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ABSTRACT: We discuss the dimensional reduction of fermionic modes in a recently found
class of consistent truncations of type IIB supergravity compactified on squashed five-
dimensional Sasaki-Einstein manifolds. We derive the lower dimensional equations of mo-
tion and effective action, and comment on the supersymmetry of the resulting theory, which
is consistent with N = 4 gauged supergravity in d = 5, coupled to two vector multiplets.
We compute fermion masses by linearizing around two AdS5 vacua of the theory: one
that breaks N = 4 down to N = 2 spontaneously, and a second one which preserves no
supersymmetries. The truncations under consideration are noteworthy in that they retain
massive modes which are charged under the U(1) R-symmetry, a feature that makes them
interesting for applications to condensed matter phenomena via gauge/gravity duality. In
this light, as an application of our general results we exhibit the coupling of the fermions
to the type IIB holographic superconductor, and find a consistent further truncation of the
fermion sector that retains a single spin-1/2 mode.
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1 Introduction

Recently, consistent truncations of type IIB and 11-d supergravity including massive
(charged) modes have sparked a great deal of interest. The relevance of these reduc-
tions is two-fold: not only are they novel from the supergravity perspective, but they
also constitute an interesting arena to test and extend the ideas of gauge/gravity duality.
Indeed, these truncations provide a powerful way of generating solutions of the ten and
eleven-dimensional supergravity theories via uplifting of lower dimensional solutions. By
definition, this possibility is guaranteed by the consistency of the reduction. Also from a
supergravity perspective, the inclusion of massive modes is highly non-trivial; consistent
truncations are hard to find, even when truncating to the massless Kaluza-Klein (KK)
spectrum. In fact, until not long ago it was widely believed that consistency prevents
one from keeping a finite number of massive KK modes. From the gauge/gravity corre-
spondence perspective, in turn, the lower dimensional supergravity theories obtained from
these reductions are assumed to possess field theory duals with various amounts of unbro-
ken super(-conformal)symmetry. Strikingly, the inclusion of charged operators on the field
theory side, dual to massive bulk fields, opened the door for a stringy (“top-down”) mod-
elling of condensed matter phenomena, such as superfluidity and superconductivity and
systems with non-relativistic conformal symmetries, via the holographic correspondence.
Even though the original work in these directions [1-5] was based on a phenomenologi-
cal, “bottom-up” approach, it is clearly advantageous to consider top-down descriptions
of these (or similar) systems. Indeed, a description in terms of ten or eleven-dimensional
supergravity backgrounds may shed light on the existence of a consistent UV completion
of the lower-dimensional effective bulk theories, while possibly fixing various parameters
that appear to be arbitrary in the bottom-up constructions.

In this paper we shall be concerned with the consistent truncations of type IIB su-
pergravity on squashed Sasaki-Einstein five-manifolds (SE5) whose bosonic content was
recently considered in [6-8] (see [9] for related work). These constructions were largely mo-
tivated by the results of [10] (see [11, 12] also), which had a quite interesting by-product:
while searching for solutions of type IIB supergravity with non-relativistic asymptotic sym-
metry groups, consistent five-dimensional truncations including massive bosonic modes
were constructed. In particular, massive scalars arise from the breathing and squashing
modes in the internal manifold, which is then a “deformed” Sasaki-Einstein space, gen-
eralizing the case of breathing and squashing modes on spheres that had been studied
in [13, 14] (see also [15]). Regarding the internal SE5 manifold as a U(1) bundle over a
Kéhler-Einstein (K F) base space of complex dimension two, the guiding principle behind
these consistent truncations is to keep modes which are singlets only under the structure
group of the K F base. The bosonic sector of the corresponding truncations including mas-
sive modes in 11-d supergravity on squashed SFE7 manifolds had been previously discussed
n [16], and provided the basis for the embedding of the original holographic AdSy super-
conductors of [2, 3] into M-theory, a connection that was explored in [17, 18]. In our recent
work [19] we have extended the consistent truncation of 11-d supergravity on squashed
SE7 to include the fermionic sector, and in particular provided the effective 4-d action
describing the coupling of fermion modes to the M-theory holographic superconductor.



At the same time that the work of [17] appeared, the embedding of an asymptotically
AdSj5 holographic superconductor into type IIB supergravity was reported in [20]. Contin-
uing with the program we initiated in [19], in the present work we discuss the extension
of the consistent truncation of type IIB supergravity on SF5 discussed in [6-8] to include
the fermionic sector. In particular, as an application of our results we present the effective
action describing the coupling of the fermion modes to the holographic superconductor
of [20]. Knowing the precise form of said couplings is important from the point of view
of the applications of gauge/gravity duality to the description of strongly coupled con-
densed matter phenomena, insofar as it determines the nature of fermionic correlators in
the presence of superconducting condensates, that rely on how the fermionic operators of
the dual theory couple to scalars. Hence, we set the stage for the discussion of these and
related questions from a top-down perspective. A related problem involving a superfluid
p-wave transition was studied in [21], in the context of (3+1)-dimensional supersymmetric
field theories dual to probe D5-branes in AdS® x S°. In the top-down approach starting
from either ten or eleven-dimensional supergravity, inevitably the consistent truncations
will include not only spin-1/2 fermions that might be of phenomenological interest but
also spin-3/2 fields. Omne finds that these generally mix together via generalized Yukawa
couplings, and this mixing will have implications for correlation functions in the dual field
theory. One of our original motivations for the present work as well as [19] was to under-
stand this mixing in more detail and to investigate the existence of “further truncations”
which might involve (charged) spin-1/2 fermions alone. As we explain in section 6, in the
present case we have indeed found such a model, containing a single spin-1/2 field, in the
truncation corresponding to the type IIB holographic superconductor.

This paper is organized as follows. In section 2 we briefly review some aspects of
the truncations of type IIB supergravity constructed in [6-8] and the extension of the
bosonic ansatz to include the fermion modes. In section 3 we present our main result:
the effective five-dimensional action functional describing the dynamics of the fermions
and their couplings to the bosonic fields. We chose to perform this calculation by directly
reducing the 10-d equations of motion for the gravitino and dilatino. The resulting action
is consistent with 5-d N = 4 gauged supergravity, as has been anticipated. In section 4
we reduce the supersymmetry variation of the gravitino and dilatino, and comment on the
supersymmetric structure of the five-dimensional theory by considering how the fermions
fit into the supermultiplets of N = 4 gauged supergravity. In principle, a complete mapping
to the highly constrained form of N = 4 actions could be made, although we do not give
all of the details here. The N = 4 theory has two vacuum AdS5 solutions, one with N = 2
supersymmetry and one without supersymmetry. In section 5 we linearize the fermionic
sector in each of these vacua and demonstrate that as expected the gravitini attain masses
via the Stiickelberg mechanism, which is a useful check on the consistency of our results.
In section 6 we apply our results to several further truncations of interest: the minimal
gauged N = 2 supergravity theory in five dimensions, and the dual [20] of the (3 + 1)-
dimensional holographic superconductor. We conclude in section 7. The details of many
of our computations as well as a full accounting of our conventions appear in a series
of appendices.



2 Type IIB supergravity on squashed Sasaki-Einstein five-manifolds

2.1 Bosonic ansatz

In this section we briefly review the ansatz for the bosonic fields in the consistent trunca-
tions of [6-8]. In the following subsection, we will discuss the extension of this ansatz to
include the fermionic fields of type IIB supergravity. Here we mostly follow the type IIB
conventions of [7, 22, 23], with slight modifications as we find appropriate. Further details
of these conventions can be found in appendix A.

The Kaluza-Klein metric ansatz in the truncations of interest is given by [6-8]

ds3y = VD dsk (M) + VO dP(KE) + V@ (n 4+ A1(z))?, (2.1)

where W (z) = —1(4U(z)+V (z)). Here, M is an arbitrary “external” five-dimensional ma-
nifold, with coordinates denoted generically by x and five-dimensional Einstein-frame met-
ric ds%4(M), and KFE is an “internal” four-dimensional Kéhler-Einstein manifold (hence-
forth referred to as “KE base”) coordinatized by y and possessing Kéhler form J. The
one-form A; is defined in T*M and n = dx + A(y), where A is an element of T* K F satis-
fying dA = F = 2J. For a fixed point in the external manifold, the compact coordinate
parameterizes the fiber of a U(1) bundle over K F, and the five-dimensional internal mani-
fold spanned by (y, x) is then a squashed Sasaki-Einstein manifold, with the breathing and
squashing modes parameterized by the scalars U(z) and V(z).! In addition to the metric,
the bosonic content of type IIB supergravity [24, 25] includes the dilaton ®, the NSNS
3-form field strength H(z), and the RR field strengths F(;) = dCy, F(3) and F(5), where
Cp is the axion and F(z) is self-dual. The rationale behind the corresponding ansétze is
the idea that the consistency of the dimensional reduction is a result of truncating the KK
tower to include fields that transform as singlets only under the structure group of the KE
base, which in this case corresponds to SU(2). This prescription allows for an interesting
spectrum in the lower dimensional theory, inasmuch as the SU(2) singlets include fields
that are charged under the U(1) isometry generated by dy. The globally defined Kéhler
2-form J = dA/2 and the holomorphic (2,0)-form ¥y define the Kéhler and complex
structures, respectively, on the KE base. They are SU(2)-invariant and can be used in the
reduction of the various fields to five dimensions. The U(1)-bundle over K'E is such that
they satisfy

S0 Al =207, and  d¥g) = 3AN D). (2.2)

More precisely, as will be clear from the discussion to follow below, the relevant charged
form €2 on the total space of the bundle that should enter the ansatz for the various form
fields is given by

Q= e*XSq), (2.3)

and satisfies
dQ=3inN\Q. (2.4)

n particular, U — V is the squashing mode, describing the squashing of the U(1) fiber with respect to
the KE base, while the breathing mode 4U + V' modifies the overall volume of the internal manifold. When
U =V =0, the internal manifold becomes a five-dimensional Sasaki-Einstein manifold SFEs.



