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A Cosmological Constat

D Fluid Pressure

1 Energy density (chap. 3); Black hole mass
prv Transverse Projector

p Fluid Density

ut Fluid velocity

T Fluid temperature

Y Gravitino field

| I Dirac gamma matrices

A, Gauge field

Ept .t Levi-Civita Symbol

Fuv s Fu Gauge field curvature

K, MN,... Spinors Bilinears

Note that, if not explicitly specified, in the first and second Part, capital Latin indices from the
central part of the alphabet (M, N, R, ...) are curved, bulk indices while those pertaining to the first
part of the alphabet (A4, B, C, . . .) are flat; Greek indices are usually devoted to boundary coordinates.

In the third Part, since no boundary considerations are treated, Greek indices are used for (bulk)
curved indices and lower case Latin for flat directions. In chapter|12} capital Greek indices are used
for the R—symmetry group, barred and unbarred lower case Latin indices from the central part of
the alphabet (i, j, k, . . .) are Special Geometry ones. In chapter 13|lower case Latin indices from the
central part of the alphabet (7, j, k, . . .) are for the R—symmetry group while Capital and lower case
Latin indices are Very Special Geometry ones.
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Chapter 1

Introduction

“Hello, my friend. Stay awhile and listen.”

— Deckard Cain, Diablo

1.1 Prologue

Supersymmetry is an incredible and rich framework for modern high-energy physics. The in-
completeness of the Standard Model such as for example, coupling to the gravitational force, has
pushed the research for a more fundamental theory. Nevertheless the Coleman-Mandula theorem
[1] imposes strong constraints to the possible extension of the symmetry group of the theory. One
way to avoid these constraints is to promote the symmetry group to a supergroup. A supergroup is
generated by a superalgebra which, besides the usual bosonic generators, includes also anticommut-
ing (fermionic) generators.

A physical theory whose symmetry group is a supergroup is known as supersymmetric. There,
the number of fermionic degrees of freedom matches the number of bosonic degrees of freedom.
To achieve this, their Lagrangian must be invariant under supersymmetry transformations with an
anticommuting (global) parameter.

When this global parameter is promoted to local, the supersymmetric theory requires new fields,
such as the vielbein, and the theory becomes a supergravitﬂp

Supergravity theories have long been studied since their discovery in the late "70s. Nevertheless
they went through a “renaissance” in the late “90s due to discovery of the anti-de Sitter space/confor-
mal field theory correspondence (“AdS/CFT”) [4]. Loosely speaking, the AdS/CFT correspondence
relates type IIB supergravity in a AdS5 x S° space with V' = 4 super-Yang-Mills theory living on the
boundary of AdS. Since the correspondence relates the strongly coupled regime of the boundary the-
ory to the weakly coupled regime of supergravity (and viceversa), it has proven to be a very powerful
tool for studying strongly interacting quantum field theories.

1.2 Fluid-Gravity correspondence

Most of the work reported in this thesis finds its roots in AdS/CFT correspondence, and in par-
ticular we deal with the more recent discovery of the Gravity/Fluid correspondence [5]].

Due to experiments run at the Large Hadron Collider (LHC) and at the Relativistic Heavy Ion
Collider (RHIC) new developments in heavy-ion physics were achieved studying the quark-gluon
plasma (QGP) produced in collisions. The components of the QGP rapidly reach a local thermal
equilibrium and then, their physics can be approximated by a hydrodynamical model. In such a
model the transport coefficients are the most relevant quantities to be computed, and, among them, a
particular interested was found in the so-called shear viscosity. Weakly—coupled theories allow an easy

For a comprehensive report and historical references see [2}3].
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16 CHAPTER 1. INTRODUCTION

computation of the transport coefficients using perturbative calculation. However, the temperature
of the QGP is estimated to be 170 MeV, which is near the confinement scale of QCD. Being in the non-
perturbative regime of the QCD the usual Feynman-diagrams techniques cannot be applied. Even
using numerical approach (i.e. lattice approach to QCD) a precise analysis of the transport coefficients
is not available.

Here is where the AdS/CFT correspondence finds one of its most relevant applications. The
authors of [5] perturbed a (super)gravity solution in an AdS5 background using isometries trans-
formations whose parameters are boundary-coordinate dependent. Then one can read a dictionary
between those parameters and the hydrodynamical degrees of freedom. Finally, imposing Einstein
equations on the perturbed solution one finds the Navier-Stokes equations for the fluid degrees of
freedom. Using a boundary derivative expansion one can construct a new gravity solution (on the
AdS side), which has the remarkable property to have a boundary stress-energy tensor whose trans-
port coefficients reproduced the Z ratio (the ration between shear viscosity and entropy density)
found in [6ﬂ Remarkably, the value of that ratio for QGP obtained at RHIC approximates this theo-
retical value.

This result is a general one. Among solutions of type IIB supergravity focusing on “black” objects
(i.e. objects with one or more singularity) we see that the dynamics of these kinds of solutions may
be holographically related to the dynamics of relativistic conformal fluids in a lower dimension.

So far the fluid/gravity correspondence concerned only the bosonic degrees of freedom. How-
ever we know that the full correspondence holds in a supersymmetric context. Therefore we would
like to study which are the fermionic degrees of freedom of the fluid corresponding to the supersym-
metric perturbation of a given supergravity solution.

In order to address to this problem, in [7] we developed an algorithm (see next sections) to gener-
ate the complete supersymmetric extension of a classical solution in both AdS and flat supergravity.
In the same paper, we applied this procedure for non-extremal Schwarzschild solution of V' = 2,
D = 5and D = 4 AdS-supergravity. Having the full metric solution we computed the boundary
stress—energy tensor using Brown-York procedure [8,9]. The same analysis in the simpler set-up of
BTZ black holes [10, 11, 12]] for N' = 2, D = 3 supergravity was performed in [13]. Being a more
manageable case it was possible to analytically compute all charges associated to the BTZ black hole
corrected, order by order, by the presence of fermions. We notice that also the entropy of the black
hole is modified in terms of the fermionic bilinears. Moreover, using fluid/gravity techniques we
derived the linearized Navier-Stokes equations [14] and a set of new differential equations from
Rarita-Schwinger equation.

1.3 Supergravity solitons superpartners

Inspired by several works of Aichelburg and Embacher [15, 16, 17, 18, [19] we developed an al-
gorithm to generate full supergravity solution starting from purely bosonic ones. In fact, one can
actually generate all the supergravity multiplet fields by acting iteratively with the broken genera-
tors of the purely bosonic (black hole) solution. Schematically, if ¢ denotes the set of spacetime fields,
the other components are generated through

<1>=e<5¢:¢+51¢+%52¢+..., (1.1)

where § denotes a supergravity transformation. Following [15] we call ® the superpartner of ¢ or the
“wigged” solution.

The supersymmetry (or supergravity) transformation parameter is a Grassmann quantity so the
series truncates at a finite order. However it also leads to an interpretation problem first ad-
dressed in [20]. In fact, using the bosonic fields acquire “corrections” in the forms of fermionic
bilinears (and powers of them). The issue arise when one tries to understand the meaning of a

’This was one of the first computation in this field. In this paper they derive the shear viscosity for a finite tempera-
ture N' = 4 supersymmetric Yang-Mills theory through the computation of the absorption cross section of gravitons by
black-three branes.
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Grassmann valued metric or, in an AdS/CF'T perspective, a Grassmann valued transport coefficient
(such as a temperature or an entropy ratio). The broken supersymmetries parameters correspond
to fermionic zero-modes. Those fermionic parameters satisfy non-trivial anti-commutation relations
and must be realized as operators acting on a space of quantum statesﬂ

In our treatment we will deal with the gravitino expansion

Yy = aiz/JLO -+ non-zero modes, (1.2)

where ¢, , are zero-modes. Upon quantization of the gravitino field the zero-modes operators a;
generates the algebra {a;,a;} = d;; which follows from the canonical anti-commutation relations of
the gravitino field. Acting with the broken supersymmetries one can generate the zero modes of v,
and so the components of the “Anti-Killing” spinor [24] € (see next sections), should be identified
with the coefficients a; and satisfy the same algebra.

Rather than being Grassmann valued, the metric and other fields are now seen to be operator
valued (see chap. [f] for further details on this point). In order to obtain c-number values for the
spacetime fields we take the expectation value in a specific vacuum state.

This partial quantization of the spacetime derive from a quantization of the fermionic zero-modes
that generates a back-reaction on the other spacetime fields. Note that this quantization is not related
to quantum gravity corrections. Nevertheless quantizing the fermionic zero-modes inevitably leads
to back-reaction effects that can modify the long-range fields even in regions of small curvature.

This is the case, for example, of the Aichelburg-Embacher supergravity soliton superpartner. In
[15] they constructed the exact superpartner of a Majumdar-Papapetrou solution (a multi-black hole
solution) [25, 26] showing that the back reaction of the metric to the presence of fermionic zero-
modes generates an intrinsic angular momentum (i.e. a spin). This new type of charge is quantum
mechanical in nature (of order %) and was first analyzed in [27] where it was generalized to Israel-
Wilson-Perjes spacetimes [28) 29]].

In order to characterize the wigged solutions one can try to analyze their “classical” properties.
Using the “probe” techniqueE] as in [20] one can show the presence of magnetic and electric dipole
moment. Note that even though the mass of the background is taken as macroscopic and much larger
than that of the probe, the background spin will be of order - and comparable to that of the probe.
Therefore the spin of the two states needs to be treated on the same footing.

1.4 Black holes attractors

Among rotating and/or electrical (and/or magnetically) charged black holes unconventional
thermodynamical properties are showed by the extremal ones. Those black holes are stable gravita-
tional objects with finite entropy but vanishing temperature [30]. Such a property establish a strong
relation among the various black hole charges such as the mass, the angular momentum and the
entropy.

Considering scalar fields in an asymptotically flat black hole background (typically described by a
non-linear sigma model), we see that the black hole does acquire new charges (scalar charges or hair)
corresponding to the values of the scalars at spatial infinity. Nevertheless the Bekenstein-Hawking
entropy-area formula [31} 32] is completely independent from them since “black holes have no hair”.

This apparent paradox can be resolved by the attractor mechanisnﬂ Because of this mechanism,
the scalar trajectory is driven to a “fixed point” located on the black hole event horizon in the target
(moduli) space. In approaching such an attractor, the orbits lose all memory of initial conditions,
while the dynamics remains fully deterministic. The scalars at the black hole horizon turn out to
depend only on the dyonic (asymptotic) charges.

%In some sense this situation is similar to a bosonic BPS monopoles [21}22]. In such a case one of the collective coordi-
nates is associated to a U (1) subgroup of the gauge group. Classically any value of this parameter is allowed but it is only
upon quantization that makes sense, being related to the quantize electric and magnetic charge of the monopole [23].

*The probe technique consists in considering two solitons solution: one as a probe (or test particle) moving in the
background of the other.

>This phenomenon was discovered in the context of supergravity. See, for example, [30,33].
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Using the same iterative procedure developed for “pure” supergravity black hole solutions, in
[34] we constructed the full supersymmetric completion of extremal solutions also in the presence of
scalar fields. In particular we focused on the case of the N' = 2 D = 4 double-extremal black hole
[35] a %—BPS black hole where the near-horizon conditions [30, [36]

9zt =0 G, =0,

hold all along the scalar flow. These conditions fix the values of the scalar fields to a constant for all
value of the radial coordinate r. The supersymmetry transformation iteration generates correction to
the scalar fields 2 proportional to fermionic bilinears. Those corrections (interpreted as the fermionic
bilinear vev as above) vanish up to the third order. The only non-vanishing correction is the last one
(in the analyzed model) which introduce an angular coordinates of the spacetime dependence for the
scalar fields. This explicit result shows that there are choices of electric and magnetic charges such
that the modification to the attractor mechanism does vanish.

Such an unexpected result may bring to several conclusions. The first one might suggest a redef-
inition of the superpartner charges such that the attractor mechanism would not be spoiled; the sec-
ond one is the introduction of a completely new charge, a supercharge, in terms of the new fermionic
degrees of freedom.

In the last section of [37] we analyzed the case for an extremal black hole in ' = 2 D = 5
supergravity [38]. Such a case is peculiar. In fact, in D = 5 no dyonic black holes are present and, as
a result, no modification to the attractor mechanism are found. This achievement is a strong proof of
the “sensibility” of the wig to the dyonicity of the solution.

1.5 Résumé of Fluid Gravity Correspondence

The idea we started with, was the work presented in the original paper [5] by Minwalla et al.
where they work out the universal values of all coefficients of (nonlinear) two derivatives terms
stress tensor of the conformal fluid dual to gravity on AdSs.

They start examining a boosted black brane (in Eddington-Finkelstein coordinatesﬂ in AdSs

&2 dr?
—or2f(br)

where v’ = (1 — 82)72, ui = Bi(1 — 82)72, f(r) = 1 —r~4, P — g 4+ uiy” and b = L and 8
are the parameters of the dilatations and boost respectively. Recall that the isometry group of AdSs
is SO(4,2). The Poincaré algebra plus dilatations form a distinguished subalgebra of this group:
one that acts mildly on the boundary. The rotations SO(3) and translations R3! that belong to this
subalgebra annihilate the static black brane solution in AdSs. However the remaining symmetry gen-
erators - dilatations and boosts - act non-trivially on this brane, generating a 4 parameter set of brane
solutions. These four parameters are simply the temperature and the velocity of the brane. In Min-
walla’s paper they effectively promotes these parameters to “Goldstone fields” and determines the
effective dynamics of these collective coordinate fields, order by order in the derivative expansion,
but making no assumption about amplitudes.

Imposing Einstein equations on the metric with the now local b (temperature) and 3 (velocity), it
turns out that the resulting equation for these are the linearized form of the Navier-Stokes equations
[14]

+ 72 [— f(br)uyu, + Ppy] datdz” (1.3)

;b = 0, , 30,b = 9;8° . (1.4)

Once these equations are imposed, the analysis can be pushed further expanding both the func-
tions and the metric in a series expansion in order to reconstruct an exact solution of the Einstein
equations up to the second order in a derivative expansion

g=¢"+eg' +%*+ 0 (83) . (1.5)

—1

6

v =t + r* where r* is the “tortoise” coordinate defined as [ (r* 4+ %)~ dr
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Armed with this metric one can perform a quasi-local analysis [8, 9] and derive the boundary stress
energy tensor

1 1
T =K" — K¢ — (d— g — —— <RW - 29’“’) (1.6)

T (g™ + dutu”) (1.7)

where d is the dimension of AdS,y1, K*” the extrinsic curvature (see chap. , K its trace, RM
the Ricci tensor and T the temperature of the fluid. As it was shown, the result coincide with the
stress-energy tensor for a perfect conformal fluid at “zero” order, while, at the first order one gets
a correction to 7" for a non-perfect (viscous) fluid from which you can read off the shear-viscosity
coefficient. In particular the 7/s ratio that is shown to be 1/47.

1.6 Generalization

In [39] we tried to generalize the work done by Minwalla considering not only the supergravity
bosonic truncation but the full theory. In order to do so, we relaxed the condition on the brane, and
tried to use all the isometries for a generic AdS black hole, that is the Lie derivative of the metric. Note
that in order to reproduce the computations for the black brane case, we had to know which of the
15 AdSs isometries were broken by the presence of the black hole. In order to do this we derived the
“empty” AdSs Killing vectors and then computed the AdS-black-hole-metric-Lie-derivative using
those vectors: the non-vanishing terms corresponded to the broken isometries. Working this way we
were able to exploit all the isometries parameters instead of just boost and dilatation. As we showed,
these parameters organize themselves to reproduce exactly the linearized Navier-Stokes equations
for all of the conjugate variables.

1.6.1 Killing Spinors

A further generalization to the original work of Minwalla required the introduction of fermions,
a result achievable through the use of the superisometries of AdSs, i.e. those “isometries” generated
by the Killing spinors [40].

Killing spinors are one of the most interesting concepts that emerge from the development of su-
pergravity. Supergravity actions are invariant under supersymmetry transformations with arbitrary
spinor functions e (x). Killing spinors are associated with special classical solutions of the equations
of motion of a supergravity theory. Specifically they are the finite subset of the spinor functions
for which the supersymmetry transformation leaves the solution invariant, i.e. unchanged from its
original form. These spinors contain a finite number of constant parameters, and they determine the
residual global supersymmetry algebra of the solution. In favorable cases it is easier to find classical
solutions to the equations by studying the conditions for Killing spinors rather than the equations
of motions themselves. The Killing spinor conditions come directly from the fermion transformation
rule of supergravity. The conditions determine the spinors themselves, and they give information
on the spacetime geometry that support them. Many interesting solutions have been discovered by
studying these conditions. There is also an interesting relation between Killing spinors and Killing
vectors, which reflects the structure of supersymmetry algebra.

The Killing spinors are those spinors satisfying

1 A
Depas = <d -+ Zw%jiSFQb + 26fb4dsra> €adqs = 0, (1.8)

where A is the cosmological constat, w? is the spin connection, I'* are the usual (flat) 50—gamma
matrices and e® are the vielbein. Note the subscript “AdS”.

The presence of the black hole not only (partially) breaks some isometries but also (some) superi-
sometries (it depends, in absence of scalar fields, on the extremality of the black hole) so, as in the
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case of Lie derivative, we computed the Killing spinors equation for the black hole on the “empty”
AdSs Killing spinors getting a non-vanishing result:

1 1
(d + ngflzrab + 2€§hra> €aas 7 0. (1.9)

Actually, what we computed was the covariant derivative of a local spinor which in any super-
gravity theory corresponds, by definition, to the supersymmetry variation of the gravitino:

<d + %wgflzrab + ;ff?hra> €AdS = <5(1)1/1) - (1.10)
Note that this equation cannot be zero at any point and in any coordinate frame, being just the
expression of the broken superisometries.

Being interested in the fermionic corrections to the Navier-Stokes equation, we iterated the super-
symmetry transformation in order to compute firstly the vielbein second variation (in N' = 2, D = 5
AdS supergravity)

1
2 a _ —-1agl
6%y, = §€F 6, (1.11)
and then the metric second variation
g, = = | Lere (50) b ealeph (50 1.12
g;uj - 5 56 ( djﬂ) 61/ + 6;},56 ( 1/11/) Nab » ( . )

(the overall factor 1/2 is due to the expansion, see next sections). As you can see the corrections to
the metric is a bosonic bilinear, that is a bosonic object with a fermionic “soul” [15]. Note that this is
an intrinsically fermionic correction to the metric, always seen as a purely bosonic object up to now.

Then we can proceeded in the analysis as done by Minwalla, which means, promote to local
functions the isometries parameters and the bilinears as well, and imposing Einstein equations once
again. Note that, differently from the case studied by Minwalla, we used the spin connection formal-
ism, in fact, due to the presence of fermions, the torsion did not vanish anymore

de® + w® A ey = YT, (1.13)
and the Einstein equations needed to be rewritten in the language of differential forms as
do+oAG =0, (1.14)

where @ is the null-torsion connection derived from the vielbein postulate.
The fermionic correction to Navier-Stokes equations in terms of the bilinear ), reads (in D = 5)

(cf. chap.

8161 — 300b + \2% (wl&)\ + Nao)\) =0, (1.15)
o8t — ;b — *f (NO;\ + 3w;0p)\) =0, (1.16)

where £ is connected to the curvature of the boundary of AdS, w; = e;,wji (wj is a matrix of
parameter of the Killing vectors) and N = /3w;w;.

1.7 Wig

This interesting results opened an intriguing possibility: we can proceed order by order in the
construction of the full supergravity solution. In fact, we can image the above procedure as the first
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step in the complete supersymmetry transformation obtained acting with the exponentiation of the
variation, namely

@:eé¢:¢+51¢+%52¢+..., (1.17)

where @ is the superpartner of ¢. Note that in our case this expansion is an exact expansion that
automatically truncates when all the fermionic degrees of freedom are taken into account.

We analyzed the case of N' = 2, D = 5,4,3 AdS supergravity [7,[13] and V' = 2, D = 4,5
minimally coupled supergravity [34,37], but for all of them the procedure is the same:

e First compute the empty space Killing spinors;

o Take the metric of the desired black hole in the desired space (such as AdS) and compute viel-
bein and spin connection;

e Using the black hole vielbein and spin connection compute the Killing spinor equations on the
empty-space Killing spinors. The result is the first gravitino variation;

e Iterate the procedure computing the supergravity n-th variation for all the fields;

e Stop when all the fermionic degrees of freedom are soaked out.

1.7.1 Example

As an illustrative example we take the relatively simple case of ' = 2 D = 3 (see chap. [10]for the
detailed procedure). In this framework the only possible black hole is the BTZ and the action for the
supergravity multiplet is invariant under the following supersymmetry transformations

sl = De, §le® = — (el — yI'%) , 1A = % (e — te) . (1.18)

e

The BTZ black hole, when taken as non-extremal, brakes all the AdSs superisometries so we have 4
fermionic dofs or, equivalently, 2 powers of the bilinear of e. It is more instructive to deal with an
expansion in powers of the latter. This is denoted by the superscript [n], which counts the number of
bilinearsﬂ Due to our choice of the background fields (purely bosonic), we have

1

!
" 2n! (2n —1)!

B
2n!

"B,  Fhl= PRy 2 (1.19)

where B and F are respectively bosonic and fermionic fields. Then, for fermionic fields [n] counts n—1
bilinears plus a spinor ¢ while for bosonic fields it indicates n bilinears. The n = 0 case represents the
background fields

o= etpry,  gll=0, Al=o0. (1.20)

In this formalism, from the supersymmetry transformations we derive algorithms to compute itera-
tively the various fields

1
1
el = ) eyl + hee. (1.22)
1
Al =1 el + he. . (1.23)

"Note the square brackets. As explained in the following sections we adopt this notation to include the combinatory
factor so for example A™ = %A(").
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Then the corrections to the metric are written, order by order, as
n
—plb
gl =" ety (1.24)
p=0
These new fermionic contributions to the metric do provide contributions to the conserved charges

such as the ADM mass and the angular momentum. For the BTZ case they have been computed to
be

Muo = 31+ (10 +9) (B) 4 (B ) (1.2
Jiot = J+é(1+M+J) <<B> +116<B2)> , (1.26)

where B represent the fermionic bilinear. Note that the extremality condition, once imposed, is not
spoiled by the fermionic contributions. Note also that we have to introduce the vev of the fermionic
bilinears in order for the corrections to make sense (see interpretation).

The conserved electric and magnetic charges can also be computed but they receive no contribu-
tions from the wigging, as was shown in [15]. Since we are breaking all the superisometries, in this
case, no supercharges are conserved.

1.8 Attractor mechanism in AV = 2 D = 4 Minimally Coupled Supergrav-
ity

Now that we have outlined the scheme for constructing the wig, we can focus on the case of
N = 2 D = 4 minimally coupled supergravity in absence of gauging and hypermultiplets. The
complex scalar fields from the vector multiplets, coordinatize the non-compact complex projective
spaces CP" characterized by the vanishing of the so-called C'—tensor of special Kéhler geometry [41].

For an extremal black hole in matter-coupled supergravities, approaching the event horizon the
scalar fields completely lose memory of the initial data, and take values which depend only on the
electric/magnetic charges of the black hole:

e =2 (Q, P) (1.27)

In other words, regardless of the initial conditions, the horizon values depend only on the charges,
but nevertheless the evolution remains deterministic. Hence the name “attractor”.

In such a framework the supersymmetry transformations are more complicated than before but
the philosophy required to build the wig remains the same. Once again we start with a purely bosonic
background of a double-extremal 1/2—BPS black hole, i.e. a black hole whose near horizon conditions

Ozt =0, G, =0, (1.28)

hold all along the scalar flow.
Being interested in the modification of the attractor mechanism we need only the fourth order
scalar variation, for which we get

(5<4>zi) - (5(3>X“‘) €A . (1.29)

It thus follows that the complete fermionic wig of the n complex scalar fields 2 in the background
of a double-extremal 1/2—BPS black hole in N' = 2, D = 4 minimally coupled supergravity reads (in
absence of gauging and hypermultiplets):

ZWIG = Z(O)|bg + E (6(4)2 ) bg ?é Z(O)|bg . (130)

This equation expresses how the attractor mechanism gets modified by the fermionic wig, and it is
therefore the first evidence of what we dub the “fermionic-wigged” attractor mechanism: the value of
the scalar fields in the near-horizon geometry of the fermionic-wigged extremal 1/2—BPS black hole
is different from the corresponding, purely charge-dependent, attractor value at the horizon of the
extremal black hole we started with.
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1.9 Attractor mechanism in /' = 2 D = 5 Supergravity

In 5-dimensions things are pretty much the same as in 4-dimensions but this time the scalar fields
coordinatize a real special manifold [42,43]. Once again we disregard any gauging and hypermul-
tiplets (and all possible tensor multiplets are dualized to vector ones). In this framework the super-
symmetry transformations generate a fourth order variation of the scalar field that can be written
as

(6997) = Af0,h" + B RFFL, +C7, (131)

where A, B and C are pretty cumbersome expressions (see appendix [DJE). Since the following near-
horizon conditions hold for an extremal electrid®|black hole

Clhor =0, 9h'" =0, hiF!, =0, (1.32)

we get an identically vanishing result independent from the scalar geometry.
This general result has a simple interpretation: the attractor mechanism is sensible to the dyonicity
of the solution. In 4—dimensions we found a non-vanishing result strongly dependent on the electric

and magnetic charges of the black hole (see chap[12)and eq. (12.50)). The vanishing of the result in
5—dimensions may thus be actually traced back to the absence of dyonic solutions (see chap. [I3).

1.10 Interpretation and future directions

What we actually computed is a black hole superpartner, a new object with an intrinsic angular
momentum and, in the case of the BTZ black hole (a black hole in AdS3), a modified mass. The
interpretation of these results is still under discussion. Nevertheless a complete study of the ther-
modynamical properties of these solution is still lacking. It would be interesting to study the mod-
ification to black hole charges both as a “classical” property and as new Smarr-formula terms. The
introduction of fermionic charges should lead to a new chemical potential related to the supercharge
(or equivalently to the black hole spin). Such a modification should be also present in the Bekenstein-
Hawking entropy formula since the fermionic fields should (at least in principle) contribute to it.

The quantization of fermionic zero modes is still a lacking point. The dynamics of bosonic black
hole zero modes is encoded in the Ferrel-Eardley lagrangian [45], while the complete (super)moduli
space dynamic was recently constructed in [46]]. Nevertheless the wigging procedure should allow a
systematic and iterative method to compute these (super)moduli space for any bosonic solutions but
this is still under investigation.

8In 5—dimensions no dyonic black hole exists; electric black holes are dual to magnetic black strings. See chap and
references therein.
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Chapter 2

Anti de-Sitter spaces

“So much space. Need to see it all.”

— The Space Sphere, POrtal 2

Anti-de Sitter spacetime [47] is a maximally symmetric space being a conformal flat vacuum solu-
tion with a negative cosmological constant A. It thus has a constant scalar curvature R = 4A < 0, and
is the complement of a flat Minkowski space (R = 0) and de Sitter space (R > 0). In this chapter, we
will describe the main properties of this constant-curvature exact solution of Einstein field equations
which has recently become important in the context of higher-dimensional theories, in particular due
to the conjectured anti-de Sitter space/conformal field theory correspondence.

For the purpose of the present work we provide some well-known definitions and considerations
about AdS, metric adapted to our derivation. In order to give an example we derive in some details
the Killing vectors for Angﬂ

2.1 AdS, Space in global representation

We start by considering an AdS, space embedded in R*P~!. The anti-de Sitter space-time can be
visualized geometrically as the hyperboloid

p—1
x%—i—xi—Zx?:RQ. (2.1)

=1

with R the radius of AdS, which from now on we will set to 1. In order to obtain a metric for the
AdS surface, we can solve equation (2.1) for z,,

p—1
Ty = 1—x%+2x?, (2.2)
i=1

and substituting it in the R??~! metric

-1
ds* = dad + da:?) — pz dz? (2.3)
i=1
we obtain
2 e K3..L
ds® = |nkL+ 1_xR17RS$S77]KnJL:| dz™da™ (2.4)

IKilling spinors for AdSs are derived in chap..

25
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where nry = diag{+,—,---,—}and {I,J} = {0,1,--- ,p—1}. We can choose an alternative parametriza-
tion for AdS),

xo = coshpcosT, z, = coshpsinT, 2' = Vksinh p ka) ) (2.5)

where Q% ) represents the coordinates of a (p — 2)-dimensional space with curvature k

i O 1
With this choice, metric becomes
ds?> = —dp?—sinh?pdr? + kcosh?p dQ%k) , (2.7)

As before we can solve equation (2.6) for x,,_; in order to obtain a metric for this (p — 2)-dimensional
hypersurface

Tp—1 = (28)
which leads to
2 LiLj i1
Qg 0ij + 7— — x2] dztda’ . (2.9)
k i=1 Y
Metric is mapped in (2.3) by the following coordinates transformations
T
= arcsinh—— r=vVkt, Ti=X;. 2.10
p 7k (2.10)
It is useful to introduce the metric used in [5,53] (apart from an overall minus sign)
2 2\ 142 2 2102
ds® = —l—(k-l—r)dt _k:+r2dr_rdﬂ(k)’ (2.11)
which can obtained from (2.3) setting
)
To = 1+?COS\/%t, T4=T c T; =T X (2.12)

To recover the minus sign we Wick rotate all coordinates. Setting for consistency k — —k we gain the
final form we will use for AdS),

1
ds® = —f2dt* + 72 dPr 4+ r2dQY, | (2.13)
where f = Vk + 2.

2.1.1 Killing Vectors

Starting from metric (2.4) we can derive a generic form of AdS), Killing vectors

0
& o= V1-afnpsa®——

oxl’
g a0 0
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that are translations and rotations respectively. Note that

§ = a§r+brsrs, (2.15)

is a generic AdS Killing vector and ay, by are the constant parameters of the isometry transforma-
tions. Some of them will be promoted to local functions as discussed in the next sections. From these,
using the change of coordinates (2.12) we write the AdS, Killing vectors components as follows

1 /
& = = <7“ ajxycos Vkt + rborzysin Vit — a0> ,
S Vk
fr = \/%f <—bQ[:L'] COS \/%t-i— arxryr sin \/Et) s
i Ly f 1
f = ; [\/E (boz 2]€.’L’ bo[ﬂ?]) COS \/Et—F
f ; . }
+- (—a; + ka' arzy) sin Vit +1bxs| 2.16
NG ( 1) JTJ (2.16)
where b;; is built by a vector b;,_;) and an antisymmetric matrix b;;, with i = {1,---,p — 2} as

usual. Moreover, x,,_; has to be substituted with =, 1 = 4/ % — 22, where 22 = Zf;f xf Notice that

in AdS5 case we find 15 free parameters as expected, being 15 the dimension of conformal group in
4-dimensions SO(2,4).

2.1.2 Vielbeins and Spin Connection

Solving vielbeins equation for metric (2.4) we find

1—V1—22
el = dal + Rl R PO T (2.17)
z2V1 — 22
Imposing null torsion, we work out the spin connection
1—+v1—2a?
w[J = 72:6 (xIde — dexI) . (2.18)

X

Vielbeins for metric (2.11) can be derived from (2.17) by a coordinate transformations or by direct
computation

= fdt, e'= Lar . e=r (dxi p i vz ke? J_Wxixjdxj> , (2.19)
f 22v/1 — ka?
notice that vielbeins indices are flat, that is
eiejmj = gudatda” . (2.20)
This time the spin connection is given by
Wiy =0, WO =rdt,
wh = gei , wij = 1_;2_W (midxj — xjdxi) . (2.21)

2.1.3 Killing Spinors

The easiest way to discuss Killing spinors [40] for a generic AdSg space is through the use of a
specifical coordinate frame in which the metric takes the for

ds* = dr® — N2 (r)dt* + N?(r)dQ5_, (2.22)

?In order to avoid confusion, only in this section we use a hat to label flat coordinates.
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where
Ni(r)y=¢€"+ %efr (2.23)
and d2?_, is the standard metric on S¢1,
dQ? = db? +sin?6,d0%_,  dQ? = db7, (2.24)

The radial coordinate p usually used in the standard global coordinates is given by p = N_.
We find that the Killing spinors can be written in the following compact form

€E=e2 6(_1) =+ e 2 E(%) s (225)
where
€1y =P 05 104-...0:0m, (2.26)
. 1 _
6(%) = _§P+Od_10d—2 NN Ol(/)tn, (227)
with P% = 1 (1£I"), n a constant spinor and
_tpt t ot i
Op=e2 :cosi—sm§F, (2.28)
%5 it 0; 0; 1.3
Oj=e? :cosé—ksingjljﬁ' J j=1.,d—2, (2.29)
04— Og—1 777
Oflil = cos d2 L +sin d2 Lpd-1, (2.30)

2.2 Boundary terms

The AdS space is a space with a non trivial boundary. Usually, when one deals with a gravitational
action, the boundary termsE] are discarded being total derivatives. On the other hand, the boundary
terms become extremely relevant dealing with the AdS/CFT correspondence. This duality, in fact,
relates a gravity theory in the bulk of the AdS space with a conformal field theory living precisely on
the boundary of this spacetime.

In what follows we will see how this terms arise when the variational principle is applied. Note
that this construction is generic and so remains valid for every dimension.

