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We consider domain walls in the Z; symmetric next-to-minimal supersymmetric standard model.
The spontaneous Z3 discrete symmetry breaking produces domain walls, and the stable domain walls are
problematic. Thus, we assume the Z; symmetry is slightly but explicitly broken and the domain walls
decay. Such a decay causes a large late-time entropy production. We study its cosmological implications on
unwanted relics such as the moduli, gravitino, lightest superparticle, and axion.
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I. INTRODUCTION

Supersymmetric extension of the standard model (SM)
is one of candidates for TeV-scale physics, because
supersymmetry (SUSY) can stabilize a large hierarchy.
The minimal supersymmetric standard model (MSSM)
is quite interesting because of its minimality, and various
phenomenological aspects have been studied. However,
from a theoretical point of view, it has a problem. The
MSSM includes supersymmetric mass terms of Higgs
superfields, H, and H, i.e., the so-called p term,
uH, H, in the superpotential. It must be comparable
with soft SUSY breaking masses in order to realize
successfully the electroweak symmetry breaking.
However, the p term and soft SUSY breaking terms,
in general, have different origins from each other. Why
are these comparable with each other? That is the so-
called p-problem [1].

The next-to-minimal supersymmetric standard model
(NMSSM) is an extension of the MSSM by adding a
singlet superfield S [2] (for a review, see Ref. [3]). Then
the NMSSM superpotential has ASH, H ;. Also, we impose
the Z; symmetry, which forbids dimensionful parameters
in the superpotential. Dimensionful parameters appear
only as soft SUSY breaking parameters. Thus, vacuum
expectation values (VEVs) of Higgs and singlet fields are
determined by soft SUSY breaking terms. That is, the
u-problem is solved, and the effective i term is generated
as u = A{S).

In the NMSSM, the Higgs sector as well as the neutralino
sector has a richer structure than one in the MSSM, because
of the inclusion of the singlet superfield S. Also, the
NMSSM can raise the SM-like Higgs boson mass. At
any rate, heavier superpartner masses such as O(1) —
O(10) TeV may be favorable. We may need fine-tuning
to realize a little hierarchy between the electroweak scale
and SUSY breaking scale. However, such a fine-tuning can
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be improved in a certain mediation mechanism, e.g., in the
TeV-scale mirage mediation scenario [4].1

The Z; symmetry is important to forbid dimensionful
parameters in the superpotential and to solve the u-problem.
However, it is problematic. VEVs of the Higgs scalar and
singlet break spontaneously the Z; symmetry. In general,
when a discrete symmetry is spontaneously broken, domain
walls appear. They would dominate the energy density of the
Universe and change the standard cosmology drastically.
Thus, the exact Z; symmetry and the stable domain walls are
problematic [9]. See for the NMSSM [10].

Here, we assume that the Z; symmetry is broken
explicitly, but its breaking size is much smaller than the
electroweak scale. Then the domain walls are unstable. They
may dominate the energy density of the Universe at a certain
period but decay. It has important effects on thermal history.
(See, e.g., Ref [11].) In this paper, we study implications of
unstable domain walls in the NMSSM. In general, SUSY
models have other problems due to the moduli, gravitino,
and lightest superparticle (LSP). For example, in the gravity
mediation scenario, moduli and gravitino masses would be
comparable with masses of superpartners in the visible
sector. When those are of O(1) — O(10) TeV, they affect
successful big bang nucleosynthesis (BBN), that is, the so-
called moduli problem and gravitino problem. They could be
diluted by decay of domain walls [12]. Furthermore, even if
the moduli and gravitino are heavier than superpartners in
the visible sector, that would lead to another problem.
Indeed, in the mirage mediation mechanism [6], the gravitino
is heavier by (O(87?) than superpartners in the visible sector,
and the modulus is also heavier by O(8z2) than the
gravitino. In such a case, the moduli decay into the gravitino

'See for phenomenological aspects of MSSM in the TeV-scale
mirage mediation scenario [5] and for generic mirage mediation
[6-8].

