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ABSTRACT: We analyze BPS black hole attractors in 4d gauged supergravity in the pres-
ence of higher derivative supersymmetric terms, including a Weyl-squared-type action, and
determine the resulting corrections to the Bekenstein-Hawking entropy. The near-horizon
geometry AdSsxS? (or other Riemann surface) preserves half of the supercharges in N = 2
supergravity with Fayet-Iliopoulos gauging. We derive a relation between the entropy and
the black hole charges that suggests via AdS/CFT how subleading corrections contribute
to the supersymmetric index in the dual microscopic picture.

Depending on the model, the attractors are part of full black hole solutions with
different asymptotics, such as Minkowski, AdS4, and hvLify. We give explicit examples
for each of the asymptotic cases and comment on the implications. Among other results,
we find that the Weyl-squared terms spoil the exact two-derivative relation to non-BPS
asymptotically flat black holes in ungauged supergravity.
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1 Introduction and summary of results

Although supersymmetric black holes in gauged 4d supergravity are in many respects very
similar to their siblings in ungauged supergravity, they have enjoyed considerable attention
only in recent years. The first analytic examples were discovered in [1], elaborated in [2, 3]
and further generalized in various directions in [4-9] and references therein. These solutions
typically have either AdS, asymptotics or a runaway vacuum that can sometimes be seen as
a meaningful solution when embedded in higher dimensions [10], e.g. hyperscaling violating
Lifshitz [11] (hvLify) that uplifts to AdSs. The full black hole solutions are quarter-BPS in
N = 2 gauged supergravity, with an enhancement to four supercharges (half-BPS) on the
horizon. The horizon can in general have a topology of any Riemann surface, such that
the near-horizon geometry is AdSy X Eg with genus g > 0.



The first example of a microstate counting for these black holes was only achieved
recently in [12] building on results of [13, 14], where the case of spherical asymptotically
AdS, black holes embeddable in 11d supergravity on S7 [15, 16] was considered. It turned
out that the leading macroscopic entropy in this case corresponds to the (partially) twisted
index of ABJM theory on S'xS?. A similar understanding of the leading black hole entropy
also exists for the class of asymptotically hvLifs black holes discussed in [10], as they can be
understood from a dimensional reduction of asymptotically AdS5xS® geometries in string
theory and therefore described by a (twisted) compactification of N =4 SYM [17].

It was further shown in [18] that some special gaugings in N = 2 supergravity lead to
a vanishing scalar potential with a non-BPS Minkowski vacuum, where the near-horizon
geometry is nevertheless half-BPS and falls in the same class of supersymmetric solutions.
It was proven that these solutions are equivalent! (at the two derivative level) to the non-
BPS black holes in ungauged supergravity [18], therefore suggesting an interesting new
string theory point of view [19].

In this work we initiate a study of how higher order derivative terms in the supergravity
lagrangian affect the near-horizon geometry AdSs x 252], similar in spirit to the work of [20] in
5d gauged supergravity. Building on previous work [21] in off-shell conformal supergravity,?
we evaluate the corrections to the macroscopic Bekenstein-Hawking entropy from a four-
derivative lagrangian containing the Weyl-squared term. This allows to address several
different questions about the above summarized black holes with different asymptotics.
We mostly focus on the case of spherical horizon, 252;:0 = 52, but also comment on the
resulting differences when considering a higher genus Riemann surface E§>o instead. We
use the conformal off-shell formalism [23-29] and give general results about the attractors
for all types of higher order derivatives, since our BPS conditions are off-shell. This makes
the resulting conditions immediately applicable to the supergravity localization techniques
that are being developed in recent years (see e.g. [30-32] and references therein). The
explicit entropy corrections can however be only determined once we choose a particular
lagrangian via the formalism of Wald, and we consider a four-derivative supersymmetric
lagrangian that includes the C2-term, (with C the Weyl tensor) obtained in [33]. We give
several explicit examples of models with different asymptotics that we solve completely and
obtain some very generic results. We do not relate these results directly with string theory,
keeping our higher derivative corrections general within the framework of 4d supergravity
and not restricted to ones coming from string compactifications.

Concretely, our main result is deriving a relation between the entropy S, the central
charge Z, the central charge of the gauging parameters L, and the corrected prepotential
F(X, fl) with F4 # 0 (which together with the gauging parameters defines the lagrangian),

T Z
=——1 — 4+ 256 F 1.1
S 5 m<L+ 56 A), (1.1)

'Due to the fact that the scalar potential vanishes in the gauged theory for these special gaugings,
the bosonic action coincides with that of ungauged supergravity. Therefore by equivalence here we mean
that the same solutions can be considered in supergravity theories with different fermionic completion and
therefore different BPS spectrum.

2See also [22] for results based on the entropy function rather than supersymmetry.



where the exact definitions and derivation are presented in the main body of the paper.
The above equation generalizes the main two-derivative attractor equation, presented first
in [2], with higher-derivative corrections entering through the quantities Z and Fa (see
also [34]). This relation proved to be of particular importance from a microscopic point of
view [12] as it suggests how the Witten index of the dual field theory relates to the entropy.

Let us briefly discuss some other interesting results from simple examples with different
asymptotics. We leave the considerable amount of technical details behind them for the
following sections.

o Minkowski
For the case with Minkowski asymptotics we consider the so-called T3-model with
prepotential®

(X1)3 o x1

xo s

and the Fayet-Iliopoulos (FI) gauging parameters £ = 0, £ # 0. At two-derivative

F=

level (¢ = 0) the BPS attractor solution of this model with nonvanishing charges p°
and ¢; was shown to be equivalent with the non-BPS attractor of ungauged super-
gravity. This is due to the vanishing scalar potential, which guarantees that the radii
of AdSs and S? are equal so that the Ricci scalar vanishes. However, in the gauged
model we are considering, we find the following exact ratio between the two radii
with higher derivative corrections (¢ # 0)

Ree _ ., 192¢
R124d52 pOQI '

(1.2)

This shows that the two radii are no longer equal, even though asymptotically we
again find a Minkowski vacuum. Therefore we conclude that at the level of Weyl-
squared supergravity the apparent equivalence between the half-BPS attractor in
gauged supergravity and the non-BPS attractor in ungauged supergravity breaks
down. Note however that in a more restricted setting where higher order corrections
are directly dictated by string theory one might again find the same equivalence, e.g.
in this example if there exists a stringy argument that sets ¢ = 0 or string theory
dictates adding other higher derivative lagrangians, cf. [29, 35].

[ ] hVLif4
Here we again consider the T3-model as above,
(Xl)S . Xl
F="%ted5s

but with the orthogonal choice for FI parameters, £ = 0, & # 0. We also choose the
orthogonal nonvanishing charges qq and p' and note that this model is fully upliftable
(for arbitrary value ¢ parametrizing the higher derivative corrections) to 5d gauged
supergravity with higher derivative terms. An exact match with 5d results [20] cannot

3Here A indicates the lowest component of the Weyl-squared chiral multiplet, that generates the higher
derivative invariant. See more in the following sections and appendix A.



be pursued because our lagrangian is only a subclass of the reduced 5d lagrangian,
so we leave the comparison for the future. Here we make the following interesting
observation. In the two-derivative case (¢ = 0) the T2 model with the hvLif asymp-
totics allows only for higher genus black holes, i.e. the near-horizon geometry has
an Hy factor or its quotients. This is because T2 model is only a restriction from
the general STU model, which instead allows for horizon topologies of all Riemann
surfaces. The situation changes completely when we switch on the higher derivative
correction, as we find horizon solutions with all possible topologies for suitable val-
ues of ¢ even in the T3 model. This signifies the appearance of the so-called small
black holes, i.e. black holes of vanishing classical area and corresponding Bekenstein-
Hawking entropy that develop a horizon only due to the higher derivative terms. It
would be interesting to relate these to the dual description with twisted N = 4 super
Yang-Mills theory [10, 17].

o AdSy
The AdS, asymptotics are instead reached in the so-called “magnetic” T3 model with
prepotential

F = \/XO(X1)3 +cAX0X1,

where all FI terms are nonvanishing, & # 0, & # 0, or with the more general STU
prepotential in the same magnetic frame. In the ¢ = 0 case the N = 2 two-derivative
model can be embedded in maximal 4d gauged supergravity and then to full 11d
supergravity on S7. We are unfortunately not aware of any results about the higher
derivative lagrangians coming from 11d, therefore our ¢ # 0 model is not known to
have a string theory origin. It is nevertheless interesting to look at the Wald entropy,
which takes the general form from (1.1) and with a suitable gauge fixing choice (see
more in section 4.4 or appendix C of [12]) can be further simplified to

S = —glm(n+256FA) . (1.3)

In the two-derivative case (when F)4 = 0 and higher derivative corrections inside the
definition of R vanish), the quantity R corresponds directly to the microscopic result
for the Witten index [12]. We hope that in future the corrected result above will
be also readily comparable with the dual field theory index evaluated with finite N

corrections.?

