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1 Introduction

String theory shows a particularly rich structure of discrete duality symmetries after
toroidal compactification given by the discrete split real forms of exceptional groups
Egt1(a+1)(Z), where d is the dimension of the torus on which one compactifies [1]. In
its low energy limit, those discrete groups become continuous and 11 dimensional super-
gravity has a global Egyg) (R) = Eq4(q) symmetry group, whereas for type II supergravity
theories the symmetry groups are Eg(q41)- In the case of T-duality this led to the con-
struction of Double Field Theory (DFT) [2, 3] as well as Generalised Geometry [4, 5], which
make manifest an O(d, d) symmetry. DFT was constructed using a doubled space with as-
sociated additional “winding coordinates” [6-10] . They are later removed by a section
condition to recover a physical theory. Generalised geometry on the other hand extends
the tangent space T' to the combination 7" @ T, thus describing both vectors and 1-forms



in a unique fiber. Both theories are manifestly O(d,d)-covariant, and combine diffeomor-
phisms as well as B-field gauge transformations in a single object: double vectors in DFT
and sections of the generalised fiber in generalised geometry. Extensions of those theories
were constructed to consider the full U-duality and the expected Eqy(41)(R) symmetry
one gets from string theory compactifications in the low energy limit: Exceptional Field
Theory (EFT) [11-19] and Exceptional Generalised Geometry (EGG) [20, 21]. The group
of symmetry is larger when one considers the S-duality in addition to T-duality. Thus,
the space is no longer doubled for exceptional field theories but is rather decomposed into
an external space and an extended internal one. The geometric structure of this internal
space is then constructed to be manifestly Egy4) covariant in order to render manifest the
symmetries between the NS-NS and RR fields after compactification. Generalised vectors
on this extended internal space and sections of the generalised fiber in the case of EGG then
describe usual diffeomorphisms combined with NS-NS and RR gauge transformations [22—
26]. In this context, massless type II and eleven dimensional gauged supergravities were
obtained in a unified framework in various dimensions [17-19, 27-30]. Massive type ITA
was then obtained using a violation of the section condition in double field theory [31] as
well as deformation of the generalised Lie derivative structure in the context of EFT and
EGG [32, 33]. If one considers a dependency of the fields only on the dual coordinates,
first in the context of DFT and then in EFT, one can describe non pertubative objects
called “exotic branes”. They are low codimension branes (< 2) whose tensions scales as
g¢ with a < —2. In the case of codimension-2 exotic branes they have in particular non
trivial monodromies as one encircles them [34-41]. As F-theory is a description of Type
IIB string theory with exotic 7-branes, this leads to wonder if EFT or EGG permit to
describe some of its aspects. Its link to RT x SL(2) EFT was first looked at in [30], and we
ourself will focus on R x SL(3) x SL(2) EFT which, with an appropriate ansatz, contains
both NS-NS and RR two-forms.

F-theory can be thought of as a geometric formulation of type IIB string theory with D7
branes, and more generally (p,q) 7-branes [42, 43].! The axion (Cp) and the dilaton (¢) of
type IIB string theory are combined into a complex field, the axio-dilaton (7 = Cy +ie™?),
which becomes the complex parameter of a fibered 2-torus with constant volume fibered
over a 10 dimensional space, thus leading one to consider a pseudo 12 dimensional theory.
As the D7 brane is a magnetic charge for the axion, the axio-dilaton presents a singularity at
the location of the brane, leading to a monodromy as one goes around it. Now, considering
the type IIB effective action, one shows that the monodromies need not only act on the
axio-dilaton but also on the NS-NS and RR two forms By and C3 respectively. In the
general case of (p,q) 7-branes the monodromies are entirely described by SL(2,7Z), and
they act on the NS-NS and RR two-forms fields by mixing them. As one combines gauge
transformations of the NS-NS and the RR forms in a single object in EFT and EGG
one can ask whether they can also describe monodromies and type IIB supergravity with
D7 branes.

Here we focus on the Es33) = SL(3) x SL(2) exceptional field theory arising for com-
pactifications of type IIB to 8 dimensions [27]. In order to describe properly warped

!For comprehensive reviews on F-theory see for example [44-46].



compactification of type IIB supergravity one has to consider that the duality group is
extended by a conformal factor to R™ x E3(3). In the context of supergravity the conformal
symmetry is called trombone symmetry and can be thought of as a generalisation of the
rescaling symmetry of the metric in Einstein’s theory of gravity [47, 48].

In the first part of this paper we present a review of the basic results of RT x SL(3) x
SL(2) EFT and in particular the sufficient conditions needeed for a consistent theory.
We then compute the fluxes of the theory, which we compare to the embedding tensor
of the associated supergravity theory with gauged trombone symmetry. As the gauging
of the trombone symmetry was only done for simple groups, we present a construction
in the particular case where the original global group symmetry is SL(3) x SL(2). We
then construct explicitly a generalised Christoffel symbol and remind the reader about the
construction of a generalised Ricci tensor done in [49]. We then focus on a non standard
solution to the section condition leading to the description of the monodromies of (p,q)
7-branes in F-theory. This is done by considering that the fields of the final theory will have
a dependency on 2 coordinates of the internal extended space, which are linear combination
of both the usual coordinates and the stringy coordinates. This in particular ensures that
product and inverse of fields have a similar dependency on the generalised space and are
therefore also solutions to the section condition. The description of the monodromies leads
to the breaking of both gauge transformations of By and C5 which seem to be entirely
constrained. This is however not a particular issue as the monodromies of (p,q) 7-brane
were only constructed when the only non zero field living on the brane was Cy, the dual
field of the axion Cy. It is thus plausible that when one is describing the full backreaction
of the brane with non trivial NS-NS and RR fields living on its world volume, the gauge
symmetry of these fields normal to the brane would be broken. Finally, when one considers
the standard solution to the section condition, we show that the generalised Ricci tensor
gives the equations of motion of F-theory as a Ricci-flatness of a four dimensional space
with two fibered directions.

