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Remark on integrating out heavy moduli in flux compactification
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We study two steps of moduli stabilization in type IIB flux compactification with gaugino condensa-
tions. We consider the condition that one can integrate out heavy moduli first with light moduli remaining.
We give appendix, where detail study is carried out for potential minima of the model with a six
dimensional compact space with k| = h,; = 1, including the model, whose respective moduli with

hy 1, by # 1 are identified.
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I. INTRODUCTION

Moduli stabilization in superstring theory is one of
important issues to study. Indeed, several scenarios have
been proposed so far. Flux compactifications are studied
intensively in these years, because several moduli can be
stabilized through flux compactification. For example, the
dilaton S and complex structure moduli U can be stabi-
lized within the framework of type IIB string theory [1],
while Kéhler moduli 7 remain not stabilized. Recently, in
Ref. [2] a new scenario was proposed to lead to a de Sitter
(or Minkowski) vacuum, where all of moduli are stabilized
in type IIB string models, and it is the so-called KKLT
scenario. The KKLT scenario consists of three steps. At the
first step, it is assumed that the dilaton and complex
structure moduli are stabilized through flux compactifica-
tion. At the second step, we introduce nonperturbative
superpotential terms, which depend on the Kihler moduli.
That leads to a supersymmetric anti de Sitter (AdS) vac-
uum. At the third step, the AdS vacuum is uplifted by
introducing anti D3 branes, which break supersymmetry
(SUSY) explicitly.

Phenomenological aspects like soft SUSY breaking
terms have been studied [3]. The KKLT scenario predicts
the unique pattern of SUSY breaking terms and they have
significant phenomenological implications [4-6].

On the other hand, the flux compactification has been
studied in explicit models [7—9]. Moreover, the three steps
of moduli stabilization has been studied, in particular, the
first two steps. It has been shown that such two or three
steps of moduli stabilization may be inconsistent in some
models showing instability of assumed vacua [10,11].

Furthermore, in Ref. [12] models with S-7 mixing non-
perturbative superpotential terms have been discussed with
the assumption that S is already stabilized through flux
compactification. Such models lead to interesting phe-
nomenological and cosmological aspects. For example,
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these models have a rich structure of soft SUSY breaking
terms compared with the original KKLT scenario. Also, a
certain class of these models have moduli potential forms
different from the original KKLT, and may avoid the over-
shooting problem [13] and destabilization due to finite
temperature effects [14], from which the original KKLT
potential suffers. At any rate, in this new scenario it is the
crucial point that one of moduli, say S, in nonperturbative
superpotential is already stabilized through the flux
compactification.

Thus, it is important to study the validity of the two-step
moduli stabilization, in particular, the KKLT type models
with moduli-mixing nonperturbative superpotential. That
is our purpose of this paper. Here we concentrate to 11B
string models, but our discussions on validity of integrating
out heavy moduli can be easily extended into generic string
theory.

This paper is organized as follows. In Sec. II, we give a
brief review on the KKLT scenario and its generalization
with moduli-mixing superpotential. In Sec. III, we study
validity of two-steps moduli stabilization. Section 1V is
devoted to conclusion and discussion. In appendix validity
of our procedure is studied by examining potential minima
explicitly and carefully.

II. REVIEW ON KKLT SCENARIO

Here we give a brief review on the KKLT scenario for
moduli stabilization through the flux compactification. In
the KKLT scenario, three types of moduli, the dilaton S,
Kihler moduli and complex structure moduli U* are sta-
bilized through two steps. For simplicity, we consider the
string model with a single Kihler modulus field 7,
although it is straightforward to extend our discussions to
models with more than 1 Kéhler moduli. We use the unit
such that Mp; = 1, where Mp, is the 4D reduced Planck
mass.