The rest of this paper is organized as follows. In section 2 we give more details
about the general conformal supergravity formalism and set up our main conventions. In
section 3 we look particularly at the BPS properties of the near-horizon geometry and
simplify the supersymmetry equations to algebraic ones, keeping everything general for
any supersymmetric lagrangian. In section 4 we specify the F-term lagrangian that we

4Note that the STU model of gauged 4d supergravity is a valid dual description of ABJM theory at
strong coupling and finite Chern-Simons level k. Therefore the 't Hooft coupling is proportional to the rank
N of the gauge group and all higher derivative corrections represent corrections in inverse powers of N on
the field theory side.



want to work with, discuss the gauge-fixing procedure to on-shell supergravity, and derive
the resulting Wald entropy formula. We then formulate the attractor equations in terms
of the physical black hole charges as defined from the Maxwell equations, and show how
these reproduce exactly the known two-derivative results. Finally, in section 5 we take
particular models with different asymptotics and solve explicitly the attractor equations,
evaluating the corresponding Wald entropy for each case. We leave some technical details
on conformal supergravity for appendix A.

2 Conformal supergravity formalism

Dealing with higher-derivative supergravity is vastly simplified by making use of an off-shell
formulation, as the algebra of the various symmetries is fixed, irrespectively of the terms
present in the lagrangian. In this paper, we use the formalism of superconformal calculus
in order to construct and analyse actions containing terms with four derivatives. In this
extended setting, all symmetries are local and act linearly on the various fields, while the
Poincare version of the theory can be obtained by gauge fixing the additional symmetries
and gauge connections.

The superconformal algebra includes general-coordinate, local Lorentz, dilatation, spe-
cial conformal, chiral SU(2) and U(1) transformations in the bosonic sector. Its fermionic
sector contains the generators of supersymmetry (Q) and special supersymmetry (S) trans-
formations, which square to general-coordinate and special conformal transformations, re-
spectively. The gauge fields associated with general-coordinate transformations (the viel-
bein ej;), dilatations (b,,), chiral symmetry (V'j, A,) and Q-supersymmetry (wlz) are real-

ab

ized by independent fields. The remaining gauge fields of Lorentz (w%’), special conformal

(fz) and S-supersymmetry transformations (cZ)L) are composite fieldg. The corresponding
curvatures and covariant fields are contained in a tensor chiral multiplet, with 24 4+ 24
off-shell degrees of freedom; in addition to the independent superconformal gauge fields
it contains three auxiliary fields: a Majorana spinor doublet x?, a scalar D and an anti-
selfdual Lorentz tensor Ty, (where i, j, ... are chiral SU(2) spinor indices). For notational
simplicity from now on we indicate this auxiliary SU(2) singlets by their SU(2) invariant
combinations, i.e. T, = T, b g;j and its complex conjugate T(;Z = Tupij £%. We refer to the
appendix A and [26] for a detailed description of the theory.

In order for the theory to be gauge-equivalent to the Poincare theory, we need to
consider additional matter degrees of freedom, the so-called compensating multiplets. The
on-shell theory then arises upon solving the equations of motion for the auxiliary fields, T’ ;E,
x*, D and choosing convenient values for the compensating multiplets in order to gauge fix
the dilatation, SU(2), U(1) and S-supersymmetry transformations. We will make use of a
compensating hypermultiplet, whose scalar fields transform under the SU(2) R-symmetry,
and a compensating vector multiplet, which contains a complex scalar field with a nonzero
U(1) R-symmetry charge. In the on-shell theory, only the gauge field in the compensating
multiplet remains, as the graviphoton, while all other bosonic fields in the compensating
multiplets are either frozen by gauge choices or set to zero by the equations of motion of
the auxiliary fields.



While this procedure can be carried out explicitly for the two-derivative theory, it
becomes rather cumbersome for higher-derivative theories, especially since the equations
of motion for auxiliary fields are no longer algebraic. However, one need not follow a gauge
fixing procedure but instead simply work in the conformal setting, since any physical results
must be invariant under the extra symmetries. This is the point of view we take in most
of this paper, while convenient gauge choices are used only to make a comparison with
the microscopic results in section 4.4. An additional advantage of this approach is that
the BPS conditions we obtain apply to any off-shell lagrangian, beyond the particular
four-derivative examples discussed here.

We will consider the case of a single hypermultiplet and an arbitrary number of vec-
tor multiplets, so that the on-shell theory contains no hypermultiplets and an arbitrary
number of vector multiplets. Since we are focused on abelian Fayet-Iliopoulos gauged su-
pergravity, this represents the generic situation. We will not consider any explicit higher-
derivative terms for the matter fields, but we will allow for the presence of an arbitrary
chiral background superfield [36], so that the vector multiplet couplings are controlled by a
prepotential, F'(X ,fl), that depends holomorphically on the vector multiplet scalars, X/,
and the lowest component scalar field of the chiral multiplet, A, and is homogeneous of
degree two, as

X'Fi+2AF,=2F. (2.1)

Here, F; and F4 are the derivatives of the prepotential with respect to the X! and A, which
have conformal weights 1 and 2 respectively, so that F'(X, /l) has weight 2. Eventually the
chiral multiplet corresponding to A will be identified with a composite chiral multiplet
describing the covariant objects of the supergravity multiplet, in order to generate (some)
R?-terms in the action, but much of our analysis will not depend on this identification.
In fact, the BPS conditions derived in this section are valid for any collection of vector
and chiral multiplets, but we find it convenient to use the function (2.1) in order to write
the results in a form that can be used directly in the lagrangian we will choose in the
next section.

Our main strategy in this section is to obtain S-invariant BPS conditions, which are
valid without choosing any particular gauge for the additional symmetries. We discuss this
in some detail in the simple setting of hypermultiplets, defining the relevant linear com-
binations of fermions giving rise to the S-invariant BPS conditions. In the remaining two
subsections we apply the same procedure to the vector multiplets and the Weyl multiplet.

2.1 Hypermultiplets

The field content of the hypermultiplets is 4 real scalars, described by the section of an
Sp(nx) x Sp(1) bundle, denoted by A$, and 2 fermions ¢, where the indices a, ... =
1,..., 2ny for ny hypermultiplets. One can define a covariantly constant hermitian tensor
GoB (which is used in raising and lowering indices) and of a covariantly constant skew-
symmetric tensor Q%? (and its complex conjugate Qos satisfying QC—V—YQB;’ = 5@5). These
can be used to define the pseudo-reality condition on the section A;“, through the constraint

eI0PGy A = AT = (4;°)" (2.2)



where % is the antisymmetric symbol for the SU(2) indices. Furthermore, one can define
the hyper-Kéhler potential,

—_

which characterises the geometry of the target space.
The supersymmetry variations for hypermultiplets read

A = 26C% + 24, GPQ5. (T,
5C* = PACE + 26 XT3 A e + A (2.4)

where the spinors €, i’ stand for the Q- and S- supersymmetry parameters respectively.
Note that we have included a coupling to vector multiplets, through a gauging described
by the constants, {7, and an anti-hermitian generator t*g. This is reflected in the co-
variant derivative, D, which contains covariantization with respect to all superconformal
symmetries and the gauge symmetries of A;%, defined as

D, A;* =D, A;* + fermions
1 .
=0, A + b, A + 3 Vi A% — &WJ to‘ﬁAzﬂ + fermions . (2.5)

Here, the W/{ are gauge fields belonging to vector multiplets with scalar components given
by the X!, for I, J--- = 1,...,n,. The constants &; are the so-called Fayet-Iliopoulos
(FI) gauging parameters appearing in standard literature. We suppress the gauge coupling
constant g, noting that one needs to send all parameters £; to zero to get back to the
ungauged case.

