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ABSTRACT: We discuss known maximal D-dimensional supergravities of two types: type
I with G/H coset spaces and type II derived by compactification from higher dimensions
without dualization, these have less manifest symmetries. In 4D and 6D in type I models we
perform explicit gauge-fixing of local H symmetries in unitary gauges: symmetric, [wasawa
and partial Iwasawa. In 4D supergravity I in symmetric gauge global H-invariance and
nonlinearly realized G-symmetry are valid on shell, classically. The global H-symmetry
and G-symmetry in Iwasawa-type gauges in type I and in type II supergravities are not
manifest, if at all present. This fact raises the issue of the gauge equivalence of the S-matrix
of various gauge-fixed D-dimensional supergravities and its relation to the ones computable
using superamplitude methods.
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1 Introduction

Consider well known (ungauged) maximal supergravity theories in 4D and 6D. They contain
physical scalar fields which belong to the coset space G/H. Here G is a non compact group,
while H is the maximal compact subgroup of G:

G Eremy G Ex5)

H|, SU®)’ Hls~ USp(4) x USp(4)

(1.1)

In the original versions of ungauged supergravities in [1-4] the number of scalars is defined
by the fundamental representation of a group G, and there is also a local H symmetry, which
is the R-symmetry group. We will refer to these supergravities as supergravities of type I.
In all integer dimensions D these supergravities of type I have physical scalars in the coset
space (G/H)p and they have the corresponding global Gp and local Hp symmetries.



D-dimensional supergravities of the type I have global U-duality symmetry Gp. These
are groups E11_p(11-p) [5, 6], they are often called Eq1_p groups. They are nicely explained
by B. Julia [5] in terms of Dynkin diagrams as the process of Group Disintegration. Starting
from Fg(g) in 3D removing the right node of the Dynkin diagram, one by one, one gets E7(7)
in 4D, Ege) in 5D, Es(5) in 6D, and all the way up.

The local H symmetry in [1-4] has unusual features. In standard local gauge symmetries
there are propagating gauge fields, but in local H symmetries the role of the gauge field is
played by the composite scalar dependent connection. Some of the advantages in keeping
local H symmetry not gauge fixed is that the global duality symmetry G and the local H
symmetry are independent, and fermions transform under H and are neutral in G.

The action with local H symmetry depends on scalars which are in the adjoint repre-
sentation of G, for example 133 in maximal 4D supergravity and 45 in 6D. These scalars
parametrize a G-valued matrix V(z) which transforms by G from the left and by H from
the right. When local H symmetry in supergravities is gauge-fixed, only physical scalars
remain, their number is reduced to the number of coordinates in the coset space G/H, 70 in
4D and 25 in 6D. In symmetric gauges fermions in gauge-fixed theory transform under G
symmetry due to a compensating H symmetry transformation, preserving the choice of the
gauge. In 4D case symmetric gauge in [1, 2] supergravity was studied in detail in [1, 2, 7, 8],
where it was shown that the global H-symmetry is valid on shell.

Thus, it is convenient to refer to original versions of ungauged supergravities in D-
dimensions, with global G and local H symmetries, as supergravities I. We will refer to
supergravities derived by compactification from (D + n) dimensional supergravities, without
dualization, as supergravities II. These are less known, in general, however, these models have
played an important role in studies of black hole attractors in maximal 4D supergravity, see
for example [9, 11-14]. Specifically, 1/2, 1/2, 1/2 extremal BPS black holes are associated
with type I supergravity, but the non-BPS Kaluza-Klein extremal black holes are associated
with type II supergravity [13, 14].

We will mostly focus on the case of n =1 when D-dimensional supergravity is derived
from the D + 1 supergravity compactified on a circle. In 4D these type Il supergravity are
models in [13, 14] and in 6D in [15].

Our study of gauge-fixing H-symmetry in supergravities is based on the original work
in 4D and in 6D in [1-4] as well as on supergravity studies in diverse dimensions in [16-24].
We will define classes of gauges we are interested in various dimensions, and we will fill in
some gaps in the existing literature, for example in gauge-fixing of 6D maximal supergravity,
as well as with regard to Iwasawa-type gauges in various dimensions.

Unitary gauges in the context of quantum field theory have the property that the gauge
fixing function depends on the fields and not on their derivatives. Therefore there are no
Faddeev-Popov propagating ghost fields.

Unitary symmetric gauges are well known in 4D, but not in 60D. In maximal 4D
supergravity after gauge-fixing local H = SU(8) symmetry [1, 2], there is a remaining
nonlinearly realized G = Ey(;) and a field-dependent compensating H = SU(8) symmetry.
The physical scalars ¢; i, ¢P4"" transform in a linear representation of SU(8). All dependence
on physical scalars is non-polynomial. The 1-loop anomalies of global SU(8)-symmetry in
this gauge cancel [25].
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Figure 1. The Dynkin diagrams of U-duality groups Egi(4+1) as given in [28],0 < d <7, D = 10—d.
The groups Eg41(4+1) are often called Eq .

Unitary lwasawa gauges, also called triangular gauges, in supergravities were described
already in [1]. These gauges have a remarkable polynomiality in some of the scalars, which is
absent in symmetric gauges. These are associated in case of maximal supergravities with
dimensional reduction from 11D supergravity. In these gauges there is a maximal number
of axionic scalars, which enter the action polynomially.

Unitary partial Iwasawa gauges we define here as the ones where D-dimensional theories
are associated with dimensionally reduced maximal (D + 1) supergravities. They have the
feature that the D + 1 coset (G/H)p+1 inherited in dimension D was gauge-fixed in a
symmetric gauge in D + 1. The number of axionic polynomial scalars in these gauges is
always non-zero, but less than the one in Iwasawa triangular gauge.

Supergravity actions depend on scalars via the vielbein V(x). The vielbein transforms
under global G' symmetry and local H-symmetry

V(z) = gV(z)h H(z). (1.2)

Before gauge-fixing the vielbein is in a fundamental representation of G, the number of
scalars is dim[G]. After gauge-fixing

V(z) = V() - (1.3)

It is a matrix depending only on physical scalars, where the number of physical scalars
nsc is equal to dim[G] — dim[H].

Different choices of coset representatives define different choices of gauges of local H
symmetry. Various solutions of underlying mathematical problem to find G/H coset space
representatives can be found in supergravity original papers [1-4] and reviews in [17-24]
and in the textbooks like [26, 27].

Consider figure 1 here for Dynkin diagrams of U-duality groups as presented in [28].
Different gauges for local H-symmetry correspond to different ways of cutting some nodes
in these Dynkin diagrams, thereby breaking global G-symmetry of the classical action in
a class of Iwasawa type gauges.

The purpose of this paper is to provide a systematic gauge-fixing of local H-symmetries
in D-dimensional supergravities in a class of gauges which either preserve global H-symmetry
and G-symmetry, in symmetric gauges, or not (at least not manifestly), in Iwasawa-type
gauges associated with D + 1 supergravities. These various choices of gauge-fixing can be
studied in the future to understand how the existence of different unitary gauges might affect
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Figure 2. Left panel at the top shows Dynkin diagram for E7, the one on the bottom is Eg. Right
panel at the top shows Dynkin diagram for E5, the one on the bottom is EF4 = SL(5). Figures taken
from [29] where a detailed explanation can be found. Deleting the right node in E7 we see Eg and
deleting the right node in D5 = Ej55) we see SL(5) = Ey(y).

the quantization of supergravities, the issue of local H-symmetry and global G-symmetry
anomalies and UV divergences.

In particular, the 1-loop anomalies of global H-symmetry were computed in [25] in a
symmetric gauge, where global H-symmetry is present in a classical action and where the
vielbein is assumed to take a form

Here K are generators in a noncompact part of the algebra of G, which is a property of
symmetric gauges. In other gauges the status of a global H-symmetry is not obvious, unless
one can prove the on shell gauge independence of these theories. Therefore the issue of
1-loop anomalies in supergravity with account of symmetric and Iwasawa-type gauges requires
an additional investigation.

2 D-dimensional supergravity I and supergravity II

Supergravities I were constructed in dimension D, the physical scalars are in (G/H)p coset
space. These models have local H-symmetry and global on shell G symmetry. This local H
symmetry can be gauge-fixed in various gauges. In symmetric gauges there is a non-polynomial
dependence on all physical scalars and on shell Ey;_p(1;—p) symmetry. Upon gauge-fixing
the global G symmetry is still preserved but non-linearly realized. In Iwasawa and partial
Iwasawa gauges there is a polynomial dependence on some of the physical scalars, often called
axions, and non-polynomial dependence on other physical scalars, often called dilatons.

In Iwasawa type gauges the status of a global Hp symmetry and on shell G p-symmetry
is not known, a priory. The symmetries, like E7(7) in 4D and Ej;) symmetry in 6D are
broken off shell, by construction. This is best explained using the Dynkin diagrams in
figure 1 and figure 2.

We will use two of the parabolic subgroups of the U-duality groups described in [28].

The first one is the subgroup P, , obtained by removing the root agy1 associated with the

d+1



most right last node d + 1 of the Dynkin diagram in figure 1. These gauges in D-dimensional
supergravity are related to actions derived by compactification from D + 1 supergravity
in accordance with the Group Disintegration [5]. The second subgroup P,, is obtained by
removing the root as associated to the node 2. These are triangular, Iwasawa unitary gauges
for local H-symmetry. They were explored in [19] for D-dimensional supergravities derived
by compactification of 11D supergravity on a torus 79!, d = 10 — D.