At the first step, we consider a nontrivial background
with nonvanishing flux, which generates a superpotential
of § and U* in type IIB string theory [15],
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Wﬂux(S; Ua) = f
Mg

where G3 = FRR — 277iSHY® and Q is the holomorphic 3-

form. Note that 7" does not appear in the flux-induced

superpotential in type IIB string theory. The Kéhler poten-

tial is written as

Gy AQ, (1

K=—In(S+38) —3In(T+7T)— 1n<—i Q Afz).
2)

The scalar potential in generic supergravity model is writ-
ten as

Mg

V = eX(D,WD, WK — 3|W|?), 3)

where D,W = (9,K)W + 9,W. Thus, the above superpo-
tential and the Kihler potential lead to the following scalar
potential,

V= eK< > DiWDjWK’j>, “4)
i,j=8,U¢

because of the no-scale form of the Kihler potential of 7.
We obtain the same result, e.g. in models with three moduli
fields T'. By this potential, the moduli fields, S and U,
except the Kédhler modulus 7" can be stabilized at the point,
Dg¢W = DyW = Q.

Next, in the second step, the modulus 7 is stabilized.
That is, in Ref. [2], a nonperturbative effect is assumed to
induce the following superpotential,

W =wy— Ce 9T, )

where wy = (Wi (S, U%))pw=p,a w=0- Such term can be
generated by gaugino condensation on D7-brane. Then, the
modulus 7 can be stabilized at Dy W = 0. It corresponds to

aRe(T) = In(C/wy), (6)
when a ReT >> 1. Its mass is estimated as
my = aw. (7)

The above vacuum has the negative energy, i.e., V =
—3eX|W|?> < 0 unless W = 0 at the above point. To realize
a de Sitter (or Minkowski) vacuum, we need another step.
To achieve it, the uplifting potential,

D

V=,
R

®)
is added in the KKLT scenario. This uplifting potential
slightly shifts the minimum. This uplifting potential is an
explicit SUSY breaking term, and the constant D is fine-
tuned such as V + V; = 0. That is, the size of D is esti-
mated as D = O(|w,|?), and the SUSY breaking scale is
wo.

In Ref. [12], the above scenario has been extended into
models with nonperturbative superpotential, where S and T
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are mixing,’

Wnp — Zcmef(bms+amT)‘ 9)

These superpotential terms can be generated by e.g. gau-
gino condensations, where corresponding gauge kinetic
functions are written as linear combinations of S and 7.
Such type of moduli-mixing appears in several types of
string models, e.g. weakly coupled heterotic string models
[17], heterotic M models [18], type IIA intersecting
D-brane models and type IIB magnetized D-brane models
[19]. Here, the exponent constants a,, and b,, can be
negative, but they must satisfy the condition b,,(ReS) +
a,(ReT) > 0. We assume that S is already stabilized
through the first step of the flux compactification, and
that it is frozen in the above superpotential. That is, the
dynamical mode in the above superpotential is only 7. Its
mass is estimated in a way similar to the original KKLT
scenario. This type of models lead to interesting aspects
from the viewpoint of particle phenomenology and cos-
mology [12].

III. INTEGRATING OUT HEAVY MODULI

Here, we study mainly on the first two steps of moduli
stabilization. As above, in the KKLT scenario, stabilization
of T and the other moduli is considered separately. That is,
in the first step S and U“ are stabilized (integrated out), and
in the second step 7 is stabilized. Such potential analysis is
valid physically if the moduli fields S and U® are much
heavier than T with the superpotential,”

W = Wiue + W

Hence, let us evaluate masses of moduli fields. The masses
squared of moduli are obtained by the second derivatives of
the scalar potential,

VaE Vab
(V,“; Va ) (10
where each entry is obtained at D,W = 0 as
Vaslp,w=o = (mo)2; + (my)2; + (mp)2,, (11
Vaplp,w=o = (my)2, + (my)?,, (12)
with
(mo)?5 = XKW, W3, (13)

(my)?2; = WKW, (Ky 5 — KzKg) + He,  (14)

'See also Ref. [16].
This point is confirmed in Appendix by examining potential
minima explicitly and carefully.
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(my)25 = eKIWPKUK ., — KK ) (K g — K5Kg) = 3K 5

