to models L(q, P, P) of homogeneous
very special geometry [53]: we will thus only consider the case of a Lorentzian quadratic
form in the z* and a related Clifford set of I-matrices. In particular (see section 4.3), we
consider V' (cfr. (4.56)) to have Lorentzian (mostly plus) signature and

dimV =q+ 2, (6.1)
such that (cfr. (4.27))

N:dimV—lrl—ideimV,l‘(P—i—P). (62)
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For later convenience, in order to highlight the Lorentzian (mostly plus) signature, we also
shift the labeling of the ¢ 4+ 2 I-indices from 1,...,¢+2 to 0,1,...,q + 1; moreover, the
matrix I'yg will be nothing but the identity matrix of size m = Dg1 - (P + P)

Physically, the L(q, P, P) models of homogeneous very special geometry determine the
scalar manifolds (i.e., the target spaces of scalar fields) in ungauged N’ = 2 Maxwell-Einstein
supergravity theory coupled to vector multiplets in three, four or five Lorentzian space-time
dimensions (the corresponding spaces are quaternionic, Kéhler and real, respectively).

Since the closed form expression of the Bekenstein-Hawking entropy (2.2) as well as of
the attractor values of scalar fields (2.13) of extremal BPS black holes are already known
for symmetric spaces (see e.g. [62]), in the present paper we will focus on homogeneous
non-symmetric spaces.

In the present section, we will start from a Clifford set, and we will define a certain
cubic form; then, we will show that under certain conditions its gradient map is invertible;
consequently, the corresponding BPS system (2.6) can be explicitly solved by (6.53), thus
allowing for a novel, closed form expression of the Bekenstein-Hawking entropy (2.2) as well
as of the attractor values of scalar fields (2.13) of extremal BPS black holes, respectively
given by (6.66) and (6.73)—(6.75) below.

After such a general treatment, we will consider some classes of models, namely:
e L(q,1) with ¢ =1,...,8 (see section 8);
o L(q,2) with ¢ = 1,2, 3 (see section 9);

o L(q,P),q=1,2,3, P > 3 (see section 10), with explicit emphasis given to the models
L(1, P) with P > 2 given in section 10.7;

o L(4,1,1) (see section 12); in the present paper, this is the unique model having a
non-vanishing P (namely, with P = P = 1).

In particular, the models L(1,2) and L(1,3) will be analyzed in full detail in sections 9.5
and 10.6, respectively, and their analysis will be explicitly generalized to the class of models
L(1, P) with P > 2 in section 10.7. In this respect, such sections extend the treatment
given®! in section 4 of [122], by providing explicit expressions for the BPS black hole entropy
as well as for the BPS attractors in such an infinite class of non-symmetric (homogeneous)
models of N' = 2, D = 4 supergravity with cubic prepotential.

It is also here worth anticipating that similar results can be obtained also starting
with quadratic forms with different signatures; for instance, we will briefly deal with a
ten-dimensional quadratic form with Kleinian signature (i.e., with ¢ = ... = €5 =1 =

—€6 = ... = —€]p) in section 13.

21Tt would be interesting to investigate the geometric aspects of the examples of non-homogeneous very
special geometry discussed in section 4 of [122] (cfr. refs. therein, as well); we leave this task for further
future work.
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6.1 The cubic form

Let {T'1,...,T'g4+1} be a Clifford set of symmetric I'-matrices of size m x m, with m = Dy
as in (4.26) and section 5.6. Let Iy := L,.
We define a Lorentzian quadratic form ¢ in ¢-+2 variables 2, ..., 297! and ¢+2 quadratic

forms Qr, I =0,...,q¢+ 1, in m = Dy variables y', ..., y™: (cf. eq. (4.58) above):

q(z) = — (930>2 + (x1)2 +...+ (1:‘”1)2 ; (6.3)

Qi(y) ="ylry. (6.4)
Using the these quadratic forms, we define the cubic form in 1 + (¢ + 2) + m variables s,
20, oyt ™

V (s,2,y) = sq(x) + 2°Qo(y) + ... + 29 Qu11(y) - (6.5)
6.2 The invertibility condition

Given the Clifford set {I'1,...,I'441}, in order to invert the gradient map of V, we need the
existence of further symmetric m x m matrices 1, ..., Q,, which anti-commute with the
matrices in the Clifford set:

I'iQrg = —Qgl'y (IZl,...,(]—I—l, KZl,...,’l“). (6.6)
Moreover, if we denote the associated quadratic forms defined by these Qg by
Ry (y) :==TyQry, K=1,...,r (6.7)

then the following Lorentzian quadratic identity should hold:

q+1

W2+ Qi+ Y Ri(y)? = 0. (6.8)
I=1 K=1

If auxiliary matrices Qg with all these properties exist, then the gradient map (with
I=0,....q+1,anda=1,...,m)

VV . Rq+3+m SN Rq+3+m; (6.9)

vv:T<VS7"'7VI7"'JVO¢7”')7 (610)
oy 192% oV

s 1= —, = —, o =, A1

v 0s Vi ox! v Oy~ (6.11)

is invertible, with (birational) inverse given by polynomials of degree 2 if » = 0 and of degree
4 if r > 0. An explicit expression of the birational inverse map of the gradient map Vy, will
be given in section 6.4. This results in a closed form expression of the solution to the BPS
system (2.6), given in section 6.5. In turn, in section 6.6 this will allow for a closed form
expression of Bekenstein-Hawking entropy (2.2) as well as of the attractor values of scalar
fields (2.13) of extremal BPS black holes in the homogeneous non-symmetric very special
geometry characterizing the corresponding model of ungauged N’ = 2 Maxwell-Einstein
supergravity theory coupled to vector multiplets in four space-time dimensions.
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6.3 Remarks

Notice that only in the case that we do have a Lorentzian identity —Qo(y)? +Z?§ Qr(y)* =
0, there is no need for the extra Qx’s (and one can then take r = 0).

As it will be seen in section 6.7, this is a quite special case, corresponding to some
symmetric very special spaces, and to the very rich geometry related to simple cubic
Jordan algebras [115, 116]. In the present investigation, since we want to solve the BPS
system (2.6) and study the expression of the BPS black hole entropy (2.2) in cases not
treated in literature, we will be interested in some classes of homogeneous non-symmetric
spaces which all have r > 0.

It seems rather restrictive (and mysterious) to request the existence of the (Lorentzian)
quadratic identity (6.8), but it is crucial for us in order to show the existence of a (birational)
inverse map of the gradient map of the corresponding cubic form V, and thus to provide a
closed form expression of the solution to the associated BPS system (2.6).

It is here worth remarking that we will not impose any condition on products involving
only Q-matrices; in particular, for P > 3, we will consider symmetric m x m matrices €2;’s
that are not invertible (i.e. whose rank is less than m), so they cannot be I'-matrices (see
section 10).

We conclude with some remarks on the inverse of the gradient map Vy. This gradient
map is given by the partial derivatives of ¥V which are homogeneous polynomials of degree
two in £ := (s, z,y). Therefore VV(§) = VV(—¢) and this implies that the inverse image of
the image of any non-zero point contains at least two points which differ by a sign.

The inverse map VV~! will be given by homogeneous polynomials of degree four in
general, and thus the composition VV~1oVV has coordinate functions that are homogeneous
of degree eight. Therefore it cannot be the identity map (since the identity map has
coordinate functions that are homogeneous of degree one), but one has:

(VW) 1o W)@ = £ F(&) =4a(&)*V(©), (6.12)

(cfr. (6.13)), with f(§) homogeneous of degree 2 -2 + 3 = 7. In particular, for the points
with f(£§) = 0 the inverse of the gradient map does not provide useful information.

All this should not be surprising, in fact in the simple cubic Jordan algebra models
the gradient map is given by M — M?* where M is the adjoint of a 3 x 3 matrix and one
has M* = (—M)*; the inverse of the adjoint map is then M¥ — (M*)* which is M, up to a
homogeneous polynomial of degree three which is the determinant of M: (M*)* = det(M)M
(and det(M) is basically the cubic form V of the corresponding L(g, 1) model), see also
section 8.2.7.

6.4 Explicit inversion of Vy,

When r > 0, the inverse of the gradient map Vy is given as a composition of two maps,

namely:
g+3+m Vv mgt3+m o pet3tmir A mpet3+m
Riww) — BT 2 Riguww) 7 Risaw)
such that o aoVy = 4q(2)*V(s, 2, y)ly131m.- (6.13)
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The map «, which has ¢ + 3 + m 4 r components that are homogeneous polynomials of

degree 2 in the variables z1, ..., zg434+m, is given by
21,y 2ge3em) = L(22, 2129, .o, 212q430m, R1(2),. .., Re(2)), (6.14)
where the 7 quadratic forms Rx (z)’s depend only on the last m variables 244341, .. ., Zg43+4m:
Ry (2) := Rx(%2g43+1,- - -+ Zq+3+m) - (6.15)

The composition a o Vy will be explicitly computed in section 7.2 below, and it is given by

aoVy (s,z,y) = a(Vy(s,z,y) = qx) T(Vy(s,z,9), —4R1(y), ..., —4R,(y)). (6.16)

Next, the map u, which has ¢ + 3 + m components that are homogeneous polynomials
of degree 2 in the variables ¢, uq, ..., ug+1, V1, ., Um, W1 ..., Wy, is given by

q(u) + 75 Xk—1 Wk
—2tug + %Qo(v)

2tur + %Ql(?))
p(t,u,v,w) = : , (6.17)
Qq+1(v)

(XK1 wr Q) v

2th+1 +

q+1
( -0 uII‘]) v —

= N[

where the definition of the last m components involves all the ¢ + 2 symmetric I'-matrices
{T'r} as well as the r auxiliary symmetric matrices {Qx}, required in the invertibility
condition enounced in section 6.2; all these matrices have size m x m.

Recalling the relabelling (4.41), we will verify in section 7 that the composition of maps
poaoVy is given by (cfr. (6.5))

(noa) (Vy (s, z,y)) s
(,uoa)l (VV (S,ﬂj‘,y)) = 4(]2 ($)V(Sax7y) ! (618)
(,u,oa)a (VV (vavy)) ('
)
poaoVy (§) = 4¢* (z) V (§) €. (6.19)

As we will see below, in complete models (see section 6.7) r = 0 by definition, and one can
omit the map «a (because it becomes proportional to the identity map), and then (6.19)
reduces to

1o Vy (§) = V(€ &. (6.20)
The identity (6.19) implies that the composed map

KO 1y q+3+
R 25 RIS (6.21)
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can be regarded as the inverse map of the gradient map Vy. In order to determine the
general form of the map p o« (6.21), the map p (6.17) must be evaluated on the image of
the map a (6.14):

(moa)(z1,..., 2q43+m) == p(a (21, .., Zg+34m)) - (6.22)
The replacement of the variables ¢, ug, . .., ug+1, V1, . . . ; Um, W1 . . ., w, With the corresponding
components (homogeneous polynomials in the variables zi, ..., zg43+m) in the image of

a (6.14) reads as follows (I =0,1,....q+ 1, a=1,....m, K =1,...,71):

t— z%;
Ur —» 2121423
. (6.23)
Va —7 212¢+3+a;
(6.15)
wrg — Ri (2) =" Ri(2¢+3+1, - - -+ Zg+3+m)-
By defining the m x 1 vector
Z:= T (Zq+4, ceey Zq+3+m) 5 (624)
one can easily compute:
q(ur — z12142) + % k1 R (2)
—22320 + %Qo(v — 212)
22323 + %Ql(v — 212)
(poa)(z1,...,2¢+3+m) = : , (6.25)

Qq+1(v — 212)
21 (X x=1 Bi (2) Qk) 2

2272413 +

2 q+1 5
2] (ZI:O 21+2F1) z —

Bl bl

where the last line of the r.h.s. contains the product of the m x m matrices I'; and Qg with
the m x 1 vector 2 (6.24). From the definitions (6.3) and (6.7), one computes

— 2 2 2 2 .

q(ur = z12142) = 27 (—22 +25+ .+ 2543)5
s 2T 5 — 2 Tsr 5 _ 2 (.2 2 :

Qo(v— 212) =21 " 2T02 =21 "ZLn2 =27 (2004 + .- + Zq+3+m) ;

Ql(v — 212) = Z% T,%Flé; (6-26)

Qq+1(v = 212) = 2§ T20¢112,
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and therefore (6.25) can be further elaborated as follows:

A (-B+23+. . +28) + 15 ko Bk (9)
—22329 +

22323 +
(poa)(z1,...,2¢+3+m) = : )
in)’zq_i_g +

1
2
2 (Z?ié ZI+2F1) 2 — 321 (XCko1 Rx (8) k) 2

where (by recalling (6.7) and (6.15))
Rk (2) = T5Qk3. (6.28)

Each of the ¢ + 3 + m components of this composed map is given by an homogeneous
polynomial of degree 4 in the g+3+m variables 21, ..., 2g43+m. As it is evident, the explicit
form of such polynomials depends on ¢ + 2 (symmetric) I'-matrices I'; (such that Ty = 1L,,)
as well as on the r symmetric auxiliary matrices Qg and the corresponding quadratic forms
Ry defined in (6.7) and in (6.15). Note that both the I';’s and the Qx’s, as well as the
corresponding quadratic forms Q’s (6.4) and Rg’s (6.7), occur in the invertibility condition
enounced in section 6.2 (cfr. egs. (6.6) and (6.8), respectively), which is assumed to hold
throughout the treatment of this section, as well as of the subsequent sections 6.5-6.7 and
in the whole section 7.

6.5 Solution of the BPS system
From (6.18)—(6.19), by replacing Vy with 39,A =3 T (As, A7, A,), one obtains

91

VE = 1A2 (noa)(0pA). (6.29)

By defining
WL L

Vv (&€= 95 ° + A + Tyﬁy ; (6.30)
(D,A) - € == Ags + Ay + Agy”; (6.31)

(0pA) - (noa) (BpA) := Ay (noa)® (GpA)
+ Ay (o) (9p8) + Ag (o)’ (), (6.32)

and recalling the Euler formula (3.2), one can replace Vy (§) with 30,A and use (6.29) in
order to obtain

27 1

W= Vy(©) € =3(0,0) £ =55 (BA) (1oa) (BA),  (633)
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leading to
1

V=5 (@A) (100) (9,2) (6.34)
)
3
V= giaV(02) - (100) 02), (6.35)
which is well defined for

(OpA) - (po ) (0pA) > 0. (6.36)

Then, from (6.29) and (6.35), it follows that

9 1 3 (o) (0pA)

=4+—-———(poa)(0,A) ==+ 6.37
¢ 4]V| A2 02)(9p8) ZIASW(apA)-(Moa) (8,A) (637

is the general solution of the BPS system (2.6). However, we must also recall the condi-
tion (2.12), which in this case reads

(0,A)- €505 V() >0o i2|3As|\/(8pA) (oa) (A) >0, (638

which thus implies that only the branch “+” of (6.37) is consistent.

Summarising, at least in those homogeneous d-spaces [53, 56] in which the invertibility
condition enounced in section 6.2 is satisfied, there exists a quartic homogeneous polynomial
map (i =1,...,q+ 3+ m, where — cfr. below (6.2) — m = (P + P) Dg+1)

poa: (Rq+3+m>* — RIT3+™, (6.39)
(moa) (2) = (o) ™™ iz 212, (6.40)

namely (cfr. the index splitting®® (4.41) as well as the result (6.27)):

. 1 <&
=t (noa)y M o i 2 (—z% +25+...+ z§+3) + 76 > Ry (2); (6.41)
K=1
i=1T:(poa) ™™ iz 2z = 6U16% (1o a)flim) zizpzzm = 22 (o ) " iz (6.42)
i=a: (poa) ™ iz iz = 0Ul (o o) lktm) ZizpzZm = 2 (Lo @) MM 2212, (6.43)
where
Iim Lpan 5
(poa) " zzy = 2zmr12142 + 3 ZTr2
_ I=0:(uo oz)wm 2% = —22s%9 + %Zg;l z§+3+a;
I=1,....,q+1: (uoa)l M zm = 2252142 + % Ts1 13
(6.44)
y q+1 1 r
(M o a)a mZklem = Zs Zz1+2F1 zZ— Z ( RK (2) QK> 2, (6.45)
1=0 K=1

*2The first value of the index i has been denoted with s in the splitting (4.41), whereas it has been denoted
with 1 in the result (6.27). Throughout the following treatment, we will assume z1 = zs.
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where 777 (no sum on the repeated index I') denotes the non-vanishing (diagonal) components

of the (g + 2)-dimensional (mostly plus) Lorentzian metric 7;; introduced in (4.40).

Therefore, one can compute the quintic homogeneous polynomial (6.32) in 9, A = A;

to read

)-(moa) (9,A) := (oa) TH™ Ay A; AL A A,

o [(100) H™ A AR+ A (1100) ™ At (poa) M Au Ak ALA,

J(-A3+A+. +AZ )+ %[ZIR%(A)
g+1

+A2 > A; (2A5U11A1+2 +- AFIA)
=0

I1=0 K=1

g+1
—|—A2 (ZA]+2 AF]A) —AT Z Rg (A) TAQKA

= A} (-A3+A%+. +Aq+3) T © SR (3)

K=1
q+1 A 2 q+1
+2A3 Z AITIIJAJ+2+fZA1 TAT;A
1,J=0 -
q+1
+A23 " Agy AF,A——ZRK( )
=0

= A3 [~ Ao (280+A2) + A3 (2A1+A3) +...+Agis (2Ag41+Ags3)]

Ag
+A?2 (2+A2> (A§+4+. : .+A§+3+m>

r . A
_%As S R% (A)+AQZ ( 2I+AI+2> Q: (A)
K=1 I=1
q+1
= A3 ZUHAI+2(2AI+AI+2)+A < )ZAQ
I=0
3 T . q+1 AI .
—1gA YRR (A)+aly” <2+AI+2> Qi (4),
K=1 I=1

where in the last steps we have explicited all sums, and

A
= A, (o) M AGALAIA A A (o) T AGALAIA A A (1100) T AGA LA A,
A
A

(6.46)

(6.47)

(6.48)

(6.49)



We should remark that the following identifications of labels have been understood through-

out:
21, 225 235 -+, Zq+37 Zq+47 cee Zq+3+m;
TR Lo I (6.50)
Zsy 20y 21y - -5 2q+1, 215 gm)

where 20,21, 22,...,2¢+1 = 21, and 21,..., 2y, = 20 = 2a

Consequently, (6.46) yields that if

(OpA)-(poar) (0p,A) >0 (6.51)
)
q+1 m 3 r .
A nrrArie (2A1+ A7)+ ( +A2> SAZ- N Rk (A)
1=0 a=1 S K=1
g+1
+Z < +AI+2> Qr ( ) >0, (6.52)
the solution to the system (2.6) reads, in vector notation,
3 oa) (0pA
S S 00 1% 65
ANVICHSHPREISICEN
or, more explicitly (recall (4.41))
.3 A2 (—A3+A3+. +A2,) + 45 Xk BE (B)] 650
2|5, V@) (5oa) (8,1 ’
;314 <2A177HAI+2+% TAFIA) (6.55)
T = ; :
20 (0p8)-(1oa) (9,A)
yom §sgn(A ) [As S Ara X B (Tr) g 2gt348— § Skt Ric (2) St () o Zq+3+ﬁ}
2 V(A)-(10) (9,4)
(6.56)

where A; = 9,;A has been defined in (2.3) (see also (3.5) and (3.7)), and all sums have
been made explicit in the numerators; the quantity (0,A) - (1o a) (0,A) in the square root
in the denominator is given by (6.46).