The ansétze for the bosonic fields is then [7]

Fgy = 4 2volf + AW s Ky AT + Ky AT AT
+[2eZT AT =28 x Ky + Ko AJ] A (+ Ad)

+ |:e4(W+U) * Lg VAN Q + L2 A Q A (77 + Al) + C‘C’:| (25)

Figy = G3+GaA(n+ A1) +GiAJ+GoJ A(n+ Ar)
[N AQ+ NoQA (n+ A1) +cc (2.6)

Hz) = Hs+ Hy A(n+ A1) + Hy A J + HoJ A (n+ Ar)
+ [Ml AQ+MyQA(n+ A1) + c.c.] (2.7)
Cop = (2.8)
o (2.9)

where vol5E and * are the volume form and Hodge dual appropriate to the five-dimensional
Einstein-frame metric ds%,(M), and W(z) = —%(4U(z) + V(z)) as before. Several com-
ments are in order. First, all the fields other than (n, J,Q) are defined on A*T*M. Z, a,
o, Go, Hy are real scalars, and My, Ny are complex scalars. The form fields G1, Go, Gs,
Hy, Hy, H3, K1 and Ky are real, while M7, N1 and Ly are complex forms. As pointed out
in [7], the scalars Gy and Hy vanish by virtue of the type IIB Bianchi identities. We also
notice that the self-duality of F(s) is automatic in the ansatz (2.5): the first two lines are
duals of each other, while the last line is self-dual.

Inserting the ansatz into the type IIB equations of motion and Bianchi identities (ap-
pendix B), one finds that the various fields are related as?

1
Hs = dBy + i(db — 231) A Fy

G3 = dCy — adBy + % (dc — adb — 2C1 + 2aB;1) AN Fy
Hy =dB;

F, = dAy

Gy = dCq — adBy

Ky = dEy + %(db ~ 9By} A (de — 2C1)

G1 = dc— adb—2C1 + 2aB;

Hy =db—2B;
Ky =dh—2F —2A,+Y'DX +YDX* - XDY* - X*DY
M, = DY

Ny = DX —aDY

*We have chosen the notation of ref. [7] apart from replacing their x,¢ with X, Y, to avoid confusion
with the fiber coordinate.



My = 3iY
NO = 3Z(X - CLY)
e? = 14+3i(Y*X —YX"), (2.10)

where Fo = dA;, X,Y and Ls, My, N1 are complex, and DY = dY — 3iA1Y, DX =
dX — 3iA1 X.

As was explained in detail in [6, 7], the physical scalars parameterize the coset
SO(1,1) x (SO(5,2)/(SO(5) x SO(2))), while the structure of the 1-forms and 2-forms
is such that a Heiss x U(1) subgroup is gauged.

2.2 Fermionic ansatz

The fermionic content of type IIB supergravity comprises a positive chirality dilatino and a
negative chirality gravitino. Instead of expressing the theory in terms of pairs of Majorana-
Weyl fermions, we find it notationally simplest to use complex Weyl spinors. Quite gener-
ally, we would like to decompose the gravitino using an ansatz of the form

(%, 9,X) Zw ,X) (2.11)
(z,9,x) ZAI ® 16, (Y5 X) (2.12)

(,,X) Zw f: X)), (2.13)

where a, o and f denote the indices in the direction of the external manifold, the KE
base, and the fiber, respectively. The projection to singlets under the structure group of
the KE base was recently described in great detail for the case of D = 11 supergravity
compactified on squashed SE7 manifolds [19]. Since the principles at work in the present
case are essentially the same, here we limit ourselves to pointing to a few relevant facts
and results. As we have discussed, the five-dimensional internal space is the total space
of a U(1) bundle over a KE base. In general, the base is not spin, and therefore spinors
do not necessarily exist globally on the base. However, it is always possible to define a
Spin¢ bundle globally on KE (see [26], for example), and our (c-)spinors will then be
sections of this bundle. Indeed, we have seen above that the holomorphic form € is also
charged under this U(1). The U(1) generator is proportional to dy, and hence V, — A0y
is the gauge connection on the Spin® bundle, where V,, is the covariant derivative on K FE.
Of central importance to us in the reduction to invariants of the structure group are the
gauge-covariantly-constant spinors, which can be defined on any Kéhler manifold [27] and
satisfy in the present context

(Vo — Aaax)é‘(y, x)=0, (2'14)

where

ey, x) = e(y)e'™ (2.15)



for fixed “charge” e. For a KE base of real dimension dp, these satisfy (see [19, 28] for

example)? tod
edy,

db+2€

Qe = —iJosT e = (2.16)

In other words, the matrix Q@ = —iJ,3T'*? on the left is (up to normalization) the U(1)
charge operator. It has maximum eigenvalues +dp, and the corresponding spinors have
charge

dp + 2
T
These two spinors are charge conjugates of one another, and we will henceforth denote
them by e4. By definition, they satisfy Fei = iQex = +idjeq, where F = (1/2)F o500,
These spinors with maximal Q-charge are in fact the singlets under the structure group,

e=+ (2.17)

and they constitute the basic building blocks of the reduction ansatz for the fermions. In
the case at hand d, = 4 and the structure group is SU(2); in fact we have an unbroken
SU(2)r x U(1) subgroup of Spin(4) in which the spinor transforms as 20 @11 ¢ 1_. In the
complex basis introduced in A.3, we find

1
Qact = iisi (a=1,2) (2.18)
and

Puey =0, Py =0, (2.19)

where Q, = I'*®, P, = I'°T%, and P, = I'°T“. In the Fock state basis, these are e4 «
| £ %,j:%) and the remaining two states form a (charge-zero) doublet. Unlike the two
SU(3) singlet spinors that were used to reduce the gravitino in the 11-d case, here the
two singlets have the same chirality in 4 + 0 dimensions, that is yre1 = e1 (this follows,
since ¢ = —y1231 =[], 2Q,). Similarly, for the complex form Y(2,0) we find [Q, Y] = 8Y,
which means that ¥ (2,0) carries charge ex; = 3 and justifies the definition Q = e3iX2(270)
discussed above.

We are now in position to write the reduction ansatz for the gravitino and dilatino.
Dropping all the SU(2) representations other than the singlets, we take

Vo(z,y,x) = w<+ (@) @ es(W)erX@u_ + vl (@) @e_(y)e X @u  (2.20)
Uo(z,y,x) = ><x> ® Va4 (y)e3X @ u_ (2.21)
Va(z,y,x) = (w)@97a6 (y)e * X @ u_ (2.22)
Ve(z,y,x) = ¢ (@) @ ey (e X @u_ + o) (@) @e_(y)e X @u_ (2.23)

Mz, y. x) = W(m) @erWer X @up + A (@) e (y)e TN @uy  (2.24)

where go(i), p&) and wéi) are (4 + 1)-dimensional spinors on M, the superscript ¢ denotes
charge conjugation, and we have used the complex basis introduced in A.3 for the KE base
directions (o, @ = 1,2). The constant spinors u4 = ((1)) and u_ = ((1)) have been introduced
as bookkeeping devices to keep track of the D = 10 chiralities. Since our starting spinors

3 All of our Clifford algebra and spinor conventions are compiled in appendix A.



were only Weyl in D = 10 (as opposed to Majorana-Weyl) there is no relation between,
say, M) and M), they are independent Dirac spinors in 4 + 1 dimensions, and the same
applies to the rest of the spinors in the ansatz. Although one could write the (44 1)-spinors
as symplectic Majorana, there is no real benefit to introducing such notation at this point
in the discussion. Notice that all of these modes are annihilated by the gauge-covariant
derivative on K E. Equations (2.20)—(2.24) provide the starting point for the dimensional
reduction of the D = 10 equations of motion of type IIB supergravity down to d = 5.
According to the charge conjugation conventions in A.5, we also find