(15)
(my)?, = —eKWW,, (16)
(my)2, = —eX|WIAH(K,, — K Kp). 17

We assume that S, T, U® = O(1), and also eX and its
derivatives are of (O(1). The above second derivatives of
scalar potential include two types of mass scales. One is the
superpotential mass, W,,, and the other is supergravity
effect, which is represented by the gravitino mass ms3;, =

eX/2|W|. For example, in V.5lp,w=0 we have

(mg)2; = O(IWq|?), (m)2; = O(WpIm3)0), (18

(m)2; = @(mg/z)-

Note that the third term (mz)i ; appears somehow univer-
sally for all of moduli fields. That implies that if

|Wab| > |m3/2|; (]9)

the moduli fields corresponding to large superpotential
masses can be integrated out first. Furthermore, when all
of moduli masses satisfy the above condition and the
determinant of mass matrix is nonvanishing, all of masses
squared are positive and the SUSY point, D, W = 0, is
stable.’

Now, let us apply the above discussion to the flux
compactification. In general, the superpotential
Wik (S, U%) induces mass terms of S and U%, and those
mass scales are naturally of O(Mp,). On the other hand, the
mass scale of T is of O(ams,) in the above model. Thus,
the procedure that first we integrate out S and U® with T
remaining, is valid when

|thb| > am3/2, (20)

fora, b = S, U?.

Here we give two illustrating examples. The first ex-
ample is the model without complex structure moduli. In
this model, we obtain

Whwx = A + SB, (21)

where A and B are constants. This superpotential does not
include the mass term, i.e. (Wpy,y)ss = 0. Thus, the dilaton
mass is naturally of the gravitino mass, i.e. mg = O(mj),).
That is, the dilaton is not heavier than the modulus 7', and it
is not valid to integrate out S first by using DgWy,, = O.
Indeed, it has been shown that it is inconsistent to first
integrate out S in Ref. [10,11].

The second example is the orientifold model with a
single complex structure U [8]. In this model, we obtain

3See also Ref. [20].
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Wﬂux :AO +A1U+A2S +A3SU, (22)

where A; (i = 0, 1, 2, 3) are constants. This superpotential
includes a mass term between S and U, and its natural scale
is of O(Mp,). Thus, it is valid to integrate out S and U first
with T remaining if my = ams;;, << Mp;. Note that this
mass term has mixing between S and U. That implies that it
is not valid to integrate out only U by use of Dy Wy, = 0,
with S remaining. Therefore, we have to integrate out S and
U at the same time. If the condition m; =~ ams;, < Mp, is
not satisfied and T is heavy, we can not integrate out first S
and U. Instead of that, we have to study moduli stabiliza-
tion for S, U and T at the same time, and the natural order
of m3/2 is of Mp].4

Now, let us consider the condition that we can integrate
out Sand U, i.e., my = am3;, << Mpy. The natural order of
wo = (Whux (S, U pgw=p,ew=0 = M3, is of O(1) in the
unit M, = 1. However, the above condition implies that
wo = Waux (S, U psw=pyaw=0 = Mz, < O(1).  One
way to realize such condition is to fine-tune flux such
that wy = (W (S, U*))pyw=p .w=o is finite, but sup-
pressed compared with Mp.

Another way is to consider the flux compactification
satisfying

Wﬂux = (Wﬂux)u = O, (23)

for a = S, U. On top of that, we add nonperturbative term,
e.g.
Ce™", (24)

which can be induced e.g. by gaugino condensation.
The above condition (23) may be rather -easily
realized compared with the condition wy=
Waux (S, U))paw=pyaw=0 = M3, < O(1) and wy # 0.
We give such an example from Ref. [7], which has the
following superpotential;

Wi = —4GU3 + 1) +28S(U? — 3iU? — 3U + 2i).
(25)
The SUSY minimum D,Wg,, = 0 corresponds to
U= —-iw, S = -1Ro, (26)

where @ = ¢27/3, Indeed, this minimum leads to Eq. (23).
Here we consider the condition leading to Eq. (23) for §
and U. We write the flux-induced superpotential

