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Q-ball formation: Obstacle to Affleck-Dine baryogenesis in the gauge-mediated SUSY breaking?

S. Kasuya and M. Kawasaki
Research Center for the Early Universe, University of Tokyo, Bunkyo-ku, Tokyo 113-0033, Japan

~Received 13 June 2001; published 27 November 2001!

We consider the Affleck-Dine baryogenesis comprehensively in the minimal supersymmetric standard model
with gauge-mediated supersymmetry breaking. Considering the high temperature effects, we see that the
Affleck-Dine field is naturally deformed into the form of theQ ball. In the natural scenario where the initial
amplitude of the field and theA terms are both determined by the nonrenormalizable superpotential, we obtain
only a very narrow allowed region in the parameter space in order to explain the baryon number of the universe
for the case that theQ-ball formation occurs just after baryon number production. Moreover, most of the
parameter sets suited have already been excluded by current experiments. We also find new situations in which
the Q-ball formation takes place rather late compared with baryon number creation. This situation is more
preferable, since it allows a wider parameter region for naturally consistent scenarios, although it is still
difficult to realize in the actual cosmological scenario.
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I. INTRODUCTION

The Affleck-Dine~AD! mechanism@1# is the most prom-
ising scenario for explaining the baryon number of the u
verse. It is based on the dynamics of a~complex! scalar field
f carrying baryon number, which is called the AD fiel
During inflation, the expectation value of the AD field deve
ops at a very large value. After inflation the inflaton fie
oscillates about the minimum of the effective potential, a
dominates the energy density of the universe like mat
while the AD field stays at the large field value. It starts t
oscillation, or more precisely, rotation in its effective pote
tial whenH;mf,e f f , whereH andmf,e f f[uV9(f)u are the
Hubble parameter and the curvature of the potential of
AD field. Once it rotates, the baryon number will be crea

asnB;vf2, wherev5 u̇ is the velocity of the phase of th
AD field. When t;Gf , whereGf is the decay rate of the
AD field, it decays into ordinary particles carrying baryo
number such as quarks, and the baryogenesis in the univ
completes.

However, important effects on the field dynamics we
overlooked. It was recently revealed that the AD field fe
spatial instabilities@2#. Those instabilities grow very larg
and the AD field deforms into clumpy objects:Q balls. AQ
ball is a kind of nontopological soliton, whose stability
guaranteed by the existence of some chargeQ @3#. In the
previous work@4#, we found that all the charges which a
carried by the AD field are absorbed into formedQ balls, and
this implies that the baryon number of the universe canno
explained by the relic AD field remaining outsideQ balls
after their formation.

In the radiation dominated universe, charges are eva
rated from Q balls @5#, and they will explain the baryon
number of the universe@6#. This is because the minimum o
the~free! energy is achieved when the AD particles are fre
in the thermal plasma at finite temperature.~Of course, the
mixture of theQ-ball configuration and free particles is th
minimum of the free energy at finite temperature, when
chemical potential of theQ ball and the plasma are equal
0556-2821/2001/64~12!/123515~27!/$20.00 64 1235
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be in the chemical equilibrium. This situation can b
achieved for very large charge ofQ balls with more than 1040

or so @5#.! Even if the radiation component is not domina
energy in the universe, such as that during the inflat
oscillation dominant stage just after the inflation, high te
perature effects on the dynamics of the AD field and
Q-ball evaporation are important. Therefore, in this artic
we investigate the whole scenario of the AD mechanism
baryogenesis in the minimal supersymmetric standard mo
~MSSM! with the gauge-mediated supersymmetry~SUSY!
breaking in the high temperature universe.

In Sec. II, we identify one of the flat directions as the A
field, and look for the form of the effective potential in th
context. We will note how the AD field produces the bary
number in the universe in Sec. III. In Sec. IV, we consid
the dynamics of the~linearized! fluctuations. TheQ-ball for-
mations are simulated in Sec. V, and we will construct
formula of theQ-ball charge in terms of the initial amplitud
of the AD field. Section VI has to do with the mechanism f
the evaporation of theQ-ball charge, and we estimate th
total charge evaporated, which will be the baryons in
universe later. In Sec. VII, we seek for the consistent cosm
logical Q-ball scenario, and find it very difficult as contrar
to our expectation. In Sec. VIII, we will investigate th
Q-ball formation and natural scenario in more generic gau
mediation model, where we take the different scales for
potential height and the messenger scale of gauge-media
In Sec. IX, we will consider a new situation where th
baryon number creation takes place when the field starts
rotation, but theQ-ball formation occurs rather later. In tha
case, we will find the wider consistent regions of the para
eter space in some situations. The detections of the d
matterQ ball and their constraints are described in Sec.
Section X is devoted for our conclusions.

II. FLAT DIRECTIONS AS THE AFFLECK-DINE FIELD

A flat direction is the direction in which the effective po
tential vanishes. There are many flat directions in the m
mal supersymmetric standard model~MSSM!, and they are
©2001 The American Physical Society15-1
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listed in Refs.@7,8#. Since they consist of squarks and/
sleptons, they carry baryon and/or lepton numbers, and
can identify them as the Affleck-Dine~AD! field. Although
the flat directions are exactly flat when supersymme
~SUSY! is unbroken, it will be lifted by SUSY breaking ef
fects. In the gauge-mediated SUSY breaking scenario, SU
breaking effects appear at low energy scales, so the sha
the effective potential for the flat direction has curvature
order of the electroweak mass at low scales, and almost
at larger scales~actually, it grows logarithmically as the fiel
becomes larger!. To be concrete, we adopt the following sp
cial form to represent such a kind of the potential@2#:

V~F!5mf
4 logS 11

uFu2

mf
2 D , ~1!

where F is the complex scalar field representing the fl
direction. In spite of the specific form, it includes all th
important features for the formation ofQ balls, since they are
formed at large field value, where the logarithmic functi
has to do with the dynamics of the field.1

Although we are considering the gauge mediation mod
the flat directions are also lifted by the gravity mediati
mechanism, since the gravity effects always exist. We
write in the form

Vgrav5mgrav
2 uFu25m3/2

2 F11K logS uFu2

M2 D G uFu2, ~2!

where theK term is the one-loop corrections@10#, and M
52.431018 GeV is the reduced Planck mass. Since the gr
itino massm3/2 is much smaller than;1 TeV, which is sug-
gested by the gravity-mediated SUSY breaking scenario,
term will dominate over the gauge-mediation effects only
very large scales@9,6#.

