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We discuss a possibility of restricting parameters in A/ = 2 supergravity based on axion observations.
We, accordingly, derive conditions that prepotential and gauge couplings should satisfy. Such conditions
not only allow us to constrain the theory but also provide the lower bound of the N” = 2 — A/ = 1 breaking

scale.
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I. INTRODUCTION

Extended (N > 2) supergravity in four dimensions is
well motivated from higher dimensional supergravity and
string compactifications. Although well motivated and
constructed, to restrict the theory, observations are neces-
sary. Therefore, this paper aims to investigate a possibility
for constraining extended supergravity models from obser-
vational data. In particular, we focus on the couplings
between axionlike particle (ALP)' and photon, which are
intensively studied in the literature (see Ref. [1] for review).
This kind of coupling usually exists in supergravity models
if we regard neutral scalar fields in a gauge kinetic function
as “ALPs,” and a massless vector field as a “photon.” In this
paper, we show that some input parameters in extended
supergravity can be constrained by the observational data
on the ALP-photon coupling, by taking A/ =2 super-
gravity as a toy example.

When we consider supersymmetry breaking in extended
supergravity, several breaking scales appear in general. In
the case of N = 2, there are two breaking scales, and in
the following, we call the higher (lower) one as the first
(second) supersymmetry breaking scale. The effects of the
first supersymmetry breaking cannot be taken into account
in the usual N' = 1 supergravity description, where the first
breaking scale is assumed to be high enough and its effect
is negligible. However, if this is not the case, how the
first supersymmetry breaking affects low energy physics
would be a matter of central focus. For example, in Ref. [2],
the effects of heavy modes arising from the first
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supersymmetry breaking are discussed, mainly focusing on
the gravitino decay process. In the following, we extend the
analysis to the ALP-photon coupling and investigate the
effects of the first supersymmetry breaking. Remarkably,
we found that the first supersymmetry breaking scale enters
in ALP couplings in a nontrivial way, which constrain the
low scale first supersymmetry breaking models.

More specifically, we focus on a slightly generalized
model of Ref. [3], where the first supersymmetry is broken
but the second one remains unbroken (partial breaking).
The model can, of course, include the effects of the first
supersymmetry breaking (see also Refs. [4—10]) and easy to
treat due to the unbroken N =1 supersymmetry. For
example, the stability of the vacuum is ensured. In addition,
there are a lot of works which connect this model to the
D-brane effective theory [11-28]. Therefore, it would be
appropriate for the first step of our research direction.

This paper is organized as follows. First, we introduce
necessary elements in N =2 supergravity and specify
the model in Sec. II. Next, in Sec. III, we derive mass
spectra of the bosonic sector. Then in Sec. IV, ALP-photon
coupling in our model is introduced, and we discuss the
restrictions on the parameters and the supersymmetry
breaking scale with given axion observations. All the
aforementioned contents and remarks are summarized in
Sec. V. The technical details are collected in appendixes. In
Appendix A, we derive the couplings between vector and
scalar fields, and they are evaluated at assumed vacuum in
Appendix B.

II. SETUP

In this section, we follow the representation and nota-
tion in Ref. [29], and introduce the setup in N =2
supergravity. As mentioned in the Introduction, we focus
on the model [3], which consists of an Abelian vector
multiplet, a hypermultiplet, and a gravitational multiplet.
The bosonic components of the vector multiplet are a
complex scalar z and a four dimensional vector A, with the
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spacetime index y =0, 1, 2, 3. Here we consider the
multiple generalization of the vector sector denoted by
i=1,2,....,n,. The hypermultiplet contains four real
scalars b*, (u =0, 1, 2, 3), which parametrize the
quaternion-Kihler metric. Finally, the gravitational multi-
plet contains a graviton g, and a graviphoton AB. In the
following sections, vectors will be denoted as A,/},
(A=0,1,...,n,), which combines vectors from vector
and gravitational multiplets.

A. Vector and hyper sector

Here we only show the relevant ingredients of the vector
and hyper sector for later discussion (see Ref. [29] for more
detail).

