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Introduction

Extended (N > 2) supergravity in four dimensions naturally appears from higher-

dimensional supergravity and string compactifications (see [2, 3] for review). For phe-

nomenological applications, we need to consider its breaking mechanism, since in extended

supergravity there is no chiral-structure which is necessary to describe real world. As

regards for the breaking of extended supergravity, there are several breaking patterns to

be considered in contrast to N/ = 1 case. For example, the vacuum may preserve some

supersymmetries partially. Also, even if the full breaking occurs at the vacuum, some of

supersymmetry breaking scales may be degenerate or hierarchical. The purpose of this



paper is to clarify the relations between the breaking patterns and input parameters in the
theory, which is motivated mainly as follows:

e Indeed, some of these input parameters (e.g., gauge couplings) are determined by flux
in the context of string compactifications. Therefore, it is necessary for understanding
phenomenological /cosmological aspects of flux compactifications.

e The cases of the partial breaking where some supersymmetries remain unbroken, are
studied well in both of the local [1, 4-11] and the global [12-16] cases. Their relations
are discussed in refs. [5, 17-19]. Those models evade the no-go theorem [20-22], and
it is known that stable minima are ensured in this case [9]. It is also discussed about
some roles of the partial breaking in the effective description of D-branes (in N' = 2
case, see [23-39] for example). Therefore, it is important to ask under what situations
the partial breaking occurs.

e From more bottom-up perspectives, if there exists an extended supersymmetry and
its breaking, additional massive modes we do not have in the usual N' = 1 super-
gravity models necessarily appear and they could affect the cosmological history. For
example, in N = 2 supergravity, we have double massive gravitinos when N' =2 — 0
breaking occurs. Their effects cannot be negligible if the two breaking scales are close
to each other, and the usual N' = 1 description might be broken down in that case.
Then, it is interesting to investigate what difference and phenomenological conse-
quence appear if such extended supersymmetry exists. To this end, we need to know
precisely the breaking patterns, the resultant spectra, and coupling constants.

As a first step in this paper, we achieve our purpose by taking N/ = 2 supergravity
in four dimensions as the simplest and concrete example. In particular, we focus on a
model which contains multiple (Abelian) vector multiplets and a single hypermultiplet
which parametrizes SO(4,1)/SO(4) coset. The isometries in the hyper sector are gauged
by the vector fields in the vector multiplets as well as the graviphoton.

This model can be regarded as a multiple generalization of the vector sector of
refs. [4, 5], where it is shown that the A/ = 0,1 and 2 vacua can be realized within the single
framework, depending on the gauge couplings. Therefore, the model would be appropriate
for considering various breaking patterns.!

Based on the setup above and under a specific gauging, we have explicitly constructed
a model which interpolates N’ = 0 and A/ = 1 Minkowski vacua, and evaluated the mass
spectrum in our previous paper [44]. Here we consider general gaugings extending our
previous analysis. We employ the so-called embedding tensor formalism [45, 46], which
allows us to treat the general gauging without changing duality frame (see [47, 48] for
review). Then, we derive the general expressions of the two gravitino masses and study
their behaviors by case analysis. As we will see, the breaking patterns are governed by the

!Besides this model, the full supersymmetry breaking models (A = 2 — 0) are discussed in refs. [40, 41],
based on N = 2 supergravity constrained superfield. Also, in refs. [42, 43], a model where A" = 2 global
supersymmetry can be broken at two different scales is discussed.



gauge couplings and the form of the prepotential. In particular, our approach reproduces
the result of ref. [1] in a systematic way, which claims, the partial breaking always occurs
when the third derivative of the prepotential exists at the vacuum. Moreover, we explicitly
show that there are several breaking patterns otherwise. We also discuss the case of multiple
vector multiplets and investigate how the situation becomes different from the single case.

The paper is organized as follows. In section 2, we specify our model and introduce the
notation used in the paper. Then, we evaluate the gravitino masses under the general gaug-
ing in section 3. There, we briefly explain their behaviors and discuss the conditions to real-
ize special cases such as NV = 1, 2 vacua. In section 4, we analyze the scalar potential and de-
rive conditions the vacuum must satisfy. In section 5, we discuss the relation of the gravitino
masses to the gauge couplings and the prepotential, taking into account the vacuum condi-
tions. Section 6 is devoted to the summary. In appendix A, we collect the spinor notations.

2 Setup

In this section, we specify the model. Here we follow the convention of ref. [48], and use the
unit Mp = 1, where Mp = 2.4 x 10'® GeV is the reduced Planck mass. We introduce the
only relevant parts of N' = 2 supergravity for our purpose, and refer the literature [48-52]
for further details.