2 Structure of SL(3) X SL(2) exceptional field theory

Compactifying M-theory on a d-dimensional torus, or Type Il on a d — 1 torus leads to
an underlying U-duality symmetry given by the exceptional groups Eg)(Z). In the low
energy limit where we recover the eleven dimensional and massless type Il supergravities,
an underlying Eyq)(R) global symmetry appears. This symmetry can be made manifest
in the context of exceptional field theory where the space is decomposed into an external
space, and an internal extended space. The structure of the internal space will then differ
from Riemannian geometry and have a manifest Fg(4) covariance. Here we will consider d =
3, corresponding to a 8-dimensional external space combined to a 6-dimensional internal
extended space with a Ej3) = SL(3) x SL(2) geometric structure. In fact, as mentioned in
the introduction, one can extend this duality group by considering the trombone symmetry
appearing in supergravity theories. The duality group becomes therefore RT x SL(3) x
SL(2). The extended internal space will be our main focus throughout this paper as the
tensor hierarchy of Es(3) exceptional field theory is done in [27]. We now present the basics
of RT x SL(3) x SL(2) exceptional field theory which will be needed throughout this paper.



We introduce a set of coordinates XM, where M, N,P =1,...,6 of the 6-dimensional
internal space which lives in the vector representation (3,2) of SL(3) x SL(2). We can
decompose the index of the fundamental representation M into M = m~y where all Latin
letters m,n,p,... = 1,2,3 and all Greek letters v,n, p,... = 1,2 correspond respectively to
the SL(3) and SL(2) part of E33). We will note 9y = 9pny the derivative with respect to
XM = xm™.

The usual action of Riemannian Lie derivatives does not preserve the group structure
of the theory: this leads to the introduction of a generalised Lie derivative [50] which can
be written for any exceptional geometry as [26]

1
LAVM = Lp\VM 4 ZMN poan APV (A(V) — p) NNV M (2.1)

where L is the usual Riemannian Lie derivative and A(V') the conformal weight of the
vector V. p has a different value for every exceptional geometry and is equal to 6 in the
case of E3(3). The tensor Z encodes the deviation from Riemannian geometry and is given
in terms of the invariants of the duality group, which in our case is

MN myn mnz
27 p = Z" " ppge = € epgz€epo (2.2)

where es are totaly antisymmetric invariant tensors of SL(3) and SL(2). The invariant
tensor verifies in particular £Z = 0. Another expression for the generalised Lie derivatives
which will be useful later to determine the fluxes of the extended space is

LAVM = ANONVM — 2(P(g 1)) N 0P ACVY — 3(P(1 3))M N Op APV

+ A(V)onAN VM 23)

where (8,1) @ (1, 3) is the adjoint of SL(3) x SL(2) and the projections on each subspaces
are given by

P M Po=(P PP —157(5p oboT 1(5’”(55” —1575” Pg)™ .7

((8,1)) NQ_((S,].)) nn qg_gno' nq_gnq _5770'(8) n q
(2.4)
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with Pg and Pg the projectors onto the SL(3) and SL(2) adjoint respectively. The expres-
sions of the projectors onto the adjoint using the generators of SL(3) and SL(2) are detailed
in appendix A. Finally, using (2.4) we can write the generalised Lie derivative in terms of
SL(3) and SL(2) indices

LAvmv:wvm&mvmv—vmm&mA”“—VmﬁmAm”+(AUU‘F2>&mAmV“” (2.5)

In order for the theory to be consistent, the algebra of the generalised Lie deriva-
tives (2.1) has to close, i.e. it should satisfy

[‘CAN‘CAQ] = [’/\12 (26)



where
£A1 A2 - £A2A1

2

is the analogy of the Courant bracket introduced in generalised geometry but in the context

A2 = [A, Ao)g =

(2.7)

of exceptional geometry [21, 50]. The closure of the algebra however is only achieved if one
imposes a constraint on the different fields known as the section condition?

ZNKanN ® O = e"kzepqze””epgann ® Oke = 0 (2 8)
~ ann 029 8kn - ann b2y 8kn + ak/«t 029 8717] - akn 029 ann =0.

The fields of the theory therefore can no longer depend arbitrarily on the 6 dimensional
internal space, but in our case rather a 2 or 3 dimensional subspace. This allows one to
describe in particular 8+3=11 dimensional supergravity or 84+2=10 dimensional type II
supergravity respectively. We will consider the embedding of type IIB supergravity: we
will focus on the solutions where the fields effectively depend on a two dimensional subspace
of the six dimensional internal space. The usual way to do this is to consider that

D1y (A) = 027(4) =0 (2.9)

for any field A. This leads to the breaking of SL(3) into SL(2) x U(1). To make this
breaking manifest we can split the index M = m~y of the fundamental representation into
m~y = (1y, 37) where m =1, 2.

3 Fluxes

Compactifying string theory with fluxes leads, in the low energy limit, to gauged super-
gravity. They correspond to deformation of abelian supergravities where a subgroup Gg of
the global symmetry group G of the supergravity theory is promoted to a local symmetry.
The embedding of the gauge group Gy into the global symmetry group G can be described
by an object called the embedding tensor, which corresponds exactly to the fluxes. Super-
symmetry and gauge invariance of the embedding tensor then leads to a set of linear and
quadratic constraint on the embedding tensor, which by extension should be verified by
the fluxes of the corresponding low energy limit of string theory [51, 52].

