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Abstra
tWe study properties of moduli stabilization in the four dimensional N = 1 su-pergravity theory with heavy moduli and would-be saxion-axion multiplets in
ludinglight string-theoreti
 axions. We give general formulation for the s
enario that heavymoduli and saxions are stabilized while axions remain light, assuming that moduli arestabilized near the supersymmetri
 solution. One 
an �nd stable va
uum, i.e. non-ta
hyoni
 saxions, in the non-supersymmetri
 Minkowski va
ua. We also dis
uss the
ases, where the moduli are 
oupled to the supersymmetry breaking se
tor and/ormoduli have 
ontributions to supersymmetry breaking. Futhermore we study themodels with axions originating from matter-like �elds. Our analysis on modulistabilization is appli
able even if there are not light axion multiplets.
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1 Introdu
tionModuli stabilization in superstring theories 
ompa
ti�ed on the internal spa
e is ne
essary todetermine physi
al parameters su
h as gauge 
ouplings [1℄, Yukawa 
ouplings [2, 3℄ and softsupersymmetry (SUSY) breaking parameters [4℄ in the visible se
tor, and to evade the moduliproblem [5℄ and undesirable new for
es [6℄. As a 
onsequen
e, it also 
an give several interestingimpli
ations to parti
le physi
s [7, 8, 9, 10, 11, 12℄, through the KKLT proposal [13℄ or thera
etra
k model [14℄.The 
omplex moduli �elds in four dimension typi
ally 
onsist of s
alars f�g originating fromgeometry of 
ompa
ti�
ation spa
e (e.g. its volume) and pseudo-s
alars fag 
oming from NSNSor RR tensor �elds. Even though all the s
alars f�g are stabilized, some of their partnersfag 
an still remain light due to the shift symmetries: a ! a + 
onst. Therefore the latterpseudo-s
alars are often 
alled string-theoreti
 axions [15, 16, 17℄ and 
an in
lude the QCDaxion to solve the strong CP problem [18, 19, 20℄1. The number of these axions are originallydetermined by the topologi
al property of 
ompa
ti�ed spa
e, e.g. the Hodge numbers of Calabi-Yau (CY) three-fold [21℄. (See also for e�e
tive �eld theories [22, 23℄.) Be
ause the numbers
an be mu
h larger than of order unity, one 
an �nd many light string-theoreti
 axions throughthe moduli stabilization, that is, the string axiverse [24℄. The axions 
an have large axionde
ay 
onstants beyond the axion window [25℄2 and 
an give in
uen
es on the 
osmologi
alobservations [24℄. For instan
e, their misalignment angles and Hubble s
ale during in
ationaryepo
h are 
onstrained and future observations of tensor modes and iso
urvature perturbations
ould suggest the eviden
e of the (non-)axiverse [26℄. Of 
ourse, the reli
 abundan
e of theaxions should not ex
eed the observed matter density [27℄. This will give interesting 
onstraintnot only on the observations but also on the string models in terms of moduli stabilization.Therefore our purpose is to study general framework of moduli stabilization leading to lightaxions based on the N = 1 supergravity (SUGRA).Besides string-theoreti
 axions, one often obtains light �eld-theoreti
 axions at low energy,too. Thus, in general, the number of axions is estimated as [28℄(the number of axions) = (the number of �elds)+1� (the number of terms in the W ):1 If we are to identify one of the axions with the QCD axion, the quality of the PQ symmetry needs to be
he
ked for solving the strong CP problem: Æm2a . 10�11(mQCDa )2. Here axion mass Æm2a is a 
ontribution fromnon-QCD e�e
ts, mQCDa � �2QCD=fa is the QCD axion mass just from the instanton, fa is the de
ay 
onstant ofthe QCD axion and �QCD = O(100) MeV is the QCD s
ale.2 In the LARGE volume s
enario [9℄, one 
an �nd Mstring ' 1011 GeV�MPl = 2:4 � 1018 GeV [16℄.2



Here W is the superpotential. This is be
ause the Pe

ei-Quinn (PQ) shift symmetries of�elds and the R-symmetry produ
e 
andidates of the axions whereas independent terms in thesuperpotential kill them, assuming the K�ahler potential K preserves these symmetries. Evenif the R-symmetry is broken expli
itly, this estimate is 
onsistent when the 
onstant in thesuperpotential is involved in the term "the number of terms in the W". Although we havenegle
ted ve
tor multiplets whi
h 
an be
ome massive, they 
an also redu
e the number ofaxion 
andidates by absorbing them. When this 
ounting be
omes negative or zero, we do nothave any light axions. If there are very small terms violating PQ symmetries in W or K, theygive very light masses to the axions.In this paper, we study the moduli stabilization s
enario leading to light axions. We dis
uss
onditions to give heavy masses to all of real parts of moduli and leave some of imaginary partsmassless. One of important 
onditions is SUSY breaking, and the typi
al mass s
ale is thegravitino mass m3=2. All of the real parts of moduli must have masses, whi
h are larger thanthe gravitino mass and/or 
omparable to the gravitino mass. On the other hand, light axionsmasses are smaller and 
ould be of O(mr+13=2 =M rp ) with r = O(1) or a few tens.In Se
tion 2, we will study the properties of non-supersymmetri
 va
ua with light string-theoreti
 axions. We will also give 
omments on 
losed string moduli whi
h are dire
tly 
oupledto the SUSY breaking se
tor. In Se
tion 3, we will study the string-theoreti
 R-axion and thesaxion-axion multiplet breaking SUSY. In Se
tion 4, we will dis
uss 
orre
tions to the lightaxion masses from small breaking terms of PQ symmetries in the superpotential and the K�ahlerpotential. In Se
tion 5, we will give 
omments on simple models of �eld-theoreti
 axions in termsof e�e
tive �eld theories. In Se
tion 6, we will 
on
lude this paper. Our analysis on modulistabilization is appli
able even if there are not light axion multiplets. In Appendix, several typesof moduli stabilization models are brie
y reviewed. We will give a brief 
omment on the LARGEvolume s
enario based on the re
ent work of the neutral instanton e�e
t in
luding odd paritymoduli under orientifold parity.2 Light string-theoreti
 axionsIn the following se
tions, we will 
onsider moduli stabilization at low energy with the assumptionthat irrelevant moduli are heavy by 
losed string 
uxes [29℄. The remaining moduli of our interest
an be stabilized via gaugino 
ondensation [30℄ or (stringy) instanton e�e
ts [31℄. Thus we study
3



the superpotential below:W = W (�) =W0 +Xk Ak exp(�Xi a(k)i �i): (2.1)Here W0 is a 
onstant from the 
uxes, f�ig are heavy 
losed string moduli �elds whi
h arestabilized by this superpotential and we use the unit MPl = 2:4 � 1018 GeV � 1. We study thepossibility that we 
an have massless axions at this stage. The s
alar potential is written by thesuperpotential W and the K�ahler potential K,V = VF= eG[GIG �JGI �J � 3℄ (2.2)= eK hKI �J(DIW )(DJW )� 3jW j2i ;where G = K + log jW j2; DIW = (�IK)W + �IW: (2.3)Here, KI �J = GI �J denotes the inverse of the K�ahler metri
 KI �J = �I �� �JK. F-terms and thegravitino mass m3=2 are given asF I = �eG=2GI = �eG=2GI �JG �J ; m3=2 = eG=2: (2.4)We will fo
us just on VF for simpli
ity.2.1 Light string-theoreti
 axions and saxion masses in the SUSY va
uumIn this subse
tion, we brie
y review [16℄. We study saxion masses in the SUSY va
uum withlight axions.For instan
e, let us 
onsider the superpotential with two moduli (T1; T2):W =W0 +Ae�a(T1+T2) �W0 +Ae�a�: (2.5)One 
an �nd u � T1�T2 is absent from the superpotential, that is, we have just one phase of �:�uW = 0. Then the imaginary part Im(u) is a massless axion whereas Re(u) may be stabilizedvia the K�ahler potential K = K(Ti + Ti).One 
an generalize this argument to the 
ase with many axions. Chiral super�elds are
lassi�ed into two 
lasses. One 
lass of �elds u�(� ��+ib�) do not appear in the superpotential,i.e. �W�u� = 0; (2.6)4