© 2015 American Physical Society
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with a large rate and the gravitino decays into the LSP. This
overproduces nonthermally the LSP [13]. We need to dilute
the moduli, gravitino, and LSP. Also, in some other
scenarios, the LSP such as binolike neutralino has a large
thermal relic density. The decay of domain walls, which was
mentioned above, can produce a large entropy and dilute
moduli and dark matter candidates in the NMSSM.

This paper is organized as follows. In Sec. II, we study
the domain wall solution in the NMSSM. In Sec. III, we
study cosmological evolution of unstable domain walls. In
Secs. IV-V, we study implications of the domain wall
decay in two scenarios. Section VI is devoted to conclusion
and discussion.

II. DOMAIN WALL SOLUTION IN THE NMSSM
A. Domain wall solution in the Z; symmetric NMSSM

We briefly review a domain wall solution of the Higgs
potential in the Z; symmetric NMSSM.? We adopt the
convention for H,, H,; and S that the superfield and its
lowest component are written by the same letter.
The superpotential terms including only H,, H; and S
are written as

K
Wiiiges = ASH, Hy + 3 S3, (1)

where the Z; symmetry is imposed as mentioned. The
scalar potential is written by

VHiggs = Z

¢i=H,.Hy.S

2

ow
+ VD + Vsoftv (2)

o

where V, is the D-term potential due to SU(2) x U(1)y
and V. denotes the soft SUSY breaking terms,

1
Vo = my |H,|[* +mj; |H,* + g;<A,Cs3 + 1A,H, H ;S
+ H.c. (3)
Only the neutral components develop their VEVs, and their
scalar potential is written explicitly by
Viiggs = |<S? — AH Hg|* + miy [Hy[* + my [Hgl?
+mg|SP + [2PSP(1HG? + [H3 )

gz + g/2

8
—AA;HYHYS + H.c., (4)

1
+ ([Hul = [Hgl)? + 3 xAS?

*The full scalar potential includes superpartners of quarks and
leptons, and it has several unrealistic vacua. We assume that taken
SUSY breaking parameters in the full potential satisfy the
condition to avoid such unrealistic vacua. (See, e.g., Ref. [14]
and references therein.)
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where g and ¢ are the SU(2) and U(1), gauge couplings,
respectively. Here, we assume that all of 4, x, A;, and A,
are real.
The potential minima are obtained by analyzing the
stationary conditions,
8VHiggs o 8VHiggs o 8VHiggs -0 (5)
oHY — OHY — as 7

and these VEVs lead to the successful electroweak sym-
metry breaking, where the effective y term is obtained as
u = A(S). Since the scalar potential has the Z; symmetry,
three vacua are degenerate,

((S). (Hu). (HY)) = (v, 0,3, pe*73), - (6)

with m =0, 1, 2, where all v, v,, and v, are real with

v = y/v2 + v% = 174 GeV. One of three degenerate vacua

is selected in the vacuum, and then the Z; symmetry is
broken spontaneously. Then the domain walls are
generated.

First, we study the domain wall solution [15]. We fix
field values of radial directions of S, H,, and H,, and
discuss a field equation for the phase degree of freedom ¢,

(S,HY, HY) = (vye?, v,e?, v,e?). (7)

The potential of ¢ can be obtained from Vg as

V() = =23 el + 20,1, ) c0530) + Vo (8

where V|, denotes ¢-independent terms. The first term
would be dominant when A, ~A,, A ~k, and v? > v,,.
Also, the kinetic term of ¢ is written by

Ekinetic<¢> = ’12 (aﬂ¢) (aﬂgb)’ (9)

with > = v + v2 + 0.
For simplicity, we consider a planar domain wall
orthogonal to the z axis, ¢(z). Then the field equation,

a[’kinetic aVVEV o

0 =0, (10)
" 0,(0¢) O
can be written by
¢ 1
dizz—ﬁsln(3¢) :O, (11)

with

- 2 . (12)

(1)2 9] TKADY| + AA0,0,0,)
n
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FIG. 1 (color online). The phase of scaler field (S(z), H,(z),
H,(z)) of the planer domain wall solution. Here we take n = 0,
7o = 0, and normalize the z axis by 1/B [Eq. (12)].