As usual, we start with the Einstein-Hilbert action defined on a manifold [f| M. The action reads

Sgn = / V—gRd% (2.31)
M

where g is the metric on M and R is the Ricci scalar. If we vary such an action we end up with

8Spm = /M de/=ggMNSRyn + /M dz/=gRynog™MY + /M d%zRé/—g =
=0Sgn0) + 0SEH@2) T 0SEHS3) - (2.32)
The Ricci tensor variation can be written as
SRun = (OrOT 7N + TRs6TRar — TarroTNs — TRpoTirs) +
— (OnOT Rk + TR0k — TR0l s — TN RO Hrs) =
=VroTE N — VnoTE 5 . (2.33)

3 Also known as Gibbons-Hawking terms [48] [49].
“For the present treatment we ignore all the coefficients in front of the action. This kind of redefinition can be performed
through a redefinition of the Newton’s constant G .
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Therefore eq. (2.32) becomes

0SEr() = /M A%/ =gVg ("N 6Ty — g™ 6T R)
. / g/ =gV IR (2.34)
M
where
JE = gMNsDR o — gMBESTY, (2.35)

Using Stoke’s theorem we can write

/ A4/ =gV rJE = / A4t/ —hn, J* (2.36)
M

oM

where n,, is the normal unit vector on the hypersurface 9 M normalized to —1 and the tensor b, is
the induced metric associated with the hypersurface and defined by

szN =guN +nyny . (2.37)

Using the fact that
1
ST N = §9RS (Vmogns + VNdgus — Vsdgun) (2.38)
we get

1
T == (MY g™V vdgns + MV gV ndgnrs — 9N g7V sdgnn+

2
—gMBgNIV dgns — gM g IV NGgus + g gV IV sdgun) =
=" g™ (Vadgns — Vsdgun) - (2:39)
Contracting with n); and using the fact n*nn = 0 we obtain

nMJy = —nMiLRSVMégRS, (2.40)
Next we introduce the extrinsic curvature Ky n:
R 1
Kyn = hyy VRnN:—§ (Vuny — Viynu) , (2.41)

and note that its variation is given by

0K =6 (WMK,,) =
=h" o1, n, =
1 1
:§h’“’npvpégw = —in“Ju . (2.42)

Finally we can re-write the full gravitational action variation with the inclusion of the boundary
terms as

6Spn = / e (RMN - ;gMNR> SgMNa%y — 25 | V—hKd4 Vg, (2.43)
M oM
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2.2.1 Practical computation

Being interested in the boundary of an AdS space we, first of all, define the constraint that will
allow to foliate the spacetime in slices at constant r

d=r—c=0, (2.44)
withE] ¢ € RT. The outward-pointing normal vector to the boundary M|, __ is defined aﬂ

Oy ®

ny = ————.
\/gRsaR@aS(I)

Using njs we define the boundary metric as in (2.37).
In order to obtain a (d — 1) —dimensional metric we have to eliminate from £ (in this case) the
first column and the first row

(2.45)

. hrr ‘ hrt hrj
v = | he |, . (2.46)
hir m

In a completely similar fashion we calculate the extrinsic curvature K,y and then K, .

2.3 Boundary Stress Energy tensor

The Hamilton-Jacobi theory provides an elegant and efficient way to derive the stress-energy
tensor from a given action. In the context of a gravity theory, being the stress-energy tensor the
source for the gravity field (i.e. the metric), its derivation is straightforward, in fact, it is sufficient to
vary the action with respect to the metric:

pab_ 23S

= — . 2.47

V=9 0gab 247

In [8] Brown and York proposed a useful recipe for a “quasilocal” stress-energy tensor defined
locally on the boundary of a given spacetime region:

2 68
o= 2 2 (2.48)
= 6hyu

Their arguments were based on the conservation of Noether charges and geometric considerations;
nevertheless their results had divergencies once the boundary was taken to infinity. To obtain a finite
stress tensor, Brown and York proposed a subtraction derived by embedding a boundary with the
same intrinsic metric h,, in some reference spacetime, such as flat space. This prescription suffers
from an important drawback: it is not possible to embed a boundary with an arbitrary intrinsic metric
in the reference spacetime. Therefore, the Brown-York procedure is generally not well defined.

It was only six years later that Balasubramanian and Kraus [9] proposed a renormalization of the
stress-energy of gravity by adding a finite series in boundary curvature invariants to the action. In
that paper they were, in fact, able to show that the required terms were fixed essentially uniquely by
requiring finiteness of the stress tensor. Those counterterms proved to be the right ones since they
correctly reproduced the masses and angular momenta of various asymptotically AdS spacetimes
obtained in previous studies.

SWe adopt the notation given in [50].
®This definition is valid as long as the surface is not null-like. In that case, the outward pointing normal will be ks =
—Om®. See [50] for further details.
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2.3.1 Defining the Stress-Energy tensor
The gravitational action with cosmological constant A is:
S = / AV /=g (R — 2A) + 2/ AN=hK + 254 (hu) , (2.49)
M oM

where S, is the counterterm we add to obtain a finite stress-energy tensor. Next we vary the action
and note that since we will always consider solutions to the equations of motion, only the boundary
term contributes:

68 = A4z §hy, + / d%ﬁahw, (2.50)
oM om Ol

where 7" is the momentum conjugate to h,, evaluated at the boundary

T — %\/Th(KIW — Kh") . (2.51)

The quasilocal stress energy tensor is thus

2 S

T = KM — Kh* + — . 2.52
As explained and show in [9] it turns out that the correct counterterms one needs to add are
1 1
AdS3: Ly = —Z\/—h = ™ = K" — Kh*" — Zh‘“’ , (2.53)
2 2 5 2
AdSy: Ly = ~7 1-— \/—hZR = T = K" — Kh*" — Zh“” —LGH (2.54)
3 EQ 14 v v 3 14 g v
AdSs:  Lg = —Z\/—h 1— ER = ™ = K" — Kh*" — zh“ — iG“ , (2.55)
where ¢ = {/ — d(gxl) , R is the Ricci scalar of b, and G, = Ry, — %Rhw is the Einstein tensor of h,,.
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Chapter 3

The Fluid/Gravity correspondence

“It is pitch black. You are likely to be eaten
by a grue.”

— Zork

3.1 Hydrodynamics in Curved Spacetime

For the sake of simplicity, we consider a simple perfect fluid flowing through spacetime. The
stress-energy tensor for a perfect fluid, in a curved spacetime as in a flat one, is [51]

™ = (p + p) u'u” 4 pg"”, (3.1)

where u* is the fluid 4—velocity normalized to —1, p the fluid pressure and 1 the energy density. The
local law of energy-momentum conservation is readily calculated

V. TH =V, (p+ p)utu” + (p+ p) Vi’ + (p+ p) ' Vou” + g"'Vp . (3.2)
Defining the projector P*” = g"” + u*u” we can contract eq. (3.2) with u* and P*” in order to get

uHVup+ (p+p) V! =0, (3.3a)
(p+p)u'Vyu” +P*¥V,p=0, (3.3b)

the second equation being the Euler equation.

3.2 Fluid dynamics in Curved Spacetime

In this section we try to derive the Euler equations in a curved background from a variational
principle using the congruence techniqueﬂ
As a first step we define the covariantly conserved current

g =put =V, " =0, (3.4)

(where p is the density of the fluid), and the elastic potential (or internal energy) ¢ as a function of p.
The action is taken to be

S [plt+eo)lvgas'. (3.5)

This section follows the pedagogical approach of [52] to which the interested reader is referred.
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The action S is required to be stationary when the flow lines are varied and p is adjusted to keep j*
conserved. A displacement of a point on the flow line v can be given in term of the Lie derivative Ly,
where k is the vector tangent to the curve :

Sut = Ly (uh) = KMVut — uMVakH — ufu’ Vo kyu? (3.6)
Varying j#* and using eq. we get

Vo (pu) =V, (0put) + V, (péur) =0,
= 8p = V,, (pk") + pV kyutu” (3.7)

Now the variation of the action reads
d
08 =— / [5p(1 +e)+ pd/iép} V—gdzt =
:/ {p (1 + i’f) WV au¥ + pV, [Ciip;] (" + u“u”)} ky/—gda? . (3.8)

In order to have §5 = 0 for every k" we require

p <1 + if;) WVau” + pV, [iﬁj] (¢" +uru”) =0. (3.9)
Defining now the pressure p and the energy density
p=p232 p=pl+e), (3.10)
and contracting again with «* and P*” we derive the relativistic Euler equations
uWVap+ (u+p) Vour =0, (3.11a)
(i +p)u’'Vyu* + (¢ + ufu”)Vyp=0. (3.11b)

3.3 Conformal Fluids in Minkowski Spacetime

3.3.1 Ideal Fluids

Consider the hydrodynamical description of a relativistic CFT at finite temperature. The hydro-
dynamics regime applies under the condition that the correlation length of the fluid [., is much
smaller than the characteristic scale L of the variations of the microscopic fields (such as moments of
the stress-energy tensor). Since the only dimensionfull parameter is the characteristic temperature of
the fluid 7', one has by dimensional analysis,

he
lcor = kBiTG ()\) 5 (312)
where A denotes all the dimensionless parameters of the CFT.

The stress-energy tensor for a d dimensional CFT obeys

0,T"" =0 TH,=0. (3.13)

Recalling eq. (3.1) we see that the second equation supplies the equation of state for conformal fluid
1

T, = =—u. 14

p=0=p=_"—n (3.14)

For a CFT, by dimensional analysis, we have p = o7% and y = (d — 1) aT%, where T represent the
fluid temperature and « is a dimensionless normalization constant. Substituting these expressions in

eq. we find
T = oT* (g™ + dutu”) . (3.15)
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Imposing the vanishing of the stress-energy tensor divergence the resulting equations are (cf.

with eq. (3.3))

1
u“@ué’ = —H&,uy, (3163)

wWout = - o€ +

. 1u“8)\u>‘ , (3.16b)

where ¢ = InT'. Note that the first equation is equivalent to the entropy conservation
Oy (ou") =0 (3.17)

where o = daT? 1.

3.3.2 Dissipative Fluids

Ideal conformal fluids with stress-energy tensor given by eq. are an approximation; they
don’t include any physics of dissipation (in fact, the entropy current eq.(3.17) is conserved). Note
that dissipation is necessary for a fluid dynamical system to equilibrate when perturbed away from
a given equilibrium configuration.

To model a hydrodynamical system incorporating the effects of dissipation we only need to add
extra pieces to the stress-energy tensor and charge currents

(TH) giss = (1 + p) w'u” + pypt” + 11" (3.18a)
(8 diss = Qau + Y, (3.18b)

where ¢, are conserved charges.
We will work in the so-called Landau frame defined as

u!11"Pn,, =0, YHu"nu, =0. (3.19)

In such a frame a conformal viscous fluid has a stress tensor which to first order in the gradient
expansion takes the form

T = oT? (0" + dutu”) — 29t (3.20a)
= qaut — QuyPHO, (%) N (3.20b)
where

e 1) is the shear viscosity

o o = PrPYBY g — Sy dnut P

o O, the diffusion coefficient matrix

e /i, the chemical potential

e =, the pseudo-vector transport coefficient

o (M= 5aﬁ7“uo‘85u7

Note the absence of the bulk viscosity due to the conformal nature of the fluid.
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3.3.3 Non-relativistic limit

Consider now the non-relativistic slow motion limit v < ¢ where v is the modulus of the (d — 1)-
velocity of the fluid. For the sake of simplicity we analyze the 4—dimensional case so 7" will be the
three-dimensional velocity:

- 7) 321
u (7?, (3.21)

_ 1
and'}/ = \/ﬁ.

Introducing the substantial derivative D = J; + o - ?, as in [14]], we have

oy =12 (3.22a)
C

Dl = ? + ﬁc' v (3.22b)
Dln~ = ﬁ , (3.22¢)

c" —

where ¥ = {0z, 0y, 0.}. Using these identities one may rewrite Egs. 1b as
2¢2 c?
8t§+m(7'€>€:—302_v2§‘7, (323&)
2 _ .2
Qs (¢ —v?) v, (?7)
2 2 7
8t1)i + (7 . 3) V; = — (C — v ) |:5U — 302 _]U2:| ng — 302 — U2 . (323]9)
In the lowest order in v/c we find the equations of linearized hydrodynamics,
1. .

0 = —g&vl, (3.24a)
Ov; = —2V;€ . (3.24b)

3.4 Non linear Fluid Dynamics from Gravity

3.4.1 Schwarzschild-AdS,,; black hole

Let us consider the planar Schwarzschild-AdS,; black hole in Schwarzschild-type coordinates,
given by

dr?

2 _ _ 2 2 2¢ 1 Q4]
ds ref (br)dt* + 27 (br) +r°6;;da’da’ (3.25)
where
1

This is actually a one-parameter family of solutions labeled by the horizon size r; which sets the
temperature of the black hole

_d
CAxb

To generate a d parameter family the solutions can be casted in Eddington-Finkelstein coordinates
and boosted along the translationally invariant spatial directions z*, leading to

(3.27)

+ 72 [—f (br) upuy + Pyy) datda” (3.28)
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wherd?
v 1
u’ = Nievzh (3.29a)
ut = 5 (3.29b)

Vi

where $3; is the boost parameter and 3% = 34;.
The boosted black hole (3.28)) is an asymptotically AdS;; solution which has a holographic stress
tensor on the boundary (see chap[2).

3.4.2 The procedure

Consider the metric with the constant parameters 3; and b replaced by slowly varying
functions b (z*) , B; (x*) of the boundary coordinates.

Generically such a metric (we will denote it by ¢(© (b (z#), 8; (#*))) is not a solution to Einstein
equations. Nevertheless it can be shown that, provided the functions b (z*) and 3; (z*) obey a set
of equations of motion, eq. with local b (2#) and f; (z#) is a “good” approximation of a true
Einstein equations solution with a regular event horizon.

Einstein equations for g(*), yield terms which involve derivatives of the temperature and velocity
fields in the boundary directions which can be organized in a gradient expansion where the n—th
order in derivatives is suppressed by a factor T L)n. Here L is the length scale of variations of the
temperature and the velocity fields in the neighborhood of a particular point. Therefore, provided
LT > 1, it is sensible to solve Einstein equation perturbatively in the number of field theory deriva-
tives.

Consider the metric ¢(©) (b, ;) defined above and try to compute Einstein equations for i The
w gravitational equations can be split into two classes: ddtl) dynamical equations and d con-
straint equations. These equations are corrected order by order in the ¢ expansion; this forces us to
correct the metric, the velocity and temperature fields themselves, order by order in this expansion.
Consequently we set

9=299 1, 5) + eg™ (b, B) + 29 (b, 8;) + O (%) | (3.30a)
B =B +epM +0 (), (3.30b)
b =0+ p® +(9( 2, (3.30¢)

where Bi(m) and b("™) are functions of ez*.

e Constraint equations
The Constraint equations can be obtained contracting the Einstein tenso G v with the one-
form normal to the boundary i.e. ¢y = dr:

G = Gyno (3.31)

These constraint equations can be used to determine 5"~ and B ), this is essentially solv-
ing the fluid dynamics equations at order O (¢") in the gradient expansion assuming that the
solutions at preceding orders are known.

e Dynamical equations
The remaining constraint G, and the dynamical Einstein equations G, can be then used to
solve for the unknown functions ¢(™). To determine the solution uniquely we need to prescribe
boundary conditions: we impose that our solution is normalizable so that the spacetime is
asymptotically AdSy,1; we also demand regularity for every r # 0.

*Note that the Greek indices pertains to the boundary where no radial coordinate is present.
*In what follow we just outline the procedure, leaving further details to references [5].
*The capital index are those referred to the full AdS,.1 space.
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3.4.3 The solution

Decomposition for the unknown correction g(™ to the metric, can be performed using the irre-
ducible representations of SO (d — 1):

e For the scalar and vector sector the constraint equations imply that (cf. egs. (3.24)):
.
d—1
9:p© = 9,8 . (3.32b)

18 = 9,b©) (3.32a)

e The solution for the other components of the corrections to the metric are a bit tedious but can
be performed easily.

3.5 Metrics dual to fluids

We have thus far discussed how to solve to Einstein equations order by order in boundary deriva-
tives. We now present the result for the general fluid dual to the bulk metric obtainable through
holographic prescription (see chap. [2).

3.5.1 The boundary Stress-Energy Tensor

The recipe for the computation of the boundary stress-energy tensor is different in every dimen-
sion one considers due to the presence of different boundary geometries. In general, as we saw, it
is necessary to vary the action (including the boundary terms) with respect to the boundary metric,
eliminating then the divergent terms through the use of counterterms. Eventually the large r limit
can be taken. In order to take an example we write the AdSs prescription

2

A 1 1
uv : c Ny uv Ny "y uv

where A, is a cut-off hypersurface » = A. and the other quantities can be found in chap2] Imple-
menting this procedure for the complete metric we recover the stress tensor quoted in (3.20a) with
the precise transport coefficients computable from the underlying CFT.



Chapter 4

The Wig

“If I'd gone with that stupid Einstein hair,
they wouldn’t be able to pick me out from a
line-up!”

— Gordon Freeman, Freeman’s mind

4.1 Introduction

In this chapter we explain in details the method used to construct a full non-linear solution to the
supergravity equations. This task is achieved using those supersymmetries transformations which
are not preserved by a purely bosonic (classical) solution. Such a procedure allows to construct, step
by step, a “fermionic completion” (Wig) of the original solution, generating a new solution with all
the supermultiplet fields turned on.

We can look at the problem in the following way: given a bosonic solution of supergravity field
equations, one can compute the zero modes of the fermionic field equations (3/2- and 1/2-spin fields)
using supersymmetry. Those solutions are the components of a supermultiplet and they transform
into themselves under supersymmetry transformations. This can be easily seen at the quadratic
level, namely, by taking into account fermionic quadratic terms in the action or, equivalently, linear
fermionic field equations. Nevertheless, those solutions can be extended at the non-linear level by
considering all terms of the Lagrangian and by expanding the solution in terms of fermionic fields.
That has an incredible advantage over the a solution with bosonic hair (see for example for a re-
cent development along that line [54]) since the fermionic wigs are automatically trimmed by their
fermionic nature.

Based on [15} 116,17, (18] [19], we explain how to construct the complete solution of the supergravity
equations, preparing the ground for Part[[l, where we will start from a Schwarzschild-type solutions,
breaking all the supersymmetries of the AdS5 background.

The simplest case is pure supergravity, where only graviton and gravitino are present. In this
model, the procedure can be schematize as follows:

e We compute the empty space Killing spinors.

e In the black hole background, we compute the (first) variation of the gravitino fields under
the supersymmetry transformation (i.e. the supercovariant derivative of a local spinor) where
the generic local spinor is replaced by the Killing spinors for the empty space. This proce-
dure produces the first term of the fermionic expansion of the gravitino solutions to the Rarita-
Schwinger equation of motion.

e The next step is to compute the second variation of the metric in terms of fermionic bilinears.
That is achieved by computing the second supersymmetry variation of the metric. At this stage
one can check whether the Einstein equations are indeed satisfied. We compute then the effects
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of the interactions in the Rarita-Schwinger equations due to fermions and in the couplings of
fermions to bosons. Already at this step, the usage of Fierz identities to rearrange the bilinears
is essential to reduce all possible terms.

e The iteration proceeds until the number of independent fermions truncates the series. In the
process, the supermultiplet fields which may have been set to zero from the beginning, are
generated and their profile is proportional to the fermion bilinears.

Technically, in order to re-sum all contributions we compute the full solution using the software
Mathematica™ (see next chapter). In chap. the results for AdSs and AdSy are provided in a form
which is still difficult to read (the electronic notebook with the D = 4 and D = 5 solutions is provided
as ancillary files [7] of the preprint publication). The AdS3 case, being peculiar, is treated in details in
chap.

Our construction has different purposes. First of all, we will use the results for deriving the
complete non-linear Navier-Stokes equations with fermionic contributions [39]. That would be the
natural final aim of the present work, but since the results are independent from that, we decided to
present the derivation of Navier-Stokes equations in a separate chapter. Second, the natural question
is whether the same analysis can be done also in the case of BPS solutions. For that we refer to the first
step given in [55] and we will complete their constructions by our algorithm in Part[[and ?2. Finally,
an issue that can be addressed with our computation is the presence of ghost modes in construction
of [56].

4.2 Algorithms for NV = 1 pure Supergravity

In order to fix the ideas we deal with the first supergravity theory containing the vielbein and
the gravitino. As outlined in the Introduction, to build the black hole wig we use the following
algorithm: we expand in powers of fermionic bilinearsﬂ Formally setting ® = (e%,1),...), one may
write

q>—>65<1>;q>+5<1>+%(5(2><1>)+..., 4.1)

thereby supersymmetry transformations are simply repeated. As an example, we compute the viel-
bein second variation:

(5(2)€a> _ %@a (5(1)¢> _
1

= Eéfy“Ve : 4.2)

4.2.1 Generalities for Algorithms

The algorithms are based on the perturbative expansions in fermionic bilinears (for the bosonic
quantities) or spinors (for fermionic ones). Then, every quantity is labelled by an integer index be-
tween square brackets [V = 1-- -] denoting the perturbative order. Note that since we start from a
purely bosonic background, we will get a correction to fermionic fields at every odd iteration and a
correction to bosonic fields at every even iteratiorﬁ

More in detail:

Y [1]AB

e ¢;, ,e, andw,; ~ contain zero bilinears;

214 [2IM [2]AB . . ‘
ey ,e4 andw;,; " contain one bilinear;

"Notice that we could have performed a finite supersymmetry transformation, however it turns out to be more conve-
nient dealing with an iterative procedure due to the anticommuting character of fermions.

’In the following the Latin capital indices from the first part of the alphabet (A, B ...) will be intended as flat indices
while those pertaining to the central part of it (M, N ...) will be intended as curved indices.
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° eg\]/\[[]A eZV]M an dw][\J/\[[]AB

but

contain N — 1 bilinears;

o M garn, 81 Ay contain one bilinear;
° 5[N]gMN, 5N A, contain N bilinear;
and
e 6Ny, contains one spinor (1/2 bilinear);

o 5Vypps contains 2N — 1 spinors (N — 1/2 bilinears).

4.2.2 Inverse Vielbein e/

To compute the inverse vielbein e/, we use the definition

eael =on, 4.3)

for example, at the third order, expanding the vielbeins we get
(eg\l/}A +e [Q]A +e [3} ) (e%]M + eg]M + e[g]M> = (5,‘3 . (4.4)

We then obtain one equation for each perturbative order

on :eg\l/[]Ae[l]M

B )
0 :eg\l/[]Ae[é]M + eﬁAeg]M ,

0 :eg\l/f]Ae[g]M + e%Aeg}M

+ eﬂAeg]M . (4.5)

The first one is solved as usual by inverting the vielbein e4,. The other equations are solved by

QM 11M [ [2]A [1]R
6[] _ e[A} H%] 6591 } :
(M i [egwegm + eg]Ae%]R} . (4.6)

In general we have, for N > 1

M = _ LMy NI (4.7)
VIVA =N el (4.8)
p=1

4.2.3 Spin Connection w{/?

The spin connection w$? is defined through the vielbein postulate
de? + wh A eB = %&r% : (4.9)
Extracting the 1-form basis {dz }, it becomes

7 -
Opr N+ Wint €xnBo = T T4y - (4.10)

As in the case of inverse vielbein, we expand in perturbative order. We obtain the following result

E\JJV} 265\1},4 {Q[N] DC,A _ INICA,D _ IN] AD,O] ’ (4.11)

(4.12)
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4.2.4 Gravitino

The covariant derivative acting on the spinor, generates the gravitino field. It can be written as

N

1 1 A

(5[N]@Z)M = Dye= <8M + ng\]/‘\[[]AB — Z E F[N_k]AB’}/AB’}/CeE\Z]C + QVAERJX]A) €, (4.13)
k=0

where A is the cosmological constant.



Chapter 5

Mathematica code

“It’s dangerous to go alone; take this!”

— Wise man, The Legend of Zelda

5.1 Introduction

The present chapter is devoted to the explanation of some of the code implemented in Mathematica™.

Mathematica™ is a powerful tool we deeply employed in the computations. In particular we found
really useful the package EDCRGT. Such a package allows to perform general relativity in an easy
way and it comes endowed with a notebook full of examples. Download links can be found in Ref-
erences [57].

Supergravity computation offered a different challenge since using spinors and gamma matrices
it required more careful. Mathematica™ offers a lexicographical ordering of the variables which
can be exploited to keep track of the anticommutativity or reordering. The idea behind the code
we wrote is using a string replacement instead of “real” computations as much as possible. In fact,
dealing with hundreds of products, sum and so on, replacements are much more efficient and faster
and require an exponentially shorter time.

Mathematica™ software do present some drawbacks and weak points. First of all is complex
variables. In the implementation we tried to reduce its use as much as possible, using “tricks” such
as redefinitions of the complex part of the variables. Examples are shown in Sects.

5.2 General Relativity

As said in the introduction, general relativity computation are performed using the Mathematica™

package EDCRGT. The only required information are the metric and the coordinate system. As an
example we examine the Reissner-Nordstrom metric.

SetDirectory [ NotebookDirectory []];

<< EDCRGTCcode.m

crd {t, r, 0, ¢},

gIN = {{1/(1 + M/r)~2, 0, 0, 0}, {0, -1 +M/r)~2, 0, 0O},
{0, 0, —(1 + M/r)~2 r~2, 0}, {0, 0, 0, —(1 + M/r)"2 r~2 Sin[6]"2}};

RGtensors[gIN, crd]

43
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1
T e : ;
0 —(1+ M/r 0 0
dd =
8 0 0 (1 + M/r)?? 0
0 0 0 —(1+ M/r)*r?Sin[6]?
LineElement = —(((M+r)”2 d[r]”2)/rA2)+ (A2 dA[t]A2)/ (Mkr)N2—Mr)N2 d[O]N2
—MVEr)A2 d[¢]~2 Sin[0]A2
,,,2
(Mtr) 0 0 0
gUU = 8 _(]\é;r)z 01 8
T (M) Csclo]?
0 0 b e

gUU computed in 0.031 sec

Gamma computed in 0. sec
Riemann(dddd) computed in 0. sec
Riemann (Uddd) computed in 0.016 sec
Ricci computed in 0. sec

Weyl computed in 0.015 sec

Einstein computed in 0. sec

All tasks completed in 0.062400 seconds

5.3 Supersymmetry

In this section we report some of the algorithm implemented in Mathematica™ that have been
used in order to perform the computations. Note that the algorithm are written in order to imple-
ment the gamma matrices identities and the anti-commutativity of the spinors. The N' =2 D = 4
minimally coupled supergravity case (cf. chap. [12) has been treated separately and the computations
for it are presented in the next section.

5.3.1 Gammology

In what follows we present the code developed for gamma matrices computation in D = 4.
Generalization to higher dimensions is straightforward.

Besides the obvious definitions for the gamma matrices which are not reported here, we had to
develop a code able to simplify products and contractions of gamma matrices. This was achieved
defined the following vectors

gammamu = {gamma(0, gammal, gamma2, gamma3};
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AlLgammamu {ALgammaNO, ALgammaN1, ALgammaN2, ALgammaN3};
AMgammamu = {AMgammaNO, AMgammaN1, AMgammaN2, AMgammalN3};
ANgammamu = {ANgammaN0, ANgammalN1, ANgammaN2, ANgammaN3};
{
{

ARgammamu = {ARgammaNO, ARgammaN1, ARgammaN2, ARgammaN3};
ASgammamu = {ASgammaN0O, ASgammaN1, ASgammaN2, ASgammaN3};

Because of the lexicographical ordering Mathematica™

first, “/AMgammamu” the second and so on.

uses the “ALgammamu” was always the

We still had to expand a generic gamma matrices product upon the chosen gamma matrices base
i.e. {1, 9, Yuvs VY5, V5 +- This required the introduction of a scalar product between gamma matrices,
the Frobenius inner product, defined as

A:iB =Y AyBy =Tt (AB') . (5.1)

1,

Using this definition we were able to expand any 4 x 4 matrix on the normalized gamma base (each
element of the base divided by its norm). Using this trick a (quite long) series of rules could be
defined. A sample of them is

rulesgammalRR = {ALgammaNid ARgammaNid —> ARgammaNid,
ALgammaNid ARgammaN(0 —> ARgammalNO,
ALgammaNid ARgammaN1 —> ARgammaNI1,
ALgammaNid ARgammaN2 —> ARgammalN2,
ALgammaNid ARgammaN3 —> ARgammaN3,
ALgammaNid ARgammaijNO1 —> ARgammaijNO1,
ALgammaN0 ARgammaijN13 —> —I ARgammai5N2, ...};

this code has to be interpret as follows:

¢ “rulesgammal.RR” means “rules to send a product of two gamma matrices, the first one labeled
by L and the second one labeled by R into a single gamma matrix labeled by R”;

e ALgammaNO ARgammaijN13 —> —I ARgammaiSN2 means yy13 = —%7275 and so on.

Similar rules for multiple product “rulesgammalNL”, “rulesgammaRSR” and “rulesgammaRinL”
are defined. Note that these rules are defined in order to be applied sequentially using the following
command

rulesgammaTOTO[AA_] :=
Expand[AA] /. rulesgammalML /. rulesgammalLNL /. rulesgammaRSR /.
rulesgammalRR;

This kind of “computation” is entirely done using string replacement and not a single operation.
This reduce dramatically the required computational time.
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5.3.2 Spinors

The code we developed was aimed to be used with chirally projected Majorana spinors [41]].
These are spinors where the components of 2 Majorana spinors ¢ and ¢ are re-arranged as follows

@=L =L (), (5.22)
a=3 43¢ e=g(4p)E (5.2b)

In Mathematica™ we defined ¢ and ¢ as “A” and “B” respectively:

majoRA = {Ral, Ra2, —Conjugate[Ra2], Conjugate[Ral]};

ZZmajoRA = {ZZRal, ZZRa2, —Conjugate[ZZRa2], Conjugate[ZZRal]};
barmajoLA = {—La2, Lal, Conjugate[Lal], Conjugate[La2]};
barZZmajoLA = {-ZZLa2, ZZlal, Conjugate[ZZLal], Conjugate[ZZLa2]};
majoRB = {Rbl, Rb2, —Conjugate[Rb2], Conjugate[Rbl]};

ZZmajoRB = {ZZRbl, ZZRb2, —Conjugate[ZZRb2], Conjugate[ZZRbl]};
barmajoLB = {-Lb2, Lbl, Conjugate[Lbl], Conjugate[Lb2]};
barZZmajoLB = {-ZZLb2, ZZLbl, Conjugate[ZZLbl], Conjugate[ZZLb2]};

where “RA”, “LA”, “ZZ” and so on are introduced to keep the ordering. The chiral projection is
obtained at the bilinear level using the proper prescription. For example

bilODD = FullSimplify [
Table[1/4 barmajoLA.(id4 + 75).AlLLgamma[[i]].(id4 + ~75).majoRB
— 1/4 barmajoLB.(id4 +v5).ALLgammal[[i]].(id4 + ~+5).majoRA, {i, 16}]];

where “ALLgamma” is a 16-vector containing all the gamma matrices base

ALLgamma= {1, 70, 71,72, 73, Y01, Y02, Y03; Y12, 713, V23, Y05, Y1Y5, Y25, V375, V5 }- In order to simplify
the products of bilinears we wrote rules, a sample of which is:

rulesBil = {AAepsBarD ARgammaNid AZepsU —> 0,
AAepsBarD ARgammaN0O AZepsU —> bilNODU,
AAepsBarD ARgammaN1 AZepsU —> bilN1DU,
AAepsBarD ARgammalN2 AZepsU —> bilN2DU,
AAepsBarD ARgammaN3 AZepsU —> bilN3DU, ...}

As in the previous case we give the reading-key: the line

AAepsBarD ARgammaijNO1 AZepsU —> 0

has to be read as €4vp1e® = 0. The other relations give the common structures the bilinears
generate.

Finally, in order to simply products of multiple bilinears using Fierz identities we had to keep
track of the various power of the Grassmannian variables. This is done through the use of dummy
variables A eventually set to one.

rulesBil2 = {biINODU —> Xal Xals bilA1Als + Aa2 Aa2s bilA2A2s +
Abl Abls bilB1B1ls + Ab2 Ab2s bilB2B2s,
biIN1IDU —> —Xa2 Aals bilA2Als — Xal Aa2s bilA1AZ2s
— Ab2 Abls bilB2B1ls — Abl Ab2s bilB1B2s ,...}

keeps track the complex conjugat

“"_rm
S

where the

'For a Grassmannian variable a you have a® = 0 but aa* # 0.
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54 N =2 D =4 Minimally coupled Supergravity

5.4.1 Kaihler Geometry for the Axion-Dilaton model

In N = 2 D = 4 minimally coupled supergravity the scalar fields coordinatize a Special Kihler
manifold (cf. chap. . The computations are quite straightforward but we had to define some
routines due to the presence of complex coordinates. In the following code bz = Z.

