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1 Introduction

Charting and analyzing vacua of supergravity theories is a fundamental task to find which
models can be related to string theory as well as to understand supersymmetry breaking,
the possible mechanisms to generate critical points with a positive value of the cosmological
constant and which supergravities lead to Anti-de Sitter (AdS) vacua with an interesting
holographic dual. Among all possible theories, the maximally supersymmetric ones stand
out for their fixed matter content and the limited number of possible deformations. For
these reasons there has been an active interest in their gaugings and in the analysis of the
resulting scalar potentials to understand their critical points, with a special emphasis on
the theories obtained by reducing string or M-theory on spheres, which give models with
vacua dual to maximally supersymmetric Conformal Field Theories (CFT).

The main challenges one faces when dealing with this problem are associated to the
very complicated structure of the scalar potential, a function of 70 or 42 scalars in the
maximal theory in 4 and 5 dimensions respectively, which also depends on a large number
of parameters (912 and 351 respectively) that fix the structure of the gaugings and therefore
of the full lagrangian, according to the rules specified in [1, 2]. Clearly such a large space
of parameters makes the search for critical points complicated and attempts at a general
classification extremely difficult. However, there has been some interesting progress in the
last few years that expanded a lot our knowledge of this particular aspect of maximal
supergravity theories.

There are mainly three techniques that have been used so far to find and analyze
critical points of (maximal) supergravity theories. The first one relies on using symmetries
to consistently truncate a particular theory to a subset of fields containing a limited number
of scalars and then extremising the resulting simplified potential. Pioneered in [3, 4], this



technique allowed for the first and only analytic results for the maximal theories from the
"80s until recent years. For what concerns maximal supergravity in 5 dimensions, this
technique allowed the discovery of 5 vacua [5-8] of the SO(6) and SO(3,3) gauged models
in addition to the maximally symmetric one in [9], though often only partial results were
available on the spectrum about these vacua.

More recently, a new numerical approach, based on Machine Learning software libraries
was developed and employed in a series of papers [10-17] where many new vacua of the
maximal supergravities in 4 and 5 dimensions had been found. This also allowed to find
precise information about the spectrum of scalar fluctuations, residual gauge groups and
residual supersymmetry. In particular, 27 new AdS vacua were found in the SO(6) maximal
supergravity in 5 dimensions, with a detailed analysis in [15, 16].

While these approaches are very interesting and gave promising results, so far they
have only been used to produce critical points for a fixed scalar potential, which is result-
ing from a single specific gauging within the large infinite family of possible deformations.
This leaves open the possibility that other vacua with the same residual symmetries appear
in different gaugings. The approach we are going to use in this work uses instead the power
of the embedding tensor formalism in a way that allows for the search of critical points
independently from the choice of gauging. This approach was pioneered in a very different
context in [18] and used in the context of maximal 4-dimensional supergravity in [19-25],
as well as in half-maximal supergravity in four and three dimensions [26, 27]. In addition to
the power of investigating in a single sweep all deformations of maximal supergravity, this
approach has so far produced analytic results for the critical points and their full spectrum,
also providing information on the gauging, the residual gauge symmetry and supersymme-
try of the vacua. Moreover, for Minkowski vacua this led to understanding the moduli space
of these theories [24] as well as their uplift to string theory [28]. Finally, since the vacua are
obtained without specifying first the gauging, this means that we can exhaustively classify
vacua with a given residual symmetry for all possible consistent gaugings.

In this work we apply this last technique by investigating critical points of maxi-
mal gauged supergravities in 5 dimensions with a residual U(2) symmetry. We recover
all previously known vacua and we find four new ones, with different gauge groups and
cosmological constants. We also provide analytic results for their full mass spectra, thus
completing partial results for old vacua as well as fully analyzing new ones. We did not
find new AdS vacua, so that the only such vacua with U(2) symmetry are those appearing
in the maximal supergravity with SO(6) gauge group, but we have new Minkowski and de
Sitter vacua. A particularly interesting result is that two of the vacua appear in the same
theory with SO*(6) =SU(3,1) gauge group, providing the first example n D > 4 where
a single gauging of a maximal supergravity theory produces vacua in different classes of
the cosmological constant, one having a positive cosmological constant and the other a
vanishing cosmological constant and residual supersymmetry.!

In what follows, after some summary of the main ingredients of maximal supergravity
in 5 dimensions, we will discuss in some detail our technique in section 3 and then proceed

!There is a similar instance in maximal supergravity in 3 dimensions [29].



with a detailed analysis of the U(2) invariant sector in section 4. We tried to summarize
all our results in tables that could be easily consulted and used for future reference.

2 N=8 supergravity in 5 dimensions

A comprehensive presentation of the 5-dimensional N = 8 supergravity lagrangian, super-
symmetry rules and of all the details regarding the gauging procedure can be found in [1],
which we are going to use as a basis for our analysis. In order to facilitate reading, we col-
lected in this section the main formulas and properties of the tensors relevant for our work.

Any gauging of 5-dimensional maximal supergravity is specified by the choice of the
embedding tensor © )/, which selects the generators ¢, of the duality algebra ¢4 associ-
ated to the vector fields Aﬁ/f gauging the corresponding group. Once this tensor is fixed,
everything else in the lagrangian and supersymmetry transformations follows, according
to the analysis in [1]. The embedding tensor lives in the product representation 27 x 78
of Eg(6), but it is constrained by supersymmetry and gauge-invariance to the represen-
tation 351, which is then further constrained by consistency conditions quadratic in the
embedding tensor.

These 351 parameters can also be codified in a different set of tensors that explicitly
transform under the maximal compact subgroup of Egg), namely USp(8). Since we are
interested in the critical points of the scalar potential, we will in fact make extensive use
of the fermion shifts

Aij = Aji = QuQ A¥ = (AY)* (2.1)
and
Ai ke = Ai [y = QimQjnQpp g AP = (ABIRD)* (2.2)
satisfying
Ai Q=0 = Ay juy = QA jia. (2.3)
These tensors are expressed in terms of the USp(8) indices ,7,... = 1,...,8, which are

carried by the fermion fields and by the supersymmetry parameters €' (€2 is the USp(8)
symplectic-invariant form). In fact A;; is in the representation 36 and A; ji; in the 315
of USp(8), which are precisely the representations under which the 351 of Eg) breaks.
They are called fermion shifts because they appear in the supersymmetry transformations
of the fermion fields and are non-vanishing only when there is a non-trivial gauging, hence
shifting the ungauged expression.