Wi = fFR(U) + SY(U), 27)

where fRR(U) and fV5(U) are polynomial functions of U.
We write values of S and U at the minimum as Sy and Uj.
The above conditions requires

“In this case, the SUSY breaking scale is Mp;, even after
uplifting to realize de Sitter (or Minkowski) vacuum. That is
not good from the phenomenological purpose to realize the low-
energy SUSY.
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FRR(Uy) = fNS(Uy) = 0. (28)
Thus, we can write
FRRU) = (U = Ug)ee fRR(U),

g (29)
YSW) = (U = Ug)s (),

with positive integers ngg and nyg, where FRENS(U) # 0.
Furthermore, the above condition Wy, = 0 at U, requires

ngr(U — Uo)"RRflJ;RR(Uo)
+ nypSo(U — Ug)™s ™1 f¥5(Uy) = 0. (30)

Obviously, we are interested in the case with Sy # 0. Thus,
there are three cases: 1) the case with ngzp = nyg =1,
2) the case with ngp = nyg = 2 and 3) the case where
both npp and nyg are larger than 2, i.e., ngg, nys = 3. In
the first case, the above condition reduces

FRRWo) + Sof™(Uy) = 0, 31
that is, S, is determined as
F*(Wy)
= —= . (32)
PP

Furthermore, since the real part of S, gives the gauge
coupling, the obtained value of S, must satisfy Re(S;) > 0.

On the other hand, in the second case with ngg, nyg = 2,
the value S is not determined. Actually, we have

(Whw)su = 0, (33)

at Uy, although we have (W, )yy # 0 at U,. That implies
that through this type of flux compactification only the U
moduli is stabilized, but the dilaton S is not stabilized. In
the third case with ngg, nyg = 3, both the moduli S and U
are not stabilized by the flux.

Since in the first case, S has already a larger mass of
O(Mp,), the minimum does not shift significantly by add-
ing Ce™"S as well as terms like Eq. (9), and the added term
leads to a small gravitino mass m3/, = eX/2(Ce™*S), which
is needed to stabilize T at the second stage. This possibil-
ities has been pointed out in Ref. [12].

Concerned about stabilizing T at the second step, there is
a way not to add the superpotential Ce™?S to Wy, but we
change T-dependent superpotential W,,,. We consider not a
single term e~ “T, but more terms like

Cie T — Cre=®T, (34)

that is, the racetrack model. In this case, the mass of 7 is
obtained

|C1|a1>a1/<a1—az>‘ 35)

2142

and it can be smaller than Mp,.
In the second case with ngp, nyg = 2, after the first step
of the flux compactification, two moduli S and 7 remain
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light. Stabilization of such moduli has been discussed by
nonperturbative superpotential, e.g. moduli-mixing race-
track model [21], which leads to a SUSY breaking vacuum
with negative vacuum energy before uplifting.

Here we have studied the model with a single U. The
above discussion can be extended to models with more
than 1 moduli fields U“.

IV. CONCLUSION AND DISCUSSION

We have studied two steps of moduli stabilization
through flux compactification and nonperturbative super-
potential. We need mass hierarchy between superpotential
masses W,;, and the gravitino mass such that the two-step
procedure is valid. Such situation would be realized by
fine-tuning flux such as W,;, > (Wp,,), although the natu-
ral scale of the gravitino mass through the flux superpo-
tential would be of O(Mp,). If we do not consider such fine-
tuning, it would be interesting to use the flux leading to
(Wiux) = 0. With this flux, both of U and S are stabilized,
or only U is stabilized. Thus, after flux compactification,
only T modulus remains light, or two moduli 7 and §
remain light. Remaining moduli can be stabilized at the
second step.
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APPENDIX A: PERTURBATION OF FLUXED
NO-SCALE MINIMUM BY GAUGINO
CONDENSATIONS