2.1 Vector and hyper sectors

The contents are given as follows:

Vector multiplets : {=, )\iA,AL}, (t=1,-+-,ny) (2.1)
Hypermultiplet : {b“,Ca}s (2.2)
Gravitational multiplet : {g,., 1/1;1, A?L}. (2.3)
An Abelian vector multiplet contains a complex scalar 2%, two gauginos A*4 (A = 1,2) and
a vector AL. Here the index i labels the vector multiplets (¢ = 1,--- ,n,). A hypermul-
tiplet contains four real scalars b* (u = 0,---,3) and two hyperinos (, (o = 1,2).2 The
gravitational multiplet contains the spacetime metric g,,,, (u,v=0,---,3), two gravitinos

wl‘f (A =1,2) and the graviphoton Ag. Note that there are totally n, + 1 vector fields in
the system and they are labeled by Aﬁ (A=0,1,--- ,my).

Vector sector. The vector sector is governed by the prepotential F(X?), which is
a holomorphic and homogeneous function of degree two with n, + 1 complex variables
XM (A=0,1,--,n,). In general, it can be parametrized as

F=—i(X")?2f(X"/ X9, (2.4)

where f is an arbitrary holomorphic function. It is useful to define the following holomor-

phic section,

A
QM (z) = <;f2((§))> AN =01, ) (2.5)

2Note that a is not a spinor index. The spinor indices are suppressed throughout this paper.



where Fx, = 0F/0X?>, since the electric-magnetic duality that is a symmetry of N = 2
supergravity acts on the section. Note that M labels 2n, 4+ 2 components.
Based on €, the Kéahler potential K is given by

K = —1og(iQTCQ) = —log (iX Fy — iFAX"), (2.6)
where C is a symplectic invariant tensor,
C = ( On,+1 1””“) . (2.7)
—1n,4+1 On, 41
We take a special coordinate as
X0=1, X'=: (2.8)

where 2 are identified as physical scalars in the vector multiplets. Then, the Kihler
potential is written by

K = —1logKy, where Ko=2(f+f)— (z—2)"fi — f), (2.9)
where the subscript i on f denotes the derivative with respect to z°.
Finally, for later convenience, we list several quantities which appear in the Lagrangian
and the supersymmetry transformations:

A
yM = KM _ k2 [ XTE)) (2.10)
Fy(z)
1
UzM = VzVM = ((91 + 2611C> VM, (2.11)
1 -
ViUj! = 0iUj" + SOKUG" — TEURT = € fijrg™ U (2.12)
Hyper sector. As for the hyper sector, we consider the following metric [4, 5],
1
uv — uvy 2.1
h 2(60)25 (2.13)

which describes a nonlinear sigma model on SO(4,1)/SO(4). The vielbein U4 = USAdb"
can be read off as

3 A
1
A_ 1 aB 0 .
Ut = e (db zZTxdbw> : (2.14)
z=1 Jé]

where A = 1,2 and o = 1,2 represent the SU(2) and Sp(2) indices respectively (their
conventions are shown in appendix A). 77 is the standard Pauli matrices.

Note that eq. (2.13) depends only on b°, but not b%23, which means there are three

commuting isometries:
" =" 4", (m=1,2,3) (2.15)

where ¢ are real constants. Then, the associated Killing vectors k;;, and the moment
maps PY are given by

u u X ]' X
K =05 P = 1500 (2.16)



2.2 Gauging by embedding tensor

Now we consider to gauge the isometries (2.15). For this purpose, we employ the embedding
tensor formalism [45, 46], which is useful for discussing the general gauging of the extended
supergravity. This formalism formally introduces a double copy of the gauge fields, i.e.,
the electric gauge fields A//} and the magnetic gauge fields A,x (A,X =0,1,---,n,), and
gauges some of the global symmetries with the gauge couplings,

o (em 0l 02 03

which are called the embedding tensor. In the following, we call © /™ and ©*™ as electric
and magnetic couplings, respectively.

The tensor ©,7' must satisfy several conditions for the self-consistency of the
theory [45, 46]. In our case where no isometry on the vector sector is gauged, the only
corresponding constraint is

o,rcMNg . =0, (2.18)
or
o ler? g et =, (2.19)
0.20M0 —e e =, (2.20)
o.eM e et =o. (2.21)

Then the covariant derivative is defined by
Dy =0y — AYO " Ty — Aus© " Ty, (2.22)

where T),, are generators of the isometries (2.15), thus k% = T,,0* = 6,. Note that the
magnetic vectors A,x also participate in the gauging with the magnetic couplings e>m,
We also define

=0k, Pi=0OyP. (2.23)

The introduction of the magnetic vector fields leads to the wrong counting of degree of
freedom. In order to address the problem, we have to introduce two-form auxiliary fields,
which enlarge gauge symmetries, and then, modify the kinetic terms for vector fields and
add topological couplings accordingly. As these couplings do not affect to the following
discussion, we do not write their explicit forms (see [48-52] for the whole expressions).