The relation between the fermion shifts and the embedding tensor is expressed via the

T-tensors:
Tklmnij _ 4A2q,[klm 571] i Qj]q + 3A2p,q[kl an] Qp[i Qj]q ’ (2‘4)
Tk = —Qpy As DRy (Qm[k A itk g lm iﬂkl A ) , (2.5)
Zigkl _ qlilk Allm + A2[i,j]kl7 (2.6)



and can be written as
Xunt = 0p (ta) N = Vii" Nlei]; {2 81 T py, + TP Qe qu] , (2.7)

where V]i& are the coset representatives of the Eg)/USp(8) scalar manifold, satisfying
ViQij =0, and Vi]y are their inverse Vy, VZ-];-[ = 51\]\/[1.

Once we use the T-tensor, the quadratic constraints on the embedding tensor have a
rather simple expression:

Tijk:l Zkl,mn —0= T’L]klmn Zmn.pq (28)

Let us now come to the center of our analysis: the scalar potential and the mass
matrices. While everything can be defined in terms of the fermion shifts, for the scalar
masses we preferred to use a convenient expression which is valid only at the selected point
of the scalar manifold we use as a basis for our analysis. As we will see we are not going
to lose generality by this assumption.

Following a well-known general rule of gauged supergravity theories, the scalar poten-
tial is the square of the fermion shifts:

V=3 Aiinj — %Ai’jklAijl. (29)

We are looking for maximally-symmetric vacua, where all fields are vanishing except for
the scalar fields, which could have a constant vacuum expectation value and for the metric,
which either describes a de Sitter, Minkowski of anti-de Sitter spacetime. The scalar
equations of motion are solved by the critical point condition

3 1 mn
Uijkt = 55 Ukijpg Qpd + 3 (Unnpg 1™ Q1) Qi = 0, (2.10)
where the tensor Ujj; is
4 mq m,npq
Uijki = 3 A" Ag i i Qg + 2 A2 Ag i Qipik Qg - (2.11)

Once we find a critical point, we derive the masses of the various fields by computing
the eigenvalues of the respective mass matrices. For what concerns the gravitini wf“ the
mass matrix is directly proportional to the A;; shift matrix

3/2) 3
M) = S Ay (2.12)
The masses of the other fermions y%/* are then fixed by the eigenvalues of (indices ijk and
pqr are fully antisymmetrized)
(1/2) 10

ke = 8 Ali gk + 2 AupQai i) — % AL ik A (A st A) T A pgr. (213)

M 3

This mass matrix is the result of subtracting from the lagrangian mass the appropriate
term to remove the goldstinos from the spectrum for susy-breaking vacua. It is understood



that in case of a degenerate matrix AmﬁtuA"’sm, we only compute the inverse for its non-
degenerate part, as this is the part related to the goldstino directions, which in the original

lagrangian mix the gravitinos and the spin-1/2 fields. The proof that such additional term
1/2

ijk,pqr
motion (2.10) and one uses repeatedly the quadratic constraints (2.8). In particular the

correctly produces M ASPI" = ( follows once one takes into account the equations of
matrix we are inverting is related to the shift of the gravitinos by means of the quadratic
identity known as supersymmetric ward identity

1 7,5t 1 ) ip

gAjﬁWA’ = géjV—i—iiA Apj, (2.14)
which also tells us that the expression is explicitly dependent on the value of the cos-
mological constant at the vacuum. This expression generalizes previous similar formulae
for maximal theories in 4 dimensions, which were obtained in particular instances where
the cosmological constant was vanishing [30] or when the squared shifts had already been
diagonalized [25]. A simple way to understand this expression can also be obtained by
comparing it with the analogous expression for N = 1 supergravity presented in [31].

Also the masses of the bosonic degrees of freedom can be expressed in terms of the

same tensors. The vector mass matrix is

1 iJ mmn
M(U)MN ~ 3 Vi T pqiijnqulVli\l[7 (2.15)

while the squared masses of the tensor fields follow from the eigenvalues of the matrix

These mass matrices are clearly redundant, because the sum of vector and tensor fields
present in the theory is fixed, given that the tensor fields appear by dualization of the
vector fields. This means that both M,) and M are degenerate and contain zeros in the
directions where the fields have been dualized.

All the above expressions have general validity and should be evaluated at the critical
points satisfying (2.10). For the scalar fields, on the other hand, following [19] we provide
an expression that is valid only when the critical point is the base-point of the manifold,
i.e. when all scalars are vanishing. While this could seem a restriction, as we will explain
in the next section, it allows us to obtain the full spectrum for any critical point in any
arbitrary gauging. This is given in terms of the embedding tensor, the ¢g(g) generators, the
e6(6) Structure constants f,s"7 and the eg) Cartan-Killing metric 7,4

16
Mo == (O3 (tat®)ar N ON (3] + 510-) + Ons” (ta) N ONT 7,7

(2.17)
+007 ()0 N ON T+ OnTON fur 757

The matrix is non-zero only in the non-compact directions, i.e. along the generators ¢, €
¢6(6) \ usp(8). Moreover all goldstone fields appear with a zero eigenvalue.



3 Extrema of the scalar potential

The procedure used to find and analyze the scalar potential has been developed in the case
of maximal supergravities in [19], developing on an old idea presented in a very different
context [18]. The main point is that the scalar potential is a function of the scalar fields
via the coset representatives V]i\f[ and the embedding tensor © ),

V(g) =V (V(¢),0). (3.1)

As explained above, vacua of the theory follow as solutions of the minimization condi-
tion (2.10). This is generally a rather complicated expression of the scalar fields (at best
ratios of polynomials and exponentials of the scalar fields). This is the reason why the
task of finding solutions to such complicated system of equations has always been very
challenging and researchers usually focussed on restricted sets of scalar fields in order to
simplify the task, which anyway is often performed only numerically.