In this Appendix, we estimate the shift of the potential
minimum from the no-scale one (23) caused by the gau-
gino condensations, and show that the general argument
that “when S and U have heavy masses through flux
compactification, we can integrate out them at the first
step with only 7 remaining,” holds in a concrete and
typical situation. We assume an effective theory described
by 4D N = 1 supergravity parameterized by the following
Kihler and superpotential®:

K= —-ngln(S+ S) — nyIn(T + T) — ny In(U + 0),
W= f(S,U)+ g(S,T), (A1)

where the superpotential terms f(S, U) = Wy, and
g(S, T) = W,, may originate from the flux and gaugino

5Generalization to the case with more than 1 Kihler and
complex structure modulus might be straightforward.
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condensations with moduli-mixed gauge couplings, re-
spectively, given by

£(8,0) = fR*(U) + S5,
g(S,T)= Zcme_(bms‘*—a,,,T).

1. No-scale minimum

First we analyze a SUSY minimum without gaugino
condensations, i.e. W = f(S, U). In this case, some com-
binations of flux may allow the global SUSY minimum
realized by conditions fg = f; = f = 0, which result in
S = — RR(U)/fYS(U) and fRR(U) = FNS(U) = 0 where

RRNS = 9, fRRNS Note that the global SUSY condition
W, =W =0 satisfies the SUSY stationary condition
D,W=W,+ K,W =0 in the supergravity. We denote
S and U satisfying these conditions by S, and U, i.e.,

<U> = U() such that fRR(U()) = fNS(UO) =0,
(8) = 8o = —fRR(U,)/ f5(Uy).

Note that Kidhler modulus 7 remains as a flat direction in
the case with ny = 3 for which the scalar potential is in the
no-scale form (4), and we assume ny = 3 in the following
arguments.

(A2)

2., m2, = m?2 are evaluated by
. ab> 4 ab .
computing the second derivatives of the scalar potential,

The moduli masses m

~1/2 —1/2 ~1/2 = 1/2
mig = Kaa/ Khﬁ/ Vi mgb - Kaa/ Kbl;/ Vo

In the case with W = f(S, U), we find

Viils—s,v-v, = €“K“f caf as Vapls=s,v=v, = 0.

(A3)
The moduli fields S and U typically receive heavy masses
if f,, # 0 (a = S, U), because the parameters in the flux

superpotential f(S, U) are expected to be naturally of O(1)
in the unit Mp; = 1.

2. Including gaugino condensations

Next we consider the case with W = f(S, U) + g(S, T)
and study the perturbation of the previous SUSY vacuum
caused by gaugino condensations described by additional
superpotential terms in g(S, 7). For such purpose, we
analyze the shift of the vacuum

T=T0+5T, S=S0+5S, U=U0+5U,

(A4)
around the vacuum satisfying Dgf = Dyf =0 and
Drg = 0 defined by

flo= fslo = fulo =0 glo = —gr/Krly # 0,

(A5)

where |, stands for |;—7 ¢—¢ y—r.. The first derivatives of
0 T=T,,5=S, U=U,
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G = K + In|W/|? can be expanded as

Gy = Gulo + 848G ly + O(5%),

where the indices A, B, C, ... run all the holomorphic and
antiholomorphic fields as A, B, C,...= (S, T, U, S, T, U)
and 8 ¢ denotes the deviation of the vacuum value 8 4 =
88, 8T, 8U, 8S, 8T, SU with the corresponding index.