while the �elds �i in the other 
lass appear. Then, the imaginary parts of u�, i.e. b� arestring-theoreti
 axions, whi
h have 
at dire
tions in the s
alar potential for the form of K�ahlerpotential, K(u+ �u). We evaluate masses of the real parts of u�, i.e. saxions ��. In the SUSYva
uum with stabilized moduli one �ndsDîW = 0 for 8 î = (�i; u�): (2.7)For the �elds u�, this leads to �K�u� = 0 or W = 0: (2.8)In this 
ase, we �ndh������VF iSUSY = 4eK jW j2 h2K î�̂jKî(��K�)�̂j � 3K���i = �4eK jW j2K��� � 0: (2.9)That is, every massless string-theoreti
 axion has undesirable massless saxion for W = 0 orta
hyoni
 saxion in the SUSY AdS va
uum for W 6= 0. This is be
ause K��� is the positivede�nite matrix. Note that the term 4eK jW j2 � (�3K���) 
omes from the va
uum energy. Wehave used the property of perturbative moduli K�ahler potential,���K(� + �;u+ u) = 2�u�K(� + �;u+ u) = 2��u�K(� + �;u+ u): (2.10)The ta
hyoni
 instability might not be problemati
 in the AdS va
uum be
ause of theBreitenlohner-Freedman bound [32℄. At any rate, one should 
onsider the SUSY breakingMinkowski va
uum to realize the realisti
 va
uum, although one may need �ne-tuning to upliftthe SUSY AdS va
uum to the Minkowski one. Hen
e, in the following se
tions, we will 
onsiderthe SUSY breaking e�e
ts and then one 
an see that the saxions be
ome stable for vanishingva
uum energy 3.2.2 Light string-theoreti
 axions and the saxion mass in the SUSY breakingMinkowski va
uumHere, we study saxion stabilizaton in the SUSY breaking Minkowski va
uum with light axions.As a SUSY breaking sour
e, we 
onsider a single 
hiral �eld X. We assume that moduli F -termsGî (̂i = i; �) are smaller than GX and the 
osmologi
al 
onstant is vanishing, hVF i = 0, that is,GXGX ' 3; GXGX � GîGî; (2.11)3 One 
an also 
onsider a non-perturbative e�e
t on the K�ahler potential or D-term moduli stabilization whi
hmeans a gauge multiplet eats an axion multiplet to lift saxion dire
tion.5



where GA = GA �BG �B .Here, we study the model, where the SUSY breaking se
tor X and moduli are de
oupled inthe K�ahler potential K and the superpotential W . That is, we 
onsider the following form ofthe K�ahler potential and the superpotentialK = K̂(X;X) +K(� + �; u+ u); W = Ŵ (X) +W(�): (2.12)Hereafter we will set KX �X = 1 at the leading order of XX. Note that ��W = 0 and GX�̂i =KX�̂i = 0. When there is a large mass splitting between moduli � and X, KX�i 6= 0 wouldbe possible, but KX�i � 1 would be ne
essary for the stable va
uum; KX�i = 0 would bean appropriate approximation. A simple example of the SUSY breaking models has Ŵ = �2X[34, 35, 36, 37℄4. At any rate, here we 
onsider generi
 form of the SUSY breaking superpotentialŴ . From the above assumption, one expe
ts moduli �i and u� are stabilized near the SUSYsolution, KiW +Wi � 0; K� � 0; (2.13)su
h that one obtains heavier moduli masses than the gravitino mass m3=2 = eG=2. In the SUSYbreaking va
uum with a vanishing 
osmologi
al 
onstant, one �nds the stationary 
ondition:�IVF = GIVF + eG[GI +GKrIGK ℄ = 0; (2.14)whi
h leads to GAIG �BGA �B +GI �GAG �B�IGA �B = 0: (2.15)Here I denotes X; i, � and r is a 
ovariant derivative with respe
t to the K�ahler metri
. Sin
eGX�i = 0, the above equation be
omesp3(GXX + 1) +GXîG�jGî�̂j �GXG �X�XGX �X = 0 for I = X;p3GXî +GîĵG�̂kGĵ�k +Gî �GĵG�̂k�îGĵ�̂k = 0 for I = î: (2.16)Here, we have used GX = G �X = p3; (2.17)4 There are also models in
luding SUSY breaking moduli [38℄, but we will not 
onsider su
h models sin
esubtle �ne-tuning would be ne
essary. 6



be
ause KX �X = 1 and eq. (2.11). Using GX� = 0, one �nds in the va
uumG� = K� = 12GîG�̂j��Gî�̂j : (2.18)This means F -term of u� is suppressed unless there is mixing between (X;�i) and u�. For Xand �i, one 
an typi
ally negle
t sub-leading termsGXîG�̂jGî�̂j � 1;Gi �GĵG�̂k�iGĵ�̂k �p3GXi +GiĵG�̂kGĵ �̂k; (2.19)and one obtains rXGX ' �1; Gi ' �p3(G�1)ijGXj : (2.20)Here (G�1)ij (i; j 6= �) is an inverse matrix of Gij = Ki�j +Wij=W �WiWj=W 2. Thus one 
anexpe
t the shifts from the SUSY solution of Gi = 0 and K� = 0 are given byÆ�i � K�kl(G�1)il(G�1)�k�jG �X�j; Æu� � K���GiG�j� ��Gi�j �K���K��iÆ�i: (2.21)Here we have used typi
al resultsP�k�heavy moduliKi�kK�kj � Æji andP�
�light moduliK��
K�
� � Æ��.One will see these shifts 
an be suppressed by the heavy moduli masses squared as m23=2=m2�i .2.2.1 Masses for sGoldstino X and heavy moduli �iWe evaluate masses of X and �i. By di�erentiating eq.(2.14), we obtain in the va
uumhVI �Ji = eG[GI �J +rIGK �r �JGK �RI �JK �LGKG�L℄ + (GI �J �GIG �J)VF ;hVIJi = eG[2rJGI +GKrJrIGK ℄ + (rJGI �GIGJ)VF ; (2.22)where RI �JK �L � KI �JK �L �KIK �AK �ABK �J �LB: (2.23)Sin
e we assumed that heavy moduli �i are stabilized near the SUSY solution, one 
an negle
tGI term to 
al
ulate heavy moduli masses m�i at the leading order of SUSY breaking e�e
t.For example, one expe
ts m�i � ai�im3=2; (2.24)for the KKLT-like stabilization [13℄ andm�i & (ai�i)2m3=2; (2.25)7



for the ra
etra
k model [14℄, whi
h is viable even for W0 = 0. (See also Appendi
es A.2 andA.4 for the KKLT-like stabilization and the ra
etra
k model, respe
tively.) Here ai denotes themost e�e
tive (or smallest) one in fa(k)i g appearing in the eq.(2.1) to the moduli mass m�i . One
ould obtain heavier moduli masses than the gravitino mass by �ne-tuning the 
onstant W0 inthe ra
etra
k model [39℄.In general, one expe
ts m�i � m3=2 and mass squared matrix elements of the moduli � arewritten as Vi�j ' eG[GikG�j�lGk�l℄ � Ki�jm2�i ; Vij � 2eGGij � 2Ki�jm3=2m�i ; (2.26)that is, Vi�j � Vij ; (2.27)for m�i � m3=2. Note that the mass qVi�j=Ki�j ' m�i is the supersymmetri
 mass of modulus�i. In the above, we have used the following approximation,Gij = Ki�j + WijW � WiWjW 2 ' Ki�j �KiKj + WijW ' WijW � Ki�j m�im3=2 ;GXi = �WiŴXW 2 ' �(p3� K̂X)Ki � Ki � Gij ;Gijk � WijkW � WijWkW 2 � akKi�j m�im3=2 +KkKi�j m�im3=2 � akKi�j m�im3=2 ;GXij � �WijŴXW 2 � �Ki�j m�im3=2 : (2.28)We took the diagonal mass matrix Gij for simplifying the dis
ussion here. Also one �ndsGi � (3�p3K̂X)Ki�jK�jm3=2m�i � �(�i +�i)(3 �p3K̂X)m3=2m�i : (2.29)For G� with Ki� 6= 0 for any i, their values are estimated as G� ' K��i �G�i � Gi. Here wehave used no-s
ale like stru
ture P�j�heavy moduliKi�jK�j � �(�i + �i) up to would-be smallperturbative 
orre
tions, though there is the small u� dependen
ies K� � 0. Note that the
ontribution of eq.(2.28) to Vij 
an be 
omparable to supersymmetri
 