Here we derive the expression of the generalised fluxes for the R x SL(3) x SL(2)
exceptional field theory. They will have to verify both linear and quadratic constraints so
that the corresponding 8 dimensional gauged maximal supergravity we obtain in the low
energy limit after compactification with fluxes is consistent. Considering the warp factor
in the duality group will lead us to consider gauged supergravity with a gauged trombone
symmetry. The gauging of the trombone symmetry for SL(3) x SL(2) exceptional field
theory has never been done before due to the group product structure of this particular
theory. We construct it here similarly to what was done in [48] where the trombone
symmetry was gauged for simple groups.

2More generally, there are four constraints which in the case of the split forms of the exceptional groups
Ey) (d=2...7) are equivalent to the section condition [26].



3.1 Embedding tensor structure of D = 8 gauged maximal supergravity with
trombone symmetry

A way to describe the gauging of a subgroup of a global symmetry group G in supergravity
theories is through the constant embedding tensor ©y/1 [51, 52], where I' is an index
of Adj(G) = Adj(SL(3) x SL(2)) in our case and M corresponds to the fundamental
representation (3,2). A consistent local gauging of the theory forces one to consider two
constraints on this embedding tensor: a linear one and a quadratic one. Let us recall the
results already known for the particular case of Ej3(3) exceptional field theory, without the
scale factor of the general extended group. A priori the embedding tensor O, of the
theory lives in

(3,2) x ((8,1)+(1,3)) =[(3,2) + (6,2) + (15,2)] + [(3,2) + (2,4)]] (3.1)

but due to the linear and quadratic constraints, the embedding tensor only has (6, 2) and
(3,2) components. Using this linear constraint we can write the generators of the gauge
group of the theory using the embedding tensor and the generators of the adjoint of the

gauge group {tr}
(XM)NP = @Mr(tF)NP = em'y,npég + @m’y,npfsfb (32)
with
(e} P — oP 150 =P p o
my,n 5"”7 v 5 nfm’Y — T (BsLz)) N ’ngfs

3 1 3
@m’y’np = fv(pb)ebmn — Z <£n,y5$n — 3€m75g> = f"y(pb)ebmn — 7]P)(8)pn mé'r’y

4
with ©,,,,0h € (3,2) and O,,5,8) € (6,2). To avoid confusion between the fundamen-
tal representation of SL.(3) and the adjoint of SL(2) we denoted the later (3gy,(2))-

This is not the more general story of supergravity gauging however, as one can gauge
the trombone symmetry [47, 48]. In order to do that we have to consider a more general
ansatz than the one used in [48], as the global symmetry group is not simple in our case
but a product of simple groups. Considering the RT factor in the duality group leads to
an additional generator (to)n? = —6% in equation (3.2), and a corresponding additional
component of the embedding tensor ©,,° = Kj;. This component lives in the (3,2)
representation, and we expect it to appear in the same way as the other (3,2) parameter
&nr. This leads to the following ansatz for the generators of the gauge group

XN =@ + Oy 0h + (P n 0% + P (s ) 010500, — 680K ) Ko
(3.4)
where (1 and (3 are two real parameters. The symmetric part of the generators of the gauge

group, the intertwining tensor, should be in the same representation whether or not we
consider an RT gauging. This is necessary in order to preserve the two-form field content

3£,™ and £, need to verify a set of quadratic constraints which can be found in [53].



of the theory [48]. This is verified for {(; = —(2 = 6. The generators still have to verify a
set of constraints which can be expressed in terms of the tensors introduced before as

0 =Xun"Kp + 6P (8) " n Ky Kpyy = 6P(3g, )+ nKims Knp = Kiny Ky (3.5)
0 =Xpu N Xne® 4+ XN Xpn™ — Xpy X pre™ — KPXMKR

+6 <I[D(8)qpnm(50577 - P(3SL(2)) p v‘;qan) Ko X, lm 56)
3.6
r cogd o T
—6< (8)"p 1050y — P(3g.12))" 0" n0p0n )K o Xy k"

+6< ®)'p k0508 — P(agy2) 0 Haq(sk) Ko Xy

3.2 Generalised dynamical fluxes

Now that we have described the embedding tensor of maximal supergravity in 8 dimensions
with a gauged trombone symmetry we look at the fluxes of Rt x SL(3) x SL(2) EFT. First
let us consider the generalised metric of the extended space. We can define a generalised

metric H living in the quotient RT x S(g((?s?) X Sg—(é)) which transforms covariantly under

R* x SL(3) x SL(2) and is invariant under the maximal compact subgroup of FEj) i.e
SO(3) x SO(2). Due to the product structure of the group, we define a generalised bein

which splits as
EAM = €_A€aml&’y (37)

where A is the RT component of the metric, e;™ and l5” the SL(3) and SL(2) beins
respectively. a and @ are SO(3) and SO(2) planar indices respectively. The metric of the
internal space is then

HMN — EAMEBN(SAB — 672AHmng'~m (38)
where
Hmn — e&megné‘&l;

g'yn — lalen(s&B (39)

correspond to an SL(3) and SL(2) metric respectively.
Having defined the generalised bein and a consistent generalised Lie derivative of the
theory, one defines the generalised fluxes similarly to the fluxes in general relativity as*

Ly, Ep=Fi Ec. (3.10)
In a coordinate frame, we find the fluxes to be
1
Fun® = Qun® = 2P 1"~ s + 3P sy N s)Qrar® + EQRMRéjl\D/ (3.11)

where )
QMNP = (E71>NA8MEAP (312)

“For more details see [49)].



is the Weitzenbdck connection.” Now, using the expressions of the bein (3.7) we obtain

QMNP = —aMA(S]I\D/ + 55(6_1)71&81717(6613) + 5£(l_1)77d8m7(l07p)