The first term in the numerator of the left-hand side of
Eq. (12) is dominant when v2 >> v, v,. We set the boundary
condition such that ¢ =2zn/3 at z > —c0 and ¢ =
2n(n+1)/3 at z = +oo with n =0, 1, 2. By solving
the above field equation with this boundary condition, the
domain wall solution is derived as

2 4 i
¢ = % + Jarctan (eiﬁ(z‘z(’)) , (13)

where B corresponds to the width of the domain wall.

Figure 1 shows this solution for n = 0.
Now we can estimate the domain wall tension,

GZ/dewall<Z)

ds|? |dHY|2 |dHYJ?
— [ dz( 122 u —d Vv
/Z< dz +‘dz + dz * (¢)>
_16112
9B’

Thus, we can estimate

16 16 u* [k
o=\ kA, ==t [EAu (14
33 sz A (19

for v2 > v,v,. The size of y is of the SUSY breaking scale.”
The couplings 4 and x must be of O(0.1) or less at the
electroweak scale such that they do not blow up below a high

*When y is much larger than the electroweak scale, we have
the fine-tuning problem to derive the Z-boson mass m  from m},
u, and m%,d. However, in a certain mediation such as the TeV-
scale mirage mediation contributions due to x and m H cancel
each other in my, and my is independent of u. Without severe

fine-tuning p can be larger than the electroweak scale, e.g., 4 =
O(1) TeV [4].
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FIG. 2 (color online). Spatial configuration of a domain wall
energy density for A=x=0.01, A;=A,=10TeV,
u=1TeV, tanf = 10. The z axis is normalized by 1/B.

energy scale such as the grand unified theory (GUT) or
Planck scale. Thus, the size of 6!/3 would be of the SUSY
breaking scale or larger. Figure 2 shows an example

of ppw(2)-

B. Decaying domain wall by Z; breaking

Formed domain walls are stretched by the cosmic
expansion and smoothed by interactions with particles in
the background thermal plasma. The energy density of
domain walls ppw and its pressure ppw can be read from
the averaged energy momentum tensor of domain walls.
The equation of state of domain walls is given by

2
Pow = (Uz - g)PDw, (15)

with v being the averaged velocity of walls [16]. The
dynamics depends on v. In one extremal limit, nonrelativ-
istic limit, or static limit with » = 0, the energy density
behaves as

ppw xa”', (16)

where a(r) is the scale factor of the Universe. Such a
domain wall network is sometime referred to as a “frus-
trated domain wall.” Such a frustrated domain wall domi-
nated Universe causes accelerated expansion because of
w=p/p=-2/3 <—1/3. On the other hand, for v* >
1/3 where w > —1/3 is realized, the cosmic expansion is
not accelerating.

In fact, the dynamics of domain walls has been inves-
tigated and many detailed numerical simulations show that
the dynamics of the domain wall network is relaxed at a late
time to the so-called scaling regime, where the typical
length scale & of the system stays of the Hubble radius H~!
[17-22]. Then, the energy density of domain walls also
scales as [22]

103518-3
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c
Ppw = - (17)

t

The energy density of the domain wall decreases slower
than any other “matter” or radiation in the scaling solution.”
Thus, at some point, the energy density of domain walls
dominates that in the Universe. This is the domain wall
problem [9].

Thus, the stable domain wall in the Z; symmetric
NMSSM is problematic [10]. In this paper, we consider
a tiny but explicit breaking of the Z; discrete symmetry so
that domain walls might have a long lifetime but finally
decay. In fact, the decay of domain walls after domain wall
domination has an interesting cosmological implication,
namely the dilution of unwanted relics by late-time entropy
production [12].

Few numerical detailed studies on dynamics of the
domain wall network in a domain wall dominated
Universe have been done. Hence, the domain wall dynam-
ics in a domain wall dominated Universe after its scaling
behavior is uncertain. One likely possibility is that the scale
of the system remains of the order of the Hubble radius as
in the scaling regime after domain wall domination. This
can be realized for the equation of state w = —1/3. Thus, in
most of the following analysis, we assume this. On the
other hand, there is another possibility that the dynamics
after the domination would be frozen as suggested in
Ref. [20], where ¢ « a(t) and p o« a(t)~! are realized as in
the nonrelativistic limit. We briefly discuss results for this
latter case, too.

