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ABSTRACT: We consider sneutrino inflation and post-inflation cosmology in the singlet
extension of the MSSM with approximate Peccei-Quinn(PQ) symmetry, assuming that su-
persymmetry breaking is mediated by gauge interaction. The PQ symmetry is broken by
the intermediate-scale VEVs of two flaton fields, which are determined by the interplay
between radiative flaton soft masses and higher order terms. Then, from the flaton VEVs,
we obtain the correct p term and the right-handed(RH) neutrino masses for see-saw mech-
anism. We show that the RH sneutrino with non-minimal gravity coupling drives inflation,
thanks to the same flaton coupling giving rise to the RH neutrino mass. After inflation,
extra vector-like states, that are responsible for the radiative breaking of the PQ symmetry,
results in thermal inflation with the flaton field, solving the gravitino problem caused by
high reheating temperature. Our model predicts the spectral index to be ng >~ 0.96 due to
the additional efoldings from thermal inflation. We show that a right dark matter abun-
dance comes from the gravitino of 100 keV mass and a successful baryogenesis is possible
via Affleck-Dine leptogenesis.
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1 Introduction

In the Minimal Supersymmetric Standard Model(MSSM), the u term is a supersymmetric
Higgsino mass term, contributing to the Higgs mass parameters. For electroweak symmetry
breaking, one needs to explain why the p term is of order soft mass parameters. This is the
so called p problem [1, 2]. R-parity is imposed for baryon and lepton number conservation
in MSSM but it does not forbid a large y term. Thus, we need an extended symmetry
of R-parity to solve the p problem. It has been recently shown that the Z; R-symmetry
provides an elegant solution to the y term as the unique symmetry consistent with SO(10)
GUT and anomaly-free by a universal Green-Schwarz mechanism [3, 4]. On the other hand,
the Peccei-Quinn(PQ) symmetry can be also responsible for explaining the smallness of the
w term [1, 5, 6], if it is broken by SUSY breaking only. In particular, if the PQ symmetry is
broken at an intermediate scale, the PQ axion could solve the strong CP problem too [7].



The inflation model using Higgs boson in the Standard Model as the inflaton has re-
cently drawn much attention [8]. The key idea is that a quartic potential becomes flat
at large field limit due to a non-minimal coupling of the inflaton to the curvature scalar.
The Higgs inflation has been extended to the supersymmetric case in which the next-
to-MSSM(NMSSM) with a light singlet is necessary as the Higgs inflation occurs along
the D-flat direction [9-12]. Recently, the supersymmetric inflation with right-handed(RH)
sneutrino has been studied in the presence of a non-minimal coupling [13]. In this type
of inflation models, for the self-coupling of the inflaton candidate to be of order one, a
large non-minimal coupling is required to match the COBE normalization of the density
perturbation. Thus, there have been an extensive discussion on the unitarity problem due
to the large non-minimal coupling [14-17]. During inflation, Higgs inflation looks consis-
tent with the semi-classical approximation, because the unitarity cutoff depends on the
background Higgs field value [12, 18]. However, a UV completion of the Higgs inflation at
unitarity scale seems to suggest a change in the form of the Higgs potential with additional
interactions [19]. Apart from the large non-minimal coupling, the generic feature of Higgs
inflation and its variants is that the reheating temperature after inflation is quite high due
to a large coupling of the inflaton to the SM [20, 21]. Therefore, there is the gravitino
problem in the supersymmetric realizations of Higgs inflation [22, 23]

In this paper, we consider the singlet extension of the MSSM with right-handed (RH)
neutrinos for solving the p problem with approximate PQ symmetry. We assume that
supersymmetry breaking is mediated by gauge interaction [24-26]. The minimal setup for
a spontaneous breaking of the PQ symmetry requires the introduction of two SM-singlet
flaton fields X,Y with nonzero PQ charges, both of which get intermediate-scale VEVs.!
The flaton X generates a small p term by dimension-5 operator while the flaton Y gives
large RH sneutrinos masses by renormalizable couplings.

The same coupling of the flaton Y to the RH sneutrino provides a flat potential for
inflation at large sneutrino field values in the presence of a large non-minimal coupling. It
is the quartic coupling that drives sneutrino inflation, in contrast to the early sneutrino
inflation models [27, 28] where the sneutrino mass term is responsible for inflation. Because
of small neutrino Yukawa couplings, the reheating temperature after inflation is much
smaller than the one in Higgs inflation. However, the gravitino problem persists because
the bound on the reheating temperature becomes much stronger in gauge mediation. In
our model, thermal inflation is a natural consequence of the flaton X, that couples to
extra vector-like states for the radiative symmetry breaking. After thermal inflation, the
previously produced gravitinos are erased, so is the baryon asymmetry. Moreover, we
produce the correct baryon asymmetry via Affleck-Dine(AD) leptogenesis and generate the
right amount of dark matter from gravitino. Stability of sneutrino inflation requires non-
inflaton RH neutrinos of masses to be less than about TeV scale so they are within the
reach of present collider experiments.

The paper is organized as follows: We first present the model setup to solve the
u problem of the MSSM. Then, we discuss the sneutrino inflation in the presence of a

!Here we assumed that the stabilization of symmetry breaking field is achieved by higher order term(s).



non-minimal coupling, addressing the constraints coming from the stability of orthogonal
directions to the inflaton. Next we describe post-inflation cosmology including thermal
inflation with the flaton field and baryogenesis and dark matter issues. We also present a
concrete UV completion for obtaining the frame function necessary for a stable sneutrino
inflation and comment on the consequence of the PQ symmetry breaking caused by the non-
minimal coupling. Finally the conclusion is drawn. There are four appendices dealing with
the stabilization of the flaton and the saxion/axino mass spectra, the general framework for
Jordan frame supergravity, the computation of the number of efoldings, and the discussion

on the critical temperature for AD leptogenesis.

2 The model

We consider a similar extension of the MSSM with singlet chiral superfields as in ref. [29]. In
the framework of gauge-mediated supersymmetry breaking [24, 25],2 the model is described
by the following superpotential,

_ _ _ 1. X?H,H
W = \QH.U + \QHaD + A LHsE + A, A“ d
1
+ANLH,N + 2AYYN2
_ 1. X3
Ao XU + )
+Ap ) +3 X A
+AZ ZDD. (2.1)

The first line corresponds to the MSSM superpotential where the p term is generated by
the dimension-5 operator while the second line contains the neutrino Yukawa couplings
and RH neutrinos for generating neutrino masses by see-saw mechanism. The third line is
responsible for stabilizing the flatons. When the first term derives the soft mass squared of
X to a negative value around the origin by renormalization group running, X is stabilized
by the second term. Here we have introduced extra vector-like states of SU(5), ¥ and ¥,
which get soft masses from gauge mediation. The last line is the messenger sector for gauge
mediation, containing another vector-like states of SU(5), ® and ®, and SUSY-breaking
field, Z with (Z) = M + 6%F. Here we took the cutoff scale to be A = Mp /¢, from the
sneutrino non-minimal coupling &; (see section 6) with Mp = 2.4 x 10'¥ GeV being the
reduced Planck mass. The couplings in the first and second line of eq. (2.1) except A, are
understood as 3 x 3 matrices, and Ay is assumed to be diagonal without loss of generality.