3.13
= —0MASY + 00y n? + 60y " (3.13)
where
08y = 65(6’1)na8m7(eap) €(3,2) x (8,1) (3.14)
0 Qyy” = S5 (1) Oy (1) € (3,2) x (1,3) ‘
The first term —dy AL obviously lives in (3,2) x (1,1) = (3,2).
After some manipulations we find the following generalised fluxes
3
P 2z r é
Fyn' = |:f'yp €zmn — ZP(S) mPn r’y:| 55 + |:P(3SL(2))pT] ’ygmé 52
3 3 } (3.15)
+ (2 - 44) IP)(8)Tmanvr'y + CP(SSL@))pn 'me5 - Kmﬁfﬁﬁ
where
(6,2): f,F* = ekq('ZQkMp) (3.16)
Omy = Qpym” — 40y A
Oy = Vs’ — 30my A
3,2):{ " ! ! (3.17)

Emy = (Omy = Omy) — CKiny

and ( is only used to write the fluxes in a similar form compared to the gauge genera-
tors (3.4). Choosing ( = —6 gives us the the same expressions we found after considering
the intertwining tensor constraint in the context of D = 8 gauged maximal supergravity
with gauged trombone symmetry. We thus have to consider the quadratic constraints (3.5)
and (3.6) on K and f. We present simplified expressions of these constraints for the type
IIB supergravity solution of the section condition in the last section, after choosing an
appropriate ansatz of the generalised bein (3.7).

4 Equations of motion

We will now look at the equations of motion of the theory. A general expression of these
equations was obtained in [22, 50] using the supersymmetric variations of the internal and
external gravitino and a torsion-free/metric compatible connection. In fact it is precised
that in our case, for F33) EFT, one can define a unique generalised Christoffel symbol.
In this section we find the expression of this generalised torsion free, metric compatible
connection. We then find a generalised Ricci tensor following the construction of [49]
for E77y EFT. In the last section we finally obtain the equations of motion of type IIB
supergravity after having chosen an appropriate ansatz for the generalised R™ x SL(3) x
SL(2) bein.

5We are abusing notation as the Weitzenbdck connection should be globally defined, which is a priori
not the case here.



4.1 Generalised Christoffel symbol

Connections are defined to describe how a field is transported along curves on a manifold.
Their definition can thus be chosen to be exactly the same as the one from Riemannian ge-
ometry

VuE:Y = onEzYN + TN EZ K. (4.1)

The torsion however is defined using the Lie derivative and will differ from the usual
Riemannian geometry [50]

Tas” = (B (LF, - Le, ) Bs" (4:2)

with £V the generalised Lie derivative (2.1) where every derivative is replaced by a covariant
one. Requiring that the generalised torsion is null we get from (4.1) that the generalised
connection I' should verify the following generalised torsion condition

1
Tyun' = 2[P)(s,l)PNDQFDMQ + 3P(1,3)PNDQFDMQ B EFDMD(S]I\D[ (4.3)

which can also be written
2T ny” = —ZF Nk Tru™. (4.4)

Using those expressions it is possible to seek a generalised Christoffel symbol of the form
Tynt = Fm%n%f] + Ly P68 + trace terms. (4.5)

without loss of generality.® Now, considering the metric compatibility condition
0=VuHNY =0y HNY + Ty gV HEP 4 T g HEN (4.6)

and the splitting of the metric (3.8) the first two terms of the expression (4.5) are found
to be

1

Fm'y,np = §Hpr (8m'yHnr + an'yHmr - ar'yHmn) (47)
1
Fm%np = §Hp6 (am’yHné + 8mnH'y6 - 8m5H'y7]) . (48)

The first term (4.7) is just 2 copies of a three dimensional usual Riemannian Christoffel
symbol (for each value of 7), and the second term (4.8) is 3 copies of a two dimensional
one (for each value of m). Finally, using the torsion condition (4.3) we find the generalised
Christoffel symbol, with vanishing generalised torsion and metric compatibility to be

Pars” = Ty = Doy 80 + T 00 + 2 (HP Ho Oy A — 00, A, 57 ",
K P '
o+ 3( B Hoy O AT — 0y A1) + Dar ASK

whose traces are
Craft = —Typ™ = 60y A. (4.10)

SFor more details see appendix B.



This comes from the fact that the scalar that transforms properly under generalised dif-
feomorphisms is e~ for SL(3) x SL(2) i.e.

Je(e70%) = ap (e702¢P). (4.11)

We use the fact that the scalars of the theory should be of this particular form later in
order to define a proper ansatz for the generalised metric and find the equations of motion
one expects in F-theory.

4.2 Generalised Ricci tensor

A generalised Ricci tensor for the RT x E7(7y EFT which transforms covariantly under
generalised diffeormorphisms was proposed in [49]. It seems to hold for any exceptional
field theory as it is written in terms of the tensor Z without need of its precise form.
Here we show that for R x SL(3) x SL(2) it gives the expected equations of motion, thus
confirming the proposed form of a generalised Ricci tensor in exceptional field theory. We
review the main steps in order to construct a generalised Ricci tensor.

The usual Riemann tensor of a Riemannian space can be expressed as

Runp® = ouTnp® — ONTap™ + Do 0N pY — T BT et (4.12)

This object however does not transform properly under SL(3) x SL(2) generalised diffeo-
morphisms. Its non covariant variation is

AeRynp™ =20 “Top”

where A¢ = 6¢ — L¢. If one considers the torsion condition of the generalised Christoffel
symbol (4.4), the non covariant variation of the Riemann tensor is null if Z = 0 i.e. if the
usual torsion condition I'[ys N}P = 0 is satisfied. Now, the usual Ricci tensor should be

Run = Ryrn® (4.13)

but again this does not transform as a tensor under generalised diffeomorphisms. Its non
covariant variation is

One can then construct the following generalised Ricci tensor

Run = = (Run + Ry + Tru' 2% pglgn®) (4.15)

N | —

which verifies
A¢Run = 0. (4.16)

We will not detail here the expression of the generalised Ricci tensor obtained using our
result on a generalised Christoffel symbol (4.9). This will be our focus in the last section,
where we consider a particular ansatz for the RT x SL(3) x SL(2) bein in terms of the fields
of type IIB supergravity.