The alternative proposed in [19] maps the problem to a coupled set of second and first
order algebraic conditions on the gauging parameters. This is possible because the scalar
manifold is homogeneous and therefore each point on the manifold can be mapped to any
other by an Eg) transformation and at the same time the scalar potential is invariant
under the simultaneous action of these trasformations on both the coset representatives
and on the embedding tensor. This implies that we can always map any critical point of
the scalar potential to the “origin” at ¢ = 0. At such point, the scalar potential is a simple
quadratic function of the embedding tensor

2
V= 15 @MaeMﬁ (601/3’ + 577&5) (3'2)

and the minimization conditions become quadratic conditions on the embedding tensor,
which should be solved together with the quadratic constraints (2.8). The result is that
rather than fixing the gauging and then performing a scan of all possible critical points
of the scalar potential and then scan among all possible gaugings, one can simply solve
a set of quadratic conditions on the embedding tensor and then read the resulting values
of © that fix at the same time the gauge group, the value of the cosmological constant
and the masses at the critical point. Clearly any choice of point on the scalar manifold
is equivalent, but choosing ¢ = 0 has the advantage that it is a fixed point under the
action of the maximal compact subgroup of the isometries, namely USp(8), and therefore
we can consider modifications of the embedding tensor related only to the non-compact
transformations, so that there is a one-to-one correspondence between the parameters in
O related to the scalar fields and the independent directions on the scalar manifold. We
advise the reader to consult [19] for more details.

As we mentioned in the introduction, all our results are fully analytic. The reason we
are able to produce such results is related to the procedure we used to solve the quadratic
conditions coming from the minimization of the scalar potential and from the quadratic
constraints. While in fact we reduced our problem to a set of quadratic equations, we still
have generically a very large number of parameters and quadratic equations. This implies



that not always one can see a straightforward analytic solution, because the equations are
coupled and they could become very high in order in terms of a single variable.

We mainly used two techniques. The first one is based on a simplification of the
set of quadratic equations by employing a choice of a more convenient Grébner basis for
the polynomial generating the same solutions. This has been done with the aid of the
computer algebra system for polynomial computations SINGULAR [32]. Unfortunately when
the number of variables is very large, this can be extremely costly in time and therefore one
has to resort to a different way of reducing the set of equations. We found a very effective
procedure by borrowing an algorithm developed in the context of cryptography where the
solution of quadratic equations on finite fields is a common problem. In particular we
used the so-called XL algorithm [33], or extended linearization. The idea is rather simple.
Rather than solving directly the given set of quadratric equations, one produces sets of
linear equations in the monomials appearing in the equations and in all equations obtained
by multiplying the original set of equations by the variables and by their products up
to a fixed order. This produces sets of linear equations that can be solved rapidly and,
once interpreted in terms of the original variables, they may reduce to equations in a
single variable or in simpler sets of polynomial equations (like equality between different
monomials). This allows to fix and eliminate some of the variables from the problem and
then face a simpler set of equations, which could be solved directly or further simplified by
another iteration of the same procedure, or by a more convenient choice of Grébner basis.

4 Vacua with residual U(2) symmetry

In this work we decided to scan gauged maximal supergravity in 5 dimensions for vacua
with a residual U(2) symmetry. Asking for a residual U(2) invariance of the vacuum (with
respect to a gauged or global symmetry) imposes restrictions on the allowed coefficients
of the embedding tensor and consequently of the fermion shift tensors, which should be
singlets with respect to this residual symmetry. To perform a full analysis, we therefore
looked at all the inequivalent embeddings of SU(2) in USp(8) and then singled out all pos-
sible inequivalent charge assignments for the remaining U(1)s, if any. We then performed
the branching of the 36 and 315 representations of USp(8) specifying the fermion shifts
with respect to the chosen embedding and classified all inequivalent cases. When the com-
mutant of the residual symmetry group in USp(8) was non-trivial we used the commuting
symmetries to further reduce the number of inequivalent variables by removing those that
could be generated by the action of the commutant. Once the non-vanishing components
of the fermion shifts had been identified we then proceeded to solve the set of quadratic
algebraic conditions coming from the scalar equations of motion (2.10) and the quadratic
constraints (2.8) and then collected all solutions, which may still be related by duality
transformations. Finally, we analyzed their properties and computed their mass spectrum
as we will discuss momentarily. In the summary tables we collected all inequivalent vacua
and reported the most general mass spectra for each of them. Unfortunately, two of the
branchings still present a very large number of singlets (> 48) and even combining all the
techniques mentioned above we have not been able to fully scan and solve their equations



for all the allowed parameters, though for all solutions we recovered the same vacua we
found in other branchings.

As a first step we list the branchings we analyzed by the inequivalent decompositions of
the 8-dimensional representation of USp(8) under SU(2) and then give one of the branching
routes leading to this decomposition. For each case we also give a table with the subcases
based on possible different choices of the U(1) factor, when present. We also list the
number of singlets in the fermion shifts, which are going to be the variables to be fixed by
the quadratic conditions in order to find vacua.

4.1 Branchings

We find 13 different branchings of the fundamental representation of USp(8) under SU(2),
which we therefore analyze separately. The labels on the various factors are self explana-
tory: we use letters from the beginning of the alphabet to keep track of the various factors
in the decompositions and we use S and diag to specify the symmetric and diagonal em-
bedding of the group.