The model possesses the PQ symmetry with charges assigned as in table 1. This
symmetry is actually broken by the non-minimal coupling of RH neutrinos in the frame
function (eq. (3.1)). However, the coupling is relevant only above the cutoff scale A. Hence
we regard the PQ symmetry to be approximate below the cutoff scale and remain a working
solution to the p problem. One may attempt to identify the PQ symmetry as the axion

2In gravity mediation, the boundary condition for the low energy mass spectrum is given at the Planck
scale while the cutoff scale of the theory with largish non-minimal gravitational coupling is much less than
Planck scale. So, gravity mediation of supersymmetry breaking is not a proper framework for our study.
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Table 1. PQ charges.

solution of strong CP problem with additional Zgy discrete R-symmetry [4]. However, the
non-minimal coupling of the sneutrino with nonzero PQ charge causes too large tadpole
contribution to the axion to keep the axion solution (see section 6), hence it is not plausible
to accommodate the axion solution in our minimal setup.

The VEVs of flaton fields are given by

AN L2
X ~ 31/4 (mX ) , (2.2)
|Ax|
1 A,
Yy ~ XX 2.3
7 33 my ° (23)

where mx, Ay, are soft mass parameters for the flatons, as given in egs. (A.4) and (A.5),
respectively. We have determined the mass spectrum in the flaton sector in appendix A.
Then, the p term is generated from the last term in the first line of eq. (2.1) when the X
singlet gets an intermediate-scale VEV,
1. X2 V3 XA
M=y = g M
On the other hand, the large VEV of the Y singlet gives rise to RH sneutrino masses for

(2.4)

see-saw mechanism. Integrating out heavy RH neutrinos, one obtains left-handed neutrino

mass terms

1(LH,)" A\, LH,

Wy —mass = _2 Yy (25)
where A\, = A N)\jj\})\;l. Thus, from the see-saw relations for light neutrino masses,
.. 1 .. 1)2
Y= _\J Y 2.6
ml/ 2 v YO’ ( )

we find that the inflaton couplings of Dirac mass term is constrained as

i 1/2
ZZY
(An)ir < <2m:2 0>\YI>

u

R oove Vv (2.7)
= 10-2eV 108 GeV 103 '

where the subscript “I” represents inflaton direction. On the other hand, as will be shown
later in eq. (3.22), for non-inflaton directions with j # I, we find

i 1/2 1/2 1/2
_ my Yo (Av)
An);; S80x 1077 g ’ . 2.8
()i S 80 (102 eV> (108 GeV> ( 10-5 (28)
Here we have normalized the neutrino Yukawa couplings, based on the value of Ay 7 from the
unitarity at GUT scale and the value of Ay;.; from the stability of non-inflaton sneutrinos,

as will be discussed in next section.



3 Sneutrino inflation

In this section, we discuss the chaotic inflation in our model. To this, we need to specify
the Kéhler potential because the inflation potential depends on the form of the Kéahler
potential at large inflaton values. Thus, motivated by the Jordan frame supergravity in
which the kinetic terms for scalar fields are of canonical form [9-11], we take the following
frame function and the superpotential relevant for sneutrino inflation,

3
Q=-3+ ’Y’2<1 —|Y]? - Z&\NHZ) +> “Nz‘\Z - g(&Nz‘Ni +h.c.)], (3.1)
i1 i—1

3
W = ; > AviY NiN;. (3.2)
i=1
Here and from now on we use Planck unit. There are more details on Jordan frame
supergravity in appendix B. Here we have introduced in the frame function, the non-
minimal couplings for sneutrinos, &;, as well as the higher order terms for the non-inflaton
fields, Y and N;;. The non-minimal coupling becomes dominant at large sneutrino inflaton
value, flattening the quartic potential for Ny. As will be discussed, the higher order terms,
v, d;, are necessary for the stability of the non-inflaton fields during inflation. A microscopic
model for obtaining such higher order terms without spoiling the slow-roll inflation will
be discussed in a later section. We note that the frame function is related to the Kahler
potential by Q = —3 e K/3,

3.1 Slow-roll inflation

Choosing the direction with ¥ = Ny = N3 = 0, we obtain the effective action for the

sneutrino inflation in Einstein frame [11] as

Lg 1 ) i|)‘Y1|2|N1|4
= R-— Ky 5 |0,N1|* — 3.3
v-ge 27 T FnmIOMET e e v e )
where the Kéhler metric for Ny is
1 — L(&.N? + hoe) + 363Ny |2
2(51 1 ) gl’ 1‘ (34)

Ky o = .
M T (LN 4 (6N 4 hue)?

For &1(3¢; — 1)|N1|?> > 1, stabilizing the angular mode of Ni, we obtain the following

approximate form of the action,

Lg 1R 3¢61(& — 3) V)2

1, 9 Ay 1|2
V=g 20 L+ (& - 3)IN )

3 2
2O = 4 (1 e, ) - 69

Thus, for a canonical scalar field, ¢ = ! In(1 + (& — §)|N1|2) with a = \/g - 921, the

Einstein-frame action becomes

[,E - 1 1 2 9’)\Y1’2 —ap 2
S R (0ug) —4(3&_1)2@—6 ) . (3.6)



The slow-roll inflation takes place for e™% < 1, i.e.