~10 -



5 Recovering F-theory

In this last section we use the results obtained before in order to relate R* x SL(3) x SL(2)
exceptional field theory to F-theory. We will begin by presenting a short review of F-theory,
in the particular viewpoint of type IIB string theory with varying axio-dilaton. We then
show that considering a non trivial solution to the section condition allows us to describe
the monodromies of (p,q) 7-branes appearing in F-theory. Finally we consider an ansatz
for the RT x SL(3) x SL(2) bein which leads to the type IIB equations of motion. We also
show that the equations of motion obtained on the internal space using the generalised
Ricci tensor and the generalised Christoffel symbol are equivalent to the Ricci-flatness of a
4 dimensional usual Ricci tensor, of which two of the dimensions are fibered as one expects
from F-Theory.

5.1 Review of F-theory

F-theory was constructed as a 12 dimensional geometrisation of type IIB string theory
with 7-branes. In D = 10 type IIB, the axion Cy and the dilaton ® can be arranged in a
manifestly SL(2,Z) complex field 7 named the axio-dilaton. In F-theory this axio-dilaton
is the complex parameter of a two dimensional torus, with constant volume, fibered over
the 10 dimensional original space. This allows in particular to describe a varying axio-
dilaton with respect to the directions normal to the D7 brane, thus taking into account the
backreaction of the brane onto the geometry, and allowing for a strong coupling description
of type IIB string theory [45, 46].

Let us now go over some of the known results of F-theory. The effective bosonic action
of type IIB supergravity theory in the Einstein frame is

1 [0 — OurorT  1|Gs)2 1, ., 1 / 1 -
27TSHB B /d A <R 2Im(7)?  2Im(7) 4’F5| + 44 Im(T)C4 TGN Gs
(5.1)
where
T =Cp+ie”?, G3 = dCy — 7dBs,
1 (5.2)

1 1
F5 = d04 - §C2 AN dBQ + 532 A d027 |Fp’ = ﬁFul...prul"'Hp
p

with 7 the axio-dilaton, By the NS-NS two form and C), the RR p forms. With this
expression it is clear that the following SL(2,R) transformations leave the action invariant

at+b Oy Oy
— =M C C v v 5.3
—>CT+d7 (BQ) (B2>7 4_> 4, g/.t _>g,u, ( )

where

M= <“ Z) € SL(2,R). (5.4)

One should note that the group SL(2,R) is broken to SL(2,Z) when one is considering non
perturbative effects. Now, let us consider the simplest case first in flat space with a D7
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brane along R17 ¢ RYY ~ RM ® C. As the D7 brane is a magnetic charge for the axion
Cy, one can show that, considering supersymmetry constraints, the axio-dilaton should
behave as

1
T(2) = %ln(z — 20) + terms regular at z (5.5)

with 2z the complex coordinate of the normal space to the brane and zy the position of the
brane. This implies in particular that the dilaton transforms as

T—>T1+1 (5.6)

as one encircles the brane around zp, which corresponds to the SL(2,7Z) transformation
introduced before with matrix parameter

11
M:((“). (5.7)

Now one can consider a more general 7-brane. A D7 brane corresponds to an object on
which fundamental strings can end, strings which are coupled to the NS-NS two-form Bs.
It is however possible to consider a BPS state of p fundamental strings, and ¢ D1-strings
called (p, q) strings, which couples to the field pBy 4+ ¢C5. This leads to the consideration
of another category of 7-branes, (p,q) 7-branes, on which (p, q) strings can end. It is then
possible to show that the monodromies induced as one encircles a (p, q) 7-brane are given
by [46]

M:<1+§q P’ > (5.8)

—q° 1—pq

5.2 Type IIB ansatz and generalised diffeomorphisms

In order to consider a type IIB solution of the R* x SL(3) x SL(2) exceptional field theory
the usual ansatz is (2.9) i.e. that the fields only depend on the coordinates X37. This
effectively leads to an 8+2 dimensional theory where the fields will have a dependency on
the 8 dimensional external space time, and two coordinates of the six dimensional internal
extended space. Now, let us consider a particular choice of gauge for the generalised
bein in terms of the fields of type IIB supergravity by breaking the SL(3) subgroup into
SL(3) — SL(2) x U(1). The SL(3) bein can be chosen to be
e¢+TA/ e¢+2A/ Co O
"= 0 % o (5.9)

! ! !
e B e A0 A

where ¢ and Cj are the dilaton and axion respectively. B, C are defined properly below in
terms of By and Cy and A’ will be related to the scale factor A introduced in equation (3.8).
In order to understand what are the fields B and C we look at the action of a generalised
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Lie derivative (2.3) of a generalised vector VM = (V17 V27 ¢7) onto the SL(3) bein (5.9)

which in the most general case is’

1
£V (Gam) = V’”@kveam - e@kakva'y + <)\ (eam) + 3) &vaeam. (510)

Now let us note EQ/ the action of a generalised Lie derivative with respect to the generalised
vector V' when the usual section condition (2.9) is verified. Inserting the expression of
LY (e5?) in L) (e5') and L), (e3?) and using the Leibniz rule property of generalised Lie
derivatives leads to

LY(C) = v793,C + 93,07C — 93,V (5.11)

LY(B) = v"03,B + 93,07 B — 93, V17, (5.12)