Case 1: 8 —+ 8. The branching path is
USp(8) — SU(2)s. (4.1)
This case leaves no singlets to discuss, so no vacua are possible for this choice.
Case 2: 8 —+ 6 + 2. The branching path is
USp(8) — SU(2)4 x USp(6) — SU(2)4 x SU(2)s — SU(2)diag (4.2)
There is only one singlet in A; ji;.
Case 3: 8 -6+ 1+ 1. The branching path is
USp(8) — SU(2)4 x USp(6) — 14 x SU(2)g (4.3)
There are 3 singlets in A;; and no singlets in A; jz;.
Case 4: 8 -+ 4+ 4. The branching path is
USp(8) — USp(4)? — USp(4)diag — SU(2)s (4.4)
We have one singlet in A;; and 3 singlets in A; ;.
Case 5: 8 -4+ 2+ 2. The branching path is
USp(8) — USp(4)4 x USp(4)p — [SU(2) x U(1)]a x SU(2)s — SU(2)diag (4.5)
We find just one singlet in A;; and 8 in A; 1.
Case 6: 8 4+ 2+ 1+ 1. The branching path is
USp(8) — USp(4) x USp(4) — [SU(2)4 x SU(2)g] x SU(2)s — SU(2)p+s (4.6)

There are 3 singlets in A;; and 5 singlets in A; ;.



# 8 charges 36 315

decomposition choice  singlets singlets

7 8 — 4p0 + 14141 (ga,9B)
Ta 8—=40+2 -1 qa 4 7

Th | 8—dp+1u+2-1 B 4 5

Table 1. Branchings for the case 7.

# 8 charges 36 315
decomposition choice singlets singlets

9 | 8—=31u1+311+131+13-1  (ga,9B) 2 1

9a 8 = 341+ 143 qA 2 3

9b 8 =341+ 14y qp, 4fE 2 5

9c 8 —2-30+ 14 2448 4 3

9d 8311 +2 1 at39n 4 1

Table 2. Branchings for the case 9.

Case 7: 8 -4 +4-1. The branching path is

USp(8) — USp(4)a x USp(4) g — [SU(2)s]a x [SU(2) x U(1)]p — SU(2)g x U(1)a x U(1) 5
(4.7)
In this case we have two inequivalent choices of U(1) C U(1)4x U(1)p, which we list

in the table 1.

Case 8: 8 —+2-3+ 2. The branching path is

USp(8) — SU(2) 4 x USp(6) — SU(2)4 x [SU(3) x U(1)]p = SU(2) a4 x SO(3) B = SU(2)diag
(4.8)
The decomposition contains 3 singlets for A;; and 6 singlets for A; jz;.

Case 9: 8 +2-3+2-1. The branching path is
USp(8) = SU(4) x U(1)p — SU(3) x U(1)a x U(1)p — SU(2)s x U(1)4 x U(1)p. (4.9)

This case has already 21 SU(2) singlets overall, therefore we distinguish various subcases
according to the choices of a U(1) factor, which we report in the table 2.

Case 10: 8 — 4-2. The branching path is
USp(8) — SU(2)4 x SU(2)p x SU(2)c — SU(2)¢c x U(1)4 x U(1)p (4.10)

This case has 51 singlets of SU(2) and therefore we classify various subcases according to
a remaining U(2) symmetry. We collect all different branchings in table 3.



# 8 charges 36 315
decomposition choice  singlets singlets
10 8 = 24141 (94, 9B) 2 3
10a 8 — 2-[244] qa 4 15
10b | 8 = 2-[20] +24; 9afiB 2 11
10c | 8 = [243] + [24+1] 2¢a + g3 2 7
Table 3. Branchings for the case 10.
# 8 charges 36 315
decomposition choice  singlets singlets
11 | 8—=211+20+21-1+121+1 21 (qa,98) 2 5
11a 8 >211+20+ 140 qa 2 5
11b 8 =211 +20+ 141 qB 2 7
11lc 8 > 240+20+ 141 qa + qp 2 7
11d 8 +3-20+ 141 1ade 4 23
11e 8=>2114+20+2:1 % 4 7

Table 4. Branchings for the case 11.

Case 11: 8 +3-2+2-1. The branching path is

USp(8) — SU(2) x USp(6) — SU(2) x [SU(3) x U(1)]

— SU(2) x [SU(2) x U(1) x U(1)] = SU(2)diag x U(1)a x U(1)5 (4.11)

This case has 39 singlets of SU(2) and therefore we classify various subcases according to
a remaining U(2) symmetry. Results are collected in table 4.
Case 12: 8 -+ 2-2+4-1. The branching path is

USp(8) — USp(4) 4 x USp(4)z — [SU(2) x U(1)]4 x [SU(2) x SU(2)]5

(4.12)
5 SU2)4 x U(L)a x U(1)5 x U(1)c

This case has 64 singlets of SU(2) and therefore we classify various subcases according to
a remaining U(2) symmetry, which we list in table 5.
Case 13: 8 =+ 2+6-1. The branching path is

USp(8) — SU(2) x USp(6) — SU(2) % [SU(2) 4 x USp(4)] (413)
—SU(2) X [SU(2) 4 xSU(2) 5 xSU(2)c] = SU@)xU(L) 4 xU(1)gxU(1)e

~10 -



# 8 charges 36 315
decomposition choice singlets singlets

12 | 8 = 24100 + Lo+10 + Loox1  (94,9B,49c) 3 5

12a 8—>2414+4-1g qa 11 21
12b | 8 =2-29+111+2-1 qB 5 19
12¢ 8 =241 +2-14 qa+4gB +qc 5 19
12d 8 +211+111+2-1 ga +qB 5 9

12e 8 —2-[20+ 144] B + qc¢ 5 27
12f 8 =>211+1190+2:1 qA + 2qB 5 15

Table 5. Branchings for the case 12.

# 8 charges 36 315
decomposition choice singlets singlets

13 | 8 = 2000 + 11100 + Lox10 + Loox1 (94,98, 9c) 3 9
13a* 8 +20+141+4-1p qA 11 37
13b 8 > 20+2[1g+ 144] qa + qB 7 27
13¢ 8 =20+ 1i0+141+2-1 2g4 + qB 5 17
13d* 8 >20+3-11 ga + 9B+ qc 9 47
13e 8 5 20+2 141+ 140 qA + qB + 2qc 3 9
13f 8 >20+141+2 149 qa + 298 + 2q¢ 3 19

Table 6. Branchings for the case 13.