(51 - ;) N2> 1, (3.7)

which implies £ > 1 for |[N1| < 1. Then, the number of efoldings is

¢ Vg 1
N, =— / ov A0 = o He (3.8)
* aip

where the subscripts e, * mean the end of inflation and the horizon exit. Moreover, from

Ve \ 2 2 -2
1 2 e
€ = (8“0):(“ (3.9)

the slow-roll parameters,

2\ Vg 1-— 670“10)2,
2
B 86;/2E B 2(126_(180(1 _ 26_2(%’0) (3 10)
T= v T (1—e-ap)2 ‘

we obtain the slow-roll parameters at horizon exit in terms of the number of efoldings as

1 1

~ o O — 3.11

€x

From eq. (3.8), the field value of inflaton at horizon exit is given by

242N, N2 770\ V2
e =75 o () (1) 1

where use is made of N, = 52 as a representative value of efoldings, taking into account
of the contribution from thermal inflation (see appendix C). Slow-roll inflation ends when
€ ~ 1, hence the field value of inflaton at the end of inflation is given by

AV
Ny (te) =~ ( > ) 3.13
Mt~ (5) e (3.13)
The density perturbation at horizon exit is given by
Vg N2 Ay |?
AR = ~ € : 3.14
R 24n2e, — 812 (3¢ —1)2 (3:14)

Thus, from the COBE normalization, d = gAR = (1.91+0.17)-107°, we get a constraint

on the dimensionless inflation parameters as

3 &
Ay1 24 x 1073 : 3.15
v (150 (3.15)
The spectral index and the tensor to scalar ratio are estimated as
ns = 1 — 6e + 2n ~ 0.96, (3.16)
r = 16e ~ 4.4 x 1073. (3.17)

The results are consistent with the observed values by WMAP [30]. We note that the
spectral index is smaller than the one in Higgs inflation due to the thermal inflation and
the tensor to scalar ratio remains small.



3.2 Stability of the non-inflaton fields

During inflation (i.e., |, N?| > 1), along the direction with Ny = N3 = 0, the Einstein-
frame potential becomes [11]

V) ~ 1A [1+<4 _ >yYy2] (3.18)
PTag T g M |

while along the direction with Y = 0 the potential becomes

Ayi

N2+ NH|. 3.19
AY1N12( ) (3.19)

1A, 2
VE24 & 1+Z5¢|Nz’| —Z
1#£1 i#1

Therefore, requiring that non-inflaton directions are stable at least until the end of inflation,
we find constraints,

1
> ~ 0.1, 3.20
77 sqlMit) (3:20)
)\Yi 4
6; > 2 ~ 7 x 10%| A\y; 3.21
>\Y1N12(te) X | Y | ( )

where use is made of egs. (3.13) and (3.15). It is theoretically natural to expect that -,

0; < 1 unless there is any special mechanism to generate those terms at a scale much lower
than the Planck scale. Hence eq. (3.21) becomes or non-inflaton directions®
Ay S 1075, (3.22)

Therefore, for the Y flaton VEV of order 10% GeV, the non-inflaton sneutrinos or neutrinos
must be less than 100 GeV.

4 Post inflation

After inflation, we confront a nontrivial and involved dynamics of the inflaton and the
flatons, determining the post-inflation evolution of the universe. In this section, we discuss
post-inflation cosmology, including thermal inflation, baryogenesis and dark matter issues.

4.1 Thermal inflation

The thermal history in our model after inflation is rather complicated. To help readers
have a clearer picture, we list the temperatures at various epochs critical in our argument
in the order of time.

e T},: Thermal inflation begins.

e TRr: Inflaton decay is completed.

3For Ay; ~ 107%, soon after the end of inflation, inflaton would be destabilized along the direction of
non-inflaton direction(s). As a result, order unity fractional energy density of inflaton might be transmitted
to those directions. But, it does not cause any problem as long as RH-(s)neutrinos decay before the time
of Big Bang nucleosynthesis.



e Try,: LH, flat direction is destabilized from the origin.
e T.: Thermal inflation ends as X is destabilized from the origin.
e Ty: Flaton (X) decay is completed.

After inflation, the inflaton oscillates coherently with initial amplitude larger than
GUT scale, causing the preheating [31-33] of particles coupled to it. Without getting into
the complicated details of the preheating process, we simply estimate the reheating temper-
ature from the perturbative decay, which will be enough for subsequent discussions. The
perturbative decay of the sneutrino inflaton occurs due to the neutrino Yukawa couplings.
When the inflaton oscillates in the quartic potential, the effective inflaton mass is given by
my = \/ 3/2AyN1. Thus, the inflaton decay rate due to the neutrino Yukawa couplings is

Iy = \/8?;/2 Z | (AN) PAvINT. (4.1)

Equating the decay rate to the expansion rate of the universe, we find that the reheating
temperature is bounded as

2 —1/4
Tr 2 < 9*(TR)> ’ > W) vt

30 8 -
—1/4 2 1/2
N 5 g (TR)\ 7 [ Oy (Avr)
~ 3 x 10° GeV < 200 ) o o . (4.2)

Therefore, the gravitino problem [22, 23] is present unless the gravitino mass is larger
than about a few MeV [34]. On the other hand, as will be described subsequently, thermal
inflation [35, 36] is a natural consequence of our model so that gravitino problem disappears
for the whole range of the gravitino mass possible in gauge mediation.

Thermal inflation begins when the energy density of radiation becomes comparable
to Vy while X is still held around the origin due to thermal effect.* As seen from the
flaton potential eq. (A.1), along the X = 0 direction, the flaton Y is also stable at the
origin, keeping trapped at the origin by the inflaton-induced mass term in eq. (3.18) during
inflation and by gravity-mediation effect after inflation. As the X flaton gets destabilized,
the Y flaton also rolls out to the true minimum due to the interaction with X flaton.
Here the vacuum energy Vj is estimated from requiring a zero cosmological constant at the

vacuum as
2
Vo ~ 3mXX0 o~

2v/3 mj}A

3 x| (4.3)

4The flaton X can get a large positive Hubble scale mass-squared originated from gravity mediation
which will hold X around the origin during inflation. After inflation, preheating and partial decay of
inflaton raise up the temperature of the universe above the symmetry breaking scale of PQ-symmetry,
hence X can be still in the symmetric phase around the origin. Therefore, in our scenario, thermal inflation
is inevitable. On the other hand, a higher order correction for X in the Kahler potential may lead to a
tachyonic mass for X at the origin. Then, thermal inflation might not occur, depending on the maximal
temperature after inflation.



The temperature at the beginning of thermal inflation is

1/2 1/2
o /4 1065 mx (Xo) Xo
Ty, ~ V'~ GeV ~ 10”° GeV < 1 TeV 1010 GeV . (4.4)

This is higher than Tg, meaning that thermal inflation begins before inflaton decay is
completed. Therefore, T}, is the temperature not of standard model particles, but of inflaton
which behaves like radiation after inflation.