In figure 2 we show examples of Iwasawa gauges where right node was removed from the
Dynkin diagram: in 4D case this describes the choice of the gauge in type I supergravity
where E7(7) group is broken down to Eg). In 6D the Ejsy duality is broken to Eyy).

Supergravities II in dimension D which we focus on are related to (D + 1)-dimensional
supergravity. They were derived from D 4 1 supergravities by a reduction on a circle, or,
sometimes were constructed directly in dimension D. These correspond to cases of parabolic
subgroups Po,,, of Ej;1(44+1) group with removal of the right node of a Dynkin diagram
in figure 1. Their local symmetry is smaller, it is at most Hpi1-symmetry inherited from
D + 1. This local Hp41-symmetry can be gauge fixed already in D + 1, before dimensional
reduction, or after, see for example [13, 15].

Supergravities II are also given by their actions in dimension D and they also have
the same amount of maximal local supersymmetries as supergravities I. These models in
general case were described in [18]. The physical scalars correspond to a decomposition of the

(G/H)p coset space via the smaller coset space of D + 1 supergravity gg i , the radius of the

circle, rpy1 and the scalars originating from the extra component of D + 1 vectors VP21,

Gp Gpi1 D+1>
— ~ = A" . 2.1
Hp (HD+17TD+1’ " 21)

It means that supergravities Il always have some axions, as opposite to supergravities I
where there is a class of symmetric gauges without axions. In supergravities II the minimal
value of the axions is reached in a gauge where the local Hpy1 symmetry is gauge-fixed
in a symmetric gauge.

In supergravities I the number of axions depends on the gauge chosen to fix the local
H-symmetry. It varies between zero and maximum in Iwasawa triangular gauge.

1. In symmetric gauge, there are no polynomial axions. All scalars are non-polynomial:
#axionsgym = 0 (2.2)

2. The Iwasawa triangular gauges are closely related to the supergravity actions derived
by dimensional reduction from 11D supergravity. They involve a Borel subalgebra of
the algebra of the group G, or they can also be described in terms of the solvable Lie
group and using the solvable parametrization of the coset space G/H [22, 23]. The
number of axions in these gauges in dimension D is defined by the properties of the
U-duality group G = Ey;_p(11-p) in a given dimension D

1
# axionstriangular = E(dim G —rank G) (2.3)

3. In gauges we call partial Iwasawa gauges related to D + 1 supergravities the scalars
are defined by the decomposition of the coset space (G/H)p in eq. (2.1). In these



gauges of supergravity I, as in supergravities II, there are axions related to compactified
vectors VP+1 presenting the abelian ideal in D dimensions. The number of axions
is the number of vector fields in one dimension above, it also has a group theoretic
interpretation as a maximal abelian ideal [18]

#axjonspartial Iwasawa — dim -AD (24>

This is the case when the relevant H-symmetry in D + 1 theory was gauge-fixed in
symmetric gauge. However, when the gauge in D + 1 supergravity was an Iwasawa
gauge, the number of axions is exceeding the ones in partial Iwasawa gauge.

To summarize, we find that in supergravity I there are gauges which have the same
set of scalars as supergravity II, derived from D + 1 supergravity by compactification on a
circle. If in supergravity II a local Hp,q symmetry was gauge-fixed in Iwasawa gauge, the
corresponding supergravity I needs to be gauge-fixed in the appropriate Iwasawa gauge. If in
supergravity II a local Hpyq symmetry was gauge-fixed in a symmetric gauge, supergravity
I has to be gauge-fixed in an appropriate partial Iwasawa gauge, to reproduce the same
set of scalars. In general, the relation between vectors in supergravities I and II in various
gauges is not as simple.

Thus, using different gauges in supergravities I we can study both supergravities I as
well as supergravities II. The minimal number of axions in supergravities II is the same as in
supergravities I in the partial Iwasawa gauge and always positive:

#aXionSpartial Iwasawa — #aXionSsupergravity n=dimAp > 0. (25>

This is opposite to symmetric gauges of supergravity I

#axionssym = Faxionsgupergravity 1 = 0 - (2.6)

The mere existence of supergravities II in [13] and in [15] as well as the fact that there are
gauges in supergravities I where scalars are the same as in supergravities II, suggest that
these issues might be relevant to quantum properties of maximal supergravities.

In supergravity I the G-valued matrix, a vielbein V(z), transforms by G from the left
and by H from the right. Before local H-symmetry is gauge-fixed, these are independent
transformations

V(z) = gV(z), V(z) = V()h (), gedq, h(z) € H. (2.7)

The Lie algebra g of a group GG can be decomposed into two orthogonal subspaces: the Lie
algebra bh of a group H and a coset space t. Here H is the maximal compact group in G:

g=bhot [bblch; [hEcE; [LECH. (2.8)

The supergravity reviews which we will use here have the following features. In [20-22] one
starts with ungauged supergravity with a local H symmetry and global G symmetry, both
independent and linearly realized. The action depends on scalars which form a fundamental
representation of G. These scalars parametrize a G-valued matrix V(z) which transforms



by G and by H as shown in eq. (2.7). Gauge-fixing local H symmetry in unitary gauges
requires to use all parameters of local H symmetry, like 63 in H = SU(8) in 4D, or 20 in
H =S0(5) x SO(5) in 6D, to bring the theory to the form where it depends only on physical
scalars. Their number is dim[G]| — dim[H], i.e. in maximal 4D we have 133 — 63 = 70 and
in 6D 45 — 20 = 25 physical scalars.

Our purpose is, in particular, to compare supergravity actions derived in a given dimension
D = 4,6 versus the ones obtained via dimensional reduction from D + 1 = 5,7. For this
purpose it is convenient to study all theories in dimension D at the stage where local H
symmetry was not yet gauge-fixed. It means that we study supergravities I and gauge-fix
them in various gauges.

In such case! we define these gauges in terms of the G-valued vielbein matrix V(). The
corresponding gauge-fixings which eliminate unphysical scalars correspond to certain choices
of the vielbein V: for example, one gauge is a symmetric one, the other is an Iwasawa gauge,
or a partial Iwasawa gauge. All of these are unitary gauges, in a sense that they have only
physical scalars and do not require propagating ghost fields.

3 Symmetric, Iwasawa and partial Iwasawa supergravity I unitary gauges

In D-dimensional supergravities with a local H symmetry, i.e. in supergravities I, one can
make a choice of the vielbeins/of the coset representatives of a different kind. We discuss
possible choices of unitary gauges starting with the well known symmetric gauges [1, 2, 30].

There are also gauges suitable for addressing the relation between D-dimensional super-
gravity with (G/H)p coset space with the one in D derived from higher dimensions, from
11d or from D + 1, for example. They gauges are, in general, different. But all of them
have some axionic scalars interacting polynomially.

Twasawa triangular gauges are also well known, they represent 11D supergravity dimen-
sionally reduced to D-dimension, see [1, 19, 22]. There is also a class of gauges available
in the literature, for example in [30], where D-dimensional supergravity was derived from
a D 4+ 1-dimensional supergravity by compactification on a circle. If the relevant Hp,1-
symmetry in D + 1 theory was gauge-fixed in a symmetric gauge, this theory can be related
to D-dimensional supergravity in a class of gauges which we call partially Iwasawa gauges.

The interest to parabolic subgroups of the U-duality groups in string theory and super-
gravity was raised in the context of automorphism analysis in [31, 32]. It was shown that
maximal parabolic subgroups of Ey4) (often called E,) arising in string theory are of the
form GL(1) x X4_1. For example, for Ey7) the Xg is Fg(g) and for Esey the X5 is SL(5).
This is convenient to see in cases interesting for us using Dynkin diagrams in figure 2 here,
which we took from [29]. In particular, after deleting the right node E7 becomes Eg and
D5 = Es(5) becomes SL(5) = Ay ~ Fjy, see also table 2 in [32].

n [17, 23] the stage of an ungauged supergravity with a local H symmetry is replaced from the beginning
by various choices of coset space representatives L(¢"). Namely, the coset representatives depend only on
physical scalars ¢", r = 1,...,nsc. There is no local H symmetry independent on G symmetry, instead
the action of G transforms the fields ¢" in a coset between themselves and might require a compensating
field-dependent H transformation.