Before closing this subsection, we briefly note some
examples of the Z; symmetry breaking in the literature for
information. In Ref. [23], Panagiotakopoulos and Tamvakis
proposed adding extra symmetries, which consistently
allows one to induce a tiny enough tadpole term

1
AvamgUSY(S‘i‘S*), (18)

where mgygy is a soft SUSY breaking mass and 7 is a power
of loop inducing this term in the scalar potential and the
degeneracy of vacua is resolved. Hamaguchi et al. proposed
another solution by introducing hidden QCD theory, where
the Z; symmetry becomes anomalous and is broken by
quantum effects [24]. In such a minor extension of Zj
symmetric NMSSM, the domain walls become unstable.
Since the size of the Z; breaking term is highly model
dependent and the main purpose of this paper is to study
cosmological effects of late-time domain wall decay, the
decay rate of a domain wall I'py, which also parametrizes
the size of the Z; symmetry breaking, is treated as a free
parameter. Throughout this paper, in order to connect
successful BBN, we take the domain wall decay temperature

“In the static limit v = 0, it is even slower.
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T, of a few MeV. We note that the lower bound of the
reheating temperature by late decay objects is about a
few MeV [25-27].

III. COSMOLOGICAL EVOLUTION OF
UNSTABLE DOMAIN WALLS

When doublet and/or singlet Higgs fields develop the
VEVs, domain walls are formed. As mentioned above, after
certain dynamics, the domain wall network would be
relaxed to be in the scaling solution. In the scaling regime,
the energy density of domain walls is given by

pow = oH. (19)

A. Matter-dominated era to domain wall
dominated era

The first case we consider is that, at the domain wall
formation time H;!, the Universe is dominated by the
energy density of a matter p), such as a long-lived
coherent oscillating moduli field. In the scaling solution
of domain wall, the energy density of domain walls
relative to that of the background increases and eventually
dominates the Universe. The domain wall energy density

becomes equal to that of the matter at He‘q', which is
estimated with Eq. (19) as
o
Heq = W (20)

where M p is the reduced Planck mass. The condition that
domain walls indeed dominate the Universe before they
decay is expressed as

Hey > I'py. (21)

After Hy, the domain walls dominate the energy density.
At the domain wall decay time I'ny,, the ratio of these
energy densities is estimated as

) e

eq

Py
PpW

I'pw

from a ¢, where we assume ppw a2 during the
domain wall domination between H., and I'py. After
the domain walls decay, the energy density of the matter is
diluted as

T (Fow) 3T (R0 (ITAMENR

s 4 \H.,) 4\ 10 &

eq

for the case that the domain wall decays earlier than the
matter does. Here, g, is the number of relativistic degrees of
freedom.

103518-4
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B. Radiation-dominated era to domain
wall dominated era

Next, we discuss the case that domain walls are formed
in a radiation-dominated universe. Both energy densities
become comparable with each other at

c
Heyy =+, 24
eq 3 M% ( )
since domain walls are in the scaling solution. The entropy
density ratio of after to before domain wall decay is given by

A = Sater _ Teg (Heq>
Sbefore Td FDW

B <nzg* (IT(;zTgM%,) b (QQ:((TT;>)> 1/4, (25)

for A > 1. We can obtain an entropy production

c'? N2 (2 MeV\?
A=1 : 2
(smw) (7)o

One might think that the tension of about 100 TeV looks
somewhat too large. However, for instance, in the MSSM-
like region of the NMSSM with A ~ k < 1 and v, > v, the
domain wall tension

16 2
0=\ 3K (27)
can be of such an order with A~x~1072 and
v, ~ 100 TeV. Those result in the effective y term and
the singlino mass of about 1 TeV. Figure 3 shows the
entropy density ratio of after to before domain wall decay
for A=x=20.01, T; =3 MeV. The ratio increases as y
and A, increase.
Such a large late-time entropy production can dilute
unwanted relics such as the gravitino, overproduced LSP, as
well as axion.

C. Nonrelativistc domain wall during the domination

Here, we note resultant quantities if the domain wall
energy density scales as a~! during the domination.