At the linear order of §¢*, the solution of the SUSY
stationary condition G4 = 0 is given by

8dh = —G*BGyl, + 0(82), (A6)

where G45G8¢ = §,€. If we assume that all the parame-
ters in f(S, U) and g(S,T) are of order one quantities
except for a,, ~ b,, > 1, we may naturally obtain

Klo, KAlO’ KAB'O’ ees T @(1),
fahl()’ fahc|0’ fahcdl()’ s 7 @(])>
glo < gaplo < gapelo, - < 1,

if nonvanishing, by which we can expect the hierarchical
structure

Guulo Gsulo, > Ggslo, Gsrlo, Grrlo, > Guslo = K5lo,

> GTUlO = O, (A7)

where G, = K, + W, /W — (W,/W)(W,/W). From
this, we can approximate G, by the block-diagonal form,

G, 0
GAB|0~< (;Jlo G-5|o>,

and the same for its inverse GAZ. This means that Eq. (A6)
becomes a holomorphic equation, §¢¢ = —GG,|, +
0(58?), and with the explicit form of G** we find

G
oT - G_ii ﬁ %Gs - Gy)
35 | =g 7w (i Os ~ Go) +0(s?),
7 Us 0
(A8)
where

GT|0 = gT|o =0,
Gslo = Gslo = (gs/g + Ks)lo ~ O(b,,) ~ O(a,,),

GU|0 = GU|0 = KUlO ~ (9(1), (A9)

and G =K +In|g|>. Therefore we find §P/dd ~
0(g) < 1 with ®* = (T, S, U) for ®f = ®|, ~ O(1),
and this linearized analysis is enough to study the com-
bined effect of the fluxes and the gaugino condensations.

045012-5



HIROYUKI ABE, TETSUTARO HIGAKI, AND TATSUO KOBAYASHI

PHYSICAL REVIEW D 74, 045012 (2006)

3. Moduli mass

Here we estimate the moduli masses and mixing at the vacuum (A4) determined by Eq. (A8). Up to the second order of

8¢’ we can expand the moduli masses as®

1/2 —1/2
mAB K/ /VAB

1
miglo + 8¢Cacmigly + §5¢05¢D3caDmi3|o + 0(8%)

1
= Z,(421)3VAB|0 + 5¢CZ,(41;VABC|O + §3¢C5¢DZSJI)3VABCD|O + 0(8%),

where

1 _ _ 3. -
Ziiy = Zip — ZZEPQ{KAA‘ Kunco + KppKssep =5 (KiiKancKanp + KpiKscKasp)

.. P
- E(KAAIKBJ_;KAA,CKBB,D + KAAlKBI;KAA,DKBB,C)}5¢C5¢D,

1 0
Zip = Z&é{l

All the derivatives of scalar potential V4, V43, ..
.. At the point (A5), these can be written as

Glo = Glo, Galo = Galo,

U - 0
E(KAAlKAA,C + KséKBB,c)3¢C}, z%

(A10)

= K,k (Al1)

. can be written in terms of G = K + In|W/|? and its derivatives, Gy, Gup,

5= Gaglo + & ' faslo -- ..

where G = K + In|g|?. By calculating V,p, Vugc, Vapep and taking Eq. (A7) into account, we find the leading
contributions to each component in moduli mass matrices squared as

(wrr + 5MTT)|8|2 (rs + 5MTS)|8|2 Opro8
e Km2~ | (Brs + durs)lsl? K Kyplfsul K"Ky fsvfou , (A12)
Sy & K551/2 sz afuvu K[;U(KS Ifsul* + K G fuul?) 0
(wrr + Sprp)lgl?  (urs + Surs)lgl?  Surylgl?
e Km2, ~ | (urs + durs)lgl?  (uss + duss)lgl>  Susyd , (A13)
Surulgl’ Susug Suyug ) |,

where the row and column correspond to a, b = (T, S, U).
The coefficients u 45 represent the contributions from G,

Map = K,ZAl/z 1/2 e 9V g,
V= eG(gabga GE - 3)!
and given by, e.g.,

wrr =K (K. |GTT|2+K |GST|2)_2+K 'Gsl?
-~ (Q(am),
T — (KTTKSS)71(|GS|ZGTT + GSQTTS) - GTT ~ @((lfn),

®The coefficient K, M VK, BB V2 in m?, originates from the
normalization of kinetic terms. Note that here we are assuming
the Kihler potential without moduli mixing (A1).