In order to prove that (6.53) is a solution to the BPS system (2.6), we compute

D) (1o @) (ByA
g-apA:g\/( )’(A“S‘ '@ _ L. (6.57)

Thus, by recalling the Euler formula

GERIGN] (6.58)
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one obtains that

0=¢- (B8 -39 (©) v WA, (6.59)
T
1 1
KA = gvv &) = gdijkifjw ) (6.60)

which is the BPS system (2.6) itself.
Thus, in all models explicitly treated below, after the checking that the invertibility
condition enounced in section 6.2 holds true, the crucial data to be known are the symmetric

m x m [-matrices and the symmetric, auxiliary m x m matrices g such that (6.6) and (6.8)
both hold true.

6.5.1 The symmetric case

It should be remarked that those homogeneous d-spaces [53, 56] in which the invertibility
condition enounced in section 6.2 is satisfied include the noteworthy class of homogeneous
symmetric d-spaces (cfr. section 4.1), in which it holds that

(noa) (9,A) = (o ) "™M™ A ALAA,, = 202d7FA A, (6.61)

where d/¥ is defined in (4.15)—(4.19), and in the case of symmetric d-spaces it is a constant
(numerical) tensor (i.e., it does not depend on any scalar fields’ degree of freedom). (6.61)
implies that

(BpA) - (o a) (8,A) = (o a)TH™ AN ALAA, = 202078 A A A (6.62)
\
(BpA) - (o) (3pA) >0 < dI"AA;A, > 0. (6.63)

Indeed, by plugging (6.62) into (6.53), one obtains

3 (oa) (8,0) 3 dRA ;A

$=3Ay V(08) - (o) (9,4) T V2 AR, AR,

(6.64)

thus matching (4.8) (recalling (4.41)).

6.6 BPS black hole entropy and attractors

Let us recall that £ enters the expression (2.2) of the black hole entropy only through the
quantity (2.8), and (6.57) holds true. Remarkably, by virtue of (2.8), the solutions of the
BPS system (2.6) enter the expression of the black hole entropy only through the square of
the quantity (6.57):

9 (pA) - (po ) (BpA)

(€ 0p0)" =V3(E) = A2

. (6.65)
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Then, by recalling (2.2), the Bekenstein-Hawking entropy of static, spherically symmetric,
BPS extremal dyonic black holes in the model under consideration of N' = 2, D = 4
Maxwell-Einstein supergravity has the following expression:

\/aA Moa)(apA)
31p°

—9[p° (p- q) — 2I3(p)]°. (6.66)

E
In both formulee (6.65) and (6.66) the scalar product (0,A) - (p o o) (0,A) is given by (6.46).
Note that, as it must be, S (6.66) is a homogeneous positive function of degree 2 in the black

hole charges. The consistency conditions for (6.65) and the BPS black hole entropy (6.66)
to hold formally read as follows:

(pA) - (1o @) (9,A) > 0

(6.67)
(BpA) - (1o ) (BpA) = 3" (0 0) — 2L3(p)]” A > 0
4
(@) - (1100) (3,8) > 3[1° (p- 0) — 213(p)] A2, (6.68)
where again the scalar product (0,A) - (1o «) (9pA) is given by (6.46).
By exploiting the results (6.37) and (6.65) and defining
Q="(p"p",q0,4); (6.69)
n(Q) = {2 (Q} =T (231(Q), 21(Q), 251(Q)) (6.70)
p={p} =" ("), (6.71)
the expression of BPS attractor points (2.13) is given, in vector notation, by
“4(0) = 35} o ) 5, [pg B it R

or, more explicitly:

Q)= A2 (054834 +A%0) +5 T Bk ()] [0 (p-0)—21500) 3],
= (OpA)- (o) (GpA) p° 2m | pv’
(6.73)
St A2 (280118 142+ 5 TED1Z) [0 (peq)— 215 (p) I e
2 (9,A)-(uoa) (B,A) 7 27| Ty
()= 3 [As S0 A2 Y5y (T s Agrsss—1 Xkt Ric (A) > oh=1 (2K ) yp Aq+3+ﬂ} ‘
T (9,0)-(n0a) (3,2

pOé
o

pY o

'[po (p-9)—2I3(p) 35 (6.75)

where all sums are explicitly indicated in the numerator of (6.75), and (9,A) - (o a) (0,A)
and S are respectively given by (6.46) and (6.66).
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Again, by considering the general formula (6.66) in homogeneous symmetric models in
which the results discussed in section 6.5.1 as well as the adjoint identity (4.1) hold true, it
can be checked that the entropy acquires the simple form given by (4.12) (see discussion in
section 4.1).

6.7 Complete models: »r =0

The classification, completed in [53] (see also [56]), shows that any L(gq,1,0) = L(q, 1),
q > —1 model of homogeneous very special geometry is defined by I'g = I;, and a Clifford
set I'-matrices, of size m x m, namely by {I'1,...,[¢41}, where m = Dy (given e.g. in
table 1 of [56] and in (4.26)). For fixed ¢, such matrices are unique (up to a choice of basis in
R™). We will choose in section 8.1a Clifford set {I'r};_; o of symmetric I-matrices. The
associated quadratic forms {Qr} 1—7&078 have the additional pleasant property that putting
the last m/2 coordinate y*’s equal to zero, some quadrics vanish identically, whereas the
non-vanishing ones are the quadrics associated to an L(¢’,1) model with ¢’ < 8.

A complete model is defined to be a model in which » = 0 in the invertibility condition
enounced in section 6.2. Then, (6.8) implies that the associated quadratic forms satisfy a
Lorentzian quadratic relation

— QW+ W) +...+ Q2 () =0 q(Q(y) =0, (6.76)

where (4.58) has been recalled. Defining the associated cubic form V as in (6.5), the main
result then states that the gradient map Vy will be invertible, with the (birational) inverse
map being polynomial of degree 2.

Indeed, since for » = 0 all coordinate functions of the map a are multiples of z; and u
is homogeneous, so, as mentioned above, one can redefine « to be the identity map. As a
consequence, (i, which is given by quadratic polynomials, is the birational inverse of Vy;
cfr. (6.20), which can be regarded as a consequence of the so-called “adjoint identity” (4.1)
of cubic Jordan algebras.

The only?® complete models known to us have ¢ = 1,2,4,8 and m = 2¢, so N =
3¢+ 3 =6,9,15, 27 respectively; such models have been discussed at the end of section 4.3.1,
and they will be further discussed below. In these models, which correspond to the “magic”
class of symmetric d-manifolds [76-78], the cubic forms are the well known norm forms
on simple cubic Jordan algebras J£, for A = R,C,H,Q [117]. These complete models
correspond to the models L(g, 1) [53, 56] with ¢ = 1,2,4,8 = dimg A for A = R,C,H,0
respectively, provided that the (¢ 4+ 2)-dimensional vector has a (mostly plus) Lorentzian
signature (1_, (¢ + 1), ), which can always be arranged.

As we will see in section 13, also quadratic forms in ¢ + 2 = 4,6, 10 dimensions of
Kleinian signatures (24,2_), (34,3-) and (54,5_) can be considered: they are associated
to simple cubic Jordan algebras over split composition algebras Jg‘}s, for A = Cq, Hg, Q.
Moreover, they correspond to non-supersymmetric Maxwell-Einstein theories (for C4 and
Hy), as well as to maximal supergravity (in the case of Qy); cfr. [101, 102].

23 Actually, (4.1) holds also for J3 = R (corresponding to the 7% model of N' = 2, D = 4 supergravity)
as well as for semi-simple cubic Jordan algebras (named “spin factors”) R @ I', 5 [86]. Therefore, strictly
speaking, also these models should be complete.
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7 Verifying the inverse map

In this section we prove that, if the condition enounced in section 6.2 is satisfied, then the
formulas in section 6.4 indeed provide the (birational) inverse map of the gradient map of
the cubic form V under consideration.

7.1 Factorization of Rk’s

First of all, we derive a useful property of the quadratic polynomials Rg’s, defined by the
extra symmetric matrices Qp, with 1 < K < r (with r > 0), of size m.
The last m = 29 coordinate functions of Vy are denoted by (y = T(y',...,y™))

oV oV at!

T T I

= — .., —— | =2 ;. 7.1

e () = (B &

We show that, upon substituting V,V into R (6.7), the following factorization holds:
Ric(V,V) = ~4q(z) Ric(y). (72)

In fact, by definition, one has:

q+1 q+1 q+1
Ry (V,V) =41y ZII INE RV Z /Ty | y=4Ty Z 2l (DT ) | y. (7.3)
1=0

J=0 1,J=0

Recall that I’y = I, and that from (6.6) we have I't/Qx = —QgIyfor I =1,...,q+ 1.
Therefore, for I > 0 it holds that

ToQxTy = O, ToQrT = -T1Qr = -T1QkTy . (7.4)
If I,J >0and I # J, we have I';/I"y = —I'jI'; since we have a Clifford set, and thus
LiQrly=-T1T Q0 =100 = -T Q1. (7.5)
Furthermore, when I = J > 0 we have I'j/I"j = F% =1I,,, and thus
Q= -T'1T 0k = —Qk . (7.6)

Therefore, all terms with I # J in (7.3) cancel, and we are left with

9 q+1
Ri(VyV) = 4"y ((SUO) Q — Z(fI)QQK) Y
=

—4 <(:p0)2 - (<x1)2 t... (:cq+1)2>> TyQry = —4q(x)Rk(y),  (7.7)

which proves (7.2).
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7.2 The map «o Vy

For ¢ = (s,x,y) € RIT3H™ (cfr. (4.41)), we now verify that the image (¢, u,v,w) = a(Vy(€))
in RIF3+FMHT g given by (6.16).

The first ¢ + 3 + m components of a(z) are the z1z,’s, with a =1,...,¢+ 3+ m. Since
the first component of Vy, is 0V /ds = q(x), we see that the first ¢ + 3 + m components of
a(Vy(§)) == aoVy (§) are g(z)Vy(§).

The last r components of « (z) are the Rg’s, evaluated on the last m variables. Hence,
the last r components of aoVy (§) are the Rg’s evaluated on m-vector V, V. From (7.2)
we see that these components are —4q(z)Ri(y), K =1,...,7.

Thus, all components of aoVy, (§) are stated as in (6.16). For later convenience, we
write these components explicitly, with I =1,...,¢q+1,a=1,....mand K =1,...,r:

t = q(x)? 7.8
ug = q(x) (—2x05 + Qo(y)> ; (7.9)
ur=q(a) (22's+ Qi) (7.10)

q+1
Vo = 2q(z) (Z SUIF[) Yy’ (7.11)
1=0 aB
wrg =—4q(z)Rk(y) . (7.12)

7.3 The map poaoVy

We now aim at proving (6.18), which in particular implies that the composition p o« is the
birational inverse of the gradient map Vy.

To do so, we first compute u(a(Vy(€))) with € = T(s,2,y) (cfr. (4.41)). We already
computed (a(Vy(£)) in (6.16) and (7.8)—(7.12), so it remains to evaluate the map p, defined
in (6.17), on T (t,u,v,w) = a(Vy(£)).

From (6.17), the first component of 11 is q(u) 4+ 15 > %—; wk, and it holds that

(—4g() R ))” = a(@)* 3" Ric(y)". (7.13)
K=1

Next, from (6.17) the second component of p1 is —2tug + 3Qo(v), and it holds that
2tug = —2q(2)*(~2s2” + Qo(y)) = 2q(x)* (252" — Qo(y)) - (7.14)

Therefore, the next J components of yu (J =1,...,q+ 1) are, from (6.17), 2tu; + 3Q(v),
and it holds that

2tuy = 2q(x)3 (252”7 + Q(y)). (7.15)
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Therefore, from (6.17), (7.8)—(7.12) and (7.13)—(7.15), one obtains

0 (“252° 1 Qoly). 252+ Qi(y).... 25271 + Qur (v)
+ 2 -1 R (y)?

2q(z) (252° — Qo(y)) + 5Q0(V,V)

(noaoVy)(s,z,y) = qx)* | 2¢(x)(2sz’ + Q1(y)) + Q1(V,V)

2q(x) (2527 + Qq11(y)) + 3Qq+1(VyV)
(S0 ViTt) VY + (St Ric(y)2) Y,V

(7.16)

To verify (6.18), the treatment can be split in three parts, respectively concerning
the first, s-component, the middle ¢ + 2 components and the last m components of

(a(Vy(s,2,9)) = (110 a0Vy) (5,2,) = 1o a0V, (€):

1. For what concerns the first, s- component of the map (u o aoVy) (s, z,y), one needs
to show that

T

4vs = q (=252 + Qo(y), 252" + Q1(y). .-, 252! + Quia () + Y Rc(y).

K=1
(7.17)
We start and consider
q(—2sx0 + Qo(y), 25zt + Q1(y),..., 25zt + Qq+1(y))
g+1
= —(=252" + Qo(y))* + Y _ (252" + Q1(y))”
I=1
q+1 q+1
=4s%q(x) +4s Y _ 2" Qr(y) — Qo(y)* + > _ Qr(y)*
=0 I=1
a+1
=4Vs — Qo(y)> + ) Q1(y)*. (7.18)
I=1
Using the identity (6.8), one finds
r q+1
> Re(y)? =Qoy)? - Qi(y)>, (7.19)
K=1 I=1

and thus (7.18) proves (7.17).

2. For the next ¢ + 2 components of the map (o aoVy) (s,z,y), one needs to prove
that (cfr. (7.16)):

4va? = 2q(z)(252° — Qo(y)) + 3Qo(VyV),
(7.20)
4Vl = 2q(x) (252’ + Q1 (y)) + %Q[(VyV), I=1,...,q+1.
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We claim that

0x~gt+l g ; -0
Lo (¥.v) = { 20(2)Qo(y) +42° X527 Qu(y) i T=0; (721)

2 ~2q(2)Qr(y) +4a' Y527 Quly) i T=1,...q+1.
Indeed, it holds that

1 1 q+1 q+1 q+1 )
SQI(VyV) = 5Qr 2Ty [ S a/Ty | | =2"y [ D 2'Ty | T | D 2Ty |y
J=0 J=0 J=0

(7.22)
If I =0, then I’y = [,;, and thus (7.22), combined with (5.12), leads to
q+1 q+1
*QO(V V = 2T Z.’EJFJ Iy Z x FJ/
q+1 q+1 )
=2Ty | 2L + > 2'Ty | [22%T 0 — 2%l + D 2Ty |y
J=1 J'=1
at! 2 2 2T
4, (Z r) vr2 (= (@) 4 () e (@) s
J=0
g+1
= 42" " 27Qs(y) + 2¢(z)Qo(v). (7.23)
J=0

On the other hand, if I = 1,...,¢+ 1 then I'; and I'j commute only for J = 0 or

J = I, and they anti-commute otherwise; consequently, by moving I'; to the right, it
follows that

q+1 q+1
fQI(V V) =27y (ijrj) Iy (Zw rJ,)

q+1 q+1 )
:2Ty 2°L,, + Zx‘]FJ 2T, — Z z’ Ty +2xIFI Iy
J=1 J'=1

_ N2 _(,1)? g+1\% | T i (= 2
2{(:5) ((:L‘) +...+(x )) yLry+4z "y Zx Ly| Ty
J=0
q+1

= —2q(2)Qr(y) + 42" > 27 Q,(y). (7.24)
J=0

Hence, the claim (7.21) is proven. Now, we show that the equalities in (7.20) follow
from the claim (7.21). In fact, by recalling (6.5) for I = 0 one obtains

2(2) 252" ~ Qo(y)) + 5 Q0(T,V)

¢t
= 4sq(z)2° — 2¢(z)Qo(y) + 2q(z)Qo(y) + 42° Y 27 Q;(y) = 42°V.  (7.25)
J=0
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Analogously, for I =1,...,¢+ 1 it holds that

2(2) (22" + Qu(y) + 5 @1(T,V)
g+1
= 4sq(z)x’ 4 2q¢(2)Q1(y) — 2¢(x)Q;(y) + 4! Z 2’ Q(y) = 4z'V. (7.26)

This concludes the verification for the g + 2 components under consideration.

. Finally, for the last m components of (1o aoVy) (s, x,y) one must check that

q+1
4Vy = (Z Vil + Z Rk(y QK) VyV. (7.27)
1=0 K=1

First of all, we substitute Vo = —2s2%4+Qq(y) and V; = 2sz! +Q(y) for I = 1,...,q+1,
in the r.h.s. of (7.27), obtaining

g+1 g+1
Z Vil = 28(—[E0F0 + x1F1 + ...+ .%'Q+1Fq+1) + Z Q[(y)F[ . (728)
I1=0 =0

Thus, since V = sq(x) + Z?Jr(l) 21Q; (y), the formula (7.27) follows if we verify the
following two identities:

4sq(z)y = 25(—aTo + 2Ty + ... + 27T 11)V, V; (7.29)
q+1 q+1
41X Q) |y= > Qrw)Tr+ Z Ri(y)Q% | VY. (7.30)
I1=0 I1=0 K=1

We recall that V,V = 2(2?% 2'T;)y. The first identity (7.29) is easy to verify by
substituting this and using (5.12); in fact, its r.h.s. can be elaborated as follows:

4s (—xoro ) S xq+1rq+1) (xofo +a'Ty+.. + xq+qu+1) y
=4s (—(x0)2 + @)+ + (xq'H)Q) y =4sq(x)y. (7.31)

In order to prove the second identity (7.30), we observe that, since I‘% = I,,,, the first
term in its r.h.s. can be elaborated as

q+1 q+1 q+1 q+1 q+1
Qs (2) 2T |y=2(> ") |y+2D 2" > QsTITry.
J=0 1=0 1=0 I1=0  I£J=0
(7.32)
The second term in the r.h.s. of (7.30) reads

<KilRK( ) (2%#1‘1) y—2§x (Z )QK) (7.33)

K=1

So, the second identity (7.30) follows from (7.32) and (7.33) if we can show that

q+1 q+1 q+1 r
(Z ey (y)) y=> a' (( > QJ(y)FJ) + <Z RK(y)QK>) Lry, (7.34)
=0 =0 K=1

I#£J=0
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or, comparing the (matrix) coefficients of the x!’s, equivalently, for all I =0,1,...,q+1:
q+1 r
Qr(y) = > Qs |+ (Z RK(?J)QK> Iy. (7.35)
1#J=0 K=1

To verify (7.35), we use the identity (6.8), which we write as

F(y) == —Qo(y)* +Q1(¥)° +... + Qer1(¥)* + Ri(y)* +...+ R.(y)* =0, (7.36)

with, as above, Qr(y) = TyT'1y, Ri(y) := TyQxy; note that F(y) is identically zero
as a polynomial in y = (y!,...,y™). Therefore all partial derivatives of F w.r.t. the
y“ are also identically zero (as cubics in y). Notice that

0=V,F (y)

=2(—Qo(W) o+ Qi(y)'1+ ...+ Qur1(¥) g1 + Ra(y)h + ... + Re(y)) y.
(7.37)

Multiplying (7.37) from the left by one of the I'y’s (I = 1,...,¢ + 1) and using
I'ily=-IyIpif J#0,1 and I'/Qr = —QxT'7, we get:

0=I7V,F (y)
=2(—Qo(y)lo— Q)1 — ...+ Q1)1 — ... — Qgy1(¥)Tg11
—Ri(y)h — ... — R (y)%) Try. (7.38)

Thus, using F% = 1I,,, we obtain

1#£J=0

q+1 r
Qr(y)y = (( > QJ(y)FJ) + (Z RK(y)QK>) Iy, (7.39)
K=1

and therefore we have verified (7.35) for I = 1,..,q + 1. For I = 0, it holds that
'y =1L, and (7.37) implies

q+1 r
Qo(y)y = ((Z QJ(y)FJ> + <Z RK(y)QK>) Lo (7.40)
J=1 K=1

Consequently, we have verified (7.35) for all I = 0,1,...,¢ + 1, and therefore we
proved the second identity (7.30), as well. Hence, we proved (7.27). This concludes
the verification that p o o provides a birational inverse of Vy.