The flat directions may also be lifted by nonrenormal
able terms. When the superpotential isW5lFn/(nMn23),
the terms

VNR5l2
uFu2n22

M2n26
,

VA5lAl

Fn

Mn23
1H.c., ~3!

are added to the effective potential for the flat directio
whereVA denotesA terms and we assume vanishing cosm
logical constant to obtain them, souAlu.m3/2.

1In Ref. @9#, the effective potential has the form

V;F2@log~f2!#2,

whereF1/2@mf . However, the dynamics is very similar to that
the potential~1!, and so is theQ-ball formation. When we seek fo
the allowed region in the parameter space, the difference betw
F1/2 andmf leads to the different conclusion. See Sec. VIII.
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In addition to the terms above, there are those ter
which depends on the Hubble parameterH, during inflation
and inflaton oscillation stage which starts just after inflatio
These read as

VH52cHH2uFu2, ~4!

VAH5laHH
Fn

Mn23
1H.c., ~5!

wherecH is a positive constant andaH is a complex constan
with a different phase fromAl in order for the AD mecha-
nism to work; we need a large initial amplitude of the fie
and a kicking force for the phase rotation, which leads to
baryon number creation.

Now we are going to consider thermal effects on the
fective potential for the AD field. The flat directions can b
lifted by thermal effects of the SUSY breaking because
the difference of the statistics between bosons and fermi
If the AD field couples directly to particles in thermal bat
its potential receives thermal mass corrections

VT
(m)5cT

(1)T2uFu2, ~6!

where cT is proportional to the degrees of freedom of t
thermal particles coupling directly to the AD field. Therefor
if the amplitude of the AD field is large enough, this ter
will vanish, because the particles coupled to the AD field
very large effective mass,me f f; f uFu@T, wheref is a gauge
or Yukawa coupling constant between those particles and
AD field, so they decouple from thermal bath. If we consid
the formation of largeQ balls, the value of the AD field
should be very large, and we can neglect this term in
most situations.

On the other hand, there is another thermal effect on
potential. This effect comes from indirect couplings of the
mal particles to the AD field, mediated by heavy particl
which directly couple to the AD field, and it reads as

VT
(2)5cT

(2)T4 log
uFu2

T2
, ~7!

where cT
(2);a2(T) @11,12#, where a(T)5g2(T)/4p, esti-

mated at the temperatureT. We will combine these two terms
in one form as

VT5T4 logS 11
uFu2

T2 D . ~8!

Therefore, comparing with Eq.~1!, we can regard the effec
tive mass as

m~T!5H mf ~T,mf!,

T ~T.mf!, ~9!

and the effective potential as
en
5-2
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Q-BALL FORMATION: OBSTACLE TO AFFLECK-DINE . . . PHYSICAL REVIEW D 64 123515
V~F!5m4~T!logS 11
uFu2

m2~T!
D . ~10!

As can be seen later, theQ-ball formation takes place ver
rapidly, so the time dependence onT is less effective, since
T}t21/4 during inflaton-oscillation dominated univers
Therefore, we can regardT as constant and apply the nume
cal results obtained form(T)5mf to the case form(T)5T
by rescaling the variables to be dimensionless with respe
T.

III. AFFLECK-DINE MECHANISM

It was believed that the Affleck-Dine~AD! mechanism
works as follows@1,7#. During inflation, the AD field are
trapped at the value determined by the following conditio
VH8 (F);VNR8 (F) andVAH8 (F);0. Therefore, we get

fmin;~HMn23!1/(n22),

sin@numin1arg~aH!#;0, ~11!

wherecH ,l;1 are assumed, andF5(feiu)/A2. After in-
flation, the inflaton oscillates around one of the minimum
its effective potential, and the energy of its oscillation dom
nates the universe. During that time, the minimum of
potential of the AD field are adiabatically changing until
rolls down rapidly whenH.v[uV8(f)/fu1/2. Then the AD
field rotates in its potential, producing the baryon numb
nB5 u̇f2. After the AD field decays into quarks, baryoge
esis completes.

In order to estimate the amount of the produced bar
number, let us assume that the phases ofAl andaH differ of
order unity. Then the baryon number can be estimated a

nB;H21
]VA

]f
f;H21VA;v21m3/2

fn

Mn23
;S m3/2

v Dvf2

5«nB
(max) , ~12!

where«[(m3/2/v), nB
(max)[vf2, andH;v is used in the

second line. Notice that the contribution from the HubbleA
term is at most comparable to this. When«51, the trace of
the motion of the AD field in the potential is circular orbit.
« becomes smaller, the orbit becomes elliptic, and finally
field is just oscillating along radial direction when«50. We
call « as the ellipticity parameter below.

When the logarithmic potential~10! is dominant, v
;m2/f, so the ellipticity parameter is

«;
m3/2f0

m2~T!
. ~13!

For «;1, it is necessary to have

m~T!;~m3/2
n21Mn23!1/(2n24), ~14!
12351
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where we use Eq.~11! with H;v;m2(T)/f0. When
m(T);T, the conditions for the AD field to rotate circularl
are

Tcir;H ~m3/2
3 M !1/4;102S m3/2

MeVD 3/4

GeV ~n54!,

~m3/2
5 M3!1/8;105S m3/2

MeVD 5/8

GeV ~n56!.

~15!

On the other hand, when the potential is dominated
Vgrav , v.m3/2. Then «.1 always holds. Of course, thi
conclusion does not necessarily true, if theA terms do not
come from the nonrenormalization term in the superpot
tial, such as in Eq.~5!. « is generally arbitrary, if the origin
of theA terms is in the Ka¨hler potential, which we have les
knowledge.