Kéhler potential

KK = — Log[2 (1 — z bz)];
XU = {1, z};

Metric

SKGdd
SKGUU

FullSimplify [D[D[KK, z], bz]];
1/SKGdd ;

Christoffel symbols

chUdd = SKGUU D[SKGdd, z];
bchUdd = SKGUU D[SKGdd, bz];

Holomorphic sections

LU = FullSimplify [Exp[KK/2] XU];
barLU = LU /. {z —> bz, bz —> z};
fU = FullSimplify [D[LU, z] + 1/2 LU D[KK, z]];
barfU = fU /. {z — bz, bz —> z};
ML = FullSimplify[
Table [Sum[NNAX[[1, s]] LU[[s]], {s, 2}], {1,2}1];
barML = {I/Sqrt[2 — 2 bz z], (-1 bz)/Sqrt[2 — 2 bz z]};

Kinetic Matrix

nAY¥ = DiagonalMatrix[{1, —1}];
XD = Table[Sum[nAX[[1, s]] XU[[s]], {s, 2}], {1,2}];

NNAYXa = i Table[(nAX[[l, s]] —
2/XD.XU XD[[1]] XD[[s]]), {L, 2}, {s, 2}];

NNAY = NNAXa /. {i — I};

NNAYstara = NNAYa /. {z —> bz, bz —> z, i —> —i};
NNAYstar = NNAXstara /. {i —> 1};

ImNN

FullSimplify[1/(2 I) (NNAX — NNAYXstar)];

reNN

FullSimplify[ 1/2 (NNAY + NNAXstar)];
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5.4.2 Supergravity variations

In order to find the n-th supersymmetry variation we wrote a code able to compute its form. We
wanted to keep track of both the holomorphic and anti-holomorphic variation so we make every field
dependent on two dummy variables x and y and proceeded deriving by them and defining rules to
implement the various Special Geometry identities (see chap. [11). Here we present some of the basic
definitions and result found in this context.

The first variation of the gravitino field, can be schematically written as

varlby = cd[x] — 1/4 K\[x] + (Alx]g + Al[x] ) em[x] en[x] + T[x] e[x];

where cd[x] is the covariant derivative (depending on the dummy variable x), K\ is a function
of the gaugino field A and the Kdhler potential, A and A1 are auxiliary fields, es are vielbeins, g is the
flat metric, v are flat gamma matrices and 7' is the graviphoton field strength.

Now, deriving varlbiy by x we can define rules to find the second order variation of the gravitino
field. Specifically

Rules = {em'(z) — dem(z),en’(z) — den(z), G'(z) — 6G(z),bXN (z) — sbA(z),
bAl'(z) — 6bA1(x),Drz/ (z) — Dréz(z),er (x) — der(x), ' (x) — 6¢(x), N (x) — S\(x),

L) (x,y) — Module[{l,barm, ¢, baru, p}, ggUU(baru, p)dbz(z)(barm)Rdddd(z, y)(l, barm, ¢, baru)], . . .

where I'' and Rdddd are the Christoffel symbols and the Riemann tensor of the Kdhler manifold.
Note the use of the function Module; this is how the index contraction is taken into account.

Working iteratively, one can define each variation at every step and finally obtain all the variations
for the required field.

var2by =
ExpandAll[D[varlbty, x] + D[varlby, y]] /. Rules

Once again, being a simple derivative and a string replacement, the computational time is nearly
null.



Chapter 6

Results

“Maybe we’d fall short. Maybe we’d never
even come close. But someone, someday,
would know we’d tried”

— Vanille, Final Fantasy XIII

This chapter collects the results achieved in the thesis, explaining, step by step, the reasoning and
the open issues that brought to the conclusions. Here a non-technical description will be given; the
interested reader will find rigorous derivation in separate chapters.

6.1 Fluid Super-Dynamics from Black Hole Superpartners

The idea of this first chapter is to explain the presence of fermionic corrections to Navier-Stokes
equations due to dynamical bulk fermions. This task has been achieved by the AdS/CFT corre-
spondence: such a duality relates the Einstein equations in the bulk of given AdS;;1 space with
the Navier-Stokes equations in d dimensions, derived from the conformal field theory living on the
boundary of AdeHCh

The AdS/CFT correspondence in the large N limit (where NN is the number of D—branes) relates
a complete N' = 2 type I1B 10D supergravity theory in AdS; x S° to a conformal field theory in
a lower dimension. Since supersymmetric theories do include fermions, the AdS isometry group
is promoted to a super-group where the gravitino can be viewed as the goldstino related to broken
super—isometrieﬂ The presence of the gravitino induces a back reaction on the metric in terms of
fermionic bilinears. For our purposes, this fermionic completion of the bosonic solution has been
pushed only up to the second order, required to compute the metric second variation. Promoting the
(constant) fermionic bilinears to local functions of the boundary coordinates we computed the first
fermionic contributions to the Navier-Stokes equations.

Dealing with Grassmannian spinors, we faced the problem of the factorization of Killing spinor
in AdS space in a global parametrization. This factorization led to an AdS Killing spinor of the form

6i+=(\/J“r\/%—\/f—\/EUl)(liUQ)e?oX??i, (6.1)

where 1) are the Killing spinors for the d —2-dimensional ;) space factored out by the AdS space and
k is related to the curvature of the Oy, spaceﬂ Since €4 had to be Grassmann-odd we had to decide
which of the two factors ¢y or n had to be Grassmannian-odd. Being interested in contributions
derived from the presence of bulk fermions we chose ¢y.

!The viceversa is true only for an Einstein-Sasaki manifold. See [58}[59] for further details.

*If the supergravity variation of the gravitino di, = %, does not vanish, the field is turned on by the identification
Yu = 0Py

3Different parameterizations can be given to . If K = —1 such a space is hyperbolic, & = 1 generates a sphere and
k = 0 generates a non-global parameterizations the so-called Poincaré patch. See [47] for further details.
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Contributions to Navier-Stokes equations came in the form of spacetime derivatives of the (local)
bilinear A\ made from &y with a prefactor vk. The prefactors seems to indicate that only a global
parameterizations of the AdS space allows a fermionic contributions to Navier-Stokes equations since
in the limit of £ = 0 (Poincaré patch) no contributions appears. The limit £ = —1 is more subtle and
requires different (), spinors .

6.2 Fermionic Wigs for AdS-Schwarzschild Black Holes

The next step is to push the fermionic completion of the black hole solution to all orders (that
in this case is eight) generating the full non-linear fermionic “wig”. Note that, in an AdS/CFT
perspective, this is a fundamental step: in fact, promoting the fermionic bilinears to be boundary-
coordinates functions, one can derive the Navier-Stokes equations from imposing Einstein equations;
moreover the full stress-energy tensor of the boundary fluid is then derived in terms of the complete
form of the metric. In [5] the complete form of the metric at the first order was found using general
considerations about the infinitesimal one and using the equations of motion. In our case in order to
find the complete form of the metric at zeroth order, the only possibility was to push the procedure
to the very last order in the fermionic bilinears. This can be achieved by a finite supersymmetry
transformation. In fact, we recall that a finite transformation has the form

P =P, (6.2)

and the series automatically truncates to the maximal number n of fermionic degrees of freedom
/ 0 1 2 1 n
<I>:e<I>:<I>+5<I>+§5<I>+...+j5 o . (6.3)
! n!

This well defined procedure, starting from a bosonic solution generates a full supersolution of
supergravity, where all the fields are non-vanishing and get corrections order by order.

Once again we encountered the problem of the statistics for Killing spinors factorization. Since
we had to consider all fermionic degrees of freedom we chose first € to be anti-commuting and then
n defining the Killing spinor as

e=cla®nlc+elc®@nla, (6.4)

where A and C stands for Anti-commuting and Commuting respectively.

Having established such a parametrization of the spinor we had to developed an iterative algo-
rithm to perform finite supersymmetry transformations (see chap. @) Such a task was achieved with
a software developed in Mathematica™ which can be found in [7] and is described in chap. [5| The
results were checked against the equations of motion but the expressions remained very cumbersome
and we decided to exclude them from the text.

Being interested in the dual-fluid corrections induced by the presence of bulk fermions we shifted
the metric using both broken isometries (generated through the use of “anti”-Killing vectors) and
super-isometries (generated through “anti”-Killing spinors) and computed the boundary energy mo-
mentum tensor using the AdS/CFT prescription given in [8}9]. The results were quite unexpected:
the bilinears could be fitted in a 4-vector using which, the first order corrections had the same form
for both AdSs and AdS, while the second order was more complicated. Nevertheless the knowledge
of the exact form of 7*” allowed the computation of the shift of fluid temperature and velocity.

Up to this point no conceptual problem showed up. We used a well-defined procedure applied
to known bosonic solutions. Now, dealing with pure bosonic quantities such as the temperature of a
fluid or even the distance between two events in the spacetime a natural question raised: how should
fermionic corrections be interpreted by a “classical” point of view? In [15] 16} 17,18, 19] the problem
was not faced, simply splitting all the fields in a bosonic “body” and a fermionic “soul”. But now, in
the view of AdS/CFT correspondence the problem is more compelling.

As outlined in the introduction 1.3} a solution was found in [20] by replacing the operators with
their vevs. Taking the metric g,,, as an example this meant:

Gclassical = <0‘gwig|0> . (65)
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This has a straightforward extension in the case of unwigged solution. In fact, assuming the
normalization of the vacuum state we get

Jclassical = <0|gunwigged‘0> = Gunwigged <0‘O> = Gunwigged - (66)

Using this interpretation it became clear that the vev only affected the bilinears contributions to
bosonic objects; the values of these vevs must be computed in terms of the gravitino condensates.

The second interpretation dilemma was due to the generation, through the fluid/gravity corre-
spondence, of an intrinsically “fermionic fluid”. Such a fluid has no classical counterpart and the
definition of these internal fermionic degrees of freedom claimed for an explanation. This kind of
degrees of freedom was first analyzed in [60] where the perfect fluid theory was extended to the su-
persymmetric case. There it was explained how classical fluids describe particles moving collectively
inheriting its mechanical properties, such as energy, momentum and angular momentum from the
corresponding underlying particle properties.

One consequence of this is that classical fluids cannot carry intrinsic spin. In fact, the angular
momentum with respect to the center of mass of a small volume V' scales as its mass (which scales
as V') times the residual velocity of the fluid about the center of mass (which scales like ¢ the linear
dimension of V') times the distance to the center of mass (which also scales like Eﬂ Therefore, the
“self”-angular momentum density scales like ¢?, and goes to zero with /.

Introducing Grassmannian (anticommuting) variables in the description allows the inclusion of
a spin density in fluids. This spin density is represented as a bilinear in the Grassmannian variables.
This description reveals the possibility of implementing, within fluid mechanics, supersymmetry
transformations, which effectively mix spin and kinematical degrees of freedom. Particular forms of
the Hamiltonian, generalizing the classical Chaplygin gas [61], admit these supersymmetry transfor-
mations as an invariance and generate conserved quantities.

6.3 Fermionic Wigs for BTZ Black Holes

In this chapter we consider the black hole in an AdS3 space, namely a BTZ black hole. The BTZ
black hole is a peculiar black hole, obtained orbifolding the space with a conical singularityﬂ

In this background we performed the gauge completion verifying the equations of motions at all
orders (four in this case). This is a strong check of our results.

Note that, being the BTZ black hole a simpler framework (and, as so, more manageable), we could
admit a more generic black hole solution with non-trivial angular momentum. This allowed also to
consider extremal black holes.

In AdS3 the Killing spinors have 23/21 = 2 (complex) degrees of freedom, so we dealt with 4
bilinears, namely B; (with ¢ running from 0 to 3) up to the power 2; since we can use Fierz identities,
the computation was even simplified (cf. eq. with (2.32)-(2.33) of [15]) and the results were
given in a closed, analytical form.

Following [62] 163] we recast the wigged form of the metric in a more conventional form from
which we were able to derive the conserved charges, such as the mass, the angular momentum and
the entropy. Those charges revealed an important property: both the mass M and the angular mo-
mentum J received the same shift due to the presence of bilinears so, their difference was preserved.
Therefore the extremality condition is not modified by the presence of the bilinears.

6.4 Fermionic Corrections to Fluid Dynamics from BTZ Black Hole

This chapter is devoted to the study of the 1 + 1-dimensional fluid dynamics dual to a wigged
BTZ black hole in AdS3. In order to study the conformal field theory living on the boundary of AdS3

“The angular momentum is defined as 7 =7 xmv
5The gravity theory in 3—dimension is topological. Conical singularity are generated by the identification of spacetime
infinities. For a detailed structure of the BTZ black holes we refer the reader to [11].
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we had to introduce further degrees of freedom to the black hole, in particular one dual to fluid ve-
locity and one dual to fluid temperature. This accounts for a boost and a dilatation of the solution
which generates a 1 4 1 parameter solution. Note that as long as those parameters are constant, it re-
mains a solution of Einstein equations. Promoting those degrees of freedom to boundary-coordinate
functions, new equations on the parameters must be imposed.

We noted that both the boost and the dilatation, could be obtained by a simple Lorentz-like trans-
formation on both mass and angular momentum. This observation simplified the calculation since
we know the wig (see previous chapter), in terms of M, and .Jy which can now be transformed using
a rescaling.

Once rescaled, we promoted the parameters to local functions and we imposed Einstein equations
(both in the scalar and in the vector sector) in the large r limit: the resulting equations determined a
very remarkable relations among the “usual” bosonic parameters and the local bilinears.

We pushed our analysis even further taking the fermions as local (boundary) functions. From
Einstein equations we get the corrected Navier-Stokes equations while from Rarita Schwinger equa-
tions we established a Dirac-like equation for the fermionic degrees of freedom for the fluid. This
resulted in a series of equations both on the spinor and on the bilinears which highlighted the clear
separation (at least at the linearized level) for the fermionic and the bosonic degrees of freedom.

The analysis of the stress-energy tensor followed. In this case the computation was not as straight-
forward as in other cases due to the presence of a parity-violating term. In general, such a term re-
veals an anomalous theory induced by a non-vanishing gauge field flux. Following [64] we found
that that term is a “fake” degree of freedom that could be reabsorbed through a fluid velocity redefi-
nition.

Using the redefined velocity the stress energy tensor could be cast in a perfect-fluid-like form, a
fluid whose temperature was shifted, once again by the presence of fermionic bilinearsﬂ

6.5 Fermions, Wigs and Attractors

In this chapter we shifted our analysis from a fluid dynamical approach to a more geometrical
one, considering matter coupled supergravity theories. These theories contains more fields and they
require a bigger effort to complete the wig.

We analyzed the rather simple case of minimally coupled MESGT in N' = 2, D = 4 in which,
beside the gravity multiplet, we deal also with a gauge multiplet, made of a gauge field and a (com-
plex) scalar. The scalar fields parameterized a complex manifold whose geometry is special Kdhler.
The couplings are parameterized in terms of geometrical data.

In order to study the behavior under wigging of a well-known phenomena such as the attractor
mechanism, we chose a doubly-extremal, asymptotically flat black hole and computed the wig for
the scalar field. In purely bosonic black hole solution, the attractor mechanism states that the value
of the scalar fields are “freezed” at the horizon to a constant value which depends only on the black
hole charges.

We computed the wig for every field up to the fourth order (in fact, an extremal black hole pre-
serves half of the original supersymmetry, so in this case we had 4 -real- degrees of freedom) in the
most general framework. Explicit results are given for two manifolds, namely the CP' and the 3. In
both cases we found a deformation to the attractor mechanism: on the horizon, in fact, the scalar, is
not constant anymore and becomes a function of the angles § and ¢. Note that for the first model a
peculiar combination of the charges nullifies the variation, for the second model such a possibility
does not exist.

This might suggest that the wig depends on the dyonic nature of the solution. The CP' model, in
fact, cannot be uplifted to 5D where dyonic solutions are not allowed.

The same argument for the vev we made in previous sections are valid also in this one.
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6.6 No Fermionic Wigs for BPS Attractors in 5 Dimensions

Due to the hint in the CP' model, we constructed the full wig for N = 2, D = 5 supergravity
for which, once again, we studied the attractor mechanism. As well as in 4D, in 5D the attractor
mechanism holds for every BPS configuration. Proceeding in the usual way we computed, order
by order, the shifting of each field due to the presence of fermionic zero modes. This time, due
to some constraints on the near-horizon geometry, the scalar variation vanished identically for any
model considered.
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Chapter 7

Fluid Super-Dynamics from Black Hole
Superpartners

“Why you care about small things? World
very simple place. World only have two
things: Things you can eat and things you
no can eat.”

— Quina, Final Fantasy IX

As seen in chap. the hydrodynamical equations for a conformal fluid can be written in the
linearized form for a non-relativistic limit as

300b = 0;8", 0ib = 0of; (7.1)

where b is related to the temperature of the black hole by b = -L. and 3’ are the components of
the velocity of the fluid. As summarized in chap. |3|it has been shown [5, 165} 66, |67, 68, 53] that the
linearized form of the Navier-Stokes equations can be obtained from the Einstein equations once
the parameters b and 3 are taken as local functions of the boundary coordinates and reinterpreted
as boundary local degrees of freedom whose dynamics is described by (7.1I). Contextually, many
authors [69, 70, 58] have further investigated the close relationship between Einstein equations and
Navier-Stokes equations, showing how they are related. In particular, it has been shown how to
get the Navier-Stokes equations from different solutions of general relativity (such as charged and
uncharged black branes) and more recently [70, 58] how to get back to Einstein equation starting
from a boundary fluid. Nevertheless, the complete AdS/CFT correspondence can be only fully
established between the supergravity extension of the general relativity and its holographic dual. In
our case that would correspond to a supersymmetric extension of Navier-Stokes equations in 4D.

The aim of the present chapter is to compute the corrections to the Navier-Stokes equations due
to the presence of bulk fermions. In particular, we consider as bulk fermions the superpartners of the
zero modes of an uncharged black hole in AdSs5, extending the original work by Minwalla et al. [5]:
we derive the consistency conditions needed for supergravity equations in terms of some bilinears in
fermions. The new dynamical degrees of freedom are implemented in the derivation by taking into
account a black hole metric transformed by a generic superisometry of the AdSs space.

In the 5D case, the Killing vectors are parameterized by 15 variables which span the isometry
group SO(2,4) of Ang,EI As is well known the presence of a black hole partially breaks those isome-
tries i.e. not every AdS Killing vector is a Killing vector for the (asymptotically AdS) black hole
metric. In particular, taking a static, symmetric black hole in AdSs, there are 7 AdS Killing vectors

which preserve the black hole metric (its SO(3) part) and the variations of the black hole metric

gég) (M), given by Eg(gég)) with &, an AdS Killing vector, depends upon the eight remaining param-

eters. As in [5] we promote those parameters to local functions on the boundary and by plugging

1See [4][71][72] for further details.
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gé,ll) = 9152) (™) + Le( gég)) into Einstein equations we derive, at the first order in these parameters and
their first derivatives, the modified equations in place of (7.1). Our derivation is suitable for both flat
and curved boundary. The latter is needed for describing the supersymmetric partner of the black
hole zero mode [55] 73, [74]. At first order those constraints coincide, in the large r expansion, with
the linearized form of Navier-Stokes equations on a curved or flat space-time. As underlined in [53]
the constraints do not depend on the curvature & of the boundary.

For what concerns us, we recall that AdS5 space has a bigger isometry group which coincides
with the supergroup SU (2,2 |1). This means that, besides the bosonic Killing vectors, the AdSs
space admits also 8 Killing spinors [75], and together with the Killing vectors we can study whether

they are also Killing spinors for gég).

In [55, 73, [74], a general solution for an AdSs black hole has been constructed depending upon
some charges ¢; and a non-extremality parameter ;» which turns out to be related to the mass and the
charge of the black hole. For simplicity we consider the uncharged case (¢; = 0) which avoids the
analysis of the gauge-field sector’| In that case, none of the AdS Killing spinors are Killing spinors for
the black hole metric. This is due to the fact that the charges ¢g; must satisfy certain BPS conditions
with p, which are however violated if g; = 0. The superpartners of the Killing vectors can be read
from the violation of the Killing spinor equation. At this point there are two alternatives. The first
one, according to [5], is promoting the fermionic zero modes to local fermions; in this case one is
forced to study the Rarita-Schwinger equations. Namely, one has to see if certain conditions on the
local functions, obtained by promoting the Killing spinors of the AdS, lead to dynamical equations
for boundary degrees of freedom. The second alternative is to consider the bilinears in the gravitino
ﬁeldf] and promoting them to local functions. In that case only the Einstein equations are indeed
affected since the we assume that the Rarita-Schwinger equations are preserved at that order and the

0)

background has no fermions. We compute the second variations of the metric §2 gélackhole which is

a linear function of fermionic bilinears and imposing Einstein equations for this new metric géh) =

gé,ll) + % (5 ) glg?l)) , in the large r limit, we obtain

2 (9;B; + 300b) + Vk (wiOA + NpdpA) = 0,
2 (816 + 6051) - \/% (N+8l)\ + 3wi60)\) = 0. (7‘2)

The new equations depend explicitly on the curvature k of the boundary and in the limit £ = 0 they
coincide with the original Navier-Stokes equations.

Obviously these equations must be supplemented by some independent differential equations
for A. One possibility is to derive it from the conservation of a modified energy-momentum tensor;
another one is to derive a complete fluid super-dynamics in such a way that the original Navier-
Stokes equations get source terms as in .

This chapter is organized as follows. Sec. introduces a AdSs space with black hole; in
Sec. we briefly review the procedure outlined in [5, 53] and we compute the Navier-Stokes
equations in a space with curvature k. In sec.|7.2l we compute the variation of the AdSs black hole
metric due to the black hole superpartner: in sec. solutions of Killing spinors equation for AdSs
is presented, in sec. we plug these solutions in the Killing vectors equation for AdSs with black
hole, obtaining the variation of gravitini. In sec. through the identities given in sec. the
second correction to AdSs black hole metric is computed. Finally in sec. [7.3|we derive and analyze
the corrections to Navier-Stokes equations.

2To this regard we refer to works [65] 66].
3Ac’cually the fermionic bilinears appearing in the metric second variations are A\, w; and Ny but only the first one is
interesting for our scopes, since the others are from the boundary of AdS and they are not bulk zero modes.
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7.1 Bosonic Construction

7.1.1 AdSs with Black Hole

In order to have a black hole in AdS we modify our metric (2.13) as in [55] introducing a non-
extremality parameter p. The metric in presence of black hole reads

1

2 2 M 2 2 2302
ds? — —(f +T7>dt gt ra0g (7.3)
Working out vielbeins we find
e = 2+ % dt,
r
1
el = ——— dr,
P+
. 1 —1— k22 .
e = rl|dz'+ —Jca:lxjdxj . (7.4)
z2V1 — ka?
Again, with these vielbeins we compute the spin connection components finding
iy = b= (r-f) a
wy =0, wy (r .3 ,
VIP+HE 11 —Fkx2 . 4
wHh=-+———¢€", w'; = —2m (a:’dxj — :dexl) . (7.5)
T T

7.1.2 Navier-Stokes Equations

Here we sum up the technique developed in [5, 53]. Let gég) be the metric of a spherical, sym-

metric, planar, uncharged black hole in 5D. After deriving Killing vectors ¢M for AdSs (see chap.

we compute Lie derivative of the metric £ (gég)

parameters {x} which break géz)

). As said, this depends only on Killing vector

isometries. The modified metric is then

g (@) = g @) + Le (g3y)) () . (7.6)
The metric gl(),ll) with constant parameters {x} is still a solution of Einstein equations. Now, we pro-
mote {x} to local functions of the boundary coordinates ez*, where ¢ is a formal counting parameter
of the number of derivatives. After that, the metric satisfies Einstein equations when some constraints
are imposed on the set {x}. The constraints in the large r expansion and in a neighborhood of the
origin, can be identified with non-relativistic, linearized Navier-Stokes equations.
Applying the above procedure to metric we find

A(r,k,p) 0ia; — B (r,k, 1) 30pbps = 0,
C (Tv ka M) aib04 - D (Tv kv ,LL) aOai 0 ) (77)

where we have defined

A(ryk,p) = p (47“6 + 4k*r? — pk + kr4) ,

B(r,k,u) = pn (4r6 + 18k%r? — 7/<;7'4) )

C(rik,u) = (47"4 (—p+ 7“4) + 2k31% — 2% + 8kt — Bukr? + 10k7°6) ,

D(rk,p) = p(4r* (—p+rt) +3k*" — 2ukr® + Thr®) (7.8)

We have used the notation explained after eq. (2.16) to denote the parameters a; and by4 as the zero
mode. Now, these parameters are local functions of the boundary. Setting £ = 0, egs. (7.7) become
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the usual linearized Navier-Stokes equations for a non-viscous fluid as seen in [5,53]. It is interesting
to analyze (7.7) on the AdSs boundary R* x Q) obtained for r — oo

8iai — 3(90[)04 = O,
diboa — doa; = 0, (7.9)
which once again are the linearized Navier-Stokes equation for ideal fluids (i.e. the Euler equations
for hydrodynamics). Note that there is no dependence on k.
The presence of a curved 3-dimensional space seems to perturb the behavior of the ideal fluid

only for finite . For » — oo the fluid described by the parameters of the AdSs broken isometries is
ideal for every k (see [53] and references therein).

7.2 Black Holes Superpartner

7.2.1 Killing Spinors for AdSs

Let us now introduce Dirac gamma matrices in an arbitrary dimension. As is known, they form
the Clifford algebra
{Ta T} = 20 - (7.10)

This algebra has an analogous in curved space, obtained introducing vielbeins

{Faez, Fbeg} = 2nabeZeg =20, - (7.11)

This observation allows us to write an analogous of Killing equation for spinors

1 1
de + Zwabfab €+ §e“Fa e = 0, (7.12)

where we have defined 1
5 [Fm Fb] = Fab . (713)
Writing equation (7.12)) in components we find

1
0 = Oie+ ﬁfle,

1
0 = 30€+§F0(7‘F1—|—f)6,

1 1
0 = vae+§ebarb [fl“ﬁ—l}e, (7.14)
T

where Ve = 0;e + %wj kiije. As explained in [74], we decompose the Hilbert space into two sub-
spaces: one related to 7, ¢ directions and the other corresponding to ;). To find solutions to (7.14)
we decompose 5-dimensional Dirac gamma matrices in

FOZiUQXI[, F1:01><]l, Fi:UP,XO'i, (715)

where all indices are flat. With these definitions, the adjoint spinor is defined as € = ¢/T'y. Using the
above factorization the solutions to (7.14) can be written aﬁ

€+ = (\/f + \/%— \/f - \/EO'1> (1 + 02) €0+ X N+, (7.16)

where e+ are 2-dimensional Majorana (real) spinors and 74. are spinors defined for the 3-dimensional
r-normalized space ()(;). Notice that, by construction, (7.16) satisfy the projector relations

Pryery =0, (7.17)

*These solutions are the generalization for a generic k of the ones found in [74].
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where

The number of independent fermions is established by observing that the Dirac spinor in 5D is de-
composed into 2 real Majorana and 2 complex components of a SU(2)-spinors (for £ > 0) or 2 com-
plex components of SU(1, 1)-spinor for k < 0. From now on we will drop subscripts ++, using for
convenience, e since both e, and e_ generates the same gravitino variations (see next section).

7.2.2 Gravitino Variations

We decompose in components the Killing equation (7.12) using the vielbeins and spin-connection.
We obtain

0, = Ope+

1 u / Iz
oYy = 8t6+2f‘0|:<?”—rg ' + f2+2]€
1, [1
then, using (7.14) and expanding over 1 = 0 we have
I p
oy = _rf?’ﬁFTﬁ’
1 1 1\ p
51/)75 = 51} (—TFT + 2f> ﬁ67
= pp B
My = 4fFZFT 3¢ (7.20)

where we defined the Dirac matrices for the unit 3-dimensional €, space &;
el

fi = UgX&Z‘:UgXUjJ. (7.21)
r

7.2.3 Zero Mode Identities

We now sum up some useful identities that will come in handy to compute the metric second
variations

ce=—8VEkAN, e = —8ifVEAN,
le=0, el Toe = —8irvVk A N,
€fi1“01“16 = —8\/E )\KZ , gfiroé =0,
Efie = 8ir A Kz , €f‘iF16 = —8if A KZ , (7.22)
where we defined
o
A=cocor,  N=ulny,  Ki=gtTy, (7.23)
T
with e] ~1 and K; respectively vielbeins and Killing vectors for the unit 3-dimensional space param-

eterized by k.

3
K = wy [¢%, 1k <Z x?) +Vk (:z:jé’” - xkéﬁ) , (7.24)
i=1

where wjy, is a 3-dimensional antisymmetric matrix of parameters.
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7.2.4 Correction to Metric

Since we are only interested in the correction to the metric, we assume that the fermionic zero
modes do not depend on the boundary coordinates and we compute the second order variations of
the metric. Then we allow the bilinear A to become z*-dependent, we insert these variations in the
Einstein equations and we apply again the procedure outlined above. Using these results we obtain

<5(2)9tt> _ 2M\f AN,

2f2
( gm«> = ;QTF;]\gAN,
(600) = 2VE k.
(69g.) = (5< 9:0) = (6Pg55) = 0. (7.25)

The last variations are absent because of the remaining symmetries of the solutions. The other varia-
tions are proportional to the fermionic bilinears. The product of the two bilinears is coming from the
usual factorization of the spinors. Obviously, they are proportional to the parameter . responsible
for the black hole metric.

7.3 Corrections to Navier-Stokes Equations

We compute now the simultaneous variation under Killing vectors and Killing spinors of the
metric (7.3) expanded around p = 0. Imposing that Einstein equations hold for the obtained metric
with local parameters we get the following constraints, which can be seen as corrected Navier-Stokes
equations.

0 = 293 (0;a; — 30opboa) + 2kr (&ai — 2801)04) +

k (k +12) (ei00i wjy (3k + 2r?) — r2NopA) | (7.26)
and
0 = —2k*9;bos + 4r* (—0;bos + oa;) + 3kr* (—20;bos + Doas) +
+2r (r? + k) Vk (k +12) (NO;A — 60 Xeijrwir) - (7.27)

In the limit » — oo these became

2 (&al — 380504) + \/% (’11}261)\ + Nao/\) = 0,
2 (80(1@- — 61'[)04) — \/g (N&)\ + 3wi80/\) = 0. (7.28)

where w; = ¢;;,w;j. Setting to constant the parameters of the Killing vectors, we get equations for A
only. The compatibility condition is

The new equations depend explicitly on the curvature k of the boundary and in the limit £ = 0
they coincide with the original Navier-Stokes equations. By computing the additional derivatives
and forming linear combinations, one finds a compatibility condition (7.29). However, this is guar-
anteed by the Fierz identity among SO(3) spinors appearing in w; and N.

The corrections due to the other bilinears N and K’ to the Navier-Stokes equations can be also be
computed along the same line. In particular, it would be rather interesting to see whether they also
affect the Navier-Stokes equations. The other missing sector of our analysis is the complete study of
the supergravity equations for a more general black hole solution depending on the charges. In that
case, the extremality conditions implies that some of the superisometries are preserved and it would
be interesting to study the modifications to the Navier-Stokes equations. We will explore this sector

in chap.



Chapter 8

Fermionic Wigs for AdS-Schwarzschild
Black Holes

“Conglaturation! You have completed a
great game!”

— Ghostbuster (NES)

In the previous chapter, we computed the corrections to Navier-Stokes equations due to the
fermionic superpartner of a non-extremal black hole in N = 2, D = 5 supergravity [39]. The tech-
nique is based on seminal work [5, 53]. Here we consider the following situation: we start form an
AdS5-Schwarzschild black hole solution of D = 5 supergravity which breaks all supersymmetries
preserving only seven isometries of the AdS space; then using the AdS-Killing spinors we perform
a supersymmetry transformation of the metric where the gravitino field is generated by the Killing
spinors. The metric acquires new terms which are proportional to the fermionic bilinears and in
terms of those we computed the modifications to the classical relativistic Navier-Stokes equations for
a conformal fluid on the boundary of AdS space. Unfortunately, this is not enough to derive the com-
plete non-linear Navier-Stokes equations since a finite supersymmetry transformation is required in
order to compute the full result. Again following [5,53], one has to construct the variation of the met-
ric under a finite isometry (or superisometry), which satisfies the Einstein equations, then allowing
the parameters of the isometry to become dependent upon the coordinates on the boundary, one can
derive the equations of motion corresponding to Navier-Stokes equations. To repeat the program for
supersymmetry, we have to construct a finite transformation, but in that case due to the anticommut-
ing nature of supersymmetry parameters, the series truncates after few steps. The number of steps
required depends upon the number of independent fermionic parameters entering the supersymme-
try transformations, therefore in our case it depends upon the number of the independent parameters
of the AdS Killing spinors.

We can change the perspective and look at the problem in the following way: given a bosonic
solution of supergravity field equations, one can compute the zero modes of the fermionic field
equations (3/2- and 1/2-spin fields). Those solutions are the components of a supermultiplet and
they transform into themselves under supersymmetry transformations. This can be easily seen at the
quadratic level, namely, by taking into account fermionic quadratic terms of the action or, equiva-
lently, linear fermionic field equations. Nonetheless, those solutions can be extended at the non-linear
level by considering all terms of the Lagrangian and by expanding the solution in terms of fermionic
fields. That has an incredible advantage over the a solution with bosonic hair (see for example for a
recent development along that line [54]) since the fermionic wigs are automatically trimmed by their
fermionic nature.