This case has 124 singlets of SU(2) and therefore we classify various subcases according to
a remaining U(2) symmetry. Note that cases 13e and 13f have only a subset of the singlets
present in the other cases, so it is enough to solve cases 13a—13d. Results are presented
in table 6.

The branchings 13a and 13d present more than 48 singlets and this hampered the
simplification of the problem with any of the techniques used in this work in a reasonable
amount of time. Anyway, all solutions we have been able to find for these branchings were
already present in one of the other branchings.

4.2 Vacua

The search for vacua has been carried out by solving the sets of quadratic equations for
the singlets in the tables above. Once we found solutions, we checked for each candidate

- 11 -



vacuum | susy Ggauge Gres ref. branching
Al 8 SO(6) SO(6) 8, 9] 4,9,10,12
A2 0 SO(6) SO(5) [6-8] 4,10, 12.c¢
A3 0 SO(6) SU(3) [6-8] 9a,y 125
A4 2 SO(6) SU(2) x U(1) 8] 12
A5 0 SO(6) SU(2) x U(1) x U(1)  [§] 12pe
M1 0,2,4,6 U(1)xR6 U(1) [35] 56,7,10
11,12,13
8,9,11
M2 2 SO*(6)=SU(3,1) SU(3) x U(1) [36]
12abcef7 ]-3b
* 8 12abcef
M3 4 SO*(4) xR U(2) here
11, 134,
M4 0 [SO(3,1) x SO(2,1)] xR® U(2) here 10
M5 4 SO*(4) xR® SO(3) here 125
D1 0 SO(3,3) SO(3)? 5] 95,1045
D2 0 SO*(6)=SU(3,1) SU(2) here 9

Table 7. Summary of vacua found in this work.

vacuum the rank of the embedding tensor, the signature of the resulting Cartan-Killing
matrix and the full mass spectrum. Overall we found 5 different Anti-de Sitter vacua, 5
Minkowski vacua and 2 de Sitter vacua. The vacua with negative cosmological constant
are all pertaining to the same gauging, namely the maximal SO(6) theory of [9], and were
all already known [6-8]. Among the Minkowski vacua there are the Cremmer-Scherk-
Schwarz gaugings [34, 35] with various mass parameters and a supersymmetric vacuum
for the SO*(6) theory discovered in [36], but we also find three new vacua with a non-
abelian gauge group (like those in [24] for the analogous analysis of maximal supergravity
in 4 dimensions). Finally, we also find 2 de Sitter vacua, resulting from gauging of the
semisimple groups SO(3,3) [5] and SO*(6), the latter being new. All the vacua are reported
in the table 7, together with the number of supersymmetry they preserve, the original
gauging, the residual gauge group and the reference where they were first discovered. In
the appendix we provide for each vacuum one instance of fermion shift values reproducing
the critical point mentioned in the table.

Given the nature of the gaugings generating such vacua, we can also see how some of
these could be obtained from string theory reductions. All AdS vacua appear in the SO(6)
theory, which is a consistent truncation of type IIB supergravity compactified on S° [39].
A subset of the CSS gaugings and their vacua M1 are known to be the result of a twisted
torus reduction [34], while the most general gauging and vacuum in this class may admit
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an uplift through a generalised Scherk-Schwarz Ansatz analogous to the ones described for
four-dimensional CSS gaugings in [28].

It is interesting to notice that for the first time in a maximal theory in D > 4 we find
a gauging that produces at the same time vacua with different types of cosmological con-
stants. This is the SO*(6) =SU(3,1) gauging, that contains at the same time a Minkowski
and a de Sitter vacuum. Our claim that they reside in the same model follows both from
the analysis of the embedding tensors that generate them, and the direct identification of a
truncated scalar potential for the SU(3,1) theory where both vacua are easily found. From
the embedding tensors we find which generators of eg(g) are involved in their correspond-
ing model and analyzing the commutants we find in both cases that the representation
27 decomposes in the representations 15 + 6 + 6 of the gauge group. This corresponds
to the correct branching under SU(3,1) and since the adjoint is unique in the branching,
we argue that the gaugings are the same. Moreover, if we directly decompose the 315
representation of ¢g(g) from the branching above for the 27 we see that there is a unique
singlet with respect to SU(3,1) and therefore there is a unique possible form of embedding
tensor leading to this gauging up to duality transformations.

Actually, for this specific model we can provide a truncated scalar potential, where we
make explicit the dependence on the two scalar fields that are singlets of both symmetry
groups. Furthermore, both vacua arise as different solutions of the 9; case and the com-
mutator of the residual U(2) group with the non-compact generators of ¢g leaves only two
generators g1 and go, for which we can provide a truncated scalar potential where both
vacua can be found. We construct the coset representative

L(z,y) =exp (g1 + g2), (4.14)

which induces the scalar potential

27
V= 16 (12 — 16 cosh(2z) cosh(2y) + 4 cosh?(2z) cosh2(2y)) , (4.15)

where x and y are canonically normalized scalar fields. The scalar potential has two vacua,
clearly represented in figure 1, a Minkowski one at © = y = 0 and a line of unstable de
Sitter vacua at cosh(2z) cosh(2y) = 2. At any point in the family of de Sitter vacua we see
that the masses of the two fluctuations are indeed zero and m?/A = —24. These coincide
with one of the moduli and one of the unstable directions of the full scalar spectrum about
the de Sitter vacuum (see table 14).