S(z,y,x) = ¥{7%(@) @ e (W)er ™ @u_ — i) @ e_(y)e TN @ u_
(Wa)(2, y, X (”C( ) ® vac—_(y)e 2 X @ u_

T (z,y,X) = (2.25)

(2, 5,%) = (2.26)
(Ta)°(,9.X) = p(7%(2) @ Yaer (y)e2™ @ u_ (2.27)
(2, 5,%) = (2.28)

(2,9, %) = (2.29)

)
ve (2) ® ey (y)er X @ u_ — pM(z) ® e_(y)e 2% @ u_

£\, Y, X
A%z, Y, —)\( (1) @ e (y)er X @ uy + AD(2) @ e_(y)e PN @ us

3 Five-dimensional equations of motion and effective action

The type IIB fermionic equations of motion to linear order in the fermions are given by
(see appendix B for details)

~ 1
DPXN= gF(g)))\—i-O(\I/z) (3.1)
. 1 1
r4PCDpws = —ga*rf‘x + §E’FA)\C + O(¥3) (3.2)
Here, D denotes the flux-dependent supercovariant derivative, which acts as follows:
- o 3’1/ 1 A A c
PA= (V- 2@) - rigw, - ripus, (3.3)
A - 7 i 1
Dp¥¢o = (Ve — QB | Yo+ —F5'8Yc — —SpVe, (3.4)
2 16 16
where Vg denotes the ordinary 10-d covariant derivative and we have defined

SB = (FBDEFGDEF - QFDEGBDE) . (35)

[

As described in appendix B.1, defining the axion-dilaton 7 = C(g) + ie”® = a4 ie”? our

conventions imply

G = ie®? (rdB — dC(y) = — (™2 Hz) +ie”*Fly)) (3.6)
and
i . do o 1
pP= 2¢ dr = > + §e¢da, Q= —fe dCp) = —ie‘z’da. (3.7)



It will prove convenient to introduce a compact notation as follows:

Gy = e3(0—40) (Gl . ie_¢H1) Gi = e3(@=10) <G1 n ie—¢H1> (3.8)
Gy = 2 OH03 (Gy — e Hy) Gy = M3 (Gy + i Hy) (3.9)
Gy = 3 (0T -1 (G3 _ ie‘¢H3) Gy = 3(0+40) 53— (Gs +ie ¢H3> (3.10)
N = 3610 (Ny —ie=oM, ) NP = 3010 (N, 4 ie=ay) (3.11)
N = ho-) (N* B ie—¢M{‘) NO) = ghto-av) (Nl* + z’e—¢M1*) (3.12)
N = ez(0-40) 52 (NO e ¢M0) NH) = e3lo-1U) 52 (NO +z‘e*¢MO) (3.13)
NG = 3002 (Ng —ie™oMg) N = 2052 (NG +ie™®Mg)  (3.14)

2WHU) = =5U+V) | Jts significance will be reviewed

where the scalar ¥ is defined as ¥ = e
later in the paper.

The detailed derivation of the equations of motion is performed in appendix C, and we
will not reproduce them here in the main body of the paper as the expressions are lengthy.
Given those equations of motion, we will write an action from which they may be derived.
Before doing so, we first consider the kinetic terms and introduce a field redefinition such

that the kinetic terms are diagonalized.

3.1 Field redefinitions

In order to find the appropriate field redefinitions it is enough to consider the derivative
terms, which follow from a Lagrangian density of the form (with respect to the 5-d Einstein

frame-measure d°zy/—g¥ )

Lig =" BA&)W&) + 9 (YD) — 4iy ™ Dyp®) — iy Dy )
—ip®) (47 Do —12ipp — 4 )
+ o) (<Dt — 4pp) . (3.15)

Shifting the gravitino as?

e R (L Y ) R R i) PR

we obtain
L& W [; AE PAE) 1§40 Dy 3E) 1 85 )

kin
+3 (2 +69) P (54 +6)]. (317)

4To avoid confusion, we note that the notation gb(i) means (ap(i>)T70, etc.



Then we are led to define®

AE) = W/2)\F) (3.18)
t
¢ = W72 [%(Ii) 3% (SO(i) + 4/)&))] (3.19)
&) = 4eW/2 53 (3.20)
(&) = 2eW/2 ( o) 4 w(i)> , (3.21)
which results in
= 1
_ 1-
5 [ @) ¢ + €3 (W) € + 577(* @)= (3.23)

The W-dependent interaction terms in the second line are produced by the action of the
derivatives on the warping factors involved in the field redefinitions, and they will cancel
against similar terms in the interaction Lagrangian. We note that the fields we have defined
are not canonically normalized. We have done this simply to avoid square-root factors.

The equations of motion written in terms of the fields (3.18)—(3.21) are given explicitly
in appendix C. They follow from an effective d = 5 action that we derive below.
3.2 Effective action

The equations of motion for the 5d fields (3.18)—(3.21), which are explicitly displayed in
appendix C, follow from an effective action functional of the form

Sip1 = K3 / d°z\/—g { HPAD 4 Pyttt 4 5”@5 + n“wn“)
41 A(—) PAC) 4 E)abep, () 4 ,g(—) pe) + §77<—> Py
(+) (- ) (+) (-)
+ ) + z(ﬁWch,cWJrcc)] (3.24)

where K5 is a normalization constant depending on the volume of the K E base, the length
of the fiber parameterized by y, and the normalization of the spinors e4. Here, Dgth® =
(Va F %AM) P E) for ¢ = X, 1, n,&, and the interaction Lagrangians are given by

£8) = £ + £ + 25 (3.25)

One should not confuse the one-form 7 dual to the Reeb vector field with the fermions n*).

~10 -



where we have defined

L&)

mass ~

and

£ =

:F% (€_4UE_1—|—222:|:€Z+4W> ;\(:I:)X(:l:):': (6_4UE_1+222:F€Z+4W) Egi),yaCCéi)

o <6_4U DI 12522i56Z+4W) ‘(i)n(i)i; (e_4U 2—1_522;ez+4W> £ )

Ne)

1 _ e a _ a
+2i(e AU -1 322i26Z+4W) <C§i)7 MCOIY (CON Cé:t))

F 5 (Vs E 2P (77&)5&) + g(i)n(i))
jFZ-( —4Us—1 erz+4W) (CC(L:N:) ag +€ ac(g:t))
2
3

ve [ﬁ(i)va ) 4 2560, 4 %;(i)gm}

[NV

2
Ve [ FE4a3 ) 3iﬁ<i>;<¢> +;i§(i>;<¥)} (3.26)

£ A [39(Pa) + 200 K] 5O 4 ie VT (99 @ha) + 29K 7)) ¢
+ 58 [e#(Pa) + 6V R €+ Lin [ef(9a) — 207V B |0

0 (i(00) — e VR )€ 4 €9y (i@ - LKL ) ()

- éz'ééﬁ(z*azwan(ﬂ + %mm “(2*@2)&

" %ij(i)ya N 4 L Cai) N i@ 1 %;u:) NE e 4 %g(i) N

1 (X a ~ p ay
+ i (A9, 1 &+ w e = (A9y00,¢) + (DG ) (3.27)

j\(i)’Ya (193 +95) Clgi) + 1@(}) (@3 + @2) YA

+ 5 2 iXE) (igs + Gy) n' 11*2“7 < QS + %)

% 3O (ig — 6,)€®) 1 LiE® (ig, — G,) A

- fiC () (Z‘QV[CF 2y F 28K ﬂ“]> () £ 5LE Sl (P
dﬂ (Z 2P £ £K,) 0™ F %izdﬁﬁ)v“nm

+ 10y (5 £ 5U) () 5 isn O 1§

+ éii(i) (E72Fy 4 25K,) A3 + %zi&mgﬂxm

L+ Liew (s ( 2P, ¢22K2) + Lyee AU

8 2
1
— i) (5572 £ 950) 1 F S5O L@ (3.28)
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Similarly, the interaction Lagrangian for the coupling to the charge conjugate fields reads

() 5@ apr@e 4 L7 poas@e
Ewwc_:Fz)\ WB)CG, :l:2<a E"y}\

= 35*) © (<iy + @+ 26,) 11T + I [Ny — NEDyed) ¢
zC (195 — Go) 70T ; NGBy

¥ gn £ (i, — Ga) (7 — SN

F SiC (10 + G % 201) 1€ 4+ 2T (W) — iNgD) o

F i€ 10, + G, £20,) (P + 2607 (W — N ¢

" %g(i) (i@s + Gy) e + g NEDEE e 4 ig(:l:)g2£(:|:)c

F 20 (i — Gy 061) 1P + gﬁi) (3 — 5N e

£ ) (i + Go) €% + SN (329)

where, in a slight abuse of notation, I’ now denotes the 5-d quantity P =
(1/2)7b (8},({) + ie¢8ba) .