The reason for Iwasawa and partial Iwasawa gauges is the fact that in dimension D + 1,
the scalars are in a smaller coset (G/H)py1, see eq. (2.1). These are gauges suitable for
addressing the relation between D-dimensional supergravity with (G/H)p coset space with
the one in D derived from higher dimensions, they are, in general, different. The ones in
dimension D derived from D + 1 dimensions have some axionic type scalars where, according
to eq. (2.1), the axions correspond to VP21, The local symmetry in D -+ 1 is also smaller, it is
Hpy1. One can gauge-fix Hp, 1 either in a the triangular, Iwasawa gauge or in a symmetric
gauge. In dimension D the 1st choice will produce a triangular Iwasawa gauge, the second
choice will produce partial Iwasawa gauge. The simplest example of this partial Iwasawa
gauge one can see in the 4D maximal supergravity action in [13]. This is a limit of the action
in [30] when all mass/gauging parameters m; — 0.

o Symmelric gauge.
The reason they are called symmetric is that they correspond to a generalization of
the polar decomposition of a linear matrix into a product of the orthogonal and a
symmetric matrix

Y =P ZlA (3.1)

Here A are the generators of the H group and X are the coset generators. A symmetric
gauge is a choice
0=0. (3.2)

In symmetric gauge
Veym (¢7) = e? K7 € exp(¥) r=1,...,ng. (3.3)

where {K,} is a basis of the coset algebra ¢ defined in (2.8). Note that the coset
representative in the symmetric gauge is not in a subalgebra of G. All scalars in the
symmetric H-gauge occur in the gauge-fixed supergravity action non-polynomially.

In symmetric gauge, the scalars ¢" transform in a linear representation of the
maximal compact subgroup H C G, and global H-invariance of the Lagrangian is
manifest. The 1-loop anomalies of global H-symmetry in this gauge were computed
in [25].

o Iwasawa triangular gauges.
The early class of gauges relating D-dimensional supergravity to 11D supergravity was
proposed and studied in [1, 19].
Iwasawa triangular gauges/coset space representatives discussed in general in [22, 23]
are associated with the Iwasawa decomposition of G with respect to H and with a
solvable parametrization so that Vigasawa(®”) belongs to a solvable Lie group Gg =
exp(-*)
Vlwasawa(()or) = egorTr € exp(y) : (34>

Here {7} is a basis of . (r = 1,...,ns), it is also known as a Borel subalgebra of
g. The algebra ., parametrized by the scalar fields of the theory, has the following
general structure:

S =CON, (3.5)



where C is the Cartan subspace of the coset space £ and is defined as the maximal set
of commuting semisimple generators, and N is a nilpotent subalgebra. When the theory
originates from dimensional reduction of a higher dimensional one, C is parametrized by
the dilatonic moduli. The space N, is parametrized by axionic fields. Since N is nilpotent,
the scalars parametrizing N appear in the supergravity action polynomially, whereas
the dilatonic scalars parametrizing the Cartan subalgebra C occur non-polynomially, in
particular exponentially.

Iwasawa gauges in supergravity include cases where D-dimensional supergravity is
derived from maximal 11D, they are described by parabolic subgroups P,, in figure 1.
These triangular gauges are discussed in [1, 22] and presented in details with examples
n [19]. We discuss these triangular Iwasawa gauges in appendix D.

e Partial ITwasawa gauge.

These gauges arise from D + 1 dimensional supergravity where part of the scalars are in
Gp+1/Hp+1. The freedom to gauge-fix a local Hp,1 symmetry includes cases where
we can use a symmetric gauge for fixing local Hp41 symmetry. This choice will produce
a partial Iwasawa gauge. In addition to known examples in 4D related to 5D in [13, 30],
we will show analogous examples of partial Iwasawa gauges in 6D related to 7D. In
supergravity I in [15] the action still has a local SO(5) symmetry associated with a 7D
(G/H)7 = gé—((?). We will gauge-fix the corresponding action of 6D supergravity II in
Iwasawa as well as in partial Iwasawa gauges.

The first issue with regard to these choices of gauges is related to 1-loop anomalies, computed
in symmetric gauges in [25]. For example, in maximal 4D supergravity the global H = SU(8)
anomalies cancel and in 6D the global H = SO(5) x SO(5) anomalies cancel. However,
supergravities in Iwasawa type gauges do not have manifest global Hp symmetries, rather
they have the properties related to theories in higher dimensions. For example, the parabolic
groups Pp are shown in figure 2. In 4D P; subgroup of F; has the node 7 removed and we
get Fg, a symmetry of D 4+ 1 = 5 supergravity. In 6D P5; subgroup of Es has the node 5
removed and we get A4, a symmetry of D + 1 = 7 supergravity.

Therefore the relation between the quantum field theories in these different gauges,
symmetric and Iwasawa, requires an investigation.

The gauge-fixing of maximal 4D supergravity is known in a symmetric gauge [1, 2], and
in N> 5 in 4D with % = S%*(%Q) and % = S%((15’)5) for N’ = 6, 5 respectively, by truncation,
or by using symplectic sections as in [17]. But less is known about Iwasawa type gauges,

and no relation between these theories in different gauges was ever established. In 6D
maximal supergravity no gauge-fixing of a local SO(5) x SO(5) was performed, neither in
symmetric nor in a triangular gauge.

There is a certain relation between versions of supergravity constructed in various dimen-
sions D with G/H coset space, and supergravities obtained by Scherk-Schwarz generalized
dimensional reduction from higher D [33]. It was explained in [1, 19], it all boils down to
gauge-fixing local H symmetry. The choice of the gauge, suggested in [1] is “up to the user”
one can have a symmetric gauge [1, 2] where the asymptotic fields transform in the linear
representation of H and dependence on all scalars is non-polynomial. Or one can have Iwasawa



or partial Iwasawa gauges, where axionic scalars enter only polynomially. However, the local
H-symmetry must be anomaly-free for the S-matrix to be independent of the user’s choice!

4 Gauge-fixing 4D maximal supergravity I

4.1 Symmetric gauge

We start with a standard (ungauged) Lagrangian in 4D [1, 2] with a manifest SL(8,R)
symmetry which is a subgroup of Er7(7y. The duality representation 56 of E7 () and its adjoint
representation 133 branch with respect to SL(8,R) as follows:

56 — 28 + 28’
133 — 63 +70. (4.1)

A general polar decomposition presented in eq. (3.1) and the corresponding choice of the

symmetric gauge (3.2) in case of % = S&Q) is specified as follows. To perform gauge-fixing

requires to put a restriction on the 56-bein V depending on 133 scalars, so that it will
depend only on 70 scalars, coset space coordinates. The restriction is for the 56-bein to
take a form Vg = V;f 1, 2]

7 sinh¢¢
VvV (iszhﬁj o ) N T
¢W COSh (b(b

Here the self-dual scalars ¢;;,; = :l:%eijklpqmnquqm” transform in the 35-dimensional rep-
resentation of SU(8), and is considered as a 28 x 28 matrix in the antisymmetric combi-
nations [ij], [k¢]. Indices are raised by complex conjugation. ¢¢ stands for the matrix
(6P) 1y = %(Z)ijm”¢mnkg. It is useful to use the inhomogeneous coordinates of Er(7)/SU(8)

tanh /(¢ tanh \/(00)\
Yijkl = (¢W) = %¢ijmn (W) ke s (4.3)
@) ), (69)

such that

| 1
yvl—y@ V1-yy

1 1
eX = ( vitvy yvl—yy) : (4.4)

In this way the 63 local parameters of SU(8) are used to define the unitary symmetric gauge
with 70 physical scalars, in agreement with eq. (3.3) above. Details showing that after
gauge-fixing local H = SU(8) symmetry, there is a remaining nonlinearly realized Er(7y and
a field-dependent compensating H = SU(8) symmetry, are given in [1, 2, 7, 8]. The scalars
Bijkt, @I transform in a linear representation of SU(8). The 1-loop anomalies of global
SU(8)-symmetry in this gauge cancel [25].

,10,



4.2 Iwasawa D + 1 gauge

In terms of figure 1 this is the parabolic group F,, when the a7 node is removed. In figure 2
at the left panel we also see the Dynkin diagram of E7 and the one for Ejg, once the right
node was removed.

In attempt to understand the 5D/4D connection we can make a choice of the Iwasawa
20
TSp(8)
respect to Eg) x SO(1, 1) the 56 and the adjoint of E7(7y decompose instead of (4.1) as follows:

gauge for the action in [1, 2] based on the fact that in 5D scalars are in coset space. With

56 — 1_3+27 , +1,35+27,1,
133 — 27 5+ 19 + 78y + 27", . (4.5)

Here 28 vectors split into 1_3 from a 5D metric and 27 vector fields of 5D in 27’ ; of the
electric group. The 78 scalars are related to generators of Egg), it is a part of Er(7) generators.
The 27’ , scalars are 27 axionic scalars originating from the five-dimensional vector fields
through the Kaluza-Klein reduction. The 1 is related to a radius of the 5th dimension.
We can now choose a gauge-fixing of a 56-bein V in the action of standard 4D supergravity
in [1, 2] in the form depending on 70 scalars associated with 5D maximal supergravity.