A similar discussion could apply to the vacua (M3) and (M5). They both have the
same gauge group, though in this case they do not belong to the same model. In fact,
there are 4 U(2) invariant scalar fields in both models, but the scalar potentials show only
a single vacua in each of the potentials constructed from (M3) and (M5) by introducing
the appropriate coset representatives. For instance, using canonically normalized fields,
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Figure 1. Scalar potential for the two common scalars invariant under the residual symmetries of
the vacua (M2) and (D2). We see a Minkowski vacuum at the center of the picture, surrounded by
a family of de Sitter vacua, with a massless modulus.

the potential of (M3) is

_4
V= M (x?\)/i_l)Z [—8m1m2$i/§x2 (:Ug—1> (330%\@—%2:13},@—1-3)2 (a:ﬁ—l)
2Ty

+m? x%\/g <<3$§‘/§+2x§/§+3) (:U?DLl) <1+x%> +4 (xf1>2x4x2>
((31‘3\/54—2%'?\)&4-3) (wi—i—l) (1 —i—m%) —4 (acg‘/i—l—ﬁxg/i—l-l) w4x2> (4.16)
+m3 <(3x§\/§+2x§/§+3> (wﬁ—i—l) (1—{—1‘%) —4 (xg/i—l)zzmxg)

((ng‘/iJergﬁ—i-?)) (wi—i—l) (1 +33%) +4 (w%‘/i—i-ﬁxg/i%— 1) ac4:1:2> } .

This shows a single critical point at x; = 1, where the scalars x1 24 are moduli, while
the scalar z3 is massive with mass mo. Actually x1 is a modulus that simply rescales the
mass parameters. While the gauge group is the same, the two vacua indeed pertain to two
different gaugings. This is possible because the decomposition of the 351 of Eg) under
SO*(4) shows 6 singlets and therefore one could find inequivalent embeddings of the same

gauge group.

4.3 Mass spectra

In this final section we present the mass spectra of all the vacua listed in the previous table.
The masses for backgrounds with non-vanishing cosmological constant are normalized in
terms of the (A)dS radius squared L? = |6/V|, so that supersymmetric gravitinos have a
normalized squared mass of 9/4.

For the AdS vacua, which are not new, most of these spectra were already known from
previous work, like the one of the maximally supersymmetric point given in table 8. The
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2.9 9 2,9 8
L7m3 {4L8 Lmy {3L8
LQm\QIec [O]X15 LQm\Q/ec [O]Xloﬁ [%} <5
L2mgens [1]><12 L2m%ens [%} %10’ [6]2
2,12 1 9 2,12 8 675
L m1/2 [4} x40’ [4} X8 L m1/2 [O]X327 [3} %8’ [128} X8
LPmZ | [~4lx20, [=81xe0, Oz | | L2y | [<2] . [=2]x20, [0]xr, 811
Table 8. Masses for the AdS vacuum Al. Table 9. Masses for the AdS vacuum A2.
2,2 49 9
L m3/2 [ﬁ} ><67 [5} X2
Lzm\%ec [0]X87 {%} <6’ [8]><1
2.2 8 32
L Mtens [@} %6’ [?] X6
2,2 1 25 121
Lomy [0] s {i}xlﬁ’ [17} 18’ {ﬁ}XG
40 16
L*mZ,, [_y}xlf {_j}xma [0]x17, [8]x1

Table 10. Masses for the AdS vacuum A3.

L2ms), 58], 1= 3],
L1 O, [5] 0 3]0 (%], 6
Lomiens ) 6] (8] (]
] (e (8]0 s 8,0 (2.
(2] Mo, O, [2£V7]
Ll | s (s, [<%2] o [F8] ., F8lxe [-8] s Blee, 12V

Table 11. Masses for the AdS vacuum A4.

spectrum of the non-supersymmetric ones (A2), (A3) and (A5), however, was lacking some
states that we provide in tables 9, 10 and 12 respectively.

The spectrum of the vacuum (A4), which we give in table 11, is particularly interesting
in the context of the AdS/CFT correspondence, as it fixes the anomalous dimensions of the
operators of the corresponding N=1 deformation of super-Yang-Mills in 4 dimensions [37].

The full spectra of the de Sitter vacua (D1) and (D2), provided in tables 13 and 14,
are new and show that such vacua are unstable with very large instabilities, of the order
of the cosmological constant, or larger.
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L2m§/2 [%} x4’ [%} x4
LQm\QleC [0]x4 ’ [%] «1’ [%} <8’ [%} %9
L2 #].00 W [3],,
L2Tn%/2 [ x8; [22 + 4\/2] x4’ [37[51} %8’ [%} x4’ [2715} %12’ [% + % \/374]X4
Lngcal [%} x2’ [%} x2’ [%] x1’ [ 12356] x6’ [_4]><4 ’ [ gg} %8’ [_%] <6’ [O]Xl?’
Table 12. Masses for the AdS vacuum Ab5.
L2m§/2 [%} x2’ [%} X6
L*m?2,. [0]x3, [24]x1, [96]x11
L 0]s L2 (32}, (5615
L, 06 8]0 g | Bl [0
L?m2,, [2]x12 {%} 6’ {225} [ } %10
LQTTL%/2 [0] X165 [8] %32 [_24]><17 [0] x14,
[=8]x1, [=6]x2, L*mZ, [4(29 & V433)] 5,
L2m§cal
[0]x11, [10]x18, [16]x10 [40]x3, [112]x12, [120]x2

Table 13. Masses for the dS vacuum D1.

Table 14. Masses for the dS vacuum D2.

For what concerns the Minkowski vacua, since there is no intrinsic scale associated to
the vacuum, we parametrized all masses in terms of the ones of the gravitini. We easily
reproduce the expected spectrum for the CSS vacua in table 15, while the results for all
the other vacua, presented in tables 16, 17, 18 and 19, are new.

By also looking at the fermion shifts collected in the appendix, is interesting to notice
that all the vacua we found show spectra that do not depend on additional parameters
except for a few masses (or the cosmological constant, if different from zero). This means
that for all the gaugings considered the vacua appear in a unique theory with that gauge
group and there are no continuous families of models with the same gauge group containing
such vacua. This differs from what was discovered in the 4-dimensional case [20, 38], where
it was found that one can have infinite families of gaugings with the same gauge group and
vacua whose existence and whose value of the cosmological constant may depend on the
parameter specifying the family of gaugings.