2.3 Supersymmetry transformation

Here we show the supersymmetry transformations of the fermions, which are necessary to
discuss the supersymmetry breaking conditions (and patterns) in the next section. The
relevant parts of supersymmetry transformations are given by [48],

Spay = iSapyue” + -+, (2.24)
SNy = Wigel +.-. (2.25)
6C* = NYet + .-, (2.26)



where

Sap = %(TI)ABP}@VMa (2.27)
WiAB — i(Tm)ABp]a\r/[gﬁUjM’ (2.28)
N2 = —ou Ky, v M, (2.29)

and V_VZ‘B = (WiiB)* No = (N, A)*. The ellipses in eqs. (2.24)—(2.26) represent terms

«
which vanish in the Minkowski background. The matrices are given explicitly by

—ief? (i —a ~y
Sap = ——+— 2.
AB = om0 v iftal)’ (2:30)
pio_ P (ViiB-a)  Viy
Wi — i ¢ ¢ 2.31
AB b0 g Vivy Vi(ig + «) ’ ( )
. iefc/2 ~ 18+«
N = . 2.32
Here o, 8 and ~ are defined by
a=0,50" = (0, x*+ MRy, (2.33)
8=0,0" = (07X + 012 Fy), (2.34)
y=030M = (03X" + M Ey), (2.35)

and we introduced their covariant derivatives as
Via = i + 0;Ka = e X120, UM, (2.36)

and so on.

3 Gravitino masses

To discuss the supersymmetry breaking patterns, we need to identify the order parameters
of the supersymmetry breaking. In the global supersymmetric theory, the goldstino(s) ap-
pears if the supersymmetry is spontaneously broken, and the order parameter (or breaking
scale) can be read off from the goldstino transformations. In supergravity, the goldstino(s)
is absorbed by the gravitino(s) through the super-higgs mechanism, and the gravitino(s)
acquires a mass, which is related to the supersymmetry breaking scale at the vacuum.
Therefore, in this section, we derive the expressions of the gravitino masses under the
general gauging.

3.1 Gravitino masses and goldstino transformations
The corresponding parts in A/ = 2 supergravity Lagrangian are given by [48],
L = 2SapPiiy" PP + igsWh g Ay b + 2iN% Cayup™ + hec,

ie]C/2 71 72 v 1/)11/ €’C/2 — 1 _ 2
== 10 (%,%)Mzﬂ“ b2 + bT(Xl’V,uw# + X2V ") + hec., (3.1)



where

_[iB—a v
Mw—( N i,8+a>’ (3.2)

and we defined the goldstinos as

X1 = 2(i — a)Ga — 291 + V(i — a) A" + Viy A, (3.3)
X2 = 27Ca — 2(i + @)1 + Viy A + Vi (iB + a) ™.

Then, we need to diagonalize their mass matrix M. This can be achieved by a unitary
matrix U,

00’2

UT MU = ("1 0 ) L 02> 01 >0 (3.5)

where 04(A = 1,2) are the singular values of My, and given explicitly by

0'1:)(_’_—)(_7 0'2:X++X_, (36)
1
Xs = Il [P+ HP £ o7+ 57 7. (37)

Defining new gravitinos and goldstinos by

1/;1_T¢1 )21_1/010 T [ X1
()=o) () =0 )or () o

we can rewrite the Lagrangian (3.1) as
ieK/Q TA_pv A .= TAWL
L= —— Z oA (’(/Ju"}/ Py, 4 XAV ) +h.c. (3.9)
A=1.2

Let us show that the transformations of the goldstinos defined in eq. (3.8) are also
characterized by 4. First, using eqgs. (2.24)—(2.26), the supersymmetry transformations

X1 iek/? €
_ — \/2 .1
<5X2 ) bo X €s ) (3 O)

where M, is a 2 x 2 hermitian matrix whose components are

of x1 and x2 are evaluated as

My = 2(|a]* + B> + [7[?) — 4Im(apB)

+|Val]® + VB + |V4|? — 2Im(Va - VB), (3.11)
My12 = M3y = —4Im(35) — 4ilm(ey) — 2Im(V S - V) — 2iIm(Va - V), (3.12)
Myas = 2(|af? + 8> + [7[?) + 4Im(af)

+|Val? + VB2 + |Vy|? + 2Im(Va - V). (3.13)



Here we have introduced the notation, Va - VB = gijvia?jﬁ and |Val? = Va - Va. This
inner product is positive definite, that is, |[Va|? > 0 and |[Va|? = 0 if and only if V;a = 0.
Next, from the supergravity Ward identity,