IV. INSTABILITIES OF AFFLECK-DINE FIELD

In the Affleck-Dine mechanism, it is usually assumed th
the field rotates in its potential homogeneously to produ
the baryon number. However, the field feels spatial instab
ties, and they grow to nonlinear to become clumpy obje
Q balls @2#. In this section, we study the instability of th
field dynamics both analytically and numerically.

For the discussion to be simple, we consider the fi
dynamics in the logarithmic potential only when the gaug
mediated SUSY breaking effects dominate. This is enoug
investigate the whole dynamics, since fluctuations are de
oped when the field stays in this region of the effective p
tential. We write a complex field asF5(feiu)/A2, and de-
compose into homogeneous part and fluctuations:f→f
1df and u→u1du. Then the equations of motion of th
AD field read as@2,13#

f̈13Hḟ2 u̇2f1
m2f

11
f2

2m2

50, ~16!

fü13Hfu̇12ḟu̇50, ~17!

for the homogeneous mode, and

df̈13Hdḟ22u̇fdu̇2 u̇2df2
¹2

a2
df1V9~f!df50,

fdü13Hfdu̇12~ḟdu̇1 u̇du̇ !22
ḟ

f
u̇df2f

¹2

a2
du50

~18!

for the fluctuations, wherea is the scale factor of the uni
verse, and
5-3
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V9~f!5m2

12
f2

2m2

S 11
f2

2m2D 2 .2
2m4

f2
, ~19!

where we assumef@m in the last step. Equation~16! rep-
resents the conservation of the charge~or number! within the
physical volume:u̇f2a35const.

Now let us forget about the cosmic expansion, since
only makes our analysis be complicated. Thus,a5const
here. It is natural to take a circular orbit of the field motion
the potential.~For a noncircular orbit, it is difficult to discus
analytically, so we will show numerical results later.! Then
we can takef5f05const, and the phase velocityu̇
5(V8/f)1/2.A2m2/f0. We seek for the solutions in th
form

df5df0eat1 ikx, du5du0eat1 ikx. ~20!

If a is real and positive, these fluctuations grow expon
tially, and go nonlinear to formQ balls. Inserting these form
into Eqs.~18!, we get the following condition for nontrivia
df0 anddu0,

Ua21
k2

a2
2

4m4

f0
2

22A2m2a

2A2m2

f0
2

a a21
k2

a2

U50. ~21!

This equation can be simplified to be

a412S k2

a2
1

2m4

f0
2 D a21S k2

a2
2

4m4

f0
2 D k250. ~22!

In order fora to be real and positive, we must have

S k2

a2
2

4m4

f0
2 D k2

a2
,0. ~23!

Therefore, we obtain the instability band for the fluctuatio
as

0,
k

a
,

2m2

f0
. ~24!

We can easily derive that the most amplified mode appea
(k/a)max5(3/2)1/2m2/f0, and the largest growth factor i
amax[a(kmax)5m2/(A2f0).

It is easier to decompose a complex field into its real a
imaginary parts for analyzing the dynamics of the field wh
its motion is noncircular. For the numerical calculation, it
convenient to take all the variables to be dimensionless
we normalize asw5f/m, k̃5k/m, t5mt, and j5mx.
Writing w5(w11 iw2)/A2, we get the equations for the ho
mogeneous mode as
12351
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w191
w1

11
w1

21w2
2

2

50,

w291
w2

11
w1

21w2
2

2

50, ~25!

and, for the fluctuations,

F d2

dt2
1

k̃2

a2
1Vi j G S dw1

dw2
D 50, ~26!

whereVi j denotes the second derivative with respect tow i
andw j , and explicitly written as

V115

12
w1

22w2
2

2

S 11
w1

21w2
2

2 D 2 , V225

11
w1

22w2
2

2

S 11
w1

21w2
2

2 D 2 ,

V125V215
w1w2

S 11
w1

21w2
2

2 D 2 . ~27!

We show two typical situations for the field evolution
Figure 1 shows the result for the initial conditions,w1(0)
5103 andw28(0)5A2, where the prime denotes the deriv
tive with respect tot. This corresponds to the circular orb
for the motion of the homogeneous mode. We can see
the instability band coincides exactly with that obtained a
lytically, since the upper bound of the instability band
2/w(0)50.002 in dimensionless units. On the other han
Fig. 2 shows the results forw1(0)5103 and w28(0)50,
which corresponds to the case that the homogeneous fie
just oscillating along the radial direction. Almost all th
modes are in the instability bands, but they have quasip
odical structures. This shows some features of the param
resonance. Anyway, the most important consequence is
position of the most amplified mode, since it corresponds
the typical size of producedQ balls. Comparing with these
two cases, a largerQ ball should form in the former~circular
orbit! case, and the size will be about twice as large as tha
the latter case, because the most amplified modekmax for the
circular orbit case is about twice smaller than that for t
just-oscillation case.

We also see situations between circular orbit («51) and
just-oscillation («50), where« represents the ellipticity of
the orbit and defined byw28(0)5A2«. Higher instability
bands become narrower and disappear as«→1, and the low-
est band also becomes narrower.

Now let us move on to the fluctuations grown in the p
tential ~2! where the gravity mediation effects dominate. I
stabilities grow ifK is negative, which is realized when th
quantum corrections to the potential is dominated by
gaugino loops. We analyze this situation in Ref.@14#, so we
5-4
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FIG. 1. Instability band for circular orbit«
51 in the logarithmic potential~1!.
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only show the results here. The instability modes are in
range 0,(k/a)2,3uKum3/2

2 . The most amplified mode is
(kmax/a)253uKum3/2

2 /2, and the maximum growth rate i
amax53uKum3/2/4 @14#.

V. Q-BALL FORMATION

Generally,Q balls are produced during the rotation of th
AD field. In Ref.@4#, we investigated theQ-ball formation in
the gauge-mediation scenario on the three dimensional
tices, and found that it actually occurs. In there, we used
effective potential of the AD field as

V~F!5mf
4 logS 11

uFu2

mf
2 D 1

l2

M2
uFu6, ~28!

and took the initial conditions for the homogeneous mode
t(0)5100, w1(0)5A, w18(0)50, w2(0)50, and w28(0)
5B, where we variedA and B in some ranges, and adde
small random values representing fluctuations. However
12351
e
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the initial amplitude which we took, the potential is dom
nated by the nonrenormalizable term, and for our choice
the initial time, the cosmic expansion is weaker than
realistic case. Thus, we could only find some restricted re
tions between initial values and charges ofQ balls produced.