The other interesting fact that emerges from the spectra is that also in 5 dimensions,

like in 4, Minkowski vacua have moduli. In fact, once we remove the scalars that are eaten
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2
LLEYD:
vec

Miens

2
my o

scal

(mi]as [m3]as [m3]gs [mil,

[0]x1, [(m1 £m3)%|xa, [(ma £m4)?]xa, [(m2 £m3)%]x2, [(m2 £ ma)?]x2
[0]x2, [(m1 £ m2)?]xa, [(ms £ ma)?]xa
[0]xs, [mF]x2, [(m3 £ m1£m2)?]xa, [(ma£my £m)?]xe,
[(m1 £ m3 £ mg)?]xa, [(ma2 £ ms £ my)?]x2

[O]Xlg, [(ml + 7712)2} X2 [(mg + m4)2] 29 [(ml + my + ms3 + m4)2] %2

Table 15. Masses for the CSS vacuum M]1.

m3y [0]2, [m3]2, [m3]2, [m3a

Miec (03, [(m1 £ m2)?]2, [(m1 £ m3)?]2, [(m2 £ m3)?]a,

Mions (mils, [m3ls, [m3ls,

2, 0110, [mi]a, [m3]2, [m3la, [(m1 £ m2)?ls, [(m1 £ ms)]s,
[(m2 £ m3)?la, [(m1 £ ma £ ms)?

M) 0)14, [m3la, [m3]a, [m3la, [(ma £ mo £ms3)?a,

Table 16. Masses for the Minkowski vacuum M2.

M3 [0)xas [m3]x2, [m3]xo

Moo | [0]xa, [MmP)xa, [M3)xa, [(m1 £ m2)]x2

Mo 0]x3, [mi]xa, [m3]xa

m%/? [0]x12, [m%]xw, [m%]Xloa [(m1 £ m2)?|xs
Mt | [0]x1ss [mi]xas [M3]xa, [(m1 £ m2)?ls

Table 17. Masses for the Minkowski vacuum M3.

m3 ) [m?] x4, [3m?]x4
m\%ec [0]><4, [4m2]><103 [8m2]><3
m%ens [O]XQv [4m2]><8

m%/z [0]xs, [Mm%]xs, [B3m%]x12, [Tm?]xs, [9m?]x12

mgcal [0]X205 [4m2]><10; [8m2]><6, [12m2]><6

Table 18. Masses for the Minkowski vacuum M4.
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m3 [0)xc4, [Mm3]xas [Mm3]xa

m\%ec [0]X37 [m%]X‘la [m%]X47 [m%_'_m%j:m%]XZ
m%ens [0]X4’ [m%]x% [m%]xél

m3 s | [0)x12, [m3]x10, [m3]x10, [mi +m3 £ m3]xs

2

Mgcal [O]Xl& [m%]xlh {m%]xéla [m% + m% + m%]xg

Table 19. Masses for the Minkowski vacuum M5.

by the massive vectors in the usual Higgs mechanism, we see that the vacuum (M2) has
two additional massless fields, the vacuum (M3) has 6 additional moduli, the vacuum (M4)
7 and the vacuum (Mb5) again 6. Like in the 4-dimensional case [24], it may be worth
investigating if these gaugings can be connnected to each other by infinite distance limits
along their moduli spaces. Quite possibly, the most general such limits may also generate
novel gaugings with new Minkowski vacua and residual symmetries other than U(2).
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A Fermion shifts at the vacuum

In this appendix we provide an instance of the value of the fermion shifts generating the
vacua of table 7. For all examples we have chosen a basis where either

Q:]l4®i02 (Al)

or

Q=109 ®1y4. (A2)

A1l. In the basis with Q as in (A.1), the maximal AdS supersymmetric vacuum is easily
obtained by setting

Ag=Asg = —Aos = —Ayr =g, Aiju=0. (A.3)

A2. In the basis with Q as in (A.1), the SO(5) non-supersymmetric AdS vacuum follows
from choosing

Arg = Azg = —Ags = —Ayr =g, (A.4)
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and
Av162 = Agos1 = A3zsa = Agarz = Assea = Ases1 = A77sa = Agsrz = %, (A.5)
At23g = A1274 = A2183 = Aoia7 = Az164 = Azoas = Asi36 = Auzos

3
= As368 = Asear = Aesgs = Aeast = Arge1 = Aross = Agier = Asors = —g, (A.6)

16
A136a = Aazas = As182 = As127 = Asors = Aeris = Arase = Aszes = 1%, (A7)
5
Avg7s = Aarsgs = Azses = Ausre = As2az = Ag134 = A7214 = Agiaz = 67 (A.8)

A3. In the basis with © as in (A.2), the SU(3) invariant AdS vacuum follows from
7. .
Ais = Agg = Agr = gimy, A= —imy, (A.9)
and

At2s6 = A13s7 = Az16s5 = A2zer = Ass17 = A3276

7
= As162 = As317 = As125 = Ag213 = A7135 = Ar236 = 99 (A.10)
2.
Atsag = Ageag = Azrag = As148 = Apoas = A73a8 = 99 (A.11)
1
A =A =A =A =A =A = ——q, A2
1234 2314 3124 5678 6587 EE W g ( )
V3
A3 = Agser = - 9 (A.13)

A4. In the basis with Q asin (A.1), the N = 2 AdS vacuum with U(2) residual symmetry
follows from

7 g 2
Ay = —Ags = — Asg = —1Z, A =1— A.14
14 23 12 g, 56 22, 8 =1 3 9, ( )
and
5
At124 = Ag213 = Aszoq = Asaiz = 519 (A.15)
7

Ava7s = A1268 = A2157 = Azise = Azast = Asuge = Auazrs = Auzes = 39 (A.16)
Avars = Arage = Aozst = Aazes = Azars = Asoge = Aaisr = Asies = %7 (A.17)
Avus6 = Aazes = Asoes = Aaise = 2%, (A.18)
Avarg = Agsgr = Aszogr = Aairs = %, (A.19)
A7s68 = Agser = —1 6’ (A.20)
A7 = A73as = Agi6 = Agaze =i %, (A.21)
A7i54 = A7235 = Agare = Agaze = %, (A.22)
A7128 = A73a8 = Agior = Agaur = 1% (A.23)
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A5.