Inspired by the structure of (2.3) one can define a spinor that transforms into a constant
under S-supersymmetry, as

G =xu Qapdi® (7 (26)
1 A A A A
5CZH = 5% €4j e + kij e + QXIu]ij&']k € + €ij77] s (27)

so that it may be used as a compensating spinor in the construction of S-invariant combina-
tions. Here, we suppress the terms proportional to fermion fields, as they are not relevant
for deriving BPS conditions for bosonic fields. The moment maps, f1;5, are defined as

Wi = Xa &1 (AiaﬁaﬂthAﬂ) ) pr? = (prij)* = e (2.8)

where the pseudo-reality condition can be shown using the properties listed in [25], for
instance. Similarly, the vectors k, and k’,fj are defined as the singlet and triplet in the
decomposition of the scale-invariant combination

. 1 . :
— X' Qape® A2 D, AP = 5 b 85+ ky'y, (2.9)
where
k,u :X;LD#XH, (2'10)
while the explicit form of the triplet, kij = ¢tk Ky, will not be relevant in what follows.



We can now consider the following S-invariant variation of the hyperinos,

5(C* + e A CHJ) = X}LI/Qﬂ (XI_{I/QAZ-O‘> € — A;® kij &
+2x' (fl 25 A% + é‘klAka,UIlz‘) ;. (2.11)

This final form of the variation can be used to derive BPS conditions, given a particular
ansatz for the geometry and the amount of supersymmetry. Assuming full supersymmetry,
all terms are linearly independent and must therefore vanish separately, leading to the
classification of [21]. Alternatively, one may assume a particular spacetime ansatz and
derive the possible BPS classes of solutions allowed by (2.11) and the analogous conditions
arising from other multiplets [21].

In the next section we will consider a 1/2-BPS ansatz for AdSsxS?, in the presence of
a single (compensating) hypermultiplet, so that one can set n = 1 above and the indices «,
8 =1,2. It follows that we can take Qaﬁ to be the corresponding antisymmetric symbol for
these indices and that the generator t*g €U(1) as a subgroup of SU(2). We assume these
restrictions for the remainder of the paper, noting that the decomposition (2.11) does not
rely on this simplification.

2.2 Vector multiplets

The field content of a vector multiplet is a complex scalar, X, an SU(2) doublet of fermions,
€2;, a gauge field, W, described by its field strength, F),,, and an SU(2) triplet of auxiliary
scalars, Y;;. We will consider an arbitrary number, n,, of vector multiplets, labelled by
anindex I, J---=1,...,n,. The Q- and S-supersymmetry transformations for the vector
multiplet take the form,

0X = EiQi R
1 N ) )
0 =2DXe; + §€ijFuV’YW€j +Yijel +2Xn;,

0A, :aijéi('yuﬁj +29,;X) + €ij€i(7qu + Zwqu') ,
(5Yz‘j =2 E(ilDQj) + 2 EikEjl E(leQl) , (2.12)

where wuj stands for the gravitini and we use the convenient shorthand

. 1 _
F,, = Fl:,/ 1 XTM’,/ , (2.13)

which appears frequently below.

A vector multiplet is a special case of a scalar chiral multiplet, which is the most general
multiplet depending on half of the spinorial variables in superspace. Chiral multiplets are
characterised by the conformal weight, w, of their lowest component, a complex scalar, A,
generalising the vector multiplet scalar, for which w = 1. The higher components include

two doublets of spinors, ¥;, A;, an anti-selfdual tensor, G_,, a complex SU(2) triplet of

ab’
scalars, B;;, and an additional complex scalar, C, with the supersymmetry transformations



of the first components given by
0A = Ei\Ifi ,
1 )
ow; =2 pAEz + Bij e+ 5’}/angb gijﬁj +2wAmn;. (214)

Since we will be using only a particular composite chiral multiplet, made out of the Weyl
multiplet, we need not consider the conditions arising from independent chiral multiplets,
as they will be automatically satisfied once the BPS conditions for the Weyl multiplet
are imposed. However, the variations in (2.14) will be useful below, since the coupling of
the vector multiplets is controlled by the prepotential F(X!, A) in (2.1). While the use
of a particular function related to the couplings in the lagrangian we intent to use is not
necessary at this point, it is very convenient for later developments, so we consider the
dependence on the chiral background through A already in this section.
We thus proceed to define the function

e K =i(XTF - X'Fy), (2.15)
and the fermion

0f = o[ (XTFiy — Fy) 07 + XTFarl],

00 =g e PeRetif e+ e Fun™e + 5 Ve +mi, (2.16)

where we ignored higher-order fermionic terms in the variation. The quantity .4, resembles
a covariantized (real) Kéhler connection, while 7, and ));; are an anti-selfdual tensor and
a complex SU(2) triplet respectively,

1 _ ;o _ &
A, = e (XIDMF[—FIDNXI)

2
CE):ieK(XIF]J—FJ)Fé)+ieKXIFA]CA¥ab .
Vij = i (X Fry — F)) V] +1e" X Fa1B;; . (2.17)

We now consider the supersymmetry variations of the S-invariant spinors one can con-
struct from the vector multiplet fermions and the hypermultiplet compensator ¢*; in (2.6),
which read

(! —2xTQY) =2e K2 (eK/ZXf) 6 —2X A e

1 - . ,
55 (Bl = XL ) e + (V- XT V) e, (218)
N 1 .
5 (Y +eii¢) =if e — iwlog (P xu ) €& + il e
1 1 . _ .
+ Z €ij Jr(;) ”yabej + 5 yij e+ 2XI€Z-j,u,13k€kl El , (2.19)

where we used (2.10). This is the final form for the supersymmetry variations, without
imposing any restrictions on the spinor parameters. Note that the variables ¢’/2X7 and
ey, are scale invariant, so that they represent natural variables to be used in physical
quantities.



2.3 The Weyl multiplet

The covariant fields of the Weyl multiplet comprise the field strengths for the various
gauge fields and the auxiliary fields of the multiplet. In the fermionic sector, this amounts

to the field strength of the gravitino, R(Q)?,, the corresponding field strength for the S-
supersymmetry gauge field ¢, and the auxiliary spinor x'. In view of the conventional
constraint, Y* R(Q) Wi = —% v x", both ¢, and X' are given in terms of the gravitino, so
that one only need consider BPS conditions arising from variations of its field strength,
R(Q)zb. In addition, the derivative of at least one covariant fermion must be considered,
in order to ensure that the variations of all derivatives of fermionic fields vanish [37]. This
imposes a constraint on the fields of the Weyl multiplet, irrespectively of the type of fermion
chosen, so we take it to be the derivative of the compensating fermion, ¢¥;, for simplicity.