It is worth noticing that this action can be also obtained by direct dimensional reduc-
tion of the following D = 10 action:

Soy1 = Klo/dl%m[ (Y} - *@ - *F ) % (PG TAN = ATAG D)

1/ _ 1.
- (APAE\I:;; + U PTANE + gprrABCSBxIJg + c.c.)
+ W, TABC <@B - %QB + 1Z(SF(5)FB> \1’0]7 (3.30)

from which the 10-d fermionic equations of motion can be derived. Asusual in the context of
AdS/CFT, the bulk action would have to be supplemented by appropriate boundary terms
in order to compute correlation functions of the dual field theory operators holographically.

4 N = 4 supersymmetry

It is expected that the Lagrangian we have derived has N = 4 d = 5 supersymmetry, and
we will provide evidence that that is the case. We expect to find the gravity multiplet
(containing the graviton, the scalar ¥ and vectors) and a pair of vector multiplets (con-
taining the rest of the scalars and vectors). Let us consider the supersymmetry variations
of the 10-d theory. These are

1
N = Pe®+ ZG& (4.1)
A 1. ) 1
W,y = Vye — 52@,46 + TGF(S)FA(S — 1*(35,46 (4.2)

- 12 —



where .
Sy = G (FADEFGDEF — 9FDEGADE) =T — 2GAppT'PF (4.3)

as before. Given the consistent truncation (assuming throughout that the SEs is not S°),
the variational parameters must also be SU(2) singlets:

e ="M (2) @ €+(y)e%ix ®u_+ V20 (z) @ e_ (y)e_%ix ® u_ (4.4)
e = V29 (z) @ €+(y)e%ix @u_ — 20 (1) s_(y)e*%ix @u_. (4.5)

The evaluation of the variations proceeds much as the calculations leading to the equations
of motion, and we find

) 1. . .
OAB = & PO — - (zgg ¢, T 2gl)e<i> Fi (Mﬁ) - ng>) o) (4.6)
&) = [Qi(@U) e UK, — 2ieZ W L 9jetU 2—1] )
1 . ‘ ‘

1 (95— i, ¥ 210, )0 — (WD —ingH ) 0 (4.7)

on®) = —;z’(zflaz) - %E*QFQ F %EKZ Tie Wy 14 3i%2 - 2z'eZ+4W] o)
1
+ixL§0T ¥ 5 (0 +i8,) 0 + 2N o) (4.8)
(+) 3. [P L. 4 (+) I wov-1 1o 1 zaw )y

0, = VQZF?Aa—i—Zze 8aa—§ze Kia| 087 47, :lzge b :tiE _§€ 0

1. 1 1. 1
+ glz 2 <F2’7a - 3’YaF2> e(i) + 112 (KQ'YCL - 3'YaK2> e(i)

g(Fe

1
T3

(95— 3083) = (9200 - 3282) 746,

1 | . 1
F 5 (Léi)’ya — 3%L§i)> 0F) + (z @ 4 g/\fo(i)fy&> e (4.9)

Consulting for example [29, 30], one sees immediately that it is on®) that contains
Y7193, and thus we deduce that it is n®) that sits in the N = 4 gravity multiplet. These
could be assembled into four symplectic-Majorana spinors, forming the 4 of USp(4) ~
SO(5). The remaining fermions &), A®) can then be arranged into an SO(2) doublet of
USp(4) quartets, appropriate to the pair of vector multiplets.

5 Linearized analysis

5.1 The supersymmetric vacuum solution

It has been shown that the N = 4 possesses a supersymmetric vacuum with N = 2
supersymmetry. To see the details of the Stiickelberg mechanism at work, we linearize the
fermions around the vacuum, in which all of the fluxes are zero and the scalars take the

~13 -



values U =V = X =Y = Z = 0. Around this vacuum, the supersymmetry variations

reduce to
on) = ¢ =50 =0 (5.1)
5¢H) = Do) + %%e(ﬂ (5.2)
on' ) = 6¢0) = —4ip) (5.3)
S ) =0 (5.4)
5¢) = Do) — g%g(—). (5.5)

These correspond to unbroken N = 2 supersymmetry parametrized by (), while the
supersymmetry given by #(7) is broken. In our somewhat unusual normalizations of the
fermions, as given in (3.22), we can deduce that the Goldstino is proportional to g =
% (77(*) + %f(*)) (orthogonal to the invariant mode % (n(*) — 5(*))). The kinetic terms
in this vacuum then take the form

1 /= ~ 7= ~
_ L (5mpam Z T3 56RO
Savae 2(>\ PAD = ZADR ) ( p i) A )
2 (e} L (e -<+>,€;+>)+20(m_gﬁh>
_ 7. _ 700 40
+ D) + ST ) + <3iC§‘)7ag + c.c.> — 599+ 5Py

3 a
_2 (+)7 CC£+)

+ QSJF)’YabCDchH) 9>a

) (5.6)
where ngj;) are linear combinations of n(*), ¢(+). Since the geometry is AdSs, the fourth
line represents a “massless” gravitino, while, defining the invariant combination ¥, =
CC(L_) + %z”yag —iDg,g, the third line becomes

_ 7_
U,y Dy 0, + §\Ila'y“b\llb, (5.7)

the action of a massive gravitino. This is the Proca/ Stiickelberg mechanism. We see then
that we have fermion modes of mass %, %, %, %, —;’, 55 2} which correspond to the
fermionic modes of unitary irreps of SU(2,2|1) and Wthh also coincide with the lowest
rungs of the KK towers of the sphere compactification [31]. The corresponding features
in the bosonic spectrum were noted in [6, 7). Spec1ﬁca11y, in the language of ref. [32], the

= 2 sector contains CC(L+), A , p = 3 contains Ca A ) €5) and p = 4 contains
nH A,

5.2 The Romans AdS5 vacuum
The non-supersymmetric AdS vacuum [32, 33] of the theory has radius /8/9, and vevs

9 6249
U -4V _ # #/2 Pl
e =e = —, Y = e X =(a+1e" %)Y, 5.8
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where 6 is an arbitrary constant phase. The axion a and dilaton ¢ are arbitrary [6, 7]. For
the various quantities appearing in the effective action we have

gi:giZNl(i) INl(i) :/\/’é” :,/\70(_) =K1 =Ky=Ly=0, (5.9)

where i = 1,2, 3, and

2 1 W\ K _ 3 .
—aw _ £ _ z_ - _ Sl Y v G B A 1/
e =3 =1, e 5 P=0, (NO ) Ny \/§€ : (5.10)
We then find
£ = ?3&) 5 _ %4 e+ 1 477<+> 5<+ )

) <ﬁ(+>5(+> n g(+)n(+>) _ %- (5@7%& + E) et )

_ 26 <2 F(+)4a3() ;Zﬁ(ﬂj\(f) N ;ig(ﬂ}\()) (5.11)
L) = %;m 36 4 145C “)yacc(o) 1;’77(—) _ %g<—>§
i (G + ) + Zi (E720) + E0yo¢t)
+ ;ie—“" (;i“)y“gﬁ“ + gz’;\(‘)n(” + ;ii(_)f(”) (5.12)
cl) = \26‘” (C_é_)v“déé_)c - gﬁ(_)n(_)c + %i_é_)van(_)c + %iﬁ(‘)vdéff)c
N %gg—)7a§<—>c N %E(‘)vdcff)c §g<—>n<—>c _ ;,7(—) §<—>c> (5.13)
and
£ =28 = <0, (5.14)

We see by inspection that indeed both gravitinos are massive. For example, C((l+) eats the
goldstino proportional to ¢g(t) = zf ./\/’é_) A=), while the Goldstino eaten by Ct(l_) is
a linear combination of £(), (=) and their conjugates.

6 Examples

As an application of our general result (3.24), in this section we discuss the coupling of
the fermions to some further bosonic truncations of interest, including the minimal gauged
N = 2 supergravity theory in d = 5, and the holographic AdSs superconductor of [20].

6.1 Minimal N = 2 gauged supergravity in five dimensions

Perhaps the simplest further truncation one could consider that retains fermion modes
entails taking U =V =Z =K, =Ly =G;=H;=M;=N,=0(i=1,2,3and ¢ =0,1)
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(+)7 C((;)7 77(*)7 5(7)

No p = 3 bosons

Y

3O, (), ), )

Figure 1. Decoupling of the fermion modes in the futher truncation obtained by eliminating the
bosons in the “p = 3 sector”.

and Ky = —Fj. It is then consistent to set A(F) = n®) = &) = 0 together with C((l_) = 0.
This gives the right fermion content of minimal N = 2 gauged supergravity in d = 5, which

is one Dirac gravitino (C(gﬂ in our notation), with an action given by
Sat1 = K5/d51’\/ —g¥ [C&H’YabCDbCCH) +£g/,) (6.1)
where
3= ac 3 - - c a
L8 = = 5Pyt = ZigiI ), (6.2)

and D, =V, — (3i/2) A1, as before.