The results in section 7, holding when the condition enounced in section 6.2 is satisfied,

provide the proof of the invertibility of the gradient map Vy by giving its explicit birational
inverse map, as discussed in section 6.4.
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8 Examples, I: L(q,1),¢g=1,...,8

Whenever P = 1,2, the various L(gq, P) models for which we can prove invertibility, namely
those with ¢ = 1,..,8 and P = 1 as well as those with ¢ = 1,2,3 and P = 2, are conveniently
presented below as suitable linear sections (also named descendants®*) of the complete
model L(8,1). Note that the invertibility of these descendants is a priori by no means
guaranteed by the invertibility of L(8,1) (which is basically the J? and thus is well-known
to be invertible, cfr. section 8.1); however, the general treatment given above does allow us
to verify invertibility of such descendants. Furthermore, the models L(q, P) with ¢ =1,2,3
and P > 3 will then be treated with a different method in section 10.

For the L(g,1) models (with 1 < ¢ < 8) that are not complete, so for ¢ = 3,5,6,7, the
invertibility condition enounced in section 6.2 requires that a Clifford set of ¢+ 1 symmetric
[-matrices {I'1,...,T'¢4+1} is contained in a larger set {I'g := L, I'1, ..., Tgq1, @1, ..., Q; } of
symmetric matrices with certain properties. It turns out that the Qg’s (with K =1,...,7r)
can again be taken to be I-matrices and that {I'1,...,T¢41,Q,...,Q,} is in fact a Clifford
set (of square matrices of size m = Dy 1) for a complete model of type L(¢’,1) with ¢' > q.
More precisely:

e L(3,1) C L(4,1) (for which m = 23 = 8) and the corresponding Clifford sets are
{Ty,..., T4} Cc{T'1,..., 5}, so L(3,1) is a submodel of the complete model L(4,1);

o L(5,1), L(6,1) and L(7,1) are submodels of the complete model L(8,1), because they
all have Clifford sets of 16 x 16 I'-matrices which are contained in the Clifford set
(still of 16 x 16 I'-matrices) of the model L(8,1): for each of such submodels, the
missing [-matrices w.r.t. L(8,1) can be identified with the needed Q-matrices.

So, given a complete model with Clifford set {I'},...,I"},}, for any proper subset
S c {1,..., M}, one obtains a descendant model (possibly with P > 0), associated to a
cubic form Vs defined by the I-matrices I'}, I € S, and with Qg’s defined as the I ’s
with K € S, where S is the complementary of S in {1,..., M}. The explicit inverse of the
gradient map Vy, is thus obtained through the procedure treated in sections 6.2-6.7.

From the treatment of section 6, the solution of the BPS system of the descendant
model under consideration is then given by (6.54)-(6.56), and (6.66) and (6.73)—(6.75) yield
the corresponding expression of the BPS black hole entropy and of the BPS attractors,
respectively. We refer to section 9.5, 10.6 for examples of lower dimensional models L(q, P)
(namely, L(1,2) and L(1, 3)) which we explicitly work out in detail (see also the generalization
to L(1, P) models with P > 2 in section 10.7).

8.1 L(8,1)=J

This model is the ‘largest’ among the known complete models (see section 6.7): it has
qg=28,P =1, and Dy = 16 [53]; the number of variables is

(I4+q+24+P Dgy1),_gpy =1+10+16 =27, (8.1)

24But not necessarily submodels; cfr. section 11.3.
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and therefore I = 0,1,...,9, and o = 1,...,16. The model corresponds to a symmetric
space, and it is related to the exceptional cubic Jordan algebra? J? , whose reduced
structure group is the minimally non-compact real form Eg(_o6) of Eg.

In this case, the Bekenstein-Hawking entropy and the attractor values of scalar fields
of BPS extremal black holes are explicitly known; see e.g. [62]. Thus, we will not consider
the solution of the BPS system in this model, but rather we will give some treatment useful
to discuss some descendants from L(8, 1) itself (cfr. section 8.2).

We choose the g + 2 = 10 T'-matrices I'g = I14,I'1, ..., g (of size 16 x 16) such that
{T'1,...,T9} is a Clifford set and such that the corresponding quadrics are:

Qo= QI8 = (") ++ () + () + o+ (v1%)
Q) = Q[oooo] — { (91)2 - (92)2 + ...+ (y7)2 - (3/8)2
N B O e (e R () R (R
9,10 11,12 13,14 15,16

Q2= Q0% =2w"y® — vy + vy — oy — %" + My — Byt 4 Py
Qs = Qloooo] = 2(y'y" +7° + 7% + 0T+ %y + g0yt 4y gty
Q1 = QI = 2(y — v + vPy® — ylyT + 0y — 10yt 4yttt — y12y1%), (8:2)
QS = Q[g%%(l]] = 2(y1y8 4 y2y7 o y3y6 o y4y5 4 y9y16 4 y10y15 _ y11y14 o y12y13);
QG = Q[(l)g?é] = 2(y1y10 + y2y9 _ y3y12 o y4y11 4 y5y14 + y6y13 _ y7y16 o y8y15);
Q7 = Q%] = 2(y'y" — ¥y + Py — yhy — Pyt + Sy — Ty + By,
Qs = Qli1%o) =2y + vy — Py"0 — ™" — oy — 0 + Ty + By
Qo = Qioot] = 2"y"® — v2y™ + PyM — y'y" + Py — Syt + Ty — By0).
The cubic form of this model is
9
Visn =sq(x) + Y 2'Qr(y), (8.3)
I=0
where
q(z) = — <x0>2 + qo(z) = — (ZL‘O)Q + (x1>2 + (:U2)2 +...+ (:U9>2 . (8.4)
Since the quadratic forms Q, ..., Qg satisfy the Lorentzian quadratic relation

— Qo)+ Q1(y)* + ...+ Qo(y)* =0, (8.5)

the L(8,1) model satisfies the invertibility condition of section 6.2 with » = 0 (so no extra
Qk are needed): in fact, as mentioned above, L(8,1) is a complete model. Thus, the
gradient map Vyu&l) of Vps,1) is invertible and the inverse map y is given by homogeneous
polynomials of degree two. It holds that

Vy
27 L(3,1) 27 I 27
RE — R — RE , (8.6)

25In fact, one could in principle write down an explicit 3 x 3 Hermitian matrix M with octonionic
components such that V = —A (M), where N is the cubic norm (generalizing the determinant) of M, but
we refrain from doing so; see [89].
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with
110 Vv, e (§) =4V (§) € (8.7)
The gradient map

Viey @ BT — R 6 TV (), V1 (), Va (6)
can be identified with the adjoint map
Jg — Jg, M — M (8.8)

here M? is the adjoint matrix of M € Jg,) . This adjoint map # is (birationally) invertible,
with inverse given by the map M* — (M*)!, which is thus essentially the map p.

8.2 Some submodels of L(8,1)

8.2.1 L(7,1)

L(7,1) is a submodel of L(8,1), and it corresponds to a homogeneous non-symmetric
(sub)manifold (of the symmetric scalar manifold pertaining to L(8,1)). Indeed, by setting
2% = 0 in the L(8,1) model treated in section 8.1, one has 1+ (10 — 1) + 16 = 26 variables.
The I'-matrices involved are I'g = I;4 and the Clifford set, now with only 8 matrices, namely
{T'y,...,Tg}, still of size Dg = Dg = 16. The x? = 0 restriction of the Lorentzian quadratic

form g(x) (8.4) is the corresponding Lorentzian form in 20, ..., 2%

q(z) == — <x0>2 +gs(z) = — (CL‘O>2 + <x1>2 + <x2>2 +...+ ($8)2 . (8.9)

Therefore, Vs 1,0y restricts to the cubic form V7 1y of the L(7,1) model: L(7,1) can be
regarded as L(8,1) with one linear constraint:

L(77 1) - L(S? 1)|m9:0 ; (8.10)
(8.11)

Vi) = Vi

29=0

As discussed in [117], it should be remarked that the invertibility of the gradient map
of Vr,g,1) would, in general, not guarantee the invertibility of its restriction to a linear
subspace of R%7. However, the invertibility condition enounced in section 6.2 is satisfied,
once we define

Qq =Ty, so Ri(y) =Qo(y), r:=1. (8.12)

In fact, Q; anti-commutes with all matrices of the Clifford set {I'1,...,I's}, because it is
originally part of the Clifford set {I'1,...,T'9} of L(8,1). The quadratic form R;(y) defined
by Q1 = T'g is of course R1(y) = Qo(y) of (8.2), so that the required Lorentzian identity (6.8)
holds true: it is nothing but (8.5).

Since r = 1, the inverse of the gradient map Vv, (71 18 given as a composition of two
maps, namely (cfr. (4.41)):

VVrira
REFOHIO TG RLIOHIE ) RILIOHIGHL K, RlHOH, (8.13)
UV, W) 3
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The map «, as in (6.14), is given by:
alz1,...,20) = (22, z120,. .., 21206, R1(2)), (8.14)
where the quadratic form Ri(z) is obtained by substituting y® := z4410 in Qg:
Ri(2z) = 2(z11226 — 212225 + 213224 — 214223 + 215222 — 216221 + 217220 — 218219) - (8.15)

The map p (6.17) has 1+ 9 + 16 components which are homogeneous polynomials of degree
2 in the 27 variables t, ug, ..., us, v1,..., V16, W. Since

Moo VVL(771) (5) = 4Q(x)2VL(7,1) (5)67 (816)

where g(z) is given by (8.9), the (birational) inverse of the gradient map Vy, ., is the map
1 o «, which is a homogeneous polynomial map of degree four.

8.2.2 L(6,1)

A similar treatment can be given for L(6,1), corresponding to an homogeneous non-
symmetric (sub)manifold (of the symmetric scalar manifold pertaining to L(8,1)): L(6,1)
can be regarded as L(8,1) with two linear constraints:

L(6,1) = L(8,1)|,8_,9_0: (8.17)

Ve, = Vi,

28=x9=0

Therefore, from the invertibility condition enounced in section 6.2, the model L(6,1) is
invertible, because one can take

M =Ty, Q=Ts so Ri(y)=0Qu(y), Ra(y)=0Qsy), r=2. (8.19)
The 28 = 2% = 0 restriction of the Lorentzian quadratic form g(z) (8.4) is the corresponding
Lorentzian form in 2°,..., 27

q(x) == — (mO)Q +q7(x) = — (1'0)2 + (1‘1)2 + <m2>2 +...+ (:137)2 . (8.20)

Since r = 2, the inverse of the gradient map VL. 18 given as a composition of two
maps, namely (cfr. (4.41)):

Vy
148416 L(6,1) m148+16 & 1+8+16+2 M 148416
Re —" R} = R o Ry : (8.21)

The map «, as in (6.14), is given by:
az1,...,205) := T(23, 2129, ..., 21225, R1(2), Ra(2)), (8.22)

where the quadratic forms Ry (z)’s (K = 1,2) depend only on the last 16 variables
210, - - - » 225 and they are obtained by substituting y“ := z449 in Q9 and Qg respectively:

Ri(z) == 2(z10225 — 211224 + 212223 — 213222 + 214221 — 215220 + 216219 — 217218);  (8.23)
=2

Ry(z) (210223 + 211222 — 212225 — Z13%24 — 214219 — 215218 + 216221 + 217%220).  (8.24)
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The map u (6.17) has 1+ 8 + 16 components which are homogeneous polynomials of degree
2 in the 27 variables t, ug, ..., u7,v1,..., V16, W1, Ws. Since

poaoVy, . (€) =4q(x)*Vie (&, (8.25)

where g(z) is given by (8.20), the (birational) inverse of the gradient map Vy, ,, is the
map p o «, which is a homogeneous polynomial map of degree four.

8.2.3 L(5,1)

One can take one step further (since the I'-matrices still have size 16 = Dg = Dg = D7 = D),
and consider L(5,1), corresponding to a homogeneous non-symmetric (sub)manifold (of the
symmetric scalar manifold pertaining to L(8,1)): L(5,1) can be regarded as L(8,1) with
three linear constraints:

L(5,1) = L(8,1)] (8.26)

(8.27)

rT=x8=1x9=0"

Vi1 = Vi

2T =a8=g9=0
One can thus take

=Ty, Q=TIs, Q=I7 so Ri(y)=Qe(y), Ra2(y)=Qs(y), R3(y)=Q:(y),
(8.28)

and 7 = 3, in order to satisfy the invertibility condition of section 6.2. The 2" = 2% = 2° = 0

restriction of the Lorentzian quadratic form ¢(x) (8.4) is the corresponding Lorentzian form

in 2°,. .., 25:

2 2 2 2 2
q(z) == — (aco) +gs(x) = — (J:O) + (xl) + (mQ) +...+ (xﬁ) . (8.29)
Since r = 3, the inverse of the gradient map Vv, 5.1y 18 given as a composition of two

maps, namely (cfr. (4.41)):

Vy
1+7+16 L(31) ml14+7+16 « 1+7+16+3 _H 1+7+16
Rg — R, — ]R(t’u’v’w) — Ré . (8.30)

The map «, as in (6.14), is given by:
oz, .., 204) = (22, 2120,..., 21204, R1(2), Ra(2), R3(2)), (8.31)

where the quadratic forms Rx(z)’s (K = 1,2,3) depend only on the last 16 variables
29, ..., 224 and they are obtained by substituting y* := 2448 in Qg, Qs, Q7 respectively:

Ri(z) =2
Ro(z) 1= 2(z9292 + 210221 — 211224 — 212223 — 213218 — 214217 + 215220 + 216219);  (8.33)
R3(Z) =2

(29224 — 210223 + 211222 — 212221 + 213220 — 214219 + 215218 — Z16217);  (8.32)

(29220 — 210219 + 211218 — 212217 — Z13%24 + 214223 — 215222 + Z16%221).  (8.34)

The map p (6.17) has 1 4+ 7+ 16 components which are homogeneous polynomials of degree
2 in the 27 variables t, ug, . .., ug, V1, - - - , V16, W1, W2, W3. Since

oo Vy, o () = 4q(2)*Vy 1) (8, (8.35)

where ¢(z) is given by (8.29), the (birational) inverse of the gradient map Vy, ., is the
map p o «, which is a homogeneous polynomial map of degree four.
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8.2.4 L(4,1)=J]

The model L(4, 1) corresponds to a symmetric space, and it is related to the simple cubic
Jordan algebra over the quaternions, J3H'H. In this case, the Bekenstein-Hawking entropy and
the attractor values of scalar fields of extremal BPS black holes are explicitly known; see
g. [62]. In the present treatment, we will highlight its relation to the complete ‘parent’
model L(8,1).
It should be remarked that going one step further from L(5,1) and imposing 25 = 27 =
28 = 29 = 0 does not yield to the L(4, 1) model, since the I'-matrices in such a model have
size D5 = 8, and not size 16 as the ones of L(5,1). Fortunately, our choice of I'-matrices
in (8.2) is such that taking the upper left 8 x 8 block of 'y = I14,T'1,...,I's, one obtains
Ig and the 5 other I'-matrices of size 8 that are easily verified to be again a Clifford set;
taking similar blocks of I'g, ..., 'g one finds the zero matrix of size 8. In other words, the
restriction of the quadrics Q;(y) from (8.2) to the subspace ¢ = ... = !0 = 0 yields to the

quadrics of L(4,1). To be explicit:
Qo = Qo) yo=...=y16=0 = Qlooo) == y1>2 + (y2)2 +.oo+ (y7)2 + <y8>2
) 2

(
000] — (

(
Q1 = Qe = QYL = (4') - (y )2 +.t (y7)2 ()
Q2 = (Q2)jyo—..—y15—0 = Qoto) == 2(v'y* — v’y" +v°y° — y'¢®);
Q3 = (Q3)yo—..—y15—0 = Qlooo] := 2" v" + v°y* + v°4° +°y");
Q= Quyp=.myro- = QB = 200" =0 +0°0° —'y") (8:36)
= (Qs) o= —y16—0 = Qli10] :=2(y"y* + vy y'y°);

The observant reader will have noticed that, in order to obtain the characteristics
n (8.36), we omitted the first column from the characteristics in the first six quadrics
n (8.2). It is easy to check that the sum of any two distinct non-zero characteristics is odd,
hence the I'-matrices of size 8 corresponding to the last 5 quadrics compose a Clifford set.
Next, we observe that if we put y” = ... = y'6 = 0 in the Lorentzian identity (8.5) be-
tween Qo(y), ..., RQ9(y), we obtain the following Lorentzian identity between the ‘restricted’

Qo, - . ., Qs, denoted by Qo(¥),...,Qs(y) (with 5 = (y*,...,3®)):

— Q@)+ Q@) +... +Q5()* =0. (8:37)
This implies that L(4,1) is a complete model, that is » = 0 in section 6.2, since no extra
8 x 8 matrices Q2x’s are needed.

To summarize, the complete model L(4,1) can be regarded as the complete model
L(8,1) with twelve linear constraints:

L(47 1) = L(87 1)’3:6:...2339:0, y9=..=y16=0" (838)

Vewan = Vi

ab=..=29=0, y9=...=y16=0
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Since the model is complete, so » = 0, the map « is not needed and the inverse of the
gradient map is now simply the map p from (6.17):

VVL(4,1) i
R =7 RP 5 R, (8.40)

with
Ko vVL(4,1) €)= 4VL(4,1) ©)¢. (8.41)

The gradient map
Vran @ R — R, 60— T (Vs (6),V1(6),Va ()
can be identified with the adjoint map
JE g M — M* (8.42)

here M?* is the adjoint matrix of M € JE. This adjoint map # is (birationally) invertible,
with inverse given by the map M?* — (M*)* which is thus essentially the map pu.

The cubic norm of J:I,’HI. It is worth making more explicit the relation between the
complete model L(4,1) and the Euclidean simple cubic Jordan algebra J:I)fﬂ. Let i, j and k
denote the imaginary units of H, with standard multiplication rules of H:

ij=—ji=k;
jk=-kj=i ;= i’=7=k*=ijk=—1. (8.43)
ki=—ik =j,

Then, one can define the following matrix M belonging to J3':

azy
JEsM=mME=|z2bx]|, (8.44)
yXc
with
a::xo—xléR, X 1= y2—iy4—|—jy6—ky8€H;
b:= 2 +2! €R, y = y'—iyd—jy® —ky' € H; (8.45)
c:= s € R, z = —2% —ird 4+ ja* —ka® € H.
The cubic norm N(M) of M is defined as
N(M) := abc — axX — byy — czz + (xy)z + Z(¥X) . (8.46)
With this choice of coefficients, one can check
VL(471) == —N(M) . (847)
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8.2.5 L(3,1)
This model, which also has size Dy = 8, is found by setting 2° = 0 in L(4,1) and taking
to be the I'-matrix of Qs, so r = 1:

L(37 1) = L(& 1)|x5:‘..:x9:0, yO=..=yl6=0 — L(47 1)‘x5:0; (848)
(8.49)

ViE = Vi Vi,

zo=...=29=0, y9=...=y16=0 o x5=0"

Thus, L(3,1) can be regarded as the complete model L(8,1) with thirteen linear constraints,
or equivalently as the complete model L(4, 1) with one linear constraint. In fact, L(3,1)
corresponds to a homogeneous non-symmetric (sub)manifold (of the symmetric scalar
manifolds pertaining to L(8,1) and L(4,1)).