Therefore, we use only the first term of Eq.~28!, or
equivalently, Eq.~10! with m(T)5const for the potential,
and take initial conditions as

w1~0!5w01d1 , w18~0!5d2 ,

w2~0!5d3 , w28~0!5«A21d4 ,

t~0!5
2

3h
5

A2

3
w0 , ~29!

where all variables are rescaled to be dimensionless pa
eters,h5H/m, and« represents how circular the orbit of th
field motion is«51 for the circular orbit and«50 for the
radial oscillation.d ’s are fluctuations which originate from
FIG. 2. Instability bands for radial oscillation
«50 in the logarithmic potential~1!.
5-5
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FIG. 3. Q2w0 relation in the logarithmic po-
tential on one-dimensional lattices. Dashed li
denotesQmax50.15w0
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the quantum fluctuations of the AD field during inflation, a
their amplitudes are estimated as 1027210210 compared
with corresponding homogeneous modes. The initial time
taken to be at the time whenH(t)5v, which is the condition
that the AD field starts its rotation.

We calculate in one, two, and three dimensional lattic
In the first place, we set«51, and vary the initial amplitude
of the AD field w0. It is usually considered that« may be
very small in the gauge mediation scenario, because
gravitino massm3/2 is very small so that the amplitude ofA
terms may be small. However, as we have shown abov«
51 case can be achieved in certain situations. Figures
show the dependence of the maximumQ-ball charge pro-
duced upon the initial amplitudew0 for one, two, and three
dimensional lattices, respectively.

We find the relation between the charge of theQ ball and
the initial amplitude of the AD field:

Qmax5bdw0
11d , d51,2,3, ~30!
12351
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wherebd’s are some numerical factors;b1'0.1, b2'0.02,
and b3'631024. This relation can be understood as fo
lows. Since the wavelength of the most amplified mode is
large as the horizon size, we can regard that oneQ ball is
created in the horizon size at a creation time. If we assu
that Q balls are created just after the AD field starts its ro
tion, the horizon size isH21;v21;f0 /m2. Therefore, the
charge of aQ ball is

Q;H2dnf;v2dvf0
2;m32dS f0

m D 11d

. ~31!

This corresponds to the results of numerical calculationsQ
}w0

11d . The prefactorsbd cannot be determined by th
above analytical estimation. Actually, the formation time is
little bit later than the time when the rotation of the AD fie
starts, and the number ofQ balls in the horizon size is more
than one. Therefore, we will useb3'631024 for the esti-
mation ofQ-ball charge when we need later.
e

FIG. 4. Q2w0 relation in the logarithmic po-

tential on two-dimensional lattices. Dashed lin
denotesQmax5231022w0

3.
5-6
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FIG. 5. Q2w0 relation in the logarithmic po-
tential on three-dimensional lattices. Dashed li
denotesQmax5631024w0
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Now let us see how theQ-ball formation occurs for«
→0. The charge of producedQ balls decreases with linea
dependence on the charge density of the AD field, as sh
in Ref. @4#, thus proportional to«. When the angular velocity
of the AD field becomes small enough, bothQ balls with
positive and negative charges are produced@4,14,15#. There-
fore, the charge of theQ ball will be independent of smal
enough«. Using numerical calculation, we find that the d
pendence of theQ-ball charge on« shows exactly the sam
features as expected. In Fig. 6, we plot theQ-ball charge on
one dimensional lattices. We can see thatQmax is constant
for small« where both positive and negativeQ balls with the
charges of the same order of magnitude with opposite s
are produced, while linearly dependent on« around«;1,
where only positiveQ balls are formed~smaller negativeQ
balls can be produced, but their charges are an order of m
nitude or more smaller than the largest positiveQ balls!. We
thus obtain the formula for the charge of the producedQ
balls as
12351
n

ns
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Q1D.H 33106, «&0.2,

1.33107«, «*0.2,
~32!

in one dimension.
Similarly, we plot theQ-ball charge on three dimensiona

lattices in Fig. 7. Also we can see thatQmax is constant for
small « where both positive and negativeQ balls are pro-
duced, while linearly dependent on« around«;1, where
only positiveQ balls are formed. Therefore, we obtain th
following formula for the charge of the producedQ balls:

Q3D.H 33107, «&0.06,

53108«, «*0.06.
~33!

The difference between the charges for«;1 and «!1
can be explained by the size of the producedQ balls. As seen
in the previous section, the most amplified modekmax of the
fluctuations for the circular orbit («51) is about twice as
s.

tant
o-

r of
FIG. 6. « dependence ofQ-ball charge in the
logarithmic potential on one-dimensional lattice
The dotted line denotesQmax.1.33107«. On the
other hand, the dashed line denotes the cons
line Q.33106. Closed squares denote the pr
duction of both positive and negativeQ balls with
charges of opposite signs and the same orde
magnitude.
5-7
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FIG. 7. « dependence ofQ-ball charge in the
logarithmic potential on three-dimensional la
tices. The dotted line denotesQmax.53108«.
On the other hand, the dashed line denotes
constant lineQ.33107.Closed squares denot
the production of both positive and negativeQ
balls with charges of opposite signs and the sa
order of magnitude.
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small as that of just-oscillation along the radial direction«
50). Therefore, twice largerQ balls are produced for«51
in one dimension, while about an order bigger ones
formed in three dimension, which exactly correspond to
difference between charges for«;1 and«!1.

At very large amplitudes of the AD field, the gravity me
diation effects for SUSY breaking will dominate, and th
‘‘new’’ type of stable Q balls are produced@6#. As we see
above, the potential is dominated by the form

V~F!5m3/2
2 F11K logS uFu2

M2 D G uFu2. ~34!