We now give the Q-variations of the relevant S-invariant combinations one can built
out of R(Q)a" and D, (M, using the compensating fermion, ¢*;, defined in (2.6). The
variation of the gravitino field strength reads

3 1 — _C 7
o <R(Q)abl ~ 16 T Y40 ¢ )

L1200, —1/200 i 1/ B y
= —th{ POy *Ty) e + 1 (Td[a k) — KT, 77b]d> v ee
1. D
+R(V) w'j€ — §R(M)ab0d Yed€' — 3 T €v XI;ujk VCd%b * , (2.20)

where we used (2.10) to form the appropriate scale-invariant combination X,;l/ 2Tab_ under
the covariant derivative. The supersymmetry variation of the derivative DMCH,- reads

.1 . i
SDuG = firasijel — g il ROV) a1y — 1 R(A) o v e

1

16 T v yuprii X + pri X e e (2.21)

up to terms proportional to derivatives of scalar fields and the tensor T,;~. As will be
shown in the next section, all such derivatives vanish for 1/2-BPS backgrounds, once all
the previous BPS conditions are imposed, so that we restrict to this case for brevity. The
supersymmetry variation of the S-invariant combination then reads

, 1 , i
8 (DuCit = prig X 9uC™V) = fiasize — 3 i R(V) o kv ypue® — 1 R(A) 0y e

1 . _ .
— 16 Lob Oy i X1 — 2 X gy X g *yemet . (2.22)
Note the presence of a bare K-boost gauge field, fj, in (2.21)—(2.22), originating in the
inhomogeneous S-supersymmetry transformation of the compensating fermion in (2.7). It
follows that (2.22) is a constraint on the fields of the Weyl multiplet, ensuring the vanishing
of all fermionic derivatives.

,10,



3 Attractor ansatz and supersymmetry

In this section we consider the conditions arising from supersymmetry, assumming a 1/2-
BPS condition. We focus on systems containing a single, compensating, hypermultiplet
and an arbitrary number of vector multiplets, allowing for an abelian gauging of the hy-
permultiplet using the vector fields in the vector multiplets.

In order to proceed, we adopt a particular projection for the Killing spinor preserved
by the background, which breaks the SU(2) R-symmetry invariance down to a U(1). In
particular, we choose the supersymmetry parameter to be such that

236t = ia3ij e, (3.1)

where o3 stands for the third Pauli matrix. One can straightforwardly replace this by any
element of the SU(2) algebra, but we restrict to this choice for simplicity, without loss of
generality.

Note that a 1/2-BPS Killing spinor need not satisfy a projection of the type (3.1)
in general. However, in the case of a single gauged hypermultiplet, the constant SU(2)
element parametrising the gauging must be compatible with the properties of the spinor,
as will be seen below. Conversely, it has been shown that (3.1) is the only possible con-
dition on a spinor, assuming an AdSsxS? background [21]. These are the backgrounds
we are interested in, so we will adopt this choice henceforth. This choice for the Killing
spinor projection is eventually equivalent to choosing the matrix ¢t controlling the gauging
n (2.8) to be

9, ~ o3Py, = oy =iére oy, (3.2)
as will be explained in details shortly. This identity is not immediately needed here in
the off-shell context but the reader familiar with Poincare supergravity will recognize more
easily the physical FI parameters £; appearing this way.

3.1 BPS conditions on the scalars

It is important to note that (3.1) only allows to reduce terms involving exactly two gamma
matrices, so that terms appearing in the various spinor variations can be meaningfully
separated in those containing even and odd numbers of gamma matrices. It then follows
that each group of terms must vanish separately.

We therefore first consider the terms with an odd number of gamma matrices in (2.11)
and (2.18)—(2.19), setting to zero the terms transforming in different SU(2) representations.
We thus find the conditions

Dy (x24:%) =0, (3.3)
D, <eK/2Xf) =0, (3.4)
Dy (e xu') = Au=k,'; =0, (3.5)
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which are both conformally and K-invariant. Further restrictions arise by considering
intergrability conditions on these equations, explicitly

—-1/2 , o 1 j @ o
'D[MDV] (XH/ Ai ) =0 = §R(V)/“,Z']Aj — f]t 5141'5 FlfV = 0, (3.6)

DDy (FPXT) =0 = R(A)u =0. (3.7)

Since the field strength of the U(1) R-symmetry gauge field vanishes, A, is locally vanish-
ing everywhere, so it drops out of all covariant derivatives. Consequently, we solve (3.3)
and (3.6) by imposing that the corresponding gauge fields satisfy the condition

% it = e W (3.8)
and that the rescaled section X;/ QAiO‘ is constant, as is p;;.

The above results imply that one can do convenient gauge choices for some of the su-
perconformal symmetries, in order to simplify the following discussion. Note that all condi-
tions (3.3)—(3.5) involve derivatives of scale invariant combinations, so that the spacetime
dependence of all scalar fields can be restricted to a single function, which can be taken
to be e ¥, Using a conformal transformation, we can set this function to a constant, thus
reducing all scalar fields in the hyper- and vector multiplets to constants. Note that this
still leaves a residual rigid conformal symmetry, which is unphysical and must therefore
drop out from all physical quantities. With this gauge choice, we obtain that k,, defined
in (2.10) vanishes, so that setting to zero the terms with an odd number of gamma matrices
in (2.20), leads to the condition

Du(xn*T;) = 0. (3.9)

This establishes that a covariantly constant anti-selfdual tensor can be defined on the
background.

Additionally, we can make a similar gauge choice for the hypermultiplet sections ex-
ploiting the SU(2) gauge symmetry. For a general situation involving many hypermultiplets
this is not possible, but in this paper we are interested in the case of a single hypermul-
tiplet, whose degrees of freedom can be gauged away to obtain an on-shell theory. For a
single hypermultiplet, we can use an SU(2) rotation to fix the constant X;{l/ A, as

XiPAS =8¢ (3.10)

which can be used to identify the indices o, 8 --- = 1,2 with the SU(2) indices 7,j.... We
can then write Q;; = ¢;; and rewrite (2.8) as

pijr = Ereat®; (3.11)

which will be used in the rest of this paper to translate the gauging p;; ; to the FI terms. As
will be seen in subsection 3.3, the generator ¢’ j will be identified with ig3 ;j by consistency.
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3.2 Bosonic background

We are looking for static spherical black hole attractor geometries with constant scalars as
shown above, and introduce the following notation for the AdSsxS? metric:®

dr? .
ds? = g datda” = vy < 24 + :2> + v (d92 + sin? 9dg02) , (3.12)

whose non-vanishing Riemann curvature components are equal to

Ry =207,  R;% = —20515,;%, (3.13)
so that the four-dimensional Ricci scalar equals R = 2(v; ' — vy ). Observe that we used
tangent-space indices above, where a, b, ... label the flat AdS; indices (0, 1) associated with
(t,r), and a, b, ... label the flat S2 indices (2, 3) associated with (6, ). The non-vanishing
components of the auxiliary tensor field are parametrized by a complex scalar w,

Ty =iTm=—w. (3.14)

Using these paramterizations one finds the following expressions for the bosonic part of the
special conformal gauge field f,” (see the appendix for more details),

Ja" = <é<2v;1 +vyt) - ED - i "”'2>‘5“b+ %R("‘)% '

. 1 1
£b = <_ 6(01—1 + 201 — fD + 35 2>5 + 5 B(A)or e’ (3.15)

where the two-dimensional Levi-Civita symbols are normalized by €' = €2 = 1. The

cd

non-zero components of the modified curvature R(M ), are given by,

R(M) g™ = (D + SR) a2,

s 1 s
R(M),;5 = (D + 3R> 5:5°

C 1 1 1 C 1 1 C 1 1 C
R(M) ;<4 = 3 (D - 6R> 5,057 — 5R(A)zg 20" — 5R(A)01 a%e;. (3.16)

We refer to the appendix for the general definitions of these quantities, which appear in
the superconformal transformation rules of the Weyl multiplet fields and are therefore
needed below.