ase, but one still hasVi�j � Vij. Thus, one 
an obtain the (perturbatively) stable minimum for proper values of themoduli masses, m�i . That is, by making Vi�j larger than Vij , one 
an realize positive de�nitemass eigenvalues for all of moduli around the SUSY solution Gi = 0. Indeed, by using the aboveresult, it is found the shift Æ�i in (2.21) is suppressed by the fa
tor, m23=2=m2�i .Next, we evaluate the mass of sGoldstino X. The sGoldstino a
quires not the mass fromW but only SUSY breaking mass from the K�ahler potential be
ause of massless Goldstino in8



the rigid limit. There is the ne
essary 
ondition (not suÆ
ient) for the stable SUSY breakingva
uum, i.e. non-ta
hyoni
 non-holomorphi
 sGoldstino mass [38, 40℄:m2 = VI �Jf If �J = [3(1 + 
)�̂ � 2
℄m23=2 > 0; (2.30)where 
 � VF3m23=2 ; �̂ � 23 �RI �JK �Lf If �JfKf �L; f I � GIpGKGK : (2.31)For 
 = 0 one expe
tsm2 = 3�̂m23=2;�̂ ' 23 �RX �XX �X = 23 +KXX �XKX �XK �X �XX �KX �XX �X : (2.32)For instan
e, let us 
onsider the K�ahler potential with a heavy s
ale ��MPl � 1 [41, 35, 36℄K̂ = XX � (XX)24�2 + � � � : (2.33)Then one obtains �̂ = 1�2 + XX�4 + 23 > 0: (2.34)Here hXi would be of O(�2) for the Polonyi model. For o�-diagonal 
omponent VXX , so long asGXXX and �X�XXX are of order unity in the Plan
k unit, one 
an �nd VXX = O(m23=2) � m2.Thus, there would be the stable minimum. For string theories, � would 
orrespond to the masss
ale of heavy �eld whi
h is 
oupled to X, su
h as anomalous U(1) gauge multiplet mass [42℄whi
h is 
omparable to the string s
ale, when X has the U(1) 
harge.2.2.2 Masses for saxion ��Here, we evaluate masses of saxion ��. One �nds positive mass squared:h������VF i = 4eG h2G��� � �îG���Gî � ���̂iG���G�̂i +GîG�̂j�� ����Gî�̂ji ' 8eGG��� > 0:(2.35)Here we have negle
ted the last three terms in the bra
ket, sin
e when one obtains m3=2 =eG=2 � m�i one 
an �nd Gî�îG��� � m3=2m� G��� : (2.36)Again we have used no-s
ale like stru
ture K�jKi�jKi = 
onst: Then the last three terms ineq.(2.35) are suppressed by m3=2=m� and (m3=2=m�)2 respe
tively, 
ompared to the �rst term.9



Instead of X, with the sequestered expli
it SUSY breaking term Vlift = �e2K=3 where � =3heK=3jW j2i, one �nds the similar results [17℄, h������VF i ' 4eGG��� and Gi � (G�1)ijKj �(�i +�i)m3=2=m�i , i.e. m� ' p2m3=2. Here we have negle
ted the term whi
h is proportionalto K�K� in h������VF i. Note also that mass spe
tra of heavy moduli for su
h a 
ase are similarto ones dis
ussed above.2.2.3 Matrix elementsHere, we summarize the mass matrix. In
luding other matrix elements, one 
an �nd typi
allyVi�j � eG hGikGk�j +GiX �G�j �Xi � eGGikGk�j ' Ki�jm2�i ;Vij � eG [2Gij +GijX ℄ � 2eGGij ' 2Ki�jm�im3=2;Vi �X � eG hGijGj�X +GiXi � eGGijGj�X � Kim�im3=2;ViX � eGGjGXij � m23=2m�im�j (�j +�j)Ki�j � Kim23=2;VX �X � �eGRX �XX �X jGX j2 ' 3�̂m23=2; (2.37)VXX � eG �1 +rXrXGX +Gi(GXXi + �XXXGXi)� � m23=2;Vi�� � eGGkiGjGk �mK�j �m � m23=2m�im�j (�j +�j)Kij �� � Ki��m23=2;VX�� � eGGiXGjGi �mK�j �m � (�i + ��i)Ki��m23=2m3=2m�i ;V���� ' 8m23=2K��� ;where we have used GXXi � 2W 2XWiW 3 � WXXWiW 2 � 2WXiWXW 2 + WXXiW � Ki; (2.38)as well as �nXW . W . In general, VXX and Vi �X 
ould 
ause the va
uum instability even ifm�i � m3=2 and �̂ > 0. Based on these matrix elements one expe
ts the 
onditionsVij < Vi�j ; VXX < VX �X ;ViX ; Vi �X < qVi�jVX �X ; Vi�� <qVi�jV��� ; VX�� <pVX �XV���� (2.39)should be satis�ed for the (meta)stability. For this 
ase, so long as �̂ � 1 one would obtain thestable minimum. Then, the mass spe
trum is summarized asm2i ' m2�i � m2X� ' 3�̂m23=2; m2�� ' 4m23=2: (2.40)At this stage, the axions b� are massless. Note that all of saxions �� 
orresponding to masslessaxions have almost the same mass m�� = 2m3=2.10



Here, after the Goldstino is absorbed into the gravitino, the unnormalized axino masses aregiven by (m~a)�� = eG=2 �r�G� + 13G�G��' eG=2G��� : (2.41)We have negle
ted G� and Gi be
ause they are of O(m3=2=m�i) 
orre
tions.2.2.4 F -termIn the above 
ase, one 
an �ndFX ' �p3m3=2; F i�i +�i ' p3(p3�KX)m3=2m3=2m�i � F�u� + u� : (2.42)Here we used the result Gi ' Gi�jG�j ; G� ' G��jG�j ; (i; �j 6= �); (2.43)whi
h leads to G� � Gi. Even if any u� are stabilized via D-terms, K� � 0, we gain F -termof the u� through the o�-diagonal K�ahler metri
 [43, 44, 45℄. Note that if G��j = 0, one �ndsF� = 0 sin
e G� = 0 for su
h a 
ase [46℄. For string-theoreti
 axion(s) breaking SUSY, see theSe
tion 3.2.2.3 Note on mixing between X and moduli and D-termsFor simpli
ity, we have dis
ussed so far the 
ase that the SUSY breaking �eld X does not 
oupleto moduli � for a simpli
ity. However, in string theories, it is natural that moduli are 
oupled tothe SUSY breaking se
tor via non-perturbative e�e
ts, so that one obtains mu
h smaller s
alethan the string s
ale. Now, let us 
onsider the mixing between X and heavy moduli by repla
ingŴ (X) in (2.12) as follows, Ŵ (X;�) = f(X) exp[�Xi aXi �iX ℄: (2.44)Here f(X) depends only on X. For instan
e one 
an 
onsider the 
ase that f(X) � X [36, 37℄or f(X) � X�1 [10℄. Then, we 
onsider the moduli stabilization with the superpotential,W = Ŵ (X;�) +Xk Ake�Pi a(k)i �iX : (2.45)We assume aXi � ai; (2.46)11