The Lagrangian [1, 2] has 63 local H-symmetries. In Iwasawa gauge 36 of these can be
associated with a local H-symmetry of 5D supergravity, USp(8), but there are 27 more which
we can use to make a gauge-fixing related to compactified 5D supergravity:

63 = 36 + 27 . (4.6)
Our 70=1+4424-27 scalars in notation of [23] consist of
1442427 o, ¢, a. (4.7)

Here in 133 — 27_5+ 1+ 789 + 27/, , we are using 36 local symmetries to get 78 — 36 = 42
of (;AS, and we use 27 local symmetries to remove 27_5 scalars. Thus there are 2 possible
gauge-fixing condition on the 56-bein. The first one is the triangular Iwasawa gauge

Vot = et 9" oD r=1,...,42. (4.8)

Here the expressions for the 56 x 56 matrices, operators D, t are given in eq. (4.26) in [23]

and 27 ty form an algebra [ty,ts] = 0. The coset space %(E%) representative for the 42 scalars

in e?"Tr is in the solvable parametrization, with solvable Lie algebra .#.
The choice (4.8) corresponds to describing the scalar manifold of the theory as isometric
to the following manifold [23]

E /
Meeal ~ |O(1,1) x US%‘(”;;) x exp(N2742)) | (4.9)

27%2] is the 27-dimensional space spanned by

where X denotes the semi-direct product and N
Eg(6)
USp(8)
parametrization of M., with solvable Lie algebra .. Using the property that the ¢y are

A

ty. If we choose for coset the solvable parametrization, then (4.8) defines the solvable

are covered by a derivative and the constant shifts
Aty

commuting, one can verify that the scalars a
a* — a® + ¢* are isometries. They are implemented by the E7(7)-transformation g = e

g Vet (™, 6,0) = e(a*+eNtn (7T oD (4.10)
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4.3 Partial Iwasawa D + 1 gauge
Vet = @ ix 9" Kavea gD (4.11)

Here the expressions for the 56 x 56 matrices, operators D, t are given in eq. (4.26) in [23]

and 27 ty form an algebra [ty,t;] = 0. But the coset representative for the 42 scalars ¢
Eg6)
USp(8)

symmetric gauge in the form ¢?""*"Kavea Tt is the one which was chosen in [13], it correspond

in coset space is not taken in the solvable parametrization. Instead it is taken in a

to a symmetric gauge in 5D in [30] and leads to a partial Iwasawa gauge in 4D in [13].

5 Supergravity I and supergravity II in 4D

The maximal supergravity I in 4D [1, 2] is rather well known, whereas supergravity 11 [13]
is not well known. It was developed and applied in [14] in the context of extremal black
holes and N = 8 attractors [9, 10]. The non-BPS regular extremal black holes turned out
to be solutions of supergravity II with its g basis. The 1/2 BPS extremal black holes
entropy is given by a quartic Er(7) invariant, which is also manifestly SU(8) invariant. But
the non-BPS black hole with the regular horizon has the entropy which is manifestly Eg )
invariant, it depends on a cubic Ep() invariant. These black holes are in different orbits of
the fundamental representations of the exceptional groups E7(7) and Eg ) [11, 12].

The structure of maximal supergravity II [13] in 4D was influenced by 5D supergravity,
but it was constructed directly in 4D by decomposing E7(7) symmetry

e77 = ¢ +50(1,1) +p, p=27_5+27,, (5.1)

where p carries the representations 27_3 and 27/, of eg 6 +s50(1,1). It was also shown to agree
with the one derived from 5D by compactification in [30] in the limit of vanishing gaugings. An
ungauged version of it was presented in [13] when all mass parameters/gauge couplings vanish.

The ungauged Lagrangian of supergravity in 4D in [13], which we call supergravity II,

does not have local symmetries since the reduction in [30] started in 5D supergravity with
G _ FEse
H = UShE)
means that from 78 scalars of Fgg) the 36 are eliminated using the local USp(8) symmetry,

where the 5D local USp(8) symmetry is gauge fixed in a symmetric gauge. It

and only 42 are left. It also means that Eg) symmetry is realized nonlinearly.

In addition to 42 scalars ¢?*°¢, coset coordinates of ﬁ%, the extra 28 scalars in 4D

come from the size of the extra dimension circle ¢ and from the extra component of the
27-dimensional vector in 5D a® = AY. Therefore the 70 scalars in [13] are

6. ot gobed (5.2)
It means that 70 of SU(8) are decomposed as follows under USp(8)
70 — 1+ 27 + 42. (5.3)
This is to be compared with 133 scalars in standard 4D maximal supergravity [1, 2]

133 — 63 4 70 (5.4)
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or in Eg) x SO(1,1) decomposition
133 — 27_9 + 1o + 78¢ + 27/, (5.5)

in [13]. Now we need to consider gauge-fixing local SU(8) in [1, 2] in a way to reproduce
either 70 scalars transforming linearly under global SU(8), or getting 70 by removing 27_»
scalars as well as 36 out of 78y. The first case is a standard unitary gauge called symmetric
gauge in [1, 2]. The second case related to supergravity II in [13] is the choice we called
a partial Iwasawa gauge.

It might be useful to bring up the scalar action in [13, 14] for a better understanding of
the issues of gauge-fixing local symmetries in 4D supergravities, in particular the difference
between symmetric and Iwasawa gauges. The scalar action in [13, 14] is

5D4D

1 3 1 A 1
S L3 = 50u00"0 — e P Nysuat e + P P apea (5.6)

Here Njs; is the 5D (SO(1,1) invariant) vector kinetic matrix, A =1,...27, a=1,...,8 and
70 scalars are decomposed under USp(8) as 70 — 1 + 27 + 42.

In the supergravity action [1, 2] the pure scalar part, before gauge-fixing local SU(8)
symmetry has the form

1 1 .
S = P P (5.7)

where (V™D V)" = Piik is a local SU(8) tensor in 70.
The 28 vectors in the action in [1, 2] in [13] are represented by 1427 vectors in [13, 14]

B, Zi. (5.8)

Both actions depend only on field strength’s: 28 in F;{;,] =0, AL — 8,,A£J in [1, 2] and 1427
B, = 0,B, — 0,B,, and Zﬁy = 8HB,‘} — BVB;} in [13]. The scalar-vector Lagrangian is

1
L = Too(6) Bus B + 200x(6) Byus Z* + Tns(9) Zp, 27

1 vpo
+5 €77 [Roo(8) B Byo + 2Roa(8) Buw Zpo + Ras(9) 2, 23] (5.9)

where Z;5 and Ry are given by 4 blocks with 28 split into 0 and 27 A’s

Too | Iox 1+ e *apsata” | —e*Papy a®
Iiy = = —eb . (5.10)
Tro | Ias —6_4¢CLAZ a” 6_4¢CLAZ
and
R(]O ROE %dAEFaAaEaF _%dZAFaAaF
Rij = = . (5.11)
RAO RAE —%d/\gpazar dAEFaF

,13,



Here dpysr is the symmetric invariant tensor of the representation 27 of Egg) and apy is the
five dimensional (SO(1, 1) invariant) vector kinetic matrix. Note that the scalar-dependent
kinetic terms of vectors are polynomial in axions a’.

The scalar-vector Lagrangian in a symmetric gauge in 4D is
1 vec 1 1 J pv 1 wvpo J
gﬁ = ZIU(qﬁ) F,, F + @R[J(d))e Fo Ey. (5.12)

Here I,J = 1,...,28. See for example, eq. (2.1) in [23].

Both actions 4D, supergravity I and II, when supplemented with fermions have maximal
local supersymmetry. Supergravity Il has inherited local supersymmetry via dimensional
reduction. The gauged supergravity action in [30] has spontaneously broken supersymmetry,
however, it is restored in the ungauged supergravity with m; — 0.

6 Gauge-fixing 6D maximal supergravity 1

Explicit gauge-fixing of 6D maximal supergravity is interesting, in particular, since Marcus
anomaly cancellation is valid for a symmetric gauge in 6D [25]. But the gauge-fixing of local
SO(5) x SO(5) symmetry in 6D supergravity was not done before.

There is a technical complications due to presence in the action of two kinds of vielbeins,
10 x 10 and 16 x 16 [3, 4] vielbeins, related to each other. It is therefore necessary to find
coset representatives for both of these, and check that the relations between them are valid
upon gauge-fixing. This is different from 4D where there is only 56 x 56 vielbein [1, 2].

We consider 6D supergravity [3, 4] and try to gauge-fix local SO(5) x SO(5) symmetry.
Before gauge-fixing scalars form an SO(5,5) valued 16 x 16 vielbein matrix V,;** with
45 independent entries pu, 1 = 1,2,3,4, o, & = 1,2,3,4. When two local SO(5) x SO(5)

symmetries are gauged-fixed, the 25 scalars which are left are representative of the coset
g _ Es(5) -~ SO(5,5)
SPace 71 = TSp(4)x USp(4) SO(5)xSO(5) "
The theory has a symmetry in which the first SO(5) is flipped into the second SO(5)

and chirality flips. For example, spin 1/2 fields are singlets of E5(5) and are either in (5,4)
r (4,5) of SO(5) x SO(5), depending on their chirality.

6.1 Symmetric gauge

Now we consider 6D supergravity [3, 4] and try to gauge-fix local SO(5) x SO(5) symmetry.?

The 10 x 10 coset representative of % is available in explicit form in [26].

10 x 10 representation of the vielbein. The 10 x 10 SO(5,5) matrix U in eq. (8) in [3]
satisfies the constraint

0 -1

A B
U= (C D) (6.2)

?We have repeated and extended their notations in appendix A.