6.2 No p=3 sector

A possible further truncation of the bosonic sector considered in [7] entails taking G; =
H;, = Ly =0 (i = 1,2,3). In the notation of [32], this corresponds to eliminating the
bosonic fields belonging to the p = 3 sector. By studying the equations of motion provided
in appendix C we find that the fermion modes split into two decoupled sectors, as depicted
in figure 1. It is therefore consistent to set the modes in either of these sectors to zero.

We note the first set of fermion fields are all in the p = 3 sector, while the second
set are in p = 2,4. It seems reasonable therefore to suggest that the latter truncation
corresponds to an N = 2 gauged supergravity theory coupled to a vector multiplet and
two hypermultiplets (this was suggested in [6, 7] in the context of the bosonic sector.) The
former truncation would apparently be non-supersymmetric.

6.3 Type IIB holographic superconductor

As discussed in [6, 7], the type IIB holographic superconductor of [20] can be obtained
by truncating out the bosons of the p = 3 sector as discussed above, and further setting
a=¢=h=0and X =iV, Ky = —F,, ¢*V = ¢=*V = 1 —4|Y |2, which implies E; = 0 and

Z _ 2 o * N\ oy
e/ =1-6]Y]?, K =2i(Y*DY —YDY*)=2iY*DY. (6.3)
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=

39, ), o), ¢

a

No p = 3 bosons ¢, o), €0 type IIB s.c.

A, (), ), g

Figure 2. Further decoupling of fermion modes in the type IIB holographic superconductor trun-
cation.

In terms of the variables we have defined, this truncation implies

_ O +) _ Ar(—)
Gi=G=N"bD=N=0 (6.4)
(1=1,2,3 and ¢ = 0,1) together with
N = —2ie 2V Dy, Ny = —6e Uy,
N = 2= py | NP = —ge2Vy (6.5)
and
P=0, =1, eW=1_4yp (6.6)

By analyzing the equations of motion given in appendix C, we find that in this case there
is a further decoupling of the fermion modes with respect to the no p = 3 sector truncation
discussed above. As depicted in figure 2, the A mode now decouples from gé‘), n), ¢)
as well, resulting in three fermion sectors, which can then be set to zero independently.

6.3.1 A single spin-1/2 fermion

The simplest scenario corresponds of course to keeping the A+ mode only, for which the
effective action (3.24) reduces to

1= -
Sii1 = Ks / P/ —gF [QWUDA(*) + £f£} (6.7)

with

<>
@ _ 153 1 2-6YP+Y DY)
G 2 <2+4u;v2+ v A (6.8)

where we recall that DY = dY — 3iA4;Y, and DA = (Y — 3 4,) \(H). As pointed
out in [7], we can make contact with the notation of [20] by setting 4; = (2/3)A and
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Y = (1/2)e” tanh(n/2). Notice that A(*) only couples derivatively to the phase of the
charged scalar Y. The model (6.7) is particularly well suited for an exploration of fermion
correlators via holography, inasmuch as the presence of a single spin-1/2 field makes the
application of all the standard gauge/gravity duality techniques possible. Naturally, such

a program becomes more involved in the presence of mixing between the gravitino and the
spin-1/2 fields.

6.3.2 Retaining half of the fermionic degrees of freedom

For the A\(7), ((1+),§(+), nt) sector we find that (3.24) reads

Siat = Ks / Pry/—gE B;w PAC) - EHabe ) %ﬁm Py
+ %5*)12)5(*) + cw] (6.9)
with
Lo = SAOPAC) 13 <64U|Y|2 + i) NOAD) - L3O (v By )i

= eI = 3 (2 Y 4 3 ) G
(B )
_ 1L'277(+> Fon™ + ée—wﬁm (1 + v D y) )
+ %igw Foe) 4 Ze—wgu) (3-2rPy)e) e
— RO Py = 3Y ) () = 20 (DY + 3¢y )97A0)
+ 2ie U g 4a (Y;DY* - 3|Y|2)<g+> — iU EH) (Y*]DY + 3\Y\2)7“§(+)
+ie 2U0) (lDY* + 3Y*>£(+) e 2UEH) (zpy — 3Y) A5

_ fje—2U (yﬁ(ﬂ )y ;Hn(ﬂ) _9 (g(+>77<+> 1 ,7<+)§(+>> 7 (6.10)

where we recall that ¢*V = 1 — 4|Y|2. We note the presence of a variety of couplings
between the fermions and the charged scalar, as well as Pauli couplings.

6.3.3 The gé‘), n(=), €) sector

For the remaining decoupled sector containing the Cc(f), n=), €5) modes we find

_ 1 1-
St = Ks [ day/~gF [cé—wabCDbcé—) + 57 P 4 €O pet)

L/
+ Ly + 5 (.CW + C.c.)] (6.11)
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where now
Loy=e" [(; 121Y!2> ¢yt % (—223 + 60!Yl2> 7y
- S (2 - 4!Y!2> £¢0) + % (—1+12]Y]?) (77<—>§<—> n g(—>n<—>)
+ gi (1-6]Y]%) (@S‘)v“n“) + ﬁ<—>7a€§—>)
+2i (1-3]Y ) (@S‘)v“f(‘) n 5(‘)7“@}5‘))
ey Pyadlel) — 2 Oy Pyet) 4 n( '+ By

= 2i(Y Py € 4 2 Y Py ]

+ IO F I — SEO RO — i
+ éd‘)ﬁ“ﬂ“n(_) + éﬁ(_)’vcl}%@f (6.12)
and
£h) = e [255;) (74 Dyy ™ + 3720y *) ¢ + iy (L n e 4 Dy

— ({7 (Y™ = 3Y") 7 - ZEH “(pyr - 3Y7) cé‘)‘"'
Ve (g’Hn(*)C +ﬁ(*>§(*>°) 250 (DY — 577y (e ] (6.13)

The models (6.7), (6.9) and (6.11) display a variety of couplings between the fermions
and the charged scalar, the fermions and their charge conjugates, and Pauli couplings as
well. From the gauge/gravity duality point of view, these couplings might be of phenomeno-
logical interest and give rise to features that have not been observed so far in the simpler
non-interacting fermion models in the literature. The exploration of these directions in the
context of AdS/CFT will be pursued elsewhere.

7 Conclusions

Continuing with the program initiated in [19], where we performed the reduction of the
fermionic sector in the consistent truncations of D = 11 supergravity on squashed Sasaki-
Einstein seven-manifolds [16], in the present paper we have considered the reduction of
fermions in the recently found consistent truncations of type IIB supergravity on squashed
Sasaki-Einstein five-manifolds [6-8]. A common denominator of these KK reductions is
that they consistently retain charged (massive) scalar and p-form fields. This feature not
only establishes them as relevant from a supergravity perspective, but it also makes them
particulary suitable for the description of various phenomena, such as superfluidity and
superconductivity, by means of holographic techniques.

In particular, as an application of our results we have discussed the coupling of fermions
to the (4+ 1)-dimensional type IIB holographic superconductor of [20], which complements
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our previous result for the coupling of fermions to the (3 + 1)-dimensional M-theory holo-
graphic superconductor constructed in [17]. It is interesting to note the differences between
these two effective theories. For example, the coupling of the fermions to their charge con-
jugates (i.e. Majorana-like couplings) was found to play a central role in the (3 + 1)-model
of [19]. Although such couplings are still present in the general truncation discussed in the
present work, they are absent in the further truncation corresponding to the holographic
(4 + 1)-dimensional superconductor. More importantly, while a simple further truncation
of the fermion sector that could result in a more manageable system well suited for holo-
graphic applications eluded us in our previous work, in the present scenario we have found
a very simple model (c.f. (6.7)) describing a single spin-1/2 Dirac fermion interacting with
the charged scalar that has been shown to condense for low enough temperatures of a cor-
responding black hole solution of the bosonic field equations [20]. It would be interesting
to apply our results to the holographic computation of fermion correlators in the presence
of these superconducting condensates. Similarly, our results can be used to explore fermion
correlators in other situations as well.
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A Conventions and useful formulae

In this appendix we introduce the various conventions used in the body of the paper, and
collect some useful results.