3.3 Solving the BPS equations

Proceeding with solving the BPS conditions, we start with (2.18) and (2.19), where the first
line of each has already been analysed in subsection 3.1. The second lines in each of (2.18)

5Tt is straightforward to generalize our results to toroidal and higher genus horizons, but for most of
the discussion here and later in the paper we look at the spherical case. We come back to general horizon
topologies in 3.4 and in some of the explicit examples we show at the end.
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and (2.19) are even in the gamma matrices, so we need to use the projection (3.1) in order
to obtain conditions on the fields. Given spherical symmetry, we can assume that only the
(0,1) and (2,3) components of the field strengths are non-zero. Under this assumption,
the condition from (2.18) takes the form

2iey (Bl — X' Fg oy + (Vi = X' V) 8 =0, (3.17)

where we used the anti-selfduality of both F’ a[b_ and Fup. From (2.19) we also obtain the
condition:

T PR ,
ieij Foz0g’y + 5Vig0h = 2 X" prijol, =0, (3.18)

but notice that (3.18) is implied by (3.17) upon contraction with the sections, therefore it
is not an independent constraint.
Imposing spherical symmetry for the curvature R(V) ™ g5, we find

2iR(V) 23" +3D o3’y — Ty X s ep; = 0. (3.19)

Returning to (2.20), the terms with an even number of gamma matrices lead to the
conditions

iIR(V)y's = — <D+ 112R> 35,
wX ey = — (D - éR) o3’ . (3.20)
The terms with an even number of gamma matrices in (2.22) then yield
ROy = (o 4 050 = )
DX iy = — émy?agz. (3.21)
Combining these equations leads to,
weikXI,ujkj = - ’LUXIH[ikEkj = (ﬁ)XI + w)_(l) Eik/l]kj =0,
R(V)y's =R(V)35'5 = %R(V)Z’rij = —%iUEI 0s's,
D= - é(vfl +2037)
ot =" wl?. (3.22)
From the second line in (3.22), combined with (3.8), we obtain the condition
R(V)as'j = 2™ pyp; Fag = —ivy o3’ (3.23)
which by (3.11) implies that

ty=ic%,  2& Fyy=v;". (3.24)
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The former condition simply identifies the spinor projection in (3.1) with the generator
controlling the abelian gauging of the compensating hypermultiplet. We remind the reader
that the choice for o2 is conventional and that the projection may be defined using any
SU(2) generator. Our analysis then shows that this SU(2) generator must be identified with
the (also arbitrary) generator appearing in the gauging. The second of (3.24) is a nontrivial
condition on the field strengths that will turn out to correspond to a Dirac quantisation
condition.

3.4 Final set of off-shell equations

Summarizing, we are left with the following set of equations for the half-BPS near-horizon
geometry of consideration,

1
D= —6(1}1_1 + 2051,
w0 X = —wé X7,
lw|? = —8iwe; X! = 4v7t, (3.25)
K
=5
where we used (3.11) to derive the second and third relation from (3.22) and in the last

identity we used (3.24) and the definition for the magnetic charges,

I
Fl =2 (3.26)

V2
Note the appearance of the quantity x in the last equation, which should just be equal
to 1 if we follow the above derivation. In fact k is related to the sign of the curvature of
the horizon topology, and since so far we only looked at a spherical horizon we trivially
find kg2 = 1. If we instead look at a higher genus Riemann surface, we find k2 = 0, and
Ky2 = —1 for g > 1. This is the only way the BPS attractor equations change with the

change of horizon topology, as already remarked in various papers [1, 2, 8, 9].

The last equation we write is obtained by combining (3.17) and (3.18)
2igii Pl oy +VE —4XIXT pyp =0, (3.27)

from which we will define the magnetic charges, once we plug in the equation of motion
for the auxiliary fields ng

The above equations are valid always for any choice of off-shell lagrangian, and need
to be supplemented by the explicit equations of motion for the fields D and Y, together
with the Maxwell equations and Bianchi identities. Thus a complete solution can only be
obtained after a choice of an explicit lagrangian, to which we proceed in the next section.

4 C? (F-term) action

The two derivative actions of vectors and hypers coupled to N = 2 conformal supergravity
are given in [23, 24] and further generalized to four derivatives years after in [21, 25].
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The full four-derivative F-term theory for vector and hypermultiplets coupled to conformal

supergravity, with vanishing fermions, is given by:

_ _. /1 1 .
87 e Lyectorsthypers = 1D*Fr D, X! — iFp X' (R - D> — SiF YiY7Y

6 8
+ llF] F—I . EXIT— F—Jab _ EX'JT—ab
4 J ab 4 ab 4
_ llF F+I _ lXITJr T+ab _ ilF(TJr)Q
8 I ab 4 ab 32 ab

L. - rij . Loaab N
— ZIBZ']' Fi, Y™ + §1G Y Fi; (Fab — ZX T,
Lo~ 1 ik Gl P A— A—ab
+ ilFAC — glFAA(E e’ B;; By — 2GabG ) + h.c.
1., = 1 1
— 567 Qap DuAI* DA + x <6R * 2D> ’
+2Gag A" & XTXT (1P, 0 5) AP
1 _ .
= 5A4i%ap YT A (4.1)
The components of the composite chiral multiplet made out of covariant quantities of the

Weyl multiplet, denoted by hats, are still to be substituted to find the fully explicit result.
We only require the modified homogeneity property

X'F +2AF,=2F.

We stress again that the way to recover the lagrangian of ungauged supergravity is by
putting all FI parameters &; to zero.

We additionally need to solve the equations of motion for ng and D. First let us
consider the e.o.m. of Y, which reads:

NIJY}‘j] —1 (FAIBz'j - 5il5jkBlkFAI) —2xupiir =0=
Vi =2N" g pir +iN" (Bz’jFAI — €i16jk3lkFA1> , (4.2)
where Nrj = —i(Frj — FIJ) and N'7 is its inverse. This fixes Y in terms of the gaugings

in the two-derivative case when Fa; = 0. On the other hand, for the same lagrangian the
D equation of motion leads to the requirement

1 , . . . -
e K + X+ 192iD(F; — Fy) = 8i(T " Fy Bl — TTFy BT
— 8i(T " FaaGy, — TTFauGl,) = 0. (4.3)

4.1 Standard gauge fixing

If we concentrate on the two-derivative part of the lagrangian for the moment, we can
perform the gauge fixing and match all our equations to the existing ones in the on-shell
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literature so that we can later compare and see how the higher derivatives change the
results. From (4.2) in the two derivative case we find:

Vi =2N"xm pijr, (4.4)

which would eventually lead to the usual on-shell supergravity scalar potential upon sub-
stitution in the lagrangian. The D equation of motion imposes that

xi=-2e %, (4.5)
and choosing the gauge fixing condition

leads to the standard Poincare supergravity coupled to vector multiplets. The FI gauging
can now be interpreted as nontrivial charges for the gravitino, once (3.8) is used. Even if
the higher derivative corrections change the e.o.m. for Y we could consistently keep the
same gauge fixing procedure and stick to (4.6) if needed.

4.2 Wald entropy

To evaluate the entropy of a space-time configuration, one uses Wald’s formula for a generic
theory of gravity, which formally reads:

1
S=7 / PQE® ¢ e g (4.7)

where, in our case, 22 = vy sin 6 df d¢, €4 is the binormal tensor, normalized to g gab —

—2 and has only (0,1) components, perpendicular to the surface spanned by df and de¢.
So we can take locally €91 = —e19 = 1. The normalization is in principle not fixed by the
Noether procedure but can be easily derived by the requirement of finding the Bekenstein-

Eabcd

Hawking entropy with the correct prefactor, see below. Finally, is the equation of

motion for the Riemann tensor as if it were an independent field, and it reads:
1

= (efK - XH>na[cnd}b

R R 1 R
— 8iFyy [l _ 9y [b[dnc}eFe}f s 4 3 N ELT T 4 he.

Eabcd - _

a1 _
641 FA[R(M)~ e _ 2 [tldycle (pg e i 3 ey R(M) 7] + hee.