AV = —128CSpe + g WAL, + 2N, AN, (3.14)

where S48 = (Ssp)*, we obtain the expression of the scalar potential and three equations:

elC
V= oy (=laf® = 1B = [y + [Val* + [VBI* + [V ), (3.15)
0 = Im(af) — Im(Va - VA3), (3.16)
0=1Im(3y) — Im(VS - Vy), (3.17)
0 = Im(ya) — Im(Vy - Va). (3.18)

In this paper, we focus on the Minkowski vacuum, and therefore, the following equation
0=—faf* =B = " +Val* + |V[* + |V1I*, (3.19)

is satisfied at the vacuum. From egs. (3.16)—(3.18), and (3.19), we can rewrite M, as

My = 3(laf® + |B8]* + [1|*) — 6Im(a ), (3.20)
M2 = M3, = —6Im(57) — 6ilm(ary), (3.21)
Myoz = 3(laf* + [B]% + |7]?) + 6Im(a3). (3.22)

Thus, we obtain a relation
M, = 3MyM],. (3.23)

By definition, the unitary matrix U satisfies

vt = (910 (3.24)
L A 0 02’ '
2

which implies that we can take U as a matrix diagonalizing the supersymmetry transfor-
mation of the goldstinos (3.10), and obtain

o) _8iet2 for 0\ (&) fa) _prfal) (3.25)
X2 o 0 o9 €2 €2 €2

As also understood from this expressions, o1 and o9 characterize the supersymmetry break-
ing as they should.

Let us go back to the Lagrangian (3.9). As is obvious from eq. (3.25), the goldstinos
are eliminated by taking a unitary gauge,

xa =0, (3.26)
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Figure 1. (0j-02) plane. The A/ = 2 preserving vacuum is located at the origin, and ' = 1
preserving (or partially broken) vacuum is on the line oy = 0 with o3 # 0. The other region
corresponds to the A= 0 (fully broken) vacua.

and we obtain the canonical gravitino masses

K/2
In the following, we focus on the behaviours of o4 by neglecting a common factor e:O/ 23

3.2 Behaviours of gravitino masses at first sight

By definition, (031-02) plane has a domain which is restricted by o9 > o1 (figure 1).
Obviously, an N/ = 2 preserving vacuum is located at its origin, and N/ = 1 preserv-
ing (or partially broken) vacuum corresponds to the vertical axis of o1 = 0 with o2 # 0.
The other region corresponds to the N'= 0 (fully broken) vacua.

Let us comment on the relation between the number of gaugings and the breaking
patterns. As can be seen from the expressions (3.6) and (3.7), when only one isometry is
gauged, e.g., « # 0 and § = v = 0, we always have the degenerate breaking scales

o1 = oy = |al. (3.28)

On the other hand, for the case with the two directions gauged, e.g., o, 8 # 0 and v = 0,
we have rich breaking patterns. In this case, we can parametrize o04(A = 1,2) as

or=X4 - X, oo=X; +X, (3.29)
1
Xe = \/5\/"1\2 + 1612 £ V]a|t + |B* + 2|a?[8]2cos2¢, (3.30)

3We regard o as dimensionless quantities. Therefore, the gravitino masses are given by ma =
K/2M%
€

b0

M}%O’A when the Planck scale is recovered.



(9]

1.0
0.8
0O ¢=0
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0.6} B o=
o=}
0.4¢ O ¢=22
o ¢=%
0.2;
0.0 1
0.0 0.2 0.4 0.6 0.8 1.0

Figure 2. ¢ = arga — argf3 dependence of o1 and o5 in the case with two isometries gauged. As
the parameters || and |3], we change them under 0 < |/, |5] < 0.5.

where ¢ = arga — argf. The figure 2 shows the parametric plot in (01-02) plane under
0 < |al,|B] < 0.5 with fixed ¢ = {0, g, T, %”, 5} When ¢ = 0, we have degenerate breaking
scales. As ¢ approaches to 7/2, the breaking scales can be hierarchical and the N’ = 1
(partial breaking) can be covered when ¢ = 7/2.

To conclude, we have obtained general expressions of gravitino masses (or supersymme-
try breaking scales) in the model containing a single hypermultiplet gauged by n,-Abelian
vector multiplets and graviphoton. These observations are based on the assumption that
the parameters ©,7" and the prepotential f (or their specific combinations «, 3, and 7)
can be changed independently. We need to check that these breaking patterns are really
realized at the minimum since the minimization conditions of the scalar potential should
impose some constraints between the parameters and vacuum expectation values of 2%,

which is going to be a topic in the next section.

3.3 Condition for special cases

Before going to the detailed analysis of the scalar potential, let us discuss special cases,
where N' = 2 and 1 supersymmetries are preserved. At these vacua, the parameters © 7
or «a, 3,7 are further restricted by several conditions. Here we summarize them for later
convenience. The following discussion is based on the approach of ref. [9].