As for the vector sector, the prepotential, F, which is
a holomorphic and homogeneous function of degree
two with n, + 1 complex variables X", acts as a master
potential and takes the form

F =—i(X°)*f(X'/X°), (2.1)
where f is an arbitrary holomorphic function in its argu-
ment which we take the following basis:

X0 =1, X =zl (2.2)
Here 7' are identified as physical complex scalars in vector
multiplets. With the prepotential defined, the Kihler
potential can be induced and takes expression given in

K = —log Ky, (2.3)
where Ko =2(f +F) = (z=2) (f; = F;) and f, = 9f |9z

Then the Kéhler metric is given as follows:
1 -
9;5 = 0;0,K = 0;K0;K — Ko (fij +fip)- (24)

Besides, the gauge kinetic function N ,5 is also determined
by the prepotential and takes the form

_ 2iImF \ ImFy X1XT
N - F + A’ 21
AT TAE ImFr X"XT

Ces)

where F, = OF /0X" and so on.
As for the hyper sector, we select the form of metric as
shown in

1
Ry = =575 Oup 2.6
uv 2(b0)2 uv ( )

which parametrizes a nonlinear sigma model on SO(4, 1)/
SO(4). Observe that it allows three commuting isometries:

b* = b* + ¢, (2.7)

where @ = 1, 2, 3 and ¢* € R. Now, we consider gauging
this symmetry by A,’,‘ as in Ref. [3], which will be reviewed
in Sec. II B.

B. Gauging and relevant Lagrangian

Let us discuss the gauging of Eq. (2.7). To do so, we
employ the embedding tensor formalism [30-33], which
is useful to discuss a wider class of gauging. In this
formalism, we formally introduce a double copy of the
vector fields. In our system, we already have n, + 1 vector
fields Al’}, which we call electric vector fields. In addition
to them, we introduce further n, + 1 vector fields A,
called magnetic vector fields. They are summarized as
Al = (A}, A,\)T. Then, the generic gauging can be
achieved by the so-called embedding tensor,

Op%
0, = (@Aa ) (2.8)
and the modified covariant derivative,
D}l = 8ﬂ - AQ@A(ZT{X - AMA®AaTa, (29)

where all entries of Eq. (2.8) are real and « denotes the
isometries to be gauged. T, is the generator of the
isometries.

The tensor (2.8) must satisfy the following locality
constraints’:

0,0V — 0,/ = 0. (2.10)
Also, to match the degrees of freedom of vector fields, the
auxiliary two-form fields B,, , and its (one-form) gauge
symmetry should be introduced (see Refs. [32,33] for
review).

Based on this technique, the relevant parts of the
Lagrangian in this paper are given by

1 ] -
‘cvs = ZZAZHIII\UHZ”D + iRAZH}Il\UHZMD

. 1
- %@MBW,(, (F*;{ - Z®AﬁBZy) , (2.11)

Ly = h,,D,b"D’b" + 950,72 0"% -V, (2.12)
where R,y and 7,y are real and imaginary parts of gauge
kinetic function A/ \y, respectively. The H is defined by the
combination of the field-strength F, = ,A} — ,A} and
the auxiliary two-form B, , as

(2.13)

uv,a

1
H/[t\u = F//}l/ + §®AQB

For the case of non-Abelian gauging, some additional
constraints are required.
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and ﬂ;w = —%SWMH/’”. The Lagrangian (2.12) contains
kinetic terms for the scalars in vector and hypermultiplet
and their potential, which is explicitly shown in Eq. (3.2).
The hyper sector is gauged by Eq. (2.9) with T,b" = 5},.

In this formalism, the model in Ref. [3] corresponds to
n, =1 and a choice of
02 =E+#0, O =M +£0, others=0, (2.14)
which manifestly satisfies the constraint (2.10). In the
following section, we call terms containing E/M as
electric/magnetic correction.

From here, we construct the physical Lagrangian
through two steps: integrating out two-form fields and
gauge away all extra fields. The details of integrating out
two-form fields and gauge fixing two-form fields are given
in Appendix A.

III. MODEL AND MASS SPECTRA

In the model of Ref. [3], the two vector fields (grav-
iphoton and a vector in vector multiplet) become massive,
and therefore, there is no massless vector.” To discuss the
ALP-photon coupling, we need to introduce a massless
vector which has nothing to do with the gauging, and it
would be identified as a photon. In the following, we
consider the case with n,, = 2 as a minimal setup, without
changing the choice (2.14).

A. Scalar sector

In this subsection, we discuss the stationary conditions
and the scalar masses. In this paper, we have two assump-
tions that simplify our calculation. First, we only consider
the case of a simple vacuum, that is, (z') = 0. The second
assumption is the form of the prepotential being poly-
nomial, and it takes the expression as follows:

(3.1)

f=co+ciz+ %cijzizj +écijkzizjzk,
where all of the coefficients are complex and symmetric
under the interchange of their indices. Note that with the
simple vacuum assumed, there is no need to have fourth or
higher-order terms for prepotential for our purpose.