+diF, T Lo T, nb] 4 pela 4 hc.
A R 1 R
— 8i g[G4 % — 29 [b[dndeGe—f I 3 nen™ G Tt he. (4.8)

Now, plugging in the values for the near-horizon field configuration we find

S :i /dQQ [; (e_K — xH)+ (4.9)

64 . 64 1024 1
+ <3inA1 Fol - S iFaR+8i lw|* Fa + Tiuﬂ Faa(D + gR) +h.c.>] .
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Note that the normalization we chose is in agreement with the Bekenstein-Hawking entropy

formula. In fact, at the two derivative level the above formula simplifies completely since

the second row vanishes and yg = —2e~ % from the (4.3), such that
1 A
524/6_K Vo sin0d9d¢>:4—G4, (4.10)
since e =¥ is just the four-dimensional Newton constant in this case (cf. (4.1)). Observe

that neither the horizon area nor the Newton constant are gauge invariant quantities in
conformal supergravity by themselves, but the entropy is (as needed for a physical quan-
tity). Thus gauge fixing is not needed here. Using the equation of motion for D, we can
further rewrite (4.9) as

1
S :4/6129[6—}( — 16 (le2 - §R+ 16 D) ImFA] : (4.11)

Note that the above formula holds for both the gauged and the ungauged solutions since we
did not yet plug in any BPS conditions and gaugings terms do not enter. Now, upon using
the expressions for the Ricci scalar and the BPS conditions in the gauged theory, (3.25),

we obtain

1
S= /dQQ[eK + 640! ImFA]

= S=meKuy+64r % ImFy . (4.12)

Instead for the ungauged, fully BPS, attractor with R? interactions, one finds R =
D =0 and v; = vy = 16]w| ™2, so that the entropy formula (4.11) leads to

S=me Ky — 2567 ImFy. (4.13)

This is not the limit v9 = v1 of the result for the gauged case, as one might expect, since
D is negative definite for the gauged theory and cannot be continuously put to zero.

4.3 Attractor equations
The attractor equations are given by (3.27), by using the equation of motion (4.2) for Yé ,
together with the near-horizon value for the field B;; (see (A.9)). They read:
Fyl = — [1281@51 N'Y(XK Fay— X% Fag) + (N xu — 2X1XK)}§K. (4.14)
The physical vector fields are given by
Fpl = i wXT = (N¥ g — 2 XTX5) e + 2560, ' N Im (XK €5 Fay),  (4.15)

Let us obtain the dual vector fields, defined as

oL

. 1
sp—tas = Froba” + 7 FiTy + Goy Far. (4.16)

G = (=20) :
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Using the BPS conditions (3.25), this becomes
Cozr = F1s [256 vy P NTKIm (X Fag) — (N7* xmr — QXJXL)}SL
e 1
+4w<FI—64FA]<D+3R>>‘ (4.17)

We can define electric and magnetic charges in a general way by integrating the real
part of the gauge field strengths and their duals, as

I I -1 + 1
F F. F.
r=|(? :/ oy (23T 2, (4.18)
ar s2 \Gr Gy + Gasg
which will be used in the following. The corresponding imaginary part is identified with
the timelike components of the field strengths and reads

Fy' — FR! w X! 0
- =Re| _ + XH ; 4.19
<G231G§r31 w Fy &1 (419

which is of exactly the same form as for the two derivative theory. Note however that the
prepotential F' and xy do carry information about the higher derivative corrections.

The attractor equations can be written using the definition for the charges and the
explicit expressions for the gauge field strengths. The result is

p’ 0
= =20 F
<QI> 20M(E) <v2 xu €y — 256 Im(X K ¢x FAJ))

0
32051 _ , 4.20
+osn m<2wFAI(D+§R)—iw2FA1XK§K) (4.20)

where

ImF + ReF(ImF) " 'ReF —ReF(ImF)1> (420)

M) = ( ~ReF(ImF) ™! (ImF)~!

using the matrix Fy;.

Using the above, we can compute a number of useful relations. Starting from the
expressions for the field strengths, we can relate their inner product to the central charge,
defined as

Z =K (Fpl — X1qp). (4.22)
The result reads
FFy - X1Gy, = —— o K274 L L (4.23)
It'93 231_21}26 4w € 4XH ) .

and can be used to rewrite the equation of motion for the scalar field D, (4.3), as

Z v
-K, _ _ 2
2¢ " vy =—Re (ieK/2§1 I> 128 <U1 + 2> ImFy . (4.24)
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Finally, by direct computation using the expression for the charges, one can find the
following expression for the central charge

VA

m :XH’U2+2561FAIXI
1

— 10241 Far N7 (vo xm &7 — 256 Im(X ¢ Fay)) XE¢p, (4.25)

which can be rewritten as
i

Z .
W:XHU2+2561FA[<XI—4U)])I> , (4.26)

upon use of the attractor equations.

If we now use the definition
L=l xT (4.27)

as introduced in [2], in the two-derivative case when yg = —2e¢ % (and clearly Fyq =

F4r =0) we find
Z 4 2
“)l=(=)==-=5. 4.2
Re <2L> (zL) 7['8 (4.28)

Now considering the more general higher derivative case and combining (4.12) with (4.24)
we instead find the following useful relation

S=-"Im ( + 256 FA> . (4.29)

4.4 Relation to microscopic index

Note that there is another possibility for the gauge fixing condition, which is less standard
in literature and differs from the one described in 4.1. It was shown to be particularly useful
when relating the gravity and the field theory side via the AdS/CFT correspondence, and
amounts to choosing

&g xi=1, (4.30)

or any other arbitrary real constant without any further loss of generality. This means that
L = e/2 and then one looks at the much simpler expression

Z
R=7= Fpl — X1q; . (4.31)

The upshot now is that the quantity R turns out to be functionally equivalent to the Witten
index of the dual field theory, as explained in [12]. It is therefore tempting to speculate
that our higher derivative corrections to the relation between the Wald entropy and the
quantity R provide the corresponding change in the Witten index of the dual field theory
with finite N corrections. We therefore define a new quantity

Ra = Frpt — X1qr + 256 Fy, (4.32)
that knows about the higher derivative corrections to the entropy in the gauge (4.30),

S= —g ImR 4 . (4.33)
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5 Examples with different asymptotics

Here we consider several simple models to illustrate explicitly the formalism above. We
choose three models with different asymptotics, which are well-known and understood in
the two-derivative theory. Note that the addition of higher derivative terms in principle
changes not only the near-horizon solution, but also the asymptotics. One then needs to
be careful about the existence of the asymptotic space, which is sometimes guaranteed by
supersymmetry.

However for the higher derivative lagrangian that we consider even non-supersymmetric
vacua of the two-derivative theory are guaranteed to remain intact in the four-derivative
theory. Asymptotically we can show that the cosmological constant does not change, for
the following reason. The scalar potential in the lagrangian (4.1) arises after substitut-
ing the auxiliary field Y with its equation of motion, (4.2). Notice there that the terms
distinguishing the two-derivative and the four-derivative case depend linearly on the field
Bij. From (A.9) we see that B;; is proportional to the curvature of the SU(2) gauge field
Vi

symmetric vacua) vectors are constrained to vanish for symmetry reasons, and therefore

Z-j. On a maximally symmetric vacuum (and also depending on the case for other less

one immediately finds the same value of scalar potential as in the two-derivative case since
Bij = 0. Thus Minkowskis and AdS; remain asymptotic vacua automatically, and the
same is true for many other vacua of interest such as the hvLif; that we also consider in
one of the examples below.%

5.1 Minkowski

Let us consider the so called T3 prepotential

(X1)3 R Xl
F = XO =+ CA ﬁ 5 (51)
with the choice of FI parameters
& #0, & =0. (5.2)

The two-derivative case is recovered when the parameter c is taken to zero. In this case
one finds a supersymmetric near-horizon geometry and a supersymmetry breaking flat
space asymptotically, since the scalar potential identically vanishes. These black holes
were shown to coincide with the more standard extremal non-BPS black holes in ungauged
supergravity [18].
We will further make the simplifying assumption that we look at axion-free solutions,

and adopt the notation

1 1

Re<%) —0 ;x%:it, (teR),
A —4w?