[
and similarly wys, pss, s ~ O(as,). On the other hand,
the terms with coefficients 6 w45 come from the remaining
contributions (g-f mixed terms in Vg, Vagc, Vapcep), and
are given by, e.g.,

oMyt = _K_’1|GS|2 ~ 0(a2),
durg = (KrpKyg)™ I/ZK QSTfSU O(a3),
Sprr = —(Kr7Kss) ' (1GsI*Grr + GsGrrs) ~ Olad),

and similarly 8 urs, Spry, Siss, Sy, Spyy = O(al,).
First, from the lower right 2 X 2 submatrix in Eq. (A12),

mig with a, b = (S,U), we find that the moduli §

and U generically receive O(Mp) of heavy masses.
Second, since O(a¥,) of contributions in wy7 and 8uyr
cancel each other, w;r + Surr = —Grr ~ O(a2,) while
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prr + 8urr ~ Olay,), we find m?2. > mj; and the
imaginary direction, Im7 is not destabilized.

So far, to estimate ury, wry and their deviations, we
have considered the case with g(S, T), where two or more
a,, are nonvanishing. When only a single a,, is nonvanish-
ing and g(S, T) includes other S-dependent terms as well as
constant term, the above estimation would change because
of e.g. Grr = O(a,,). However, the imaginary direction,
ImT is stable still.

The third point is that, the 7-U mixing m3., ~ O(az,|gl)
can affect the lightest eigenvalue of m?; that is @(a lgl?).
If we normalize m?; and define the 3 X 3 matrix’

ab
M = KSSKUUlfSU| ’m 25
Zlgl* 0
= 0 1
Yg X 1+ |X|2
where
X = (Kss/Ku)"*(Foo/fs0):
Y = (Kyg/Krp)V*(Gsr/ fsv),
Z = KgsKyplfsul K7 (K 11Grrl* + K 1Gsrl?) — 2},

the eigenvalue equation for M is given by
—2+ 2+ X2+ ZIglHA? = (1 +{z2 + |X]?)
— [YPHgl)A + (Z - [YP)lgl* =0,

where A is the eigenvalue of M. For the lightest eigenvalue
A ~ O(|g|?), this equation is approximated as

—A+Z - 1YP)gl* + 0(gl*) =0,

"Here we assume fg; # 0, and omit m’ |g|> which
does not affect the following order estlmatlon wﬁen fsu # 0.
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and we find the mass squared of the lightest mode 7~ as

szj, = X (KssKyo) ' Ifsul*A
= MK 721Gl = 2)lgllo.
This is actually the same as the mass squared m,zr 7 calcu-
lated from the generalized Kéhler potential
G(T) = K(S, T, Uy) + Inlg(Sy, T)I%, (A14)

at the SUSY point G(7') = 0, which supports the fact
that the low-energy effective theory of the light mode T is
described by G(7T'). In addition, large eigenvalues of M
are obtained as

_1 2 2 2
A —5(2 + X7 = IX[y4 + IX1?) + O(gl®).

These coincide with masses squared, which are obtained
from (A3) and are positive.

We finally comment that all the analyses and results in
this appendix would be applied to the perturbation of (fine-
tuned) AdS minimum

flo=—fs/Kslo = —fu/Kylo = wo ~
Wly = wo + glo = —gr/Krlos

instead of the no-scale minimum (AS5). This will be done
by replacing gl, — w, + glo everywhere, g(S,, T)—
wo + g(So, T) in Eq. (A14) and forgetting Eq. (A9), at
least as long as the following condition holds

falo = —Kalowo ~ O(gly) < g,lo ~ O(a,glo).

for a =(S,U) and b = (S, T). However, as shown in
Sec. III, a (fine-tuned) nonvanishing value of wjy ~
O(gly) is not necessary in order to stabilize 7~ through
G(T). To do that, we can assume, e.g., the existence of
(24) in g(S, T) which generates a constant superpotential
term Ce %5 ~ O(g|,) naturally and effectively in G(7).

(A15)

O(glo).
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