1. Matter-dominated era to domain wall dominated era

At the domain wall decay time I'pY,, the ratio of these
energy densities is estimated as

r 4
— ( DW> i (28)
Ipw Heq
from H « a~'/?, where we assume ppyw « a~!' during the
domain wall domination between Hy and I'py. After the

domain walls decay, the energy density of the matter is
diluted as

Py
PpwW

-1/2
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FIG. 3 (color online). The entropy density ratio A of after to
before domain wall decay in the radiation-dominated era to
domain wall dominated era for A = x = 0.01, T;, = 3 MeV.

pu _3Ta (an>“

3T, (ﬂzg*(Td)Tj M}D)2
~ T d (TR IR (29)
K 4 \Hy

4 10 o>

for the case that the domain wall decays earlier than the
matter does.

2. Radiation-dominated era to domain wall
dominated era

Assuming ppw « a~! during the domain wall domina-
tion, the entropy density ratio of after to before domain wall
decay is given by

A — Safter —~ Teq (Heq )4
Sbefore Td 1—‘DW

- Q@xiﬁ;%)gﬂ <ggf<(TTi)>> Y

for A > 1. We can obtain an entropy production

o3 \?72 (2 MeV?
A =600 : 31
<50 TeV> < T, > G

IV. COSMOLOGICAL IMPLICATIONS

In this section, we study implications of the NMSSM
domain wall decay to some relics in several models.

103518-5
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A. Thermal relic WIMP LSP such as singlino
or sneutrino

Weakly interacting massive particles (WIMPs) have been
regarded as a promising dark matter candidate in our
Universe. In the NMSSM, the neutralino is the candidate
[3]. In a right-hand neutrino extended model, the right-hand
sneutrino also becomes a WIMP dark matter candidate
[28]. Since the WIMP thermal relic abundance is inversely
proportional to its thermal averaged annihilation cross
section (ov) as

0.1 pb
(ov) ~

QWIMPh2 = (32)

a too-small annihilation cross section leads to overabundant
WIMPs. The singlino- or binoike neutralino, or the right-
hand sneutrino with small couplings, is indeed such a case.
The domain wall decay produces extra entropy with the
dilution factor (25) and could regulate the WIMP relic
abundance to be

1
QWIMPI’ZZ K = 01, (33)

even for a small annihilation cross section (cv) < 1 pb.

B. The moduli problem in the mirage
mediation scenario

Mirage mediation models appear free from the cosmo-
logical moduli problem because a moduli mass is quite
large. However, the nonthermally produced LSP through a
decay chain by way of the gravitino is in fact overabundant.
Let us examine whether the domain wall decay dilutes
those LSPs.

Moduli decay before the energy density of domain walls
dominates the Universe because the moduli decay rate

r =

moduli

moduli (34)
8xM?

is larger than H given by Eq. (20) in the mirage mediation
scenario. At H =1 ,qui> the moduli decay at a moduli
dominated universe produces gravitinos as

n3 3T
Y30 = T/ = B3p o

, 35
2Mioduti ( )

with the branching ratio of moduli decay into gravitinos
B3, = 0(0.01) — O(1) [13], and the Universe becomes
radiation dominated. Here 7', is the decay temperature of
the moduli field given by

PHYSICAL REVIEW D 92, 103518 (2015)
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FIG. 4 (color online). The required branching ratio contour to
keep Q;eph?> =0.1 in the mirage mediation scenario for
A=kKk= 001, Td =3 MeV, mypsp — 100 GCV, Mpyoduli —
1000 TeV. Above each curve, the relic abundance is smaller
than QLSPhZ =0.1.

ﬂzg*(TD)
3M %F ﬁwdu]i = T

T}, (36)

The entropy density ratio of after to before domain wall
decay is given by Eq. (25). Unstable gravitinos decay into
the LSP with n3/, = nygp due to R-parity conservation.
Usually, this leads to the overproduction of the LSP whose
abundance exceeds the dark matter abundance. After extra
entropy production by the domain wall decay, the resultant
final LSP abundance becomes

PLsp _ 3myspTp Bz (37)
s 2mmoduli A

in other words,

T, B
Qoph? =42 x 108 LSPID 2 Gay-1 - (38)

Mmoduli

In Fig. 4, we consider the case that the LSP is the dark
matter, and plot ©;gph?> = 0.1 by using (38). The input
parameters are A=k =0.01, T,=3 MeV, mgp =
100 GCV, Muoduli — 1000 TeV.