In this case, the curvature of the potential does not depen
the amplitude so much, so the AD field starts its rotat
when H.m3/2. Thus, the initial time can be taken ast(0)
52/3 if we rescale variables with respect tom3/2 when we
make them dimensionless.
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We have simulated the dynamics of the AD field on on
two, and three dimensional lattices, and find the formation
Q balls. Here, we takeK520.01. ~Actually, its value is
estimated in the range from20.01 to20.1 @10,16#.! We plot
the largestQ-ball charge in the function of the initial ampli
tudew0 for one, two, and three dimensional lattices in Fig
8, 9, and 10, respectively.

Similar to the logarithmic potential cases, we find the
lation between the charge of theQ ball and the initial ampli-
tude of the AD field as

Qmax5b̃dw0
2 , d51,2,3, ~35!

whereb̃d’s are some numerical factors;b̃1'0.2, b̃2'0.05,
andb̃3'0.006. This relation can be understood by the sim
lar argument as the logarithmic potential case. The differe
is that the time when the AD field starts oscillation and t
tes

FIG. 8. Q2w0 relation in the potential~34!

on one-dimensional lattices. Dashed line deno
Qmax50.23w0

2.
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FIG. 9. Q2w0 relation in the potential~34!
on two-dimensional lattices. Dashed line denot
Qmax50.053w0
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most amplified mode~or instability band! enters the horizon
do not coincide. Therefore, the charge of aQ ball is @14#

Q;H f
2dm3/2f f

2;~ uKu1/2m3/2!
2dm3/2uKuf0

2

;uKu12d/2m3/2
32dS f0

m3/2
D 2

, ~36!

where the subscript ‘‘f ’’ denotes the values at theQ-ball
formation time. This corresponds to the results of numer
calculations:Q}w0

2. The prefactorsb̃d cannot be determined
by the above analytical estimation. Actually, the formati
time is a little bit later than the time when the mode whi
will be mostly amplified enters the horizon, and the numb
of theQ balls in the horizon size is more than one. Therefo
we useb̃3'631023 for the estimation of theQ-ball charge
when we need later.
12351
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VI. CHARGE EVAPORATION FROM Q BALLS
IN HIGH TEMPERATURE

A. Usual gauge-mediation typeQ balls

Since theQ-ball formation takes place nonadiabaticall
~almost! all the charges are absorbed into producedQ balls
@4,14#. Thus, the baryon number of the universe cannot
explained by the remaining charges outsideQ balls in the
form of the relic AD field. However, at finite temperature, th
minimum of the free energy of the AD field is achieved f
the situation that all the charges exist in the form of fr
particles in thermal plasma@5#. This situation is realized
through charge evaporation fromQ-ball surface@5,13#. In
spite of the fact that the complete evaporation is the m
mum of the free energy, the actual universe is filled with t
mixture of Q balls and surrounding free particles, since t
evaporation rate becomes smaller than the cosmic expan
rate at low temperatures.~As we mentioned in the Introduc
e-

FIG. 10. Q2w0 relation in the potential~34!

on three-dimensional lattices. Dashed line d
notesQmax50.0063w0

2.
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tion, the free energy is minimized at the situation that so
charges exist in the form of free particles~in thermal plasma!
and the rest stays insideQ balls, if theQ-ball charge are large
enough for the chemical equilibrium@5#. In this case, the
charge of theQ ball should beQ;hB

24;1040.! The non-
adiabatic creation ofQ balls and the later charge evaporati
takes place, since the time scale of evaporation is m
longer than that of theQ-ball formation. Notice that the
charge of theQ ball is conserved for the situation that th
evaporation of charges is not effective. However, the ene
of the Q ball decreases as the temperature of the unive
decreases. This happens because theQ ball and surrounding
plasma are in thermal equilibrium: i.e., theQ balls and ther-
mal plasma have the same temperatures. Thus, the des
tion process of theQ ball by the collision of the therma
particles, called the dissociation@13# cannot occur in actua
situations.

The rate of charge transfer from inside theQ ball to its
outside is determined by the diffusion rate at high tempe
ture and the evaporation rate at low temperature@6#. When
the difference between the chemical potentials of the pla
and theQ ball is small, chemical equilibrium is achieved an
charges inside theQ ball cannot come out@17#. Therefore,
the charges in the ‘‘atmosphere’’ of theQ ball should be
taken away in order for further charge evaporation. This p
cess is determined by the diffusion. The diffusion rate
given by @17#

Gdi f f[
dQ

dt
;24pDRQmQT2;24pAT, ~37!

where D5A/T is the diffusion coefficient, andA5426,
mQ;v is the chemical potential of theQ ball. On the other
hand, the evaporation rate is@5#

Gevap[
dQ

dt
;2z~mQ2mplasma!T

24pRQ
2

;24pz
T2

m~T!
Q1/4, ~38!

where mplasma!mQ is the chemical potential of therma
plasma, andmQ;v;m(T)Q21/4 is used in the second line
m(T) andz change atT5mf as

m~T!5H mf

T
, z5H S T

mf
D 2

~T,mf!,

1 ~T.mf!.
~39!

Therefore, we get

Gevap5
dQ

dt
5H 24pTQ1/4 ~T.mf!,

24p
T4

mf
3

Q1/4 ~T,mf!.
~40!

In order to see which rate is the bottle-neck for the p
cess, let us take the ratioR[Gdi f f /Gevap . For T.mf , the
ratio becomesR5AQ21/4. If R,1, the diffusion rate is the
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bottle-neck for the charge transfer, and this condition me
when theQ-ball charge is large enough as

Q.102S A

4 D 2

. ~41!

Since, as we will see shortly, we are interested in the d
matterQ ball, the charge should be as large as 1024. More
conservatively speaking,Q*1012 for stable against the de
cay into nucleons@2#.

On the other hand, whenT,mf , the conditionR,1 cor-
responds to

T.T* [A1/3mfQ21/12, ~42!

and the transition temperatureT* is lower thanmf for large
enoughQ-ball charge, which is again the interesting ran
for the dark matterQ balls.