3.3.1 N = 2 (no breaking)

From eq. (3.6), the condition for N' = 2 preserving vacuum is X, = X_ = 0, which leads to
a=p=v=0. (3.31)
In terms of the embedding tensor, these equations can be written as

OmMXAr +0MEy =0, (m=1,2,3 3.32
A

~10 -



Also, from eq. (3.19), we have
Via = Vi = Viy = 0. (3.33)
Under the conditions (3.31), the equations (3.33) give
0, 4+ Fip0'™ =0, (m=1,2,3) (3.34)

since ;XA = 514\ and 9;Fy = Fj; in the special coordinate. Multiplying 2% to eq. (3.34)
and subtracting eq. (3.32), we obtain

O™ + Fopr© ™ =0, (3.35)

where we have used the property Fp = FaxX>. As a result, egs. (3.34) and (3.35) are
summarized as

O 4+ Fry©¥™ = 0. (3.36)

Since the matrix ImFjy;, has to be invertible for special geometry, the equation (3.36)
leads to

O,/ =0, (3.37)
which means that no gauging is a solution in our setup.

3.3.2 N =1 (partial breaking)

Next, we derive the conditions for the partial breaking. Obviously, it occurs when X, =
X_, that is,

4+ +42=0. (3.38)

In the following, we see the consequence of this equation, dividing the cases by the number
of gaugings.

(¢) gauging one direction. Let us consider a case, ©,} # 0 and 61\?3 = 0. Then, the
N =1 preserving condition (3.38) and eq. (3.19) imply

a=V;a=0. (3.39)
In the same way with the subsection 3.3.1, we obtain
0, =0, (3.40)

which contradicts with © z\} # 0. Therefore, the one isometry gauging cannot realize the
partial breaking.

- 11 -



(it) gauging two directions. Next, we assume that © ]\}’2 # 0 and ©3 = 0. The
condition (3.38) requires either of o £ = 0. Then, the equations. (3.16) and (3.19) read
2la* = |Val* + | VA%, (3.41)
Fla|?* = Im(Va - V). (3.42)

By summing these two equations, we obtain |Va + iV3|? = 0. Therefore, we also have
Via +1V;5 = 0. By repeating the same process, we obtain

Op + FAx©®™ £ (0 + Fyx0*?) = 0. (3.43)

Note that if there is no magnetic couplings, i.e., ©*12 = 0, eq. (3.43) leads to @A1’2 =0,
which contradicts to the assumption © ]\}‘,’2 # 0. Therefore, the introduction of the magnetic
coupling is necessary for eq. (3.43) to have solutions.

(¢41) gauging three directions. Finally, we consider the case with © ]\}[’2’3 # 0. The
solution of eq. (3.38) can be parametrized by

1

a+if=wy, a—if= 7 (3.44)
with a non-vanishing complex number w. Then, from eq. (3.19) and egs. (3.16)—(3.18),
we obtain

1\2
(1l + 137) P =20 + V52 + 74P (3.45
1 _
2 2 _
<|w - W) |7|* = 4ImVa - Vg, (3.46)
1 S
<w tot c.c.) |y = —4ImV}3 - V7, (3.47)
1 ) . —
W= —cc |7|* = —4iImV~ - Va. (3.48)

Based on these equations, it is straightforward to show that the following equation
Va +iVB — wVy]* + [w]*|Va —iVB + %wz =0, (3.49)
holds, which implies
Via+iV;8 =wV;y, Via—1iV;5 = —%Vﬂ. (3.50)

Note that w = £1 and w = 44 imply ©,; = 0 and @1@ = 0 respectively, and we exclude
these cases. Then, in terms of the embedding tensor, we have

Op + FAx©®™ +i (02 + FAx0™?) = w (60, + FAx©0™) , (3.51)

Op + Fps0™ — i (08 + FAx©™?) = (04 + Fpx0™?), (3.52)

1
Cw
which give 4(n,, + 1) equations. Since egs. (3.51) and (3.52) imply w = 0 when ©*1:2:3 = 0,
we can conclude that there is no solution in the absence of the magnetic couplings, also in
this case.

- 12 —



4 Scalar potential analysis

In this section, we discuss the scalar potential (3.15) and its minimum. Here we show it

again:

ek

Y=y

(=lal* = 18] = hI* +Val® + VB> + |Vy[). (4.1)

Note that it can be rewritten as

V = ryn(UMN -y My Ny, (4.2)
where
UMY = gigMON, oMY = UM, (4.3)
1 3
m=1

The stationary point of the scalar potential is given by solving

ov
A 4.
ov
- =0 4.6
0z (4.6)
The former (4.5) is equivalent to impose
—laf* =18 = Iv* + |Val* + [VB]* + [V[* = 0, (4.7)

which is already ensured by the Minkowski vacuum condition (3.19). As for the latter (4.6),
we can compute it as

oV _
o = (UMY = UV

= run (70 (U ~T5UM) + FFUMOUY — UMVY)