C. The decay constant of the QCD axion

Finally, we comment on the QCD axion, a, with the
decay constant f,. After the QCD transition, axions are
produced by coherent oscillation, the so-called misalign-
ment mechanism, and it is a good candidate for dark matter

103518-6



ENTROPY PRODUCTION BY DOMAIN WALL DECAY IN ...

because its lifetime is much longer than the age of the
Universe. Its abundance is proportional to fz,/ 6 [29]. The
condition Q, < Qpy is rewritten as

. <1012 GeV. (39)

fa» which is larger than (39), corresponds to the over-
production of axions. Again, the domain wall decay can
dilute the axion abundance for such a larger f, [12].

For example, with the dilution (25) by the domain wall
decay, the bound on f, is relaxed as

fa 106 GeV, (40)

for ¢'/> =300 TeV and T, = 2 MeV.

The GUT scale axion decay constant is allowed, which is
remarkable. In superstring theory, the natural decay con-
stant of axionic parts in a closed string moduli would be of
the order of the GUT scale or string scale [30].5 Such
stringy axions with a larger decay constant can be the
QCD axion.

V. COSMOLOGICAL IMPLICATIONS
FOR w = —-1/3 DOMAIN WALLS

In this section, we study implications of the NMSSM
domain wall decay with w = —1/3 for the moduli problem
within the gravity mediation scenario.

Now let us study the dilution of moduli to avoid the
moduli problem. After inflation, the moduli would start to
oscillate and dominate the energy density of the Universe.
They may decay during or after the BBN and change the
success of BBN. To avoid such a situation, the energy
density of moduli must satisfy

Pmoduli < . 3.6 % 107 GeV, (41)
S

where ¢ ~ 1072 — 107* for 10 TeV moduli mass depending
on the coupling between the moduli and the gauge field
[32]. We use ¢ = 1073 in the following analysis.

The decay of domain walls can dilute the moduli density,
which is given as

Pmoduli —_
10 1

3Tal ”29*(Td)T4M2 :
S ~T<7d—z}) ; (42)

as derived in Eq. (29). It depends on only 7', and tension o,
which depends on 4, k, A,, and u. Imposing the constraint
(41) on the resultant abundance (42), we find

Even larger decay constants can be obtained in a certain
situation (see, e.g., Ref. [31]).

PHYSICAL REVIEW D 92, 103518 (2015)
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FIG. 5. The bound of the moduli abundance in gravity

mediation scenario for 1 =k = 0.01, T, =3 MeV. The gray
region is forbidden in the (u, A,) plane.

103\ V12/ T 3/4
6'/3 > 220 Tev d . (43)
c 3 MeV

where ¢g(T,;) = 10 is used.

Figure 5 shows the constraints (41) with (42) for
A=k =0.01,T, =3 MeV. The shaded region is excluded
by the constraint.

VI. CONCLUSION AND DISCUSSION

We have studied the cosmological implication of unsta-
ble domain walls in the NMSSM. The spontaneous break-
ing of the Z; discrete symmetry in the NMSSM causes the
cosmological domain wall problem. We consider that
the Z; symmetry is slightly but explicitly broken and the
domain walls decay with the decay temperature 7,;. The
domain walls easily dominate the density of the Universe
and its decay causes a late-time entropy production,
depending on its tension ¢ and 7';. Such entropy production
has significant implications in thermal history. They can
dilute unwanted relics such as the moduli, gravitino, LSP,
and axion.

We have shown that T; of several MeV dilute various
relics in several scenarios. Those include the thermal
WIMP LSP in the gravity mediation model, the non-
thermally produced LSP in mirage mediation, and the
misalignment produced cold axion in Peccei-Quinn
extended models. If the energy density of the domain wall
network decreases as ppw o« @' during domain wall
domination, the cosmological moduli problem in gravity
mediation also might be relaxed.
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