We must know the time dependence of the tempera
for estimating the total evaporated charge from theQ ball,
which will be obtained by integrating Eqs.~37! and~38! @or
Eq. ~40!#. Although thermal plasma~radiation! dominates the
energy density of the universe only after reheating, it ex
earlier, and this subdominant component will cause both
change of the shape of the effective potential for the AD fi
and the charge evaporation fromQ balls. The temperature o
the radiation before reheating is

T;~M2G IH !1/4;~MTRH
2 H !1/4, ~43!

whereG I is the decay rate of the inflaton field, and the re
tion between the decay rate and reheating temperature,TRH
;(MG I)

1/2, is used in the last equality. Of course, whe
reheating occurs atH;G I , the temperature becomes as lar
as the reheating temperature:T;TRH . After reheating, the
universe is dominated by radiation, and the temperat
evolves asT}H1/2.

Sincet}T24 before reheating, andt}T22 after reheating,
the diffusion rate with respect to temperatureT can be di-
rectly obtained from Eq.~37! as

S dQ

dTD
di f f

;5 10
MTRH

2

T4
~T.TRH!,

10
M

T2
~T,TRH!.

~44!

On the other hand, the evaporation rate with respect toT is a
little more complicated, and we can divide into four cas
depending on the temperature compared with the rehea
temperature and the mass of the AD particle. The time
pendence ofT changes atT5TRH , and the ratedQ/dt
changes atT5mf . Combining all the effects, we get
5-10
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S dQ

dTD
evap

;

¦

10
MTRH

2

T4
Q1/4 ~T.TRH ,mf!,

10
MTRH

2

mf
3 T

Q1/4 ~TRH,T,mf!,

10
M

T2
Q1/4 ~mf,T,TRH!,

10
MT

mf
3

Q1/4 ~T,mf ,TRH!.

~45!

We can now estimate the total evaporated charge from
Q ball. According to the relation amongT* , TRH , andmf ,
there are three situations:~A! T* ,mf,TRH , ~B! T*
,TRH<mf , ~C! TRH<T* ,mf . As we will see shortly, the
evaporated charges in all cases are the same order of m
tude. Therefore, we will show only the case~A! here. For
T.TRH ,

dQ

dT
;10

MTRH
2

T4
, ~46!

so we have

DQ~T.TRH![Qinit2QRH;3MTRH
2 S 1

TRH
3

2
1

Tinit
3 D ,

~47!

where subscript ‘‘init’’ denotes the initial values. If we a
sumeTinit@TRH , we obtainDQ(T.TRH);3M /TRH . For
T* ,T,TRH ,

dQ

dT
;10

M

T2
, ~48!

so the evaporated charge in this period is estimated as

DQ~T* ,T,TRH!;10M S 1

T*
2

1

TRH
D . ~49!

Finally, for T,T* , we must integrate equation

dQ

dT
;10

MT

mf
3

Q1/4. ~50!

We thus get

DQ~T,T* !;5
MT

*
2

mf
3

Q0
1/4, ~51!

where Q0 is the amount of theQ-ball charge at present
Adding three evaporated charges, we have

DQ;10
M

T*
27

M

TRH
15

MT
*
2

mf
3

Q0
1/4. ~52!
12351
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If TRH@T* , the second term can be neglected. On the ot
hand, if TRH*T* , the sum of the first and second terms
the same order of magnitude as the first one. Therefore, f
the first and second terms, we get

DQ(112);10
M

T*
;10

M

mf
Qinit

1/12

;2.41018S mf

TeVD 21S Qinit

1024D 1/12

, ~53!

where we use Eq.~42! in the first line. For large enough
charge such asQinit@1018, there is little difference between
Qinit andQ0, so the third term can be estimated as

DQ(3);5
M

mf
3

mf
2 Qinit

21/6Q0
1/4;5

M

mf
Qinit

1/12, ~54!

which is the same order of magnitude as the sum of first
second terms. On the other hand, ifQinit,1018, all the
charges are evaporated before the temperature drops toT* ,
and there is no contribution from the temperature belowT* ,
which is the third termDQ(3).

For the case~B!, the reheating temperature is almost t
same as the transition temperatureT* , the amount of evapo-
rated charge should be about the same as Eq.~53!. Although
it is not apparent in the case~C!, we will now see that the
amount of evaporated charge is as the same order of ma
tude as in the case~A!. Above the temperatureT* , the dif-
fusion rate determines the speed of the whole process, a
is exactly the same as the case~A!. Thus DQ(T.T* )
;3M /T* . For TRH,T,T* , the rate is determined by th
evaporation rate, and we should use

dQ

dT
;10

MTRH
2

mf
3 T

Q1/4. ~55!

Integrating this equation, we obtain

DQ~TRH,T,T* !;10
MTRH

2

mf
3

Q1/4 log
T*
TRH

. ~56!

On the other hand, forT,TRH , we must integrate

dQ

dT
;10

MT

mf
3

Q1/4, ~57!

and the result is

DQ~T,TRH!;10
MTRH

2

mf
3

Q1/4. ~58!

SinceTRH&T* , Eqs. ~56! and ~58! have almost the sam
form, we can regard the charge evaporation in these stag

DQ;10
MTRH

2

mf
3

Q1/4. ~59!
5-11
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For the contribution from this term to be dominant, we mu
have conditionTRH*mfQ21/12. However, sinceTRH&T*
;mfQ21/12, contributions from this stage is at most comp
rable to that in the regionT.T* . Therefore, we can adop
the estimation of the evaporated charge from theQ ball as

DQ;10
M

mf
Q1/12;2.431018S mf

TeVD 21S Q

1024D 1/12

, ~60!

for any cases.

B. Gravity-mediation type Q balls

Now we will show the evaporated charges for the ‘‘new
type of stableQ ball @6#. The evaporation and diffusion rat
have the same forms in terms ofQ-ball parametersRQ and
v. The only differences are that we have to use the featu
for the ‘‘gravity-mediation’’ typeQ ball, such as

RQ;uKu21/2m3/2, v;m3/2, ~61!

and the transition temperature whenGevap5Gdi f f becomes
T* [A1/3uKu1/6(m3/2mf

2 )1/3. As in the ‘‘usual’’ type of Q
balls, where the potential is dominated by the logarithm
term, the charge evaporation nearT* is dominant, and the
total evaporated charges are found to be@6#

DQ;1020S m3/2

MeVD 21/3S mf

TeVD 22/3

. ~62!