I 0
UTnaU=mna  na= ( ) : (6.1)

For
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eq. (6.1) means that
ATa-ctc=1, B'B-D'D=-1, ATB-C'D=BTA-D'C=0. (6.3)
Under SO(5,5) matrix g and SO(5) x SO(5) matrix h(z) it transforms as
U =gUh (z). (6.4)

It has 45 independent entries and g and h are linearly realized and independent before local
SO(5) x SO(5) is gauge-fixed. We can realize this unitary gauge where only 25 scalars are left,
after local 10410 parameters of SO(5) x SO(5) are used. Namely, we impose the condition
on U to gauge-fix local SO(5) x SO(5) symmetry in the form®

Ust = Ugg (6.5)

in agreement with the coset space construction for % in [26]. In such case we get

cosh T sinh /(67 ¢)
Ust = exp ( OT ¢> = , (00 2 ’ V(¢T9) . (6.6)
PO) | T TR cosh\/(679)
Here the asymptotic field ¢4 is in (5,5) of SO(5) x SO(5), a, @ = 1,...,5. Note that
the matrices ¢” ¢ and ¢! (with ¢! written as (¢7)% = 5ab¢bb5ba) are hermitian with
nonnegative values and have nonzero eigenvalues identical. The square roots do not appear
in the final expressions, since the entries in (6.6) are power series with even powers of \/W .
As in [1, 2, 7, 8] where the 4D supergravity local SU(8) symmetry was gauge-fixed, we
introduce a set of inhomogeneous coset coordinates

i h T h T .
Yo' = ¢a" (MM> = (mn(gm)) o, (y7)a® = 0y,
(¢To) /, (@eh) /,

(Usym)AQZ ((Ugf)ab (Ugf)al:)> _ \/1—1ny y\/l_lyTy . (6.7)
¢t (Ugt)a® (Ugt)a y' \/; T \/1i T

16 x 16 representation of the vielbein. The 45 generators of SO(5,5) in spinorial representation

can be given in 32 x 32 form, and then split in chiral and antichiral 16 x 16 matrices:

1 1(T 0
SO(5,5) representation §I‘AiB i ( AB > ’

2\ 0 I'yp
10 Apy) = Tap, Ay} = Tap = Tgp = 14 X Yab
10 Ay = T Maiy = o =Toy = —%ap X 14,
15 : Y = Laa Yai =Taa = —Tl: = =74 X Ya. (6.8)

3Note also that in 4D the related choice of a symmetric gauge in [1, 2] is for the 56 x 56-bein Vgt = ng.
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Before gauge-fixing there are 32 x 32 matrices, block diagonal

W =exp [i#(f‘AB)BA}

1,, .= 1 ~ 1
= exp [2(¢aa2ad) + 1 <9abA[ab] + 40{151\[&[’])} . (6.9)
We can split W into 16 x 16 matrices, chiral and antichiral parts

7 B _ _
WP = (VS VOB> ) with VB =CBVPCpy = (Vﬁl)AB‘ (6.10)
A

Thus V is the transpose of the inverse of V, i.e.
VaVBo =68, vavAp =65, (6.11)

These matrices are related to UsZ in (6.2), (6.3) by the requirement of invariance of (I'4)45
and (Ty) ap (the left-right and right-left chiral parts of f‘gB ) under simultaneous SO(5,5)
action on all their indices: [3, 4]*

Va©(Tp)*PVp" = UgA(Ta)en
VAc(FIE)ABVBD = UEA(FIA)C«D (6.12)
or
1
Up? = EVAC(FQ)ABVBD(F/A)DC ;
1 - _
= 1—6VAC(F’§) AV B p(14)PC (6.13)
Note first that taking V = V = 144, one obtains U = 1 (the value for ¢ = 0 in the
equations in [26]), see (6.6).
Secondly, these expressions lead to a matrix U that is in SO(5,5), i.e.

Ua“Upc = (1la) B - (6.14)

In fact, inserting the first line of (6.13) in the second factor U of (6.14), we get

1
UaSUpe = UAQEVAC Tp)*PVEP(Ic)pe

1 _ _

- EVAC(I“Q)ABVBDVED(F'A)EFVCF
1

= 1608)"" (T)pa

= (14)AB » (6.15)

4Most equations in these references are written in a covariant basis, useful to write down the action (for
the split electric/magnetic fields). For the group theory, the A basis is more transparent. The equations are
equivalent after multiplication with the matrix M in [4, (2.29)].
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where for the second line the second line of (6.12) is used, for the third line (6.11) and
finally (A.11) with an index lowered.
The 16 x 16 matrices are

V= eitPlan |y = 39T (6.16)
Gauge fixing using 10+10 local SO(5) x SO(5)
Oy = 0,5, =0 (6.17)
and thus gauge fixed W is
Wyt = exp %(%fliad) WA = (WA = —CAW ) PCps.  (6.18)
The exponential satisfies the latter equation, since
(Tap)s™ = —(Tan)s, (6.19)

(see (A.5)) and for A = a and B = @, and the minus sign in (6.18) leads from W to W 1.
Gauge fixed V,V are

_ 1 . 1 .
Vet = exp (2%“2“@) , Vet = exp (—2¢a“2“a> . (6.20)

Finally, one can show that the linear part in ¢ of (6.18) leads with (6.13) to the linear
part of (6.6). For that it is convenient to write the two equations (6.13) as (remembering
that the I'4 and I"; are symmetric)

Uph = 1—16Tr (VTAVTT,| = %GTr [VI'AV T

= %Tr [VFAVTF’Q] = %Tr [VFAV*F’E] , (6.21)

where we used that V7 = V=1, These are traces over 16 x 16 matrices. We can rewrite this
expression in 32 x 32 language, which makes it easier to handle I matrices. Using (6.18),
the equations (6.21) are the block diagonal parts of

Uph :%Tr (WDAW 1T

V 0 0 T4\ (vt o 0 I'p
) () (0 ) (m5)] e

Now we can take standard v-algebra, and use that traces of r AB and T4 BCD vanish.
If we take the linear part of (6.9)

1
_ T
32"

1 ~
we get

Up® = 6% + 52 + O(¢%). (6.24)
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After gauge fixing this is
W= 1p 4+ 36, T+ O(), (6.25)
and we get
Up® = 0™ + 0a” (95°03 — ()2 (na)az) + O(¢”)
= g2 + " (0505 + 3"40up) + O(67), (6.26)

which agrees with the linear part in (6.6), and is the linear part of the exponential of the
fields times the SO(5,5) representation matrices.
This then implies for the 16 x 16 matrices

1,4 — 1 .
V=lis+50"Ta + 00",  V=1lig+56"Tas+0(¢%), (6.27)
where the I' are defined in (A.13).

6.2 Iwasawa D 4+ 1 gauge

In terms of figure 1 this is the parabolic group P,, when the a5 node is removed. This gauge
is related to the field content originating from 7D supergravity.

We are looking at the ungauged supergravity in [3, 4] trying to find a gauge in which the
scalar part becomes the one derived from 7D in [15]. It was derived from 7D gauged maximal
supergravity in [34] by a reduction to 6D and taking the limit to g — 0. The 6D ungauged
supergravity action in [15] still has a local SO(5) symmetry and 35 = 10 + 1 + 24 scalars are:

BV o /. (6.28)

Here I =1,...,5,i=1,...,5. We will present the scalar part of the action in egs. (7.2), (7.3).
The action in [15] has SL(5, R) symmetry with 24 generators, inherited from 7D. The 10
axions B!’ originate from 7D vector A%J = B!/, 5 is related to an extra circle, and 24
scalars H[j represent a 7D SL(5,R)/SO(5) vielbein.

The local SO(5) symmetry can be gauge-fixed, so that only 25 physical scalars remain,

these are B!Y, o as well as 14 representatives of the coset space SSLO(5(’5"§). An Iwasawa triangular

gauge in 6D supergravity I can be given in the form (3.4) where 25 generators of SO(5,5)
form a solvable Lie algebra. The representative of the coset SO(5,5)/(SO(5) x SO(5)) is then

Vi (x) = Vg(r) = exp{BY Np,}TT™ exp{cho} (6.29)

where
™ = exp{¢¥t;; + ¢ hy}. (6.30)

Here we have a set of 10 nilpotent generators, Ny, associated with axions B!’ and a set of
14 generators in (6.30), representative of a coset space % gauge-fixed in the Iwasawa
gauge in IT™?, These include 10 nilpotent generators in SL(5, R) tij, 4,5 =1,...5,1 < j, and
4 non-compact Cartan generators of SL(5,R), hy, A =1,...,4, so this is the Borel subalgebra.
There is also hg, the generator in SO(5,5) which commutes with SL(5,R). Using this gauge

allows to make a 7D origin of the 6D maximal supergravity transparent:

Vi (@) = Vi(z) = exp{B" Nrs}exp{¢”t;; + ¢*ha}exp{oho}.  (6.31)
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6.3 Partial Iwasawa D + 1 gauge

This gauge also has a 7D origin. To gauge-fix the local SO(5) symmetry of the 6D maximal
supergravity related to [15] we proceed following the strategy in 4D maximal supergravity
which we already applied in the partial Iwasawa gauge above. We have to replace the SL(5, R)

matrix IT,” with 24-entries by a coset space g(g((“;[;)) representative in a symmetric gauge, so

that with account of gauge-fixed local SO(5) only 14 entries are left. These are given in [26].
The coset we need is described by the exponential of a hermitian symmetric (i.e. real)
matrices efl such that

H' =H, H'=H, TtH=0 (6.32)

and
(6H)T _ eHT _ eH (eH)T _ eHT _ eH ) (633)

These matrices are unimodular
]| = e™ T =1. (6.34)

Thus, the coset representative of Sé((g[[?) consist of all real symmetric unimodular matrices.