In order to satisfy the invertibility condition of section 6.2 one can thus take

Q1 =T5 so Ri(y)=0Qs5(y), r=1 (8.50)
The 2° = 28 = 27 = 28 = 2° = 0 restriction of the Lorentzian quadratic form q(x) (8.4) is
the corresponding Lorentzian form in 2V, ..., z%:

q(x) :=— <x0)2 + qu(x) = — (wo)z + (x1)2 + (:UQ)Z + (a:3)2 + (;1:4)2 . (8.51)

Since r = 1, the inverse of the gradient map Vv, (5.1) 18 given as a composition of two maps,
namely (cfr. (4.41)):

Vviira
RyTOS G RITSTE 2, RittEIl K, RITSTS. (8.52)
UV,W) €

The map «, as in (6.14), is given by:
oz, .., 214) = L(22, 2120, .., 21214, R1(2)), (8.53)

where the quadratic form Ri(z) is defined by Q5 and depends only on the last 8 variables
27,..., 214, obtained by substituting ¥ = 2446 in Qs(y):

Ri(z) := 2(z7214 + 28213 — 29212 — 210211) - (8.54)

The map p (6.17) has 1 + 5 + 8 components which are homogeneous polynomials of degree
2 in the 15 variables t, ug, . .., uq, V1, ..., Vg, w. Since

poao VVL(g’l) (5) = 4q(x)2VL(3,1) (6)57 (855)

where g(z) is given by (8.51), the (birational) inverse of the gradient map Vy, ., is the
map 4 o «, which is a homogeneous polynomial map of degree four.

8.2.6 L(2,1)=JS

The model L(2,1) corresponds to a symmetric space, and it is related to the simple cubic
Jordan algebra over the complex numbers, J§)C. In this case, the Bekenstein-Hawking entropy
and the attractor values of scalar fields of extremal BPS black holes are explicitly known;
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see e.g. [62]. In the present treatment, we will highlight its relation to the complete ‘parent’
models L(8,1) and L(4,1).
This model is complete: has ¢ = 2, P = 1, and D3 = 4 [53]; thus, the number of
variables is
(14+q+24+ P Dg1),gp_g =1+4+4=09. (8.56)

This complete model can be regarded as a linearly constrained L(4,1) model, and thus as
a linearly constrained L(8,1) model, as well. We substitute (y',y?, 33, v*) = (y',%2,0,0)
in the quadratic forms from the L(4,1) model in (8.36), then one obtains the following
quadratic forms with associated I'-matrices:

Lo = Iy, Qo = Q3] = (y1)2 + (92)2 + (93)2 + (94)2a
I =031y, Q1=Q[)] = (?Jl)z - (?J2>2 + (93>2 - (94)2a (8.57)
Iy =o01®03,  Q2=QR] = 2(y'y? — y’y"); ‘
I3 = 01 ® o1, Q3 = Qlool = 2y'y* +v*v°);
notice that
(Qa)ys=..=y16=0 = (@5)|y5=.. =y16=0 = 0. (8.58)

Thus, L(2,1) can be regarded as L(8,1) with 6 + 12 = 18 linear constraints, or
equivalently as L(4,1) with 2 4+ 4 = 6 linear constraints:

L(2,1) = L(8,1)] 6_g = L(4,1)] (8.59)

(8.60)

zt=...=29=0, y5=...=y wi=a5=0, yS=..=y8=0"

zt=..=29=0, yd=...=y16=0 - VL(4’1)

Vi = Vi

z4=25=0, yS=..=y8=0 .

The set {I'1,T'2, '3} is a Clifford set, and the associated quadrics satisfy the Lorentzian
quadratic relation

~ QR+ Q3+ Q3+ Q3=0. (8.61)

Thus, the cubic form reads

3
Vien(s,a%,. eyl yt) = sq(e) + Y 2" Qi) (8.62)
1=0

5 =28 = 27 = 2% = 2% = 0 restriction of the Lorentzian quadratic form

q() (8.4) is the corresponding Lorentzian form in 20, ..., x3:

q(z) = — (:1:0)2 +q3(z) = — (w0)2 + <m1)2 + (:1:2)2 + (x3)2. (8.63)

The invertibility condition enounced in section 6.2 yields that the gradient map Vy is
invertible, with » = 0. Thus, the map « can be identified with the identity map and the

where the z* = z

inverse map of the gradient map Vy,, @1 is simply u, which is a polynomial map of degree 2:

Vi)
R -3 RY 5 RY; (8.64)
with
Ko vVL(2,1) (&) = 4VL(2,1) €& (8.65)
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The gradient map
Vion @ RS — R &— T (V0 (8),V1(8),Val)
can be identified with the adjoint map
JE — IS, M — MF (8.66)

here M* is the adjoint matrix of M & Jéc. This adjoint map # is (birationally) invertible,
with inverse given by the map M* — (M ﬂ)ﬁ7 which is thus essentially the map u.

The determinant of Jg,?. Again, it is worth making more explicit the relation between
the complete model L(2,1) and the Euclidean simple cubic Jordan algebra Jéc . If i denotes
the imaginary unit of C, then to & = (s, 2% 2!, 22, 23, ¢, y2, 1>, y*) (cfr. (4.41)) we define
the 3 x 3 complex Hermitian matrix

20—zl —a2? —iz? gyl +iy?
JS s M=M= -22+iz® 2042 2—iyt|. (8.67)
yl _ iy3 y2 + iy4 s
Notice that, consistently, this matrix is the restriction of M (8.44) to 2* = 2° = 0 and
y> =...=19%=0. Then we find

Vi) = —det M . (8.68)

8.2.7 L(1,1) = J}

This model corresponds to a symmetric space [53], and it is related to the simple cubic
Jordan algebra over the reals, J§, namely the algebra of symmetric real 3 x 3 matrices.
In this case, the Bekenstein-Hawking entropy and the attractor values of scalar fields of
extremal black holes are explicitly known; see e.g. [62]. In the present treatment, we will
highlight its relation to the complete ‘parent’ models L(8,1), L(4,1) and L(2,1).

From (4.26), it holds that Dy = 2, and there are 1 + 3 + 2 = 6 variables, namely
s, 2%,z 22,y y2. The symmetric 2 x 2 T-matrices are 'y = Ip,I'; = 03,'» = 01, and thus
{I'1,T3} is a Clifford set. The corresponding quadratic forms Q; = TyI'sy from (5.28) read

Q=0Q, @1=Qf, Q=Q[, (8.69)

and again they can be obtained by suitably restricting the y-variables from the quadratic
forms of L(8,1) (or, equivalently, from L(4,1) or from L(2,1)):

(Qo)jyr—... ol = W)+ ()

— 01 .— 1 2)4 .
Egliyis:,,:yl@:o = Q[é} :— (y ) - (y ) ) (8.70)
(Q3)

~52 -



thus implying

L(1,1) = L(8,1)]

z3=...=x9=0, y3=...=y16=0

= L(47 1)|z3:x4:$5:0, y3:.__:y8:0
Vi) = Vi e =290, . —y 160
= VL(471) 23 =aA=g5=0, y3=..—y3=0 = VL(QJ) 23=0, y3=yi=0 (8.72)

The following Lorentzian quadratic identity holds:
2 2 2 2
-Q3+Q1+Q3=0, in fact ((yl) +(y2) )2 = ((y1> — <y2> )24 (2y'y?)?%. (8.73)

The cubic form V on RS is thus given by:

2
Vi = sq(z) + Z ' Q1(y), (8.74)
1=0

where the 2? = 2* = 2° = 25 = 27 = 2% = 2% = 0 restriction of the Lorentzian quadratic

form g(x) (8.4) is the corresponding Lorentzian form in 20, 2!, 2%

q(z) == — (:BO)Z + qz) = — (w0)2 + (:Bl)z + (wz)Q. (8.75)

(8.73) implies that the invertibility condition enounced in section 6.2 is satisfied with
r=0,s0 L(1,1) is a complete model. The inverse of the gradient map

. 6 6
VVL(M) 'R — R

87x7y t’u7v7

(8.76)

is then simply the map p in (6.17), whose components are homogeneous polynomials of
degree 2:
p:RY,, =R® — RS =R

—u% + uf + u}

q(u) i g
—2tug + %QO(U) _Qituo++12((zl § 22))
u + 5(vi — v
p(t,u,v) = | 2tur +3Q1(v) | = ;t 2\ T2 . (8.77)
2tuy + %Qz (v) Uz =+ V102
(22 UIFI) v ugU1 + u1v1 + ugv2
=0 UgU2 — ULV + UV
The following identity, for any &€ = 7(s,z,y) € RS (cfr. (4.41)), holds:
(Vv (8)) = Ve €€ (8.78)
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The determinant of J§, and an alternative construction of the map u. An
alternative construction of the inverse map p can be given, by exploiting the relation to JPI,R.
In fact, using the restriction of the matrix M® (8.67) to 23 = 0 and y? = y* = 0, we get

U T
Vi, = —det 9, M= | —a22 2042142 | € JI. (8.79)
1 2
Yy Yy S

Thus, the derivatives of Vp(; 1) are linear combinations of the (2 x 2)-minors of 9. By

denoting with M, the determinant of the submatrix of 99T obtained by deleting the a-th

row and b-th column, one obtains, with (¢,u", u',u?,v!,v?)T = Vvian:

t= 3SVL(1,1) = —Mgg, U2 = 8x2vL(1,1) = —2M12,
up = 9poVp,1) = —Mi1 — Maa, v1 = 0V 1) = —2Mas, (8.80)
uy = 0 Vra,1) = My — Mo, vg = 0p2Vpa) = 2Mos.
Therefore, Vy, , | determines the coefficients of the adjoint matrix ome:
My —Myy Mg —uptur  uz -
QDﬁﬁ =2 —M12 M22 —M23 = us —Uug — U1 —U2 . (881)
Mys —Ma3 Mss —v1 —vg =2t
The inverse of VVL(M) is then basically given by?%
M — (M) = (det M) M = —Vp 1) ()M, (8.82)
since M determines &. Explicitly, one finds
2tug + 2tug — U% 2tug + v1v9 —UgV1 — ULV + U2V
(2imﬁ)tj = 2tus + V109 tug — 2tuy — v —ugve + ugve —uguy | . (8.83)
—UQV1 — U1Vl — U2V2 —UQV2 —+ U1V — U2V u% — u% — ’LL%

Next, since (290%)F = 4(M) = —4V11,1)(§)97 one recovers the inverse p of Vy, |, given
in (8.77).

9 Examples, II: L(q,2),q =1,2,3
In section 8.2 we showed that
L(g1) C L3, 1), 1< g <7, (9.1)

with the ‘inclusion’ realized mostly by simply setting the last z/-variables equal to zero, as
well as by (occasionally) setting the ‘last half’ of the y“-variables to zero. In the present
section, we will consider the inversion of the gradient map Vy in models L(q,2), with
g = 1,2,3; in these models, it holds that (cfr. table 1 of [53])

m=Dyp-2=27-2=20"" (9.2)

26This also results from the adjoint identity (4.1) for J¥. and as such this method actually works for all
four complete models L(g, 1) with ¢ = 1,2,4, 8.
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9.1 Block decompositions

We define the P-block diagonal form M) of a matrix M of size m x m as the matrix of
size mP x mP defined as
M
MP) =Melp=| : - :|. (9.3)
M

For a vector y € R we define vectors y*) € R™ by taking the vector with components

(k—1)P+1,...,kP so that

P times
Let now I'g = I,, and let {T'1,...,[q41} be a Clifford set of m x m matrices. The symmetric

matrices ng) are, in general, not I'-matrices, since mP is not a power of 2. They still define

quadratic forms on R™ which we denote by Q&P):

P
AW = Q™) + Qi) + .+ Q™). (9.5)
9.2 P=2
Given I'g = I,;, and a Clifford set of m x m matrices {I'1,...,T'y41}, the matrices I‘gz)’s are
again I-matrices of size 2m = 29*! with FBQ) = I;,. Moreover, the set {I‘gﬁ), - ,F((ﬁzl} is

again a Clifford set, now of 2m x 2m matrices, since distinct matrices still anti-commute
and they square to Is,,. In the subsequent treatment, we will show that

L(1,2) C L(2,1),
L(g,2) C L(29,1), ¢=1,2,3,  thatis: <{ L(2,2) C L(4,1), (9.6)
L(3,2) C L(8,1),

where C denotes a descendant relation. In each case, the quadratic forms Q?), I =
0,...,q+ 1, are all in the set of the ¢’ + 2 quadratic forms defining the L(¢’,1) model. The
remaining r = ¢’ — ¢ forms of the L(¢’,1) model (where r = 1,2,5 respectively) can be
used as the Rg’s in the invertibility condition of section 6.2. In particular, the Lorentzian
relation between the quadratic forms of the complete model implies the following Lorentzian
quadratic relation (6.8) among the Q?)’s and the Rg’s:

— QP W+ QP W)+ + QP W+ Ry .+ RAy)? =0, (9.7)

Thus, the cubic form V = V49
correspondingly the BPS system (2.6) can be explicitly solved.

) for ¢ =1,2,3 has an invertible gradient map Vy, ., and

Again, from the treatment of section 6, the solution of the BPS system of L(q,2) for
g = 1,2,3 is then given by (6.54)—(6.56), and (6.66) and (6.73)—(6.75) yield the corresponding
expression of the BPS black hole entropy and of the BPS attractors, respectively. We refer
to section 9.5, 10.6 for examples of lower dimensional models L(g, P) (namely, L(1,2) and
L(1,3)) which we explicitly work out in detail (see also the generalization to L(1, P) models
with P > 2 in section 10.7).
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9.3 L(3,2)
The L(3,2) model has

(I4+q¢+2+P - Dgy1)gppy =1+5+2-8=22 (9.8)

variables, denoted as s,2°,..., 2% y!, ..., y'%. The cubic form reads
L@ 0)2 1)2 2\2 312 1\2
Vi(3,2) :sq(:n)+Za: Qr’, q(zx) := —(:E ) —I—(x ) —i—(a: ) + (z?) +(:r ) , (9.9)
1=0

where the Q?)’s are given by (9.11) below.

Let us now show that L(3,2) C L(8,1): first of all, both models are defined by I'-
matrices of size 16 x 16, and let I'g,...,I'g be those of L(8,1) as in section 8.1. We can
write the five I-matrices (of size 8 x 8) of the L(3,1) model as I'y = Ig and the others
{T'1,..., T4} are a Clifford set. Obviously, T'g = 1_“(()2). Next, we observe that I'1, ', 'y, I's
(but not I's) are of the form 'y = f‘SQ), for some I-matrices T'; of size 8 x 8. Moreover,
these four T'; form a Clifford set (since the four I'; are a Clifford set). Thus, we see that
L(3,2) C L(8,1), by using

r? .— T, f‘§2) =TI, f‘g) =13, fgz) =TIy, f‘f) ="" (9.10)

Below, we list the ten quadratic forms of the L(8,1) model in the same order as in
section 8.1 but with the names adapted to the L(3,2) model. Five of the forms are denoted
by Q?), I =0,...,4, and these are in the L(3,2) model, the remaining five, Ry, ..., Rs,

27

will be used to satisfy the invertibility condition’ enounced in section 6.2 (with r = 5);

cfr. (8.2):
QP = Q)= () 4ot (o) + () o ()

ooy _ [ (W) = (D) +.+ () = ()
ot~ {0

Ri= Q[0 .= 2(yly? — 3yt 40y — TS — y0yl0 by tlyl2 13,1 4 15,16,
Q§2) = Q[001] = 2(y y* + 2B + 15y + By + Y12 +y10y T 4y 13y 16 1y 1415y,
Q;(f) = Q[g%gﬂ = 2y y® — y2S 1y — ity Pyt — yl0y 1B gty l6 1215y, (9.11)
Qf) = Q[gﬂ(l)] — 2(y1y8 +y2y7 _y3y6 _ y4y5 +yﬁym —|—y10y15 _ y11y14 —y12y13);
Ro = QL0 .= o(ylyl0 4y 2y® —4B3y12 —ydytl Byl 618 T 16 8, 15).
Rs=Q[01] =2y =y + 9%y =y — Py + 0y — Ty )
Ry=Q[1%0) =2(y"y" +0°y" —y'* 'y — 4" — 0" +y Ty + Py
Rs = Qlinot) = 2(y"y"* — vy +9°y" — 'y 402y =Py Ty 0 ).

2TNotice that the Q?) listed here are not the quadrics obtained from the @Q;’s in section 8.2.5, since we
have chosen a different Clifford set for L(3,1) in that section.
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Thus, (notice the peculiar choice of the variables, we put 2 = 0 but x° remains) it
holds that

L(3, 2) == L(8, 1)|x2:x6:x7:x8:x9:0 3 (912)
(9.13)

Vii2) = Vi

22=x0=2"=28=1x9=0

Thus, up to a relabeling of the z'’s, the model L(3,2) can be regarded as the L(8,1) model
with five linear constraints.
It is then clear that L(3,2) is an invertible model: one may take the

Ql :Fg, Qg :FG, 93:F7, Q4=F8, Q5 :Fg, SO T:5, (9.14)

and, since the set of I-matrices {I'1,...,T'g} of L(8,1) is a Clifford set and the Lorentzian
identity (8.5) holds, the invertibility condition enounced in section 6.2 is satisfied.

Since r # 0, the inverse of the gradient map VVL(3,2) is given as a composition of two
maps, « and p:

Vy
1+5+16 L(3,2) 145416 « 1+5+16+5 H 1+5+16
RE — R, — R(t,u,v,w) — Rg . (9.15)

The map «, as in (6.14), is given by
05(21, e ,Z22) = T(Z%, Z1R2y .+ y R1222, Rl(Z), e ,R5(Z)), (9.16)

where the quadratic forms Rg’s (K =1,...,5) depend only on the last 2 -8 = 16 variables
and they are obtained by substituting y” := 2746, L = 1,...,16 in Q2, Qs, Q7, Qs, Qg given
in (8.2), respectively:

Ri(z) == Q2(26, - - -, 222), (9.17)

RZ(Z) = Q6(z67"'7z22)7 (918)

R5(Z) = QQ(ZG, ey 222) . (919)

The map p (6.17) has 1 + 5+ 16 + 5 components which are homogeneous polynomials of
degree 2 in the 27 variables t, ug, ..., uq4,v1,. .., V16, W1, - - - , W5. Since

poao VVL(&Q) (f) = 4(](1')2])[,(372) (5)57 (920)

where Vp(39) and the corresponding g(z) are given by (9.9), the (birational) inverse of the
gradient map VY, 3.2 18 the map p o a, which is an homogeneous polynomial map of degree
four.

9.4 L(2,2)
The L(2,2) model has ¢ = 2, P = 2, and D3 = 4 [53]; thus, the number of variables is

(L+q+2+P Dyi1)yppo=1+4+2 4=13. (9.21)
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Correspondingly, the cubic form reads as follows:
@ 0)2 1)2 2\?2 3\ 2
Vi = sa@) + S0P, aw) =~ () + (1) 4 () 1 (), 02
1=0

where the Q?)’s are given by (9.24) below. Within the black hole effective potential
formalism, this model has been treated in [51].

Let us now show that L(2,2) C L(4,1): we write the four I-matrices (of size 4 x 4)
of the L(2,1) model given in section 8.2.6 as T'g = I4, and the others {T'y,..., T3} are a
Clifford set. Next, we observe that if I';, I =0,...,5 are the six [-matrices of the L(4,1)
model in 8.2.4, then we see that L(2,2) C L(4, 1), since

f‘(()Z) = Fo, f‘gz) = Fl, f‘;Q) = FQ, fgg) = Fg. (923)

Below, we list the six quadratic forms of the L(4,1) model in the same order as in
section 8.2.4, but with the names adapted to the L(3,2) model. Four of the forms are
denoted by Q?), I=0,...,3, and these are in the L(2,2) model; the remaining two, R1, Ra,
will be used to satisfy the invertibility condition enounced in section 6.2 (with r = 2).
Notice that both models are defined by I'-matrices of size 8 x 8; let I'g, ..., I's be those of
L(4,1) as in section 8.2.4.