in the above superpotential, where ai is the most e�e
tive one to the moduli mass in a(k)i for�iX . Then one 
an �nd WXi � �aiWX ' �ai(p3�KX)W: (2.47)Also, one obtains for �iXGXi = WXiW � WiWXW 2 ' �(p3�KX)(aXi +Ki) . Gij ;GXij � WXijW � WijWXW � aXi aXj �Ki�j m�im3=2 � aXi aXj & Gij ; (2.48)GXXi � 2W 2XWiW 3 � WXXWiW 2 � 2WXiWXW 2 + WXXiW � Ki + aXi ;and also we estimateGi � (G�1)ijGjX � Ki�jaXj m3=2m�i � a(� + ��)2m3=2m� ;G� � K��i �G�i � Gi: (2.49)For metastability, one expe
ts the 
onditions (2.39) should be satis�ed.Here, with the assumption that GXXX = O(1), one �nds for �iXVi�j � eG hGikGk�j +GiX �G�j �Xi � Ki�jm2�i + aXi aXj m23=2;Vij � eG h2Gij +GijX +GkGijki � Ki�jm�im3=2 + aXi aXj m23=2 + aXi ajm23=2m�im�j ;Vi �X � eG hGijGj�X +GiXi � aXi m�im3=2 + aXi m23=2;ViX � eG �GXXi + (1 + �XXX)GXi +GjGXij� � aXi Kj�kaXj aXk m23=2m3=2m�j + aXi m23=2;VX �X � GiXGi�X � eGRX �XX �X jGX j2 ' 3�̂Rm23=2 +Ki�jaXi aXj m23=2;VXX � eG �1 +rXrXGX +Gi(GXXi + �XXXGXi)� � m23=2�1 +Ki�jaXi aXj m3=2m�i � ;Vi�� � eG hGi�� +GkiGjGk �mK�j �mi � Kj�kKij ��aXk m23=2m�im�j +Ki��m23=2� Kj�kKij ��aXk m23=2 +Ki��m23=2;VX�� � eGGiXGjGi �mK�j �m � Ki�laXi Kj �maXmKj�l�m23=2m3=2m�j ;V���� � K���m23=2(8 + aXi �im3=2m�i ) � K���m23=2; (2.50)where �̂R denotes only RX �XX �X 
ontribution in �̂.However, if the linear 
ombination of aXi �iX were stabilized via a KKLT-like model, i.e.DW jKKLT � 0 and mi � (ai�iX)m3=2, one would obtainGXGX � GiGi; (2.51)12



in addition to ViX � Vi �X � pVi�jVX �X for �̂R . aXi �iX , Vi�j � Vij and Vi�� � pVi�jV���� . Thismeans the assumption that GX is the main sour
e of the SUSY breaking is violated; KKLTstabilization of aXi �iX and realization of the Minkowski va
uum 
an not be realized su

essfullyand the va
uum would be destabilized to the SUSY AdS one [36, 47, 48℄. Even if the assumptionthat ai � aXi is violated, the uplifting to the Minkowski va
uum with KKLT stabilization ofaXi �iX would fail sin
e there would be the runaway dire
tion, e.g., for small X. Thus, the linear
ombination of moduli aXi �iX , whi
h are 
oupled to the SUSY breaking se
tor X, should bestabilized via ra
etra
k model [10, 36, 37℄5, 
uxes, or D-terms [49, 43℄, so that they gain mu
hheavier masses than the KKLT-type mass, mi & (ai�iX)2m3=2 � (ai�iX)m3=2 � m3=2. (See also[28℄ for models in whi
h there is the 
oupling between the SUSY breaking se
tor and the saxion-axion multiplet. In the model, one �nds also the saxion mass mu
h larger than the gravitinomass via the K�ahler stabilization.)For D-term stabilization ��iK = 0, the moduli 
harged under anomalous U(1) symmetries
an be
ome massive by U(1) symmetry breaking and the massive ve
tor multiplet's eating them,even though ��iW = 0 if matter vevs be
ome 
onsequently irrelevant to the ve
tor mass MV :m2�X �M2V ' g2��X��XK�X�X : (2.52)Here ��X is the variation of �X under the anomalous U(1) andMV from �X 
an be 
omparableto the string s
ale. Thus for su
h a 
ase, one 
an �nd SUSY breaking Minkowski va
uum, i.e.via F-term [50℄ or D-term 
onditions [49, 43℄, the superpotential W � A0(	)e�ai�i + e�aXi �iXX
an be repla
ed by W � A0(h	i)e�ai�i + e�aXi h�iXiX � Ae�ai�i + �2X (2.53)in the low energy limit. Here f	g are open string modes. In the paper [43℄, when one obtainsthe tiny Fayet-Iliopoulos term M4V3 ' �FI (2.54)so that �X is absorbed into ve
tor multiplet, one 
an �nd Minkowski va
uum due to the Polonyimodel in the low energy limit. Here �FI = ��X��XK is the Fayet-Iliopoulos term from moduli�X . For su
h a 
ase, F�X � ��Xm3=2 � 10�2m3=2 is obtained with D-term stabilization. (Notethat one may �nd M2V � �FI if �2�XK � ��XK and ��X � 1.)5 For ra
etra
k stabilization of �iX , the 
ondition that Vi �X < pVi�jVX �X would be subtle for �̂R . aXi �iX .However, one 
an �nd the stable va
uum in the 
on
rete models.13



3 Approximate R-symmetry, R-axion and SUSY breaking mod-uliIn this se
tion, we study the model, whi
h has an approximate R-symmetry and R-axion. Wealso study the model, where SUSY is also breaking by moduli �elds. Indeed, we show that bothmodels are investigated in the same way.3.1 R-axion and SUSY breaking moduliIn general, a global U(1) R-symmetry is broken expli
itly be
ause string theory des
ribes thequantum gravity. Indeed, string models with the exa
t and global U(1) R symmetry have notbeen found. For instan
e the 
onstant W0 in the superpotential is easily obtained via 
ux
ompa
ti�
ations, but the value depends on the 
hoi
e of the 
ux va
ua [51℄. Therefore ata 
ertain s
ale there may be an approximate R-symmetry a

identally in the SUSY breakingse
tor and the moduli stabilization se
tor when one obtains W0 = 0 in the superpotential [52℄.For example, the following superpotential,W = Ae�a�; (3.1)has the R-symmetry, where the �eld � transforms as �! �� i 2a� under the R-transformationwith a transformation parameter �. Similarly, the ra
etra
k model has the R-symmetry [53, 36,54, 10℄ if one has more than two �elds in the superpotential without W0. Thus, when Re(�) isstabilized by the K�ahler potential for example, we obtain the so-
alled light R-axion.Here, we 
onsider the R-symmetri
 superpotential. Then one 
an rewrite the superpotentialin
luding SUSY breaking se
tor X, W = e�RW(X;�); (3.2)where �RW = 0. Sin
e R 
an in
lude not only X but also moduli in the linear 
ombination,we 
all it string-theoreti
 R-axion. Only R transforms as R ! R+ i2� under the R-symmetry,while the others do not transform. Note that by the K�ahler transformation with holomorphi
fun
tion G, K ! K + G + �G; W ! exp[�G℄W; G! G; (3.3)physi
s is invariant sin
e the a
tion is written by only the total K�ahler potential G = K +log jW j2. Thus one 
an 
onsider the following K�ahler potential K and the superpotential W ,K = K(0) � (R+ �R); W =W: (3.4)14