A.1 Conventions for forms and Hodge duality
We normalize all the form fields according to

a a a
wzwal...ap€1®62“'®€p

1
N Hwal...(lp et N Ner. (Al)

Similarly, all the slashed p-forms are defined with the normalization
1 a a
Y= ay 1w ay - (A.2)

In d spacetime dimensions, the Hodge dual acts on the basis of forms as
1
k(€A NeT) = ﬁebl._,bd_pal'“% A Aebior (A.3)

(d—p)
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where €, b, ,a1...a, are the components of the Levi-Civita tensor. Equivalently, for the
components of the Hodge dual xw of a p-form w we have

1
(*w)alﬂﬁbdfp = ﬁeal"'adfpbl.”bpwbl---bp' (A'4)

In the (4 + 1)-dimensional external manifold M we adopt the convention €pi234 = +1 for
the components of the Levi-Civita tensor in the orthonormal frame.
A.2 Zehnbein and spin connection

As discussed in section 2, the Kaluza-Klein metric ansatz of [6-9] is given by
ds3y = VD dsk(M) + VO dP(KE) + V@ (dy + A(y) + Ai(2))?, (A.5)

where W (z) = —1 (4U(z) + V(z)) as in the body of the paper. We now introduce the
ten-dimensional orthonormal frame é. Denoting by a, b, ... the tangent indices to M, by
a, (3, ... the tangent indices to the Kahler-Einstein base K F, and by f the index associated
with the U(1) fiber direction x, our choice of zehnbein reads

¢% = Ve (A.6)
e = eVe® (A.7)
et = eV (dx + Aly) + Ai(@)), (A.8)

where e and e® are orthonormal frames for M and K FE, respectively. The dual basis is
then

€q = e_W(ea — Alaﬁx) (A.9)
I (ea — Aaﬁx) (A.10)
ér = e V0. (A.11)

Denoting by w®, the spin connection associated with ds% (M) and by w®g the spin connec-
tion appropriate to ds?(K E), for the ten-dimensional spin connection &4 we find

o = VW (9,U)e” (A.12)
O = VW %FQ we + (BaV) (dx + A+ Ay) (A.13)
of, ="V %fageﬂ (A.14)
oY = wh — QUGCO[CWnb]ded - %eQ(V_W)FQa p(dx + A+ Ay) (A.15)
0% = w — %eW*U)faﬁ (dx + A+ 41), (A.16)

where 74, is the flat metric in (4 + 1) dimensions, F» = dA; and F = dA = 2J, J being
the Kéhler form on KE.
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A.3 Fluxes
The ansétze for the form fields fields, reproduced here for convenience, is as presented in
ref. [7]
Figy = 4T 2volf + AW s Ky AT + Ky AT AT
+[2e7TANT =278 5 Ky + Ko NJ| A () + Ar)
+ [64(W+U) x Lo NQ+ Lo AQA (n+ Ay) + c.c.} (A.17)

F(g) =G3+GaoAN(n+A)+GIANT+GoJ A (n+ Ar)
[N AR+ NoQ A (7+ A1) +c.c.] (A.18)

Hzy = H3+ Ho AN (n+ A1)+ HiANJ + HoJ A (n+ Ar)
—l—[Ml/\Q—l-MoQ/\(?]—i-Al)—i-C.C.] (A.19)

As pointed out in the body of the paper, notice that we have Gy = Hy = 0 by virtue of

the type IIB Bianchi identities. We will often use a complex basis on T*K E. If y denote

real coordinates on K FE, we define z! = %(yl + iy?), 2l = % (yl — iy2), and similarly for

22, 22. With this normalization, the Kihler form J and the holomorphic (2,0)-form X5 o)
are given by

J=2i ) e*Nel (A.20)
a=1,2
22 3
2(270) = aeaﬁ e* Ne | (A.Ql)
where we have chosen €10 = +1. The components of F(5) with respect to the ten-

dimensional frame éM are then (in the real basis for T* K F)

Fisyabede = 4¢7W eapede (A.22)
Fisyapeds = —2¢ Y Weod®Kie (A.23)
Fisyaaprs = 6 VTV K005 (A.24)
Fisjapyst = 12677 Jiog.5 (A.25)
F(s)abcaﬁ = %‘3I/If—i_zljeabcde (KQ;deJaﬂ + L;aeflap + Ls;deﬁaﬁ) (A.26)
F(5)abapt = eV (Ko b Jas + Loapas + L5 05) - (A.27)

Similarly for the components of F3) with respect to the ten-dimensional frame we find

Figyape = € " G34pc (
Fayart =€ 2"V Gaab (A.29
Figyaas =€ 2V [Gradap + (N1aQas + c.c.)] (
Fayapr = e 2V [GoJag + (NoQap + c.c.)], (

with an analogous expression for H s).
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A.4 Clifford algebra
We choose the following basis for the D = 10 Clifford algebra:

M =+"014®0; (A.32)
I'*=14® ’ya X o9 (A33)
't =140 ®o02, (A.34)
where ¢ = 0,1,...,4, a =1,...,4, whence®
[ =~% g1, ® 1, (A.35)
I =1,y @1, (A.36)
M= . M¥=1,01;,0;. (A.37)

The 7 generate C¢(4,1) while the v generate C¢(4,0). We have y"1234 = —i1, in C/(4,1)
and y; = —y'2v39% in CY(4,0).
Notice that y¢de = jegbede Some useful identities involving the C¢(4,1) gamma
matrices are then
Eabcd67ab6d6 = —i5!, 6eade,y(zbcd _ _i4!,ye7 (A38)
Edeabc,yabc — +i3!’}/de 7 GCdeab’Yab — +i2!’yCde ) (A39)
It is also useful to notice that the Kahler form on K FE satisfies
Jagj,ygeaﬂ'yé =38, Jagjws’yaﬂ'yé = —8r, Jagj,ﬂg"yﬁ'yé = —2v.7f - (A.40)

A.5 Charge conjugation conventions

In d = 5 dimensions with signature (—, +, +, +, +) we can define unitary intertwiners By
and Cy,1 (the charge conjugation matrix), unique up to a phase, satisfying

B4,1’YaB4_& =", B4T,1 =—Bu;, Bj1By1 =1, (A.41)
and
Ci17aCit =7, Cii=-Cs1,  Ci1=B{ 7 =-Biiv. (A.42)
If ¢ is any spinor in (4 4+ 1) dimensions, its charge conjugate ¢° is then defined as
Y° = Bijy* = Bl 1% = —0Cf 10" (A.43)

In (4+1) dimensions it is not possible to define Majorana spinors satisfying ¢ = 1. It
is possible, however, to define symplectic Majorana spinors. These satisfy ¢§ = €;;1;,
where €;; is the USp(4)-invariant symplectic form. This fact becomes particulary relevant
when dealing with N = 4 supergravity in d = 5 dimensions, inasmuch as the symplectic
Majorana spinors allow to make the action of the R-symmetry manifest.

SWe take v* = i4°123 in C?(4,1). There is of course the opposite sign choice, leading to an inequivalent
irrep of C2(4,1).

~ 93 -



In analogy with (A.43), we can define the charge conjugates of a spinor ¥ in (9+41)
dimensions and a spinor € in 5 Euclidean dimensions as

U° =By ¥,  where BoiI'yByi =T%, Bj, =By (A.44)
€€ = By le*, where BsyaBst =, BI = —Bs, (A.45)

where Bs and By are the corresponding unitary intertwiners. We then find
By =B41®B;®o03. (A.46)

Notice that By is unitary and antisymmetric, and therefore for a spinor ¢ in five Euclidean
dimensions we have (¢°)¢ = —e. In particular, in terms of the gauge-covariantly constant
spinors £+ introduced in section 2, we have that defining £_ as the charge conjugate of
€4, this is e~ 3Xe_ = (e%xar)c, implies that (ef%xs_)c = —e%xar. We also define
the unitary intertwiner Cg; (the charge-conjugation matrix) in (9 + 1) dimensions, which
satisfies

CoaTnCqi =Ty Co1 = B Lo = By1T. (A.47)

Notice that defining ¥ in the (941)-dimensional space by using the intertwiner By ; intro-
duced above (as opposed to using an intertwiner By ; satisfying By 1"y By, I = —I'},) allows
one to choose a basis, if so desired, where the charge conjugation operation in D = 10 re-
duces to complex conjugation. In this basis all the C4(9,1) gamma-matrices are real, with
By =1 and a corresponding (9+41) charge-conjugation matrix Cg; = B;*FJFO =T).

B Type IIB supergravity

In this appendix we briefly review the field content and equations of motion of type IIB
supergravity [24, 25]. We follow the conventions of [7, 22, 23] closely, and adapt our
fermionic conventions accordingly.