_ 1)2 2)2 3\2 4\2
PO ©) _ om0 ::{(y) + W)+ (") + (")

_I_
MY =ceheh, QF =Q = {E:Ly

2 2 2 2
o o ()" = )"+ (") = (")
Ly =o1®o3®ly, Qs =QI%] =2y — v*y* +v°y° — y"y®);
=(2 2
MY =neaalh, QF =Q = 2y + v’y + v’y +1%");
Q1 =m@hey, Ri=QE] = 2"y’ —v*° +v*® — vy
Q =o01®71 @71, Ro= Qg = 2w'y® + %" — v*y° — y'y®)
(9.24)
Thus, it holds that
L(2,2) = L(4,1)] ju_ys_y; (9.25)
Vi) = Veun| s o (9.26)

Namely, the model L(2,2) can be regarded as the L(4,1) model with two linear constraints.
It is then clear that the model L(2,2) is invertible. Indeed, in order to invert the
gradient map VVL(M), in the condition of section 6.2, one can take

O =Ty, Qy:=T5 so Rl(y) = Q4(y>7 RQ(y) = Q5<y)7 r=2. (927)

Using that the set of I-matrices {I'1,...,I's} of L(4,1) is a Clifford set and that the
Lorentzian identity (8.37), which now reads

~Q W+ @YW+ QYW+ QP W)+ R + R =0, (928)

holds, the condition of section 6.2 is satisfied.
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Since r = 2, the inverse of the gradient map VVL(2,2) is given as a composition of two
maps, « and p (cfr. (4.41)):

VVia,2
R?HS 32 RLri+s o, pleatse2 K, R2+4+8_ (9.29)

(t,u,v,w)
The map «, as in (6.14), is given by
04(21, ceey 213) = T(Z%, 21722y ...4 21213, Rl(z), RQ(Z)), (9.30)

where the quadratic forms Rg’s (K = 1,2) depend only on the last 2 - 4 = 8 variables and
they are obtained by substituting y” := 27,5, L = 1,...,8 in Q4 and Q5 given in (8.36),

respectively:
R1(2> = 2(Z6211 — 27210 + 28213 — 292’12); (9.31)
Ro(z) = 2(z213 + 27212 — 28211 — 29210)- (9.32)
The map p (6.17) has 1+ 4+ 8+ 2 components that are homogeneous polynomials of degree
2 in the variables ¢, ug, ..., us,v1,...,vs, w1, ws. Since
o aoVy,,, (€)= 49(2)?Vy 2 ()8, (9.33)

where Vy(99y and the corresponding g(z) are given by (9.22), the (birational) inverse of
the gradient map VVL(w) is the map p o o, which is an homogeneous polynomial map of
degree four.

9.5 L(1,2)

The model L(1,2) has Dy = 2 (cfr. (4.26)). The total dimension of the underlying vector
space is then

(I4+q+2+P Dgy1) g pg=1+3+2-2=38, (9.34)
and the corresponding variables split as s, 20, 2!, 22, y'..., y%; thus, in this model I = 0,1, 2
and aw = 1,...,4. Despite the treatment, within a different formalism, in [6] and in [51],

to the best of our knowledge, the BPS black hole entropy and attractors for such a model
were not previously known in literature in terms of the electric and magnetic black hole
charges. It is here worth remarking that the L(1,2) model is one of the simplest models
related to an homogeneous non-symmetric ‘special’ manifold; therefore, in appendix A we
work out the computations in full detail.

10 Examples, I1I: L(q,P),q =1,2,3, P >3

In this section we consider the models L(g, P) with P > 3 and ¢ = 1,2,3: we will show
that these models have an invertible gradient map.?® While for the models with P = 1,2
considered above the embedding as a linear section into a complete model L(¢’,1) (with
q¢ = 2,4, or 8) was crucial in order to establish invertibility, for the models with P > 3
treated below it suffices that the invertibility condition of section 6.2 is satisfied (for a fixed
q) and P =1 and 2; the invertibility for all other P > 3 then comes “for free”.

28 As to now, we don’t know if this is the case also for other ¢’s > 4; see section 15.
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10.1 Block (k,1)-lifts

In order to show that the gradient map of a model L(q, P), with ¢ =1,2,3 and P > 3 is
invertible by the condition enounced in section 6.2, we need to find symmetric matrices Qg
satisfying the anti-commutativity conditions (6.6) and the Lorentz identity (6.8).

To this aim, we will ‘lift” the Qg’s, of size 2m, from the P = 2 models discussed in
section 9 to matrices Q([];l) of size mP for any P > 3. For y = (y,...,y")) € R™F as
n (9.4) and k,l with 1 < k <1 < P, we define the following vector in R?™:

y "= Tk Oy e r¥™ (10.1)

Next, for a quadratic form R in 2m variables, we define quadratic forms in mP variables,
with P > 2, which actually depend only on 2m of them, namely on the y’s belonging to the
blocks k and [ (notice that we suppress P from the notation):

R*D(y) = R(y*™)  (y eR™P). (10.2)

Given the matrices Qp of size m x m of the L(g,2) model (¢ = 1,2,3) discussed in
section 9, let as before Rx be the quadratic form in 2m variables defined by Qg and let
Q(Kkl) be the symmetric matrix of size mP defined by the quadratic form Rg’;’l) in mP

variables, so that
RV () = Re(y™) =Ty0"y  (y e R™P). (10:3)

10.2 Invertibility

The T'-matrices, of size mP x mP, of the L(q, P) (P > 3) models are the ¢ + 2 matrices
ng) =0r®Ip, I =0,...,q9+ 1, where the I'; are the I"-matrices of the L(g, 1) model.

Now, we claim that if we consider the mP x mP matrices Qg;l)? 1 <k <l< P where
the Qg are the extra matrices in the L(g,2) model, then the conditions (6.6) and (6.8) for
the invertibility of the gradient map of these L(q, P) models (P > 3) are all satisfied.

The anti-commutativity condition follows rather trivially from the fact that in section 9
we checked that the ng), I=1,...,9+ 1, anti-commute with all the Qx’s of the L(q,?2)
models we have considered, and therefore also the I'-matrices ng) of the L(q, P) models
(with P > 3) anti-commute with all the ngl), so (6.6) is satisfied.

On the other hand, in section 10.3 below, we will check the existence of the Lorentzian
identity (6.8), namely we will verify the following Lorentzian identity between quadratic

forms in mP variables for all P > 3:

—Q WP+ W+ Q0w+ Y Y BEw?=0. (104)
K=1 1<k<ILP

Thus, the invertibility condition of section 6.2 is satisfied and the corresponding gradient
map (and BPS system) can be inverted for any ¢ = 1,2,3 and P > 3.

Again, from the treatment of section 6, the solution of the BPS system of L(q, P) for
g=1,2,3 and P > 3 is then given by (6.54)—(6.56), and (6.66) and (6.73)—(6.75) yield
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the corresponding expression of the BPS black hole entropy and of the BPS attractors,
respectively. We refer to section 9.5, 10.6 for examples of lower dimensional models L(q, P)
(namely, L(1,2) and L(1, 3)) which we explicitly work out in detail (see also the generalization
to L(1, P) models with P > 2 in section 10.7).

10.3 Proof of the Lorentzian identity (10.4)

The definition (9.5) of Qgp)’s allows us to rewrite the first terms in the Lh.s. of (10.4) as
follows:

a+1
2 +> QY
I=1
P 2 g+l /P 2
=~ (Z Qo(y(k))> +> (Z Qz(y(’“))>
k=1

P q+1 q+1
= Z (QO(?/(k))2 + Z Ql(y(k))Z) - Z So,k,1 + Z Z Stk (10.5)
k=1 =1

1<k<I<P I=1 1<k<IKP

where the remaining cross terms are defined as follows (no sum on repeated indices,
I=0,1,...,q+1):
Stat = 2Q1(y")Qr(y"). (10.6)

o We do the cases ¢ = 1,2 first. The Lorentzian quadratic relations (8.73) resp. (8.61)
hold, thus for any k& we find that

q+1

—Qoy™)* + 3" iy =0, (10.7)
I=1

which trivially implies
P
Z ~Qo(y™)? +ZQ1 2] =0. (10.8)

Consequently, it remains to show that

q+1

- > SopitY. > SIkH-Z > R (y)? = (10.9)

1<k<IKP I=1 1<k<IKP K=11<k<I<P

In the Lorentzian identity (9.7) for the L(g,2) models, the vector y is in fact y1?); so,
replacing it by y*)), one obtains the identities, for any 1 < k < [ < P:

B Q(()z)(y(m)z i Q§2)(y(kz))2 +o4 anl(y(kl))z + Rl(y(kl))2 .. +Rr(y(kl))2 0.
(10.10)
Recalling the definition (9.5) of the quadratic forms ng), one gets

P02 = (™) + ™) = Qi) + Qi) +2Q: () Qs (")
(10.11)

— 61 —



By plugging (10.11) into (10.10), two copies (one for y*) and one for y®) of the
identity (10.7) are obtained, and there remains, for any pair (k,l) with 1 < k <1 < P,
the identity:

2 (~Qu(y™)Qu(y™) + £ Q4™ Qs (y))

10.12
+Ry(y*D)2 . 4 R.(y*D)2 = 0. (10.12)
By recalling the definition (10.6) of St , we see that (10.12) is the identity
q+1 (ki
—50k1+251k1+ZR J(y)? =0. (10.13)
I=1 K=1

Now we just sum over all k,I and we obtain (10.9), which in turn implies the
identity (10.4).

e Let us now consider the case ¢ = 3. In this case we do not have a Lorentzian rela-
tion (10.7) but the L(3,1) model has an auxiliary quadratic form R (cfr. section 8.2.5).
We first take a closer look at the L(3,2) model from section 9.3, which was shown to
be a descendant of L(8,1). The main point of interest is the (auxiliary) quadratic
form Ry in 2m = 16 variables 3', ..., y'%, which is Q2 in the L(8,1) model, and which
can be written as

Ri(y) = RyW)—R(y?), R(z) = 2(z120— 2324+ 2526 —2728), y = © (yV,y?) e R,

Next, we characterize the L(3,1) model not as done in section 8.2.5, but rather as a
linearly constrained L(3,2) model:

L(3,1) = L(3,2) yo—. 16— - (10.15)

Within this approach, the five quadrics Qy, ..., Q4 from L(3,1) are the restrictions
of the quadrics of the same name from L(3,2), which again are Qq, Q1,Q3,Q4, Q5
respectively of the L(8,1) model, and the auxiliary quadric of L(3,1) is the restriction
of?? Q5. With these conventions, we have the Lorentzian relation

—Qoly +ZQ[ (y)> =0 (10.16)

holding for the L(3,1) model, as well as the Lorentzian relation for the L(3,2) model:

) +ZQ WO By (502 1 Ry (402) 44 Ry (40%) = 0.

(10.17)
From (10.14), we obtain

RV ()% = Ri(y™)? = R(y™)2 + R(yV)? — Sgps,  Sraa = 2R(y)RD).
(10.18)

*Note that in the treatment of the L(3,1) model in section 8.2.5 we have interchanged the roles of Q2
and Qs from L(8,1).
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Using this, (10.11) and (10.16), we obtain from (10.17), for any pair (k,l) with
1 < k <1< P the identity:

4
2 (—Qo(y(k))Qo(y(”) +3 Q™) - R(y(”‘))R(y(”)>
I=1
+ Ra(y)2 4 .. 4 Ry(y™)? =0, (10.19)

which can be rewritten as

4 5
— Soed + Y Siki— Skt Y RV (y)? = 0. (10.20)
=1 K=2

Finally, using (10.5) and (10.16), we obtain

4 4
— QWP+ QW+ Y R )= Y (%m+2&wﬂ%@-
I=1

k<l 1<k<I<P =1
(10.21)

Combining (10.20), summed over k, [, and (10.21) we conclude that (10.4) holds also
for ¢ = 3.

10.4 L(3,3)
The L(3,3) model has ¢ = 3, P = 3, and D3 = 8 [53]; thus, the number of variables is

(1+q+2+P Dyi1),_gp_g =1+5+24=30. (10.22)

The I'®)-matrices, having size 24 x 24, are not I-matrices (differently from the I'®)-matrices).
This model has five I'-matrices Fgg) (I =0,...,4), obtained from the five I'-matrices of the
L(3,1) model and defining the quadratic forms QgS) as in (9.5):

QP ) = Qi) + Qi ) + Qi Y. (10.23)

For obvious reasons, we refrain from writing them down explicitly. Next, there are the are

3 -5 = 15 matrices Q%l) with K =1,...,5and 1 < k <[ < 3 which define the quadratic

forms Rg];’l). Starting from the five quadratic forms Ry in 16 variables from the L(3,2)

)

actually each on depends only on 16 of these variables) as in (10.2):

model (given in (9.11)), one finds these quadratic forms R%’l in 24 variables y® (but

k,l

R% )(y) _ RK(y(kl)), (10.24)

so, for K =1,...,5:
R%’Q) (yla s 7y24) = RK(yla s 7y87 y9’ s 7y16); (1025)
R%’g) (yla s 7y24) = RK(y17 s 7y87 y177 s ’y24); (1026)
Rg?zi) (yl’ ce ,y24) = RK(y97 s 7y167 y177 SRR y24)‘ (1027)
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The matrices (except for F(()S) = Ib4) anti-commute (cfr. section 10.2 for the general
case) and it can be verified (see 10.3 for the general case) that they satisfy the Lorenzian
quadratic relation given by (10.4), with P = 3:

5
P2+ QPw?+ .+ Pw?+ Y Y REYw)?=o0. (10.28)
K=11<k<I<3

Therefore, the inverse of the gradient map VvV, ss) of the cubic form

2 2 2
V@33) = sq(r) + Z xIQ ), with q(x) = — (ZL‘O) + (:n1> +...+ <x4> , (10.29)
can then be found following the procedure discussed in section 6.4.

10.5 L(2,3)
The L(2,3) model has ¢ = 2, P = 3, and D3 = 4 [53]; thus, the number of variables is

(14+q+2+ P Dgy1) g pg=1+4+12=1T. (10.30)

The I'®)-matrices have size 12 x 12, thus, differently from the I'®-matrices, they are not
I'-matrices; besides the four Fgg)’s (I =0,1,2,3), there are the 3 + 3 matrices Qy;l) with
K =1,2and 1 <k <1< 3, which define the quadratic forms R%’l). The quadratic forms
involved are

0 — { W) + )+ W)+ )"+ (5°) +
’ +5) 4 1)+ W)+ (') + (D)
( ( y*) §

N

+ ()"
G - G () - (o

W'y — vyt + "y’ =y R + 0y — M)

(y'y* + v2° + vy + %7 + 0y + 0yt

(16

S
=
|
——
| —~
<
—~ -
S—
< S
|
<
o
S—
S
+
Neyd
o
S—
S
A
,p
S

(3)
(3)

12)

(10.31)

v2y° + 7y —yty');

1 10 y y +y3y12 y4y11)

Syt —yfy? + Tyt — Byt

y'y® + iy — 3yt — ytyP);

Il
NN N NN NN

RO oy
RED) oy

12) ( 1
13) 'y + vyt — 3y + yty?);

23) =2y 5y12+y6y11 y7y10+y y)

The matrices (except for F(()g) = I12) anti-commute (cfr. section 10.2 for the general case)
and it can be verified (see 10.3 for the general case) that they satisfy the Lorenzian quadratic
relation given by (10.4), with P = 3:

PP+ P P Y Y REGE =0, 0w

K=11<k<I<3
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Therefore, the inverse of the gradient map VVL<2,3) of the cubic form

iy =)+ P00 v g = () () (52) ()
I1=0

can then be found following the procedure discussed in section 6.4.

10.6 L(1,3)
This model has ¢ = 1, P = 3, and Dy = 2 [53]; thus, the number of variables is

(1+q+2+ P Dgi1),_y p_y =1 +3+6=10, (10.34)

and the corresponding variables split as s, 20, 2!, 22, y'..., % thus, in this model I = 0,1, 2
and o = 1,...,6. This is one of the simplest models related to a homogeneous non-symmetric
‘special’ manifold, and for which, to the best of our knowledge, the BPS black hole entropy
and attractors are not known in literature. Therefore, In appendix B we work out the
computations of this model in full detail.

10.7 L(1,P)

Some models of type L(1, P) have been treated explicitly: L(1,1) in section 8.2.7, L(1,2)
in section 9.5, and L(1,3) in section 10.6 (see also the discussion of L(1,4) and L(1,8) in
section 11 below). As far as we currently understand, for P > 9 such models cannot be
obtained as descendants of other complete models, so in section 10.7.1 we will discuss the
class of models L(1, P) with P > 2, following the approach of section 10.2, and retrieving
(for P = 2 resp. 3) the explicit treatment of the models L(1,2) and L(1, 3), respectively
given in sections 9.5 and 10.6. Moreover, in section 10.7.2 we will also briefly present a
geometric point of view on the factorization of the inverse map of the gradient map, whose
detailed investigation goes beyond the scope of this paper.

10.7.1 P > 2
By definition, Dy = 2 [53]; thus, the number of variables is

(14+q+2+ P Dgy1),y psp =1 +3+2P =2P +4. (10.35)

The cubic form Vr,; p) reads
> 1P - 0)2 1)2 2\ 2
Ve =sa@) + Y 7'Q W), with q(x) =~ (") + («!) +(«*) ", (1036)
1=0

where the Qgp) are obtained from the @Q;’s of the L(1,1) model (cfr. (8.70)):

(P) e (P) = i1 (i) 2 (P) T i1 9
Qo :Z(y’) Q7 =) (=) (y) s Qs =200y ). (10.37)
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Moreover, we define the quadrics, based on the quadric R of the L(1,2) model (see (A.3)),
RED (y) := R(y*D) for every (k,1) with 1 < k <1< P:

which depend only on the four variables y*, y#*1, y2=1 42

As required by the invertibility condition of section 6.2 (cfr. (6.8)), a Lorentzian identity
of type (10.4) holds true.

Since r = (1; ), the inverse of the gradient map VVL(L py IS given as a composition of two
maps, namely (cfr. (4.41))

Yrap) 14+3+2P+ (%
R3PS0 RIPEE L R (), gprsser, (10.39)
with
poaoVy,, p (€) =4q(2)*Via,p) (€8, (10-40)

where ¢ = T(s,x,y), and Vi@,p) and the corresponding g(x) are given by (10.36). The map
a from (6.14) is given by

a(z1,...,2p44) == T (22, 2129, ..., 2122P44, - .., R®D(2),..)), (10.41)

where each of the (g ) quadratic forms with 1 <k <1 < P:

RV (2) = R(z4y0n—1, 212k, 2ar21-1, 2a121) = 2(Zas2k— 124401 — Zagor—17442k)  (10.42)

depends only on four of the last 2P variables 25, ..., zop14.