Moreover one can show that the antisymmetric 2 dimensional tensor ¢*? is invariant under

generalised diffeomorphisms. This allows to relate the 2 representation of SL(2) to its dual
2 using

Vo =VPesa, V&=e*Vp, (5.13)

thus allowing us to rewrite the generalised Lie derivatives as

LY(C) = 0793,C + 93,07C — 93, V2,7 (5.14)
LY (B) = v703,B + 03,07 B — 93, V! e, (5.15)

To be more precise, we can define B and C to be the Hodge duals of the NS-NS (B3) and
RR (C3) two-forms on the two dimensional space with metric G, o< gyp,®

1 em
=———8B
1 em
=——C
/’G‘ 9 m
)\B (516)
viv = Vlnevn — N
VIG|
AC
V2 — Vznﬁw - 1
VIG|
therefore recovering the gauge transformations of By and Cy
Coyy = Coyp + O A
m n Y ) (5.17)

B
Byy = By + 0, A7y

with A¢ and AP the one form parameters of the gauge transformations.

"The expression of the action of generalised Lie derivatives onto the representation (3,1) can be found
in [27].

8In the last section we find that G, = e 5% g,, in order to recover the equations of motion of type 1IB
supergravity.
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As expected from an exceptional field theory we can see that using generalised diffeo-
morphisms, we can describe the usual diffeomorphisms of the two dimensional space (via
v7), combined with two gauge transformations of the RR and NS-NS two-forms (via V17
and V7). In the next section we look at the implication of a more general solution to the
constraint, which allows one to describe the monodromies of exotic (p,q) 7-branes using
the generalised Lie derivatives.

5.3 F-theory as Rt x E3i3) EFT with non standard solution to the section
condition

Exotic branes have been extensively studied in the context of DF'T and EFT where one
considers the fields to depend on winding and wrapping coordinates [34-41]. In our case,
one can solve the section condition (2.8) by requiring that the fields depend on two co-
ordinates, but allow them to be a combination of the ordinary ones X3¥ and the ones
associated to winding and D1 brane wrapping X™". We propose the following solutions to
the section condition of RT x SL(3) x SL(2) exceptional field theory

A= f(XP + A5 X™) (5.18)

for any field A and with /m=1,2. In practice this can be seen as a SL(3) rotation of the
usual type IIB equations of motion and fluxes via the SL(3) rotation of the generalised
tangent space

Oy — Ron Oy (5.19)
with
10 A;
R," =101 A, (5.20)
00 1

and where one considers the fields to be usual solutions to the section condition (2.9).
One has to note that it is equivalent to rotate the SL(3) bein instead of the generalised
tangent space

ea™ — Ri™eg". (5.21)

The terms Ay, are constant with respect to the 6 dimensional internal space, but can a
priori depend on the 8 dimensional space time coordinates. We recover the usual section
condition for A, = 0. One should note that the structure of the ansatz (5.18) as a global
function of the combined coordinates is necessary in order for products and inverts of fields
to be well defined i.e. so that they are also solutions to the section condition.

Let us see what happens when performing generalised diffeomorphisms. As we are only
interested in the extra terms compared to the usual section condition solution (2.9), we
will again denote by L'?\ the generalised Lie derivative with respect to a generalised vector
V when 014(A) = 024(A) = 0 for any field A, which corresponds to the equations (5.11)
and (5.12). Let us first look at the generalised Lie derivative of the fields ¢ and Cj using
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the expression (5.10) and the Leibniz rule

Ly (e?) = LY(?) + Vo, (e?)

2 ~
— ed)aln‘/llki - e(1561062/~c‘/1m + <>‘(6¢) + 3) afffivkﬁe¢

) (5.22)
Ly (Co) = LY(Co) + VFra, (Co) — 01,V

-y (82,{‘/2” — 815‘/1”) — Cgag,{vlﬁ + )\(Co)afm‘/imCo.

We consider generalised diffeomorphisms that satisfy 81%HVEH = V’;"afm = 0 which can be
achieved by considering that V™ verifies

AV = — A VIE, (5.23)

This gives
(5.24)

Here we see that the term —0;, V%" is producing a shift of the axion, as is expected from
a monodromy of a (p,0) 7-brane given by the equation (5.3) and using the corresponding
monodromy matrix (5.8). As the other terms are not particularly clear when one looks at
the fields ¢ and Cj let us consider the generalised Lie derivatives of the fields B and C.
Considering the ansatz (5.23) we obtain

Ly(C) =LY (C) — BV — Cda V2 (5.25)
Ly(B) = LY(B) — Bo1, V% — COy VIF. (5.26)

Now, to make sense of the two previous equation in terms of monodromies we take each
component of VM to be linear in its coordinates. Requiring the conditions (5.18) and (5.23)
for V™ we are able to recover the monodromies of a general (p,q) 7-brane encoded into
the generalised Lie derivatives of the exceptional field theory

Lv(C) = LY(C) +pgC +p°B (5.2
Ly(B) = Ly(B) — pgB — ¢*C
with the additional conditions
OV = =05,V = pq
2% _ 2
B o
qA1 = pAs.

Now let us look at the particular case of a stack of p D7 branes, as an arbitrary (p',q’)
7-brane can be mapped locally to a (p,0) one, using an SL(2,7Z) transformation. We
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can make the following ansatz for the dependency of the Lie derivative generalised vector
parameter

2
VM — ((),)(37 - ZX”,O) (5.29)

where we put V37 to zero to remove the diffeomorphisms component. Using this we obtain
the full transformations of the fields to be

(5.30)

The additional shift term in the action of the monodromy on C' is coming from a breaking
of the gauge symmetry invariance of this field, which is also the case for B. The gauge
invariances of the fields B and C seem to be entirely constrained by the monodromies as
one goes around a D7 brane. One could notice that the breaking of the gauge invariances
is expected when non perturbative effects of string theory are taking into account. This is
however not an acceptable explanation in our case as we are in the perturbative regime.
A more appropriate explanation would be that the monodromies we described before have
an interpretation only when one is considering that the only term appearing in the Chern-
Simons action of a D7 brane is the Cy term dual to the axion Cj [54]. The full Chern-Simons
action is however

/ Chre B2 (5.31)
Ms

where Mg is the brane world volume and

C= > Oy (5.32)

p=0...4

This might break the gauge invariances of both By and Cj.