Here K(0) is the original K�ahler potential obtained from the dimensional redu
tion. Then one�nds GR = KR = K(0)R � 1; GI = KI + WIW for I 6= R: (3.5)Hen
e unless GR = 0, the R-axion is a sour
e of the SUSY breaking. By Nelson and Seibergargument [55, 54℄, the existen
e of the R-axion means the SUSY breaking, provided the modelis generi
 and 
al
ulable. Hen
e we will also 
onsider the SUSY breaking moduli with thevanishing 
osmologi
al 
onstant: GR 6= 0 and hVF i = 0.Be
ause the di�eren
es between string-theoreti
 R-axion and string-theoreti
 axions u arejust that the K�ahler potential and their �rst derivatives as we saw, the following results areappli
able not only to the string-theoreti
 R-axion, but also to usual string-theoreti
 axions u,whi
h have non-trivial 
ontributions to SUSY breaking.3.2 SUSY breaking string-theoreti
 (R-)axionsLet us 
onsider the K�ahler potentialK = K̂(X;X) + ~K(R+R) +K(� + �); (3.6)with GR 6= 0. For simpli
ity we will study the 
ase that the K�ahler potential is separableand fo
us only on the SUSY breaking string-theoreti
 (R-)axion negle
ting dynami
s of heavymoduli �. Note that the dis
ussion in this se
tion is appli
able to an usual string-theoreti
 axionu, whi
h have non-trivial 
ontributions to SUSY breaking.One obtains the stationary 
ondition with the vanishing 
osmologi
al 
onstant:rXGX ' �1;GR = GR~KR �R ' 2 1�RRR ' 2 ~KR �R�R ~KR �R (rRGR = �GR �R): (3.7)For the se
ond derivatives �I�JVF , we obtainVX �X = eG(2�RX �XX �X jGX j2); Vrr = 4eG(2 ~KR �R �RR �RR �RjGRj2);VXX � eG; VrX = 0: (3.8)Here we have denoted R = r + is. When one sets K̂ as (2.33), one obtains�RX �XX �X ' 1�2 � 1: (3.9)15



With respe
t to the SUSY breaking (R-)axion, let us take the K�ahler potential below~K � �n log(R+R) + Æ(R+R)� (R+R); (3.10)and we write ~KR �R � n [1 + �(R+R)℄(R+R)2 : (3.11)Then, one 
an �nd GR ' �(R+R)�1 + 12(R+R) ��0� ;�RR �RR �R ' �2n 1(R+R)4 �1 +�+ 12(R+R)2�00� ; (3.12)Vrr ' �4n(2�0 + (R+R)�00)(R+R) eG � � ~KR �ReG:Here we used eq.(3.7) and � would 
ome from the 
onstru
tion e�e
t of R from the originalmoduli or the quantum e�e
ts of order gs and of order �0 and would be expe
ted as� . O(1): (3.13)This result is appli
able to many s
enarios in
luding the SUSY breaking light (R-)axionmultiplet [9, 10, 53, 56℄. For the above 
ase, �ne-tuning of the vanishing 
osmologi
al 
onstantleads to jGX j2 +GRGR ' jGX j2 + n+O(�) = 3: (3.14)Then one should set GX 'p3� n+O(�); (3.15)where n > 0. Thus we obtainFX ' �p(3� n) +O(�)m3=2; FRR+R ' m3=2; F i�i +�i ' m3=2m3=2m�i : (3.16)For n = 3, the sGoldstino is almost the SUSY breaking (R-)saxion.Here non-holomorphi
 sGoldstino mass is given bym2 = 3�̂m23=2;�̂ = 23 � 19 �RX �XX �X jGX j4 +RR �RR �RjGRj4� (3.17)� 23 + 19�2 (3� n)2 � 2n9 +O(�):16



Then so long as Vrr > 0, we would obtain positive de�nite mass matrix for n 6= 3mX� ' m23=2�2 ; m2r = 12 Vrr~KR �R � �m23=2: (3.18)For n = 3, one �nds mX� � m23=2�1 + ��2� ; m2r � �m23=2: (3.19)Here, after the Goldstino is absorbed into the gravitino, the unnormalized axino masses aregiven by (m~a)RR = eG=2 �rRGR + 13GRGR�' eG=2 ��GR �R + 13GR �RGRGR� (3.20)' eG=2GR �R h�1 + n3 +O(�)i :For n = 3, SUSY breaking (R-)axino be
omes the Goldstino, whi
h is absorbed into thegravitino.We give a 
omment on the small mixing GRi = GR�i 6= 0 here. In many 
ases, there isthe o�-diagonal K�ahler metri
 GRi = GR�i 6= 0 and the main sour
e of the SUSY breaking
ould be the overall (volume) modulus (n = 3) and it a�e
ts F -term of heavy moduli �i if any:Gi � (G�1)ijGRrjGR � (�i + �i)m3=2=m�i . Here we have used the expli
it K�ahler potentialfor the LARGE volume 
ase in Appendix. However, as a 
onsequen
e, the qualitative featuresin this se
tion in
lude su
h s
enarios. Thus the result in this se
tion would be appli
able to su
h
ases.4 Corre
tions to axion massesAxions b� are exa
tly massless at the previous stage. Here, let us 
onsider small 
orre
tionsto the axion masses. These 
an be 
omputed also in the SUSY va
uum, if the SUSY breakingse
tor does not violate any 
ontinuous PQ symmetry of u�. Re
all that only heavy modulishould be 
oupled to the SUSY braking se
tor ex
ept the R-axion. For the small 
orre
tions,shifts of the saxion masses are negligible.
17



4.1 Superpotential 
orre
tionHere, we 
onsider the 
orre
tion term ÆW (�i; u) to the previous superpotential (2.1). That is,we study the following superpotential:W =W(�i) + ÆW (�i; u); (4.1)where W(�i) = W0 +Xk Ak exp(�Xi a(k)i �i);ÆW (�i; u) = Xk Bk exp(�X̂i b(k)î �î): (4.2)Re
all that �î denote all of the moduli in
luding �i and u�. Hen
e, the termW(�i) in
ludes onlyheavy moduli �i, but not light axion multiplets u�, while ÆW (�i; u) in
ludes u�. We assumeBk ' Ak = O(1). We would like to 
onsider the situation that hWi � hÆW i. If any termsBk exp(�Pî b(k)î �î) in ÆW (�; u) do not satisfy the 
ondition, hWi � Bk exp(�Pî b(k)î h�îi), wehave to take into a

ount su
h terms from the previous stage of moduli stabilization in se
tions2 and 3 and in
lude them inW(�). Then, some of u be
ome heavy redu
ing the number of lightaxions. Therefore heavy moduli should be 
oupled to saxion-axion multiplets in ÆW .Then one �nds the axion mass ma as [16, 26℄L = �K�����b���b� � (m2a)��b�b�;(m2a)�� = 3eK jW j2Re�ÆW��W � ; (4.3)where ÆW��=W � ÆW�ÆW�=W 2 
an be obtained in su
h va
ua.Now we parametrize ÆW=W , in parti
ular, b(k)î h�îi lnhWi. For that purpose, we 
hoose a typ-i
al term, say, Aj exp(�Pi a(j)i �i) inW, whi
h represents the value of hWi, i.e. Aj exp(�Pi a(j)i h�ii) �W. Then, we use the following parameters,rk = Pî b(k)î h�îiPi a(j)i h�ii : (4.4)The parameters would satisfy rk > 1, be
ause hWi � hÆW i. It is expe
ted that rk is of O(1) or
ould be a few tens. Using these parameters, we write Bk exp(�Pî b(k)î �î) in ÆW asBk exp(�X̂i b(k)î �î) 'W �m3=2MPl �rk�1 : (4.5)18