B.1 Bosonic content and equations of motion

In the SU(1, 1) language of [24], the bosonic content of type IIB supergravity includes the
metric, a complex scalar B, “composite” complex 1-forms P and @ (that can be written
in terms of B), a complex 3-form G, and a real self dual five-form Fi5y. The corresponding
equations of motion read (to linear order in the fermions)

1
D«xP = _ZG/\*G (B.1)
D*G:P/\*G*—iG/\F(5) (B.2)
* « 1 PiP,P3P.
Ryn = PuPy + PnPy + % eyMP PP Fisyy !
1 * * 1 *
+3 (GMP1P2GNP1P2 + GNP Gy, — 69MNGP1P2P3GP1P2P3> (B.3)
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together with the self-duality condition *F(5) = F{5). Similarly, the Bianchi identities read

i .
DG+PAG =0 (B.5)
DP =0. (B.6)

In this language there is a manifest local U(1) invariance and @ is the corresponding
gauge field, with field-strength dQ) = —iP A P*. Similarly, G has charge 1 and P has
charge 2 under the U(1), s0o D+ G =d*x G —iQ AN *G and D x P = d x P — 2iQ N\ xP.
Notice that Einstein’s equation (B.3) has been rewritten by using the trace condition
R =2PRPj, + GGy,

In the body of the paper we have worked in the SL(2,RR) language which is more
familiar to string theorists. The translation between the two formalisms involves a gauge-
transformation and field-redefinitions.” Here we just quote the result that links this for-
malism with the fields used in the rest of the paper. Writing the axion-dilaton 7 and the

NSNS and RR 3-forms H(3) and F(3) as
T=Cl) +ie”®, F3) = dC9) — CydB(a), H) =dB), (B.7)
for the 3-form G we have® [22]
G =i (rdB — dCpy) = — (™ Hig) + ie™*Fy)) (B.8)

and similarly

] 1
P=cetdr,  Q=—5€"dC). (B.9)

In terms of these fields, the equations of motion (B.1)—(B.3) become [7] (to linear order in
the fermions)

0= d(eq) * F(g)) — F(5) AN H(g) (B.lO)
0 = d(e®® % F(y)) + e® Hz) A #F3 (B.11)
0= d(eicb * H(3)) — e‘bF(l) A *F(g) — F(3) A F(5) (B12)

1 1
0=d*xdd — 62¢F(1) A *F(l) + 56 (I)H(g) A\ *H(g) — §€<I)F(3) A *F(g) (B.13)

1 1 1
Ryn = QQQ(I)VMC(O)VNC(O) + §VM‘1>VN<I> + fFMp1p2p3p4FNP1P2P3P4

96
1 1
+1€ ® (HMP1P2HNP1P2 - 129MNHP1P2P3HP1P2P3>
1 1
+Z€q> <FMP1P2FNP1P2 — 12g]WNFPl1:,213317]31132]33> (B.14)

"The gauge transformation has the form P — e?°P, Q — Q +df, G — e%QG, where 0 is a T-dependent
phase. These phases are then absorbed by a redefinition of the fermions. More details can be found
in [34, 35], for example.

8Note that our forms F(3y and G are related to the traditional string theory forms Fsy,; = dC(2y and
Gst = F(S)st - TH(S) by F(g) = F(S)st - C(O)H(:;) and G = —iGst/\/m . It’s not our fault.
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while the Bianchi identities (B.4)—(B.6) now read

dF5) + Fizy ANHzy =0 (B.15)
dF(g) + F(l) A H(g) =0 (B.16)
dF;y =0 (B.17)
dH3) = 0. (B.18)

These identities are solved by writing Fi5) = dC4) — Co) A Hz), F(1) = dCg), together
with H(g) = dB(Q) and F(g) = dC(g) — C(O)dB(Q) as in (B.7).

B.2 Fermionic content and equations of motion

Our conventions for the type IIB fermionic sector are based on those of [34, 36], with slight
modifications needed to conform with our bosonic conventions. The type IIB fermionic
content consists of a chiral dilatino A and a chiral gravitino ¥, with equations of motion
given by (to linear order in the fermions)

. i
=P+ O(v?) (B.19)
rMBCDpos = —éa*r“x + %PFA)\C + O(1?) (B.20)

Here, D denotes the flux-dependent supercovariant derivative, which acts as follows:

lADA = (Y} - 3;@) A — iFAG\IfA - FAE\IJE‘ (B.21)
A - 1 1 1
Dp¥¢ = <VB - 2Q3> Yo+ TGF(E))PB\IIC — TGSB\I/C , (B.22)

where Vg denotes the ordinary 10-d spinor covariant derivative and we have defined

SB = (PBDEFGDEF - QFDEGBDE) . (B23)

| =

The gravitino and dilatino have opposite chirality in d = 10, and we choose I'1; ¥4 =
—Wa, T11A = +A. Since F(5) is self-dual, our conventions then imply Fsy = —I'115s).
Thus, for any spinor € satisfying I'11e = —¢ we have J'(5)e = 0 and J'(5)Tac = {F(5),a}e =
%F(g,) Acperl¢PEFe The corresponding SUSY variations of the fermions read

N = P+ i@'s (B.24)

. i 1.,
5‘IJA = <VA— 2@A> €+ TGF(5)FA€_ ESAs . (B25)

C d = 5 equations of motion

In this appendix we present the dimensional reduction of the fermionic equations of motion
in full detail, and rewrite them in final form in terms of the fields (3.18)—(3.21) which possess
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diagonal kinetic terms in the effective action. In the calculations below we encounter a
number of expressions involving e+ that need evaluation. We collect them here:

1 1
J€+ = 5iQ€+ = 2i€+ JE, = i’L'QZ-:, = —2ie_ (Cl)
5725,6_%”‘ = 4s+e%ix @E+€%ix = —de_em3iX (C.2)
V¥ Ve = ey Y I Yalr = Y Pyae- = 0. (C.3)

C.1 Reduction of the dilatino equation of motion

We begin by performing the reduction of the D = 10 equation of motion for the dilatino,
as given in (B.19).

C.1.1 Derivative operator

We first reduce the 10-d derivative operator V.4 —(3i/2)Q4 acting on the dilatino. Defining
e V—E@ A=Ly®ere2X@u_+ L, ®e_e 2 X Qu_ (C.4)

we find

1 3 1 3
LE= <zp+ S+ 4ie¢(é9a)> AE) 4 1@2*2F2A(i> ¥ <e4U21 + 222> AH | (C5)

where IAF) = (V¥ %2411) A& is the gauge-covariant five-dimensional connection acting
on \(F).

C.1.2 Couplings

We now reduce the various terms involving the couplings of the dilatino, including the
flux-dependent terms in the supercovariant derivative. Defining

) 1 i i
e <;F(5)>\ + 4FA¢:\11A) =R, ® s+e%x Qu_ +R, ® e_e X @u_ (C.6)
we find

R = ZHW (&) _ %z’e*‘*UKlA(i) ¥ %z’ZKQ)\(i) F LN
1 1 1 1
e ) L ap ) L (+) @) _ L (£) _ 4
19 2S 17 Gotby + 4@'3 (w +4p ) 41% <<p 4p )
1 1. . a
+ 57“¢1¢§i) + §Z¢1s0(i) T iy W £ N o)
- ’Ya-/\/’o(i)@bc(ﬁ:) F Z'./\/’éi)gp(:':) 7 (C.7)

where we have introduced the notation Léﬂ = (1/2!) Ly qpy®® and ﬂé_) = (1/20)L% ;7.
Similarly, defining

TAPTY = R, ® €+€%X Ru_ +Roy, ® c_e X Qu_ (C.8)
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we obtain
REY =+ Pyl £ ip (4pF)e 4 o). (C.9)

where, in a slight abuse of notation, J» = (1/2) (¢ + ie?@a) when appearing in 5-d equa-
tions. In terms of the quantities computed above, the 10-d dilatino equation reduces to
two equations for the five-dimensional fields, given by

£ R -rE =o0. (C.10)
C.2 Reduction of the gravitino equation of motion

We now reduce the equation of motion for the D = 10 gravitino, as given in (B.20).

C.2.1 Derivative operator

Here we define
eV abc <@B — ;QB) Vo =LHeg 5+6%X Qus+ L c_eTBXg ugy (C.11)
eV 5ol T2 BC (% - ;QB) Ve =Ly @ecerX@up+ L) ®e_e X ouy (C.12)
eVriBe (@B — ;QB> Ve = Eg” ® 5+e%x QR uy + Eg_) Qe e 32X @ up  (C.13)

where 69 = 14 ® 14 ® 0. Then, for the components of the derivative operator in the
external manifold directions we find

LH)a = Aabe (Db + %abw + iie‘z’(@ba)) PH)
_ iiE_Q’Y[CFQ’YQ]%i) - <E—1e—4U i 222> ,Yabwéﬂ:)
— 4y [Db + %@;W + iied’(aba)] pE) —i(271P8)pE) 4 4i(PU )y pHE)
2§ (352 4 5 e W) 4ap(H) %Z—2F2bd,yb,ya,ydp( )
— iy [Db + %(%W + iie¢(8ba)] eF) —i(DT1P8)H %)

+ 2in " te WA E) 4 iE_QFQ by Y P (C.14)
Similarly, the components in the direction of the KE base yield
1 1
L) = — diy® [Da + 50aW + 4ie¢(8aa)] it (= ps)l — 4 (@U)py)

1 a _ +
+ 52 2F2da’)/ ,yb,ydw( + 92 (E 1 4U + 322) bwl() )
- 12 [lD+ (W) + 726 (,79@)] pE) £2 (257 e™ W 4 952) pE) — 3in 2y pE)

4| Do W+ et @) - 59E) - U)o

4oyl _4U90(i) _ 2i2_2F2¢(i) . (015)
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Finally, for the fiber component of the derivative operator we obtain