Next, the map p from (6.17), which has 2P + 4 components that are homogeneous
polynomials of degree 2 in the variables t,ug, u1,u2,v1,...,v2p,... Wiy ... with 1 < k <
[ < P, is given by

1+3+2P+(?
s Ha) R, (10.43)

—ud+ui+ul + 5(wis+...4wh_ p)

—2tug + 3(vi+v3+.. . +vip  +v3p)

— Nl =

2tu1 + 15 (V—v3+...+v3p_ —V3p)

2tug + vive+...+v9p_1V9p

— 1
w(t,u,v,w) = ugU1+urvy +ugve — 7 (w1204 +w1 306 ... +w1 prap))
1
upU2 —u V2 +ugvy — 3 (—w12v3—wW13V5... — W1 pU2P_1)

1

UQU2p—1+UIV2p_1+UzV2p — 7(—W1 pU2—W2 pU4...—Wp_1 PU2P_2)
1

UgU2p —U1V2p +Uugv2p—1 — 7(W1,pUI+W pU3...+WpP_1 PU2P_3)

(10.44)
The (birational) inverse map (Vy, P))_1 = poa of the gradient map Vy, , . reads

1+3+2P+(%)

. W2P+4 @ H 2P+4
poa : RS — Ry o) — R , (10.45)
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whose expression for arbitrary P > 2 is the following (cfr. (6.27)):

(oa)(z):=
3 (=23 + 23 + 23) + 1 Shio (2291122914 — 2291222943)°
22 [ 22129 + = Zg 1 (ZQQH + z29+4)}
A [2z1z3 T3 Zg 1 <229+3 Z2g+4)}
22 (22124 + Zgzl Zzg+3Z2g+4)
23 (2025 + 2325 + 2a26) — 521 2522(2522g+4 — 26%2g+3)%2g+4
Z% (2226 — 2326 + 2425) + 521 YLpen (2522944 — 26229+3) 22943
27 (222243 + 2372P13 + 2422P44) — 521 25:2(—Z2g+122p+4 + 22g4222P43) %242
2} (z029p 44 — 2320p44 + 2azopis) + %Zl 25:2(—22g+122p+4 + 2294222P43)%2g+1
(10.46)

Note that for P = 2 and P = 3 one respectively retrieves the results (A.13) and (B.14).

Consequently, from the treatment of section 6, the full fledged expression of the
solution (6.53) of the BPS system of L(1, P) for arbitrary P > 2 is given by (A; = A, and
recall the definition (2.3)):

3 [Ag (—AZ+AZ+A)+5 25:2 (Agg+1A2g44— A29+2A29+3)2}

§= . (10.47)
2|4 V(08)- (o) (9,)
1 P 2
20= 3 [ [_2A5A2+5 2g=1 (A2g+3+A2g+4)] , (10.48)
2 V(0p8)-(poa) (3,)
1 3 |As] [2A5A3+% 25:1 (A%g+3_A%g+4)]
=5 ; (10.49)
2 V(@,8)-(100) (9,4)
- 3 |As| (2A3A4+25:1 A29+3A29+4> . (10 50)
20 J0pD) (1oa) (9,4) '
L 3sgn(A) [As (A2A5+A3A5+ Ay A6)— 3 30 o (AsAogra—NeAogis) AQQH}
Yy = :
2 V(0p8)-(poa) (3,4)
(10.51)
5 3sgn(Ay) [As (AzAG—A3A6+A4A5)+%z;’:z(ASAggH—AﬁAQQH)AQH}
y - ;
2 V(9p2)- (o) (9,4)
(10.52)
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A (A2A1§P+3 +A302p13+A4A2p14)
2P = 3sgn (As) | _%Zg=2(_A2g+1A2P+4+A2g+2A2P+3)A2g+2_ ' (1053)
2 V(D) (poa) (3,4)
As(A2A2pia—A3Aopia+AsAspys) ]
1
o= Bsendy) | +5 Y gma(—D2gi1BopyatNogialapis) Aoyt | | (10.54)

2 V(D8)- (o) (9,4)

where

(0A) - (1o @) (3pA) = AT (~A3 + A} +A2)+ A, Z (A2g182g14 — Aggyangis)”
g=2

P

+ A2, [ —2A,A, + Z (Agg L3+ AY +4)
274

P

5 Z ( 2g+3 A%g+4)

g:

+ A2A3 [2A,A3 +

—_

P
+ AZA, | 2804 + Z A2g+3A29+4>
g=1

P

1
+ AgA5 | Ag (A2As + AsAs + AyAg) — 3 D (AsAogis — NeAzgi3)Nagiy
L g9=2 i

L P
+ AgAp | As (A2Ag — AgAg + AyAs) + 5 D (AsAggis — NeAogi3)Aagis
g=2

+ ...

+ AsAopys | Ag (A2Aopis + AzAopis + AgAopiy)

P

Z(—A2g+1 Aopis + Nogialopy3)Nogyo
g=2

1
2

+ AsAopig |As (A2Aopis — A3Aopys + AyAopys)

P

1
_|_§ Z(_A29+1A2P+4 + A2g+2A2P+3)A29+1
g=2

(10.55)

Then, (6.66) and (6.73)—(6.75) respectively yield the corresponding full fledged expression
of the BPS black hole entropy and of the BPS attractors:

s

3@0,\/ O2): Moa (8”A)—9[p0(p-q)—213(p)]2; (10.56)
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3 [Ai (_A% + A?& + Ai) + i 25:2 (A29+1A29+4 - A29+2A2g+3)2}
2

2L (Q)=
(<) ) (400) (9,2)
0 1
(P (p-g)=215(p) 35| p
l o i5— += 0, (10.57)
- g AZ[ 28,0, +5 320 (A§g+3+A29+4)]
z =—
H 2 (0pA)-(poa) (GpA)
0 2
P (p-g)-2I5(p) 35| p°
l 0 i5— +p07 (10.58)
3(0) 3 A {2A5A3+%25:1 (A%g+3_A%g+4)}
z =— .
" 2 (OpA)-(poa) (BpA)
0 3
P (pg)=2I5(p) 35| 1
[ 0 | T (10.59)
o3 A2 (2868445001 Asgrsagia)
n(Q)=3 (0,A) - (10a) (3,A) '
P (p-q)=2I5(p) 35| p'
[ 0 PR (10.60)
o 38 [ (Do D585+ 84 86) =5 S0 5 (A5 Dogra—DoDagia) Azgia
Q=3 (0,8)-(100) (3,) |
0 5
p’(p-g)—2L3(p) 35|, p°
l o i5— +p0, (10.61)
o35 A (B286—Dg 86 +D405)+5 345 (85 8014~ AsAag3)22g3)
Q=5 (0,8)- (o) (,8) |
0 6
P (p-g)—2I5(p) 35| p°
[ 0 S|t (10.62)
A Ay (A2Aopi3+A3Aop i 3+AyAopy)
2P43(0) = 37 — % ZgP:Q(_A2g+1A2P+4+A2g+2A2P+3)A2g+2
2 (OpA)-(poa) (GpA)
[po(p'q)—ﬂz(p) 35| pe
' 0 P e
p 27 P
A As (A2Dopig—A3D2p 14+ AsA2p3)
2P+4 Q)= 3 ’ +%Z ( A2g+1A2P+4‘FA2g+2A2P+3)A29+1
(=5 6,)-(wo0) (B,A)
0 2P44
P (p-g)—2I5(p) 35| p
[ P 5 + PO (10.63)
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with (0pA) - (1o ) (0,A) given by (10.55), and

4 pPP g (10.64)
1) = Vi (v _@ﬁ+wfqm1

+p2Qgp)(p57._.’p2P+4)+p3Q§P)(p5"._’p2P+4)_~_p4QgP)(p5"“7p2P+4) (10.65)
1 22 3) 2 4\ 2 2 = i+4)2
= = () () ()] S ()
i=1

2P P

. . 2 . .

+p3 } :(_1)z+1 (pz+4) + 2p4§ :p21+3p21+4. (10.66)
=1 =1

p-q=p"q0+p'q +..

1
y .

N o)

2P+4) — p!

Consistently, it should be remarked that for P = 2 and P = 3 the above formulee allow one
to retrieve the explicit results obtained in sections 9.5 and 10.6, respectively.

It is here worth remarking that the above expressions provide, for the first time to the
best of our knowledge, the explicit form of the BPS black hole entropy and attractors in an
infinite class of (homogeneous) non-symmetric models of N' = 2, D = 4 supergravity with
cubic prepotential.

10.7.2 On the geometry of (VVL(I,P))_l’ P>1

We will now describe briefly some properties of the factorization
(Vpap) ' =noa, P21, (10.67)

in order to have a different, geometric perspective on its nature and on the arising of the
quadratic forms Ry’s (or Rg?’l) ’s) appearing in the Lorentzian quadratic identities (6.8), (9.7),
or (10.4).

Since the map a : R2P+4 — R2?P +4+(3) is defined by homogenous polynomials of degree

P
two, the map « has image Z ¢ R*" +4+(3)

defined by homogeneous polynomials. Moreover,
the dimension of Z, as an algebraic variety, is 2P + 4, as it is easily seen by looking at the
expression of a. From the parametrization a of Z, we can deduce that it is a cone over
a Grassmann variety G(2, P + 2). Moreover, the inverse of a (as a birational map from
R2P+4 0 Z) is the restriction to Z of the projection m(t,u,v,w) = T(t,u,v). Indeed, the

map o : R?2P+4 5 7 is such that, letting z = T(z1,. .., 20p44),
(roa)(z) =22. (10.68)

P
The map p : R2P+4+(3) 5 R2P+4 restricted to Z induces a map u: Z — R?2P+4. The
P
inverse (as a birational map) is the map ¢ : R2F+* — 7 ¢ R2PH4+(3) defined by

$(&) = T(Vyyp (€, —4RFD(E), ) (10.69)

because

(Lo @)(§) =4Vru,p)(8)E. (10.70)
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Indeed,
q(x)p(§) = a(Vr,p)(§)) (10.71)
and
(o a)(Vra,p)(€) = 4g(x)*Via,p) ()€ (10.72)

A similar description of the images Z’s of the corresponding maps «’s and the definition
of the corresponding ¢’s can actually be provided for all the models L(q, P) treated until
now; however, a thorough treatment goes well beyond the scope of this paper, and we leave
it for further future work.

This geometric approach has many interesting applications for the study of the geometry
of the singular locus of the cubic hypersurface V(4 py in the associated projective space,
which in many cases is a notable algebraic variety (for example in the complete case, but
not only). In some cases, the quadratic homogeneous polynomials defining the map ¢ are a
basis of all homogenous quadratic polynomials vanishing on (some irreducible component of)
the singular locus of the cubic. It may also happen that there are more quadratic equations
vanishing on the singular locus than the partial derivatives of Vr,, py which define it, and
this ezplains why correspondingly r > 0. This geometric point of view and its applications
to Algebraic Geometry will be considered elsewhere.

11 Non-uniqueness of {2’s

The models L(1, P) for P > 4 can be handled with the general results obtained in section 10.2,
as outlined in the previous section. However, those with P < 8 can also be embedded into
the complete L(8,1) model, and this provides an alternative way to determine the inverse
of their gradient maps.

In this respect, we should stress the fact that the extra 2-matrices, required for non-
complete systems by the invertibility condition enounced in section 6.2, may not be unique;
even the number r of such matrices is not determined uniquely by the model.

We illustrate this for P = 4 and 8, respectively in sections 11.1 and 11.2.

11.1 L(1,4) C L(4,1)
The L(1,4) model has ¢ =1, P = 4, and Dy = 2 [53]; thus, the number of variables is
(14+q+24+P Dgy1),_g poy =1+3+8=12. (11.1)

The cubic form V,; 4) in the variables s, 20, 2t 22yt ... y® reads

Va4 = sq(z) + i xIQYL) (y), with ¢(z) = — <x0)2 + (:cl)Q + (952>2 ,  (11.2)
1=0
where the Q§4)’s are obtained from the Q’s in the L(1,1) model (cfr. (8.70)):
A = () () () + () + () 00+ () () @

0 = () () + () )+ () =)+ ()=

4
Q% =202 + Pyt + Pt + yTyE). (11.5)
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In order to invert the gradient map of V ; 4y, according to the condition in section 6.2
we need extra quadrics Ry defined by matrices Q satisfying a Lorentzian quadratic identity.

e One way to do so is to follow section 10.2 and thus to define the quadrics, based on
the quadric R in the L(1,2) model given in (A.3), R®V(y) := R(y*V):

R — 2(345 — 444, R = 2(y1y® — o2y7), (11.7)
RCA — 2(33 — y4y7), RGA = 2(3548 — ¢Sy7). (11.8)

As shown in general in 10.3, a Lorentzian identity of type (10.4) holds true, namely,

—@ WP+ YW+ QW+ S REIEP =0 (119)

1<k<i<4
The L(1,4) model is thus invertible with r = 6.

o Another approach is to take the L(4, 1) model discussed in section 8.2.4 (itself a linearly
constrained L(8,1) model: cfr. (8.38)(8.39)). The first three quadrics Qo, Q1, Q2 of
this model, as listed in (8.36), are almost equal to the Q(4)

,  above, and they become

equal if we change the signs in some of the variables:*°

QYW Pt T ) = Qi A =P Pt T ) (i=0,1,2).

(11.10)
There are three more quadratic forms Q3,Q4, Qs in the L(4,1) model, and the
Lorentzian identity (8.37) holds between the six quadrics of the L(4,1) model. In fact,
if we define three quadratic forms by

Ry, v* % v 97,009 0% = Qo (v v, =7 v v, 00—y ) (K=1,2,3),

(11.11)
then we obtain the Lorentzian identity
_ @ N2 (4.2 (4) 1, \2 2 2 2 _
Qo (¥)°+ Q1 (v)* + Q37 (v)* + Ri(y)” + Ra(y)” + Rs(y)* = 0. (11.12)

This shows that the descendant relation L(1,4) C L(4,1) holds, and, again, the
condition in section 6.2 is again satisfied, but now with r = 3.

11.2 L(1,8) C L(8,1)
A similar treatment shows that L(1,8) is a descendant of L(8,1): L(1,8) C L(8,1). Indeed,
the first three of the ten quadrics in L(8,1) are the QES), i=0,1,2, of the L(1,8) model,

upon substituting
y* — —y® for « = 3,7,11,15. (11.13)

e In order to satisfy the invertibility condition enounced in section 6.2, one can use the
RFD 1 <k < 1<8, as defined in section 10.2, and in this case one has r = (g) = 28.

30Notice that we did something similar in (A.4) in section 9.5 for the L(1,2) model.
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e Alternatively, one can use the remaining seven quadrics Q)s, ..., Q9 and after the
substitution (11.13) one obtains seven quadrics Rx, K = 1,...,7, which again imply
the invertibility condition of section 6.2 to be satisfied, now with r = 7.

Clearly, also the models L(1, P) with P = 5,6,7 can be handled in a similar way
(setting the last 16 — 2P variables y* equal to zero). Notice that L(1,5), L(1,6), L(1,7) and
L(1,8) are descendant, but not submodels, of L(8,1); see the discussion below (section 11.3).

More in general, it holds that

L(1,P) C L(8,1), 1< P

N

8. (11.14)

The key feature is that for ¢ + 1 < 9 the I'matrices I'1,...,I'gy1 of L(8,1) define a
representation of the Clifford algebra Cl(q + 1,0): thus, there always exists L(q, P, P) C
L(8, 1), for appropriate ¢, P and P with (P + P)Dq+1 = 16 (setting some of the y* variables
equal to zero allows one to lower P, P)

11.3 Descendant - submodel

In the treatment given above, we have discussed various cases in which a model L(q, P, P)
can be regarded as a model L(¢/, P', P’) with a larger number of variables (namely, ¢ +
(P + P) ‘D1 < ¢ + (P’ + P’ ) - Dg41) with some linear constraints (and possibly with
some renaming of variables). L(q, P, P) has thus been defined as a descendant of L(¢', P', P'),
denoted by

L(q,P,P) c L(¢,P', P, (11.15)

and this relation has been instrumental in proving the invertibility of the corresponding
gradient map by using the invertibility condition enounced in section 6.2. Here, we want to
point out that (11.15) does not necessarily imply that L(q, P, P) is a submodel of L(q', P', P")
(while the converse is trivially true).

Indeed, we have to recall that each model L(gq, P, P) corresponds to a non-compact,
Riemannian homogeneous (“special”) manifold, or more rigorously to a triplet of quaternionic
Kéhler, special Kéahler and real special manifolds, which can be coupled to Maxwell-
Einstein supergravity with 8 supersymmetries respectively in 3,4 or 5 Lorentzian space-time
dimensions [53, 56:

% quat. Kéhler,
L(g,P,P) <— % special Kahler, (11.16)
1% real special,
H; = mcs(G;),i=3,4,5, (11.17)
G G G
=2 222 (11.18)
Hj H, = Hj
with Gs 2 G4 2 Gsand Hs; 2 Hy D Hs, (11.19)

where ‘mes’ stands for maximal compact subgroup. Therefore, a necessary (but generally
not sufficient) condition for a model L (associated to %, i =3,4,5) to be a submodel of a
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model L’ (associated to %, i = 3,4,5) is that the structure of the corresponding cosets is
consistent with the immeréions, namely that

G; C G, H; C H] Yi=3,4,5. (11.20)

A counterexample is provided by (11.14) with P = 5: in fact, L(1,5) is a descendant
of L(8,1), namely
L(1,5) C L(8,1), (11.21)

but L(1,5) is not3' a submodel of L(8,1). In fact [37, 56]:

L(1,5) <= G5 1015 = (SO(2,1) © SO(5) ® SO(1, 1))y (2,555 (11.22)
115

T3(1,5,0) > T:= | %15 |, dimg(73(1,5,0)=14=(3,1) @ (1,1) ® (2,5);
« % 1 S0O(2,1)®SO(5) covariant

SO(5) covariant

(11.23)
L(8,1) <= G5 1(81) = Eo(—26); (11.24)
18, 8;
JO 5 Ji=|x18, |, dimg (Jg?) — 927 = 27 (11.25)
1 Eg(—26) covariant
ko ok

SO(8) covariant

where T5(1,5,0) is the Hermitian part of a manifestly SO(5)-covariant Vinberg’s cubic
T-algebra [135], and Jéo) denotes the exceptional cubic Jordan algebra [86]. Note the Peirce
decomposition of J3 [7]
Eg(—26) 2 SO(9,1) ® SO(1, 1);
27=1_,® 105, 16_1.
Therefore, if the L(1,5) model is a submodel L(8,1) model, then it should hold, among
other things, that

i)

(11.26)

Gs.101,5 & G5,0(8,1); (11.27)

T
(SO(2,1) ® SO(5) @ SO(1, 1))  (2,5)3, & SO(9,1) ® SO(1,1) & Eg(_ag). (11.28)

ii) as an SO(9, 1)-representation (after Peirce decomposition), Jz? contains 73(1,5,0)
(this latter as an (SO(2,1) ® SO(5))-representation).

By the results proven in appendix C, it follows that the model L(1,5) is not a submodel
of L(8,1), but rather only one of its descendants. It can thus be stated that the immersions
giving rise to L(1,P) C L(8,1), 5 < P < 8, are not consistent with the structure of (the
coset spaces respectively corresponding to) such models.

3L A fortiori, the same holds for the models L(1,6), L(1,7) and L(1,8).
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12 Beyond L(g, P) models: L(4,1,1)

We will now consider the unique model of the present paper having a non-vanishing P: the
model L(4,1,1).

As we have observed in section 8.2.4, the complete model L(4,1) can be obtained from
the complete model L(8,1) by setting 2% = ... = 2” = 0 and by taking the upper left 8 x 8
block T; of the first six T-matrices T, ..., T's (of size 16 x 16) of L(8,1). A closer look at
such six I'-matrices reveals that (I = 0,1, 3,4,5):

_ I'; 0 _ 'y 0
I'r=I'rel = _ I'y =T = . 12.1
I 1 ® 1o <0F1>’ 2 2® 03 (O—Fg) ( )

The representation ¢ : Cl(5,0) — Mg(R) defined by ¢(es) :=T7, I = 1,...,5, is thus
reducible, and it is the direct sum of the two non-equivalent irreducible 8-dimensional
representations of C1(5,0), since the sign of only one I'; is changed in the second component
(cfr. section 5.3).