Once we constrain IT as in eqgs. (6.33), (6.34)
n — n=a=u", |m=1 (6.35)

we get a gauge-fixed unitary action with 25 scalars (14 + 10 + 1) and the remaining local
SO(5) symmetry inherited from 7D is fixed.
We can impose a symmetric gauge associated with 14 scalars in gg((g%

%™ = exp{p® Ko} (6.36)

where K, are the coset generators and Tr ¢ = 0. Note that in the Iwasawa gauge (6.29) we
had instead II™® in (6.30). Thus the total vielbein in partial Iwasawa D + 1 gauge is

Vi®(x) = Vg(x) = exp{B"/ Ny} exp{¢™ Kap} exp{oho} (6.37)

and we get a gauge-fixed unitary gauge with 25 scalars (14 + 10 + 1) and the remaining local
SO(5) symmetry fixed. Using this gauge allows to make a 7D origin of the 6D maximal
supergravity transparent. This is to be compared with Iwasawa D + 1 gauge in (6.31).

SL(5,R) acts by left multiplication on the vielbein (6.37) together with a compensating
SO(5) rotation from the right. So it rotates the B!/ (as it does in 7D), and acts non-linearly
on the ¢® via the standard coset action.

FEs(5) is not manifest, but still present on the equations of motion (not the action), it
acts by left multiplication on the vielbein (6.37) together with a compensating SO(5) x SO(5)
rotation from the right. Such that this action is non-linear and in general mixes the B!/
with the ¢®.
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7 Supergravity I and supergravity II in 6D

_ Es(s) ~ __80(5,5)
= TSp@xUSp@ ~ SO(5)xS0(3)
coset space was constructed in [3, 4]. It is presented in the form with local H = SO(5) x SO(5)

symmetry. Duality symmetry of Gaillard-Zumino type is realized acting on a 3-forms and

The standard 6D ungauged maximal (2, 2) supergravity with %

their magnetic duals, they combine into the vector representation 10 of SO(5,5) ~ Ejs).
A detailed version of this theory, in slightly different notation, as well as a gauged version
of it was presented in [4]. In this version a GL(5) electric subgroup of Ej is realized
off-shell as a symmetry of the action.

Another version of 6D maximal supergravity was derived in [15] from 7D gauged maximal
supergravity in [34]. First, in [15] the gauged theory was reduced to 6D. The gauged version
has SO(5). x SO(5)4 local symmetry. Here the local SO(5), originates from the 11D Lorentz
symmetry whereas SO(5), is a Yang-Mills local symmetry due to gauging. In the limit to
ungauged 6D supergravity in [15] the only local symmetry left is SO(5). since the Yang-Mills
SO(5), disappears in the ungauged theory.

The model with maximal local supersymmetry in 6D presented in egs. (C.1)—(C.14)
in [15] has the following properties originating from 7D theory in [34], which has scalars

associated with the coset space SSL(()%,)";). In 7D the limit g — 0 removing the SO(5), gauge

symmetry is singular. Meanwhile in 6D the limit of removing the SO(5), gauge symmetry is
regular [15]. It has manifest linearly realized global SL(5, R) symmetry, it has an independent
local SO(5). symmetry, both originating from D7 theory in [34] after reduction on a circle
and after gauge coupling ¢ is sent to zero.

The field content of the theory in eq. (C.2) in [15] is: 1 graviton g, 5 two-index
antisymmetric tensor potentials C,,,r, (10 + 5 + 1) vectors (BHIJ, Sur, Ay), 4 gravitini v,
and (16 4+ 4) spin 1/2 fermions (A;, x). All fermions 1, A; and x are all D = 6 USp(4)
symplectic Majorana spinors. The scalars are

1,7, By’, o (7.1)

originating from a reduction of D7 theory [34] on a S! circle. The 10 axions B!’ originate
from 7D vector A%J = B!’/ 5 is related to an extra circle, and 24 scalars II Ij represent
a 7D SL(5,R) vielbein.

HIj is an SL(5,R) matrix and has 24 entries. Here ¢,j = 1,...,5 are vector indices of
SO(5)., which is still a local symmetry with 10 local parameters in the Lagrangian (C.2)
of [15]. The indices I,J = 1,...,5 originate from a SO(5), which is left after the limit of
the Yang-Mills gauge coupling was taken. Thus the total amount of scalars, physical and
unphysical in 6D maximal supergravity in eq. (C.2) of [15] is 35=24+10+1 and there are
still 10 local parameters of SO(5). symmetry which can be used to remove the unphysical
scalars to get the 25 physical (14410+1) scalars. A direct inspection of the 6D maximal
supergravity in eq. (C.2) in [15] shows the following facts.

The scalar part of the action is

1 1 4o o
L = — ¢V (T 0, B

1 .
— 5((%0)2 — P;jP* (7.2)
where

Py =171 [0,1;;). (7.3)
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This action is obtained from the scalar action of [3, 4] by partially gauge fixing the SO(5,5)
vielbein as

Ve () = exp{ B/ Ny } T exp{oho} (7.4)

which upon further gauge fixing of the remaining SO(5) yields (6.31) or (6.37).
To gauge-fix the local SO(5), symmetry of the 6D maximal supergravity in [15] we
proceed following the strategy in 4D maximal supergravity. As we already discussed in the

context of the Iwasawa gauge for the action in [3] in section 6.2 and partial Iwasawa gauge in
SL(5,R)
SO(5,R)
representative, so that with account of gauge-fixed local SO(5). only 14 entries are left.

section 6.3 we have to replace the SL(5, R) matrix II Ij with 24-entries by a coset space

One choice for HIj can be as in (6.30), the other as in (6.36). Once we constrain II as
shown above we get a gauge-fixed unitary action with 25 scalars (14+10+1) and the remaining
local SO(5). symmetry of the action in [15] is gauge-fixed. It is likely that, SL(5, R) symmetry
is still present but nonlinearly realized. But this requires an additional investigation. SL(5, R)
is still present after gauge fixing. With regard to Es(s) it is not manifest and has no obvious
reason to be present in 6D maximal supergravity II as a hidden symmetry, either before
or after local SO(5). gauge-fixing. However, Ejx) might be realized on the equations of
motion, not on the action.

There are 45 scalars in ungauged maximal 6D supergravity in [3, 4] in the vielbein in
16 x 16 representation Vig or in 10 x 10 representation in Vg of SO(5,5). In notation of [4]
the 16 x 16 vielbein is V3;%%(z), and an SO(5) x SO(5) covariant 1-form is

T
P = ZV’y“’y“dV (7.5)

and the scalar Lagrangian has a local SO(5) x SO(5) symmetry and a global Ejs5) symmetry

é.cz;; = —%Pﬂadpﬂad. (7.6)
When the local SO(5) x SO(5) symmetry is gauge-fixed, the 20 local parameters can be used
to eliminate 20 scalars so that only 25 physical scalars remain.

There are 5 two-index antisymmetric tensor potentials Cy,, 1 and 16 = 10 + 5 + 1 vector
fields B, 7, Sur, Ay in 6D ungauged supergravity in [15] with kinetic terms depending on 35
scalars, or on 25 after the local SO(5). gauge symmetry is gauge-fixed as in (6.30) or (6.36).

The maximal 6D supergravity action in eq. (C.2) in [15] has the following action for
the tensors and vectors

_ n T 1 _20 _ 1 __ o . .
LBy = g VI ()’ = e VIO Hypr)? — S VB (I F,)
1 3¢

-1 -1
e
—mGH PP By Hypr Honry — 67\&6“ PN Hwpt By Gy
(7.7)

— 21 —



Here

fuw — fo=dA Guvr — Gor = dS1g
Fl) — Fy) = dBy/ + By dA

1
HMVPI =3 (8[MC’W,H + ZG[MV[AP]) . (7.8)

By comparison, the tensor-vector part of the 6D action in [3, 4] is

%Q?m:—%mmemr&wuﬁﬁww+mwpﬁ—%%fww (7.9)
The action in [3] is the same as the ¢ — 0 in [4], in slightly different notations. It has
SO(5) x SO(5) local symmetry and an on shell E5 ) global symmetry. We refer to notations
and details in [4].

Thus the unitary gauge of the action in (7.7) is established. It is hard to see where is
the global SO(5) x SO(5) and reflection symmetries in this case. Therefore the absence of
1-loop anomalies for these symmetries found in [25] does not make sense here, unless one can
prove that this unitary gauge is equivalent to a symmetric gauge in [3]. It is also not clear
how this 6D supergravity theory II can be protected from UV divergences and anomalies.

8 Discussion

The purpose of this work was to study gauge-fixing of local H symmetries in G/H maximal
D-dimensional supergravities. The existence of different unitary gauges in G/H maximal D-
dimensional supergravities has a deep origin in existence of different versions of D-dimensional
supergravities, some of which are associated with D + n-dimensional supergravities. We
studied mostly the case n = 1, i.e. D 4 1 supergravities compactified on a circle. In certain
gauges, like symmetric gauges, all scalars enter the action non-polynomially. In other gauges,
like Iwasawa gauges, associated with D + 1-dimensional supergravities, which we studied
here, some of the scalars enter the action polynomially.