Thermal inflation ends as X is destabilized from the origin. If the supersymmetric
masses of RH-(s)neutrinos are negligible (i.e., m3/, < mgofi/€), , the critical temperature
of the destabilization is given by

_ mx(0)

L= 700 (4.5)

where mx (0) is given by eq. (A.4) and % = ;Nu > |Ay,|?. Therefore, the total number
of e-foldings of thermal inflation is

Qe Tb TC
Nt =1 ~ 7. 1 —1 . 4.
B nab ro+ n<106GeV> n<1TeV> (46)

Soon after thermal inflation, the coherent oscillation of X becomes dominant, and its
eventual decay reheats the Universe, releasing huge amount of entropy. For m, > 2my
with m, being the physical flaton mass and my, being the light Higgs boson, the decay rate

of X is ) 12
(L IBENE (bl o
T'x_sm >~ 1-— 1-— 4.7
XM g ( m124> (mxXg m2 (4.7)

where B, m 4 are the B-term for Higgs doublets and the CP-odd Higgs mass, respectively.
Then, the decay temperature of the flaton X is

2 —1/4 s
Ty = (159*(de)> (Cx_smTx) /4 My

o \2 (1TeV\Y? /100 GeV
~ 4 4.
08 GeV <1 TeV> ( My Xo (4.8)

where we have used g.(Ty) = 200, B = 200GeV, my = 1TeV and m;, = 120 GeV in the
second line.> The entropy released in the decay of | X| leads to a dilution factor,

Vo
T3T,

2 2
1TeV 1TeV X
2% 1013 (" 0 4,
<10 (T) ( T. )( T ><1010GeV (4.9)

where we have ignored the fractional energy loss of flaton to no-SM particles since it does

Ay =

12

not make any change in our argument. Note that the dilution is large enough to remove
gravitino problem caused by high reheating temperature after primordial inflation.

®A large enough B term can be obtained by large renormalization group running if messenger mass is
of intermediate scale [29].



Our model has two other oscillating scalar fields which are mostly Re(Y') and Im(Y).
Although they have a mass comparable to m,, their energy densities are suppressed by
YZ/X2 = O(g*N%/(873)?) compared to that of |X|, and are not dominant when they
decay. Therefore they do not give a significant impact on the cosmological evolution after
thermal inflation.

4.2 Baryogenesis

In the presence of thermal inflation, pre-existing baryon/lepton asymmetry can not endure
the large dilution caused by the entropy release of thermal inflation. Hence we have to
regenerate baryon/lepton asymmetry after thermal inflation [29, 38—43].
The condition for a late-time Affleck-Dine leptogenesis is T, < Tp,, under which the
AD field is destabilized earlier than the flaton X. As shown in appendix D, this condition
is fulfilled in our model so the AD leptogenesis works in the same way as in the model of
ref. [29]. We restrict ourselves to the flatons, L;H,, and H,H, flat directions, parametrized
by
Li = (0,1)T, Hy, = (he,0)T, Hy=(0,hg)T. (4.10)

At large flaton field values | X|, |Y'| > mgoft, we can integrate out the RH neutrinos to get
the effective potential as follows,

Vo= mi U +miy, hal? + miy, hal® = mX | X]* + mi Y[

X?hyhg 1 A2 1 X3y
YRE AN TN (hy)?+ A .C.
A AN oy ()™ F g dx - Fec

2
(1)

2

1

+ o A
1. X2h,|?

+\2AH !

1 2%

2 Ay Y?2

1. X%hg A}
— l

+‘2A FOA AyY
Xhyhyg X%y

A A

1. x3)?
+{ A (1hy)* + AT, (4.11)

a

The L;H, flat direction rolls out to non-zero value at a temperature 7' ~ my, o, Ttis
stabilized by the radiative effect rather than the small tree-level higher order term, hence
the stabilized value depends on the messenger scale. From a numerical calculation, we
found that L;H, is stabilized at [¢o| ~ O(10°7) GeV, for m3/; ~ 100keV, which is of our
interest with respect to dark matter. When X and Y flatons eventually reach the true
vacuum values, the p term is generated, providing additional masses to L;H, and H,Hy
flat directions. As a result, those flat directions are brought back into the origin. In this
process, the X-dependent C P-violating term of L; H,, causes an angular kick for the motion
of L;H, so that Affleck-Dine leptogenesis works.

To be conservative, however, one has to pay attention to the fact that in gauge medi-
ation, H, H, is likely to be destabilized earlier than L;H, while the p term is absent. This

5Tt is possible to have baryogenesis before thermal inflation, provided that Affleck-Dine field generates
a sufficiently large initial ng/s and it decays after thermal inflation [37].

"The condensation of LH,, and H,H; dumps some amount of energy before the end of thermal inflation.
As a result, the background temperature is raised up, extending thermal inflation a couple of efoldings
more [41-43].

,10,



implies that L;H, flat directions could obtain a large mass due to the neutrino Yukawa
coupling, An. Hence, in order to make late-time Affleck-Dine leptogenesis work, all the
entries of Ay associated with a certain flavor of lepton douplets (say L;) should satisfy a

ML, H, 4 ( ML.H, 10 GeV
S\~ 5x10 ; 4.12
< my T (500 ciov) ( (H.) (4.12)

so that the mass contribution to the flavor L; due to the early destabilization of H,Hy

condition

ij
)\N

is small enough not to hold L;H, around the origin. Note that the above condition is
automatically satisfied for eq. (2.8) with eq. (3.22).

The generated lepton number asymmetry is expected to be conserved by the help of
rapid preheating of X and L;H, flat directions [40-43], and finally converted to baryon
asymmetry through the sphaleron process [44]. Including the dilution due to entropy release
in the eventual decay of | X|, the resulting baryon asymmetry at present is estimated as [39]

ng npTa  np nap Ta  np mpm, <!lof>2 Ty (4.13)

S Topy My NAD Ny My NAD My Xo My

where n,, n; and nap are number densities of |X]|, lepton asymmetry and AD field,
respectively. For a small C' P-violating phase, § < 1, the conserved lepton asymmetry can
be expressed as

ng, ~ o dmelly|* (4.14)

where a ~ 0.1 is the efficiency factor of conserving the generated asymmetry [40-43], and
my is the mass of the angular mode of the L H, direction when it is lifted up and starts to

roll in. We find

AXX0> Y
2 N 2
my ~ lo|”. 4.15
P (N50) o (4.15)
Hence

nr, me a3/« 0 me 500 GeV

~ad =10 . 4.16

NAD @ (mL'LHu> <0.1) (0.1) (50GGV) ( mr,H, ( )
and

n

2
B _ 10-9 nL/nAD mrLH, |£0|/X0 14 1TeV . (4.17)
N 10—3 My 10—3 1TeV mg

Therefore, the obtained baryon asymmetry can be consistent with the observation within
the uncertainties of involved parameters,

4.3 Dark matter

In our model, the gravitino is the lightest supersymmetric particle as it is typical in gauge-
mediation, hence it is a good candidate of dark matter at present. For the decay tem-
perature Ty ~ O(1) TeV after inflation, the gravitinos can be produced from the thermal
scattering and decay of MSSM particles and provide a right amount of present dark matter
abundanc, provided that [34]

mg/o ~ O(100) keV . (4.18)

— 11 —



Y N Niyp &1 P2 O3 Py

3 3 3 3 3 3
PQ_3222_2_44

Zy +1 +1 +1 -1 -1 -1 -1

Table 2. PQ charges and Z, parities in a UV completion.