Based on the quantities defined in Sec. II, the scalar
potential is given by

V = ryn(g7UY Uy - vMym), (3.2)

*More generally, in the case with 1, = 1, a complex scalar (z)
can have a mass only if the third derivative of the prepotential
(f111) is nontrivial. However, as shown in Refs. [10,34], when
(f111) # 0, we always have the (partial breaking) vacuum where
two vector fields become massive. Thus, we conclude that a
massless vector cannot exist in the case with n, = 1.

(3.3)

The stationary conditions take the forms
DV =0: rMN(gijU?”U?’ —VMyN) =0, (3.4)

The analytic solution of these equations is in general
difficult to obtain even in the simplified choice of the
embedding tensor (2.14), simple vacuum, and the minimal
form of prepotential (3.1). Therefore, we concentrate on the
case where at least one supersymmetry is conserved, which
trivially satisfies Eq. (3.5).
Furthermore, we assume that
ca=cp=cp=0, Rec;; =0 (3.6)
for simplicity,® which simplifies the derivatives of the
Kihler potential at {z') = 0,

ReCl
01Ky =— , 0,K) =0, 3.7
O) =~ 3pea (©2K) (37)
and diagonalizes the Kihler metric as
1 (Rec;)? 0
95) = 5 ( . (3.8)
4(RCCO) 0 —2RCCORGC'22

which implies that Rec; # 0,
Recy =1e ™ > 0.
For M # 0, one can easily find that Eq. (3.4) is rewritten

as

and Recy < 0 since

Imc,; (RecoIme; — RecIme;) = 0. (3.9)

Also, Eq. (3.5) with i =1 gives

Rec; = £E/M, and 2Recplmc;; —Rec;Ime; =0,

(3.10)

under c;;; #0. Obviously, the consistent set of the
solution is

*These Ansditze are used in Refs. [6].

The last equation in Eq. (3.11) is the same relation obtained in
Ref. [4], which relates the electric and the magnetic gauge
couplings. We will use this equation to express Rec; in terms
of the gauge couplings.
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Imcl :Imcn :0, ReCl :E/M (311)
Finally, Eq. (3.5) with i = 2 is trivially satisfied.

The second derivatives of the potential at this point are
evaluated as

Recoley [*M*
(Vii) = (bo)—zEz >0,
2M2
_ |C%)222| >0,
Z(b ) RCC22

(Vaz) = (3.12)

and the others vanish. Thus, we conclude that (z') =
(z*) =0 with Egs. (3.6) and (3.11) is at least a local
minimum of the potential.

Expanding z' around the vacuum as z' — (z') + 7z’ and
taking into account the canonical normalization,

Zi=/{g:)7, (no sum for i), (3.13)
we obtain the scalar sector Lagrangian:
L= (0,202 —m|Z'P)+---, (3.14)
i=12
where
2 4(Recy)’|cpy [PM° 2 — Recy|ein|*M?
1 (6°)*E* ’ ? (b°)*(Recyy)*’
(3.15)

and the ellipsis denotes the higher-order terms. In Sec. IV,
we discuss the couplings between Z' and the vector fields.

B. Vector sector

Now we evaluate the vector masses. First, the kinetic
terms of the vector fields are obtained in Appendix B, and
the result is the first term in Eq. (B1):

1 M2 HY 0 10,
L=~ —RCC()iF]lel - RCCOF/“,F HY

4 E?
+ ReczzFﬁDFzﬂ”} . (3.16)
Then, the canonical gauge fields A, are given by
M
\/RCCOEA]ﬂ :A]”, \/RCCOAg :Ag,
\ |RCC22|A£ = A,Zl (317)

Also, from the kinetic terms for the hyper sector in
Eq. (2.12), we have

h,,D,b"D'b? = 5{(9,0°)* + (0,b%)*

1
200°
+ (0,b' —MA,1)? + (9,b* — EA))*}.