As explained in chap. @ we mimic the algorithms introduced in [15, [16} 17, 18, [19], construc-
tions the complete solution of the supergravity equations. We start from a Schwarzschild-type solu-
tion, breaking all supersymmetries and preserving 7 isometries of the AdSs background. The metric
depends upon the coordinate » measuring the distance between the center of AdSs space and the
boundary. We choose a flat D = 4 boundary. Notice that Lorentz symmetry is manifestly broken
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by our solutions since the time is treated differently from 3D space coordinates. With the factoriza-
tion of the metric into a 2D space-time (r,t) and 3D space (z'), we can factorize the spinors into
corresponding irreducible representations. We compute the AdS5 Killing spinors and we see that
there are two independent choices which are relevant for our study. Then, we compute the variation
of the gravitino fields under the supersymmetry where the parameters are replaced by the Killing
spinors. That produces the first term of the fermionic expansion of the gravitino solutions to the
Rarita-Schwinger equation of motion. The next step is to compute the second variation of the metric
in terms of fermionic bilinears (A, N, K;). That is achieved by computing the second supersymme-
try variation of the metric. At this stage one can check whether the Einstein equations are indeed
satisfied. We compute then the effect of the interactions to the Rarita-Schwinger equations due to
fermions and to the coupling of fermions to bosons. Already at this step, the usage of Fierz identities
to rearrange the bilinears is essential to reduce all possible terms. The iteration proceeds until the
number of independent fermions truncates the series. In the process, the gauge field (the gravipho-
ton), which has been set to zero from the beginning, is generated and its field is proportional to the
fermion bilinears. We check also the Maxwell equations order-by-order.

The computation of the Killing spinors reveals that there are essentially two structures to be taken
into account (in the text we denote those contributions as 79 and 7;). In the first case the complete
solution obtained by re-summing all fermionic contributions is rather simple since the dependence
upon the boundary coordinates is very mild. On the contrary the computations of the complete
metric in the case of 7 is rather length since all possible structures are eventually generated. In
addition, the two structures, at a certain point, start to mix and therefore a long computation has to
be done. This is due to the fact that by breaking Lorentz invariance from the beginning all terms
of the spin connection, of the vielbeins and of the gauge fields are generated. Therefore we cannot
use covariance under Lorentz transformation to cast our computation in an elegant and compact
form and, generically, all components are different from zero. Technically, in order to re-sum all
contributions we compute the full solution using Mathematica. The result is provided in a form
which is still difficult to read (the electronic notebook with the D = 4 and D = 5 solutions is provided
as ancillary files of the preprint publication). Nevertheless, we make some remarks regarding the
results and we give the explicit formulas for the simplest cases.

The natural question is whether the same analysis can be done also in the case of BPS solutions.
For that we refer to the first step given in [55] and we will complete their constructions by our algo-
rithm in chap. 12| The presence of ghost modes is an issue treated in construction of [56].

This chapter is organized as follows. In sec. we summarize the main ingredients of D = 5
and N = 2 supergravity and we list the choices we made to build our complete solution. Notice
that the solution we are considering is suitable also for D = 4 and N = 2 and therefore we provide
the complete solution also in that case. We also provide some comments about spinor relations and
supersymmetry transformations. In sec. we discuss the Killing vectors of AdS5 in our coordinate
system, the boosted solution and some considerations regarding the choice of the coordinate system.
In sec. according to the precedent section we compute the Killing spinors. Finally, in sec. [8.2| we
discuss the algorithm and in sec. [8.5/we compute the metrics wigs. There, we show that even though
the metric explicitly depends upon the fermion bilinears, some macroscopic quantities such as the
ADM mass do not. The complete computation is obtained in the case for 7;. In sec. we compute
the boundary stress-energy tensor as the starting point for the Navier-Stokes equations.

8.1 Truncated N =2, D =5 Gauged Supergravity

In this section we provide some useful ingredients for our computation based on papers [76, 42,
77,143, 38| 73] 55]. We consider the model N = 2, D = 5 gauged supergravity, but we truncate the
spectrum in order to deal with the simplest solution in AdSs for the present paper.
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8.1.1 Action

The N = 2, D = 5 gauged supergravity action was constructed in [76,42,[77,143,138], coupling the
pure supergravity multiplet with vector and tensor multiplets. In this paper we consider a consistent
truncation of that action, in order to deal with a Schwarzschild solution in AdS5. We consider the
pure supergravity multiplet, formed by the vielbein ef;, two gravitini ¢/} i and the graviphoton AY,,

and N — 1 vector multiplets composed by vector fields A!,, gauginos \’ I and scalar fields qI

To gauge the U (1) subgroup of SU (2) R—symmetry group, we consider a linear combination of
vector fields A{w and graviphoton Ay;: Ay = V1Al where {Vr} are a set of constants and index
I labels the graviphoton and the IV — 1 vector fields. The gauging procedure introduces a potential

in the action which depends upon the scalars ¢’. In order to simplify this AdS; model we set the
potential and the scalars to constant, and the gauginos to zero. The resulting action is then

e 'L = LRw) - tar FiyFMN — LypDRMMDy 4y + 46°P - P
+gupe MV ALy [FRLFRs + fra” ANAT (—59FRs + 159° frc™ AR AS)]

— LT MNLRS Qi T AL AR AG (<L gFEs + 0% fuc® AR AS)
B ih FOPIGAT ypept® + g1/ 3 1P T AP + WoAT g AT oyl
— 2paTppep TP — LpaT ppep TEYC + SpavppcT PPy . (8.1)

where g is the U(1) coupling constant. Indices {F,..., K} are the very special geometry ones,
{L,M,N,...} are the curved bulk indices and {A, ..., D} labels flat bulk directions. The quantities
Qr7, Crrx, trr%, B, h 1 are related to very special geometry (see chap. and [77, 143} 138] for a defi-
nition of these quantities). Notice that when the i spinorial indices are omitted, northwest-southeast
contraction is understood, e.g. Yoyp = @sz p. We define the supercovariant field strengths F\i B
such that

. i VG-
Fhp = Fip —valpy’ + = ibavph’,
Fyy = 28[MA{V] +afi ATAL (8.2)
We define also P = h! ]31. The covariant derivative reads
Duty = (0m + 3BT ap) vy — gAL P vn;. (8.3)

This action admits the following N = 2 supersymmetry:

(5€MA = %EFAwM7
Sy = Du@)e' + 15 (Fvng —49uNTR)E — %igP”FMEj :
§AL, = —¥OipTeyy, . (8.4)

We also denoted
Duy(@)e = Dy(@)e — gAL Ple;, (8.5)
where @ indicates the spin connection defined through vielbein postulate, as we will see in the forth-

coming sessions.

8.1.2 Spinors Relations

For our purpose, we find convenient to work with Dirac spinors instead of symplectic—MajoranaE]
Therefore we dedicate the present subsection to illustrate and remind the reader the translation table.

!'Index i labels the two spinor fields in symplectic-Majorana representation.
Dirac spinors are also used in [73}[55] while symplectic-Majorana ones are present in [76} 42} [77, 143, [38].
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For 5 dimensions symplectic-Majorana spinors A\! with i = {1,2}, the complex conjugate is de-
fined through

(X')* = CTo\, (8.6)
the bar is the Majorana bar
N=HTe, (8.7)
where C is the charge conjugation matrix satisfying
c’=-c, C*=-C, c?=cC'c=1,
(CTa)" = =Cly, rt, =cryc—. (8.8)
Thus, the following expressions are real
i, NT s (8.9)

Notice that the index i is raised and lowered by the antisymmetric tensor ¢;;.
For our purpose, we need Dirac spinors € and the bar represents the Dirac adjoint

e=€Ty. (8.10)

It is possible to construct one Dirac spinor from two symplectic-Majorana: one has e = Ay + iA;. For
consistency then we have € = \; —i)s.
Using the above relations we express the quantities in terms of Dirac spinors

iXp; = Re (€1)) , NTps1h; = Re (—ielp1h) | (8.11)

where Re(x) denotes the real part of z.

8.1.3 Susy Transformations

The supersymmetry transformations (8.19) for N = 2, D = 5 gauged supergravity written with
Dirac spinors are

56€]A\J =— %Re (iEFAfsl/JM) ,
1
degMN = — §Re (i€l 6Y )

. 1 -
Scthns =Dar (&) € + ——=e8h FTBC (D ape — AnapTo) e,

46
S AL = — \fRe (evarh’) | (8.12)

where

) 6 -
Fip=Fip+ T¢[A¢B]h]7
D (@) =D (@) — gAj Pr,
/)

JgIFTm (8.13)

. 1L,
Dy (@) =0wm + ZwﬁBFAB -
In order to compare this with the AdS covariant derivative

1 1
Dy (&) = O + Za;‘frAB + ieﬁm : (8.14)
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we set
gP :%Vé . (8.15)
From the very special geometry construction, h! satisfies
hih! =1, (8.16)

then, in our particular case, where the gauge fields are generated only from susy transformation
(8.12) while the zero—order is zero, we define the gauge field as

AL, = Ayht (8.17)

Doing so, all the indices I and the quantity h! disappear from the equations. Moreover, using
eq. (8.15), the A—part in the covariant derivative becomes

—gAL Py = —%\/GAM . (8.18)

Finally, the simplified susy transformations now read

A 1 A
de€hy = — §Re (zeF 51/1M) ,
1 _

OegMN = — 5Re (1€ (ar 09 )
i
4V6
s =~ YORe () 819)

dethpr =D (W) € + en FBC (Tapo — 4napTo) e,

where

) N
Fap =Fap + T¢[A¢B] ;

Dy (&) =Dy (@) — oV6 Aus
1

Dy (0) =0 + 1

1
APl A + §ef4r A (8.20)
As last remark, notice that torsion is not zero:
det + Wi nef = iij_JFAw , (8.21)

then, the spin connection w is written in terms of both vielbein and gravitino bilinears. Moreover, the
abelian field strength reads

1 -
Fyn =DyAn — DnAy = Oy An — OnAn + zzd)[MI‘Ad)N}AA . (8.22)

We are left with the vielbeins, the gauge field and the Rarita-Schwinger field, which form the N = 2,
D = 5 pure supergravity. Now, we can truncate to the bosonic sector and we consider a Schwarzschild-
type solution which is asymptotically AdS. Of course there are also more convoluted solutions with
non—constant scalar fields or gauge fields, but we do not take these cases into account in the present
work.
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8.2 Algorithms

8.2.1 Gravitino
Using definitions (8.19), (8.20), and (8.22) we get

1 1 ;
Oty = <8M + ZLDX‘/]BFAB + ief/ll_‘A — ;\fﬁAM> e+

i ! !
—|—4—\/éef/[ (I‘ABC—477ABFC)enBB nCC [eg, eg,]

. ) \/6 B
OrAs — OsAr+ J0n Tavs n™ Aw + bmvg)| - (8.23)

In order to compute the gravitino variation 1/)][\1}7] order by order we separate the expression above in
different pieces

. @][\ZV} (W)e (8[N] + 1a [N}ABF B+ eM -1 \fA ) e: this part contains “2N —1 spinors”

N]

(short way to say N — 1 bilinears and one splnor). Notice that 8%4 e is simply zero for N > 1;

4

: contains N — 1 bilinears (2 (N — 1) spinors);

o (B) pc = Tapc —4napTl'c) e this term contains always only one spinor ¢;

[ ]
Q
=
Sy
Wn
|

e e,

= —i[Yr Tathg] [N];

Dy ]>RS = [(DI)RSA nAd AA’] [N];

N
¢ (B) = il
With these definitions, (8.23) becomes

=

Ny N v (N e\ BD CE
0 Yy =Dy, (w)6+4\/6 (e )M(B)ABC (C )DEn n~rx
[Np]
X [Do——4[b—+12( ] . (8.24)
RS

To obtain the correct perturbative order [N] for 5£N] Y the quantities N., N, Nc and Np must take
the value as shown in the following table.

N N, | Ng | No | Np
(1] (1/2) | [1] (0) | (1/2) [ [1](0) ] O
2] (3/2) | [1] (0) | (1/2) | [1] (0) | [1] (1)
(3] (5/2) | [1] (0) | (1/2) | [1] (0) | [2](2)
2] (1) | (1/2) | [1] (0) | [1) (1)
[1] (0) | (1/2) | [2] (1) | 1] (1)
[4] (7/2) | [1] (0) | (1/2) | [1] (0) | [3](3)
2] (1) | (1/2) | [1] (0) | [2](2)
(1] (0) | (1/2) | [2] (1) | [2](2)
2] (1) | (1/2) | [2] (1) | 1] (1)
3] (2) | (1/2) | [1] (0) | [1](1)
[1] (0) | (1/2) | [3] (2) | 1] (1)
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The numbers in square brackets are the perturbative order of the various pieces (see sec. )
while the ones in round brackets are the numbers of bilinears in the term, with the convention that
1/2 bilinear = 1 spinor.

Now, we have to give explicit algorithms to compute CV], DEN}, D[QN} and Dz[,)N].

CIN]

Using the conventions given in sec. [4.2.1] we obtain the following result

(0 et -

_Z IPIR (I —p 1S (8.25)

DM

To obtain the DY) term we need D!’ and the gauge field with flat index A = = [efAR] N For
the former we have

(DEN]>RSA =—i[PrTa ws]][N} =

__Zzw[ T ¢[N pH (8.26)
while the latter reads
A = [ R =
_Z [p] A[N p+1] (8.27)
p=1

Then, DQN} becomes

_ [p] AA" 4[N—p]
- <D1 )RSA” AN (8.28)

DM
Last, in analogy with (8.26) we have

(D:[)’N])RS == MRwS]][N} =

—ZZ@Z)[ q/}[N P (8.29)

8.2.2 Vielbein and Metric
The vielbein is obtained as in eq. (8.19)

SeeluA — ;R (zeFAw[N]> (8.30)
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then, the metric becomes

Mo = Ze[ﬁ];‘ o T g (831)

8.2.3 Alternative Metric

The metric is obtained from the susy transformation eq. (8.19)

1 .
M gnn = — Re [i€T (a9 ) M
1 W [N—p+1]
_ , p+
= —5Re zZee(M LAty . (8.32)
p=1
8.2.4 Gauge Field

Gauge field follows directly from eq. (8.19)

SN Ay = —‘f’Re (wkﬁ) . (8.33)

8.2.5 Background Setup

We choose an AdS;5 solution of pure Einstein gravity as background

3
1
d52 = —T2dt2 + *2d7"2 + T2 5 dﬂ?? 5 AM = 07 ¢M = 07 (834)
r
i=1

where the metric is given in the Poicaré patch. Notice that in this initial set up the gauge field and
the Rarita—Schwinger fields are set to zero [74] and AdSs radius is set to 1. The associated non-zero
vielbein components are

&) =r, e, =—, el =rof; (8.35)
while the non-zero spin connection components are
01 al a
wpt =1, wi =1y . (8.36)

Notice that we will use capital Latin letters to indicate bulk directions (i.e. M, N run from 0 to 4)
leaving Greek alphabet to boundary ones (i.e. p,v run from 0 to 3) furthermore {¢,r,i} are curved
indices and {0, 1, a} represent flat ones.

In presence of a uncharged, irrotational black hole eq. becomes

3
W
ds? — — <7~2 i 72) ae + o sdr? 42y da?, (8.37)
r? i=1
in this case the non-zero vielbein components are
1
ed = 4/r2+ % : el = — | el =rof; (8.38)
T ,,,.2 + 7.%
and the non-zero spin connection components are
1 1

w?l—r—r—?), wil = 7“2—|—r—25§l. (8.39)
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Convenient coordinates are the Eddington-Finkelstein ones. They are defined through the following
change of variables:

1
t=v+ -, (8.40)
-
thus we get

3
d%s = —r?de’® + 2drdo + %> daj . (8.41)
=1

In this case the non-zero vielbein components are

7 )

1 1
e =r, eV =—=, el ==, el =rof; (8.42)
r r

1
Wit =, Wit = —= wM =78, (8.43)

Eq. (8.37) in this coordinates system is
3
ds? = — <r2 n %) dv? + 2drdo + 12y da?, (8.44)
i=1

where we used the following change of coordinates

t:v—/ L a4 (8.45)

2 4 B
e+ s

8.3 Killing Vectors for AdS;

The basis [5, 53] for deriving the boundary equations of motion is the analysis of the isometries of
AdS space. On a second step one can evaluate which of those isometries are preserved by the black
hole solutions and in terms of the broken isometries one can build local transformations, where the
parameters are replaced by local expansion on the boundary coordinates.

We would like to underly here that the supersymmetry transformations, viewed from the bound-
ary point of view, can be separated into supersymmetry and superconformal transformations. The
latter would not introduce new degrees of freedom on the holographic fluid on the boundary, nonethe-
less it is simpler to take into account all possible deformations and at the level on Navier-Stokes
equation it will become evident which combinations of parameters can be compared with fluid d.o.f.
(see also chap. 3 for further discussion).

Even though we are interested here only in the fermionic wigs, we present once again the form
of bosonic Killing vectors. That will turn to be useful in the forthcoming analysis.

The Killing vectors for metric read

. 2 1 1
E=——+ c—t(xjej+e)—§xjxjc+djxj+d,

2 ' 22
& =rtc+r(zjej +e),
i IR i R T I R T B ij i
= 2273 e’ —tx'c+td +§Z‘j$]€ —a'zje! —a'e+wr; +h', (8.46)
’

where the 15 infinitesimal parameters are interpreted as follows: {d;} are the boundary boost pa-
rameters, {d, h;} represent translations in {t, azl} directions, e is the dilatation, {c,e;} are associated
to conformal transformations and {w;;} is the antisymmetric tensor responsible of the 3 rotations in

{z:}.
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The variation of the black hole metric in the Eddington-Finkelstein coordinates (8.44), generated
by these Killing vectors with all the conformal parameters set to zero reads

ds? =2dv dr — h? (r) dv® + r2de;d 2+
2
, , b
— 2b; (1 - h;(7~)> da’ dr — 2b; (r* — b (r)) da’ dv + 4uT—2dv2 , (8.47)
where h (r) = /r? + T% In the work [5], 53] it has been chosen a different frame, and that is achieved
by setting ;1 = —1 and through a change of coordinate generated by the following vectors

r

=t =0, (8.48)

i fi(r) NP G i
C:/ 5 dr + wir! +d'

2

where f* (r) = b5 , @) is an antisymmetric matrix and d' is a constant. We get

ds? =2dvdr — h? (r) dv? 4 r2dzd '+

— 2b;da’ dr — 2b; (r* — B* (r)) da’ dv — 47%@2 : (8.49)

8.4 Killing Spinors for AdS;

Here we compute AdS Killing spinors. We found that there are two independent solutions. These
are obtained by first factorizing the Dirac spinors into a 2D spinor and a 3D spinor in their irreducible
representations.

Notice that, since we are interested into the complete solution — namely all powers of fermions —
we have to deal with the fermionic nature of the spinor fields. Therefore, factorizing the spinors into
a product of spinors in lower dimensions, we have to declare the statistic of each part. As a matter
of fact, we saw that the map between the original fermion € and its decomposition € ® 7 spoils the
correct number of degrees of freedom only if all possible choices are taken into account. Namely, we
have to choose first ¢ to be anticommuting and 7 commuting and subsequently e commuting and 7
anticommuting;:

e=cla®@nlc+elc®@na. (8.50)

The generalization to an arbitrary number of dimensions is straightforward. As we will see, in the
present case € has only one degree of freedom. This allows us to consider just € = ¢|¢c ® 1|4. In the
forthcoming we will drop indices A, C.

The Killing spinor equations for AdS read

1 1
(31\/[ + Zw%ﬂ’ab + 26‘}\4I‘a> e=0. (8.51)

with 'y, = % ([eI'y — T'pI'y). In components we have
8te+gFo(F1+]l)e:0,
1
ore+ —I'1e =0,
2r
Bre + gri (C1+1)e=0. (8.52)

We can divide the 5 dimensional space in two parts: {¢,7} and {z'} using the following gamma
matrices parametrization

Iy =ioy ® 6y, 'y =0 ®dg, I'yn=03®06,, (853)
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where oy is the identity matrix in 2D. Hatted matrices refer to zt space. In this way, the solution of

eq. (8.51) is

1
€= (\/77 - t\/;ff?)) g0 ® M1 — \/ro3e0 @ 12, (8.54)

where
ne =G +no (8.55)

and 7, 1o are 2-dimensional complex spinors (and so contain 8 real dof’s) while ¢ is a real 2-
dimensional spinor with only one dof. The total number of degrees of freedom is then 1 x 8. The
solution (8.54) can also be written as

1 .
€= WUO ® 600 @M — \Vrog ® (t60 + 2'6;) €0 @ M1 — /o3 ® oo @ 1o - (8.56)

Notice that € M ¢ reproduces the Killing vectors (8.46) as expected.

8.5 Results

In this section we collect the results obtained from the algorithms described in the previous chap-
tersEI First, we present the AdSs wigs constructed from one of the two Killing spinors 7y and 7;.
Since each of them contains 4 real degrees of freedom, the series truncates after the second order in
bilinears.

The wig which depends only on 7, turned out to be too simple: we show that it gives no contri-
bution both to the ADM mass and to the boundary stress—energy tensor.

m # 0, mo = 0 case is more interesting: the explicit dependence on the boundary coordinates
leads to a modification to black hole Killing vectors. Furthermore, the boundary stress—energy tensor
is not trivial and it will be discussed in section [8.6]].

In order to present the result in different ways, we give the full wig and two particular limits of it:
expanding in one case around small iz and in the other one around large r. The former limit allows
us to study a simplified, but a complete, metric while the latter shows the near boundary geometry.

The most general wig, obtained taking into account both 79 and 7, is derived. The degrees of
freedom are now 8, then the algorithm has to be iterated to the fourth order in bilinears. The full
expression is really cumbersome, even in the small ;« and large  limits. Then, we do not write it in
this work, but the interested reader can find an electronic version in the ancillary files of [7].

We repeat the procedure described above for the AdS; wigs. Apart from numerical coefficients,
we find no substantial differences from the AdSs5 case. For this reason we present only the simplest
results, leaving the complete wigs in the ancillary files of [7]. Last remark, all wigs computed are
asymptotically AdS.

8.5.1 Resultsfor D =517, =0and ny #0

In this section we compute the finite black hole wig choosing 71 = 0 and 79 # 0. We introduce
the following bilinears

M = —inlno, Vi = —iniéino, A= ebeo, (8.57)

with these definitions, M and V; are real numbers.

*Notice that Fierz transformations (see appendix ) are used throughout the computation.
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Complete Wig

The metric at first order is

n,— ___*#
0Hg r2h(r))\Mdrdt’ (8.58)

where we defined h (r) = /72 + 4. The metric at second order is

5Plg = (=302 + pr® (=7r + 10h(r)) + 1207 (r — h(r))] N> M? dt*+

- 32rd

+ W [ur (147 — 3h(r)) + 167° (r — h(r))] A2 M2 A2+

+ 3% (rh(r))*/? [pr (14r — 15h(r)) +10r° (r — h(r))] A2 M2 dr?+

o L (B4 () 85— h(r)] XMV dida (359

The gauge field is zero at every order.

Expansion

The complete metric result is now presented here in large-r expansion and this coincides with the
small-/, expansion.

1
ds? — — <r2 + “) a2 + ( - “) ar? + r2di2 — — P AMdrdt+

r2 r2 6 r2h (r)
Bl a2 1,2 | S 2 g2 g2 B 2 ax2 1.2 3M2 2 i
— — A\ M*“d¢ — N M*d7* — — N M>dr* — — "M V,;dtdz" . 8.60
32 D YT 1604 " 394 o (8.60)

ADM mass

Following the procedure outlined in [55, 78] we compute the ADM mass for the g # 0, 71 = 0
case. The ADM mass is defined as

1
Bapu =g [N (K = Ku). (8.61)
b

where N = , /gy is the norm of the timelike Killing vector 0, K is the trace of the extrinsic curvature
of a spacelike, near-infinity surface ¥ and Ky is K computed in the background AdSs geometry.
Using the definition of extrinsic curvature (see chap. [2) we can rewrite eq. (8.61) as

1
Eapy = —%N(n“ —nf)d,As (8.62)

where n* is the vector normal to ¥ and Ay, is the area of ¥. In order to consider a near infinity
space-like surface, we use the large—r metric eq. (8.60). We define a new radial coordinate

Pt =r?+ %‘A? M2, (8.63)

thus, the area of X is simply p®V,,, with V}, the coordinate volume of the surface parameterized by x".
The ADM mass is then

3uVy 1
= — - 8.64
Eapum el @) (p) , (8.64)

which is the result for Schwarzschild black hole. The wig constructed by bilinears only in 79 gives no
contribution to the ADM mass.
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Boundary Stress—Energy Tensor

Using the prescription given in section we compute the stress—energy tensor for the black
hole wig. The result is

T = =5 (4w, + 1) | (8.65)
where u* = (1,0,0,0) is the fluid velocity in the rest frame of the fluid. In this case, we have no
contribution from the black hole wig.

We would like to point out that the first corrections computed by means of the wig reconstruction
can also be inferred by simple supersymmetry algebra relations. Indeed, we checked the very first
corrections by that means and we agree with the full computation presented here.

8.5.2 Results for D =5:1n; #0and 7y =0

In this section we compute the finite black hole wig choosing 71 = 0 and 79 # 0. As in the
previous case, we introduce

N = *ininl s Kz = —ini&ml s A= 6660 s (866)

where again N and K, are real. Notice that in order to present the results we write the first terms in
the large-r expansion.

First order in p

As a first check, we want to determine only the effects due to gauge field and not to bilinears in the
gravitino field. For this reason we consider the first order in the expansion around ;. = 0 neglecting
the contributions coming from bilinears in the gravitini, since they contribute to order O (1?).

The metric at first order is

A 75 .
olllg = — 22 (Nt + Kia') df? + 22 [- N (# + &) — 2ta; K] dedr+
T
2 i PA i A kY 5. 30,0
— 25 (tK; + o) dide’ + ZE K drde’ — 15 (Nt+ Ky ) oy de'da? (8.67)

The metric at second order is

5og = — ﬁv N 2%t K (4472 (£ + 2%)) + N (142 (£ = 32%))] dt*+
— ﬁv N [Nt + r’ta’ K; (82 + 2%)] dr’+
_ T%A? N[EN (2472 (2 = 2%)) + 2" K; (1+ 202 (362 + 93’2))] dtdr+
n ﬁv N [-2r?z; (3t N + 227 K;) + K; (1 4% (=3t + 7%) )] dtdz'+
_;‘?QN[Q(NJFST?WK]-)HK (=1+2r% (¢ — 72))] drda’+
NN [N (42 (12 4.38)) by 4 4t K (<1402 (24 ) dt
Nz + e K] defdad . (8.68)

In this limit, the gauge field is zero at each order.

Large  expansion

Here we compute the large-r expansion of the metric corrections.
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At first order, we have

g = — 7%)\ [IN+ 2/ K,] df? — 7%)\ [2t2' K; + N (12 + 2%)] dtdr+

_ " 4 i Mo it k datdad
TSN (K +2:N) dida’ + S K drde 2r2>\(tN+w Kk> 5y daidad . (8.69)

The metric at second order is
s8g = — pA?Nt' K; (2 + 7%) dt*+
— %‘Vmi NK; (£* + &) dr’+
- GVN[IN((£ - 2%)) +20'K, (3¢ + 2°)] dedr+
+ 5NN |22 (3NE+ 20F Ky ) + K (=36 + )| deda’+
_ %/\2 N [4t2xixkk‘k + K (12— 52)} drdzi+

1 o
+ uN’N [tmk Ky, (£ +27%) 65 + 5,2 (i K; =2 inxj)} dz'da? . (8.70)

The only non-zero components of the gauge field are the A?}

A2 = 3VO
© 25670

Negpa! NKY (82 + 2%) . (8.71)

Complete

Here we present the complete wig depending on 7; bilinears. The first order is

Iz i H = i
sy = — A (r) N+ 2 K;] dt* — r2h(r))\ [(#* — 7%) N+ 2t2' K;| dtdr+

A (r— h () [t K + 23 N] dtda’ — rhl(r) (r = h(r) K; drdai+
+ A (r—h(r) [tN+2'K;] §; da'da’ . (8.72)
The second order is
§lg = — BT (22t K (—3p2 (—11 + 402 (2 + %)) + 3 (9 + 42 (2 + 7)) +

PR () 28 (54 (1 ) (o2 o () +

N <M2 (11 +6rt (12 +22)% 2 (1362 — 3152)) +

Loy (_3 + 67t (=2 +72)% 4+ 72 (=252 + 11:32)) (=7 +rh(r) +
i (28 (<2 4+ 22— 6% () + 04 (1T 4 20 (P + @) (1) +

—r% (8rt*h (r) + 7 (37 + 8r2®h (r)) — t* (31 4 16r7°h (r)))))] dt*+
1

" 160h (1) ’

+u (22rh (r) + 1% (=21 45 (£ — 2%) (—r* + 4rh (1))))) +

+2' K; (107’4 (-1+ 2 (3t2 + :52)) (77‘2 +rh(r)) + p(14rh (r) +
+r2 (7+9 (382 + 2%) (—=r* +4rh(r)))))] dtdr+

N2 [Nt (27* (31 + 72 (82 — 22)) (=2 + rh(r)) +

1 A
+—— NN [4r?t2 K; (20 — 27°h (r) +
87 (h(r))’ : ( )

b (b () 42 (2 (4 ) (% + 57 () +
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+N (27"4 <5 +2r% (=2 + 32) + 20 (7 + 57’2)2> (r* —rh(r)) +
+u <5r6 (-t + 52)2 —5rh(r) +2r* (5+ 7 (=5t> + Z*) h(r)) +
r (37“t4h( )+ 3r@th (r) — 2 (=4 + 3rz®h (r)))))] dr*+

+ 32—5 NA? [Ky (ur (6 +r* (382 +7°) 4+ 37 (=t + 2%)) +
+2r° (3 + 17 (9% — 52%) + 4rt (—t' + 1)) +

—2r314 (N (13,u — 2r4) t+ 2" K; (—14r4 + 876 (3t2 ) +
o (1437 (32 + 2%)))) — (Kq (0 (=14 2r* (382 +7°) +
+rt (tt = 2Y)) + 20t (3412 (92 — 527%) + 4rt (1 + 2))) +
+2r?z1 (2N (—p+ ) t+ 2" K; (140" — 870 (3t* + 2°) +
+u (24 2 (3t2 + 52))))) h(r)] dtdz+

. NM[-2 N (=2 (22" K;r? (=150 + 7rH) ¢
+32T6(h(7“))3 [—2 (u+7") (—21 (22" Kir? (—15u + 7rt) t+

+N (11r* + 2500 (=82 + 2) + 2+ 9% (-2 +7%)))) +

+ Kt (13" + p (4407 (787 = 92%)) — v (582 + 2°))) +

—r® (Kqt ( 26r" + 2% (5¢% + %) + p (=29 + r? (762 + 33%))) +

+ (22" Kir? (9p + 14r%) t+

+N (22r + 5078 (=12 + &) + p (23 + 43r% (=2 + 72))))) h (r)] drda’+

NOZ = (o 1) (—da" Kot (130 + g (1450 (82 + 7)) +
N (4 (rt = ar® (2= ) 4+ 3% (12— ) +

1 (6+5r4 (2 = 2)% 4 % (~11£% + 32°) )))+

( 20F Kyr2t (260 + 1 (23 + 202 (£ + %)) +

+N< ( —2?) 4308 (12 — ))+

+,u(4+117" (#2 —1:)2+T —15¢2 4 2372) )))h
—(u+r4)( ( N+ 82" Kyr? (i + 2r%) )xx
+(Kizj + Kjz) t (u (=3 +4r* (£ = 2%)) + 27 (T+ 4% (£ — 77)))) +
+r? <<—5 Ny + 162% Kpr? (1 + ) t) T2+

+2 (Kizj + Kja) t (4 (1472 (82 — %)) +

(T4 4r (£ — 7%)))) h(r)] da'da’ .

8.5.3 Results for D =4: 7, =0and ny # 0

Schwarzschild black hole metric

where f(r) =

ds? = f(r)®dt* + f(r)~2dr? + r?d#®

77

(8.73)

The AdS,; model is very similar to AdSs one. For our purpose, the only relevant difference is the

(8.74)

A2+ % Due to the fact that 2— and 3-dimensions spinors have the same number of

degrees of freedom, our algorithm can be applied with no modifications. Notice also that the Killing
spinors are written in the same way of eq. (8.56), where z* denotes only z1 and z».
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Last remark, in 4D I's is defined by dimensional reduction from 5D as
I's =03 ® 03, (8.75)

then, bilinears in n with &3 are still present.

Complete Wig
The first order is
3
Mg—= - 2% \m 7
0Hg It (r))\ drdt . (8.76)
The second order is
5[2} 39,2 — N2 M? (77‘ ) [,u + 272 (r—f (r))] dt?+
- W)P M? [11p2 + 14pr® + 1 (250 + 287‘3) (r—f(r)] Sijdztda? +
-~ 6—4)\2 MV, [4pr + (1 +8r%) (r = f (r))] dtda’+
3 )
+ ——— N2N?[2ur + (Bp 4+ 4r3) (r — dr? . 8.77
2 ) [2ur 4+ (34 47°) (r — f (r))] dr (8.77)

Notice that, as in the 5~dimensional case, the gauge field is zero at every order.

8.54 Resultsfor D =4:17; #0and n, =0

In this section we compute the finite wig choosing 1y = 0 and 1; # 0. We introduce the following
bilinears

N = —inln, K; = —inl 6, A= ebeo, (8.78)

with these definitions, N and Kj are real quantities.