Gravitinos can be also produced non-thermally from the decay of flatons and heavy flati-
nos. In this case, gravitinos are expected to be warm unless the masses of flaton and flatino
are larger than about 1 TeV. However, if flatinos decay to the ordinary lightest supersym-
metric particle(OLSP), the non-thermal production of gravitinos can be negligible [29, 45].
Therefore, the flatino mass is constrained as

my , > My +mg. (4.19)

Based on egs. (D.12) and (A.22), eq. (4.19) can be satisfied for Ay ~ 1.

5 A UV completion of the frame function

In this section, we propose a simple UV completion of the frame function with higher order
terms that we considered in the previous sections. It has been shown that a successful
chaotic inflation is possible in Jordan frame supergravity, because integating out heavy
fields leads to a necessary higher order term in the one-loop frame function for the stability
of the non-inflaton field [11].

Following the similar line of the discussion in ref. [11], we introduce four heavy chiral
superfields, ®,(a = 1,2,3,4) with the following couplings to the non-inflaton sector up to
dimension-5 operator,

1 Di
QOCz‘Ni;él(b% + Ma®3P4 + 211\

In this UV completion, we assume that the frame function for the inflation sector is of the

1
W = 2@/@% + MDDy + Y N1 ®7. (5.1)

minimal form as follows,

3 4
Q= -3+ |V]+ ; (1N = 2 (@Ned +hc)] + Z; B, 2. (5.2)
The PQ charges and Zs-parities are assigned in table 2. Here we note that PQ symmetry
and Zs-parity only does not distinguish between N; and NN;%; so there would appear
similar couplings of the inflaton sneutrino to the heavy fields, ®3 and ¥4, as the ones for
non-inflaton sneutrinos. Then, the inflaton would be sensitive to those couplings to the
heavy fields. However, suppose that in extra dimensions, heavy fields and non-inflaton
sneutrinos are localized on the hidden brane while inflaton sneutrino and the rest fields of
our model are localized on the visible brane. In this case, the direct couplings between the
inflaton sneutrino and the heavy fields are geometrically suppressed. Moreover, the small
masses of RH neutrinos corresponding to the non-inflaton sneutrinos can be understood
as well.

- 12 —



Since the scalar fields are conformally coupled to the curvature scalar in Jordan frame
supergravity [11], only fermions contribute to the one-loop frame function. Assuming that
the heavy fields do not have VEVs and integrating out the heavy fields, we obtain the
renormalized one-loop frame function in terms of the fermion mass eigenvalues as follows,

4 2
1 2 mF,a
AQ = ~ 392 g mRaln( 2 >
a=1

1 M} M} kY4
_327T2{2M121n ( ;ﬂl) + [ ( ;ﬂl) 2]V + 6]|\42|
1

M2 M2 PIY N2
—|—2M221n(lu22>—|-[ln(M§)+2]<a?|Ni|2+ )

47, |4 21 \7|4
oy | N Kpi 9 P Y |?|N|;
YN +Y'N. @) ¢ . 5.3
* 6M22 + A ( it v )+ M22A2 (53)

12

Therefore, as compared to eq. (3.1), we have derived the desired higher order terms for the
stable Y and non-inflaton sneutrinos ;1 as

ol 2 M2
- R R [1 ( 2) 2]. 5.4
T 0oz % T gamzaz M 2 ) T (5.4)

We note that the fact that the §; parameters depend on the renormalization scale p indicates
that a new counter term |Y N;|? in the frame function is necessary as a consequence of the
non-renormalizable coupling p; in the superpotential. In addition to the above terms, there
is a renormalization of the Planck mass by M? In(M?/u?) terms; there are quadratic terms
for Y and N;, leading to the wave function renormalizations; the quartic terms for non-
inflaton sneutrinos are harmless for inflation. Finally, the (anti-)holomorphic term in the
last line of eq. (5.3) does not modify either the kinetic terms or the potential in Jordan
frame and it does not affect the stability of non-inflaton fields. However, if there exists a
nonzero coupling a4 for the inflaton sneutrino such as «;, the loop-induced quartic term,
|N1[#, in the frame function, would be safe only if it is suppressed as compared to the non-
minimal coupling, that is, | V| < all \/576&, 72 M. If the heavy field mass is My ~ A = 511 ,
for & ~ 100 and oy ~ 1, the bound on the inflaton field value would be |Ny| < 7, which
is close to the inflation field value at horizon exit in eq. (3.12).

6 Non-minimal coupling and PQ symmetry breaking

The non-minimal coupling to gravity induces a new effective interaction between the gravi-
ton and the scalar field, which gives rise to the unitarity bound on the maximum energy
scale. In our case, the non-minimal coupling, F' = & N2, gives rise to the effective interac-

tion term in the Jordan frame,
Lo ~ (gle v h.c.)mh;; (6.1)

where hl, is the trace part of the graviton. Thus, the upper bound allowed by unitarity
on the new-physics scale [14-17] is given by A ~ 611' However, it has been shown [18] that

,13,



during inflation, the unitarity scale is as high as 1/1/&;, which is higher than the one in the
vacuum, A, for a large &;. Nonetheless, in a UV complete model of the Higgs inflation [19],
new physics entering at unitarity scale in the vacuum has been shown to interfere the
inflation with a large non-minimal coupling such that the inflation energy depends on the
unknown coupling of new physics.

The Hubble scale during inflation is approximately given by H ~ ‘)é‘g‘. Taking A to
be the maximum energy scale, we must have H < A, resulting in |A\y1| < ;’ This is
consistent with the fact that with a small self-coupling of the inflaton, the inflation energy
is less sensitive to the unknown coupling at unitarity scale [19]. Suppose that |Ay1| = 0.01.
Then, from eq. (3.15), we need to take the non-minimal coupling to be { ~ 42. In this
case, the quantum gravity scale becomes A ~ 0.01 ~ 10'® GeV, which is close to the GUT
scale such that we can trust the perturbative unification of gauge couplings.