5.4 Equations of motion via the generalised Ricci tensor

In this section we conclude by writing explicitly the equations of motion with usual section
condition (2.9) using the generalised Ricci tensor (4.15) and with the help of the symbolic
computer algebra system Cadabra [55, 56]. To begin with let us consider the proposed
ansatz (5.9) for the generalised bein. As we showed that the scalars which transform

properly are of the form e®4
—2A+A —2A—-2A

where n € Z, and as the RT factor in the metric are of the

form e and e , a plausible ansatz on the scalar A’ is

A= —4A. (5.33)
Now according to [50], the equations of motions should live in the representation

(5,1) + (1,2) + (1,1). (5.34)
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This leads to considering the following equations of motion

0 = Ry H™ € (1,2) + (1,1)

(5.35)
0=R(mpy,nng”" € (5,1) +(1,1).

Using the definition of the generalised Ricci tensor (4.15), the generalised Christoffel sym-
bol (4.9), the ansatz on the bein (5.9) as well as the ansatz on A’ (5.33) and the usual
section condition (2.9) we obtain the equations of motion of type IIB supergravity in 2

dimensions’
1 1
R, [e7%g.] + 50200,0 + 50,C08,Co = 0 (5.36)
g7 (V19,0 = €#V,CoV,Cy ) =0 (5.37)
97" (V,CoV ,Co + 2V, CoV ) = 0. (5.38)

where 0, = 03, and R,,[e”%2

g..] corresponds to the usual Ricci tensor associated to the
metric e_GAgw. V is the covariant derivative whose connection is the usual two dimen-
sional Christoffel symbol of the same metric. One should note that the only way to recover
the equations of motions of type IIB supergravity is to combine the warp factor A with
the R factor A’ coming from the breaking of SL(3) into SL(2) x U(1) as in (5.33). Fi-
nally as we stated before the fields should verify different constraints due to the quadratic

conditions (3.5) and (3.6) which in the end can be recast into

O30y, = 0. (5.39)

If we write the geometric fluxes of the two dimensional space with bein 57 = 38157 as

Wy’ = 2(1 1) 0y la” (5.40)
we find that the condition (5.39) is equivalent to
WOy = 0
Wy 1520}y Co = 0 (5.41)
W5 Oy A = 0.

These can be solved in particular if we consider the trace w755 to be null, which is equivalent
to w = 0 for a two dimensional space. This in particular ensures that the two dimensional
internal space is compact [57].

To conclude we show that the equations of motion (5.35) are equivalent to the Ricci-
flatness of a 4 dimensional space: a two torus with constant volume equal to one, fibered
over a two dimensional Riemann space. To do that we consider a 4 dimensional space

Hyn = (H’” 0 > (5.42)

0 9y

whose metric is

9The expression (5.36) can differ from the literature by a minus sign due to the definition of the Riemann
tensor (4.12).
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where M = (/m,~) and with m and 7 being 1 or 2. H,; is an SL(2) metric while g, is
a GL(2) one. Now in order to describe a fibration we will consider that every field only
depends on the two coordinates 7. Considering the usual Riemannian Ricci tensor of this
four dimensional space with 0;;, = 0 we have for M =~

1
Ryf—yp=p =R, — iﬁyH’”@kar (5.43)

where R, is the two dimensional usual Ricci tensor associated to the metric g,,. Assuming
that the SL(2) metric is of the usual form

1 7|2 —Re(r)
Han = (RG(T) . > (5.44)

with the axio-dilaton 7 given by (5.2), we recover the expected equations of motion we

derived before. The equations of motion for the dilaton (5.37) and the axion (5.38) are
obtained by considering the other components of the Ricci tensor Ryr—y,, p—p.

6 Conclusion and outlook

In this paper we showed that the equations of motion of F-theory as a Ricci-flatness of a four
dimensional space with two of its dimensions fibered are obtained from the Rt x SL(3) x
SL(2) exceptional field theory with the standard solution to the section condition. This was
done by considering an appropriate ansatz (5.9) on the generalised bein, a manifestly Rt x
SL(3) x SL(2) covariant generalised Ricci tensor (4.15) proposed in [49] and a generalised
Christoffel symbol (4.9) with vanishing generalised torsion and metric compatibility. We
also showed that one can solve the section condition of exceptional field theory and still
allow the fields to have a dependency on the additional stringy coordinates. Every product
and inverse of fields satisfying our ansatz (5.18) still verifies the section condition and the
ansatz therefore seems to be appropriate. Finally we showed that this new solution to the
section condition describes the monodromies of (p,q) 7-branes in the context of F-theory.
This leads to the breaking of the gauge invariances of the NS-NS and RR, two-forms which
could be explained by the fact that the monodromies (5.3) are only valid when one is
considering that the only field living on the world volume of the D7 brane is the RR Cy
form, not including other RR p-forms or NS-NS two-form. Interesting prospects would
be to understand this gauge symmetry breaking, and to look at the equations of motion
obtained from the generalised Ricci tensor but this time with a non standard solution to
the section condition.