(3.18)

Then after fixing U(1) gauge symmetry by A,; — A, +
9,b'/M and A) — AY + 9,b*/E, the third and the fourth
terms in Eq. (3.18) give the same masses for A,; and AY,

E2

P Ree (3.19)

m? =
The degeneration of their masses are the result of the
remaining N/ = 1 supersymmetry. Indeed, they constitute a
massive spin 3/2 multiplets with massive gravitino and
another fermion [35]. Note that the gauge field Aﬁ remains
massless as expected, and we identify it as a “photon.” As
for the other two massive gauge fields, we assume those
two massive gauge fields, A} and A, live in the dark
sector and call them “dark photons.”

IV. ALP-PHOTON COUPLINGS

In this section, we focus on the ALP-photon couplings in
the model given in Sec. III and discuss the consequences of
observations. From Eq. (B6) with the normalization (3.13)
and (3.17), and by omitting spacetime indices, we obtain

L= 9121.7:1.7:1 +9221f0.7:0 +g322]:0.7:2
+ (2! + gs22) 2T

+ige2' FIF° +ig; 22 F\ F* + He., (4.1)

where F are field strengths defined by the canonical fields
in Eq. (3.17). The coupling constants are given by

1 M3
9 =7, <1 - (Reco)20111 F(MP)3>»

= 4MP g2 - _gl’
(4.2)
. \/5 1 ReC0C122M
="M, Recy| E 7))
1 R M
gy = (o122 ), (4.3)
4Mp |ReC22| E
1 \/ReCO
g5 = 3/2 €222
4v/2Mp |Recy, |
M3
96 = M, ((Reco)2€111 = (MP)3>, g1 =05, (4.4)

where the reduced Planck mass Mp = 2.4 x 10'® GeV is
recovered. Since we have A2 to be photon, the ALP-photon
couplings are those with g, and g5 coefficients.
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Before going through the analysis of Eqs. (4.1)—(4.4),
there are two points we wish to recall with an assumption
(% ~ M p.8 First, the first supersymmetry breaking scale is
given by Eq. (3.19), which is rewritten here but with the
Planck scale,

E

€Co

(Mp). (4.5)

mgusy =

Next, the axion masses are given as follows with Planck
mass given explicitly:

. 2ReC0\/ReC0|C111|M3

|m | o2 (MP)4,
VvRecy|cin|M
lmy| = W(MP)Z' (4.6)

Then, we define relative mass scales for axions comparing
to a supersymmetry breaking scale. That is

3

Im | 2 M 3
pPL= = 2(Recy)*|ein| = (Mp)°,
I — o)7 1€l 7z (Mp
|m,|  Recglein| M
Py = 2l 017122 — Mp. (4.7)
msysy |RCC22| E

Now, we come back to the analysis of Egs. (4.1)—(4.4).

In Egs. (4.2)—(4.4), we can find some corrections which
depend on the gauge coupling E. Also, from Eq. (4.5), we
can directly relate E to the supersymmetry breaking scale
for fixed Rec. Therefore, the corrections are the result
of the first supersymmetry breaking. As the breaking scale
becomes sufficiently low (small E), it enlarges some
couplings in Egs. (4.2)—(4.4). Besides, as we see that the
corrections (terms depend on E or M) in Egs. (4.2)—(4.4)
are related to the axion masses in Eq. (4.6), and interest-
ingly, those terms are explicitly proportional to p; and p, in
Eq. (4.7). That, then, not only suggests axion masses are
related to couplings but also implies that the first super-
symmetry breaking scale is influencing the axion phenom-
enology in this model.

Since A” and A, stay in the dark sector while A is in the
normal sector, we have a classification for axions from
Eq. (4.1); that is, except for ALP-photon couplings (g, and
gs terms), Z' is responsible to interact within the dark
sector (g;, g, and g¢ terms), while Z? interacts between
normal and dark sectors (g; and g; terms).

Having two different types of complex axions brings us
a difficulty of how to compare to observations, which most
of the works are devoted to only one kind of axions.
Therefore, to constrain our model with axion observations,
we, for simplicity, consider about its asymptotic behavior

®The stabilization of moduli fields is beyond the scale of this
paper.

which makes the Lagrangian (4.1) contain either Z! or Z2.
Here we demonstrate three ways of completing the
asymptotic analyses: (1) p;, p, <K 1, (i) p, K1 <K py,
and (iii)) p; < 1 < p,. Also, as we will see later, a mild
assumption on the parameters c;;; in the prepotential leads
to the Lagrangian of an effectively single axion field, which
simplifies the situation.