On the other hand, the non-minimal coupling &; breaks the PQ symmetry explicitly.
Thus, in the effective theory below the unitarity scale, the PQ symmetry should appear
as an accidental symmetry. In gravity mediation, the non-minimal coupling generates an
effective supersymmetric mass for the RH neutrino chiral superfield containing the inflaton,

3
Wy == 2m3/2£1N1N1. (62)

In the presence of the above effective supersymmetric mass term, the B-term for the RH
sneutrino is also generated as Vp, = gB,,mg /2§1N1N1. Then, combining the trilinear soft
mass, Ay A\y1Y N1 Ny, with the B-term for N1, one would get the one-loop tadpole term for
the flaton Y:

A
AV(Y) ~ [, Ay Bumays log(A*/M7) Y (6.3)

where A is the unitarity cutoff and My = Ay1(Y). For Ay ~ B, ~ mg/y in gravity
mediation, the tadpole term would be unacceptably too large for the DFSZ axion solu-
tion [46, 47] to strong CP problem to be valid. For the axion potential to be minimized at
6 < 1079, the gravitino mass is constrained as mgzy < (15012 )2/3100eV for Xy ~ 1010 GeV
with Yg/Xo ~ 1072
In gauge mediation, the PQ symmetry breaking is realized by the tachyonic mass of
the flaton induced by the coupling to extra vector-like states, Ag. Meanwhile, choosing
§ ~ 100 at the lowest possible value, the axion solution demands mg/,, < 100eV, which
corresponds to the messenger scale, M < 1057 GeV. This implies that the coupling Ay
should be less than about O(1073) in order for extra vector-like states to contribute to
the scalar soft mass of the flaton. Such a small coupling leads to the flaton of GeV or
sub-GeV scale mass and results in the flaton decay temperature of similar scale. The only
plausible scenario for baryogenesis in this case might be the late-time leptogenesis after
thermal inflation we have considered here.® However, the resulting baryon asymmetry is
expected to be too small due to a quite small angular curvature of the potential for the
Affleck-Dine field. Moreover, it is difficult to obtain enough amount of dark matter if it
8Since Ty ~ O(1) TeV, electroweak baryogenesis [48] might be considered. However, our model is

practically the MSSM at low energy, hence electroweak baryogenesis would not be able to generate a right
amount of baryon asymmetry [49].
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consists of gravitinos and axions. Therefore, even in gauge-mediation, the axion solution
with PQ symmetry would be incompatible with post-inflation cosmology in the presence of
the non-minimal coupling. To the axion solution, we need to rely on a type of KSVZ axion
models [50, 51] in which the MSSM fields including Higgs doublets and RH neutrinos are
neutral under the new global symmetry such that the non-minimal couplings for sneutrinos
respect the new global symmetry. As discussed in the previous section, the gravitino mass
must be of order 100 keV for a correct dark matter abundance but the one-loop tadpole
term (6.3) affects little the mass spectrum in the flaton sector given in appendix A, apart
from the PQ axion.

On the other hand, the PQ symmetry remains the solution to the u problem even
with the tadpole term, because the PQ) breaking VEVs are not changed much if m3/,, <
[167%m2 ;, (Xo0/Y0) fro/&] 3 (15014)1/350 TeV for fpg ~ 101 GeV and mgog ~ 100 GeV.
That is, the gravitino of 100 GeV or even higher mass is consistent with the p term of
order mgof. Therefore, even in gravity mediation, the PQ breakdown with the non-minimal
coupling would be safe for solving the p problem.

7 Conclusion

We have considered the sneutrino inflation and post-inflation cosmology in Jordan frame
supergravity, based on the singlet extension of the MSSM. The model is characterized by
the superpotential (eq. (2.1)) and the frame function (eq. (3.1)) in gauge mediated super-
symmetry breaking. It provides heavy right-handed neutrino masses and the p term by
the vacuum expectation values of singlets, the flatons. We have realized a stable sneutrino
inflation by means of a non-minimal gravity coupling in the frame function. Higher order
terms in the frame function ensure the stability of non-inflaton fields. We also proposed
a simple UV completion in which the necessary higher order terms in the frame function
are generated by the couplings to heavy fields. But, we found that a distinction between
the inflaton sneutrino and the non-inflaton sneutrions is necessary in order not to generate
a dangerous higher order term for the inflaton. We argued that a geometric separation
between the inflaton sneutrino and the non-inflaton sneutrions in extra dimensions can en-
sure the stability of non-inflaton fields through their couplings to heavy fields while keeping
the slow-roll inflation.

The reheating temperature after inflation is expected to be larger than O(10%) GeV
so gravitinos could be overproduced depending on the mass of the gravitino in gauge me-
diation. But, the existence of the flat direction for PQ symmetry breaking gives rise to
thermal inflation so that the gravitino problem is solved. Thermal inflation ends by sym-
metry breaking phase transition, triggering Affleck-Dine leptogenesis by generating the u
term, and resulting in baryon asymmetry within the right range to match the present obser-
vation. The reheating temperature after thermal inflation is of O(1) TeV, so the gravitino
provides the right amount of dark matter if it has mass of O(100) keV. Contrary to most of
the known inflation scenarios, the successful inflation and post-inflation cosmology tightly
constrains the model parameters so that non-inflaton sneutrino directions are constrained
to have supersymmetric masses less than O(1) TeV. Importantly, a natural realization
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of late-time Affleck-Dine leptogenesis after thermal inflation has been made without any
further assumption. The spectral index predicted in our scenario is ng ~ 0.96 due the ad-
ditional efoldings from thermal inflation. This is a clear difference from the original Higgs
inflation and its variants where thermal inflation is absent.
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A Flaton potential and mass spectrum

The potential for the flatons, X and Y, is given by®

1 X3y X3 X2y |?
v<X>=vo—m%(|X|2+m%|Y|2+<3AAXAX N +c.c.>+'A§A 'AXA

(A1)

where —m?X and m%, are soft mass squareds of X and Y, and A, is the A-parameter

associated with the coupling Ax. Since X and Y are gauge singlets, the direct gauge-
mediation contributions to their soft parameters are absent. However, the Yukawa coupling
of X to extra vector-like multiplets ¥, W (see eq. (2.1)) generates soft mass terms at 1-loop
level.