1 1
Lgi) — |:Da + 5aaW + 4z’e¢(8aa)] z,z)éi) + wb(z—léﬁ)wzﬁﬂ

+ 25 e WAty 4 32*2& aay "y
1 1 3
—4 [zD+ W + Eie‘b(@a) + —(2—1@2) + ;?)U] pH)
£ 257 e (263 4 ) —ifpm 2 (o) 4 2p). (C.16)

C.2.2 Couplings
Next, define
1 a 31
- <_8$*Pa)‘ 16FaBCF FB\PC> R(+) ® E+€32 X®uy
+ R(_)a Re_e X® up  (C.A7)
1 ' :
e’ (‘852Fa¢;*1““/\ - 11652FaFO‘BCF(5)FB\DC> Rg bc)Lse ®ere?X @ uy

+ Rg b()lse Qe e 21X ® ur  (C.18)

1 / ;
- <_8$*Ff)\ - fGFfBCFw)FB%) =R @ereX @uy

+RY @e e X@u,.  (C.19)

a 1.~ 1- 1 a 1 5. 1~ a
Rgi) = <—8Z¢3 + Zgl - g2> v AE) £ <1N1 + N(Ei)> gl AF)

+ e AW bad}(i) 5 bK ’}/a]l/J i)—i—e 4U{K ,}/a}p(i - [Kh ]
sz’y L/ GRCII SRS YLy ASSEVEIISR ( [K 2,7 ¢2z[li( ),v“]wm)
+ Xy (iK 2p®) 7 2155 pl ) (C.20)

1o i
R jase = <¢3+¢2> N e 50 R 3 —ie B o) 447 (o) 13,4)

¥ [il K, ( [ IRPCON pm) + oy (ivawg@ 4o 42 pmﬂ

(C.21)
o (15 15 14 1o 1
Rg f) = <8g3 + ZZ% - 82¢2> AE) & (2/)([1 - §ZN0( )> A®
1 1 1.
- 2V D F 1500 Koyl + Sish?, 150l
+ 47 ) £ is g, p™) F 28 L5 ). (C.22)
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We now reduce the couplings to the charge conjugate spinors in the gravitino equation.
We write

1 i
ieWE’F“/\C + —eVTeBCSpwe, = Rgﬂa ® 5+637X ® Uy

16

+ R @e e X @uy (C.23)
1 w. 1T w. 3i
5¢" Lo PTON + e Gl IS g = R @eperX@uy

+ Ré b()zse ® 6*6_%X @ U+ (024)

1 i
ieWB’Ff)\c + —e"TIBCSRTE, = Rg f) ® 5+e%x ® Ut

16
+ Ré}) Re_e 2XQ Ut (C.25)

obtaining
+ 1 1. 1 T
Rg = + *25)761)\&)‘: + gzgsebc <5g7a%c - 5?7d7bc - 3’>’ad’>’ebc> 1/)51 e

+ %gfb <5§va% — 88y — ;’YGd’Yeb) P
_ %gle edag(FIe g prCE) yeday (B)e | £, aby e
+ iggew“d’c (cpmc + 4p($)°) ¥ %z‘gzew“d’ (som" - 4p(¥)°)
+ liva%sﬁ” - ligmb“so(:”c +iy°g, pF°
Nl(b e — 9yajrD pEe — gjeq N pE)e, (C.26)
R = % 20PA® 4 20 () (e 1 2pB) — oN® (o 4 2p(H)e)
+6, ( °+ 2p ) T iy (9T + 3p7))
— 2iNg W Py +igy
T égi’)ebc ,ydebcwd:!:)c 2926 debw(:F)C (C.27)
and
RyY = + %F e iggebcvde’”wf” T %z‘gzdbvbwfﬁ)‘: + %z’glevedwf"‘
(i)76d¢5li)c - iggp(q:)c 4 glp(:F)c + ingi)p(i)c _ 2Néi)p(:|:)c ' (C.28)

In terms of the quantities computed above, the 10-d gravitino equation reduces to the
following set of equations for the five-dimensional fields:

0=Ea_gHae_ g+ (C.29)
0= ‘Cl()jzts)e o Rg:lljc)zse - Rg bc)Lse (C?’O)
0=, —rE gL (C.31)
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Instead of working with the equations of motion given in this form, it is convenient to
rewrite them in terms of the fields (3.18)—(3.21) whose kinetic terms are diagonal. We do
so below.

C.3 Equations of motion in terms of diagonal fields

The d = 5 equations of motion for the diagonal fields (3.18)—(3.21) are given by

0= -RY —rD (C.32)
0= - REP - jog)“ (C.33)
0=cH R - RE (C.34)
0=r — Rgﬂg) - RSy (C.35)
Here,
£ =R (C.36)

O iiZ_QFQS\(i) - <e—4Uz:—1 + 2’22> A®) 4 fze SP)i®  (C.37)
where now A& = (Y F 321;{) A& and
+ +
R = VPRE) (C.38)
_ (ez+4w _ %i6_4UK1 + ;iEﬁQ) AE) £ EL )X(F)
1

27‘%) ¢ F (i W + 2N ) (P

+ (-5 - =
+ (égzz - élg2> =) F %iNo(i)ﬁ(ﬂ + i(gs +igy F 2@1)5&)
T (WD + N ) €@ (C.39)
Similarly,
R = VPRE) = £y p (e (C.40)
In the same way, for the géi’ equation of motion we find
L = W2 (C.41)
_ yabe [Db + iie‘ﬁ(@ba)} ¢ 3 <€—4U2—1 n 322> e )
— I [ (U F z'e—wz—wa}éi)

271@2)71177( )+ 62 2F ,.Ya (i 3 ( 74U271 - 322) ,Yan(i) (C42)

2i(
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R = VPR (C.43)

= (565 - 6ot 160 ) 23 5 (GU + JAED) 473

1 - c a - c a Cc a
+ <eZ+4WvC“ - §ze Wyl gy 5 5227[ Koy }> ¢ F Dyl L5l

. 21 1 a
. (_wZ+4W e UK, ) (£ 4 < . ZeZHaw o 6ZK2> y n(ﬂ:)
1
+ gz‘ngi)yan(ﬂ (C.44)
and
(C.45)

Rgic)a _ eW/zR(;:)a

1 ~ 1
= F 7B>,ya)\(:|:)c g cbe |: ’7 ’76bc (537(1 - 55’7d)’7bc:| Cc(ﬁ)

( 92 %7 e T glb,yabd> C(JF)C + (_iNl(g:),yabd _'_Néi),yad) Cc(zi)c
1 4
(2 ) e + gl/\féi) yne
1 1 , .
F 5 (05— 6, F 2i61) 1€ — o (W —ing ) e (C.46)

For the () equation of motion we have

£7(7i) — /2 (L’gi) + Z%E(i)a> (C.A4T)

2 1 5 2 5)
_ ¢ L () 9 2 oAU =1 252 (&)
3 [JD—{— e (@a)} n + ( 1812 FaF - 5¢ ¥+ 32 )77

1
+ [32270% + iy (2TIPR) £ Sie s e T 22‘2270] (+)

T ge*‘w nle®) (C.48)
? a
RS;) =" (Ricf + g’YaRgi) ) (C.49)
1~ 1.~ ~ 4 ~ay~
- <6g5 _ 6ig2> A& £ ,Z'Néi))\(:F)
4, (AW o c 4 2 ep @@ 4 8 zraw ()
+{ -3t F 327 Ky ) ¢tH 5227 Ly ¢+ 3¢ 3
+ (190 ZHaW *4UK1 z2K2> )+ zz(i ) (C.50)
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and

Ry = e"'V? <,R’éif) + évaRéi)a) (C.51)

= F 7 @+ i62) (o GINIg
£ 1 (050,360 1%° - (PAGE + 2 ) e
F 2 (0 + 0) 69 — NP, (C52)
Finally, for the ¢&) equation of motion we have
L = W2 (maﬁ(i)“ +LE Lgi)) (C.53)

base

=2 [w+ iw%@@] €& 4 %m-%g&) +£3 (27U -2 e®

C AUs—1 ¢ e 8 Uw—
+ [:F4ze Wy =1he — 4iy (@U)}Cc(i)qige Wy =1y (C.54)
R = "2 (i, RE + R, — RIY) (C.55)

15 1.- - VICO IR
= <2g3 + §z¢2 F Zg1) A& £ (2N§ : + 21'/\/’0&)) AF)

. _ 16
+ (—416Z+4W'}/C + 26 4U,YCK1) Cc(i) + 7€Z+4W77(i)

3
+ (6e7HW _ 3ie VK| +inK,) ¢ + 25 e (C.56)
and
R = e (RS + R, — REY) (C.57)
=¥ <;7d¢3 - %ivd% - i'yd¢1> G+ (2N = 29 D)
+ (;ng + ;Q2> 77(3F)C - gNéi)n(ﬂc + zgﬁ(;)c- (C.58)
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