Note that in the following discussion, we use the axion
observational constraint from Ref. [36]. That is, axion-
photon coupling g,,, is bounded with given axion mass m
range as g, < 0.66 x 10719 GeV~!' when m <0.02 eV,
and for simplicity, we implement their product as our
constraint, which is looser. That is

MGy, < 1.32 % 10721 (4.8)

A.ppr <1

To get started with, we assume both axion masses are
relatively small comparing to the first breaking scale. That
means p;, p, < 1, and for simplicity, we assume that it is
caused by having cqyy, ¢j2n — 0.” Then, the effective
Lagrangian becomes

Lot = ) Z2'F1Fy + 2 FOF° + g3 22 FOF?
+ g5 222 F 4+ ig; 22 F\ F* + Hec.

=i, aF F + igguaFuF + . (4.9)

where the ellipsis denotes terms not containing the axion
defined in Eq. (4.12) and the couplings become

1
~—, — g, 4.10
9 ot 9 =-g (4.10)
V2 1 VvRec,
N——’ = C . = .
B "amy, BT 4 amy Reey 2 T T8
(4.11)

Here, by assuming c,,, to be real for simplicity, and then,
the effective fields and associated couplings in the second
equality of Eq. (4.9) are given as

a=1Imz?, F =7

gayH = 293 ’

Fu=7F°,

gayy = 295’ (412)

where a is the axion field, F is the photon field strength,
and Fy is the hidden photon field strength.

"This assumption is not necessary because couplings or its
magnetic corrections are proportional to p; and p,. However, this
assumption simplifies the analysis without deterring the final
result.
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Here, it is then clear that Z' sinks into the dark sector
entirely. The reason is the assumption of p, < 1. Also, note
that the only coupling constant which depends on the form
of the prepotential is that associated with the axionic
coupling, g,,,, while the rest are just small constants.

Here we show the possibility of constraining the theory
by applying the constraint (4.8) to the product of g, in
Eq. (4.12) and m, in Eq. (4.6) (since a = ImZ? is the
effective axion), and we get

112Gy | = 2M—}2 <|R§ﬁ|0122“€222|>1‘/[ <132x 1072,
(4.13)

which is equivalent to
CopreM $3.73 x 10721, (4.14)

where we defined a dimensionless combination of the para-
meters in the prepotential as ¢, = Recy|cyz||can|Mp/
|Recy,|>/?. Then, we obtained the upper bound for the
product of parameters in the prepotential, ¢, and gauge
coupling, M. This observation would be important when
we embed the model into string models since those
parameters are determined by the flux and geometric
quantities in that case (see Ref. [37] for example).
Interestingly, this upper bound is independent of another
gauge parameter E, and thus, it is independent of the first
breaking scale given in Eq. (4.5) with fixed Recy.

B.pi>1>p,

Next, let us consider the limit Z' decouples. This can be
achieved by p; > 1 > p,, or for simplicity, |c1;| > |c122]-
Then the effective Lagrangian contains the following terms:

Lot = ZPFOF? + gs 22 F2F? +ig; 2°F, F* + Hee.,
= igawa}"j-" + igayHa}"j-"H + e (4.15)

where the definitions of the fields and the couplings in the
second line are the same as Eq. (4.12). Therefore, the terms
containing the axion are exactly the same as the example
we discussed in Sec. IVA. Then the constraints (4.13)
obtained in the previous section can also be applied in this
case. Note that the similarities are only in ALP-photon
couplings. The other parts of these two cases are totally
different. That is, to fully determine which case we fall into,
we need to discuss the other terms in the Lagrangians.

C.py>1>p
Similar to Sec. IV B, by assuming p, > 1> p;, or for
simplicity |ci05| > |cq11], we get the decoupling limit of
Z?. Then the effective Lagrangian is obtained as

Lep = g1 2\ F\F i+ p2' FOF + g, 2' P2 F?
+igeZ' F1F° + He.,
= igawa]-"j: +igumaFuFu + igurwaFaFw + - - -
(4.16)

where the ellipsis denotes terms without axion which is
defined in Eq. (4.19), and coupling constants are

1
~— =—q, 4.17
g 4M, 9 91 ( )
1M Rec Mp)2 M3
0= 4 e 6= g (o
(4.18)

Here, by assuming c;,, to be real for simplicity, and then,
the effective fields and associated couplings in the second
equality of Eq. (4.16) are given as

a=ImZ!,

F=F* Fyu=rF,

Jarrw = 291,

FH/ EFI’

Gayy = 29, Jatit = 20>, (4.19)

where a is the axion field, F is the photon field strength,
and F ¢ are the hidden photon field strengths.