The reason for this difference has to do with the properties of the Lie algebra of the
relevant duality Gy = Ey1_p(11—p) symmetries of D-dimensional maximal supergravities [18].
There is a Cartan decomposition of a duality symmetry Lie algebra

C=H®K. (8.1)

Here H is a compact subalgebra of G and K includes generators of the coset space G/H. For
example, in /' = 8 in 4D there are 63 generators in H = SU(8) and 70 in S%%. In symmetric
gauges global H-symmetry is preserved and supergravity vielbeins take the form

Vsym = ed)sym'[K . (82)

For symmetric gauge to be preserved under G-symmetry transformation a compensating
field-dependent H-symmetry transformation is required. As the result, the global G-symmetry
remains a symmetry of the theory and it is non-linearly realized. Therefore the studies of the
vanishing soft scalar limits are efficient and useful in amplitude computations.
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There is an Twasawa decomposition of a duality symmetry Lie algebra
C=Ho.”. (8.3)
Here . is a solvable subgroup of the Lie algebra,
S =Co®N, (8.4)

C is the Cartan subspace of the coset space and N is a nilpotent subalgebra. Since N is
nilpotent, the axionic scalars parametrizing N appear in the supergravity action polynomially.
In Iwasawa-type gauges global H-symmetry as well as G-symmetry are either broken or,
at least, not manifest

Viwa = a7 (8.5)

In Iwasawa gauges the scalars are the same as in supergravity theories II which were derived
by a compactification from D + 1 dimension where scalars are in a coset space (G/H)p41. In
these versions of D-dimensional supergravity there is a smaller local symmetry Hpy1 < Hp
as well as a smaller global symmetry Gp41 < Gp.

Thus, the existence of different D-dimensional supergravities, I and II, and different
gauges for a local H-symmetry in supergravities I is universal, and we studied all of this in
various examples, particularly in 4D and 6D. The next question raised by our investigation
here is the relation between different local H-symmetry gauges in supergravities I, i.e. the
issue of local H-symmetry anomalies. Another question is the relation between different
versions of supergravities, I and II, which involves the issue of G-symmetry anomalies since
in supergravities II G p-symmetry is broken down to Gpy; by the Group Disintegration
process [5].

In 4D it was established in a set of papers in [35-37] that using an Sp(56, R) Gaillard-
Zumino duality symmetry one can show, for example, that starting with supergravity I
in [1, 2] one can change a symplectic frame from the SL(8, R)-basis to the Fg)-basis and
gauge-fix local symmetries in a way which allows to reproduce the results of supergravity II
in [13] for physical observables. This suggests that the extra symmetries beyond U-duality
may help to understand the relation between different version of D-dimensional supergravities
and different gauges, which in turn might be helpful for understanding UV divergences in
D-dimensional supergravities [38].
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A 6D notation

Our notations are consistent with [39], and mostly with [3, 4, 40]. We start with a table
of the indices:

a,a=1,...5, A=A{a,a}=1,...,10,
=1,...5, M=1,...,10,
a,a=1,...,4, A=(aq)=1,...,16,
i=1,2, A= (qai) = (Ai) = 1,...,32. (A1)

The full SO(5,5) gamma matrices are written as

(Ta)a® = (1228 (00),  (Fa)a® = 85 (ha)a(i02)?, A= (qai), B=(38)).
(A.2)

Here one starts from the D = 5 Euclidean gamma matrices 7, and 7;, which are identical:

Ya Vo + WVa = 20014, YoV + ViVa = 204314,
Ty={Ty,Ta}, Talp+TpI4=2(n)as,
f‘af‘b + f‘bf‘a = 204132, f‘af‘l‘) + f‘bf‘a = _25[115132 , fafb + f5fa =0. (A.3)

Similarly, the vector indices are raised as
N =6%y, At =6 TA = ()28l = {T9 T = {6°Ty, —6%T;}. (A.4)
Lowering spinor indices is done in 5D with {},5 and in 10D with C45

(Va)aﬁ = ('Ya)oz’yQ'yﬁ = _(’Ya)ﬁou QBa = _Qaﬁa

(Ta)as = (Ta)aCes = (Ta)sa,  Ca =4 X Qg X (i02)ij = —Cra.  (A5)
Lowering only the A index goes thus with
CaB = Claaypp) = ap X Qap = Cpa,  C*PCop =068, (A.6)

and thus the value of C4p is the same as the value of C4B. The relation can also be written as

0o C
Cas = Capeij = <—CAB 8B> for A= (4i), B=(Bj),
AB _ ~AB_ij 0 CAP AC A
Ll G CACCpe = GE. (A7)
ij
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We can define

1 _ 116 0 1 _ 0 0
P = =(135+T.) = ., Pp=-(13—T,) = . A8
L 2( 32 +T%) (0 0) R 2( 32 ) (0116> (A.8)

Making the 7 index explicit, we can also define 16 x 16 matrices I'4 and F/A as chirally

projected matrices from T' A

~ 0 T'yg

Fy= ( 14 ) ) FA:{FG’F(I}: F/A:{FQ,FQL},

f‘A_ 0 r4 FA_( )Ajr _ {Fa Fd} F/A_( )Ajrl o {F/a F/a}
—\4 o ) = \Nd B = ) ) = Na B = ) )

Do=T,=14x7, Ta=-T=nax1y4,

M=T""=14x~%, T4¢=_-T%=_»%x1y. (A.9)

Note that I"4 = T'4. Their basic relations follow from (A.3):
LAl + gl = 2(na)as - (A.10)
Furthermore, the trace rules for the 16 x 16 matrices is
Tr (PAl"E) = Tr (1) = 1667% . (A.11)

The I'4 (and their primed versions) have naturally indices A, B: (I'4)4”, and if the
latter is lowered they are symmetric:

<fA><Ai><Bj>=(_(F“‘“B ! )  (Ca)as = (T)aCon = Ma)pa.  (A12)
i

The representation matrices of SO(5,5) are then

~ o Tug 0
Pap =TLal'p = ( r ) :

0 F;liB
1 / / / 1 / /
Tap = 5(Tal's = TBI"), Fap = 5(Tal's —Tpl'a),
FGLb = Fizb =14 X Yab , Fdi) = F;b = "Yab X Ly,
loo = —Taa = =4 X Ya, Fizd = _Fi'm =% X Ya - (A'13)

B Minimal unitary representations of E;) and Ess)

In the context of gauge-fixing local H-symmetry in supergravities it is useful to consider
also minimal unitary representations of the group G as presented in [29, 41| with regard to
quantum mechanical system which admit a semisimple Lie algebra. Minimal realization is
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the case of the least number of degrees of freedom for which a quantum mechanical system
admits a given Lie algebra. For semisimple algebra g there is a canonical decomposition

g=n"ehPn (B.1)

where b is a Cartan subalgebra and n* are the nilpotent subalgebras spanned respectively
by the positive and negative root eigenvectors. The procedure of constructing explicitly
the minimal unitary representations of a Lie group G was provided in details in [29], where
the parabolic subgroups P of G are involved.

The algebraic structure of quantum mechanics and the concept of a spectrum generating

algebras emphasised in [29, 41] are based on canonical commutation relations [p;, z/] = —id;’
o)
oxt”
to Cartan generators and simple roots presented in [29] in the form Hg, = —yd + x¢0, . . .

and p; is realized as —i For example, the Dynkin diagram for Fr in figure 2 corresponds

and Ey, = 903 + 1405 + 1605 + x9012, . . ., etc. acting on (y, zo, 1,...,215). An important
role in this construction is played by a parabolic subgroups of G where the right node in
Dynkin diagrams in figures 1, 2 is removed.

The common feature of all unitary gauges in supergravities, symmetric, and [wasawa-type
is that the number of physical scalars is the same, e.g. 70 in 4D maximal supergravity and
25 in 6D maximal supergravity. However, the difference between these gauges is that only
Iwasawa gauges, where coset generators are in a subalgebra of G, qualify for minimal unitary
representations of the group G as defined in [29, 41].

The explicit unitary representations for 6D maximal supergravity were given in [42] and
for 4D maximal supergravity in [43]. They were obtained by solving differential equations
defining representations of E7(7) or Ej) in a parabolic gauge associated with the so-called
decompactification limit.

Therefore these minimal unitary representations for G-duality groups of 4D and 6D
maximal supergravities are represented by a field content of 5D and 7D supergravities,
respectively, as we have explained in sections 5 and 7. These minimal unitary representations
also represent Iwasawa-type class of gauges of a local H-symmetry.

4D maximal supergravity. Minimal unitary representation is presented in the form of the
coset representative in a parabolic gauge of 4D maximal supergravity in [43]. It is based
on a decomposition of the Lie algebra
er(7) = 7P (gh &® e6(6))0 @ 273 (B.2)
This is the same as the one in 5D4D supergravity in [13] where it was given in the form
e7(7) = C6(6) T so(1,1)+p, p=27_9 + 27I(+2) (B.3)

so that under the subgroup Eg) x SO(1,1) there is a decomposition

56 = 1_35+27  +1,3+274;. (B.4)
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The 56 x 56-bein defining the minimal unitary representation of E;(7) was given in [43]
in the form

e3® 0 0 0 1 a %tJKLCLKaL %tKLpaKaLaP
Vsg = 0 e¢‘/;jl 0 0 0 5}] t[JKaK %t]KLaKaL

0 0 e?(V Y 0 |]o o 5h ol ’

0 0 0 e3¢ 0 0 0 1

(B.5)

where VijI is a coset representative of Fgg)/USp(8), and t7;k is the invariant symmetric
tensor of Egg). Here Vsg depends on 70 = 1 + 42 + 27 scalars:

o, Viyl, al. (B.6)

This is in agreement with the construction in [13]. It corresponds to a partial Iwasawa
gauge we discussed above. One could have used the same expression for Vsg where V;jl is a
representative of Fgg)/USp(8) in a solvable parametrization, which would give an Iwasawa,
triangular gauge for the 56-bein. This is what we did in section 4.