First order in p

As in [8.5.2], we focus on effects due to gauge field and not to bilinears in the gravitino field,
considering only the first order in the expansion around p = 0. The metric at first order is

ollg = — 2/\7“2 (Nt + K;a') dt? — i—‘i [6r°t (Ka®) + N (=1 +3r% (2 + 2%))] dtdr
)\’u' A 7 )‘M i 1
- 25 (Kit+ Nay)deda’ + —K drda’ — 2 (Nt+ kak) 5ijdaidal .
(8.79)
The metric at second order is
ollg = — NN [20% (Kia) [7430% (2 + )] + N [L492 (22 = 57%)]] 4t +
- i’vat [N+ (Kpah) [+ (2 +2)]| a0 +
— @)\2 N [Nt [5 + 372 (t2 — :L‘lx’)] + 2 (Klacl) [1 + 3r2 (3t2 )H dtdr +
Koo ) k 42 i
- XN [x (3Nt+2ka ) 2Kt } dtda’ +
-~ 4%% N [(Nz; — tK;) + 7% [3K; (£ — 7%) + 122,27 K;]] drda’ +
— %)\2 N [(—1 + 7% (2 +53%)) 655 + 6r*ta" Ky [-1 + 2 (2 + 72)] 655+
—4r* Nazj + 2r°te; K| da'da’ (8.80)

For both orders, the gauge field is zero.
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Large-r expansion

Here we compute the large-r expansion of the metric corrections.
The first order metric is

sty = ;“ (Nt + K;z') di? - 3 5 [2t (Kia') + N (¢ + 2%)] dtdr +
A\ i )\M i
- 5 (K t+ Nz;)dz'dt — o K;dz'dr +
- ;i: (Nt + Ka') §;dz’da’ . (8.81)
The second order is
5= — 3—”)\2 Nrt (Kiz') (% + 2%) dt* — 47’3 NNt (Kia') (¢ + %) dr® +

- 83‘; NN [Nt (£ — 22) + 2 (Kia') (32 + 72)] dedr +
- AN 2Kt + 2 (2 Ky + 30N | deaa’ +

= %V Nt 4o, (Kpa) = K (12 + :32)} drda’ +

+ LN [:m (Kia) (2 + ) by + (t Kz, — 2Nugzj)| deida? . (8.82)

The non-zero components of the gauge field are the A?}

[2] \fu

A7 = Toar S Neia! NKs (=2 + 77) | (8.83)

where ¢;; is the 2d antisymmetric tensor, with e12 = 1.

8.6 Boundary Stress-Energy Tensor

We now proceed calculating the stress—energy tensor dual to the black hole using the prescription
given in [8], [9] and explained in chap.

1
Kyn = —5 (VMTLN + VNTLM) . (8.84)

Finally we can define our (boundary) stress energy tensor as

1 1
T = = <KW KAt — 391 — 2GW> : (8.85)

where K is defined as the trace of K** and G is the Einstein tensor’| build from 4. Note that we
set Ra4s = 1 as usual.
8.6.1 Stress—Energy Tensor for AdS;

Using the prescription given in the previous chapters we present the result obtained in AdSs.
The first-order corrections are the same in 4 and 5 dimensions, while at second-order one they are
different. We decompose the contribution to the stress-energy tensor in the perturbative form as

T,ul/ = _g (4uuuy + 77,Lw> + )\,UIEE,} + )‘2/[7;[5] ) (886)

4A careful reader may have noticed a change of sign in front of the Einstein tensor with respect to [9]. This is just a
matter of convention in the definition of the Riemann tensor.
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where u# = (1,0,0,0) is the fluid velocity in the rest frame of the fluid as usual, B* = (— N, K;) is
the bilinear 4—vector. As usual, we define the projectors

P/!y = Nuv + Uy Uy P:;, = —UylUy . (887)

The first order of 7}, is

d 1 o
7;[11/] = 7§ (B "I)(T]uy+duHuu) +4 ('uppl})O—B[p ]} 5 (888)

where d refers to AdSg 1. Notice that the second term in eq. (8.88) resembles a vorticity term. Actu-
ally, the relativistic vorticity term is defined as

A = PP vl (8.89)

In our case the second spatial projector is actually an orthogonal projector, that in fact, mixes space
and time components as a result of the supersymmetry. B may be seen as a “super-correction” to
fluid velocity. However, a deeper analysis is due.

The second order reads

7 = —1rs{ B 6B) + ot BB <280 [@B) + By | |+

+ iP,:‘V {15 (+B)* (#B)' + 2% (BB)* — % (B-z) (+B)' + %:ﬁ (BB)"}

1 /d\? 1 1
+ = <> (B- m)2 (M + 4dupuy) + 2 (BB)"'z,z, — T (zB)"' B,z )+

2 \4
1 1 1
1 L PRl e € PO 1L ppo,2
with d = 4 and
VW)t =PLVrw”, (VW)' = P),VEW" (8.91)

and we have used Fierz identities (see appendix [[H]) to substitute
1
(B-z)? = |2(zB)* (zB)" + §x2 (BB)*| . (8.92)

We can analyze the coefficient associated to the tensor (4u,u, + 1,.). For the perfect fluid, this coef-
ficient is related to temperature T’

T o T4 (dupuy + M) (8.93)
We have
il d LA o m o 2] o exo | @
5 1—1—4/\(B 3:)+2 <4> A (B-xz)”| < T%exp 4)\(B x)| , (8.94)

where we reconstructed the series in the bilinears B. Doing this, the temperature of the fluid is
modified as follows

T — T exp [le)\ (B- x)] . (8.95)
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8.6.2 Stress—Energy Tensor for AdS,

81

The computation for the AdSy case is similar to the previous one. We consider the perturbative

expansion

(Suuuu + 77/“/) + )‘M’Tu[y + A2H7—/:£12/] )

T, = —%

where we have defined 71! as before and

pv ] mw

1 1 Z 1 I l 2 1 2
+ QPW {4 (zB)~ (zB)" + 6456 (BB)” + (B -x) }
1 1 1 Il

o (BB)" z,2, — — (#B)"'B(,z,)+

1 /d\? )
+5 () B-2)” (nuw + 3uuuy) + 16

2\4

1 1
+P' pPL {x[ﬂBfﬂ [2B~x — = (xB)i] b3 g (BB)* — 32303%2} :

(ulp™ v)o 4 64

with d = 3.

(8.96)

(8.97)
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Chapter 9

Fermionic Wigs for BTZ Black Holes

“(to a dying Reaper; Renegade) Tell your
friends we’re coming for them!

(calls another orbital strike) Never mind. I'll
tell them myself.”

—Commander Shepard, Mass Effect 3

In chap. [8| we constructed the complete solution, starting from non-extremal black holes, for
N =2,D =5and D = 4 AdS-supergravity. The construction presented in that chapter was based on
a Mathematica package used to “integrate” the fermionic zero modes of the solution into the metric
and the other fields. The word “integrate” means, in the present context, the re-summation of all
fermionic contributions to fundamental fields. This procedure is also known as “gauge completion”
and it has been used to re-sum all components of a given superfield.

In the present chapter we analyze a simpler situation where it possible to compute all contribu-
tions analytically and we present them in a compact and manageable form. For that we consider
N =2, D = 3 supergravity theory [79] 10, 11} 12} 180, 81 (82, 83].

It has been pointed out that this theory is a topological one and therefore it does not possess any
local degrees of freedom, that is all fluctuations can be reabsorbed by gauge redefinitions. Neverthe-
less the theory has non-trivial localized solutions with singularities such as black holes, which are
trivial solution except for the fixed points of an orbifold action (the orbifold is defined in terms of a
discrete subgroup of the isometry group [11]).

Our motivations stem from the fluid/gravity correspondence discovered in [5, 53] and extended
in [7] to fermionic degrees of freedom. Starting from a solution of a gravity /supergravity theory on
AdS background such as black hole or black-brane solution, one acts with certain isometries trans-
formations whose parameters depend on AdS-boundary coordinates. The transformed expressions
are no longer solution of the equations of motion unless those local parameters satisfy some non-
linear differential equations. They are the Navier-Stokes equations for the boundary field theory. In
chap. [/, we showed that by extending the construction of [5,53] it is possible to derive the fermionic
corrections to Navier-Stokes equations in terms of fermion bilinears. The latter may acquire a non-
vanishing expectation value yielding physical modifications of the fluid dynamics. Despite the orig-
inality of the result, our analysis in chap. [/]was limited to the linear approximation since we did not
possess the result after a finite superisometry. For that reason, in chap. [§fwe constructed the general
solution. That reveals several interesting aspects that we present here in a simpler set-up.

The procedure can be also adapted to BPS objects and it will be presented in chap. The
choice of the non-extremal solution is made to simplify the computation since all supersymmetries
are broken and any transformation can be used to construct the complete wig.

In the present work we start from BTZ black holes [10, 11, 12]] for N' = 2, D = 3 supergravity
[80, 181] and we construct the corresponding wig. We first compute the fermionic zero modes then, in
terms of them the gravitini, partners of the black hole, and finally the complete solution. The gauge
tield, which is zero at the bosonic level, becomes non-zero by fermionic corrections. We compute all
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charges associated to the BTZ black hole with all fermionic contributions. Finally, we compute the
new stress—energy tensor on the boundary of AdS relevant for the fluid/gravity correspondence.

9.1 N =2, D =3 AdS Supergravity

As mentioned in the introduction, we consider the simplest non—trivial example of N' =2, D = 3
of [79,180] which is described by the vielbein e, the gravitino (complex) ¢, an abelian gauge field A
and the spin connection w*?. Those are the gauge fields of the diffeomorphism, the local supersym-
metry, the local U (1) transformations and of Lorentz symmetry. The gauge symmetry can be used
to gauge away all local degrees of freedom except when some fixed points are present, namely for
localized singular solutions [10| 11} 183, 84].

The invariant action has the following form

A -
S :/ (RAB AeCeanc — gef“ NePAeCespo — U ADY — 24 A dA> , (9.1)
which in components reads
S = / @z [e (R+2A) — Yy Dnyre™NE — Apoy Age™NE] | 9.2)

where R is the Ricci scalar, {4, B, ...} label flat indices and {M, N, ...} refer to curved ones. The
action is invariant under all gauge transformations and it can be cast in a Chern-Simons form. For

AdS3, the cosmological constant is set to A = —1EI The covariant derivative D is defined as
_ 1

where D = d + 1wAPT 4 is the usual Lorentz-covariant differential. It can be easily shown that (9.2)
is invariant under the supersymmetry transformations

5 = De, deet = = (Pt — gT4e) | S A=~ (& —pe) . 9.4)

FSQES
IS

The spin connection transforms accordingly when the vielbein postulate is used to compute w*5.

The metric signature is (—,+,+) and the gamma matrices I'* are real. From (9.2) we deduce the
following equations of motion

Dy =0,
dA = 29 Ay,
1_
De?t = 19N 4y,
1 _
RAB _ AeA AP = ZSABCM% . (9.5)

The third equation is the vielbein postulate, from which the spin connection w4 is computed. It is
possible to check the above equations against the Bianchi identities. Note that the theory is topologi-
cal and therefore it can be written in the form language The gravitino equation is nothing else than
the vanishing of its field strength, the second one fixes the field strength of the gauge field and the

fourth one fixes the Riemann tensor.

Note that AdSs radius and the Newton constant are set to one.

2Using the forms, the gauge symmetries are obtained by shifting all fields e® — e + ¢4, 9 — o + 1, w — WP + kAP
and A — A + C and consequently the differential operator d — d + s. &4, n, k4P and C are the ghosts associated to
diffeomorphism, supersymmetry, Lorentz symmetry and U (1) transformation, respectively and s is the BRST differential
associated to those gauge symmetries.
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9.2 AdS; and BTZ Black Hole

85

In the present section we describe two solutions of supergravity equations of motion (9.5): the

AdS3 space and the BTZ black hole in AdSs.
In global coordinates, AdS3 metric is

ds® = —f2dt* + f2dr? +12d¢?
where f? = r? + 1. The associated vielbeins are
eV = fdt, el = fldr, e? =rdg,
and the spin connection components read
W = rdt, Wl = 0, Wl = fdo .

The flat metric 74 is mostly plus (—, +, +). The gamma matrices are defined as follows

Iy =iog, I'y =03, Iy =01, {Ta, '} =2n4B.

Then, the Killing spinor equations read

1
8r6+ﬁfle:0,

1
6t€+§(—7“rg+fr0) 6:0,

1
8¢6+§(T’F2—frg)€:0.

(9.6)

(9.7)

(9.8)

(9.9)

(9.10)

The index of gamma matrices is flat since the vielbein is written explicitly. Note that (fT'; 4+ r['g)? =

1. To solve egs. (9.10), we define the projected spinors

e+ = xlet,
hence, equations (9.10) read

1 1
Bre++ﬁe+:o, Bre_—ﬁe_:o,

1 1
6t6++§(f—r)6,:0, ate,—i(f+r)e+20,

1 1
8¢6++§(r—f)e,:(), 8¢6,+§(7’+f)6+:0.

Solving the r—equations we have

e =0+ )7 (4 0) e =0+ N0 (t,9),

thus the t-and ¢—equations reduce to

1 1

o+ + 5= =0, on- — 5 =0,
1 1

Opn+ — 5n- =0, O+ 51+ =0.

The solutions read

(9.11)

(9.12)

(9.13)

(9.14)

(9.15)
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that is

A (- 7))
X (cos [t;ﬂ 1—sin [t;ﬂ F0> ¢, (9.16)

where ( is a spinor with two complex Grassmann components (; and (».
Having analyzed the AdS3 space we now deal with the BTZ black hole. In global coordinates, it
is described by the following metric

2
ds? = —N2dt® + N72dr? + 2 (N Odt + dqb) : (9.17)

where N and N? are defined as

2
J N = L (9.18)

N=-M+r2+ 2
\/ +T+4r2’ 272’

The parameter M is identified with the mass of the black hole while J represents its angular mo-
mentum. Notice that neither N nor N¢ depends on coordinate ¢+ which means that the solution is
stationary. The non-zero vielbein components are

¥ =Ndt, el =N"ldr, e? =rN°dt + rd¢, (9.19)
and the non-zero spin connection components read

J 0 J

1
= — =—Ndo. 2
27’d¢’ w'o 27’2Ndr’ wo do (9.20)

WO =rdt —
The existence of a horizon is constrained by [10, 11]
M >0, |J| < M, (9.21)

the case J = 0, M = —1 reduces to empty AdSs3 while the case —1 < M < 0 can be excluded
from the physical spectrum since it corresponds to a naked singularity. Note also that for » — oo
the metric approaches the empty AdS3 solution (9.6). It exists also an extremal solution for M = |J|,
which preserves two of the four supersymmetries of AdS3. In the present case we want to focus on
the non—extremal case where all supersymmetries are broken.

It is useful to define the following real bilinears

By =—i¢'¢, B, =—i¢loi(, B, =i(o5¢, Bs = —i¢To3(, (9.22)
from which we compute

€e = By,
éloe =i[—fBo+ 7 (cBs — sBy)],
e =—i[cB1 + sBs]
él'ge =i [—rBo + f (cB3 — sBy)] , (9.23)

where ¢ = cos(t — ¢) and s = sin(t — ¢). Due to the anticommutative nature of ¢; and (s, the
following identities hold

B}=B3=B3=-B, BB;=0,i#j, Bj=0,n>2. (9.24)
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9.3 Wig for General BTZ Black Hole

The superpartner of a generic field ® is constructed by acting with a finite supersymmetry trans-
formation on the original field [74]:

1
@:e5eq>=q>+5eq>+§5§q>+.... (9.25)

In the present case, it is more useful to deal with an expansion in powers of bilinears of e. This
is denoted by the superscript [n|, which counts the number of bilinears. Due to our choice of the
background fields, we have

1
B — %53’13 Fll = mazn o n>0, (9.26)

where B and F are respectively bosonic and fermionic fields. Then, for fermionic fields [n] counts
n—1 bilinears plus a spinor € while for bosonic fields it indicates n bilinears. The n = 0 case represents
the background fields

A= ed] Yl = Al —o. 9.27)

In this formalism, from susy transformations (9.4) we derive algorithms to compute iteratively the
various fields

m__ 1
M = Gy P
e[ﬁAzzl(z )TA [n]—i-hc
Al = ( e+ h.c. . (9.28)
Then, the wig order by order is written a
[n] (p] A [n P] B 9.29
IMN = Ze M €N) AB - (9.29)

At first order in bilinears the gravitino 1-form reads

1

w[ll _

; (N—f)ro—;rr%é(dt—dcﬁ)—kl(l—1— ] )Fledr. 9.30)

2\N f 22N

The first order wig is

1 1
1 2 2 2 2
g = [M —#*+ fN] Bz dt® - SN [2r* (N = f) + fJ] Badr®+
— é [J +2M — 2% + 2fN] By dide + éBg d¢? . (9.31)
The gauge field isﬁ
1 J J
A = LBo (7= )= 5 ) + (eBa 5By (—r (v = )+ 20) | @ - a0
1 1 1 J
*Note that emeny = % (emen +enenr).

4cand s are defined as in (9.23)
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The first order of the spin connection is obtained from the vielbein postulate. Using standard coor-
dinates transformation, the singularity in N = 0, being apparent as in the zero order metric (10.3),
can be removed. Notice that all dangerous 1/N terms appear along the dr component. The pattern
repeats itself at the second order.

Iterating the procedure, namely by inserting the first order corrections in (9.28), we derive the
second order results. The gravitino is

1
— (7"2J—i— 27’f(J+7“2) + f2(J+47"2) +2rf3 — 2rN(r + f)2) X

X (By + sB1 — cBy) ) (1+T1) + (r+ f)(1 = 1))+

W2 — [((J — 2 f) (Bg — sB1 + ¢B3) +

+ (= = 20N + 20 f)(A=T1) + (r] = 2N (r + f)+

+ J(J +2r% 4+ 20 )1+ T1) ) (r + f)ToBe | x

X <sin [t_2¢] 1 — cos [t_2¢] Fo)e(dt—d¢)+

1
T 6N f(r 1 )12

x (= (W4T + (r+ f)(A-T1)) <cos [t;ﬂ 1 sin [t;ﬂ r0> Boedr.  (9.33)

(2r’N + f(J — 2r?)) x

The second order wig reads

g = 12;2 [—J?+2r* (N — f) (2N — f)] B dt*+
+ Tér? [J (3r% +2J) — 4r® (N — f) (3N — 2f)] Bf dtdo+
- W (Jf+2r* (N = f)) (Jf +2r* (N = 2f)) B dr*+
~ 3562 [J (J +2r%) —4r* (N — fﬂ Bfdg? . (9.34)

The second order gauge field is zero.

We note that first order wig is proportional to the bilinear B, only, while the second order
one depend on B = —B3. In addiction, for J — 0 and M — —1 we recover the AdS3 solution
since in that case the supersymmetry preserves the solution and then there is no wig at all. The
complete wig does not depend on ¢ and ¢, therefore the isometries of the black hole are preserved. In
the next section we will compute the associated conserved charges, namely the mass and the angular
momentum. The gauge field, which is zero at the bosonic level, is generated at the first order, but it
receives no contribution at higher orders.

Notice that it is possible to recast the complete metric g = gl%! + gl!! 4+ ¢[? in the following form

R2

N2 02

dR?, (9.35)

~ ~ 2
ds? = —N2de? + p? (N¢dt n d¢> n

where we defined
~ ~ detG,. T
P =84, No = e N2 = Sred R?= / v/ —grdetGreq, (9.36)
oo oo 0

with G4 reduced metric obtained cutting out the r—components of g.

9.4 Entropy and Conserved Charges

To investigate the properties of the black hole wig we compute its conserved charges, using holo-
graphic technique based on the boundary energy momentum tensor 7, [83, 39, 184, 18, 9]. In the
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following, Greek indices label boundary directions ¢, ¢. To perform the computation we cast the
boundary metric v,,, in ADM-like form

Yudatda? = —N2dt? + o(d¢ + N&dt)?, (9.37)

where ¥ is the 2-dimensional surface at constant time and the integration is over a circle at spacelike
infinity. The conserved charges associated to the Killing vectors £ are defined as

Qe = lim ¢ dp/ouT,e" (9.38)

where u# = Ny 6% is the timelike unit vector normal to ..
In the present case, the wig does not depend on ¢t and ¢. Thus, the two resulting Killing vectors
are

it = o1t e = 1o (9.39)

The associated charges are respectively the mass M;,; and the angular momentum J;,;. After a short
computation we find

Muo = 31+ (143 +9) ((B) = 5 (B) )

Jiot = J + é (1+M+J) <<B2> — 116<B3>> : (9.40)
The charges ought to be numbers with a given value, then in formula the bilinears By and
B, are substituted with their v.e.v. (B2), (B2). In that way the mass and the angular momentum
Mo and Jior make sense. A vacuum with non-vanishing v.e.v. for bilinears might explicitly break
supersymmetry, leading to a modified mass and angular momentum which depend on them.

Note that My, — Jiot = M — J and the fermionic corrections do not affect the difference between
mass and angular momentum. Thus, if the extremality condition is imposed we expect that it is not
lifted.

From action (9.1) we derive the conserved electric charge ¢

0= lim o § dsvoN, <M Nidyy 9.41)
Using the equations of motion we can rewrite it in terms of the field strength of gauge field A.
The computation shows that the leading term of the integral in the large r expansion is O (2), thus
in the » — oo limit ¢ vanishes.

The supercharge Q is connected to the presence of Killing spinors [85]86]. As we have already
pointed out, the present work deals with non—-extremal BTZ black hole and therefore supersymmetry
is totally broken. As a consequence, no Killing spinor exists and thus there is no conserved super-
charge.

As first analysis, we find that event horizon is not modified by the fermionic wig.

1
=3 (M + /M2~ J2> . (9.42)
We can compute the entropy from Bekenstein-Hawking formula
1
S = ZA H, (9.43)

where the area of the horizon reads

2T
Ay = /0 VEso(re)ds. (9.44)
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We obtain the following result

T J

S = = |+ + <B> 16T+

5 + (B?)

(J2+2r3 (J —2—2M))| . (9.45)

5123

As can be seen the entropy of the black hole is modified by the presence of the wigs confirming
that we study a new solution of the theory where the fermions play a fundamental role. By setting
J = 0 the first order corrections vanish. That could have been seen also by a simple perturbative
corrections. Nonetheless, the second order corrections do not vanish. In particular for vanishing
angular momentum the third term in the above equation becomes proportional to M + 1 which
vanishes for M = —1, namely global anti-de Sitter.

By setting J = M in the case of BPS solution, we find the simplified formula

T 1 1 M —2
5= 3va (34 () + T 2ie) (9.46)

showing that also in the case of BPS the entropy is modified.



Chapter 10

Fermionic Corrections to Fluid Dynamics
from BTZ Black Hole

Mastering a skill requires practice.

— Learning To Draw, Antichamber

10.1 Introduction

Motivated by the success of fluid/gravity correspondence [5, 53, 187], in this chapter we explore
the connection between supergravity and a hypothetical supersymmetric fluid (where with “super-
symmetric” we intend a fluid which is a long range approximation of a supersymmetric theory) on
the boundary of the AdS space where a black hole (BH) is located. The reason for this analysis is
rooted in the idea that by performing some perturbations around the black hole and promoting the
parameters of the infinitesimal isometry transformations to local parameters on the boundary, one is
able to derive a set of partial differential equations for these parameters which can be identified with
Navier-Stokes equations. The fluid/gravity correspondence is obtained as follows: at first, one con-
siders a gravity equations solution such as a black hole or a black brane (note that in our case such a
solution will be a supergravity solution complete with all fermionic zero modes), then one performs
an isometry transformation of the AdS space to obtain a new solution which, of course, will depend
upon some constant parameters (such as the position or the scale). Then, those parameters are pro-
moted to fields of the boundary and, as a result, the solution will no longer solve the equations of
motion. Nonetheless, one can see new partial differential equations emerging from imposing Ein-
stein equations which have an interpretation as Navier-Stokes equations for the boundary fluid. For
that, one needs to interpret the parameters of the isometries, namely the translations and the scale,
as the four velocity and the temperature of the fluid.

In the previous chapters, following [39] 88], we generalized that scheme to supergravity and to
supersymmetric fluids on the boundary. In particular, we have to recall that AdS space is endowed
with superisometries which introduce new constant parameters in the solution. Again by promoting
them to local fields on the boundary, the solution will no longer solve the supergravity equations
and new equations emerge from imposing them. At this point, there are two problems to solve: 1)
we have to start with a complete supergravity solution, namely we have to take into account the full
supermultiplet — of which the black hole is the bosonic component — in order to take into account
the full orbit of the superisometries, 2) we have to promote the parameters of the superisometries to
local fields on the boundary and then interpret them as boundary fluid quantities.

In order to solve these problems, we adopt a simplifying framework where the computations can
be done analytically. We consider N' = 2, D = 3 supergravity with a cosmological term. This theory
has two solutions, the AdS3 space and the BTZ black hole [10, 11]]. In the previous chapter, following
[13], we computed the full supermultiplet of the BTZ black hole by performing a finite supersymme-
try transformation. Note that only by finite supersymmetry transformations, we are able to compute
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the complete orbit (wig) starting from the black hole solutions [15, 7]. That supersymmetry transfor-
mation automatically truncates at the fourth order. In the present paper, we parameterize the order
of computation by the powers of bilinears in Grassmann parameters.

In order to generate the complete wig we start from the supersymmetry transformations associ-
ated to the Killing spinors of AdS space. Since the BTZ black hole is non-extremal any transformation
will produce a change in the solution. Multiple applications of the supersymmetry transformations
generated by Killing spinors will result in the application of the corresponding Killing vector gener-
ating the complete supergroup of isometries of AdS space which is OSp(2]|2) x OSp(2]2)/S0(2) x
0Sp(22)f]

Given the new solution, one can observe that the some isometries of the black hole such as the
translation invariance in the time direction and in the angular coordinate (or in the space coordinate
in the Poincaré patch) are preserved. That implies that the mass M and the angular momentum .J
are still conserved charges. Indeed, we can compute them using the ADM formalism and that gives
a mass and an angular momentum which is shifted by fermionic bilinears. In the case of extremal
black hole where M = |J|, the fermionic corrections will not spoil the extremality condition. In the
same way, we can compute also the entropy of the black hole which is modified by the presence of
fermionic bilinears.

Having set up the stage for the computation, we promote the fermionic parameters of the su-
perisometries to local parameters on the boundary. Then, by inserting the fields in the supergravity
equations we find two sets of new equations which should be satisfied: Navier-Stokes equations
(which we also computed in previous chapter and in [39]) and new differential equations for the
fermionic degrees of freedom. In order to interpret the result obtained we also perform the bosonic
isometries associated to the dilatation and to the translation on the boundary reproducing the usual
linearized version of relativistic Navier-Stokes equations. On the other side, by inserting the solution
in the gravitino equation, we finally derive a new set of partial differential equations for the fermionic
degrees of freedom which we interpret as Dirac-type equation for the fluid.

With the complete metric, we can finally compute the extrinsic curvature and, using Brown-York
procedure [8, 9] we derive the boundary energy-momentum tensor. The form of the latter resemble
the tensor for a perfect fluid, except for a term (which violate chirality). Nonetheless a redefinition
of the velocity of the fluid takes the energy momentum tensor to the standard formula for a perfect
fluid and the temperature is shifted by terms dependent on bilinears. The computation has been
performed at the first level in the isometry parameters and it shows the absence of dissipative effects,
as expected from a conformal fluid in 1 + 1 dimensions. To see the emergence of new structures in
the fluid energy—-momentum tensor one needs a complete second order computation.

In the first section, we set up the stage for the computation. In the second one we present the com-
plete wig solution of the black hole. We also provide the expressions for large r which are useful for
checking the structure of the solution. The third section is where we derive the new differential equa-
tions on the boundary of AdS and we compute the Dirac-type equation on the boundary. The fourth
section provide a computation the energy-momentum tensor and a discussion of the redefinition of
the fluid velocity in order to reabsorb the parity—violating term.

10.2 Setup

10.2.1 AdS; and BTZ Black Hole

The supergravity equations of motiorﬁ admit as solution the AdS3 space

guN = (gads) N Ay =0, Yy =0, (10.1)

! AdS space considered here is actually a superspace with 3 bosonic coordinates and 4 fermionic coordinates, it can be
viewed as OSp(2]2)/SO(2) (since Sp(2) ~ SL(2,R) ~ SO(1,2)).

2We refer the reader to chap. E] sect. for the supergravity action, supersymmetry transformations and equations of
motion. Further details can be found in the references of the same chapter.



10.2. SETUP 93
where the AdS3 metric in global coordinates reads
1
2 2\ 142 2, 272
ds® = —(1+r°)dt +mdr + rédo”, (10.2)
Another solution is the so called BTZ black holeﬂ whose global metric reads:
2
ds® = —N2dt® + N~2dr? + 2 (N¢dt n dgzb) , (10.3)

where N and N¢ are defined as

N:\/—Mo—i—r?—i—Jg, Nt —— S0 (10.4)
4r2 2r2
The non—zero vielbein components are
eV =Ndt , el =N"1dr, e? =rN®dt + rd¢ , (10.5)
and the non-zero spin connection components read
WO =rdt — §d¢ , wly = — Q:TONdr , wly =— Ndo. (10.6)

The parameter M is to be identified with the mass of the black hole while .Jj represents its angular
momentum. Setting My = —1 and Jy = 0 in we obtain the AdS metric in global coordinates
(102

To analyze the boundary fluid dynamic using fluid / gravity technique it is convenient to consider
AdSs metric written in a Poincaré patch

1
ds? = —r2dt? + —erQ +r2da? . (10.7)
r

As in [5] 53] we perform an ultralocal analysis and then we also use a Poincaré patch for BTZ black
hole metric

ds? = — (r2 - Mo) de? + 2

1
Wdrz + r2dz? . (10.8)

Notice that in this case the AdS3 metric is obtained by setting My = 0. The form of the metric
is similar to but it will cover just a sector of the entire AdS space. As we will show in the next
section, after a finite boost transformation the metric can be cast as in (10.3), with mass and
angular momentum depending on the boost parameters and Mj.

10.2.2 Killing Vectors and Killing Spinors

In this section we compute the Killing vectors and the Killing spinors for AdS3. As we will discuss
later, we consider the isometries of AdS3 space to generate orbits of the black hole solution. This is
obtained by acting with the generators of AdS3 isometries on the black hole metric.

The Killing vectors are solutions to the equations

Le(gaas) =0, (10.9)

where
§=¢0+E0, +£%0, (10.10)

*We refer the reader to the vast literature on the subject for the geometry of this solution.
*Note that the region —1 < My < 0 is excluded since it corresponds to a naked singularity.
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and, for global AdS3 (10.2), they are

¢l = ﬁaﬂ (t,6) + €0,
& =V1+124(t9)
¢t = \/1:7742(9@4 (t,0)+ fo . (10.11)
where the function A (t, ¢) is defined as
A(t,¢) = agcos (t + @) + by cos (t — @) + cosin (t + ¢) + dpsin (t — @) . (10.12)

The solution depends upon the 6 free parameters {ao, bo, co, do, €o, fo}, associated to the AdSs-isometry
group, namely, SO (2, 2).
The Killing vectors for AdSs in Poincaré patch, defined as K = K'0; + K9, + K*0,, are

2
K" =r(ct+cx+0b) ,

1
Kt=_% <2+t2+x2> — otz — bt + wx 4+t ,
T

1
K””:—%2 <—r2+t2—|—m2> —ctr +wt —bxr + xq . (10.13)

The 6 real infinitesimal constant parameters describe the 6—parameters isometry group of AdSs: b is
associated with dilatation, w is the boost parameter, c¢; and c; are related to conformal transforma-
tions and ¢y and x( parameterize the t— and z—translations.

In order to complete the procedure outlined in [5, /53] 139, 13] we perform a finite boost on the BTZ
solution in the ¢-z plane, namely

; t—wzx x — wt 10.14
ﬁiﬁ_wz’ xﬁiﬁ_uﬂ, (10.14)

where w is the boost parameter.

We now perform a finite dilatation of the BTZ black hole. This transformation will allow us to
define a parameter for the temperature of the fluid in the same fashion as [5]. The correct dilatation
weights can be obtained by redefining the coordinates as follows

r—br, t— bt d—b 1. (10.15)

The infinitesimal dilatation are given by b = 1 + b + O(b?), where b is the infinitesimal parameter

introduced in eq. (10.13).
The boosted and dilated metric can be recast in the form (10.3) by replacing

_1—|—w2M0 . 2w My
Mg%M—l_w2§, Jo—)J—*l_wQI;T, (1016)
and
2
M
2 R,z W Mo (10.17)

1—w? p2
Note that the boost transformations can be applied to the global BTZ metric (10.3) to generate a new

set of solutions, as described in [89] (see eq. (10.14) with x substituted by the angular coordinate ¢).
In this case the replacing rules for mass, angular momentum and radius coordinate will be

14 w? 2
My— M=y — 2, (10.18a)
1—w? 1—w?
1+ w? 2w
- - M, 10.18b
J0—>J 1_w2J0 1— w2 0, (0 8)
2 R =12 - (] —wMp) . (10.18¢)

1—w?
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Defining

w? +1 2w

Ll b=

the metric for the new global BTZ solutions can be written modifying mass and angular momentum
in the following Lorentz-like form, i.e.

(10.19)

M =~My - BvJo,
J =~Jo — ByMpy,

1
R? =r? — 5 B0 = (v+1) My] . (10.20)
Now, we need to construct the Killing spinors of AdS3 and the isometries generated by themﬂ

To construct the BTZ wig we compute the Killing spinors ¢ for AdS3 Poincaré patch, defined from
Killing spinors equation

Daase = 0. (10.21)

We have
[ VT
IRPNG 2

where ( is a Dirac spinor with 2 complex constant components (; and (2

€ (I —ratT,) (M4+T4) + (1-Ty)| ¢, (10.22)

OrC =0. (10.23)

See also [13] where a deeper analysis of the Killing spinor is performed.