Thus, the axion masses with the 
anoni
al normalization are given by(m2a)�� ' 3eK jW j2K��� Re�ÆW��W � ' 3 b2�f2�m23=2�m3=2MPl �r��1 ; (4.6)if and only if the axion mass is positive de�nite. Here we have de�ned through the diagonalizationÆW�� � b2�ÆW; K��� � f2�; (4.7)where f� = O(Mstring=MPl) are diagonalized de
ay 
onstants.On
e a small value of the gravitino massm3=2 is realized su
h asm3=2 �MPl, the hierar
hi
alaxion masses with exponential suppression 
ould appear. Some examples of mass s
ales areshown in Table 1 for m3=2 = 1, 10 and 100 TeV up to b2�=f2�.r� 3 5 7 9ma for m3=2 = 1 TeV 10�4 eV 10�19 eV 10�34 eV 10�50 eVma for m3=2 = 10 TeV 10�2 eV 10�16 eV 10�30 eV 10�45 eVma for m3=2 = 100 TeV 1 eV 10�13 eV 10�26 eV 10�40 eVTable 1: Axion masses up to b2�=f2�.We show several illustrating examples to lead to light axion masses in what follows.� Example 0: R-axion massThe small 
onstant term in the superpotential indu
es the R-axion mass6,W =We�R +W0: (4.8)For W0 �We�R � Ae�a�, one �ndsm2a � eKW0Re(e�RW)KR �R � KRKR �R +O(1)�� m23=2KRRRe� W0e�RW�� KRKR �R +O(1)� : (4.9)This result also 
oin
ides with the result of �eld-theoreti
 R-axion with e�R � � andK = �� even for larger W0 ' We�R . On the other hand, for W0 &We�R, one �nds theheavy R-axion like KKLT whi
h is stabilized near the SUSY solutionm2a � m23=2� KRKR �R�� KRKR �R +O(1)� : (4.10)Here one �nds We�R � KRW0 for the KKLT stabilization.6 There will be also higer order terms from non-perturbative e�e
ts breaking the R-symmetry, su
h like !e�2Rin the ÆW where h!i � hW2i. But the dis
ussion is similar to the 
ase that W0 � h!e�2Ri.19



� Example 1: SU(N +M)� SU(M) gaugino 
ondensations or with an instanton (M = 1)Let us 
onsider the KKLT type superpotential [16, 57℄:W =W0 + e�a� + e�b(u+�); a = 8�2N +M ; b = 8�2M ; N �M; (4.11)where � is the heavy modulus and u is the light saxion-axion multiplet. In this 
ase,assuming hui . h�i, one obtains r � N=M + 1 and the axion mass is estimated asm2a � 3 b2f2m23=2�m3=2MPl �NM : (4.12)A similar result 
an be obtained in the ra
etra
k model [26℄,W = W0 + e�a1� � e�a2� + e�b(u+�); (4.13)a1;2 = 8�2N1;2 +M ; b = 8�2M ; N1 � N2; N1;2 �M; (4.14)when we do not �ne-tune W0 as a spe
ial value.� Example 2: Many gaugino 
ondensations or instantons wrapping on multiple 
y
les (ininterse
ting D-brane system)Consider the superpotential with n+3 moduli; one is heavy modulus � and the remainingn+ 2 multiplets in
lude light axions uIW = W0 + e�a� + n+2Xi=1 exp[�bi(n+2XI 6=i uI)� b�℄; (4.15)a � bi for 8 i; n� 1: (4.16)In this 
ase, if huii � h�i for 8 i , one �nds r � n+ 1 and the axion mass is estimated asm2a � 3 b2f2m23=2�m3=2MPl �n : (4.17)However, if huii � h�i for 8 i , one 
annot obtain small axion masses; one needs a� b asthe previous example.� Example 3: In
luding gaugino 
ondensation on the magnetized braneOne may obtain the superpotential on the magnetized D7-branes or E3-branes wrappingon the divisor D in type IIB orientifold:W = W0 + e�a� + B̂e�b(u+�); B̂ = B exp[�bMhSi℄: (4.18)20



Here the 
onstant M denotes M = 18�2 RD F2 2 Z up to 
urvature term [58℄, F is theworld volume 
ux and hSi is the vev of the 
omplex dilaton, whi
h is �xed by three form
ux. In this 
ase, if bhSi � bhui � ah�i, one 
an �nd r � M + 1 and the axion mass isestimated as m2a � 3 b2f2m23=2�m3=2MPl �M : (4.19)A value ofM is weakly 
onstrained via the tadpole 
ondition of D3-branes in the F-theorylimit of the orientifold 
ompa
ti�
ation [59℄:ND3 + 12N
ux(M) = �(Y4)24 : (4.20)Here Y4 is an ellipti
ally �bred Calabi-Yau four-fold. On the other hand, it would benatural and more plausible that u &MS on the D7-brane, i.e. M = O(1). However, withthe T-dual des
ription, the present 
ase would also be plausible sin
eM 
orresponds to awinding number.Thus, many models 
ould lead to the hierar
hi
al axion masses with suppression, r = O(1)or a few tens.4.2 K�ahler potential 
orre
tionHere, we 
omment on 
orre
tions to axion masses from the K�ahler potential. Suppose thatK = K(� + �) + ÆK(�;�); (4.21)where ÆK(�;�) is a 
orre
tion term and �ÆK�b� 6= 0: Then one �nds the axion masses [16℄(m2a)�� = 3eK jW j2 ��ÆK��� +Re(ÆK��)� : (4.22)Here we have negle
ted O((ÆK)2) term in the va
uum. It is plausible that ÆK(�;�) would alsoappear from non-perturbative e�e
ts su
h asÆK(�;�) =Xk B0k exp(�X̂i b0(k)î �î) + h:
: (4.23)In this 
ase, the hierar
hi
al axion masses with exponential suppression would be obtainedsimilarly to the superpotential 
orre
tions.
21



5 Comment on axions from matter-like �eldsHere, we (brie
y) study the superpotential in
luding matter-like �elds below:W = W + ÆW; (5.1)where W �W0 +Xk Ak(	) exp(�Xi a(k)i �i);ÆW �Xk Bk(	) exp(�Xi b(k)i �i): (5.2)Here we omitted SUSY breaking se
tor and f	g means matter �elds (or open string moduli)originating from the open string. We assume that the matter �elds stabilized near the SUSYsolution K	W � W	. Let us fo
us on the light matter-like �elds whose axioni
 parts aremassless while saxions are stabilized e.g. via F -term, D-term 
onditions or quantum radiative
orre
tions. At low energy they are written by	P � jh	P ije� P ;Ak(	) = YP jh	P ije�nkP P ; Bk(	) =YP jh	P ije�mkP P : (5.3)Here some Ak or Bk 
an be 
onstants. Consider linear 
ombinations of  ̂p = PP 
pP P , i.e. P =Pp(
�1)Pp ̂p 7, su
h that one 
an �nd�W� ̂p = 0; �Ak(	)� ̂p = 0 for 8k; 9p: (5.4)We use the K�ahler potential at the tree level asK = XP ZP (� + ��)	P	P : (5.5)Then one �nds at low energy [28℄K = XP ZP (� + ��)jh	P ij2e�( P+ P )� �p( ̂p +  ̂p) + �pq2 ( ̂p +  ̂p)( ̂q +  ̂q) +O(( ̂ +  ̂)3); (5.6)where �p = �XP (
�1)Ppjh	P ij2; �pq =XP (
�1)Pp(
�1)Pqjh	P ij2: (5.7)7 One 
an 
onsider a linear 
ombination in
luding 
losed string moduli when matter-like �elds are 
oupled tolight moduli via a non-perturbative e�e
t. For simpli
ity we will not 
onsider su
h a 
ase.22