6D mazrimal supergravity. Here the minimal unitary representation of Ey) in [42] is based

on a decomposition
e5(5) = ﬁ(_g) @ (gh @5[5)0 D 109 . (B.7)

This again can be related to 6D supergravity II in [15] which we described in section 7. The
corresponding 10 x 10 and 16 x 16 matrices are given in [42]

2(;5( —1) a 2¢( —1) a, KJ
e“P(v )% e*?(v ) k“%a
Vip = B.8
< 0 e2¢,UOLJ ( )
and

7 %&%KL %€5¢€KPQRSCLPQCLRS

Vie=| 0 e%[aKUa]L e%[aRva]SﬁERSKPQaPQ : (B.9)
0 0 e 3P (v1) g

Matrices Vig and Vg have 35 independent entries
o, w,l, o’ (B.10)

Here the 24 scalars v,” are in SL(5,R) and there is still one local SO(5) symmetry in the
theory which has to be gauge-fixed. Therefore to bring these expressions, depending on

1+ 24 + 10 = 35 scalars to the ones which depend only on 25 physical scalars we have to
gauge-fix the local SO(5) by taking a coset representative for %EE’ES). This means replacing

the 24 scalars in v,” by the coset representative of SSLO(5(’£§) which depends on 14 scalars. This

can be done either in a solvable parametrization or in a symmetric gauge. In this way one can
fully specify the 10-bein and the 16-bein to depend on 25 scalars either in Iwasawa, triangular
gauge or in a partial Iwasawa gauge as we did above in section 6.
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C Action of maximal 6D supergravity and amplitudes

The action in [3] is the same as the g — 0 in [4], in slightly different notations. It has
SO(5) x SO(5) local symmetry and an on shell Ej) global symmetry. We have shown
bosonic actions in section 7. The fermionic kinetic terms in section (2.6) of [4] are

éﬁgm = —%¢+WW"DV¢+p - %qﬁﬁu’}/lwpDuwfp - %XaVMDuXa - %XdVMDuXd (C~1)
and we skipped terms with fermion interaction with bosons. The spinor fields are ¢,
Y_pa and Xiqaea, X—aa Where a, @ =1,...,5 and «, & label spinors of SO(5) x SO(5). Here
=+ refers to spacetime chirality of the spinors which are 6D symplectic Majorana-Weyl.

When this action is gauge-fixed in a symmetric gauge it is a model for which anomaly
computation in [25] is relevant. Note that the action is manifestly invariant under reflection:
flipping chirality and SO(5)1 to SO(5)2. This symmetry plays an important role in cancellation
of 6D supergravity SO(5) x SO(5) ~ USp(4) x USp(4) anomalies in [25].

The maximal 7D6D ungauged supergravity action in eq. (C.2) in [15] has SO(5) local
symmetry. We have shown bosonic terms in the action in section 7. The fermionic kinetic

terms are

1 _ ~ _

Lo = —UuT" IVt = XTIV = NV (C.2)
where the ... involve terms with fermion interaction with bosons. The fermions are USp(4)

6D Majorana symplectic spinors, they are Lorentz and SO(5)-covariant. This action has no
manifest symmetry under refection when flipping chirality and USp(4); to USp(4)s.

In symmetric gauge in [3, 4] there are 25 scalars ¢ with a, @ = 1,...,5 viewed with
spinorial indices in USp(4) x USp(4) are

Wi (@) = (Wap(a)*6™(2),  a,d=1,2,3.4. (©3)

At the linear level these scalars are the first components in the linearized BPS superfields
ng(a;,e) [44, 45]. For example WiZ(x,0) is a 1/2 BPS superfield, it depends on half of
fermionic directions in superspace

Do Wi2 = Do,Wi2 = D¥W2 = pé2wi2 — ¢ (C.4)

Using superamplitudes, the structure of the maximal supergravity 4-point tree amplitude
was given in [46]. The corresponding on shell superfield depends on 8 Grassmann coordinates
and it is directly related to WiZ(x,). The four-point superamplitude is given in [46] in
the form

8 4 AT\ <8 4 =
MN=(2,2) tree _ i66 ipAB 6 ( i=1% ) 0 < i=1 qi,A) (C 5)
4 K2\ $12 523 $13

We have presented in [44] a local linearized superinvariant defining 3-loop 4-point UV
divergence found in [47] as follows

N=@2)L=3 _ 1 5¢G (r\* : A o
My =T = 9() O D) 8 Doa ) 0% Dod 4 | s12sas s
€ (4m)? \ 2 = N

=1 =1

(C.6)
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It is proportional to Mi\/:@’z) free

and numerical factors in eq. (C.6) are taken from [47]
where this 3-loop UV divergence was computed.

The presence of a UV divergence in amplitude computations in [47] and the absence of
1-loop anomalies of a global USp(4) x USp(4) symmetry discovered in [25] can be considered
as a problem. In the earlier case of a 4D N = 4 supergravity anomalies in [25] and 1-loop
U(1) superamplitude anomalies in [48] were considered as precursors of UV divergences. It
was indeed a UV divergence at 4-loop discovered later in [49].

Meanwhile in 6D there are no anomalies in [25] and there was no claim of 1-loop
superamplitude anomalies: all based on 6D supergravity [3, 4] with global USp(4) x USp(4)
symmetry in a symmetric gauge.

Now we have learned that the local USp(4) x USp(4) symmetry can be gauge-fixed in
different gauges. Specifically, 6D supergravity II does not have a global USp(4) x USp(4)
symmetry, same as an Iwasawa gauge of the standard 6D supergravity [3, 4]. Therefore it
may be not totally surprising that there is a UV divergence. The theory might have local
USp(4) x USp(4) anomaly. This would be in agreement with E5s) anomaly associated with
3-loop UV divergence as discussed in [44, 45, 50].

D Triangular 11D Iwasawa gauge

In terms of figure 1 this is the parabolic group P,, when the as node is removed.

In 6D supergravity one can use a triangle gauge following up the studies of dualities
in [19]. Here we will show how to impose a triangle gauge in the model in [3] to gauge-fix
its local SO(5) x SO(5). This gauge is a part of the family of % coset spaces
where n = 11 — D, i.e. the gauge related to 11D supergravity compactified on a torus
TH-P with D > 6.

It was found in [19] that the bosonic part of D6 supergravity in a triangle gauge can
be associated with the dimensional reduction from 11D supergravity on a T7°. The relevant
scalars are the one defining the torus.

In [19] the matrix n = (0 ! ) is left invariant under infinitesimal SO(5,5) transformations

10
L- (g _ZT> (D.1)

T ~T

where v is an arbitrary real matrix, v = —v*, 0 = —0'.
We take the U matrix in [3] and switch to the basis with n = (?

diagonal in eq. (6.1) so that V € SO(5,5) is related to U

(I)) instead of the

1 1 —1
v =ctvyc ct = — ) D.2
ve. ﬂ(ll) (D.2)

V satisfies an SO(5,5) condition as given in [19] in appendix C

vl =q. (D.3)
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The relation between V and U is now established. The triangular gauge, fixing local
SO(5) x SO(5) is

S R -
- ~0. D.4
Vet (0 (51)T> ., RST+SR"=0 (D.4)

Thus, the gauge-fixing condition of U in [3] can be given in the form

. R
T \triangular T
(Ugf)t & =C <0 (Sl>T> C. (D'5>

In this gauge there is a 10 x 10 matrix

Moyty | G —GaoXT (D.6)
- - AC Yy AC DB )
X GCB X GCDX
with
(TS a5 =Gap, (ST'R)AP=—-Xx48 Xx=_xT. (D.7)
The %’35) coset Lagrangian is
1 1
€T (B M1 M) = —ZGACGBD(a#GABauGCD +9,XABorqeDby. (D.8)

Thus we have shown here how exactly to fix the triangle SO(5) x SO(5) gauge in [3] to
get the 25 moduli in the form

G(AB)? X[AB} ) A7B = 172737475 (D9>

which are the torus 7° moduli.
Note that here the 15 scalars in G4p are on equal footing representing 7° geometry.
But below, in the Iwasawa gauge P, related to D 4 1 dimensions, we will see that one of

. . . . . L(5,R
15 is a size of one extra dimension and 14 are coset representatives of SL.R) coset space

SO(5,R)
inherited from 7D.
In [19] the triangular gauge for 6D maximal supergravity was only given in terms of
the 10 x 10 vielbein, the underlying 16 x 16 vielbein still has to fit the one in [19]. In fact,
in [51] there is a proposal how to gauge-fix V in 16 x 16 representation.
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