In the basis with Q as in (A.1), the N = 0 AdS vacuum with SU(2) x U(1)? residual

symmetry follows from

and

and

1 /2 .g . g
Agg = —A :\[, Aso = —i% A= —Agg =i, A24
23 14 3V5 g 56 25 77 88 = 1 5 ( )
g
A = A = A = A = ——, A.25
1124 2213 3324 13 = 3o ( )
1 2
Avase = Azzes = Agzogr = Asirg = 2 1- 5\/697 (A.26)
1 2
Avagr = Agzrg = Azose = Asies = 2 1+ 5\/69, (A.27)

g
A = As236 = Ap1as = A = A7y = Argz = A = Agozr = ——, A28
5164 5236 6145 6253 7148 7283 8174 8287 = 7 /15 ( )

Ase21 = Ags21 = Ar73s = Aggaz = l (2 + \f) g, (A.29)
Ase3a = Ags3a = Arr21 = Aggiz =14 0 (—2 + \/6) 95 (A.30)
Asers = Aes7s = Arr65 = Aggse = 1g 3 (A.31)

The general CSS Minkowski vacuum in the basis with © as in (A.1), follows from

m m m.
Ayl = Agy = =2, Agy = Ag = —2, Ass = Ags = —, Amr = Agg = —=, (A.32)
3 3 3 3’
m
Av1za = Agoza = —?17 (A.33)
m
Av156 = Ar178 = Aoose = Agarg = ?1, (A.34)
m
Aszi2 = Aaarz = —?27 (A.35)
m
Assse = Asgrs = Aaase = Aaarg = ?2, (A.36)
m
Assrs = Ases = —?3, (A.37)
ms3
Ass12 = Ass31 = Ase12 = Ase3a = 5 (A.38)
m
A7756 = Aggse = —?4, (A.39)
m.
A7712 = A7734 = Aggia = Aggas = ?4‘ (A.40)

Obviously the vacua that appear in the context of our analysis have some of the masses

either set to zero or proportional to each other, in order to respect the correct U(2) residual

symmetry, but they are always subcases of the one presented here.

M2.

The Minkowski vacuum from the SU(3,1) gauging appears in the basis with {2 as

in (A.1) by choosing

.ma ms3
Ay =1—, Asg =1—, A Agg = — A 41
34 =1 3 56 = % 3 77 = A88 3 ( )
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and

.m
Az124 = Ag123 = —1 ?17 (A.42)
.m
Asyse = Azarg = Ausse = Aagrg =1 ?1, (A.43)
.m
As126 = Agias = —i ?27 (A.44)
. m
As346 = Ase78 = Ae3as = Agsrs = 4 ?2, (A.45)
m,
A7712 = Aggia = —?3, (A.46)
ms3
A7734 = A7756 = Agsas = Aggse = 5 (A.47)

M3. The first new Minkowski vacuum we found appears in the basis with © as in (A.1)

by choosing

and

mq

Asg = —i%, Arr = Agg = 3 (A.48)
As346 = Ag3as =1 %, (A.49)
As126 = Asers = As125 = Aesrs = —1 %, (A.50)
Arr3q = Asszs = —%, (A.51)
Ar712 = A77s6 = Assi2 = Assse = % (A.52)

M4. The new non-supersymmetric Minkowski vacuum appears in the basis with 2 as

in (A.1) by choosing

and

MS5.
choosing

5568 6657 7768 8857 2\/3

m
Agy = —Ay = —, Asg = —Agr =

3

At1a2 = Ara7g = Aoz = Aosgr = Azzao = Aszogy = Aauzi = Asirs =

Assao = Age31 = Arraz = Aggar = ——.

(A.53)

S

mi
6 P
my

(A.54)

Avags = Arae7 = Aazss = Aazre = Asosg = Azore = Asigs = Asier = 33 (A.55)

m
As1g2 = As3ga = As127 = Aezar = A7126 = Ar3ae = Ago1s = Agazs = ﬁ, (A.56)

m
As146 = As236 = Ac1as = Ap23s = Ar148 = A7238 = Agiar = Agazr = Tl, (A.57)
i (A.58)
mi
A.59
: (459

The new N = 4 Minkowski vacuum appears in the basis with Q as in (A.1) by

mq

.m
A56 = —1 ?2, A77 = Agg = ? (AGO)
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and

D1.

As126 = Ag125 =

As346 = Ase7s =

A7712 = Aggiz =

A7734 = Aggzs =

Arria = Aq730 =

A7756 = Asgsse =

Q as in (A.2) by choosing

and

D2.

with © as in (A.2) by choosing

and

. Mo
Z M
3
.MM
Ap3as = Aps78 = —1 5
mq m%
12 8m2’
12 8ma’
1 m3
_ _ 2 3
Ags1q = Agggo = — < \[4m] — —5,
8 ms
mi
=

AUZO

Avo78 = A13gs = A1a76 = A2187 = Aazsg = Aousr = Asies = Azags = m,
Azaes = Aarer = Aaars = Auzse = Asags = Asora = Aszue = Api13s = m,

Ag1a7 = Ag3sa = Ar182 = Ar164 = A7245 = Agi27 = Agi63 = Agazs = m.

Ais = Age = A3y =3ig, A= —ig,

Av265 = A1375 = A2156 = A23re = As157 = A3a67

= As126 = As137 = As152 = As23r = A7153 = Ar263 =1 3,

Atass = Aoues = Azars = As184 = Apoga = A73ga =21 g,

Avog7 = A1368 = Ao178 = Aozgs = Az1s6 = Azoss = Au167 = Asars = Ausse

= Aso47 = As364 = Ae174 = Ap3a5 = A7146 = A7a54 = Ag127 = Agi63 = Agazs =

3v3

A1467 = A2475 = A3456 = A5238 = A6183 = A7128 =59

Open Access.

2

(A.61)
(A.62)

(A.63)

(A.64)

(A.65)

(A.66)

The de Sitter vacuum associated to the SO(3,3) gauging appears in the basis with

(A.67)

(A.68)
(A.69)
(A.70)

The new de Sitter vacuum associated to the SU(3,1) gauging appears in the basis

(A.71)

(A.75)
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