By recalling the discussion in section 4.3, one can then conclude that L(4,1,1) C L(8,1):
by using the first 1 + 5 I'-matrices of L(8,1), one indeed obtains

L(4,1,1) = L(8,1)|,6— _,0_¢ » (12.2)

so L(4,1,1) can be regarded as the L(8,1) model with four linear constraints. The L(4,1,1)
model has g=4,P =P =1, and D5 = 8 [53], so the number of variables is

(1+g+2+(P+P)- Dq+1>q:4,P:1,P=1 =146+ (141)-8=23. (12.3)

With the notation from (12.7) below, the cubic form of this model is

1,1)
Vi = sq(z) + Z mIQ( oy (12.4)
where ) ) ) )
q(z) = — (ZL'O) + <x1> + (:L"2> +...+ (;v5) . (12.5)
The remaining four I'-matrices I's, ..., I'g of the L(8,1) model are used as the extra
matrices €, ..., occurring in the invertibility condition of section 6.2 (with r = 4):

QK:F5+K7 S0 RK(ZU) :Q5+K(y)7 (K: 1774)

Therefore, the set of I'-matrices {I'1,...,I'o} of L(8,1) is a Clifford set and the anti-
commutativity conditions in the condition of section 6.2 are satisfied. The Lorentzian
quadratic relation (8.5), where we now change the names according to (12.7), then shows
that Lorentzian quadratic identity

—Q PO 4+ QW+ R 4+ Ray)? =0 (126)

holds, as required by the aforementioned condition, which then implies that the gradient
map of L(4,1,1) is invertible.
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We now present the quadrics of the L(8, 1) system, as given in (8.2), with the appropriate
renamings suitable for the L(4,1,1) model:

0 = QB = 1) +. +(y )+ () o (0%
4 = Qg { i TS
) o () - (1)
£ = QU = 20"y — Py Pyt — Tyt — Oy -y ey )
(“ = Qloooo) =20y +7° + 17" + 4%y oy y Oyt Py 4y M)
(“ = QU = 25"y — PP + Py — T 10y Oy ey g0 1215y, (127)
(“ = Q110 :=2"* + vy = *y '+ Py O+ 0y =y M =y Py,
Ry = Qlo0%] =2y y" "+ " — Py =ty Py By — y7y16—y8915),
Ry =Q[1701] :=2(y'y"” y2y“+ygy1° vy =Py Syt —y Ty M By
Rs= Q119 =2(yly +yyt =Pyt — gty — Pyt — By Ty Byt
Ry=Qlioo1] ==2"y" =y + oy =y + 0y — Oy 4Ty —%y).

Since r = 4, the inverse of the gradient map VVL( 41,1 18 given as a composition of two maps,
namely (cfr. (4.41))

vVL 1,3)
R1+6+16 R1+6+16 [ R1+6+16+4 12 R1+6+16 (128)
3 (tyu,v,w) 3 ’

where € = (s,7,y), and Vp4,1,1) and the corresponding g(x) are given by (12.4) and (12.5),
respectively. The map « from (6.14) is given by

a(zl, ooy 2’23) = T(Z%, 2122y ...4 21223, Rl(z), RQ(Z), Rg(z), R4(Z)), (12.9)

where each of the three quadratic forms Rg(z)’s (K =1,...,4) depends only on four of
the last (1 + 1) -8 = 16 variables:

RK(Z) = RK(ZS,...,ZQg). (12.10)

The map g (6.17) has 1+ 3 + 16 components that are homogeneous polynomials of degree 2
in the variables t, ug, u1, us, v1, . . ., Vig, W1, - - . , W4. Since

oo Vv, (€) = 4q(2) Vi ()€, (12.11)

the (birational) inverse map (VVL(MJ))*1 = poa of the gradient map Vy, ,,, is a
homogeneous polynomial map of degree four. From the treatment of section 6, the solution
of the BPS system of L(4,1,1) is then given by (6.54)—(6.56), and (6.66) and (6.73)—
(6.75) yield the corresponding expression of the BPS black hole entropy and of the BPS
attractors, respectively.
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13 Kleinian signatures and split algebras

As already mentioned at the end of section 6.7, one can also find sets of symmetric I'-
matrices defining a Clifford algebra representation of a quadratic form in ¢+ 2 = 4,6, 10
dimensions with Kleinian “neutral” signatures (24,2_), (34+,3-) and (54,5_) for ¢ = 2,4
and 8 respectively: these Kleinian signatures correspond to simple cubic Euclidean Jordan
algebras over split composition algebras J?S, for A = C,, H and Oy, respectively. These
cases do not belong to the homogeneous special manifolds classified by L(g, P, P) in fact,
they pertain to the so-called ‘magic’ non-supersymmetric Maxwell-Einstein theories, as well
as to the maximal supergravity (in the case of split octonions Qs); cfr. [101, 102]: they
can be regarded as the ‘Kleinian counterparts’ of the magic A/ = 2 supergravity theories
discussed in section 5 (recall (4.62) therein) [80, 101, 102]:

Jos J s Js
dmV=1+44+4=9, dmV=14+6+8=15 dimV=1+10+16=27, (13.1)
Cl(1,2), Cl1(2,3), Cl(4,5),
N =0, N =0, N =38.

Notice that, as the magic L(g,1) models (¢ = 1,2,4,8) are related to Euclidean Clifford
algebras Cl(q + 1,0) (cfr. section 5), their ‘Kleinian counterparts’ models (existing for
q = 2,4,8) are related to Clifford algebras Cl (% 4 1,2) in ¢ + 1 dimensions with (mostly
minus) signature (4 4+ 1,4); in fact, the reality properties of the spinors are the same for
the (¢4 1,0) and (4 + 1, 2) signatures in ¢ + 1 dimensions.

The extremal black hole entropy in maximal supergravity is explicitly known (see
e.g. [62]), and by suitable truncations one obtains the same quantity in the J;HIS— and J3*-
based theories.

For completeness’s sake, we consider here the Kleinian model based on the exceptional
cubic Jordan algebra Jé? ¢, which pertains to maximal supergravity; in this case,

10
2 2 2 2
VJ?S = sq(z) + Z:UIQI(y) with ¢(z) = (xl) +...+ (:175> - (ZL‘6) - = (:1710) .
I=1
(13.2)
Thus, the quadratic form ¢(x) has signature (5,5), and the ten quadrics Q’s read
Q1 = 20515 — 1247 — oPy® + ytyT + o0yt — 10y — yllylo g 12,15y,

Q2 —9 ylyl() o y2y9 + y3y12 o y4y11 . y5y14 + y6y13 _ y7y16 + y8y15);

Qs = Ey1y11 C 212 By g tyl0 Byls o By16 1Ty 18 810y,

Qu = 2(y 2 + 2yt — 3yl0 — yhy® — PylS — g Sy15 1y Tyld 4 o8y13).

Qs = 2(y1y14 _ g 2yt8 yByl6 gy 15 4510 6,9 T 12 ySyll); 153
Qo = 2(y1y% — y2° — 43y® + ylyT — Pyt 4+ y10y18 4 yllyl6 12,15, :
Qr = 25ty — y2? — 3y12 + gyl 4 Pyt — Sy Ty 16 yBy1):;

Qs = 2ty + y2y'12 — 43y — yiyl0 — yByls — ySyl6 1y Tyld 4 8yl

Qo = 2(y'y'2 — y2yt + ¢3y10 — yhy? — yPyt0 4 oSyt® — Tyt 4 yByt3);

Oro = 2(ytyM — vy — 43y10 1 yiyts — y5y10 4 8y° 4 yTyl2 — y8yll).
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These quadrics satisfy the Kleinian quadratic identity>?

qQ1,..., Q1) =Q%+ ... +Q:-Q3—...—Q3 =0, (13.4)

and the matrices defining these quadratic forms satisfy the Clifford relations (5.11). The
differences between the model L(8,1) treated in section 8.1 and the Kleinian model of
maximal supergravity discussed here can be realized at a glance by comparing (8.3)—(8.4)
and (8.2) to (13.2) and (13.3), respectively.

The inverse of the gradient map VV_,@S can then be computed to be a polynomial map

3
of degree two, similar to the one for the Lorenzian case discussed in section 8.1.

14 Beyond the invertibility condition: L(9,1)

Let us now consider the model L(9,1).

The g + 2 = 11 quadratic forms Qo, ..., Q10 are associated to I'g = [I3o and to a set of
32 x 32 Clifford matrices {T'y, ..., 10}, generating the Euclidean Clifford algebra®® C1I(10, 0).
It is not hard to find such matrices: by denoting by I'},..., Ty the 16 x 16 Clifford matrices
of C1(9,0) (which correspond to the quadrics Q1,...,Q9 in the complete model L(8,1)
discussed in section 8.1), for the Euclidean Clifford algebra C1(10,0), corresponding to the
model L(9,1), it simply suffices to take the corresponding block matrices of size 32 x 32,
as follows:

T 0 0TI
FQI]IgQ, I'; = I , , (I:L,g) F10::H16®0'1: 16 ,
0 —T

and one easily verifies that these matrices satisfy the Clifford relations (5.11).

Notice that there is no homomorphism CI(11,0) — Ms2(R), so the Clifford set of
C-matrices {I'y :=I39,'s,...,T'10} is mazimal for the size 32 x 32, namely one cannot add
another I'-matrix of size 32 x 32 and still have a Clifford set.

However, in striking contrast to the complete models related to I'-matrices of size
m = 29 with g = 1,2, 3, 4, discussed in section 6.7 and respectively treated in sections 8.2.7,
8.2.6, 8.2.4 and 8.1, there is no (Lorentzian) quadratic identity between the 11 quadratic
forms Qo, ..., Q19. Therefore, one cannot exploit the invertibility condition enounced in
section 6.2 in order to determine the invertibility of the gradient map VVL(M). Of course,
such a condition provides a sufficient but not necessary condition for invertibility, so the lack
of a suitable quadratic identity of quadrics does not necessarily imply the non-invertibility
of the gradient map of the corresponding cubic form.

At any rate, other approaches to prove invertibility or non-invertibility of the gradient
map VVL(M) should be found, but they are beyond the scope of the present investigation.

32Notice that Q% — Q%+5 (for I =1,2,3,4,5) doesn’t have that many terms.
33Recall the non-trivial homomorphism CI(10,0) — M2(R) ® Mis(R) = Mas2(R); cfr. (5.8).
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15 Final remarks and outlook

We have considered the issue to obtain an explicit expression of the attractor values of scalar
fields as well as of the Bekenstein-Hawking entropy, of static, asymptotically flat, dyonic,
BPS extremal black holes in ungauged N' = 2 Maxwell-Einstein supergravity theories in
four space-time dimensions, coupled to non-linear sigma models of scalar fields endowed
with very special geometry; this class of theories encompasses all four-dimensional N = 2
theories which can be obtained as an S'-compactification of five-dimensional minimal
supergravity theories. After [122], this problem can be translated into the issue of solving
certain algebraic inhomogeneous systems of degree two, named BPS systems.

Within the so-called ‘very special’ geometry (related to cubic holomorphic prepotentials),
we have focused on homogeneous non-compact Riemannian spaces. For homogeneous
symmetric spaces, which are related to (simple and semi-simple) cubic (Euclidean) Jordan
algebras, the solution to the BPS system is explicitly known, as is the expression of the
BPS entropy and attractors (cfr. [62], and refs. therein): they can be formulated only in
terms of a unique quartic invariant®* polynomial in the black hole electric-magnetic charges.
On the other hand, not much is known for the homogeneous non-symmetric spaces; in fact,
to the best of our knowledge, only [51] and [6] briefly treated, within a different formalism,
the models L(1,2) and L(2,2). Therefore, in the present investigation we have focussed on
homogeneous non-symmetric very special geometry, which has been classified, in terms of
Euclidean Clifford algebras, in [53].

In section 6.2 we have formulated a (sufficient, but not necessary) condition for the
invertibility of the gradient map of the cubic form defining the homogeneous non-symmetric
very special geometry (and thus for the resolution of the related BPS system): this condition
requires the existence of a suitable Lorentzian quadratic identity involving the quadratic
forms defined by the symmetric I'-matrices of the corresponding Euclidean real Clifford
algebra, as well as some other quadratic forms defined by symmetric auxiliary matrices
denoted by Q. Subsequently, we have thus provided in section 6.4 an explicit expression
for the (birational) inverse map of the gradient map of the models for which the invertibility
condition holds; the inverse map is a homogeneous polynomial map of degree four. Then,
in section 6.5, we have presented, within the assumption that the aforementioned condition
holds true, a procedure for the explicit solution of the related BPS system, determining
in section 6.6 an explicit formula for the BPS Bekenstein-Hawking entropy of extremal
black holes, as well as for the attractor values of the scalar fields in such a background. It
is also here worth remarking that the explicit solution of the BPS system is also relevant
for the solution of the attractor equations in asymptotically AdS, dyonic, extremal i—BPS
black holes of U(1) Fayet-Iliopoulos gauged Maxwell-Einstein N' = 2 supergravity in four
space-time dimensions [65, 79].

Besides the general treatment given in section 6 (within the validity of the invertibility
condition enounced in section 6.2 and then discussed in section 7) as well as in section 10.7.1

34Tn [62], the treatment of the present paper corresponds to the manifestly ‘Gg-invariant’ formalism
discussed in section 3.4 therein; see also [52].
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(for the models L(1, P) with P > 4), we have explicitly considered various homogeneous
non-symmetric models, namely:

e L(q,1),q=1,2,...,8 (section 8) and 9 (section 14);
e L(q,2), q=1,2,3 (section 9);

o L(¢q,P),q=1,2,3, P > 3 (section 10), with explicit emphasis given to the models
L(1, P) with P > 2 given in section 10.7;

o L(4,1,1) (section 12).

In particular, the models L(1,2) and L(1,3) have been worked out in full detail in
sections 9.5 resp. 10.6, and in section 10.7 their treatment has been generalized (in a
P-dependent manner) to the infinite class of L(1, P) P > 2 non-symmetric models of N = 2,
D = 4 supergravity. In this respect, we have extended the treatment given in section 4
of [122], by providing, for the first time to the best of our knowledge, the explicit form of
the BPS black hole entropy and of the BPS attractors in an infinite class of (homogeneous)
non-symmetric models of N' = 2 supergravity with cubic prepotential.

Still, many homogeneous non-symmetric models remain to be investigated for what
concerns the invertibility of the corresponding gradient map, and thus the solution to the
corresponding BPS system, aiming at obtaining explicit expressions for the Bekenstein-
Hawking entropy of extremal BPS black holes as well as for the corresponding BPS attractor
configurations of the scalar fields. From the classification of [53] (see also [55, 56]), these
models belong to the infinite series

« L(g;1), ¢ = 10;

« L(g,2), 92 4%

« L(g,P),q=24, P =3

e L(—1,P), P >1 (the so-called ‘non-Jordan symmetric sequence’ [54]);

o L(4m, P, P), with®® m >0, P > 1, and P > 1 (excluding the model L(4,1,1)).

We leave the treatment of such classes to future work. It would also be interesting to
investigate the invertibility of the gradient map, and thus the solution to the corresponding
BPS system, of cubic forms associated to noteworthy classes of non-homogeneous spaces.

Also, we would like to recall that in section 10.7.2, we have briefly considered a geometric
perspective on the factorized nature of the inverse map of the gradient map of the cubic
forms pertaining to the models L(1, P) with P > 1. We conjecture that this holds essentially
true for any L(g, P) model, thus providing an explanation to 7 > 0 in non-complete models;
in future works, it will be interesting to discuss this geometric point of view in detail, as
well as to study various subsequent applications to Algebraic Geometry.

35The models L(0, P, P) have been treated, within a different formalism, in [6] and [51].
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Within this research venue, it would be interesting to investigate the geometric aspects
of the examples of non-homogeneous very special geometry discussed by Shmakova in section
4 of [122] (cfr. refs. therein, as well), as well as of the non-homogeneous 2-moduli cubic
models in which non-trivial involutory matrices determining multiple attractor solutions
exist [98, 103]; we leave these tasks for further future work.

Moreover, some time ago, after the seminal paper of Moore [99], an intriguing rela-
tionship was observed between Gauss’s composition laws and the arithmetics of BPS black
holes in string theory and supergravity. Remarkably, this relationship has been recently
extended to include Bhargava’s higher composition laws, closely related to various classes
of black hole solutions appearing in string/M-theory [15, 31, 67]. We leave to further future
work the investigation of the possibility of a further generalization and extension to BPS
black holes in theories with homogeneous non-symmetric scalar manifolds.

Finally, we remark that the stratification of the U-duality orbits supporting extremal
black hole attractors is well known for symmetric models of N = 2, D = 4 Maxwell-Einstein
supergravity, since the seminal paper [59] (see e.g. [16, 60], and also [14] for a recollection
of results). It woud be of utmost interest to extend the known results to the infinite classes
of homogeneous non-symmetric models, especially to those which cannot be obtained by
suitable truncations of symmetric models. Some advances along such a venue are discussed
in [12], and we leave the investigation of this issue for future work.

A Details on L(1,2)
The cubic form Vr,(; 9) is given by

Vi (s,2,9) = sa(@) + 26 (y) + ' Q7 (y) + Q5 (v) (A1)
where ) ) )
q(x) == — (:L‘O) + (xl) + (:L‘Q) , (A.2)
and the Q?)’s are given by (A.3) below.
To write this model explicitly and to show the invertibility of the gradient map, we first
show that L(1,2) C L(2,1); to this aim, we start and observe that both of the models are
defined by 4 x 4 I'-matrices. Using the quadratic forms from section 8.2.6 but substituting

y3 := —y3, one finds that the first three of these forms are the Q(IZ) with the @ from the
L(2,1) model and the remaining form is denoted by R = R;:

Y =T, Q) = QR = ()" + 67" + (") + (")
P =meh QY= =) -3+ ") - )"
(2) (2) 01 1,2 3,4 (A.3)
Iy’ =01 ®l, Qs = Qo] = 2(y v +y°y%);
M =o01®o01, R=Ql1] = 2(y'y* —v*y%).
Thus, it holds that:
L(l, 2) = L(2, 1)|I3:0, y3i=—y3 3 (A4)
Va2 = Vien 90, gyt (A.5)
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Namely, the model L(1,2) can be regarded as the L(2,1) model with one linear constraint,

upon the renaming > := —y3.