X072 = (X0)2 =-s5, (s€R). (5.3)

5This is because even if hvLif; is not maximally symmetric, it is the reduction of the maximally symmetric
AdSs [10].
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We first find from (3.25)
. /= w .
\/§=2\/§=2ﬁ:16250, (5.4)
together with
vt = 16621 X01% . (5.5)

These can be directly plugged in the attractor equations (4.20) to find the following set of
higher derivative equations:

PIZQOZO,
ZLO_QO ct+uvaxH
26 (2 —ced))’
a1 _ o[ (et +vaxm)(3t* - ¢ &)
2t (12 —¢ &)

V2 V2

V2 U2

] — ¢ &yt (5.6)

where we used ¢ = 256 ¢ for brevity. Note that p! = go = 0 just as in the two-derivative
axion-free case [18]. It is now simple to derive the solution for the the physical scalar,

q1 &
t=—|— 4+ ——= 5.7
30 A2 (5.7
and for the radii
t

&y

ot = 16651 X°1%, v (t* —2¢&) (5.8)
where we used the condition 26pp° = 1 (in the asymptotically Minkowski case we can
only have spherical horizons, therefore no other choice of x is possible in (3.25)). The last
equation we need to determine the complete solution is the equation of motion for the field
D, (4.3). It is instructive first to look only at the two-derivative case when ¢ = 0. In this
case we simply find

xu = —2¢ 5 =163 X9 (5.9)
which immediately leads to
ot = 1663 X0% = vyt (5.10)

Note that the radii are not physical parameters as they depend on the arbitrary factor | XY|.
They are thus not gauge invariant, as we already remarked in section 4.2. Nevertheless,

the above solution leads us to the gauge invariant conclusion that
V2
— =1 5.11
2o, (5.11)

as expected from the precise agreement of these black hole attractors with the ones in
ungauged supergravity [18]. Now let us consider how the higher derivative corrections
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change the equation of motion for the field D that ultimately tells us the relation between
xz and |X°|? and determines the ratio between the two radii. The general case of (4.3)
when ¢ # 0 leads to the following solution for xr:

_ [ X°? 2 Ae2\(42 a2
xu =16 — (17— e&5) (1" — 2¢&5) (5.12)
leading to
V2 t2 3¢
D M T 5.13
(1 tZ—éEg +4POQI ( )

It is now easy to see the difference between gauged (§y # 0) and ungauged (§n = 0)
supergravity. In the two derivative case both lead to the same attractor solution, while the
higher deivative case when ¢ # 0 we get diverging results. In ungauged supergravity the
ratio vy /vg must always be 1 as the Ricci scalar must vanish. This is no longer the case in
gauged supergravity, even though asymptotically we still have a Minkowski vacuum. This
suggests that from a full quantum gravity point of view the two-derivative equivalence
is only a coincidence. Note however that in a more restricted setting where higher order
corrections are directly dictated by string theory one might again find the same equivalence,
possibly on a case by case basis.

Finally, for completeness we give the full entropy in terms of the electromagnetic
charges, which now reads

3/2
8_2%h<mﬁ+3% : (5.14)

9p0 4
5.2 hvLif

Our next example makes use of the same prepotential

+cA— (5.15)
but an orthogonal choice of FI parameters

§o=0, & #0. (5.16)

In the two-derivative case of ¢ = 0 the black holes solutions were analyzed carefully [10] and
were shown to originate from dimensional reduction of AdSs black strings. The 4d solutions
therefore exhibit a runaway behavior, with an asymptotic solution called hyperscaling-
violating Lifshitz, or hvLif. The full solution in this case is quarter-supersymmetric.
Note that in the STU prepotential the asymptotically hvLif black holes can have hori-
zon topologies of any Riemann surface, but for the simplified T3 prepotential considered
above there are only hyperbolic (i.e. higher genus) solutions at a two-derivative level. How-
ever as we will soon see the higher derivative terms change the situation and so we consider

&p' = 1p* = k/2 for any k= {~1,0,1}.
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Considering the ¢ # 0 case, we again take the axion-free assumption, and use the

parametrizations
Xl Xl
A —4w?
(X072 = (X072 =-s5, (s€eR). (5.17)
We then find from (3.25)
\/§:2%:—16t§1. (5.18)
together with
ot = 166231 X012 . (5.19)

Here we have the same prepotential as before which leads to the attractor equa-
tions (4.20)

po :ql :0’

P!

jll— t_

Vg 6v t(c XH V)

@0 &t . .

o~ — 60 (ct(—3 + cﬁf) —vexmH (3+ cff)) , (5.20)

where we again used ¢ = 256c. We see that p’ = ¢; = 0 as expected from the two-
derivative axionless case [10]. Further using the equation of motion for the D field, (4.3),
we eventually find

N 2081269 (3128

= ) 2 , 5.21
V& B ) 166267 X (521
and therefore
v
Z=208 +a(-3+ee), (5.22)
1
which reproduces the two-derivative result that vo = 3v; for Kk = —1. In the two-derivative

limit ¢ = 0 it is clear that any other choice for  is inconsistent, but this is no longer the
case if ¢ # 0 is in some favorable parameter range. For k = 0, i.e. toroidal horizon, it is
enough that ¢ > 0 and we find the so called small black holes, with a vanishing classical
horizon that appears after higher derivative corrections. For the spherical horizon with
k = 1 instead we find the condition for the appearance of horizon is ¢ > & 2 which is more
restrictive and subject to possible change from even higher derivative corrections, but still
a valid possibility.

Let us finally see how the entropy gets corrected in the higher genus case Kk = —1
(in the toroidal and spherical cases the entropy is proportional to ¢ as it has no classical
contribution),

S =2V37m\/qopt [/ (p)2 + - ¢ (5.23)

1
1
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It would be interesting to see how this formula compares with higher derivative corrections
to horizons in five-dimensional supergravity [20] and then relate the microscopic descrip-
tions [10, 17]. We leave this for the future as one should in principle first repeat our exercise
for all possible four-derivative terms in 4d gauged supergravity.

5.3 AdS

In the last example we consider asymptotically AdS4 models, the simplest of which has the

- e
F:fQi\/Xon’+cAX0X1NfQi\/Xon’ficA\/fO, (5.24)
1

with two non-vanishing FI parameters which we already choose equal for simplicity

prepotential

§o=¢&1 = % (5.25)

so that the charge quantization condition is simply p° + p* = k. In the two derivative case
(c = 0) this is a truncation of the STU model that arises from reduction of 11 dimensional
supergravity on S”. The full black hole solutions in such theories were first found in [1] and
further worked out in [2-4, 6-9]. Their dual microscopic description was uncovered in [12]
with the successful match to the Bekenstein-Hawking entropy. It is therefore interesting
to look at higher derivative corrections to such solutions which might lead to new tests
of AdS/CFT and further insight into quantum gravity. Note however that the particular
higher derivative corrections do not immediately follow from 11d supergravity, so the model
is purely exemplary. We hope to come back to more direct applications of higher derivative
corrections from string theory in the future.

Focusing on the explicit model, we again look at the case of axion-free solutions,

which means
Xl

for a real scalar t. As before we also have
A —4w?
= = — -2
(X0~ (X0)2 S5 (5.27)
leading to
—t(t? +3cs) &S+ 3¢t
NIJ = ( cs : 2cts 62 : (528)
57 +3t gt
We now find from (3.25)
Vs =8i(1+1t), (5.29)
together with
oyt =81+ 32 |XOP . (5.30)
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The equation of motion for D, (4.3), now gives the relation
ct
Xi + = = 24| XOP[842 — ¢(1 + 12)%)] . (5.31)
v

Now we first focus on the two-derivative case, in which the attractor equations (4.20) are
simply given by

qgo = q1 = 07
ﬁ _ xm (1l —t2)
() 4t3 ’
1 2
p xu(3+1t9)
=T 5.32
() 12¢ ( )
with the solution
_ 3 =2p%) — /3 (k — 4p°) (3K — 4p°)
t=— , (5.33)
2pY
and 0.3 0
4p°t P
= = 5.34
2 - 11— )X (539
after plugging in the condition p® + p' = k. We then find
1 t2 2
ve_ o L+ E) (5.35)

(%1 (1 — t2) ’
which we require for consistency to be a positive number. This sets the required ranges for
the magnetic charge p° for the different choices of horizon topology, k = {—1,0,1}. Finally
the entropy is given by
2mp° (—t)°

Q-

in terms of the scalar ¢t given above, (5.33).