VII. COSMOLOGICAL Q-BALL SCENARIO

A. Usual gauge-mediation typeQ balls

Now we would like to see whether there is any consist
cosmological scenario for the baryogenesis and the dark
ter of the universe, provided by largeQ balls. In the first
place, we will look for the situation in which the logarithm
term dominates the AD potential, and the ‘‘usual’’ gaug
mediation type ofQ balls are formed.

Speaking very loosely, we know that the amount of t
baryons in the universe is as large as that of the dark ma
~within a few orders of magnitude!. In the Q-ball scenario,
the baryon number of the universe should be explained
the amount of the charge evaporated fromQ balls,DQ, and
the survivedQ balls become the dark matter. If we assum
thatQ balls do not exceed the critical density of the univer
i.e., VQ&1, and the baryon-to-photon ratio ashB;10210,
the condition can be written as

hB5
nB

ng
.

«nQDQ

ng
.

«rQDQ

ngMQ
.

«rc,0VQDQ

ng,0MQ
, ~63!

where VQ is the density parameter for theQ ball.
Using MQ.mfQ3/4, rc,0;8h0

2310247 GeV4, and ng,0

;3.3310239 GeV3, whereh0(;0.7) is the Hubble param
eter normalized with 100 km/sec/Mpc, we obtain the ratio
the charges evaporated to be the baryons in the universe
remaining in the dark matterQ ball:
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DQ

Q
;hB

mfng,0

«rc,0VQ
Q21/4

;1011«21hBVQ
21S mf

TeVDQ21/4. ~64!

As we mentioned earlier, in the inflaton-oscillation dom
nated universe between inflation and reheating, the temp
ture has different dependence on the time~or the Hubble
parameter! from that of the radiation dominated univers
and it reads as, from Eq.~43!,

T;~MTRH
2 H !1/4. ~65!

At the beginning of the AD field rotation,H;m2(T)/f0
;T2/f0. Inserting this into Eq.~65! and rephrasing it, we
obtain

T;TRHAM

f0
. ~66!

In the Affleck-Dine mechanism withQ-ball production,
the baryon number of the universe can be estimated as

hB;
nB,RH

r I ,RH /TRH
;

nB, f

r I , f /TRH
, ~67!

where subscriptRH andf denote the values at the time of th
reheating and the formation ofQ balls, respectively. Notice
that nB and r I are proportional toa23 during the inflaton-
oscillation dominated universe before reheating. Thus
must have the baryon number density at the formation t
which will be evaporated later. It can be written as

nB, f;r B«nf, f;r B«vf0
2;1011hBVQ

21S mf

TeVDT2f0Q21/4,

~68!

where we use Eq.~64!, andv;m2(T)/f0;T2/f0. On the
other hand, the energy density of the inflaton when the
field starts its rotation is

r I , f;Hosc
2 M2;

T4

f0
2

M2. ~69!

Thus, from Eq.~67!, we can write the baryon-to-photon rati
hB as

hB;1011hBVQ
21S mf

TeVD f0
4

TRHM3
Q21/4, ~70!

where Eqs.~66!, ~68!, and ~69! are used. We thus get th
Q-ball charge as the function of the initial amplitude of th
AD field and the reheating temperature as

Q;1044S mf

TeVD 4 f0
16

TRH
4 M12

VQ
24 . ~71!
5-12
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Now we will obtain another relation between the initi
amplitude of the AD field and the reheating temperatu
From the analytical and numerical estimation for theQ-ball
charge, we have

Q;bS f0

T D 4

, ~72!

for «;1. For «!1, we have to replaceb by b85gb with
g;0.1.

Since we obtain two different expressions for theQ-ball
charge, we can get the initial amplitude of the AD field fro
Eqs.~71! and ~72! as, taking into account the«-dependence
when«;1 in Eq. ~72!,

f0;4.631013«1/10VQ
2/5S b

631024D 1/10S mf

TeVD 22/5

GeV.

~73!

Inserting this equation into Eq.~66!, we get the corre-
sponding temperature when the AD field starts the rotation
reads as

T;2.33107«21/20VQ
21/5S TRH

105 GeV
D

3S b

631024D 21/20S mf

TeVD 1/5

GeV. ~74!

We also obtain the charge of theQ ball

Q;9.331021«8/5VQ
12/5

3S TRH

105 GeV
D 24S b

631024D 8/5S mf

TeVD 212/5

, ~75!

where we use the numerical estimation~72!, and insert Eqs.
~66! and ~73! into it. Notice that the chargeQ does not de-
pend on the amount of the baryons, so that it just repres
the charge of the dark matterQ ball.

We must know how circular the orbit of the AD fiel
motion is. It is necessary to obtain the expression for« in
terms of other variables, say, the reheating temperatureTRH .
In addition to the condition of the amount of the evapora
charge for explaining both the baryons and the dark ma
simultaneously, which can be seen in Eq.~64!, we also have
the estimation of the evaporated charge from theQ ball ~60!.
Equating these two, we have

Q;1.23108«3/2hB
23/2VQ

3/2S mf

TeVD 23

. ~76!

Compared with Eq.~75!, « should be
12351
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«;1.331011VQ
29S hB

10210D 215

3S TRH

105 GeV
D 40S b

631024D 216S mf

TeVD 26

~77!

for explaining the amount of the baryons and the dark ma
of the universe simultaneously. In the case of«!1, Eq.~72!
has no «-dependence, so Eqs.~73!–~75! also have no
«-dependence. Thus, we instead obtain the formula for« as

«;1.531022VQ
3/5S hB

10210D
3S TRH

105 GeVD 28/3S b

631025D 16/15S mf

TeVD 2/5

.

To summarize, the conditions of parameters for theQ-ball
baryogenesis and dark matter scenario to work are given

f0;4.631013«1/10VQ
2/5S b

631024D 1/10S mf

TeVD 22/5

GeV,

~78!