The model L(1,2) is invertible since the matrices Ff), FgQ), ), anti-commute, the first
two form a Clifford set and finally the ng) 's and the R(y) are related by the following
quadratic (Lorentzian) identity:

~ QYW+ QP W) + QP W)’ + R()* = 0. (A.6)

Therefore, the invertibility condition of section 6.2 is satisfied, and V'V 18 invertible.
Since r = 1, the inverse of the gradient map VVL(M) is given as a composition of two
maps « and p (cfr. (4.41)):

Vy
1+3+4 L3:2) pl143+4 o 14+3+441 _# 1+3+4
Re —7 R, — Ry — K . (A.7)
The map «, as in (6.14), is given by

Oé(Zl, s 728) = T(Z%7 RZ1%22;5 -+ -y R128; R(Z))7 (AS)
where the quadratic form R depends only on the last 2 - 2 = 4 variables:

R(z) = R(zs5,...,28) = 2(2528 — 2627). (A.9)

The map p (6.17) has 1 + 3 + 4 = 8 components that are homogeneous polynomials of

degree 2 in the variables t, ug, ..., us,v1,...,v4,w, and it is given by

—uf +uf + ud + 5w’

—2tug + 3(v7 +v3 + v3 +v3)

1,2 2 2 2

2tuy + 5(vi — vy +v5 —vg)

2tus + vV + V3V,
w(t,u,v,w) == . . (A.10)

UQU1 + UIV1 + UV2 — FU4W
UgU2 — U1V + UV + %vgw
UQU3 + U1V3 + U2V4 + ivzw

1
UgU4 — ULV4 + UV3 — iniw

Since

poaoVy,,, (&) =4q(x)*Via (€S, (A11)

where V11 9) and the corresponding ¢(z) are given by (A.1) and (A.2), the (birational)
inverse of the gradient map VVL(1,2> is the map

poa s RIFSH 2, RIASHIL K, Ritstd (A.12)

(t,u,v,w)
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given by the following homogeneous polynomials of degree four (cfr. (6.27)):

22 (=23 + 23+ 23) + § (2528 — 2627)°

22 {—Zzlzg + 5 (2428 +22+ zg)}

22 22125 + T (B -+ 2 zg)}
(hoa)(z) — 22 (_2212’4 + 2526 + 27238) 1 | (A13)
21 |71 (2225 + 2325 + 24%6) — 5 (2528 — 2627) 28
21 :zl (2226 — 2326 + 2425) + % (2528 — 2627) ,27:
21 :21 (2227 + 2327 + 2428) + 5 (2528 — 2627) Zﬁ:
21 :zl (2028 — 2328 + 2427) — % (2528 — 2627) ,25:

Consequently, from the treatment of section 6, the full fledged expression of the solu-
tion (6.53) of the BPS system of L(1,2) is given by (A1 = A, and recall the definition (2.3)):

3 [Ag (A3 + A3+ A7) + § (AsAs — A6A7)2} _

- A.14
2|A V(08) - (o) (3,4) o
o 3lA 20,00+ § (A3 + A3+ A2+ A3)] (A.15)
2 \/(apA) (o) (9,A) |
1 31A 28085 + § (83 - A3+ 82— AY)| (A.16)
2 NCISHUEESICEN
2 B1A (28004 + AsAg + ArAg) (A.17)
2 J08) - (noa) (9,0)
1 3sgn(As) |:As (A2As5 + AgAs + Aylg) — 5 (AsAg — AgA7) AS}
PR : (A.18)
\/(apA) . (,u, o a) (8PA)
o _ 3sgn(Ay) [As (8286 — Agl + Aas) + 5 (AsAg — AgAr) Ad : (A.19)
2 NCYSEITTICES |
3 _ 3sgn(Ay) [As (D287 + A3A7 + AgAs) + 5 (AsAs — AgAr) A()} : (A.20)
2 V@A) - (o) (B,2) |
e 3sgn (As) [AS (A2Ag — AgAg + AyAy) — % (AsAg — AgAr7) A5} 7 (A.21)
2 V(@8) - (110 ) (9,)
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where

1
(0pA) - (110 @) (BA) = A3 (_A2 +AZ+ AZ) + 1A (A5A5 — A7)

+ AiAz

+ AZA;

—2A A+ = (A +A§+A$+A§)}

2N A+ (A2 A§+A$—A§)}

+ AZA, (QA Ay + AsAg + A7Ag)

+ AgAj5
+ AsAg
+ AsAy

+ ASA8

Ag (A2A5 + A3As + A4A6) - = (A5A8 - A6A7) Ag
Ag (AsAg — AzAg + AyA5) + 3 (A5A8 — AgA7) A7

- ) -
Ag (AsA7 + AzA7 + AyAg) + 3 (AsAg — AgA7) Ag

- 1 :
Ag (A2A8 — A3Ag + A4A7) — 5 (A5A8 - A6A7) As| .

(A.22)

Then, (6.66) and (6.73)—(6.75) respectively yield the corresponding full fledged expression
of the BPS black hole entropy and of the BPS attractors:

E 3|p|\/ e Moa 2290 (p-g) — 213(p) (A.23)
1 3 [A2 A%+A3+A2) 5 (AsAs—AsA)’] Tp°(pg)—2I3(p) _.3S] , ',
4(Q)=3 @A) (1100) (0,4 [ e _127r:| to (A2
2 oy _ 3AT[F28080 45 (M + AT+ AT AR)] [P (p-g)—21:(p) ;3 S] , p°.
Q=3 ©,2)-(100) (8,) { P (4.25)
3 _ 3AI[20.A5+3 (A3 -AF+AT-AF)] {pO(p.q)_zlg(p)_.?)S] P’
Q) =3 @:2)-(19) (9,) ” 2r| T (4.26)
4 _3A§ (2AsA4+AsAg+ A7 Ag) po(p-q)fZIg(p) .38 p4.
AR e e R (A.27)
34, [As (D25 +AsAs+ AsAg) — 5 (AsAs — AgA7) As] [p° (p-q)—2I5(p) .3 5] p°
Q=5 (@) (noa) (9,A) R “haE ] T
(A.28)
59 =32 (8 (A28~ 856+ Auls) + 5 (AsAs —AoAr) Ae] [0 (pg) ~20s(p) ;38T ",
LA (@,2)-(10a) (B,4) R ] T
(A.29)
2T(Q) = 3 A0 [Ad (D27 + AsA7r+Asls) + 5 (AsAs = AsAr) A [ (p-q) —2I5(p) _i§§- +£‘
HY=I ™32 (0pA) - (poa) (9pA) I P° 27| po’
(A.30)
8 v 3O [A(AsAs — AgAs +AyA7) — 5 (AsAs — As A7) As] [0 (p-q)—21s(p) .3S] | p°
Q) =3 (Bp8) - (1oa) (3,4) T
(A.31)
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with (0pA) - (1o ) (0,A) given by (A.22), and

p-q=0p"q0+p'q +...+pgs; (A.32)
I3(p) = Via2) (plw-,p 1[ (p) ( )}
+2QF (0, p%) + p°Q 2( ) QPP (A.33)
=o' =) ) ()] [ ) ) () ()]
[(p5)2 () + (") - (v 2}+2p4pp +p7pb). (A.34)

B Details on L(1,3)

The cubic form Vp 3) reads

Viaz) = sq(z) + leQI ), with ¢(z) = — (CCO>2 + (351)2 + <x2)2 , (B.1)
1=0

where the Qgg) are obtained from the Qr’s of the L(1,1) model (cfr. (8.70)):

QY = (") + () + (") + (o) + () + (o) s (B2)
S R RS
QP — 2(yly? + Pyt + ) . (B.4)

Moreover, we define the quadrics, based on the quadric R of the L(1,2) model (see (A.3)),
R¥D(y) := R(y™):

R(1,2) — 2(y1y4 o y2y3)’ R(1,3) _ 2(y1y6 - y2y5)7 R(2’3) _ 2(y3y6 - y4y5) ' (B5)

As required by the invertibility condition of section 6.2 (cfr. (6.8)), a Lorentzian identity
of type (10.4) holds true, namely,

— QP )+ QP W) + Q¥ (9)? + R (y)> + R (y)? + R®I(y)2 =0.  (B.6)

Since r = 3, the inverse of the gradient map VVL<1 5 Is given as a composition of two maps,
namely (cfr. (4.41))

Vy
RyPHYE LY RIS o, RiAsTOLs Ky RpFSS, (B.7)
with
poaoVy, ., (€) =4q(x)*Vras©E, (B.8)

where § = (s,z,y), and V(1 3) and the corresponding g(z) are given by (B.1). The map «
from (6.14) is given by

0[(2'1, .. 7210) = T(Z%’ 21225 ..+, 21710, R(1’2) (Z)’ R(1’3)(Z)7 R(273) (Z))’ (Bg)
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where each of the three quadratic forms R (z)’s depends only on four of the last 3-2 = 6
variables:

RY2)(2) = R(zs, . .. R13)(2) R*¥(z) = R(zr, ..., 210).

(B.10)
The map p (6.17) has 1 + 3 4+ 6 components which are homogeneous polynomials of degree

. 28), = R(zs, 26, 29, 210),

2 in the variables ¢, ug, u1, ug, v1, ..., vg, w1, wa, ws, and it is given by

P RiET — RS, (B.11)
—uf +uf +ud + {5(wi +wi+ wi)
—2tug + 5(v7 + 03 + 03 + 03 +vZ +0v3)
2tuy + %(U% — v3 +v§ — 3 +v§ — v%)
2tug + v1v9 + v3v4 + V5Ug
(v, w) = UQU1 + ULVl + UgV2 + %( VAW — VewW2) (B.12)
UQV2 — UTV2 + U2V + %(Ugwl + U5w2)
uov3 + U3 + ugvy + +(vowr — vews)
Uovs — UTVs + Ugv3 + T (—viwr — vsw3)
UQV5 + UTV5 + U2V + %(Ung + 1)4’11)3)
Ugvs — U1V6 + U2Vs + T(—v1wa — vaws3)

Therefore, the (birational) inverse map (Vy,, ;)
reads (cfr. (6.27))

L' = /10 « of the gradient map VVL(LS)

1+3+6 O‘ 1+3+6+3
RZ IR(t u,v,w)

o : LN R%+3+6;

(B.13)

Z% ( Z2 + 23 + 2:4) + % [(2528 — Z6Z7)2 + <Z72’10 — 2’82’9)2}
23 [ 22120+ 5 (25 + 22+ 2248+ Z%O)}
22 [2z123 +5(B—28+22— 28+ 25 — z%o)}
22 (22124 + 2526 + 2728 + 29210)

(oa) () = 22 (2925 + 2325 + 2426) + 21 (— 2528 — 25230 + 262728 + 2629210)
23 (2026 — 2326 + 2425) + 521 (252728 + 2520210 — 2622 — 2623)
22 (2927 + 2327 + 2428) + 321 (252628 — 2827 — 27230 + 2829210)
22 (2928 — 2328 + z427) + zl (—2228 + 252627 + 2729210 — 2823)
Z% (222:9 + 2329 + 2’42’10) + 21 (2526210 — 262’9 + 2728210 — 282’9)
23 (20210 — 23210 + 2420) + 521 (—22210 + 252629 — 23210 + 272829

(B.14)
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Consequently, from the treatment of section 6, the full fledged expression of the solution (6.53)
of the BPS system of L(1,3) is given by (A; = A, and recall the definition (2.3)):

3 {AE (—A% +A§+Ai) +3 [(ASAS —A6A7)’ +(ArAro —Asﬁg)ﬂ }

7T 2IA] V(0,A) (o) (8,A) / (1)
0 _ 318 [-20:00+ (A3 + A3+ AT+ A3+ AF+AY)] (B.16)
2 V(BA) (o) (3,4) ’
R 10 [28:05+3 (AF-AF+AT-AF+AF-AL)] | (B.17)
2 V(0,8 (n00) (3,4) ’
2 gms\ (2A5A4+A5A6+A7A8+AZ9A10); (B.18)
V(0,8)-(0a) (9,)
1 3 (1861 (A225 + AsAs + AsAs) + g5 (As) (—As A~ AsAf +AsA7As + AsAoAro) | (B.19)
2 V@) (100) (8,4) ’
2 _ 8 [IA(Bafo = 800+ 84lhg) sen (80) (Moo + Asobio —BodF = BeAF)] o)
2 V(@A) - (o) (8,0) ’
5 _ 3 [186](A2A7+A3A+AsAs) + 350 (As) (A5 A6 A5 — AFAT— A7Afy + AsAoAro) ] (B.21)
2 V(0,8)-(1oa) (3,) ’
2 8 (180 (A28 = 8o Aulir) s (8.) (ZA3A0+ Aollolr + Arlodio=8ed)] -y o
2 V@A) (1oa) (8,4) ’
jo? (12 (2220 + AgAg + AaAio) + gsgn (As) (AsAsAio — A§Ag + A7AsA1g — AfAg) | (B.23)
2 V(0,8)-(uoa) (9,8) ’
6 _ 3 [18:] (A2t Msduo+Aado) + Jsgn (A.) (—A3A10+ A5 8680 — AFAL + ArAsh) (B.24)
2 V(0D (1oa) (9,) ’
where

(9pA) - (o) (BpA) = A (—A3 + A3 + AF)
+ iAs [(AsAs — A7) + (ArAy — A8A9)2}
+A2A, [—QASAQ + % (A24 02482422423+ A%O)]
+AZA, [mSAg + % (A2 A%+ A2-A3+A5- A%O)]

+ AN,
+ AZA;

(2AsA; + AsAg + A7Ag + AzgAqp)
(A2As + A3zAs5 + AyAp)
1
+ 50 (~A5A - AsAdy + AeArAs + AsAoAry)
+ A2Ag (A2Ag — AgAg + AyAs)
1
+ 5 A (A5A788 + AsAgAig — AgAZ — AcA})
+ AZA7 (A2A7 + A3A + AyAg)
1
+ 50 (A506A5 — AFA7 — A7AY + AsAgAry)

+ A2Ag (AgAg — AsAg 4+ AyA7)
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+ %ASAB <—A§A8 + AsAgA7 + A7AgAqg — A8A3>

+ AZAg (AgAg + AsAg + AyAyg)

+ %ASAQ <A5A6A10 — AN + A7AgAqg — A§A9>

+ A2A10 (A2A10 — A3A1g + AgAg)

+ %ASAN (~A2810 + AsBelg — AZAs + ArAsAy) . (B.25)

Then, (6.66) and (6.73)—(6.75) respectively yield the corresponding full fledged expression
of the BPS black hole entropy and of the BPS attractors:

SHES

i 3R g0 . ) — 21 (5.26)
3{A2(-a%+ A2+ A4) 1 [(AsAs — AgA7)? + (A7io — Aso)’]

2 (8 A)- (uoa) (0pA)
0
. [p@q;()ﬂ:s() gi +5; (B.27)
3 A2 [ 20,00 + 5 (A3 + AF + A + AF + AF + Al | {po(p-q)—ﬂa( p) 35} + P
2 (@A) - (o a) (3,4) P ChaE] T
(B.28)

N W

AE[2ASA3+;(A%—A§+A%—A§+AS—A%’O)]{pO(p‘q)—m() 35] P
(0pA) - (poa) (9pA)

3 A7 (28,04 + A5 + A7As + AzoAvo) [p° (p-g) —2I3(p) 38l 2 (B.30)
2 (0pA) - (o) (GpA) p° oL P '

3 [Af (A2A5 + AsAs + AyAg) + %As (*AsAg — AsA3) + AgArAg + AGAQAM))]

2 B)- Gro) @)

-0 -20) ;ﬂ + 2 (B.31)

3 [Ag (A2A6 - ABAG + A4A5) + §As (A5A7A8 + A5A9A10 — AGAg — A6A§)]
2 (OpA) - (poa) (GpA)

.0 6

p (p-q) —2I3(p) 35 p .

p() 2 ﬂ_ + ﬁa (B32)

3 [A2 (AsA7 + AsA + AyAs) + 1A, (AsAeAs — AFA7 — A7ATy + AsAgAqg) |
2 (OpA) - (poa) (GpA)

.0 7

P (p-q) —2I3(p) 35 P,

—po is - + il (B.33)

3 [AZ (A2As — AsAs + AsA7) + LA, (—AZAs + AsAgAr + Az AgArg — AsAF) ]
2 @ &) (5o a) (B,0)
0
p(p-q) —2L(p) _ ;35
. [ - 2| +5; (B.34)
3 [A2(A2Ag + AsAg + AsAig) + 1A, (AsAsAro — AFAg + A7 AgArg — AFAy) ]
2 (OpA) - (noa) (9pA)
0 9
p (p-g)—2I3(p) .35  p’,
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219(Q) = g [A2 (Az2A10 — AzArg + A4A9);;AA; E—A%Aw + AsA6Ag — AFAL + A7 AgAg) | ‘
pA) - (o) (9pA)
. [pO (p~q2)00— 2I5(p) gﬂ n % (B.36)
with (9,A) - (1o a) (9pA) given by (B.25), and
p-a=p"00+p'q+...+0"q0; (B.37)
I3(p) =V (p' - 0"0) =" {— () + () + (p“ﬂ +02Q5 (0, p")
+p3Qg3) (°,...,p'%) +p4Q§2) (p°,...,p'"%) (B.38)

[ )] [0+ 0 )+ ]
+p? [(p5)2— (p6)2+ (p7)2— (p8)2+ (p9>2_ <p10>2] +2p* (p°p® +p"p* +p7p'7).
(B.39)

C A calculation in Lie theory

With no loss of generality, one can consider Lie algebras on C, and classify all inequivalent
(up to 05 inner automorphisms) algebras a; @ bs in 05, then considering also the branching
of the 10 & 16 of 05 in irreprs. of a; @ bs:

I: 05 — a1y @ ayr ®ag — ar; ©agr by
symmetric in [,1]

45 =(3,1,1)® (1,3,1) ® (1,1,15) & (2,2, 6)
=(3,1,1)®(1,3,1) & (1,1,10) & (1,1,5) & (2,2,5) & (2,2, 1);

10 =(2,2,1) 3 (1,1,6) = (2,2,1) ® (1,1,5) & (1,1,1);

16 = (2,1,4) & (1,2,4) = (2,1,4) & (1,2, 4);

II: 05 - 04,11 — bo D a; & 113
45 =287 D 1o D 8y 2 D 8y, 2

=(10,1)0® (1,3)0® (5,3)0 @ (1,1)0 & (5,1)2 & (1,3)2 @ (5,1)_2 & (1,3) _o;

III: 95 — by — 04 — a1 B bo;

IV: 05 — by — a7 @ ay ;7 D bo;
symmetric in I,11

45=3609=(3,1,1)a (1,3,1) @ (1,1,10) ® (2,2,5) @ (2,2,1) & (1,1,5) ;
10=9¢1=(2,21)d(1,1,5)® (1,1,1);
16 =16 = (2,1,4) & (1,2,4);

V:05 - by — a; ®ag — a; @ bog
45236@92(3,1)@(1,15)@(3,6)@(3,1)@(1,6)

=(3,1)®(1,10) 8 (1,5)® (3,5) ® (3,1) & (3,1) & (1,5) & (1,1);
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VI: 05 > bs®a; — a3 P a; — by D ag;
45 =(21,1)® (1,3) & (7,3) = (15,1) & (6,1) & (1,3) ® (6,3) ® (6,1)
=10, )& (5, 1) ®(5,1)®(1,1)®(1,3)®(5,3) 8 (1,3)®(5,1) @ (1,1);

VII: 05 > bsPar — bs P ag & 173
45 = (21,1)® (1,3) & (7,3)

= (10, 1)0 © (@, 1)0 @ (5, 1)2 @ (5, 1)72 @© (1, 3)0 @ (5, 3)0 @ (1, 3)2 @ (1, 3)725

VIII: o5 — 5271 D 52711 — bQ’[ D a Day;

symmetric in I,I]

45 = (10,1) & (1,10) & (5,5) = (10,1,1) & (1,3,1) & (1,1,3) & (1,2,2)
@ (5,2,2) @ (5,1,1);

10=(5,1)®(1,5) = (5,1,1) & (1,2,2) & (1,1,1);

16 = (4,4) = (4,2,1) ® (4,1,2);

IX: 05 =+ bor®basr  — bas®ay @71

symmetric in [,1]

45 = (10,1) © (1,10) @ (5,5)
=(10,1),® (1,3), @ (1,1), ® (1,3), © (1,3)_, ® (5,3) @ (5,1), ® (5,1)_,;

X: 05 — b27] D [127[] — [127[ D ars

symmetric in [,1]

45 = (10,1) & (1,10) & (5,5) = (10,1) & (1,3) & (1,7) & (5,5) .

It thus follows that the cases®® I-X do not satisfy at least one of the aforementioned
conditions i) and ii) of section 11.3 for L(1,5) to be a submodel of L(8,1). This proves that

(SO(2,1) ® SO(5) ® SO(1, 1))y & (2,5)55 € SO(9,1) ® SO(1,1) C Eg(—sg). (C.1)

and thus that the model L(1,5) is not a submodel of L(8,1), but rather only one of its
descendants.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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