Acknowledgments

I would like to express my gratitude to my PhD supervisor Mariana Grana for her guidance
all along this project. I would also like to thank losif Bena, Pierre Heidmann, Ruben Mon-
ten, Edvard T. Musaev, Henning Samtleben, Raffaele Savelli, Charles Strickland-Constable
and Daniel Waldram for helpful discussions. This work was supported in part by the
Ecole Doctorale Physique en Tle-de-France grant and the ERC Consolidator Grant 772408-
Stringlandscape.

~ 18 —



A Projectors

Here we present the construction of the projectors on the useful representations we used
along this paper. A detailed construction can be found in [52]: it is shown in the first
appendix of this paper that for an arbitrary simple group G, with the exception of Eg, one
can decompose the product of the fundamental representation of the group G (D(A)) with
its adjoint Adj(G) as
D(A) x Adj(G) - D(A) + Dy + Dg (A.1)
where D7 and D4 are two other representations. The ones of interest for us are only the
fundamental and the representation with the smaller dimension (Dq), as they are the only
representations allowed for the embedding tensor after one considers the linear constraint
coming from supersymmetry consideration. If we note M the fundamental representation
of G and {t*} (o = 1...dim(QG)) the generators of the adjoint of G, the projectors on those
two representations can be written'”
Poayn™ s = At tg)n™
P(DI)MQ’NB = aléagéMN + ag(tgta)MN + ag(tatB)MN

with A, a; constants which are given in [52] for every simple group.

(A.2)

Now let us look at the two simple groups of interest to us, SL(3) and SL(2), whose
fundamental representations (3) and (2) are written m and ~ respectively. For clarity we
will note {t*} (o =1,...,8) the generators of the adjoint of SL(3), and {s%} (& = 1,2,3)
the ones of SL(2). With this we find the projectors onto the the fundamental representation
of SL(3) and Dy = (6) to be

a,n 3 « n
Pym™"s = g(t tg)m
1 1 1 (A.3)
P an T sa mn_* amn_ia mn
©)m "5 = 50%60m" — S (tt")m" — 1 (t%p)
For the SL(2) case, the result is a little peculiar as one has the following relation
5%‘5;7 - (533&)777 - (56‘53)777 =0. (A.4)

The only representations left are then D(A) = (2) and D2 = (4). The projection onto the
fundamental is

> . (A.5)
3<6 51— (555",

We write these projectors in the fundamental representation of each groups, leading for

SL(3) to

P(3ymn”"c = 5%5553 SORGESY, — 6,56+ oL
s s ) (A.6)
_ 1

p,ab
e = iemnr6

]P)(G)mn ab(ra]co)

0The adjoint indices are raised and lowered using the Cartan-Killing metric.
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and for SL(2)

2 1 1 1
7. - asp aspB asp ash
P2y e = 3 <5!$55 0y = 507080 — SAN00E + 007 5£>. (A7)
These expressions are found using the projectors on the adjoint (8) of SL(3)
m m (0% m 1 m
IP3(8) n’q = (ta)n™(t%)" = 5q o7, — §5n 55 (A.8)
and the adjoint (3gr,(2)) of SL(2)
s 1
P(3SL(2))7W05 = (sa)n"(s%)s” = 5:;/55 - 55775(?- (A.9)

B Determination of T

The expression of the generalised Christoffel symbol (4.9) was hinted by a series of pro-
jections applied to the torsion condition (4.3). Here we detail the different relations that
permitted in the end to look for a generalised Christoffel of the form (4.5).
First of all, one can relate the traces of the Christoffel symbol by taking the trace of
the torsion condition
TP = —TpuP. (B.1)

By taking the partial traces on the different subspaces it is also possible to write the
following relations

)
Fm%nnnp = 3an,m7np - er&mwr 51’7)

N N 70 §p (B-2)
Loyonn™ = 2L mn™ = Trgmy " 0p
which can be recast into
Fr'y,méns = Fré,m'yr(s
s (B.3)

d
Fmé,r'yr = Fr&,m'yr .

Other useful relations are obtained by taking the projection of the torsion condition onto
the representations (8,1) and (1, 3)

Py sPcTap” = 2P 1y FsPcTpa®

P tsPclap” = 3P 5" cTpa”. (B4)
We also have to recall from (A.1) that
Pp) +Pp, +Pp, = Idp(a)xadj@) (B.5)
which for the groups SL(2) and SL(3) can be written'!
P2y + Py = Id2)x () (B.6)

P(3) +Pe) + Pras) = Id(s)x(s)

"1n the case of SL(2) the space D; is empty.
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where the traces on the spaces (4) and (15) are null. The torsion condition can then be
recast as

7

- - 1 7
(F(15,2) + F(3,4)>MN P =Tun"+ EFDMD(sf[ — gP(S,l)KMPN + S]P)(I,B»)KMPN} Trit
9
" [4P(8,1>KMPN]P’(1,3>RKST + 4P<1,3>KMPNP<&1>RKST] T’
(B.7)
The relations
9 K P R_S r_ 3 K P s
Z]P)(S,l) v NPz Kk Tlsr = gP(B,I) M NLsk ®3
.8
4
AP 3" v NPy kT srT = gP(l,E.)KMPNPSKS
permit to write the last term between brackets into a trace part, which leads to
Cunt = <f(15’2) + f‘(374)>MN P 4 trace terms. (B.9)
Using
. P -
s 2ymynn”™ = [Pas2)T iy = [Pas)l] ., . 00 = Casymya0h (B.10)
- P . .
L aymyn’™ = Peollyy = [Pl "0 = T @m0
with partial traces of f(15) and T () hull, we have
Tyunt = f‘(15)m%np(5g + f(4)m%np(5£ + trace terms. (B.11)

Using this expression in the metric compatibility condition (4.6) and the torsion condi-
tion (4.4) leads to the solution (4.9).
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