The renormalization group equation of m?X below the messenger scale is

dm?; 1 2( 2 2 2 2

where Ny is the number of vector-like ¥, ¥ pairs, m%,l is the soft mass squared of W;(the
i-th component of W) and A, is the A-parameter associated with Ay,. Note that m3
and ‘Ak\pi |2 in the right-hand side of eq. (A.2) are negligibly small during the most part
of running from intermediate to weak scale, hence we can ignore their contributions. In
minimal gauge-mediation scenario [26], we obtain the scalar soft masses for vector-like
pairs,

2
my, =my, = N > Ca(Wi)M; (A.3)

where Cy(¥;) is the quadratic Casimir group theory invariants for the superfield ¥; for
gauge group G, and N,, = 23 . l; with [; being the index of the representation of W;.
Thus, we find

1 Ny M
m3% (X) ), 2 N, Zqu,yc M21n<w_X‘>. (A.4)

9The soft mass squared of Y is dominantly from gravity-mediation effect, i.e., m% ~ mg /2 1t is positive
even under RG-running, since radiative correction is negligible due to smallness of Yukawa coupling.
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Meanwhile, from the wave function renormalization of X, we find
3 « M
Ay ~— N v, P (50) n? M, A.
A T w%}@( Il () 0%y, xp ) Me (A.5)

with o, = g2/ (47). Thus, from egs. (A.4) and (A.5), mx(X) > Ay, (X).
Denoting the PQ fields as

X . ax
X =|(Xy+ exp |1 , A6
( ’ ¢2> p[mXJ 4o
) . ay
Y =(Yy+ exp |i , A7
(0 ¢2> p[\/QYO] A
we find the physical light and heavy axion states,
X Y(
a = qx OaX—l—qY an (A.8)
Jfa fa
Y. X
a' = qy fo ax —qx foay (A9)

where f, = v/(qxX0)2 + (qvYp)?. The mass of the heavy axion a’ is

, OV 1 Axf2 Xo | Axf? Ax X2

) = = = ~ 3m3 A.10
T = 92 T 3N Maur Yo Maur Maur X (A.10)
where we have used f, >~ Xj.
The elements of the flaton mass matrix are
2
M2 =mi + A X ~ 3m% (A.11)
v Mgur ’
Ax X2 Ax X2 | Y, V3
2 X420 X420 0
= 4 — A ~ A A2
May Mcgur ‘ < Mcaur | Xo AX) g “AxTX (A.12)
Ay X217 [4 Yo \ 2 A X2 Y
2 0 0 2
= 4 — A ~ 4 . A.13
Maa Mgur| |3 * Xo A | Mgy Xo X ( )

Due to a small mixing between the flatons, = and y, the flaton mass spectra are approxi-

mately
1
m¥, ~ 3mi(Xo) — 3A§X : (A.14)
1
m3, ~ 4m% (Xo) + 3A§X . (A.15)

In the basis of mass eigenstates, x and y are expressed as

xr = —sinaf; + cosafs, (A.16)
y = cosaf + sinafy (A.17)
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where

2M3, _2V3 Ay

sin(2a) = o~ , A.18
BT i, =5 A
M2, — M? 2 ( Ay
cos(20) = T W A - ( AX) . (A.19)
my, — My, 3\ mx

Since mx > Ay, we find x ~ fy and y ~ f.
The mass matrix of the flatinos has the following nonzero elements,

2)\XX02 Yo 2

Mz = Maur Xo = 3A>\X, (A.20)
Mag = X0 Uz (A.21)
Mgur
whose eigenvalues are
my, ;AAX T+ V3my . (A.22)

In the flavor basis, the eigenstates are expressed as

fi ;2 (—7+7), (A.23)
7y~ ;2 G+3) . (A.24)

Note that particles in the flaton sector have masses of order mx, except the light axion.

B Jordan frame supergravity

The Jordan-frame action [9-11] is
1 A _ =
S = /d4x\/—gj< — QR - Q3D X'DMXT + Qb VJ) (B.1)

where the auxiliary vector field b, take the form, b, = —ziQ <DMXi3iQ — DMX%(%Q) and

the frame function is related to the Kihler potential as Q = —3e~%/3. Here the covariant
derivatives for scalar fields X? are given by D, X i = 0uX iy iAZnZ.

In order to get the canonical scalar kinetic terms in the Jordan frame, we need €2;; = ;5
and b, = 0. The most general frame function for giving €2;; = 4,5 is the following [9-11],

0= —3+06;X X ;(F(X) +hee.). (B.2)

When F = 0, the non-minimal coupling of the scalar fields are fixed as £ =
—v/—9 > &I X PR with & = (1), so the scalar fields are conformally coupled to gravity.
However, by choosing an appropriate holomorphic function F', we can break the conformal
symmetry explicitly and include the nontrivial non-minimal coupling to gravity.
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Then, from the relation (B.2), the corresponding Kéhler potential takes the following
form,

;(F(X) the)). (B.3)

Performing a Weyl transformation of the metric with gfy = (-Q/ 3)9;51,, we obtain the

1 -
K ==3In(1- 350X +

standard Einstein-frame action as
1 ) -
SE = /d4$\/—gE(2R—KZ~jDMXZD“X] — VE) (B.4)

Here the Einstein-frame scalar potential is related to the Jordan-frame one and is given in
terms of the Kéhler potential K, the superpotential W and the gauge kinetic function f,,
by

9
Ve = 02 Vi=Ver+Vp (B.5)
where
Vp = e (Kﬁ(D,W)(D;WT) - 3ywy2>, (B.6)
1 —1( i ig
Vb = ,Refy, <na82K) (nb&K). (B.7)

Taking the non-minimal coupling and the superpotential to be
F(X) = &X' X7, (B.8)
W(X) = A\ X' XX, (B.9)
we obtain the Jordan-frame potential in a simplified form [12],

- 7 2
3|69 & X AW,

1— 5(&; X X7 4 hoc.) + 309 ;8. X XE

V; = 525W2W3 — (B.10)
In the text, higher order terms are added in the frame function for the stability of non-
inflaton fields so that the kinetic terms in Jordan frame become non-canonical. Then, the
Jordan-frame potential is not of the above form any more but it has the corrections coming
from those higher order terms as shown in ref. [11, 12].

In our model, the minimal frame function and the superpotential relevant for inflation
are the following,

3 3
3
_ 2 2 NN
Q=-3+[Y]2+ §1: NP = ( §'1: &:N; N; +h.c.>, (B.11)
1 3
W=, E‘_lj AyiY N;N;. (B.12)

Then, we find that the Jordan-frame potential is given by
2
31V S Avaef N2

3 . (B.13)
145 X [6\§ij\2 - (§ij2+h.c.)]