Similar to what we had in Sec. IVA, only g, is the
concerning term, the ALP-photon coupling. Then, by
applying Eq. (4.8) to the product of m; in Eq. (4.6) and
Jayy in Eq. (4.19), we get

(RCC0)5/2 M4
|mlgay}'| = (MP)4 <4 |C111||C122|

|RCC22| ﬁ
<1.32x 10721, (4.20)
or equivalently,
4
Cpre 3 S 1:32 % 10721, (4.21)

where ¢, = (Reco)5/2|cm||0122|(MP)4/|R6C22\- In the
same way with Eq. (4.13), this gives an upper bound for
the product of some parameters of the prepotential and
gauge couplings. However, the left-hand side of Eq. (4.21)
depends also on E in this case, which is related to the
supersymmetry breaking scale given by Eq. (4.5) and
differs from the previous cases. Then we can rewrite
Eq. (4.20) in terms of the first breaking scale as

msusy 2 MpcheM*/3 x 107, (4.22)
where C;re = (Reco|0111||0122|/|R3022\(MP)4)1/3 is again a
dimensionless collective of the parameters inside the
prepotential. Then we see that the lower bound of the first
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supersymmetry breaking scale can be derived by axion
observations. The value of cj.M*? is not determined
in our setup, but it should be fixed if we consider the
compactification of higher dimensional supergravity con-
cretely and we can estimate how large the first breaking
scale should be.

V. SUMMARY

In this paper, we demonstrated the possibility of restrict-
ing several parameters in N/ = 2 gauged supergravity such
as the ones in the prepotential and gauge couplings by
observations; to be specific, we compare a partial breaking
model generalized from Ref. [3] to axion observations.
In supersymmetric theory, couplings with neutral scalars
and vector fields, in general, exist through the gauge kinetic
function. In particular, with the help of ALP-photon
observations, the coupling between neutral scalars andthe
photon, and scalar masses, in principle, can be restricted if
we regard such scalars as “axions.” Then, we obtained the
constraints on the parameters of the theory which could be
compared to string compactification. Also, note that the
gauge kinetic function and the scalar potential are related in
N = 2 theory, which leads to a nontrivial relation between
ALP-photon couplings and ALP masses.

Besides that, as mentioned in the Introduction, restric-
tions on the breaking scale of extended supersymmetry are
important from the phenomenological viewpoints but were
rarely discussed. In this paper, we show that the breaking
scale of /=2 — A =1 can be also constrained by the
ALP-photon constraints.

At the same time, the model we discussed contains two
types of axions with different sets of couplings. One of
them (Z') is responsible for interactions within either a
dark or normal sector themselves, while the other one (Z?)
interacts with both sectors at once. These features seem
interesting in terms of the several applications of axion-
photon-hidden photon, and axion-double hidden photon
couplings, which are discussed in e.g., [38-45].

For practical reasons, we considered three different
effective theories of generating only a single axion just
for simplicity. In Sec. IV A, by asking both types of axions
being relatively stable (light) and with mild assumption on
the parameter in the prepotential, we find that ImZ? is
responsible for ALP-photon coupling. Then we obtain a
bound for the parameters in the prepotential and gauge
coupling as Eq. (4.21). In Sec. IV B where we consider the
limit Z! decouples, a similar result with that of Sec. IVA is
obtained when we focus only on the axion interactions.
Finally, in Sec. IV C, we consider the case Z 1 decouples
and find the bound (4.21) for the parameters. Indeed, this
can be rewritten as Eq. (4.22), which gives a suggestive
lower bound for the supersymmetry breaking scale.

There are several remarks: (i) As mentioned before, the
“axion” in this paper is different from the usual one [46,47]

or other ALPs [1] which originate from global symmetry
breaking as a Nambu-Goldstone boson. The scalar fields
we discussed are not protected by the shift symmetry if we
consider other sectors coupling with it. Thus, the other
terms besides ALP-photon couplings have different proper-
ties compared to the ordinary ones. (ii) Here we focused
on the model of Ref. [3] where N/ =1 supersymmetry
remains unbroken. It is interesting to investigate how the
breaking from A = 1 to A/ = 0 affects the result. (iii) Our
approach can be applied to other extended supergravity
models. It is also interesting to study other models and see
direct restrictions on flux and geometrical parameters
defined in compactification.
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APPENDIX A: INTEGRATING OUT
TWO FORM FIELDS

Here we show the resultant Lagrangian after the inte-
gration of the two-form fields. For the general arguments,
we refer Refs. [30-33,48-50]. In the following discussion,
we will suppress spacetime indices.