For simpli
ity, we set �p; �pq = 
onst: in the va
uum, i.e. ZP = 
onst: and would depend onmu
h heavier moduli vevs. If ZP depends on the moduli or there are mixings between  and �in  ̂, �p and �pq also have the dependen
e on the 
losed string moduli.Then for axion multiplets one �nds8Gp = Kp = �p: (5.8)Thus even if Gp = �p = 0 for axion multiplets  ̂p, be
ause of �pq 6= 0 one �ndsF p = eG=2KpqGq = eG=2(��1)pq�q � m3=2; (5.9)whi
h leads to F	=	 � m3=2. This result is 
onsistent with the stationary 
ondition �pV = 0:Gp +GqrpGq = 0, whi
h leads to Gq = O(1).Then the saxion masses 
an be foundh�'p�'qVF i = 4eG �2Gp�q � �rGp�qGr � ���rGp�qG�r +GrG�s�p ���qGr�s� � eGGp�q; (5.10)where  ̂p = 'p + i#p. Whether h�'p�'qVF i > 0 or < 0 depends on the model, but typi
al orderof the saxion masses are of O(m3=2) even though the masses 
an also re
eive the 
ontributionfrom D-terms of anomalous U(1) symmetries [45℄. When there is the vanishing saxion mass atthe tree level, quantum radiative 
orre
tion indu
es the mass smaller than m3=2 [60, 61, 43℄.Note that from the assumption that ZP = 
onst:, one �nds V'pX = V'pi = V'p� = 0.The axion masses indu
ed by ÆW depend on the model, i.e. vevs of 
losed string moduli,those of matter like �elds or the power of polynomial of matter-like �elds in the superpotential.After the Goldstino is absorbed into the gravitino, the unnormalized axino masses are given by(m~a)pq = eG=2 �rpGq + 13GpGq�� eG=2Gp�q: (5.11)6 Con
lusion and dis
ussionWe have studied properties of low energy moduli stabilization in the N = 1 e�e
tive SUGRA,whi
h have heavy moduli and would-be saxion-axion multiplets. We have given general formu-lation for the s
enario, where heavy moduli and saxions are stabilized and axions remain light.8 For light non-axion multiplets whi
h have of O(m3=2) masses, they 
an be stabilized through thesuperpotential (�qW 6= 0) and have the similar properties to those of axion multiplets [43℄. For instan
e one
an obtain Gq = Kq + WqW � �q. Here Wq � KqW . Therefore  ̂ps 
an in
lude su
h light non-axion modes.23



SUSY breaking e�e
ts are important. In the non-supersymmetri
 Minkowski va
uum, the stableva
uum 
an be obtained even though there are light string-theoreti
 axions. In su
h a va
uum,heavy moduli and saxions 
an be stabilized supersymmetri
ally. In parti
ular, saxions 
an bestabilized at the point K� � 0, while axions in the same multiplets remain lighter than thegravitino mass m3=2. This s
enario predi
ts the same number of saxions with the mass 2m3=2as the number of light axions. Note that our analysis on moduli stabilization is appli
able evenif there are not light axions in the va
uum.When there are some moduli mixing the SUSY breaking sour
e in the superpotential, su
hmoduli would also destabilize the va
uum. In order to avoid su
h a situation, we need quiteheavy masses for moduli. The moduli masses, whi
h are generated in the KKLT-like model,are not enough, but one needs heavier masses, whi
h would be generated through the ra
etra
kmodel, D-term or 
losed string 
uxes.Alternatively, some moduli may 
ontribute to SUSY breaking, e.g. the R-axion multiplet.In this 
ase, the saxion mass 
an be lighter than the gravitino.We have studied the e�e
tive SUGRA theory to lead to the axiverse. Following our realiza-tion, it is important to study further 
osmologi
al and parti
le phenomenologi
al impli
ations.In addition, our s
enario predi
ts the same number of saxions with the mass 2m3=2 as thenumber of light axions. These saxions would also have important impli
ations depending ontheir masses, 2m3=2. For example, when m3=2 is around O(1) � O(100) TeV, the late timeentropy produ
tion by the vast number (� 100) of saxion de
ays into radiations mu
h beforethe BBN epo
h 
an dilute harmful gravitino abundan
e [10℄ produ
ed by de
ays of s
alar �eldssu
h as heavy moduli [62℄. (See [33, 63, 64℄ for dis
ussions of the dilution by the SUSY breaking�eld X, whi
h does not de
ay into gravitinos, based on the KKLT stabilization and see also[65, 66℄ for the relevant dis
ussions.) It is interesting to study other aspe
ts of axions and/orsaxions following our realization of the axiverse.We have dis
ussed general aspe
ts of low-energy e�e
tive SUGRA theory without �xingexpli
it string models. It is important to study expli
it string model building leading to ours
enario with moduli stabilization and light axions. We would study expli
itly su
h string modelselsewhere.A
knowledgementThe authors would like to thank H.Kodama for useful dis
ussions. The authors would likealso to thank O. Lebedev for reading this manis
ript and useful 
omments. T. K. is supportedin part by the Grant-in-Aid for S
ienti�
 Resear
h No. 20540266 and the Grant-in-Aid for the24



Global COE Program "The Next Generation of Physi
s, Spun from Universality and Emergen
e"from the Ministry of Edu
ation, Culture,Sports, S
ien
e and Te
hnology of Japan. This workis supported by the JSPS Grant-in-Aid for S
ienti�
 Resear
h (A) No. 22244030.A Moduli stabilization modelsHere we review several moduli stabilization models in type IIB Calabi-Yau O3/O7 orientifoldmodels.A.1 D-term stabilizationWe show the relevant part of the model of the D-term stabilization. This is the model with theanomalous U(1) gauge symmetry and e.g. the blowing-up mode [67℄K = 12VE (M +M + V )2; �MW = 0; (A.1)where V is the anomalous U(1) ve
tor multiplet and VE is the 
ompa
ti�
ation volume in theEinstein frame: 6VE = R J ^ J ^ J , where J is the K�ahler form in the Einstein frame on theCalabi-Yau three-fold. One 
an ignore matter-like �elds, depending on the 
harge signature ofmatter. Then one �nds the minimum via SUSY 
onditionDMW = D = KM = (M+M )=VE = 0and obtains the massive ve
tor multiplet ~V = (M +M + V ), where M is eaten by the gaugemultiplet. The mass of the ve
tor multiplet is now given by gV�1=2E , where g is the gauge
oupling.A.2 KKLTWe show the so-
alled KKLT model [13, 16℄ withK = �2 log (VE) ; W =W0 + h1;1+Xi Aie�aiT i ; (A.2)where W0 � 1. Here, h1;1+ (h1;1� ) denotes the Hodge number of even (odd) parity moduli. Torealize the SUSY breaking Minkowski va
uum, we add the uplifting potential,Vlift = �V4=3E ; � ' 3 jW0j2hV2=3E i : (A.3)
25



In this 
ase, one �nds Ti ' �1ai log(W0) ' 1ai log�MPlm3=2� ;F TiTi + Ti ' m3=2ai�i ' m3=2log �MPl=m3=2� ; (A.4)where �i = Re(Ti). The gravitino mass and moduli masses are obtained asm3=2 ' W0VE ; mi ' 2ai�im3=2: (A.5)For one bulk volume modulus, we haveK = �3 log(T + T ); W =W0 + e�aT ;Vlift = �(T + T )2 ; � ' 3 jW0j2h(T + T )i : (A.6)In this model, anomaly mediation is 
omparable to F T =(T + T ). See also for generalization ofthis s
enario [68℄.A.3 LARGE volume s
enarioThis is the model [9℄ with bulk moduli and blowing-up modes, whose K�ahler potential is writtenas K = � log(S + S)� 2 log VE + �̂2! ; (A.7)with VE = (2�b)3=2 � h1;1+ �1Xi (2�s;i)3=2: (A.8)Here, for simpli
ity we have negle
ted moduli rede�nitions at 1-loop level. The superpotentialis written by W =W0 + h1;1+ �1Xi Aie�aiT is ; (A.9)where W0 = O(1), and the uplifting potential is added as,Vlift = �V4=3E ; � ' jW0j28hlog(VE)V5=3E i : (A.10)26