S = (5.36)

The higher derivative equations in this case unfortunately look more complicated than
in the previous examples,

g =q1 =0, (5.37)
o ouxa(l—t)+et(1+1%)
p= t(—82+c(1+2)2)

o] —et(1 +t2)(8t2 +e( +t2)2) —|—v2XH(— 812 (3 +2) + é(1 + £2)2(1 +3t2))}

(—24t2+é(1~|—t2)2><—8t2—|—6(1+t2)2)

p' =

By working to first order in ¢ in all the equations, one finds the modification to the two
derivative near-horizon values t = t, + ¢t + O(¢?), vy = v} + évh + O(&?),
,_3(14£) 81X 2¢2us (1 - #)
48| X092 t, v} (3 —t2) ’
o = 403 | XO2£2(1+t2) -3 |
12]X02 (3 - &)

(5.38)
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with ¢, and vy = m the corresponding two derivative solutions (5.33) and (5.34),
respectively. Eventually, the first order corrected entropy reads

27TP0(—t*)3 A 25 5.3 / 3 02

in terms of the original two-derivative solution ¢, and v3, and independent by inspection
from the unphysical |X°|? as expected. We spare the reader the explicit expressions for
the other quantities as they are no particularly illuminating, making only the point that

the higher order equations are always solvable in principle to any precision needed.
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A Superconformal calculus

Throughout this paper, space-time indices are denoted by u, v, ... and Lorentz indices are
denoted by a, b, .... The metric signature is n,, = diag(—1,1,1, 1) and we use Pauli-Kéllén
conventions, so that the anti-symmetric symbol €,,.q is imaginary, with 9123 = —i. We
therefore define (anti-)selfdual tensors as complex conjugates of each other, by

1 - - 1 -
Fo=S(FutFa),  Fu=jeaaF™,  Fi==Fj. (A1)
SU(2) indices are denoted by i, j,... and are raised and lowered by complex conjugation,
(Tapij)* = w, while the invariant SU(2) tensor € and €;j is defined as e?2 = 1 with

eYep; = 6;.

The superconformal algebra includes the generators of the general coordinate, lo-
cal Lorentz, dilatation, special conformal, chiral SU(2) and U(1), supersymmetry (Q)
and special supersymmetry (S) transformations. The gauge fields associated with gen-
eral coordinate transformations (e,®), dilatations (b,), R-symmetry (V,'; and A,) and
Q-supersymmetry (¢,%) are independent fundamental fields. The remaining gauge fields
associated with the Lorentz (w,), special conformal (f,%) and S-supersymmetry trans-
formations ((blf) are composite objects. The multiplet also contains three matter fields:
a Majorana spinor doublet x*, a scalar D, and a selfdual Lorentz tensor Tupij, which is
anti-symmetric in [ab] and [7j]. The Weyl and chiral weights have been collected in table 1.

Under Q-supersymmetry, S-supersymmetry and special conformal transformations the
Weyl multiplet fields transform as

en® = &V i + &V Y,
. 1 .
(W’uz = 21)”6’ - gTabU’Yab’Yuej - '7,u77Z

1. 3 . 1 .
0by = 5€bui — 7€VXi = 5 Vi + hoc. 4 Acepa,
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Weyl multiplet parameters

field || e, %Li b, A, Vuij w7 x* D wff’ fu® qbui €l n'
w |-1 -3 0 0 0 1 2 20 1 3 |-3 3
c o -2 0 0 0 -1 -3 0|0 0 —3|-3 -3
5 + + — + —

Table 1. Weyl and chiral weights (w and ¢) and fermion chirality (7y5) of the Weyl multiplet
component fields and the supersymmetry transformation parameters.

1. 3. 1.
dA, = ile’qﬁm + Zle“yu Xi + 5177’1/1,” +h.c.,
5Vuij =2 Ejgi)/f — 36 X'+ 2n; Q,Z)Mi — (h.c. ; traceless),

6Tabij =38 E[iR(Q)abj] )

‘ 1 g 1 , 1 . 1 g
D _ﬁ,yab DT € + éR(V)WZj’y“”ej = giRW(A)fy“”el + De' + E’yabT“b”nj ,
6D =& Dxi + & Dx" . (A.2)

Here €' and ¢; denote the spinorial parameters of Q-supersymmetry, n° and 7; those of S-
supersymmetry, and Ax® is the transformation parameter for special conformal boosts. The
full superconformally covariant derivative is denoted by D, while D,, denotes a covariant
derivative with respect to Lorentz, dilatation, chiral U(1) and SU(2) transformations,

Only a subset of the various covariant curvatures appears explicitly in this work, given by
1 _ .
R(P)w,a =2 8[M el,]a + 2 b[“ ey]a —2 w[uab el — 5(1/1[“2’7%/)”}1' +h.c.),

7 7 7 1 abij
R(Q)w' =2Dptby)" — Yu®)’ — 3 T o, Vb »

. 1 T g 3 i
R(A)MV =2 8[MAI/] —1 (2w[u ¢Z/]’L + Zw[u T Xi — hC> )
RV)uw'5 =200,V 5 + Viu'k Vo5 + 200" 6015 — g 60°) = 3@ 11 x5 — g x)
QT - 3T .
— 85 (U b — Dpr 8)") + 505 W Xk — Y X)
1 - .
R(M),wab = 28[#wy}ab — 2w[uacwy}cb - 4f[lu[a€l,}b} + i(w[ﬂl ”)/ab (ﬁ,,]l + h.C.)
l_i jTab”_§_i ab,, 7 1 R ab . h A4
+ 47/}# y ij 4¢[u TV Xi ¢[M T Q)" +he. ). (A.4)

The connections wuab, gb,f and f,* are algebraically determined by imposing the conven-
tional constraints
.3 .
R(P)," =0, YWR(Q)uw'" + g%/Xl =0,
. 1 3

ey R(M) ya” — iR(A) ya + gTaszTubij - 5D eua =0, (A.5)
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which can be solved to obtain

wuab _ 26V[aa[ ]b] - eu[aeb]ae O,e,° — Qeu[aeb}uby
LT 4 o e,
i 1 po 1 po abij 1 7
¢u = ) Y Y — 37;/7 pd’a T YabVp¥oj + 4'7an )

1 1 1 - ”
fu' = 5R(w, e)u’ — — <D + gR(w, e)> e — §iR(A)u“ + TGTubUTabij + fermions. (A.6)

We omitted the fermionic terms in f,* for brevity and R(w,e),* = R(w),*ep” is the
non-symmetric Ricci tensor, with R(w,e) the correspondmg Ricci scalar. The curvature
R(w),,,® is associated with the spin connection field w,,
The covariant objects of the Weyl multiplet form a so called reduced chiral multiplet,
whose components read:
Aab = Tabij €ij »
Yavi = 8€i;R(Q)?,,
Bapij = =8¢, R(V), kj) ;
G = —8R(M)y™
Agpi = 8 R(S)p; + 6’YaleX7;
Cab = 4D[ D¢ Tb}czg e — dual . (A7)

We use a modified version of the Weyl tensor, R(M )gde, defined as
R(M)att® = R(M) o “* + E(Ta i T 4+ T, 7)) (A.8)

while R(S).° stands for the supercovariant curvature of the composite S-supersymmetry
gauge field, qb,f, and its explicit expression is not important for this work. By squaring the
covariant Weyl multiplet in (A.7), one obtains a scalar chiral multiplet of weight w = 2,
with components

A=(Tye;)?,
U, =16 €in(Q)ib T ¢
Bij = — 16,6RV)* )y T €1, — 64250251 R(Q)at” R(Q)'
G = — 16 R(M)of* TH ey — 16 235 R(Q)L 7" R(Q)™
A; =326 7" R(Q)), R(M)“Lp + 16 (R(S)aps + 371 Dyyxi) TH g
— 64 R(V) ot i er R(Q)™"
C =64R(M)™ Ly R(M)f* + 32 R(V)""F, RV) 'k
— 32T Dy DTeij + 128 R(S)™s R(Q)ap' + 384 R(Q)vaDpxi - (A.9)

These components appear in the lagrangian describing R? interactions, arising both by the
explicit R? term in C and by a (G~%)2 term in the action.
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