= TMNngU,-iVVz‘Uy

= TMNeKﬁvafiV[gjjgkkfijk- (4.8)

In the derivation, we have used &-gﬂ_“ = —szgk’z, &LU,—?] = %(%ICUI—?[ +g,£VY, and eq. (2.12).
Then, in terms of «, 3, and =, the equation (4.6) is summarized as
ek (?30—4?,;54 + ?5,@?;}6 + ?3’??,}’?) gjjgkkfijk =0. (4.9)

As summary, we derived the conditions the vacuum must satisfy: egs. (3.19) and (4.9).
Also, the embedding tensor must satisfy the constraints (2.19)—(2.21). We need to inves-
tigate the behaviors of o4, under these conditions. In general, they depend on the values
of gauge coupling constants ©,* and the form of the prepotential or f (2"). Furthermore,
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©,]" depends on the number of vector multiplets (n,) and gauging (m = 1,2,3). In the
next section, therefore, we consider several concrete examples.

Before closing this section, let us comment on the three equations of the supergravity
identity (3.16)—(3.18). Indeed, they are equivalent to the constraints on the embedding
tensor (2.19)—(2.21). This can be seen by noting that the right-hand-side in egs. (3.16)—
(3.18) can be expressed as

e *omelm(VMVY —UMNY m#£n, m,n=1,23. (4.10)
Then, note the following relation [18],
1 ' -
UMN = S MMV — SeMN My, (4.11)

where MM is a symmetric matrix (see [18] for the explicit expression). By substituting
eq. (4.11) into eq. (4.10), the remaining parts are

1
5e*’C@ e prCMN, (4.12)

which vanish under the constraints (3.16)—(3.18).

5 Behaviors of two supersymmetry breaking scales in explicit models

In this section, we consider some examples which satisfy the different vacuum conditions,
and investigate how the supersymmetry breaking scales change.

5.1 Single vector multiplet

First, let us focus on the case of a single vector multiplet (n, = 1). In this case, the
conditions (3.19) and (4.9) become

—’(XP - ‘ﬁ‘Q - |’Y|2 + gzzlvza‘Q + gzg‘vzﬂlz + 922’v27‘2 = 07 (51)
((V:0)* + (VzB)* + (V59)*)(g7)? fozz = 0. (5.2)

As for eq. (5.2), we have two choices:
Case A: f...=0, (5.3)
or
Case B: for £0, or (Vaa)? + (Vaf)? + (Var)? =0, (5.4)

since g?* # 0. Let us consider the two cases separately below.
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5.1.1 Case A

Let us start from the case, (5.3). Here, we assume that the prepotential takes the form
f=z (5.5)
which obviously satisfies f,., = 0. Then, the vacuum condition (5.1) is reduced to
Rez(0,'0,' + 070" + 6,20,? + 626" + 6,°0,% + 6%e'?) = 0. (5.6)

Since g°* = 4(Rez)?, we should impose Rez # 0, and the equation (5.6) constrains the

components of the embedding tensor.*

Next, let us consider some examples by assuming the following forms of the embedding

tensors,5
Ey B2 0 Ey 00
m 0 00 . m 0 E20

(1) Oy = 0 00l (i4) Oy = 0 00l
0 00 0 00
E 00
000

i) O, = , 5.7

(@) O =1 o o o (5.7)
0MDO

with all elements being real. All of the examples manifestly satisfy eq. (5.6) as well as
egs. (2.19)—(2.21). Then, we obtain the following expressions of o4,

(i) o1 =09 =1/E?+ E2, (5.8)

(17) o1 = \/E% + E2|z|2 — 2E) Eslmz,

02 = \/E? + B3|z + 2B, Eylmz, (5.9)
(iti) o1=E— M, oy=E+ M, (5.10)

where we have assumed F > M > 0 in the example (¢ii). The first example (i) obviously
predicts a degenerate breaking scale. For the examples (ii) and (iii), we show the gauge
coupling dependence of the two breaking scales in figure 3, changing the parameters as
0 < Ey,Ey, E;M < 0.5. In the case (it), we fixed z = 1 4+ i. In both cases, the two
breaking scales can take different values, but the case (ii) cannot cover the line o1 = 0
except for the origin, in contrast to the case (iii). Note that this fact is independent of the
value of z in eq. (5.9) because o1 = 0 implies

01=0 <= (E; — FxImz)?+ (F3Rez)> =0
< I =Ey=0, (5.11)

4Under the condition (5.6), the scalar potential is exactly zero, and z is a modulus.
5As we saw before, just one isometry gauging always leads to the degenerate breaking scale, thus we
consider gauging two directions (m = 1,2) characterized by two real parameters.
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0.0 oy 0.0 (5]
0.0 0.2 0.4 0.6 0.8 1.0 1.2 0.0 0.2 0.4 0.6 0.8 1.0