The relevant parts are given in Eq. (2.11). In the case
with n, =2, or A =0, 1, 2, and with our choice of the
embedding tensor (2.14), they are reduced to

1 i R A 1
L= ZZAZHAHE + ZRAZHAH2 - ZMBI (F1 - ZEBI>,

(A1)
where
FO
HA = | F' +1MB, (A2)
j2

Note that the Lagrangian (2.11) is invariant up to total
derivative under

5B;w,l = a,uE‘u,l - 8[/5[4,1’ (A3)
sAN — 9 h — L= A4
uw — “u _5 =u,1> ( )
6A/4A = 3M/1A, (AS)

where A* and E, are the parameters of the ordinary zero-
form and the one-form gauge symmetries, respectively.
Using the gauge symmetry, we can eliminate F' by
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2
B] —)BI—MFI. (A6)

Then it is straightforward to solve the equation of motion of
By, Z\,B, + irB, —%J = 0, which gives

2

B, :M(Ill + PZ7) N T = irZyl),

(A7)
where

E ~ . .
rER11+M7 E—IIUFU—ZRIUFU+ZF1. (Ag)

The index U runs only O and 2. Substituting the solution
(A7) into the Lagrangian, we obtain

(I"F\F, +ZyyFUFY + 21" F\FY)
‘—l‘(f%“FlFl + RuyFUEY + 2R\ F\FY),  (A9)
I = (T, + T (A10)

Tov =Zuov +I"(RiwRiv = TiwLiy - 2rTi{ RywZvn)s

'y =T"(-Ryy + I/ Tw), (A12)
R = T3, (A13)
Ruv = Rov + 2" (T (-RiyRay + i Tiy)
= 2Ry Zvy). (Al4)
Ry =TTy + rTi Riw). (A15)

Note that the degrees of freedom of vector fields are 3, i.e.,
A% A, and A?, even though we introduced a magnetic
vector A, since Ay, are absent from the beginning and A’ is
gauged away in Eq. (A6).

APPENDIX B: COUPLINGS AT THE VACUUM

Here we show the result of relevant couplings evaluated
at the vacuum. Expanding the complex scalars around their
vacuum expectation values, the quadratic and the cubic
terms of Eq. (A9) are given by

1. A A A
L quad :Z[<I“>F1F1 + (Zuy)FUFY +2(1'y)F FY)
+

CURMF Fy + (Ryy)FUEY 4 2(R' ) F, FY),

4
(Al1) (B1)
1 A A A
Lo = 4 [<3mIII>ZmF1F1 + <amIUV>ZmFUFV + 2<3mIIU>ZmF1FU]
+ i [(0uR")2"F Fy + (0, Ruv)Z"FUFY +2(0,,R" y)z"F FU] + Hec., (B2)
where
R Ve R —Rec, 0 R 0
T = —Recy—. Toy) = , 7! :( ) B3
@ =Rz G =(To" )@=, (8
N N 2Im 0 R 4 Rec, M2
R =0 (o= (000 ) iy = (R0 (B4)
0 ImCZZ 0
and
. M M3
(0,1 = {_ﬁ 1 +F(RCCO)26111>’0},
0, 7o) 1{<%+¥—;(Reco)zcm 0 ) ( 0 —Reczz—AEdReCoCm)}
m+UV/ — A~ bl N
2 0 C122 —Recy, — M Recycn Cam
. i [ (4 (Recy)2c
amIl _i{<E~‘< 0 111)7( >} B5
< U> 2 0 —%RCCZQ —AE/[—;RCCOCIQZ ( )
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) iM( M
@, RNY = {_ﬁ (1 —ﬁ(ReCo)ZCul)’o}’

0, Run) = i { (% - "g—;(Reco)zcm 0 > ( 0 —Recy, + FRecoein ) }
mTY T2 0 —c122 /) \ —Recy + ¥ Recocin —C» ’
R 1 [ (M (Recy)? 0
@) = { (TR (e e )} (B6)
2 0 FRCCQQ _FReCOCIZZ

Here we used a notation 9,,Z = {0,Z,0,Z} and so on.
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