Note that 1=(2�gs) = Re(S). We 
an 
onsider vanishing Standard Model (SM) 
y
le modulior odd parity moduli with D-term stabilization: K = 12VE (T + T )2. One 
an 
onsider the K3�bration model: VE = �b;1�1=2b;2 �Ph1;1+ �2i �3=2s;i together with loop 
orre
tions to �x bulk moduli.Let us 
onsider the simplest 
ase, h1;1 = h1;1+ = 2. In this 
ase, we haveVE ' �3=2b � eas�s ; �3=2s ' �̂;F TbTb + Tb ' m3=2; F TsTs + Ts ' m3=2log �MPl=m3=2� : (A.11)Here, one �ndsm3=2 ' W0VE ; mb � m3=2�m3=2MPl �1=2 ; ms � log(VE)m3=2; (A.12)with VE � 1. Note as�s � log(VE) � log �MPl=m3=2� and Tb is the SUSY breaking saxionsimilar to the 
ase [56℄, whereas the axion is not 
ouple to the visible se
tor. Tb is an almostno-s
ale model modulus, while Ts is a KKLT like modulus. In this model, anomaly mediation
ould be suppressed 
ompared to F T =(T + T ) by V�rE , where r is a fra
tional number.A.3.1 Modi�ed original LARGE volume s
enarioNote that one 
an 
onsider the model su
h like the original s
enario with an additional oddparity moduli instead of vanishing the SM 
y
le on the D7-branes, i.e. h1;1+ = 2 and h1;1� = 1 andwe will dis
uss the neutral stringy instanton or gaugino 
ondensation under the anomalous U(1)symmetries on the brane with world volume 
ux [69℄. This is the 
ase in 
ontrast to the paper[70℄ and is similar to the heteroti
 
ase [71℄. Then, the K�ahler potential and the superpotentialare written byK = � log(S + S)� 2 log VE + �̂2! ; W =W0 +Ae�a(T++qG+hS); (A.13)where VE = (2�b)3=2 ��2�+ + (G+ �G)2(S + �S) �3=2 : (A.14)Here G is the odd parity K�ahler moduli and note that in general odd parity moduli fGgne
essarily follow even parity moduli fTg in the world volume of the brane. Then we tookonly the leading term of summation of instanton 
on�guration for simpli
ity. In addition, thegauge kineti
 fun
tion of the SM se
tor is written byfSM = T+ + qSMG+ hSMS: (A.15)27



Again we negle
t moduli rede�nitions at 1-loop level. Here we assume that non-perturbativesuperpotential 
omes from the E3-brane instanton wrapping on the divisor DE with the 
ux.h; q; hSM and qSM depend on the 
ux on E3-brane and the visible se
tor D7-branes wrapping onDSM holding not only the SM gauge group but also the anomalous U(1) symmetry respe
tively.DE and DSM map to DE0 and DSM 0 respe
tively under orientifold a
tion; DE and DSM in
ludeboth even and odd elements, e.g. [D+E;SM ℄ = [DE;SM ℄ + [DE0;SM 0 ℄ and [D�E;SM ℄ = [DE;SM ℄ �[DE0;SM 0 ℄, where [D℄ is the Poin
are dual of D. Here we take triple interse
tion dbbb = d+++ =d+�� = 1 for simpli
ity. Now the presen
e of G means there 
an be an anomalous U(1)symmetry; both T+ and G should be 
harged under the anomalous U(1) symmetry:ÆG = iQG = i N8�2 ; ÆT+ = iQT = �i N8�2 (F�DSM + F+DSM ): (A.16)Here N is the number of the D7-branes and F = F�DSM!�+F+DSM!+ is the internal world volume
ux relevant to the anomalous U(1) on the visible se
tor D7-branes, where F+ = b+ + F+ andb+ = 0 or 1=2 and !� 2 H1;1� (CY ); !+ 2 H1;1+ (CY ) are (pull-ba
k on the SM 
y
le of) theharmoni
 two-
y
le basis on the CY spa
e9. Here we took all the wrapping number of the D7-brane and E3-brane against the even or odd 
y
le unity: C+E = C�E = C+DSM = C�DSM = 1 in thenotation of the paper [69℄. Therefore, the following 
ondition,q = F�DSM + F+DSM ; (A.17)should be satis�ed for the neutral superpotential in this simple 
ase10. The D-term potential isgiven by VD = 12Re(f)D2A; DA = QT�TK +QG�GK = N8�2 (�q�TK + �GK); (A.18)up to matter-like �elds. If all the gauge 
ouplings in
luding the U(1) symmetry are gaugeinvariant as the above simple 
ase, the U(1) 
an be
ome non-anomalous; one should in
ludematter. Otherwise, the U(1) is in general anomalous; one would be able to negle
t matter. Forsu
h a 
ase, this model would have string theoreti
 axion, whi
h is absorbed into the U(1) ve
tormultiplet. De�ne � � T++ qG and u � qT+�G. As a 
onsequen
e � and u are stabilized nearSUSY solution without matter �eld vevs, D�W � 0 and DA / Ku � 0; one obtains the s
alarpotential after integrating out u and Im(�):V ' 2p2p�a2Â2e�2aRe(�)3VE � 4�aÂe�aRe(�)W0V2E + 3W 20 �̂2V3E ; (A.19)9 b+ = 1=2 would be ne
essary be
ause of the Freed-Witten anomaly [72℄ on the D7-branes wrapping on theDSM and the E3-brane.10 Here fSM 
ould be also gauge invariant under the U(1) sin
e we 
ould have q = qSM ; the U(1) 
ould benon-anomalous. However, for instan
e, when there is a relation that C�DSM 6= C+E , or are 
uxes depending onthe SM gauge group and the U(1), fSM is not ne
essarily invariant under the U(1): q 6= qSM and the U(1) isgenerally anomalous. 28



where Â � Ae�ahS . Here we have de�ned � � Re(�) � q2=8. Thus one would �nd m3=2 � W0VEand hVEi � h�3=2b i � ea(�+hS); h�i � �̂2=32 + q28 + i�a ; hRe(u)i � qhRe(�)i � 14(q3 + q);mb � m3=2�m3=2MPl �1=2 ; m� � a�m3=2 � log(VE)m3=2; mu =MV � Q MPlpVE ;F bTb + Tb � m3=2; F�2� � q�1F u2� � m3=2m3=2m� � m3=2log(VE) ; DA � 0: (A.20)Thus we �nd F T ' F� and FG ' 0. Here we have used DA � (�I �� �JD)F I �F �J=M2V [73, 74, 50, 43℄and assumed that the anomalous U(1) gauge 
oupling and vev of the S are of O(1). One �ndsin the va
uum Gu ' qG�, �Tb ����Ku ' �q�Tb ���uKu and �� ����Ku ' �2q�� ���uKu. Note also that�Tb �� �TbKu and �u ���uKu are irrelevant11 sin
e one 
an obtain Ku � 0 in the va
uum; there is bea 
an
ellation in the D-term at of O(V�2E ) at least. Detailed study of this model is beyond thes
ope of this paper and we will leave it future work.A.4 Ra
etra
k modelThis is the model [14℄ with bulk moduli and double gaugino 
ondensations. The K�ahler potentialand the superpotential are obtainedK = �2 log(VE); W =W0 + h1;1+Xi Aie�aiTi �Bie�biTi ; (A.21)where W0 < 1. Here, we add the uplifting potential,Vlift = �V4=3E ; � ' 3hjW j2ihV2=3E i : (A.22)Then one �nds via SUSY 
ondition DiW � �iW � 0Ti ' 1ai � bi log�aiAibiBi� ;F TiTi + Ti ' m3=2aibiT 2i ' m23=2mTi ; mTi ' aibi(Ti + Ti)2m23=2: (A.23)If one tunes W0 to obtain hW i � 0, moduli masses be
ome mu
h heavier than the gravitinomass [39℄.11 Suppose that DA � Ku . V�(1+1)E � V�1E . Then one 
an see �Tb �� �TbKu ' Ku=V4=3E . V�(7=3+1)E and�u ���uKu � Ku . V�(1+1)E and they are negligible. 29
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