Figure 3. Left: the gauge coupling dependence of o1 and o9 in the case (ii). We change E1, Es as
0 < Eq,FEs <0.5 and set z =1+ 4. Right: the gauge coupling dependence of o; and o9 in the case
(#it). We change E, M as 0 < E, M < 0.5. The dotted line denotes o2 = o7 in both figures.

o o
04 0.20
0.15
0.10
0.05
- 0.00L o
%00 01 02 03 ot 0.00 0.05 0.10 0.15 020"

Figure 4. Left: the scatter plot of o1 and o5 in the case A. The value of z is set to be 1. Right:
the scatter plot of o7 and o9 in the case B. We have set b = ¢ = 1. In both figures, the gauge
couplings in the embedding tensor are assigned to take the values in {—0.1,0.1} and there are 10*
sample points.

and therefore, it also leads to oo = 0 (N = 2 preserving vacuum). In the second equivalence,
we have used Rez # 0. This is consistent with the result of subsection. 3.3.2, where
it is explicitly shown that the pure electric gauging cannot realize the partial breaking
o1 =0,09 #0.

More generally, we plotted the values of o4 in figure 4 (the left) by randomly choosing
the components of O, in such a way that they satisfy the condition (5.6) and the con-
straints (2.19)—(2.21). All the components of O, are assumed to take the values between
{-=0.1,0.1} and z is set to be 1.
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5.1.2 Case B

When f,,, # 0 hold at the vacuum, the condition (5.4) must be satisfied. This condition

is nothing but the partial breaking condition (3.50) with n, = 1. Therefore, N' = 1

supersymmetry always remains at the vacuum in this case.® Here, we explicitly construct

a model satisfying the condition (5.4) and show that the partial breaking actually occurs.
Let us assume that the prepotential takes the form,

f=az+bz*+ ¢, (5.12)

where a,b and ¢ # 0 are complex in general. For the condition (5.4) to have a nontrivial
solution, we need to gauge at least two isometries and introduce the magnetic component as
shown in subsection. 3.3.2. For example, let us assume the following form of the embedding
tensor,

Ey E30
Ey 00

O, = 5.13

M 00

which satisfies eqs. (2.19)—(2.21). Under this choice, one can check that the stationary
conditions (5.1) and (5.4) are satisfied if

Ey —if,,M =0, (5.14)
Ey+2Ey—iMf, —iE3=0, (5.15)

are satisfied. These equations determine z and a as

3¢ 6eM’ YT 3¢ M 12em2 !

(5.16)

b By V¥ Fj E3 [ Ei  DE,
M = 3cM)’

where we have assumed b and c are real just for simplicity.

In figure 4 (the right), we plotted the two breaking scales o 4 under the conditions (5.16).
The parameters Eq, E2, E3 and M are assigned to take the values in {—0.1,0.1}, Also, we
have set b = ¢ = 1. It can be found that all the points are located on the line o7 = 0,
which means that the partial breaking always occurs in this case. As explicitly shown in
ref. [9], the partially broken vacuum is ensured to be stable.

5.2 Multiple vector multiplets

Finally, we study the case of multiple vector multiplets. The case analysis of the condi-
tion (4.9) is not simple unlike the single case. Nevertheless, we roughly divide the situations
into the following two cases,

Case A : fix =0, for all 1, (5.17)
Case B: fir #0, for some 7, (5.18)

5Tn ref. [1], this claim is proved by taking a concrete choice of the embedding tensor (see section 4.3 and
appendix D of the paper).
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in order to illustrate the similarity and the difference with n, = 1 case.

The case A manifestly satisfies the condition (4.9). Then, all we have to take into
account are only the constraints (2.19)—(2.21) and the Minkowski condition (3.19). The
situation is almost the same with the single case, and we can realize several types of
supersymmetry breaking, N’ =0, 1, 2.

In the case B, however, more conditions on the embedding tensor are required. The
condition (4.9) in this case seems complicated, but we realize soon that it can be satisfied
if the partial breaking condition (3.50) is satisfied, since

Vjavka -+ V]ﬂvkﬁ + vj’)’vk’}/

1 1\%? 1 1\?

Therefore, we can obtain the partially broken vacuum as n, = 1 case.