10.3 Fermionic Wig

We now proceed to the construction of the fermionic wig (i.e. the complete solution in the
fermionic zero modes) associated with a boosted and dilated BTZ black hole in Poincaré patchﬁ
As explained in the previous section, the boost and the dilatation shift the mass and angular momen-
tum of the black hole. Therefore, to get the complete solution, we first compute the wig for the BH
and then we perform the shift to the mass and of the angular momentum.

Thus, we proceed in the usual way by constructing the wig for the black hole metric and
then replacing My and Jy with M and J as defined in (10.16). This procedure is iterative and can be
found in [13]. The superpartner of a generic field ® is constructed by acting with a finite supersym-
metry transformation on the original field [74]:

1
@2655®:q>+56¢+§5€2@+... . (10.24)

In the present case, it is convenient to deal with an expansion in powers of bilinears of €. This is
denoted by the superscript [n], counting the number of bilinears. Due to our choice of the background
fields, we have

1 1
BN = —§"p Pl = 5 1F 0 10.25
ont e 7 @n—11% 7 = (1025)
where B and F are generic bosonic and fermionic fields respectively. Then, for fermionic fields [n]
counts n — 1 bilinears plus a spinor e while for bosonic fields it indicates n bilinears. The n = 0 case
represents the background fields

6[0}5\44 = eﬁ‘BTz ’ T/J[O}M =0, A[O}M =0. (10.26)

*We remind the reader that Killing vectors can be obtained constructing Killing spinors bilinears such as ¢* = él'¢. By
construction they will indeed satisfy the Killing vectors equation.

*Note that our Killing spinors (or anti-Killing spinors as defined in [24]) are not time independent but the fermionic
black hole superpartner does not depend on t.
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In the following we define the following real bilinears

By = —i¢'¢, Bi =—iloi(, B, =i¢loa( B = —i¢Tos¢ (10.27)
due to the anticommutative nature of (; and (5, these identities hold

B?=B3=B:=-BZ, BB, =0,i#3j, n=0,n>2. (10.28)

In the following, M, J are defined as in (10.14) and we replace ( — ¢ to highlight the fermionic
contributions. The gravitino reads

Pl :87"1\/17 (o0 [=J (14+7) = 2r (r—1) (r — N)] +
+iog [-J (r—1)—=2r(r+1)(r—N)|+
+(oo+o3)r(t—a)(=J —2r* +2rN)]| ¢ (dt —dz) +
+ 87’2\1/77’]\7 (J — 22+ 2rN) [o0(r—1)—o03(r+1)+ (01 —ioa)r (t —x)] ¢ dr, (10.29)
and
12 :1%12[ [iBs ([1— 2 (=1 + (t— 2)2)] —2r(r — N) [1+72 (=1 + (t — 2)2)]) x
X (o3(1=7r)+oo(1+7)+ ( —iog)r(t —x)) +
+iBo ([1 —r* (1 + (t — 2)?)] - N)[147% (14 (t—2)?)]) x

X (o3(1—7)+ 00(1 +7)+ (01 - wg)r(t —x))+
—2Bor (o1 [J(1 4+ 7))+ 2r(r—1)(r — N)] +iog [J(r — 1)+ 2r(r +1)(r — N)| +
+(o0 + a3)r (J +2r* = 2rN) (t — 2)) +
+2iB1r? (=J — 2r2 + 2rN) (03(1 — ) + 0o(L +7) + (01 — io2)r(t — 2))] ¢ (dt — dz) +
J—2r2 +2rN
06N
X (o3(l =7)+oo(1+7r)+ (01 —io2)r(t —x))+
+B32 (oo(r — 1) —o3(1 +7) + (01 —io2) r(t —x)] {dr. (10.30)

[i (=B1+ (Bo — B3)(t — 1)) x

The metric corrections are

1 1

gV = 1 (M =724 7N) Bodt? — = (J +2M = 2 + 2rN) Bodtda+
1 1

+ *JBQd(L‘Q

3 IN? (J 2r? +2rN) Bodr?, (10.31)

and

1 1
g% = — (TM — 10r* +- 10rN) B3dt? + o5 (27 +3M — 6r° + 67 V) Bida+

192
— % (J+5M — 8r2 + 8rN) B2dtdz+
1 2 2 3 2 9
+ g (37— 6r2M 4200° (r = N) = 27 (5r — 3N)| Bjdr? (10.32)

The gauge field one—form is
1] — 1 2 2 2 . 2
Al =055 (7= 2%+ 2rN) (By + Bo) + 1% (7 + 22 = 2r) (1= 2 (t = 2)°) B+
_ <1+r2 (t—x)2> By — 2(t—x)B1)} (dt — dz) +
1

— 1o (/2% +20N) (Bi + (By + By) (t — 2)) dr , (10.33)
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at second order, the gauge field is zero. Notice that in the large r expansion Al =0 (5). As
expected, the fermionic corrections collapse in the AdS3 limit M — 0, J — 0. Note that the metric
correction (wig) does not depend upon the boundary coordinates z,t. Moreover, there is no off-
diagonal corrections in the rt and rz components. Last remark: notice that the metric does not
depend on boundary coordinates ¢ and z, that is the two translational isometries of BTZ black hole
are preserved by the wig. This allows to define the wig’s mass and the angular momentum.

10.3.1 Large r Results

Here we present the obtained results in large r expansion. To simplify the notation, we define the
following expressions

F=[1+(t—-2)?Bo+[-1+(t—2)%Bs+2(t—2)B;, F =0. (10.34)
and
H=.B,+ B2 (10.35)
T8 296 %" '

The gravitino reads

Y ~ J;;);V[ [\/FF (iog +i0o3 — (i1 + 02)(t — x)) +
—\}; (2(12 + By) (01 +i02) + (2(12 + By)(t — z) +iF) (00 + 03)) | ¢ (dt — dz) +
+ ;67;\]\/4; [12+ By —iBy — i (Bo 4+ B3) (t — 2)] [00 — 03 + (01 — ion)(t — )] ¢dr . (10.36)

The full metric at large r is
g~—[r? =M (1+H)|dt* — [J + (M + J)H] dtda+
1 1
+ [r? + JH] d2” + = [1 + 5 (M — (M — J)H)} dr? | (10.37)
that is
2 2 2 2 1 M 2
g~—(r"=M)dt* — Jdtdz + r°dz” + — 1+T—2 dre+
T
1
+H | Mdt* — (M + J)dtdx + Jdz* — r—4(M — J)er] . (10.38)

Last, the large r gauge field is

F(dt — dz) —
( t ) 1673

A~ — [B1 + (B + Bs)(t — )] dr . (10.39)

In this limit we can rewrite the vielbein and the spin connection for the metric (10.37). They read

M M
0
e = (r 27“) dt + 2rH(d:U dt)

1 M M-J
1
Y )4
¢ <T+2T3+ 273 >T7

J J
2
L) de+ ZH(dz — .
e (7“ 27") dz 5 (dz — dt) , (10.40)
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and

J J

o1

= (rdt— H -

w <rdt 2rd$> + o (dt —dz) ,

1
02 _
W =~ [T+ (] - M)H]dr,
M M
12 _ (. _ _
w = <r 2T> dz H2r (dt —dx) . (10.41)

The large—r curvature 2-form is computed from the definition in (9.1). The non-zero components are
M J
01 _

M
R% = [r2+‘2]H—2(1+H)] dz A dt

J M
R?=_"(1+H)drrdt— |1+ 5 (1+H : :
5,2 (1+H)dr [ +35,2 1+ )] dr Adx (10.42)
It is easy to show that the equations of motion (9.5) are satisfied. In particular, in the large r limit, the
term — 448y I'“¢p is subleading order, hence it does not contribute to the equations of motion.

10.4 Linearized Boundary Equations

We refer to [5] and to chap. [3|to compute the Navier-Stokes equations dual to Einstein equations,
for a boosted and dilated BTZ. Note, however, that our method is slightly different: our fermionic
degrees of freedom induce a non—zero torsion that must be taken into account to verify Einstein
equations. Moreover, we derive a new set of equations of motion which emerges from the gravitino
field equation.

Technically for computing the Riemann tensor we use the spin connection formalism:

R® = dw® + w Aw® . (10.43)

In the form language it is easy to check that — working at first order and expanding b around 1 (no
dilatation) and w around 0 (no boost) — the boosted metric together with the boosted wig, satisfies
(9.5).

As explained in [5] when we promote the parameters to local functions of the boundary coordi-
nates the obtained metric is not a solution of the equations of motion anymore. In order to reconstruct
a solution, we must constrain the parameters to fulfil some equations which represent the equations
of motion for the boundary fluid and we also need to add corrections to the metric. Consequently,
also the parameters must be modified accordinglyﬂ Since we work in a perturbative procedure, the
metric is corrected order by order in the derivative expansion:

g—= g0 +4¢W 4 (10.44)

where ¢(© represents the deformed metric and ¢ for i > 0 are the metric corrections at the order i in
boundary derivatives. In the following we limit our discussion at first order, namely we consider only
g™ correction. Imposing the equations of motion on g, two kinds of equations are found. The first
one comprehends equations involving only derivatives of local parameters and no terms belonging
to the metric correction g(V): these are the linearized Navier-Stokes equations for local parameters
in 2-dimensions (the conformal factor in front of the “divergence” of w is just 1). The second set
of equations generically could depend on both parameters and g(*) components. These are called
dynamical equations and are used to obtain the metric correction ¢(!) in terms of the derivatives of
the parameters. Notice that being g(!) a first-order contribution, it will depend on a single derivative

"The interested reader shall refer to [5, 53] for further details.
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of the parameters. In general, it is convenient to classify them according to the representations of the
little group SO(1,d — 1).

As a warming-up exercise, we compute the Navier-Stokes equations derived from the metric
variation due to the AdSs isometries acting on the global BTZ black hole metric

69 = Le¢ (98H) , (10.45)

where gpy is the BTZ metric and ¢ are defined in (10.1T). We observe that all isometries are
broken, except the ones generated by ey and fj.

We now proceed as follows. First of all, we promote all Killing vectors parameters to local func-
tions of the boundary coordinates (¢t and ¢); then we check Einstein equations for the metric

g=gpn +0g+ gL (10.46)

which, as expected, are not satisfied. Yet, imposing them yields the following equations for the
functions by, dp . . . expanding near t = ¢ = 0 we get:

Jo [0 (bo + do) + O (bo — do)] — 2 (1 + Mo) O; (bo + do) =0,
Jo [0 (bo + do) + g (bo — dp)] — 2 (1 + My) s (bo +dp) =0. (10.47)

Note that these equations are computed in the global AdSs; for other choices of neighborhoods, for
example t = ¢ = /2, similar equations for the other parameters are obtained. These are the Navier-
Stokes equations derived by the global metric. As expected in the empty AdSs limit Jy — 0, My — —1
they are satisfied identically.

For what concerns the dynamical equations, the 3—dimensional case is slightly different from
higher dimensional cases. In fact, once the constraint equations are satisfied, no further corrections
are needed and Einstein equations are satisfied up to the first order in the derivative expansion.
Therefore g(!) can be set to zero. This is an important result since it implies that we are dealing
with a perfect fluid with no dissipative corrections (contrary to [5], where the non-vanishing first
order corrections corresponded to the shear tensor) and with second order, non—dissipative transport
coefficients.

10.4.1 Corrected Navier-Stokes Equations

Having added fermionic fields to our scheme, the Navier-Stokes equations are now dual to the
equations of motion derived from the N' = 2, D = 3 AdS—supergravity action

Once the fermionic bilinears are taken into account, imposing equations of motion and taking
the large r limit, we find:

MO |:axb+ atw - % (ax + 8t) B2:| = 0 5

These are the Navier-Stokes equations for the Poincaré patch (cf. (10.47)). Note that in this case they
are identically satisfied if M is set to zero.

Remarkably, as in the case of BTZ in global coordinates without fermionic wig, all the equations
of motion lead to . Therefore, once again, the first order metric correction g(l) can be set to
zero. As in the previous section, this means that the conformal fluid on the boundary have non -
dissipative first order corrections, as expected for a two dimensional conformal fluid.

$Note that N = 2 supergravity Killing spinors do not suffer the problem pointed out by Gibbons in [90]. In fact, their
behavior is stable even in the large  limit, in contrast with in /' = 1 theories.
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10.4.2 Dirac-type equation

This is a truly original study, since nobody takes the deformation of Rarita-Schwinger equation
in to account in the present framework. Therefore we explain carefully the technique adopted.

We proceed as follows: first we consider the solution of D) = 0 where the spinor ¢ is a constant
field (zero mode) and we promote it to be local upon boundary coordinates. This implies that we can
rewrite the gravitino field proportional to the fermionic field itself:

Yy =Tum¢, (10.49)

where Y is a generic 2 x 2 matrix which depends on the coordinates ¢, r,  (and in principles also on
the bilinears) that can be decomposed on the basis of the Pauli matrices and the identity. Notice
that since ¢ = —,, we have

T, =-"¢. (10.50)
Consequently, the equations of motion read
eMNED N (YR¢) =0, (10.51)

By promoting ¢ to be local on the boundary coordinates ¢,z and using the equations of motion for
the constant ¢, egs. (10.51) become

eMNEY LN ¢ (t,x) = 0. (10.52)
Being dn((t, z) a spinor, it can be written as a linear transformation of the spinor {(t, z) itself
aNC(t7x) = @NC(tvx) ) (1053)

where Oy is a 2 x 2 matrix. Notice that since ¢ is not a function of the radial coordinate r, we have

Or = {06:(t,x),0,0,(t, )} . (10.54)
Egs. then reduce to
eMNEYpON¢(tx) =0, (10.55)
which in components read
(1,0, —1:0,) (=0, (110, — T:0,) (=0, (1,0, —1:0,)¢=0. (10.56)
Using and we have
0, = -0, 1,06 =0. (10.57)

Thus, there is only one independent matrix ©:

011 012
0, =0 = . 10.58
! < o1 02 ) ( )

Considering only the first order gravitino (10.29), after a straightforward computation at leading
order in  — oo expansion we get

T, ~ i(J _ M)/ ( (t_i/;”) (1) ) . (10.59)

In 7 — oo asymptotic limit the matrix Y, is no longer invertible, therefore the second equation of
(10.57) in that limit becomes:

(021 + 611 (t — )] C1 + [B22 + O12(t — 2)] (=0, (10.60)
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where (; and (5 are the Grassmann components of {. Solving for generic (i, (2, we obtain
021 = —(t — {L‘)Hll s 922 == —(t - 1‘)012 . (1061)
Summing up the results, egs. (10.53) read

01 = 011C1 + 012C2 0o = —(t — x) (011¢1 + O12¢2)
0:C1 = —011¢1 — 012C2 0:C2 = +(t — o) (611¢1 + 012C2) - (10.62)

Notice that this implies
(0y +0:)¢=0. (10.63)
From the definitions (10.27), we compute the bilinears derivatives

0:Bg = Bg [R6011 — (t — a:)Rteg] + B [Re012 — (t — QT)RGQH] +
+ By [Im@lg +(t— I)Imeu] + Bjs [Re@n + (t — x)Reelg] , (10.64)

0:B1 = Bg [R6912 — (t — x)ReHH] + B [R6911 — (t — $)R€912] +
— B3 [Imc911 + (t — x)Imng] — B3 [R6912 + (t — m)ReGH] , (1065)

0By = By [Imb3 + (t — 2)Imby;1] + B [Imby; + (¢t — x)Imbo] +
+ B2 [Re«911 — (t — x)Rteg] — B3 [Im912 — (t — :13)11’1’1911] s (1066)

0;:B3s = Bg [R6911 + (t — m)Reng] + B4 [Rele + (t — HE)RGQH] +
+ Bg [Im912 — (t — x)ImGH] + B3 [Re011 — (t — x)ReGlg] s (10.67)

where
1 . 1 X
Re9:§(9+9 ), Im9:2—i(9—9 ). (10.68)
The z—derivative of bilinears satisfies
0,B; = -0,B; . (10.69)

The last equation has a strong implication on the linearized Navier-Stokes equations (10.48), indeed
this implies that the last term there vanishes. Therefore, the two sets of equations are decoupled
at the linearized level. This yields the possibility of a clear separation of the bosonic and fermionic
degrees of freedom. It would be very interesting to study the complete non-linearized version of
these equations.

10.5 Physics at the Horizon and at the Boundary

10.5.1 Energy-Momentum Tensor dual to BTZ black hole

Using [9] we compute the boundary energy—momentum tensor 7} for the boosted metric. Notice
that Greek indices labels the boundary coordinates ¢, z. Defining the normal vector n to constant
r—slice we can compute the extrinsic curvature

CMN _

(VMpN — v NpMy) (10.70)

N =

and then
TMN — MN _ () 4 1)yMN | (10.71)
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where & is the trace of K™% and 7, is the boundary metric. This turns out to be
Y Yy

1/ M —J
wo_ -
T _2<J M). (10.72)

In order to get the usual form of perfect fluid energy-momentum tensor
" =0 + 2utu” | (10.73)

it is sufficient to consider the case Jy = 0. Indeed the metric will acquire angular momentum due to
the Lorentz transformation as shown in (10.16). The fluid boundary energy—momentum tensor dual
to the metric with Jy = 0, My # 0 is the standard one for the perfect fluid in the rest frame.

Then we perform the boost transformation which switches on an angular momentum and modi-
fies the mass parameter

1+ w? 2w

p— J:*
M 1—11)2]\/[07 1 — w?

My . (10.74)

Notice that our results are in perfect agreement with [89] since we obtain the extremality condition
once we set |w| = 1. Starting from the boosted metric, i.e. the metric (10.3) in which Mj and Jj has
been replaced with egs. (10.16) and r with (10.17), the computation of T}" yields

T — Mofy< ; f ) . (10.75)
where v and 3 are defined in (10.19). Setting
Y W= (10.76)

V1—w?’ V1I—w?’

we find precisely (10.73) where u* is the normalized fluid velocity (i.e. u*u, = —1).
It is now straightforward to recover the variation of 73" due to a dilatation. In fact, being propor-
tional to My, it scales as

1
T = T = ST (10.77)

Using the results obtained in [13] we compute the Brown-York energy—-momentum tensor dual
to the BTZ black hole with fermionic wig. Note that this is an exact result since the series in the
fermionic bilinears naturally truncates at second order:

M,
T = S22 (1 4+ H) (0 2uu) = Z H e (0 4 2u) (10.78)

Eq. (10.78) can be recast in the following form

T <
2b2

M,
(1+H) (" + 2ufu’) — 720 H 7 )y, . (10.79)

By assuming that the bilinears contained in H are local quantities, the equations for the conservation
of the energy-momentum tensor 7#” lead to differential equations involving also the bilinears. At
linearized level these equations reduce to egs. (10.48).

10.5.2 Redefining the Velocity

At first glance, equation (10.79) reveals a parity-violating term. This term has been studied in
[64], where anomalous fluid are considered, and they concluded that the most general form for it is

ATH — _ |:/J’QC Lo <T2 + m)] u(#a”) , (1080)
S
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where u# = ¢"u,, C is the coefficient of the anomaly, 7" is the temperature, n is the fluid charge
density, s the entropy density, i is the chemical potential and « an arbitrary integration constant.

Nevertheless, as pointed out by [91], the anomaly requires the following background metric and
gauge field

ds? = —€27 (dt + aydz)? 4 g11da? | (10.81)
A= Aydt + Aidx .

where o, a1 and g;; are functions of z, t. In the present case we have

ds? = — dt? + da? (10.82)
1
A== oo (M+J) 2By (¢ - 2) + By (-1 +¢* -2tz +2?) +
+B (1 +¢* — 2tz + 2%)] (dt — dz) , (10.83)

and, comparing with (10.82) we get
O'ZO7 a1:0, 911:0, F=dA=0. (1084)

Using the Poincaré lemma, we conclude that A = d\ globally, therefore A is a pure gauge and our
theory is not anomalous.
Thus C = 0 leads to

AT = 20T g") . (10.85)

As explained in [64], in absence of an anomaly there is the freedom to add this term and it cor-
responds to a choice of the entropy current. In fact, it is possible to recast the energy—-momentum
tensor (10.79) in the perfect fluid form

1 1 My
T = (14 =By + — B2)— (2U*U" + n* 10.86
through a redefinition of the velocity field
ut — U = 1+LB2 w— L (B,— Llp2)an (10.87)
512 2 16\ 2 242 ' '

Note that U* is correctly normalized to —1. Recalling the conformal thermodynamics identities [92]

1 My 22
= — = = — = 2 T 1 .
b=5 7, p=p=gg =201, (10.88)

we immediately see that the temperature gets a shift due to the presence of bilinears

;o (B2) (B3
T _T<1+16—15§6> , (10.89)

where the brackets denotes the vev of the bilinears.

We have to make one important remark: the expression of the temperature in terms of the bilinear
acquires a numerical value whenever the bilinear have a vev computed by path integral means (we
have to recall that Grassmann numbers pertain only to the quantum realm). The procedure is similar
to what is usually done in the case of solitons in gauge theories and supergravity [93, 94] and the
gravitinos condensate leads to non-vanishing vev of the bilinears interested in the previous formula.
In the case of BTZ black hole, the gravitational action evaluated on the solution with the wig has
never been computed and it will be presented elsewhere.
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10.5.3 Horizon and Entropy

In the following we present the entropy computed from the wig of the BTZ in global coordinates
[13]. By direct computation we notice that the event horizon radius

r2 = % (M + /M2~ J2> . (10.90)

is not modified by the presence of the fermionic wig. We can compute the entropy from Bekenstein—
Hawking formula

S = %AH , (10.91)

21
AH = /0 \/g(w(m_)dqb ) (1092)

and is computed using the complete metric with the wig. We obtain the following result

T J 1
= By)—— + (B3
S=g |t B T BYs s

where the area of the horizon reads

(J2+2r1 (J—2-2M))| , (10.93)

where we take the vev for the bilinears. As can be seen the entropy of the black hole is modified
by the presence of the wig confirming that we are studying a new solution of the theory where the
fermions play a fundamental role. Setting J = 0 the first order correction vanishes. This could also
have been checked by a simple infinitesimal calculation. Nonetheless, the second order corrections
do not vanish. In particular for vanishing angular momentum the third term in the above equation

becomes proportional to M + 1 which vanishes for M = —1, namely global anti-de Sitter.
By setting J = M in the case of extremal solution, we find the simplified formula
™ 11 M-2_,
S = 5\/2M (2 + T6<B2> + 128]\4<B2>) , (10.94)

showing that also in the case of extremal black hole the entropy is modified.

10.5.4 Conserved Charges

Here we compute the conserved charges associated with the isometries of the BTZ black hole. We
use holographic technique based on the boundary energy momentum tensor 7, [39,18,19, 83, 184]. To
perform the computation we cast the boundary metric v, in ADM-like form

Yudatde” = —N2dt? + o(dg + NSdt)? (10.95)

where ¥ is the 2-dimensional surface at constant time and the integration is over a circle at spacelike
infinity. The conserved charges associated to the Killing vectors £ are defined as

Qe = lim [ dav/ou!T,, £ (10.96)
3 v 1

where u# = Ny 16" is the timelike unit vector normal to ..
In the present case, the wig does not depend on ¢t and . Thus, the two resulting Killing vectors
are

¢l =it ¢ = —5r (10.97)

The associated charges are respectively the mass M;; and the angular momentum J;.:. After a short
computation we find

1
Mtot:M+§(M+J)<H>?

Jiot = J + % (M + J) (H) (10.98)

where H is defined in (10.35).
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10.6 Conclusions

In this chapter, we analyzed in detail the structure of the fermionic wig for the BTZ black hole.
We derive the fermionic corrections to the mass and to the angular momentum of the BTZ black hole.
In addition, we compute the entropy of the black hole which also shows new terms depending on
the vev’s of the fermionic bilinears. Finally, we also present the r-large expressions for the several
geometrical quantities in the presence of the fermionic corrections.

On the other hand, by following the rules of the fluid/gravity correspondence, we derived the
boundary equations of motion for a supersymmetric fluid. This means a set of bosonic equations
of motion, but also some Dirac-type equation for the supersymmetric long range d.o.f. of the fluid.
The computations were performed at the first order. Nonetheless, we were also able to provide
the energy-momentum tensor which is cast in a form from which one can read the thermodynamic
quantities.
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Chapter 11

Introduction to complex geometry

Chaos: “Enough! I lose patience in the
presence of inferior beings. You will now
instruct me in the use of this fascinating
instrument.”

Bobbin Threadbare: “Over my dead body!”
Chaos: “Preference noted.”

— Loom

11.1 Introduction

A complex manifold is a real manifold My, of even dimension 2n on which we can choose n
complex coordinates z* in a smooth way. More rigorously there exist a cover of Ms,, made by open
sets Uy. On each U; thereisa 1 : 1 continuous map ¢; (p) = (2',22,...,2"), where z* € C. On inter-
sections the composed maps 1,9, ! are analytic. It is not always possible to define such a complex
structure on real My,,. Locally, it is however always possible to introduce complex coordinates z* by
combining real coordinates qﬁiﬂ

Complex manifolds are included in this thesis since the scalar fields of supersymmetric theories
in four spacetime dimensions are a set of complex fields 2’ which can be viewed as coordinates of a
peculiar type of complex manifold known as Kéhler manifold [42} 44, |40, 95| 41} 43]. We will focus
on special geometries defined by the vector multiplets’ scalar sector of N' = 2 supergravities. In fact,
the R—symmetry group plays an important role for the geometries of the scalars in supergravity.
The R—symmetry group is Usp (2) ~ SU (2) for D = 5 and SU (2) x U (1) for D = 4. The SU (2)
group acts on the scalars of the hypermultiplets. This leads to the three complex structures of the
corresponding manifolds. The U (1) factor acts on the complex scalars of the vector multiplets in
D = 4, whose manifold therefore inherits one complex structure. The manifold is a Kdhler manifold,
but with “special” properties, which are related to symplectic duality transformations of the vector
fields, to which the gauge multiplet scalars are related by supersymmetry.

Note that in this chapter, notations introduced in “Table of sign and conventions” on indexes are
not valid. Indices meaning is explained throughout.

11.2 Complex and Kdhler manifold

Locally, one can view an n—dimensional complex manifold as a 2n—dimensional real manifold
parameterized by n complex coordinates. To obtain complex coordinates one can start with a real

'We make no distinction between complex indices and real indices. This should not create any confusion.
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coordinate set ¢!, ..., 9", ¢" 1 ... ¢*" and define (i denotes the imaginary unit):
d=¢ +igd™, j=1,2,...,n, (11.1a)
o=@ it =5 (11.1b)

We then take z° to be the set of 2n complex coordinates where the index a runs first through the n
unbarred or “holomorphic” coordinates and then through the n barred or “anti-holomorphic” co-
ordinates. We consider the map ¢° — 2® defined above as a coordinate transformation, as usually
considered in differential geometry.

The “splitting” of an index a into i and 7 is not preserved by general a transformation of complex
coordinates 2'* = f(z,z), but it is preserved under the special class of “holomorphic” coordinate
transformations z’* = f? (z). Under this subgroup of diffeomorphism the holomorphic index i of any
tensors transform into an holomorphic indices i/, and same for “anti-holomorphic” sector: i — 4.

The Riemannian metric g4, can also be split into holomorphic and anti-holomorphic components,
and the general form for the line element is:

ds? = gapdz2d2? = 2g,7d2dF7 + g;jd2'ded + gdZde . (11.2)
We now introduce two properties on the metric g,;, which are preserved by holomorphic coordi-

nate transformations. The metric is said to be Hermitian if there are choices of coordinates in which
9ij = g7; = 0. The line element then takes the Hermitian form:

ds? = 2g,d2"d7 . (11.3)
Note that it is not always possible to recast the general complex form ds? = g,;,dz?dz" to an Hermitian
form.
Given an Hermitian metric, we can define the real fundamental 2—form 2 as:

0 = —2ig;d2' Ad# . (11.4)

A manifold endowed with Hermitian metric is a Kihler manifold if and only if its fundamental form
(or Kéhler form) is closed, i.e. dQ2 = 0 where

dQ) = —i (Gkgﬁ — &-gk;) dzF AdZ' AdE + cec , (11.5)
so that the necessary and sufficient condition for a complex manifold to be Kahler is
Ogi5 — Oigr; = 0. (11.6)
This condition implies that, locally, the metric can be represented aﬂ
9i; = &'%K (2,2), (11.7)

where the real function K (z, z) is called the Kédhler potential. Note that the Kdhler potential is not
uniquely defined since a Kihler transformation of the form

K(2,2) > K'(2,2) = K (2,2)+ f(2) + f (3) , (11.8)

leaves g;; unchanged.

Do not confuse the Kihler potential with the extrinsic curvature introduced in chap.
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11.3 Special Kdhler Geometry

11.3.1 Rigid Special Kihler Geometry

The rigid Special Kdhler Geometry is the geometry of N' = 2, D = 4 super Yang-Mills theories
coupled to abelian vector multiplets. A rigid special Kdhler manifold is a Kdhler manifold with holo-
morphic coordinate z* and “holomorphic symplectic sections”. A symplectic section means that at

any point of the manifold there are 2n quantities X* (2) and F) (z) (A = 1,...,n) that transform as a
vector V = (;SAA) under a symplectic transformation.

By introducing = as the symplectic matrix:

- (0 1
E= < 1 0 > , (11.9)
the symplectic inner product between two vectors can be defined as:
T yvAB o %A (vA 0o 1)\ /XxX*
(V,V) = X*F) — FAX" = (X" Fa) < 1 0 £ (11.10)

Special Kéhler geometry can be defined as a Kéhler manifold with metric g;; based on a symplec-
tic vector V' (z) such that

(0;V,0;V) =0, (11.11)
gi5 = i0:0;(V, V) . (11.12)

Thus, K (2,2) = i(V, V).
If XA are independent variables, then the first condition (11.11) is the integrability condition for
the local existence of a holomorphic function F' (X)), called prepotential, suck that

_ 0F (X)
If the metric is positive definite, 9; X* is invertible and thus a prepotential can be defined. Then
the metric is

9; = Nax0i X 0; X, Nas = 2Im Fyy, . (11.14)

Note that both Fjy;, and Ny, are symmetric matrices (but only Fix is holomorphic), therefore
the kinetic terms of the gauge fields are also determined by special geometry. Indeed, the complex
matrix is Mpy is the one entering in the spin—1 kinetic term as

1 — — v

and sd|

NasdiX> = 0;Fn . (11.16)

11.3.2 Projective Special Kdhler geometry

The Projective Special Kidhler geometry is the geometry of abelian vector multiplets” scalar man-
ifolds in N = 2, D = 4 Maxwell-Einstein supergravity theories. To define projective special Kdhler
geometry, we have to start with the definition of the dilatation operator. In the context of the super-
conformal calculus, it is found that the X* have Weyl weight 1, and that a prepotential I’ should have
weight 2, such that F}, also has weight 1. Indeed V' = 2, D = 4 super-Poincaré gravity can be actu-
ally be defined through a suitable gauge fixing of V' = 2, D = 4 superconformal gravity [96, 97, 40].

3See [40] for a detailed derivation of these results.
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We can thus use the properties of the projective Kdhler manifolds: we split the coordinates for the
whole covariantly holomorphic symplectic section (with Kédhler weights (1, —1)):

Az
V=yv(z), v(z) = <ZZTA ((Z))> , (11.17)

where XA (2) = yZ"(2), v is a symplectic vector with 2 (ny + 1) components. The holomorphic
coordinates are: {y,2“}, @« = 1,...,ny, where z% are the coordinates introduced above in the con-
text of rigid special Kdhler geometry. Owing to its homogeneity, we have F (X) = y*F (Z), and
FA(Z) = OF (Z) J0Z". Since these functions F (X) and F (Z) have the same functional forms, we
do not introduce different names. When we consider symplectic transformations that do not leave y
invariant, v does not transform in the same way. We obtain here

Yy = 2K (22) , e KE2) — (v, 0) . (11.18)
We then define the Kéhler transformations and introduce Kéhler covariant derivatives. They can be
applied to the full holomorphic symplectic section v (Kédhler weights (2, 0)), whose covariant deriva-
tives are

2 K3

Vo =00+ 00K, Vio=0p=0. (11.20)

(2 K3 K3

Vv = 0w+ v K, Vivo=00v=0, (11.19)

Now we can also write down the Kéhler and symplectic invariant form of the metric
95 = i(ViV,V;V) = iyj(Viv, V;50) . (11.21)

Finally, if a prepotential does exist, the kinetic matrix of the vector fields of ' = 2 supergravity
can be written as
Im FAFXFIIII FEEXE
Im Fq;q;X\I}Xq)

Im FprZY (2)Im Fs=Z% (2)

NAZ - FAE (2) -2 Im F\chbZ\I! (Z) Zq) (Z)

:FAE(Z)—Q

(11.22)

The curvature of a special Kdhler manifold can be obtained from the general method of differen-
tial geometry, but also in terms of the curvature of the embedding manifold. This leads to

Rij5 = —29;:955 + Cijkgkkcij]}a (11.23)
where (cf. [40, 98] and reference therein)

Cijk = i(ViV;V,ViV) = iFAx=V; XAV, X5V, X= (11.24)

11.4 Very Special Geometry

Dealing with D = 5 supergravity, the manifolds coordinatize by the scalar fields of n Maxwell
multiplets coupled to supergravity are called very special real manifolds. A very special real manifold
is an n—dimensional spaces M which can be regarded as a hypersurface with vanishing second
fundamental form Q embedded intro an (n + 1) —dimensional Riemannian space C. The equation of
the hypersurface is ® (£) = 1 where ® is a homogeneous cubic polynomial in the coordinates {{} of C.
The fact that the second fundamental form of M vanishes with respect to C means that the geometry
of M is uniquely determined by that of C.