3 3
1 2
= |3 AviN? Y2<§ ZNﬂ)—
Vi 4‘“ yilNi | +Y| HI)\Y |
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For Ny = N3 =0 and N; # 0, the Jordan-frame potential (B.13) becomes

1 312 21Y 2| Ny 2
VJ:4|)\Y1|2|N1|4—|—|)\Y1|2|Y|2|N1|2— ) ’ Y1§1’ ’ ‘ ‘ 1‘ (B14)
L+ 5 |661[2[ Vi[> = (&1NF + hoc.)
In this case, for &1|N1|? > 1, the potential becomes
1 IAy12|Y?|N1|?(&4N? +h.c.)
Vi~ Ay PNyt = . B.15
AP e piv e — (V2 4 ) (B49)
Then, for |£;| > 1, the flaton Y has the tachyonic instability as follows,
1 Ay 2 2
Vy~ 4\)\Y1\2’N1’4 - |6\§1 ’|2 Y 26N+ €INT). (B.16)

The tachyonic instability remains even for a smaller |;], satisfying |{1] > :15, which is
needed for a positive effective Planck mass in Jordan frame. This instability arises due
to the sequestered form of the frame function (B.11), which corresponds to the Kéhler
potential of no-scale type. Since the large sneutrino VEV breaks SUSY by the F-term of
the flaton Y, we need to add a higher order term, —|Y'|*, in the frame function (B.11) to
generate a positive soft scalar mass for Y during inflation [11].

From eq. (B.13) with Y = 0 and N7 # 0, we also obtain the following effective tachyonic
mass terms for the non-inflaton sneutrinos,

1 2
V) numass = 4ATYlN1(Ay2N§ + AysN2) + hee. (B.17)

Thus, the direction satisfying No = N3 = 0 would be unstable. This instability is cured
by adding additional higher order terms, —d&|Y|?|Na|> and —d&5]Y|?|N3|?, in the frame
function (B.11). With these higher order terms, the nonzero F-term SUSY breaking of the
flaton Y is transmitted to the non-inflaton sneutrinos such that their positive soft scalar
masses are generated. Therefore, the above discussion brings us to the final form of the
frame function

3

Q= =340, + VP (1Y = 3 aINP) + 3 [N - D(ENiN; +he)| (B.18)
1#1 1=1

where ®; are all the chiral superfields in the model, except the flaton Y and the

sneutrinos V;.

C Number of efoldings with thermal inflation

In the presence of late-time thermal inflation, the total entropy is conserved once the
universe is completely reheated after thermal inflation. The total entropy at the time of
the flaton decay is given by

Sd = Rglsd (Cl)
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where

e (HEOEEE e

with
<Z> = Ne (C.3)
<Zt) - (%351)2/3 (C.4)
<‘;*:) ~ <§;g*<Tb)>_1/4 Vl/;é“"t) (C5)
(;) = N1 (C.6)

()= (o) ()" e

where the subscripts of scale factor a represent respectively the epochs of
e *: Horizon exit of our cosmological scale during inflation
e ¢: End of inflation

t: Phase transition of inflaton from matter to radiation

b: Beginning of thermal inflation

¢: End of thermal inflation

d: Decay of flaton (reheating after thermal inflation)

and ¢ is the inflaton field with the potential V' (¢) while V} is the vacuum energy during

1

Hig.) Ve obtain

thermal inflation. Thus, using R, =

L7 x 103 4y V34 (gy) 3N VO

d= Hg(@*) € Tg’ Td (08)

where we have used sq = (27%/45) g5« (Ta)T; and g.(T,) = g«(Ta) = gs« = 200. Therefore,
from Sq = Sy, the number of efoldings necessary for the primordial inflation is given by

1 VY4(p1) 1 Vo
Ne(Rp) =~ 5 InSy—25— Nt —In < T ~ g In <H3(¢*)Td> (C.9)

where Ry ~ 3000 Mpc and Sy ~ 1088 are the present Hubble radius and the total entropy
in the Hubble patch. From eq. (3.12), we find

Vl/Q(SD*) 12 Avi 102
H(p,) = ~ 6. 1 N
(¢x) /3Mo 6.8 x 107 GeV <103> < £ > (C.10)
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and 1
Vig) = Vot (©1)

where @y ~ \/ 321 is the inflaton field value when inflaton starts to behave as a radiation [20,

21]. Therefore, taking H(p.) = 10'3 GeV and V() = 10 GeV with Nty = 8, T}, =
10 GeV and Ty = 1 TeV, we find N (Rg) ~ 52.

D Critical temperatures

The critical temperature, at which a field ¢ becomes unstable around the origin, is given
by
T,=""¢

SO:Bcp

where m, = \/ [m2(0)] with m?(0) being the curvature of the potential along ¢ around

(D.1)

the origin, and 3, is given by [52]

1
52 = 3 > i +4) " Cale)gs (D.2)
i a
In case of the LH,, flat-direction, one finds
1
o _ 1 2 1 2 2 2, 3 9
Bru, = 5 (87 + Bh,) = 3 3™ + (A7 + 392 + 591 ) - (D.4)

The RGE of m7 ; is [53]

2
dmi g, N 1

6
2 2 2 2 2 2 2 2 2
a0 = 16 [3|At| (mir, +mg +ma + |Ad) = 6g2[Ms|* — gt [ M| } - (D.5)

In minimal gauge mediation, gaugino masses and soft scalar masses are given by [26],

ag F

M, = Nm47rM , 2 (D.6)
m? = 2Nmzajca (Z‘;)z (ﬁ) . (D.7)

Hence, the scalar soft masses at the messenger scale are
my o~ s M2, (D.8)

v 2Ny
meg = 3]é\gfm M2 =m? (D.9)
So, using as = 2a9, we get

m%u -0 <a2> _ 9 (D.10)

mg 16 \ ag 64
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At the messenger scale, the A-term contribution is negligible and the contribution of m%{u is

largely cancelled by the contributions of gauge interactions, so we ignore those contributions
in RGE of m% 1, Then, one finds

1 M
M, (0) ~ Ly MM In . (D.11)

Msoft

Meanwhile, in case of the flaton X, from eq. (A.4), we find

1 N M
~ o QN“” ZN A, |2C (W) M2 ln< > (D.12)

Mgsoft

m%(0)

and

1 2
= 4N\PZ|)\%| , (D.13)

Therefore, we find the ratio of the critical temperature for thermal inflation (7;) to the one

for destabilizing the AD field (T1g,) as
T. mX(O) (ﬁLHu>

Trm, mra, (0 Bx

\/Nq,N 2Ca (qu ) <Ma> (3\At\2 + 395 + (3/5)g%>1/2
At M3 2Ny Z@ P‘%’Q

/2
73 (.  B+g/5\
~ 1 D.14
\/6\/5 < LY (D-14)

where in the last line we have assumed M; : My : M3 = 1:2:6. From eq. (D.14), it is
easy to see that Trpy, > T, is always satisfied. Therefore, the LH,, flat direction will be
destabilized earlier than the flaton X.
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