However, there exist other solutions of eq. (4.9) which do not necessarily satisfy the
partial breaking condition. This is contrast to the situation of n, = 1 case, where we always
have the partially broken vacuum if the cubic coupling in the prepotential exists. To show
it based on an explicit model, we consider n, = 2 case, and choose the prepotential as

f(z1, 22) = 23 2. (5.20)
Also, the form of the embedding tensor is assumed to be

0, 642 0
el 00
0 0,20
O = 2 5.21
el 0 0

0 620

which satisfies the constraints (2.19)—(2.21). Then, we found that the sets

(I) 21 =20 =1+1, 0,2 = 20%, 0, =0,' =0, =0, (5.22)
(IT) 21 =2 =141, 0, = 207, 0, =0,2=0!1=0, (5.23)
(1) 21 =20 =1+1, Q) =6, =6,!=0," =06 =0, (5.24)
IV 2 =29 =141, 0, =0 =0=01=02=0,, 5.25
0 0
are the solutions of egs. (3.19) and (4.9). Each value of 04 is given by
(I) g1 =09 = X(I)+7 (526)
(ID) o1 =Xay+ — Xap-, 02 =Xan+ + Xap-, (5.27)
() o) =0y = 4|0, (5.28)
(IV)  o1=02=4|0/"], (5.29)
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02
0.6

0.0 : - o1
00 01 02 03 04 05 0.6

Figure 5. The gauge coupling dependence of o1 and o9 in the case (II), which is given by
eqs. (5.27), (5.31), and (5.32). We change the gauge couplings, ©;' and ©?2, between {0, 0.1}.

with
Xy =4/(01)2 +(02)2, Xy_ =0, (5.30)
X+ = \/(911)2 + 8(©22)2 + \/(911)4 + 64(©22)4, (5.31)
Xan- = \/(@11)2 +8(6%2)% — \/(@11)4 +64(022)4, (5.32)

Here Xy are defined by eq. (3.7). Then, it can be found that o1 can be nonzero, and there
exist full broken vacua even when we consider the case fi;r # 0. In the case (I), (III), and
(IV), we have degenerate supersymmetry breaking scales. As for the case (II), we have
shown the ©,! and ©22 dependence in figure 5. These parameters are assumed to take the
values between {0,0.1}.

As for the stability of the scalar potential, we evaluate eigenvalues of the Hessian

matrices and obtain

(1) {1<X(j+>2_1 (@11)4+(@22)4,1<X(i)+>2+; (@11)4+(@22)470’0}7 (5.33)

2 2 2
1 2 1 2

(II) ZX(H)HEX(H)JHO,O : (5.34)

(1) {4(@”)2,0,0,0}, (5.35)
1

(V) {2(@11)2,0,0,0}- (5.36)

Although there are some massless scalars, tachyonic mode does not exist.
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6 Summary

In the paper, we analyzed the patterns of supersymmetry breaking in N' = 2 gauged super-
gravity with multiple vector multiplets and a single hypermultiplet. Based on the embed-
ding tensor formalism, we derived the general expressions of the two gravitino masses (3.6)
(supersymmetry breaking scales) under the gauging of the isometry (2.15). Then, we dis-
cussed how they change depending on the input parameters such as the gauge coupling
constants and the prepotential, taking into account the conditions the vacuum must satisfy.

In the case with a single vector multiplet, we can classify the situation by the vacuum
expectation value of the third derivative of the prepotential, f.,,. When f,., = 0, we
have varieties of the breaking patterns, depending on the gauge couplings (see figure 3).
When f,.. # 0, on the other hand, it was shown that the A/ = 1 supersymmetry always
remains, which is consistent with the previous result of ref. [1]. This result does not depend
on the specific choice of the prepotential and the form of the embedding tensor, as long
as eq. (5.4) has a solution. For the case of multiple vector multiplets, we found that the
full breaking can be realized even when the third derivatives of the prepotential are non-
trivial. These observations would be important when we discuss the relation to the string
compactifications, D-brane effective action, and the particle phenomenology/cosmology.

As future directions, it is important to investigate the mass spectrum other than the
gravitinos, especially, how they change depending on the two supersymmetry breaking
scales and affects the low energy physics. There is also a room for further generalizations
of our model: the extension of the hyper sector and non-Abelian generalization may change
the situation significantly. Also, applications to other extended supergravities in various
dimensions are interesting themes. We will study these issues elsewhere.
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A Spinor notation

Here, we summarize spinor conventions.
The SU(2) and Sp(2) invariant tensors satisfy

EABEBC = —5@, € = €12 = 1, (Al)

CCyy = =09, C2=Cip =1, (A.2)

12

and the indices of SU(2) and Sp(2) vectors are raised and lowered by

eapP? = Py, eBpPg = —P4, (A.3)
CopP? = P,, C*Py=-P~. (A.4)
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The Pauli matrices are (7%) P(z = 1,

01
10

(TI)AB

< > ’ (TQ)AB

2,3) are
(0=
S \i 0

10

0 (A.5)

) r-(33)

Their indices are raised and lowered by e€4p and eAB defined above.

We denote the chirality of the spinors as

ta
XiA
Ca
€A
wA
Ny
Ca

A

75

75

Open Access.

Ya
/\z'A
Ca |’
€A
wA
Xy
ga

A

(A.6)

(A7)
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