Let us start and consider a n—dimensional hypersurface M of an (n + 1) —dimensional Rieman-
nian space C. We denote the coordinates of C as {¢”} with x = 1,2, ..., n plus one additional coordi-
nate ®. but we shall consider C as parameterized by coordinates {51 } with I =1,2,...,n 4+ 1 which
are functions of {¢”, @} themselves:

¢h=¢(4"9) . (11.25)
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The equation
In®==%, (11.26)

with £ a real constant, defines a family of hypersurfaces of C, M}, parameterized by k; in particular
the choice ® = 1 implies k = 0. The normal to one of these hypersurfaces is

0
ny = 8—§Iln¢> =0rlnd. (11.27)

The vectors 0,¢" = ¢/, span the tangent space of the hypersurface, and their orthogonality to n;
is expressed by the relation

¢nr=0. (11.28)

We now define the functions h; and A/, related to ¢/ and n; by two constants a and 3 yet to be
determined:

hr = anglg_q » (11.29a)
W' = B¢ oy - (11.29b)

The geometry of M can be determined by imposing the condition h;h! = 1, yielding the following
constraint on the coordinate ®:

ornd = (af)t . (11.30)

Differentiating this equation, we get a relation between ¢! and n; which, rewritten in terms of i/

and hj, reads
= ()

ary is defined to be the metric of the space C and a;; = ass|4_, to be its pull-back on M.
From eq. (11.31) we can derive the Christoffel connection of C as a function of ®:

h' =arsh’ . (11.31)
d=1

o
Uik = *ﬁauz( In®, (11.32)

as well as the Riemann tensor
Ry, =205, T (11.33)

where indices are raised and lowered using a;; and a’’. Note that the Riemann tensor can be given
also in terms of the Gauss curvature as follows:

Kayzu = 2ﬂ2Qz[z Qyj + RIJKLE@&LEEQZ o1 (11.34)
where (2 is the (real) second fundamental form of M:
Quy = & (V& + Thr€2E,) (11.35)
and satisfies
1
Vi Qe = —5 Rk 1€,€, €267 = 0. (11.36)
The use of eq. (11.35), of differential constraints on h!, and of definition hfc = - (M) §7Ix yield

the result
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which implies, as anticipated above, that the geometry of M is entirely defined by the one of C. We

can now rewrite eq. (11.34) as

4 w
K:pyzu = g (gx[ugz]y + Tx[u Tz}yw) s (1138)

where we defined

3
Tyys = \/;Vyh 7uhl . (11.39)

Using these definitions, eq. (11.32) yield that the pull-back of the Christoffel connection of C onto M
reads

Trsklomy = B (2hihshi — 3as h iy — Tuy-h§hYh) . (11.40)

A further necessary restriction on C requires the rank 3-completely symmetric tensor C7 s, occur-
ring in supersymmetry transformations, to be constant (i.e. ¢* independent). This implies a relation
among Cryx and I'r

_ 9 9._
Crixk = B ' Trikle_ + Shihshi = Sagsh) - (11.41)

This allows us to find an expression for Cy ;i directly in terms of &:

o 9 1 9o 1 2
Crix = |:2ﬁ2¢',IJK t3 <045 - 3) Q1P k) + 252 <045 - 3> (Oéﬁ - 3) (I),I(I),J(I),K] ot
(11.42)
Being C7yx constant, the requirement Crx , = 0 implies
1
aff = 3 (11.43)
as customaryﬂ we set § = \/g and so a = %. Contracting with h!, expression (11.42) can be
simplified down to
k_ 1 ~
C[JKh = 5(3h[hj—ajj) s (11.44)
and we find
Cryxh'h/hf =1. (11.45)

Thus, the geometry of M, named real special geometry, can be completely determined in terms
of Cryk, and it is therefore “intrinsically cubic”; namely, all ' = 2, D = 4 theories which can be
obtained by dimensional reduction of N' = 2,D = 5 Maxwell-Einstein supergravity theory’s are
characterized, in a suitable choice of symplectic frame, by the holomorphic prepotential

O XTX7XK

F(X) =

(11.46)

4This choice matches the conventions of [42]].



Chapter 12

Fermions, Wigs, and Attractors

“QUAD DAMAGE!!”

— Quake III Arena

The remarkable Schwarzschild solution to Einstein equations is the first example of exact solution
in general relativity. Since then, several interesting solutions have been constructed with different
properties, and a number of theorems for black hole geometries has been proved. The search for
new solutions lived a new Renaissance with the discovery of supergravity: within this theory, Ein-
stein equations are just a sector of a broader framework, containing fermions and new matter fields.
The latter are sources of the gravitational field, but they are not generic since their interactions are
controlled by supersymmetry. Consequently, for such matter-gravity systems, new (BPS) solutions
can be constructed, since second-order partial-differential Einstein equations are replaced by first-
order onesﬂ thus easier to solve. In that context, the solution to supergravity equations of motion is
generically constructed by setting to zero all fermions, while the bosonic fields acquire non-vanishing
v.e.v.’s.

For extremal black hole solutions, the attractor mechanism [30,136, (33}, 99|, [100] has been discovered;
essentially, it states that the solution computed at the horizon depends only upon the conserved
charges of the system, and it is independent of the value of the matter fields at infinity. This is
related to the no-hair theorem, under which, for example, a BPS black hole solution depends only
upon its mass, its angular momentum and other conserved charges. At the dawn of these studies,
some Authors [24] posed the question whether the attractor mechanism has to be modified in the
presence of fermions. Their conclusion was that, at the level of approximation of their computations,
in the case of double-extremal BPS solutions, the mechanism is unchanged. At the same time, [74]
investigated a similar issue for N' = 2, D = 5 AdS-black holes, and they found that the solution,
as well as its asymptotic charges, is modified at the first order due to fermionic contributions (even
though they did not study the attractor mechanism nor its possible modifications).

All these studies followed the seminal paper by Aichelburg and Embacher [15], in which they
started from a N = 2, D = 4 asymptotically flat black hole solution and computed iteratively the
supersymmetric variations of the background in terms of the flat-space Killing spinors. Due to the
Grassmannian nature of the fermions, this procedure ends up after a finite number of iterations, and
the complete solution can be constructed. In terms of the latter, the modifications to the asymptotic
charges were computed in [15]. However, once again, the attractor mechanism was not investigated.

In the previous chapters we addressed the same question starting from a different perspective,
namely the AdS/CFT correspondence between asymptotically AdS black holes and strongly-interacting
fluids on the AdS boundary. We provided the complete fermionic solution (wig) to non-extremal
black holes in several dimensions [39].

!This is a subtle point. In fact, supersymmetric solutions obey a supersymmetry algebra that closes on translations and
equations on motion. If the BPS solution is maximally supersymmetric the equations of motion are automatically set to
zero since the algebra takes into account all the supersymmetry generators. This may not be the case for BPS solutions that
preserve just fractions of the original supersymmetries. In this case the supersymmetry equations must be supplied with
other constraints (such as the Hamiltonian constraint, Bianchi identities, Einstein equations...).
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Here, we present a complete computation of the fermionic corrections to static, spherically sym-
metric, asymptotically flat, dyonic, BPS double-extremal black holes of N' = 2, D = 4 supergravity.
Differently from [24], we find that the scalar fields acquire a non-trivial contribution at the fourth
order of the fermionic expansion, leading to a non-trivial modification of the attractor mechanism.

We would like to point out that we compute the wigging by performing a perturbation of the
unwigged purely bosonic (double) extremal BPS extremal black hole solution; thus, within this ap-
proximation, we consider quantities like the radius of the event horizon unchanged. The complete
analysis, including the study of the fully-backreacted wigged black hole metric, will be presented
elsewhere [101].

The plan of the chapter is as follows.

In Sec. we introduce the simplest class of models of N' = 2, D = 4 Einstein ungauged
supergravity coupled to Abelian vector multiplets, namely the so-called minimally coupled class.

The wigging correction of all fields in the gravity and vector multiplets is then computed in
Sec. and the modification of the attractor mechanism at the event horizon of the BPS double-
extremal black hole solution is derived in Sec.

Within the aforementioned approximation (i.e., disregarding the backreaction), the simplest ex-
amples, namely the axion-dilaton model and the t3> model and their wigging, are studied in some

detail in Sec. and Sec.

12.1 Minimally Coupled Maxwell-Einstein N = 2 Supergravity

We consider n Abelian vector multiplets minimally coupled to the N' = 2, D = 4 gravity multiplet
[102], in absence of gauging and hypermultiplets. The complex scalar fields from the vector multi-
plets coordinatize a class of symmetric special Kdhler manifolds, namely the non-compact complex
projective spaces CP", characterized by the vanishing of the so-called C-tensor C;;, of special Kahler
geometry (cf. e.g. [41], as well as [103], and Refs. therein). In turn, this implies the Riemann tensor to
enjoy the following expression in terms of the metric of the non-linear sigma model (i = 1, ..., n):

Cijk = 0= Ri55 = =959 — 995 (12.1)

At least among the cases with symmetric scalar manifolds, minimally coupled models are the only
ones that admit “pure” supergravity by simply setting n = 0.

By virtue of , minimally coupled models exhibit simple properties, allowing for an explicit
study of various solutions to the equations of motio

This class of models can be seen as describing a multi-dilaton system [104]; note, however, that
they cannot be uplifted to D = 5 (see e.g. [107]), nor they can be obtained by standard Calabi-Yau
compactifications.

The case of only one vector multiplet (n = 1) corresponds indeed to the so-called axion-dilaton
system of A/ = 2 supergravity. This will be treated in some detail in Sec.

Within this class, remarkable simplifications take place in the supersymmetry transformations,
which are reported below; the treatment of more general models will be presented elsewhere [101].

12.2 The Wigging

As mentioned above, we consider N' = 2, D = 4 Poincaré supergravity minimally coupled to n
Abelian vector multiplets; as notation and conventions, we adopt the ones of [41]. The supersymme-

For a treatment of the attractor mechanism [30] 36} [33 [99] [100] and marginal stability in extremal black hole solutions
of these models, see e.g. [105] [106) 107, [108], and Refs. therein. For an analysis of the duality orbits and related moduli
spaces, cf. [109,[110}[111]. These models have also been treated in [112], and more recently in [113].
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try transformations for fermionic fields are
Stan =Vpen — 3 (EX Pes — B XeR) va,t
+ (AAVBQW + A,AVBVW> e+
+ €A3Tl;/y”63 ,
sAA :i (0) KN Pep — 9K N ) a4+
— Fijkj\kBeB)\jA +1 (8uzi — j\iB”L/}BM) AHed
+ Gl egeP + DIABey (12.2)
while bosonic fields transform as
det = —iha et —ipAea,
SAY =204 yepe? + 202" 1 ePeup+
+1 (fiAXi A’y#eBsAB + fiAS\iw“eBsAB) ,
82 =Xy, (12.3)

where the auxiliary fields A 4# B A;ﬁ‘ B are defined as

YL - igl_cl (5\]}47“)\13 - 555\1507;1)\10) ,
AR =gy (AWMB - 598 A’éWC) , (12.4)
and the supercovariant field strength as
B, = Fp + DM ean —ifAN Ay, vhean + hue. (12.5)
From the vielbein postulate, the N' = 2 spin connection reads (cf. e.g. [114])
wzb _ % Con [Qabc _ Qbea _ Qcab} I Ka“b’ (12.6)
where Q¢ : = ere® (9,ef — 9,¢5) and K%' = —izﬁ[jfyb] Pit — ip A9y 4. For CP" models, various

quantities of special geometry [41] get simplified as follows:

T, =2i (ImN) 5, L¥Fj

puroo

T}, =2i (ImN) s L¥F
GL;/ = g’L]f_";F IIIW)FA F;{LXV_ y

(
GZ‘Z = — U (ImN )y FA+

J pv o
A A
Fuv =0 Ay
1 .
Vey :=deyg — Z’yabw“b Neg+ %Q Neg,
Qi=— % (0:K0,7" — BK0,7)
D*AB —( (12.7)

where w® is the spacetime spin connection, @ is the connection of the U (1), —line bundle, w 47 :=
Lw® (0g) AB where w” is the connection of the (global, in this case) SU (2), —bundle and o, are the
SU (2) Pauli matrices. Note also that wA B = eAC% BwCD . Furthermore, the (anti)self-dual superco-
variant field strength is defined as

1 i
A A o|A
Fak = 5 (}'W + o P | ) , (12.8)
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and the same holds for F é‘yi. Note that g is the determinant of the spacetime metric.
The following identities of the special geometry of CIP" are used throughout:

1
[ =il = (32' + 23iK> L*,
A=ezxh wift=o,
vzfjA = gﬁj’A ’ viLA = 07
Im NAFfiALF =Im NAFﬁAEF =0. (12.9)

We now start with a purely bosonic background: the double-extremal (1/2-)BPS black hole. For this
solution, the near-horizon conditions [30, 36,33}, 99] [100]

Ozt =0, G, =0, (12.10)

actually hold all along the scalar flow. In particular, the scalar fields are constant for every value of the
radial coordinate 7.

In this framework, major simplifications take place in the computations. At the first order, the
unique non-trivial variation is given b

(5(1)¢Au) ‘d . Vy€a+ €ABT;V’VVEB, (12.11)

which does not vanish because €4 is an anti-Killing spinor [15, 24, 39]. Moreover, the subscript “d.e.”
denotes the evaluation on (12.10), throughout. Exploiting the iteration procedure, we then find that
at the next order the bosonic fields are modified as follows:

()],
(743)

At the third order, the only non-vanishing variations read

(5(3)¢A“>
( 5 ;\iA>

L 7 (5(1)1/71;?) ~v%ea + h.c.,

=2I* (5(1)&;‘) ePeap +hec.. (12.12)

d.e

e = (5(2)Vﬂ) €A+ (5(2)TM_V> WyeBsAB,

—_ <5<2>G;;> epeABy (12.13)

d.e.

where
= — o7 T New (6OF)) |
= (5®FL) + 202 (505) (5V9F) ean +he.,

—v), (6®4%))

V]

d.e.
d.e.

- =2ilm Npa L (6@ BT

:% (607 + %' (6 ) A0

:I:ilsw,p(7 [gapgﬂg (5(2)]—2\5) +2 <5(2)go‘p> gﬂg}"é}ﬁ} , (12.14)

d.e.

d.e.

and the same result is obtained for Fé‘f.

*Note that from now on the r.h.s. is intended evaluated on the background (12.10).
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12.3 Modification of the Attractor Mechanism

By proceeding further with the iteration, one finds that the most relevant contribution to the
variation takes place at the fourth order, at which a non-vanishing contribution to the variation of
the scalar fields is firstly observed. Thus, the scalar fields get affected by the wigging at the fourth
order in the anti-Killing spinors, even on the simplest background, namely in the case of double-
extremal BPS black hole:

(1)

(1)

By a long but straightforward algebra, the computation of the fourth-order variation of the scalar
fields can be computed to read:
— (s54)
d.e. (5 Zv)

(5(4)zi> + (5(4)2%)

where we separated two contribution: the one from the spinor covariant derivative and the one from
the graviphoton field-strength

= oA (5(3)%#) epeB 4 i (5(3);\m) ePenn + b,

d.e

— (5“’0&;‘) Yeq + . . (12.15)

d.e.

)

d.e.

d.e.

. - 1
(5(4),2%) ‘d ::g”firlm Nra (Ecv*ep) D¢ {4RuyabLA (EA’yabeB) €AB
.€.

1
— inUMgabcd [(VMEA’}/ULEA) e,ljef,ef,l + eZeZ (VpEAvceA) eg + h.c]
+ Fe,? (Vaear e + hic) g e } , (12.16)
(5(4)Z%> ‘d . ::gﬁfjrhn Nt (€07“V6D€DC) {QLA [T&V (VMEA’}/’)EA)

+T, (V) eyPeq) + sABT[EH T,, (EA’Y'MGB)}

v
1
— inglA&:p,,ng)\_M [EAB (EA’}/)\WGB> + h.c.}
1
+§Fé\gaw")‘T/\_w [ean (E47€P) —i—h.c.]} , (12.17)

where we defined . .
_ 7 -
Ruuab = D) (leab - ig;wp Rpaab> . (12.18)

(). - (7). - (529

it thus follows that the complete fermionic wig of the n complex scalar fields 2’ in the background
of a double-extremal 1/2-BPS black hole in ' = 2, D = 4 minimally coupled supergravity reads (in
absence of gauging and hypermultiplets):

Since

=0 12.19
=0 (12.19)

7 Y )
Wiclge = Z(0)

1 .
Lt (5(4)%) ) (12.20)

where Zéo) denotes the “unwigged”, near-horizon value of the scalar fields; according to the at-

.e. 7& Z(O) d.e. ’

tractor mechghism [30, 136/ 133,199, 100], the latter depends only on the electric and magnetic charges
of the black hole (for a detailed treatment, see [107], and references therein).

12.4 Axion-Dilaton Model

As an illustrative example, we analyze the simplest case within minimally coupled N = 2 super-

gravity, namely the CP' model, with only one vector multiplet (containing one complex scalar field
z) coupled to the gravity multiplet.
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In this case, we find convenient to consider the symplectic frame specified by the holomorphic
prepotential
F = —iXX", (12.21)

which arises out by suitably truncating the ' = 4 “pure” theory (see e.g. the discussion in [104}108]),
and it determines the following Kéhler potential (cf. e.g. [35]):

K=-ln[2(z+72)], (12.22)

from which the metric function is derived:

i1 = (g“)_1 ~G j el (12.23)

In special coordinates, after a Kdhler gauge-fixing (A = 0, 1throughout the present Section):
XA =(1,2), (12.24)

and then one can derive the covariantly holomorphic symplectic sections of special geometry:

1

M=ot Xh = (1,2), (12.25)

2(z+ %)

1
My = NpsL* = —i——no (2,1) (12.26)

2(z+2)
and their Kdhler-covariant derivatives
A= <a + 1@1{) 7 (—1,%) (12.27)
2 V2(z+2)7%2

(note the suppression of the i-index in f, due to the presence of only one scalar field).
In a symplectic frame defined by a prepotential F', the symmetric complex kinetic matrix of vector
fields is defined as (see for instance [115][116], and Refs. therein)

Ny = Fyy — 26000 Ts, (L' ImFr=L7) (12.28)
O*F
Fry i= ————— 12.29
AY 8XA(9XE ) ( )
ImFr=L=
Ty e i =L 12.30
A T e LS (12.30)

In the case under consideration, the 2 x 2 kinetic vector matrix reads

1
Ny = —i diag <z, > , (12.31)
V4
thus yielding
5 1
Im Ny = - diag (1, — ), (12.32)
2 | 2]
_z 1
Re Njs = ~——diag (1, —— | . (12.33)
2i | 2|2

12.4.1 Double-Extremal Black Hole

We are now going to derive the explicit values for the various fields in our configuration. We will
be dealing with an asymptotically flat, static, spherically symmetric, dyonic 1/2—BPS double—extremal
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black hole, with z constant for every value of the radial coordinate r. Following the conventions of
[35], we consider a dyonic black hole metricﬁ

M\ 2 M2
ds? = (1 + ) dt? — (1 + ) (dr? + r2d6* + r*sin® 0dg?) | (12.34)
T T
with gauge field strengths given by
M\ "2 200
FA = <1 + 7~> ?—th Adr — 2P sin0dd A do , (12.35)

where Q* and P* are symplectic, z-dependent, real quantities, defined by [35]

PA 1 oA
<QA> 2 <(Im N-1Re N p)* — (Im N1 q)A> : (12.36)

As showed in [33], in order to have a supersymmetric attractor solution one must require that
G}, = 0 on the horizon; such a requirement constrains the scalar z to be a function only of the

electric (gz) and magnetic (p*) charges of the black hole. Starting from (12.22), it turns out that the
value of the constant scalar is fixed to be

_q@—ipt _ Q' —iP!
d.e. q1 — ipo QO o

where in the last step the inverse of (12.36), namely [35]

A A
Py _ 2P
<qA> - <2R9NA2P2 —2Im NA2Q2>’ (12.38)

has been exploited. Note that z(%) ‘ 1. Siven by (12.37) expresses the value of the scalar field 2 at the
zeroth order.
By setting z = 2(*) | Lo One gets G = 0, and the BPS bound is saturated [35]:

L)

: (12.37)
d.e.

M? = —2[ImNpa (QTQM + PYPN] . =12 4o
A S
= qoq +p°p' = TO) = 2500 (12.39)
™
where Z is the N = 2 central charge function:
Z = L%y — Mp", (12.40)

and Ap o) and Spp (o) respectively denote the horizon area and the Bekenstein-Hawking entropy of
the black hole at the zeroth order (recall the comment at the end of the introduction in this chapter).

In order for the scalar to be fixed at order n (in particular n = 4), one has to require the vanishing
of the supersymmetry variation 5(”_2)Gj;. As shown below, due to the presence of a gauge field
variation, this is true only up to n = 3.

12.4.2 Fourth Order Scalar Variation

We now proceed to computing the fourth order variation of the scalar field z in the double-

extremal BPS axion-dilaton background specified by (12.34), (12.35) and (12.37), as described in
Sec.[[24.1]

We start and recall the Minkowski-Killing spinors in spherical coordinates:

0 [ . .0 .

€A = [cos 3 (sm %IL; + cos 2723> + sin 3 (cos gm:s — sin é)'ylg)] Ca, (12.41)
0 (. ¢ ¢ N, 0 O

A v ¥ ¥ v ¥ - A A

€’ = |:COS 5 (sm 21[4 + cos 2723) + sin 5 (cos 5718 — S 5712 ¢, (12.42)

*This metric is of Papapetrou-Majumdar form, thus the radius of the event horizon is located at r = rz = 0.
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where (; = (127”5)1, (= %2, ¢t = @1, ¢ = %2 and 1, 2 are Majorana spinors defined as

1={a1,as,—a3,al}, 2 = {b1,b2, 05,07}, (12.43)

with a, b denoting constant complex Grassmannian numbers.
As mentioned above, the non-vanishing variation for the scalar field z is induced by the correction
that G, does acquire at the second order. In fact, one achieves the following result:

), = (69, 0= (57

(cf. Sec. for the explicit variation of the fields); we should note that we exploited the special
geometry identity (see e.g. [41]])

egeactt (12.44)
d.e. d.e.

Im Nps f;AEE =0. (12.45)
By recalling the results (12.16)) and (12.17), the value of the scalar field at the fourth order (12.37)

yields
(2], = (1)

It should be stressed that, upon acting with all vacuum super-isometries as supersymmetry pa-
rameters, (6(4)2) ‘ Lo acquires a dependence also on the unbroken super-isometries. This redundance
can be eliminated by a gauge choice on the gravitino field, in order to work with a “pure” anti-Killing
spinor with 4 (complex) degrees of freedom. In order to highlight their contribution, we redefine the
constant Minkowski-Killing spinor zero modes as follows:

(12.46)

d.e. .

A:=ay +iby, B := by —iasy,
C:=aj + b7, D :=b5 —ia; . (12.47)
Such a redefinition allows us to work only with A, B, C' and D, since these are the only generators

for the black hole wig itself (their complex conjugates are the zero modes for the black hole Killing
spinors). Using these variables, we finally achieve the result

4 0Nl _ plNHO
(5<4>z> S i , Qsin? ¢sin? 0 (12.48)
de. 4(M+r)” L(PY+iQ%)" (Q +iP%) (P —iQ1) ] 4.
M* P’ —p'a

C2 e 2

QI+ r)4 o iq1)2 " —ia1) (q0 1 ipD) Q sin” ¢ sin“ 0, (12.49)

within the constraint goq; + p’p! > 0 imposed by the saturation of the BPS bound . Note that

we have introduced the “quadrilinear” Q := ABCD, and Eqs. (12.36) and (12.37) have been used.
Also, for M = 0 the result vanishes, as expected.

By evaluating the expression on the event horizon » = ryg = 0 of the bosonic solution

(12.34) (denoted by the subscript “d.e.h.”; recall the comment at the end of the introduction of this

chapter), one obtains

(9

12.5 The t® Model

0, _ .1
_ ' g d0 p q ——Qsin® ¢sin 6 . (12.50)
deh.  (p0 +igy)* (p° — iq1) (qo + ipl)

In this section we analyze the simplest cubic model of N' = 2, D = 4 Maxwell-Einstein su-
pergravity theory, namely the so-called ¢*> model. This model uniquely uplifts to D = 5 “pure”
Maxwell-Einstein supergravity theory.

In a suitable symplectic frame, the t* model is characterized by the holomorphic prepotential
[113]

(12.51)
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which determines the Kdhler potential

K = —3In (Z_,2> , (12.52)
21

from which the metric is derived
3

(-2
We can use the same special coordinate we used in the last section and then obtain the covariantly
holomorphic symplectic sections (A = {0, 1}):

gy =— (12.53)

A .= _Li), (1,2)
V5 (2 — 2)%
My ==y 2EOED gy (12.54)
12, — 2)2
Repeating the same steps we did in the last section we compute
A= —\/g(l_ll (3,224 %), (12.55)
t(z-z)2
5 L4242z —(2+2)
= — 3
Im NMs = gt i(z— %) ( C o+ 2) 5 : (12.56)
5 f 2(z4+2)? (2+2)
== 3
Re Mps = S (z+2) ( (o +2) W ) . (12.57)

12.5.1 Double extremal black hole and scalar variation

The computations follows the steps of the previous section. In this case, requiring G, = 0 we
obtain

1 .pl
Lo @ —i
d.e. QO — P
_ Ba+r'a 15 (p')* g} + 8p gt — 150 (p1)° a0 — 45 (0°)* ¢ — 90p°p qoa1 _
5% +20° f 25 (p')" +20p° (p1)? 1 + 4 (0°)° 7
0 tr'a VIO + 00— 2 (1) a0 — ()2 @ — 2% a0
= — 7 =
5" + 200 5" + 200
3p%0 + p' ¢ WV

=— + 31 , (12.58)
5(01)° +20%1 501 + 20
where J, is the quartic invariant of the special geometry, namely the unique quartic invariant poly-
nomial of the spin 2 representation of the U—duality group SL (2, R).
The fourth variation of the scalar field z for the t> model then is

 POO! — P1OY sin2 & sin2
(5<4>z) _PQ P Qs gsinh (12.59)
de.  2(P1)2+(QY)* (M +7)
which, computed on the horizon » = 0 and reads
; 02 0\2
(6:)| - 3i_P)7H (@) 2 gin? 9 =
deh. 40 (PLQO — POQL)
.. 2 . 2

3isin”® ¢ sin” 0 (12.60)

10 (pY)? + 4pqy

Note that (64)2)] dep does depend on ¢ and 0 in the same way of the analogue quantity of the
axion-dilaton model but it does not depend on ¢g
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12.6 Final Result

As resulting from (12.50) and (12.20), in the near-horizon background of a double—extremal BPS
axion-dilaton black hole, upon performing (the near-horizon limit of) a finite supersymmetry trans-
formation, the axion-dilaton z is not constant any more, but acquires a dependence on the angles ¢ and
6.

Nevertheless, for M =# 0, in the axion-dilaton model one can single out at least three pecuhar
charge configurations in which z does remain fixed, and given by (12.37), i.e. in Whldﬁ ‘

d.e
0= (6(4)2) ‘d.e.h.:
Lp'=p'=0= 2O, =aw/o;
I go =g = 0= 2O, =p"/1%; § = 2wicloe = 2wiclgen, = 27|, =20 (26D

IIL p'/p° = ¢1/qo.

Note, however, that such a choice is not possible for the t3 model where all charge configurations
give rise to a modification of the attractor mechanism, being the scalars invariant no more.

12.7 Conclusions

Eq. (12.20), with (6()2%)|,  given by the results (12.48)-(12.49) and 12.1? ), expresses how the
value of the ax1on-d11aton gets modzﬁed by the fermionic wig along the radial flow in the background of a

bosonic BPS double extremal black hole of N = 2 supergravity.

In particular, its near-horizon limit, in which the expressions (12.48)-(12.49) are replaced by (12.50),
yields that the attractor mechanism gets modified by the fermionic wig. It is therefore the first evidence -
in the simplest case provided by the (double extremal) axion-dilaton black hole, of what we dub the
“fermionic-wigged” attractor mechanism: the fermionic-wigged value, depending on the “quadrilinear”
Q as well as on the angles ¢ and 0, of the scalar fields in the near-horizon geometry of the double-
extremal 1/2-BPS black hole is different from the corresponding, purely charge—dependent, horizon
attractor value at the zeroth order.

We would like to stress once again that we adopted the approximation of computing the fermionic
wig by performing a perturbation of the unwigged, purely bosonic (double) extremal BPS extremal
black hole solution; thus, within this approximation, we consider quantities like the radius of the
event horizon unchanged.

We leave to further future work [101] the complete analysis of the fully-backreacted wigged black
hole solution, also including the study of its thermodynamical properties, and the computation of its
Bekenstein-Hawking entropy; this may be done also in the non-supersymmetric (non-BPS) case.

Our analysis may also be applied to higher dimensions, as well as to extended supergravities.

’Note that (12.49) and its horizon limit (12.50) only differ by the r-dependent pre-factor M*/ (M + r)*. Furthermore,
(0)

P , because we are considering a double-extremal bosonic solution (12.34).

=z
d.e.h.




Chapter 13

No Fermionic Wigs for BPS Attractors in 5
Dimensions

“Prepare for unforeseen consequences.”

— G-Man, HAIf-Life 2 - Episode 2

The question concerning the presence or absence of hairs of any kind around a black hole is
very compelling and, of course, it has been studied from several points of view. Nonetheless, in the
previous chapters we re-posed the question by considering possible fermionic hairs (first in [74], and
then in a series of papers [39]) for non-extremal, as well as BPS black holes. The first paper on the
subject is due to Aichelburg and Embacher (see chap. ?? and [15]). They considered asymptotically
flat black hole solution in N' = 2, D = 4 supergravity without vector multiplets and computed
iteratively the supersymmetric variations of the background in terms of the flat-space Killing spinors.
In that paper, they were able to compute some of the physical quantities such as the corrections to the
angular momentum, while other interesting properties cannot be seen at that order of the expansion.
Afterwards, the works [74] and [24] applied their technique to some examples of BPS black hole, up
to the fourth order in the supersymmetry transformation.

In particular, for extremal black hole solutions, the attractor mechanism (see chap. ?? and [30, 136,133,
99,(100]) is a very interesting and important physical property; essentially, it states that the solution
at the horizon depends only on the conserved charges of the system, and is independent of the value
of the matter fields at infinity. This is related to the no-hair theorem, under which, for example, a
BPS black hole solution depends only upon its mass, its angular momentum and other conserved
charges. As said, the authors of [24] addressed the question whether the attractor mechanism has to
be modified in the presence of fermions. The conclusion was that, at the level of approximation of
their computations, in the case of double-extremal BPS solutions, the mechanism is unchanged. In
[74] N = 2, D = 5 AdS black holes were investigated, and it was found that the solution, as well as
its asymptotic charges, get modified at the second order due to fermionic contributions. However, in
[74] the attractor mechanism and its possible modifications was not considered.

In [34], the fermionic wig for asymptotically flat BPS black holes in V' = 2, D = 4 supergravity
coupled to matter was investigated. There, it has been shown that the attractor mechanism gets
modified at the fourth order even in the case of double extremal solutions in the simplest example
of N' = 2 supergravity coupled to a single matter field (minimally coupled vector multiplet). The
surprising result is that to the lower orders all corrections vanish for the BPS solution, while at the
fourth order, despite several cancelations due to special geometry identities, some terms do survive,
and thus the attractor gets modified.

It has also been noticed that there are situations in which some combinations of charges render the
attractor modifications null; this led to the conjecture that, in those D = 4 models admitting an uplift
to 5 dimensions, the attractor mechanism is unmodified by the fermionic wig. That motivated us to
study in full generality the D = 5 case, by means of the same techniques; we found that there is no
modification to the attractor mechanism up to forth order for all the ungauged N' = 2, D = 5 supergravity
models coupled to vector multiplets. This is a rather strong result, and it has been obtained for a

125
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generic real special geometry of the manifold defined by the scalars of the vector multiplets. The
cancelations appear to be due to identities of the special geometry, as well as to the extremal black
hole solutions taken into account (cf. Eq. (5.1)).

We should point out that the wigging is computed by performing a perturbation of the unwigged
purely bosonic BPS extremal black hole solution keeping the radius of the event horizon unchanged.
The complete analysis, including the study of the fully-backreacted wigged black hole metric, will be
presented elsewhere.

The plan of the paper is as follows. In Sec. we recall some basics of N' = 2, D = 5 un-
gauged Maxwell-Einstein supergravity. The fermionic wigging is then presented in Sec. and
its evaluation on the purely bosonic background of an extremal BPS black hole is performed in Sec.
The near-horizon conditions are applied in Sec. obtaining the universal result of vanishing
wig corrections to the attractor value of the scalar fields of the vector multiplets in the near-horizon
geometry. The universality of this result resides in its independence on the data of the real special geom-
etry endowing the scalar manifold of the supergravity theory. Comments on this result and further
remarks and future directions are given in Sec. [13.5

Three Appendices, specifying notations and containing technical details on the wigging proce-
dure, are presented.

13.1 Ungauged V' =2, D = 5 MESGT

Following [42]—I[38], we consider N’ = 2, D = 5 ungauged Maxwell-Einstein supergravity the-
ory (MESGT), in which the N = 2 gravity multiplet {e%, ¢/, A,} is coupled to ny Abelian vector
multipletq] { 4,,, A, " }, with neither hyper nor tensor multiplets’]

de,” =587y, (13.1a)
511):;, :D,u( )6 + 4\f ( 46,11,/7 )
1 T 1 i l/
— Eej)\ ’7u>‘?p+ 127,“,6])\ )\J+
1 Yix oV 1 v_ yix j
- ZSVMV,;E]‘)\ Y p)‘gn + E’}/ 6])\ ’YMVAg:, (131b)
1
Sh!l = — —ieN"hl, 13.1c
/6 @ ( )
5" = Lie®, (13.1d)
1
SA], = — 5 JATRL — @mf &y s (13.1e)
SN = — lzbw P SUTI N + 2y Flhfel+
+ 7w T BN = e N X — 57" e Ay (13.1f)
where
F =20, A (13.2a)
_ - ivV6 -
]:;{1/ + ¢;ﬂu A hi + Twuwuhl ) (132b)
Txyz :CIJKhihy hf? (132C)
w w 2 zZw
ny :h] hiy + \/;Tmyzg . (132d)

i = 1,2 of the fundamental 2 of USp(2) ~ SU(2) R-symmetry,z = 1,...,ny and I = 0,1,...,ny, where the 0 index
pertains to the D = 5 graviphoton. Note that y,, denote the D = 5 gamma matrices. Moreover, we adopt the convention
k= 1(cf. e.g. App. C of [38]).

*When not indicated, spinor indices are contracted using the standard SU (2) metric £/ (see appendix .
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From the Vielbein postulate, the N' = 2 spin connection reads

~Q 1 aoc ca ca a
G = Seau |1 — QP — Q| 1 K1,p (133)
where Qab¢ : = eraer? (8uef, — 61,62) and K aub = —%@Z_J[b'ya]qﬁu — %@Z_)bvud}a. The covariant derivatives
are defined as
D = 9,6° — Ligh A", (13.4a)
Duh! =0,h" = —\/2hL0,¢" = —\/2hID,¢" (13.4b)
DN =0\ + 0, T N + L, Py A7 (13.4¢)
Dutsl = (O + Fou™an) ¥ (13.4d)

and ([42]; see also e.g. Eq. (C.10) of [38])

2
Vyhy = —\/; (h! gay + Tuy=h"?) (13.5a)
2
vthlB = \/;(hlgzy + Txyzhf) . (135]:))

Note that only wzb (and not d)f;b) occurs in the covariant derivative of the gravitino. Furthermore, it
holds thatE] (see alsoe.g. [117,[118,119])

3
hl = — \[zath, hre = agsh? (13.6a)
ary =—2Cryxh™ +3hhy, (13.6b)
Crieh!h/hf =1, hihf =1. (13.6¢)

It is worth pointing out that in D = 5 Lorentzian signature no chirality is allowed, and the small-

est spinor representation of the Lorentz group is given by symplectic Majorana spinors; for further
details, see App.

13.2 Fermionic Wigging

We now proceed to perform the fermionic wigging, by iterating the supersymmetry transforma-
tions of the various fields generated by the anti-Killing spinor € (for a detailed treatment and further

details, cf. e.g. [7Z,134]); schematically denoting all wigged fields as ® and the original bosonic config-
uration by ®, the following expansion holds:

- 1 1 1
d=e"P =0+ 5D+ §5<2>q> + 55@)@ + Fs(‘*)@, (13.7)

where, as in [15], the expansion truncates at the fourth order because of the 4-Grassmannian degrees
of freedom that e containsff

13.2.1 Second Order

In order to give an idea on the structure of the iterated supersymmetry transformations on the
massless spectrum of the theory under consideration, we present below the second order transfor-
mation rule{] (general results on supersymmetry iterations at the third and fourth order are given in

%In the present treatment, C7 7k denotes the Cr sk of [38], their difference being just a rescaling factor.

“In the present paper we will deal with a BPS background so just half of the supersymmetries are preserved.

5By exploiting Eq. (3.16) of [119], both V,T™"¥* and V.I'}, can be related to the covariant derivative of the Riemann
tensor Ry -¢; this latter is known to satisfy the so—called real special geometry constraints (see e.g. Eq. (2.12) of [119]).



128 CHAPTER 13. NO FERMIONIC WIGS FOR BPS ATTRACTORS IN 5 DIMENSIONS

Apps. D]and [E} respectively):

(52es) :%eva (50, . (13.8)
(5@)%) - (50)@”) € — éejﬂim <5<1>Ag;) + %Wqﬁw (5<1>Ag;) +
~ gwupfjw’yw (60x) + %v”yx’mu (60 +

— X (50eg) — cej (603) 7+

Lo Siwbyg (sWoa o L sz vy

— %vabcq;\”vbcx\i (5(1)62) - Zl87uup€j (5(1)5\”) 7PN+

- %ybq?\”m/\;’ (5(1)e§3) + %v”ej (5(1)Z\Z’I) YV M+

+ J%h,ﬁjp [(00es) eper + e (60ep) e + ey (60er)] (na — 4087°) €'+

+ 25hs (80067 ) B, (3,7 = 48777) €

+ 41%;” (6WFL,) (3 — 48777 (13.9)
(5(2>¢m) Z%g (50) Am) : (13.10)
(624L) == Sen (60x7) b — % (6%ep,) evaxeni+

a3 (50 + 9t (V)

. %mwyhi (5<1>¢y) , (13.11)
(503 = & (80) B o (500D, ¢ = L, () +

n i \/ngyzej X (5(1) AJZ‘) _ 8\1/6Tmyz,yuuej>\; Y (5(1) Ai) i

— (506v) T (50047) — (5g0) T + i\/gT (503 xi+

— LTwyzv‘“’ej (5(1)5\;) VX, — LTW‘ZW“EJ‘ (5(1)5\;) YN+

8v/6 4v/6
1 TYZ AV i j v_ Y1 i
+ mvtT Y <5(1)¢>t> [36]-)\2’,)\% — e N AL — ha ej)\va,)\jz} +

— (60g) virg, (506" ) X7 + 37 T (5061 ) €+ iv (ST hye'+
+ % (5%5) el + el (5<1>eg) VOEL bl (13.12)
with
(6WEL) = (6DFL) + (6Dy, ) iy AhE + 7,y (60A7) i+
+ Dy NV L (5<1>¢y) + “f (5“)@5“) Yol +
“f% (609) T+ (50 ) uXni+

_ %zzﬂwyh:{: (5“)&) , (13.13)

+
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(5<1>Dﬂ) i (5<1> ab) Yab s (13.14)
(5718) 4 ) -]
+ %ew [(5“)9‘“’0) - ( Q‘m) (5 wa)} n (5<1>Kaﬂb) , (13.15)
(6Maete) = [(60ere) e 4 et (60 ) | (Dues — e +
+ eHaghh [8“ (5%5) — 9, (5“ e;ﬂ : (13.16)

(5<1>K“ub) :% Kg ' ) ey 4, ( ep[a) N
+ lanyt] (5<1>%) L % (ym;p) ey b+
+ %zﬁp (6Mer) u® + L5, (60e) wh+

2
+ %zﬁmu}p (5<1>epb) + %&m (5<1>¢p) epb} : (13.17)
(5“)25“&) =0, (50)&) — % (5“)1/?”) AT — %ﬂ“ (5<1W) . (13.18)

13.3 Evaluation on Purely Bosonic Background

Next, we proceed to evaluate the fermionic wigging on a purely bosonic background (characterized
by setting ¢» = A = 0 identically, and denoted by |, throughout). This results in a dramatic sim-
plification of previous formulee; in particular, all covariant quantities, such as the E-tensor [119],
characterizing the real special geometry of the scalar manifold (cf. Apps. [D]and [E), do not occur
anymore after evaluation on such a background.

13.3.1 First Order

At the first order, the non-zero supersymmetry variations are:

(), -
().,

Moreover, the supercovariant field strength collapses to the ordinary field strength and the covariant
derivative on ¢” reduces to an ordinary (flat) derivative.

N I v )
D, (&) + th}" ( - 45,ﬂp) €, (13.19a)

= Lggre 1 1y Fiage (13.190)
2 4

13.3.2 Second Order

At the second order we find:

(5@)@;) . :éwa (50)%) ‘bg : (13.20a)
(5@)&) . :ég (5<1W) - (13.20b)
(5247) = ;\/geh] (s wu)‘ - %gw (507 s (13.200)

The supercovariant field strength, the covariant derivative on ¢* and the variation of the spin con-
nection wy; b all collapse to zero.
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13.3.3 Third Order

At the third order, one obtains the following results :
1 .
€ — -€j (5(1))\m>

(5(3)1/12) ‘bg - (6(2)7)“) bg 3 b T (5(1))\@
s 1) )]

- i%wpej (5(1)5‘im> b v (5(1))‘%‘) b

s (03, (505

4\[h1}"1 [(6(2)ez> ‘bg eper + e, (5(2)65) ‘bg el +egep <5(2)e§) ‘bg} X

(’Ya — 452'76) €+ %hlz (5(2)¢z> ‘bg ]:l{p (’Vuyp - 45;:7;1) €'+

+
bg

+
g

+
bg

i (2) oI Vo ASVAP i
WG (5 Bl )‘ o O 45770 € (13.21a)

()] e (B2 (590 ()]

i )], ),

— Zhl/éTxyZ’y“'jej <(5(1);\§/> ‘bg Vv <5(1)/\g) ‘bg +
e R ()

1 rig e (524t
+37 J-'Vthl(é ¢)bg

o [(ameg) et el (%)

( 5@ )\iz)

€+ i’y : (5<2>Ff) ‘bg h¥ei+

[ px i
bg] FLnge (13.21b)

For the supercovariant field strength, the covariant derivative on ¢*, and the spin connection wzb, it
holds that:

(L) =2 ()], 2 ()], (67

+i\/§ (5“%)’@ (5(1)%) . l (13.22a)

9, (5@)&) b (5“)@5“) ]bg (6(1))\””) (13.22b)
L) o)

+% [(5<2>Qab6>(bg - (5@)9”6@) - (5<2>wa))bJ n (5(2)K“Mb)‘bg . (13.220)
[ eW) e et (52 )]bg] (D€l — et +

+ bt b[ (62e5)| } , (13.22d)

-0,
b
(@), = (00)], “( )l
)

+;( z/;p)\ %( ), L (13.22¢)

hl+

(5(2)ﬁ”¢$) bg -

(62)

bg

bg

),

5<2

+
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13.3.4 Fourth Order

Finally, at the fourth order, one achieves the following expressions :

<(5(4)eZ) . :%aa (5<3>¢“) ‘bg : (13.23a)
(5<4>¢>ff) . :%g (5(3))\”5) " (13.23b)
<5(4)A£> =" %m <5<3>Xf) e

-5y (), ¢

1
i (0 e ),
=5 (39e)], e (5037)] nls
= %m (67) Vol (62¢") ‘bg . (13.23¢)
Again, the supercovariant field strength, the covariant derivative on ¢* and the spin connection w?’

all vanish.

13.4 Wigging of BPS Extremal Black Hole

Following the treatment of the D = 5 attractor mechanism given in [120,121] and [122], we consider
the 1/2-BPS near-horizon conditions for extremal electric black hole (with near-horizon geometry
AdSy x S3):

bl =0= 9,0" =0,
hiFl, =0, (13.24)
and we evaluate the results for purely bosonic background (computed in the previous section) onto

such conditions (denoted by |gpg, and always understood on the r.h.s. of equations, throughout the
following treatment).

13.4.1 First Order

At the first order, the gravitino variation is non-zero, while the gaugino variation vanishes :

7 A ) i v v 7
(6Wws)| . =Du(@)e + 75 Fe (" = 457) € 0, (13.25a)

=0. (13.25b)
13.4.2 Second Order

BPS

At the second order, one obtains :

(5(2)ez> BPS :%a“ (5(1)%) ‘BPS 70, (13:262)
(5<2>¢I) s =0 (13.26b)

(6245)] =0 (13.26¢)
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13.4.3 Third Order
At the third order, it holds that :

< w“)‘BPS (5(2)D“>‘BPSE+

+ Zhi/ghfflfc [(5(2)e/’j> s eyel + eZ (6(2)eg> ps el + ezeg (5(2)e§> BPS} X
x (1t = 4087°) € + 4j/6hz (62 F,) ‘BPS (7, — 46577) € (13.27a)
and '
(5(3)>\”) 1 (13.27b)

Concerning the supercovariant field strength, the covariant derivative on ¢* and the spin connection
wzb, the following expressions hold:

(5(2)15’5”) BPS =20} (5(2)14{4)’3138 + Z\/g (6(1)&”) BPS ( w#)‘BPS ’ (13:282)
() ) 695 (7). s
(527) g =5 (6%ecn) | (07 = 0 - 27)
.

(0005 g = (0292 = (90 ]+ (028

(13.28¢)
(5(2)Qabc) . [(5(2)eua> . b 4 b (5(2)6%))]3138} (9, — BeS) +
+ eagrh [aﬂ (5%5) I (5<2> C)‘BPS] , (13.28d)
(8 g = (01700 2" (500
% ( )‘BPS T (6(1)%) BPS e"e”. (13.28¢)
13.4.4 Fourth Order
Finally, at the fourth order, by using the identity [42]
h'hp, =0,
one achieves the following results :
(5(4)63) BPS :%Efya (5(3)¢“> ’BPS 70, (13:292)
(5<4>¢ff) =0 (13.29b)
(5(4)A’€) BPS ;\/gghl (5(3)%) ‘BPS 70 (13:29c)

Once again, the supercovariant field strength, the covariant derivative on ¢* and the spin connection
wzb all vanish.

13.5 Conclusion

The general structure of the fermionic wigging (13.7) along a 4-component anti-Killing spinor, as
well as the results reported in Secs. [13.4.2]and [13.4.4] do imply that the attractor values of the real
scalar fields ¢ in the near-horizon AdS, x S3 geometry of the 1/2-BPS extremal (electric) black hole
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are not corrected by the fermionic wigging itself; an analogous result holds for extremal (magnetic)
black string with a near horizon geometry AdS; x S? (cf. e.g. [122] and [118]).

Thus, the attractor values of the scalar fields ¢ are still fixed purely in terms of the black hole
(electric) charges :

(Ea:

BPS - (€5¢) )BPS -
= 6"lpps + (000")
L (5<4>¢x)

1
= (s503)
+ 3! (5 ¢ ) BPs 4! BPS

+

BPS + % <6(2)¢x) BPS

as it holds for the attractor mechanism on the purely bosonic background (cf. e.g. [120, 121} 122]). It
should also be stressed that the result (13.30) does not depend on the specific data of the real special
geometry of the manifold defined by the scalars of the vector multiplets.

We would like to stress once again that we adopted the approximation of computing the fermionic
wig by performing a perturbation of the unwigged, purely bosonic BPS extremal black hole solution
while keeping the radius of the event horizon unchanged.

The complete analysis of the fully-backreacted wigged black hole solution, including the study
of its thermodynamical properties and the computation of its Bekenstein-Hawking entropy is left for
future work. This study can also be generalized to the non-supersymmetric (non-BPS) caseﬂ

It should also be remarked that in D = 4, the attractor mechanism receives a priori non-vanishing
corrections from bilinear terms in the anti-Killing spinor e [34].

Further investigation of such an important difference concerning wig corrections to the attractor
mechanismin D = 4 and D = 5 is currently in progress, and results will be reported elsewhere. Here,
we confine ourselves to anticipate that the aforementioned non-vanishing wig corrections in D = 4
can be related to the intrinsically dyonic nature of the four-dimensional “large” charge configurations,
namely to the fact that charge configurations giving rise to a non-vanishing area of the horizon, and
thus to a well-defined attractor mechanism for scalar dynamics, contain both electric and magnetic
charges.

As further venues of research, we finally would like to mention that fermionic wigging techniques
could also be applied to other asymptotically flat D = 5 solutions, such as black rings [123,122] and
“black Saturns" [124], as well to extended N > 2 supergravity theories in five dimensions.

®Note that in this case the series li truncates at the 8" order
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Appendix A

Supersymmetry Transformation in 4D:
Second Order

“Maybe I missed something. Because,
y’know, exits are supposed to be difficult to
locate. Because, God help you if somebody
exited your building by accident. Then,
they’d have to come back in.”

— Gordon Freeman, Freeman’s mind

We follow notation of [41], with no hypermultiplets. At second order we get
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Appendix B

Supersymmetry Transformation in 4D:
Third Order

Some challenges are far harder than they
first appear.

— The Butterfly Effect, Antichamber

At third order we get
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where we defined
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+ig8,(Im Nra) <5(1)Zp> Cklmgmﬁﬁrﬁ-f;\“%b%w%—

+ igﬁg (Im NTryp) <5(1)275> Crim gmﬁfFfAS\k“’ya B4

+ig7Im NpaV, Crimg™" f7 F ( Zp) NoAyap AP+
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+ ig"Im NaChamg™ f] 2 (8N4) 7\ P+

g Tm Nis Crimg™ FF Fa N Ay (SDNE )] +

1 -
— gg”Im NFACklmgmnf{fé)\kA’yab)\lBaAB><

[(5<2> ;‘;) el +2 (5<1> ) (6(1)eb> et (5@)@’;)}

) ) (o bﬂ )
[(5 2) gra )e b4 ema (5(2 e b)] (aue — 0, e +

+2[(sWere) (60e?) + (6Wete) (50| (D5 — Dpes) +
2 “(60e)] [0, (6Weg) — 0, (8Weg )| +
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4 (505,) mpitern (50e?) + L (6Put) e+
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+ ;002" (0227) = Ronigg™ k0, (6027 (6027 9,2'+

~ Va V09,2 (50zm) (502) - 29;0;K0, (502) (s027) +
- VoK 9,7 (602) +
)0
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+c.c. (B.16)
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(6@75F) _% {(5(%%) + (6@ 2mpo ) FAP7+

+ ;euy,,g [(6@g°0) g7 F g + o (62g7) Fliy + g™ (sPF )| +
o [0 (100) 73+ () (1072
Fgor (5(1)960) (5< ) FA )” (B.18)
(6@g°7) =y | (6@ eg) e +2 (6Wez) (6Vey) + ez (8¢ ) | (B.19)
(62 2po ) =2atea [ (6P ) eheced + e (6 el ) eced + eael (5@ o) et + enebes (5Ped) ] +
2z [ (Ve ) (60el ) eged + (6Wes) e (80eg ) et + (60eg) ebes (5Ved, ) +
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Appendix C

Notation and Identities in 5D

“We're made up of thousands of parts with
thousands of functions all working in
tandem to keep us alive. Yet if only one
part of our imperfect machine fails, life
fails. It makes one realize how fragile...
how flawed we are...”

— Ingun Black-Briar, Skyrim

We follow the notations in [42]. We adopt the Lorentzian D = 5 metric signature (—, +, +, +, +)
and we consider symplectic-Majorana spinors satisfying

o=\ = XT¢, (C.1)
where the charge conjugation matrix C fulfills the condition
cl'=—c=ct, (*=-1, (C.2)
and
CrC™ = (1) = )" C = =,
Cyur)" C = Y (C.3)

from which one obtains
(C%)T =—Cyu, (C%V)T =Cw -

Notice that C and C, are antisymmetric matrices, while Cv,,, is a symmetric one. Spinorial indices
i = 1,2 are raised and lowered as follows

V="V, Vi=Viej,

with
€12 = 612 =1.

From these relations, one can derive the following identities :

Axi = Axeji = =X = i\, (C4)
Xyuxi = Nyux’eji = =X 1) = XA (C.5)
NYwXi = XX €ji = XA = —XiYuw A’ (C.6)
yielding
AP\ =0, (C.7)
ANy =0, (C.8)
Ny hi £ 0. (C.9)
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Appendix D

Supersymmetry Transformation in 5D:
Third Order

“What is better — to be born good, or to
overcome your evil nature through great
effort?”

— Paarthurnax, Skyrim

At third order in V' = 2, D = 5 supersymmetry iterated transformations, one find
a 1 —~,a
(5(3)%) ey (5@)%) : (D.1)

(6045) = (50D,) € - éejm (50) + fzij s (523) +

4187#1,,,6]/\”7 ve (5(2)/\7) %7 NIV ((5( ))\]> +

_,<5(1) )Mm (5( W)— Z¢ (5<1>w) (50)%)

+6(5(1) )’ybe A b(é(l))\J)+ ’71,6]( )7 (51))\7)

) v (5932) e (037) o (59

)
 H(0) s (05) - s (5 10
- égjxww; (50 - % (6Weg) ¢ (50X%) vurit
- éej (62X 3 + 112%17%” 2 (6@es)
+ 1%56;’ (5(1)/_\“‘) AN (5“) Z) + %%yej (5@)?\”"‘) YA+

6
- %Wabcejj‘m'ybc)‘é (6®ez) - ;ZVabcfj (60X yPex] (6Wep) +

- %’yu,,pej (5(2)5\”) PPN 4 %’y”ej (5(2)5\m> VN,

+ %’y NN, (6(2) ) + é’y € (5(1)5\’””) Yap N, ((5(1)62) +

+ mhIFVIp [(5(2)%) epel + e, (5(2)EZ> el +eney (5(2)e’c’> +

+2 (6(1)ez> (5“%5) el +2 (5(1)62) € (5(1)e§) + Qez (5“%3) (5(1)627)} ('yabc — 4(5270) e+

'V, VhL can be elaborated by exploiting Eq. lh Furthermore, V.,V T%* = 12E*Y%,,,, where the rank-5 com-
pletely symmetric tensor E“Y*,,,, is the real special geometry analogue [119] of the so—called E—tensor of special Kahler
geometry [125]; by using the last of (13.2a)), a similar result holds for V., VI,
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+ éhlz (5(1)¢Z> F‘Z{p [(5(1)62) eper + e, (5(1)61)”) el +ejep (5(1)e§)} <7abc — 45270> e+
+ %hh (5(2)¢Z) F,,Ip (’yﬂ"p — 45Z’yp) €+

+ %vymz (6M¢) (8Wa") Fl, (3, — 48777) €'+

+ 2\1/(3 <(5(1)FVIP) [((5(1)62) eper + e, (5(1)6Z> el +egey (5(1)e§>} (fyabc — 452'%) €+

+ éhlz (5(1)¢Z> (5(1)13‘50) ('Vuyp - 4557p) €

1
4

+ \/ngVuT“"yZ (6Me) (s

—2(s@¢) virg, (606" ) X7 + i\/gvu:r’wyz (526") XM+
¢

w) Ejj\i )\j+

- 8\1/6vwvuTW (5<1>¢>“) (5(1>¢W) Y €Ny N+

+ 4j/6 (62FL,) (.7 — a5i77) € (D2)
%g(amw) , (D3)
- %g% (5@)») hL — % (5<2>eg) Y NThL+
- ;\/gghl (5@%) + %hi (5@)&) &, +
- %E’yﬂ)\zvyhi (6@9) +
+ il (6067) € (50p,) + fv o (607) (W) e+
— (6We) e (60A7) 1L - (5<l>eg) VATV hL (506" ) +
— &, (5 x'f) v hf( 1>¢y) - %aﬂvvtvyhi (5<1>¢y) (5<1>¢t) , (D.4)
(5(1)6 ) ( Duqu) e — % (5(2)eg> ’yaﬁuqﬁxei—i-
— ;fy“ ((5 D <Z>x> e — 4\1/6]1551/27116.5\%’7 (5(2)/\2) +
+ i\/gT vehy (00 - NG 6T”"y P e N (6P00) +
_9 (5(2)¢y e, (5 1)y? ) ;\/7Tﬂcy 5(1))\ 5(1))\3
T (03 (%) -5l oy o)
(5<1>¢y) (5(2)/\ ) (5< ) Y )rx At
+ i\/ngy & (32X;) GTW Pe; (6N) A+
+% 2y, T ( ¢u) ¢ y( ) _ —V Tey= ( ¢u) Y e (5( )\ ),m N+
R 00 e 00 3T (36) e (503
et Rt (o) ) )



with

(6@ F,) = (6278 ) +2 (6D ) 7,

<5(2)Du

( 5(2),ab

) =

©) =5 [(526,) ey, 12 (5

4\1/6v V. TV ( %“) (5(%“’) Ve Ay AL+

_9 <5<1>¢y> A (5<1>¢t) (5(1>¢u> PR
+ %7 Py, he (5<2>¢t) €+ %7 : (5<1>Ff) Viht (5<1>¢t) it
+ i’y (5<2>F1> h2el + %’y FIN Ve ( <1>¢t> (5“%;5“) it
T [(5®et) e 2 (50e) (500k) + et (5 )| Fuuhf+
() (5
7 (5Vet) e Vb (5061) +
— (6Wg) virs, (6@9") A¥7 - th/évuTW (626" ) e XAl +
1

_ %V WY ( ¢u> ’Y'Lwej;\;’yuu)‘i )

_l’_

_|_

+ 207 (60X7) VynL (609%) + (6@, ) 7y x"hi+
+ P (5< W) Bl + P VNVl (5< >¢y) (5< ) g )

+ Dy NV L (5(2)¢y) + ;\/g (5@)&”) dohl+

+ ;\/3% (62w, 0"+ Z\/g (5V4,) (5Vw, ) -+

=it (6045, ) nf (6067) = Sl (6097 ) +

=i (605, ) bl (6097) = S, TynL (5067 (60 +
+2 (60043, ) (6Wet ) aXehL + gy, (6@)esy ) aXehl+

20y, (50e) 7 (50X7) L+ 2y, (606} var" vk (50 |

)= (67)

) ‘
)~

s >6p[a) v+
5<2>ep[a> b+
@b (5(% )

Yu <6(1)1/Jl,) ePret 4

=
<
hS)
I/~ /N —

19 (50)%) ePlo (50)%
+2¢, 5(1)€p[a> Y (5(1)1%
+ % (5(2)1;,,) Py, b 4 ((5(

)+
)+9

,_.
=
=
)
\—/

 (6007) hL+2 (509, ) 7, AV, hl (50 g7) +
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+ (00,) v (60er) + (600, ) yeuter (6Ve) +
(5 wp)v,ﬂ/}u ( )+ ~y, (6C %)e +
0 (0) () o (0) (1)

+ 00 (500,) (80e) + 20 (6P +
2 () (815) e (107 (000)
bt (605 + g, (60es) (5We?) +

+%¢ Bt (6 ub)] , (D.10)

(7B 0 (5797) - (575 5 405) ()
7
2

- =Py (WW) . (D.11)



Appendix E

Supersymmetry Transformation in 5D:
Fourth Order

“Job’s done.”

— Orc, Warcraft IT
Finally, at the fourth order we find]
(5<4>eg) %?ya (5(3)%) : (E.1)
(5<4>¢L) - (5(3)23“) ¢ - éeﬂm (5<3>Ag) + %W,,ejxiw (5<3>Ag;) +

— e X (092) + e A (502) +

— éejj\”%}\fg <(5(3)eZ) +
- éej (5(3)5\”> YN, + %%beﬂmvb/\é (5(3)€Z> +

1 Yix beyg a
- @’Yabcej)‘ /Vb )‘jm (6(3)(3“) +

- %ngﬁj (5(3)5\”) PN + %7”6]- (5(3)5\1'1) YV ML+

+ %fyber”fyabA; <5<3>efj) +
+ %\/éhjﬁfp [(6©0e) eher + s (60e) 2 + egey (59t ) +

+ 3¢ (6e) (50t ) +3eg (60ep) (6Pt ) +3 (5 ) ef (6Vet) +
+3 (5<2>ez) (50)@;;) e +3 (50)@3) (5@)65) e +3 (5<1>e;;) e (5<2>eg) +
+6 (6Weg ) (6Wep) (6Mer)] (ra — 40877 i+

+ TVihia [ (00 ) et + e (60ef ) e+

+ epey (a0e)| (6067) (6Wa1) (m, - 40%7°) i+

+ shie (SOFL,) [ (60es) ehet + e (60t ) et+

et (6Ve)| (6Wg7) (v — astne) €'+

!Note that V,,V;V,T%%* = 12V, E*Y*,, [119]; similarly, V:V.V,hl can be related to E—tensor (cf. footnote 7).
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- %h,xﬁl{p (0@ s ) eper + e (0@ep ) e + ey (6Pet) +
+ 2ej, (5(1)€Z> (5(1)6’,;) + 2 (5(1)GZ> ey (5(1)6’2)
+2 (5(1)ez> (5(1)63) eé’} ((5(1)¢x> ('yabc — 452fyc> e+

(
+ zhlxﬁ’,,lp [(5(1)6Z> eper + e, (5(1)ez> el +egep (5(1)e'g>] (5(2)¢x) (fyabc — 45370) €+

4
+ % gh[ ((5(2)}2{/)) [(5(1)€Z> eyel + eZ (5(1)65) el + eaeg (cﬂ”eﬁ)} ('yabc — 4(5270) €+
+ i ;hl (5(1)]5’,2)) [(5(2)ez) epel + GZ (5(2)%) el + e ey (5(2)ep)

i z\ 1 v v i
+ gl (696 ) Fl, (3,7 — 48777 €'+

+—hy (SOEL) (7,77 — 46277) €+

4xf
1 <5<1> SU (5( ) )\]> _ %6] (50) Ax) ~ (5@) N ) +
( 52 )\J)

+2ej, ((5(1)e§) (5(1)6’2) +2 <5(1)eZ) ey (5“)@5) +2 (5( ) et u) (5(1)%) e’é} ('yabc — 452%) e+
(

)

e (59) + s (5037)

0 5 (1) e (895) 7 (593)
(o

L (930) (196) + e, (595 0 (50)
—%ej&%a (50A) (6@ et) = 5 (80X7) 7 (80N ) (6Det) +

7%% (5<2>;m> - (50) A@ (5@) )we ity <5(1W~)

(57 (593 () e (93 ()
5 57 s () (60 s (5 (57)

- 1%7”””@' (5<2>X”) VP (5<1W) + i’y N <5<1w) (5< et ) +

05 05) () 5 (1)

. (5< Jer ) e (6IN) 9] - 5 (5%5) & (JBX7) yadi+

47 (6960) vanes (50X7) 2 + 7 (605) ey (523) 20+

07 (5) 0 (00 ()
+ % (6@ ) ates (X 3] + T (5“)%) Ve (8N qup N+
+ i [ (5<2>¢ ) + Vb (5<1>¢Z) (5<1>¢y)} Pl (50)63) (7,7 — 4677P) €+
+ 15 [Vahe (606°) (6267) + 29,1 (6267) (5067) +
+V,Vyhis (5(1>¢>Z) (5<1>¢y) (5<1>¢t)} FL (7,70 — 48"7%) +
+ % [mz (5@)(;52) +Vyhs <5<1>¢Z) <5<1>¢y>} (5<1>F,{p) (4,77 — 45%7) i+

I %hlz <6(1)¢z> (5(2)ij’p> (,Y“Vp _ 45z,yp) ¢ : (E.2)



- laﬂv’v rE (697 +
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Appendix F

Fierz Transformations

“You're going to get stuck occasionally; it’s
a fact. Now don’t get all upset and start
hurling your controller at the cat, because

he might throw it back and it'll just

escalate...”

— Narrator, Little Big Planet

E1 Dirac Spinors

In this appendix we present the Fierz transformations used in chap.

The spinors used are 3—dimensional Dirac spinors 14 with A labels the different spinors (and so,

repeated { A} indices are not summed). It is easy to show that

1 . 1
F= — ~naTnaéo — 5na'

9 9 O’inA&i .

naAnA

Using this, we get the following relations

tyamal LTSN S JUE fai
g nanang = — e nana — gns'emsna'e'na,
trnats Lt nnts 1 45 tr L toinnmatoh
s nana'6mp = — 5nanang'Gims — gna'emansne + Segk 6 1Al A
= = Loy i Lo is t Ak
nB'0inANA'GinE = — 5nB'NBNA" A 0ij + 5B Ok 14714 dij+

1 T'\ TA 1 TA T,\

~ 5NB OB A ONA = 5NB OB 1A oinA+
7 R 1 .

— ik natnans'é"ng + SEisk naté"nangng .

If A = B this reduces to

N 1 2
TITUMUTUJ‘U ) (UTU) 0ij -

F2 Majorana Spinors

We list here some of the properties of Majorana spinors and some useful Fierz Identities:

glMSQ = §2M51 if M = 17757/75’7”7
51Msg = —53M sy if M = ¥, 4"
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The Fierz Identities for 2 identical spinors read

~ 1 B
00 = 1 (60 + 0565 — 0v57.0v57") (E7)

while those for 3 spinors are

0(00) = —560750 ,
0(@75'@0) = —7“95759.

Using it is easy to show that the following identities also hold

(ES8)

(66)* = —(6750)°,
(0757.0) (07578) = =1y (0750)? (F9)
(66)(8750) = (66)(0v57.0) = (6750)(0v57,8) = 0.

Finally the integration measure for Grassmann variables is

/ d*0(0vs0)* = —4. (F.10)

E3 Decomposition of fermions in chiral and antichiral parts

As in [41] we decompose fermions into chiral and antichiral parts. The indices of the spinors fix
their chirality according to the following conventions:

1A 1A
%( ZA > = ( ZA > (F.11)

75<2ﬁ‘1>=—<2ﬁ> (F.12)

(F.13)

Note that every fermion is Majorana which is then projected into two chiral parts. For example, if ¢
and £ are Majorana fermions we have:

d= M- E= ()
a=3+m)¢  e=s1+n)
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