T;2.33107«21/20VQ
21/5S TRH

105 GeV
D

3S b

631024D 21/20S mf

TeVD 1/5

GeV, ~79!

Q;9.331021«8/5VQ
12/5S TRH

105 GeV
D 24

3S b

631024D 8/5S mf

TeVD 212/5

, ~80!

«;1.331011VQ
29S hB

10210D 215S TRH

105 GeV
D 40

3S b

631024D 216S mf

TeVD 26

, ~81!

where we should omit«-dependences in Eqs.~78!–~80! for
«!1.

As we mentioned in Sec. III, the initial amplitude of th
AD field is determined by the balance between the Hub
mass term and the nonrenormalizable term. When the
field starts rolling down its potential, the amplitude becom
f0;(HoscM

n23)1/(n22) for the superpotential W
;fn/Mn23, where Hosc;T2/f0. Using Eq. ~66!, we can
write it as

f0;~TRH
2 Mn22!1/n. ~82!

We will see the range ofn in which we can obtain the
consistent scenario naturally. At the first place, let us c
5-13
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sider the casen54, where«!1 will be led below. In this
case, the initial amplitude becomes

f0;4.931011S TRH

105 GeV
D 1/2

GeV. ~83!

Therefore, the required reheating temperature should be

TRH;8.83108VQ
4/5S b

631024D 1/5S mf

TeVD 24/5

GeV,

~84!

where Eq.~78! is used. Then, for this reheating temperatu
we have

T;2.031011VQ
3/5S b

631024D 3/20S mf

TeVD 23/5

GeV,

~85!

Q;1.63106VQ
24/5S b

631024D 4/5S mf

TeVD 4/5

, ~86!

«;8.831028VQ
223/15S hB

10210D S b

631024D 8/15S mf

TeVD 38/15

,

~87!

so that all the charges evaporate and no dark matterQ balls
exists. For then55 case,

f0;1.131013S TRH

105 GeV
D 2/5

GeV, ~88!

and the reheating temperature should be

TRH;3.63106VQS b

631024D 1/4S mf

TeVD 21

GeV, ~89!

which leads to, taking into account the fact that«!1 in this
case,

T;8.33108VQ
4/5S b

631024D 1/5S mf

TeVD 24/5

GeV, ~90!

Q;5.531015VQ
28/5S b

631024D 3/5S mf

TeVD 8/5

, ~91!

«;1.331025VQ
231/15S hB

10210D S b

631024D 2/5S mf

TeVD 46/15

.

~92!

In order for theQ ball to survive from the evaporation, th
initial charge of theQ ball should be large enough. Th
condition isQ*DQ, and can be achieved from Eq.~60! if

Q*7.431017S mf

TeVD 212/11

. ~93!
12351
,

Imposing this condition on the requiredQ-ball charge above,
we obtain the required mass of the AD particle as

mf*6.23103VQ
22/37S b

631024D 233/148

GeV, ~94!

so that the degree of the ellipticity of the orbit of the AD fie
motion should be

«*3.531023VQ
2533/111S hB

10210D S b

631024D 221/74

.

~95!

Since,«!1 in this case, we have to use an order of mag
tude smaller value forb. Then, we get the following value
for the parameters in order for theQ-ball scenario to work
naturally:

mf;1.03104bs
233/148VQ

22/37 GeV,

«;6.731023hB,10bs
221/74VQ

2533/111,

T;8.33107bs
14/37VQ

12/37 GeV,

TRH;2.03105bs
35/74VQ

15/37 GeV,

f0;1.531013bs
7/37VQ

6/37 GeV,

Q;5.531016bs
9/37VQ

224/37, ~96!

wherebs[b/(631025) andhB,10[hB/10210. Actually, this
parameter set is the lower limit for«, and larger values are
also allowed. As we see later, the upper bound comes f
the condition that theQ ball is stable against the decay in
nucleons. The allowed range is 6.731023,«,5.131022,
or, equivalently, 1.03104 GeV,mf,2.03104 GeV.

Now let us move on to then56 case. Repeating the sim
lar argument, we obtain the consistent values for parame

«;0.97VQ
239/11hB,10

15/11b l
4/11mf,430

54/11 ,

T;9.13106«1/4VQb l
1/4mf,430

21 GeV,

TRH;4.73104«3/10VQ
6/5b l

3/10mf,430
26/5 GeV,

f0;6.431013«1/10VQ
2/5b l

1/10mf,430
22/5 GeV,

Q;1.531024«45VQ
212/5b l

2/5mf,430
12/5 , ~97!

where b l[b/(631024) and mf,430[mf /(430 GeV!. In
this case, the AD field rotates circularly and produce
baryon number maximally. In general, however,«!1 cases
are also allowed. Numerical calculations reveal that
mf-dependence of theQ-ball charge changes around«
;0.1 using the following results shown in the previous se
tion: Q is proportional to« for «*0.1, while constant for
smaller values, which reflects the production of both posit
and negative chargedQ balls. Therefore, the charge can b
written as
5-14
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Q}H mf
12/5 ~«&0.1!,

mf
48/11 ~«*0.1!,

~98!

and the lower bound may be determined by the poss
lowest mass,mf*100 GeV.

For the n57 case, we need extremely huge« such as
;63108, which cannot be realized. Highern makes the situ-
ation worse.

In order for the scenario to work naturally, we must che
that the values of« are consistent with theA terms derived
from the nonrenormalizable superpotential. As we derived
Sec. III, the formula for the« is written as

«;
m3/2f0

T2
. ~99!

For n55 case, putting the values forf0 and T in Eq.
~96!, we have

«;2.231023VQ
218/37S b

631025D 221/37S m3/2

GeVD . ~100!

Comparing this with the value of« in Eq. ~96!, we get

m3/2;0.33VQ
2479/111S b

631025D 221/74S hB

10210D GeV.

~101!

Therefore, we get a consistentQ-ball scenario naturally in
the n55 case. Notice that the reheating temperature is
enough form3/2;1 GeV to avoid the cosmological gravitin
problem @19#. Notice that, for the larger« cases,m3/2 gets
too large in the framework of the gauge-mediated SU
breaking, and the allowed range becomesmf.10214 TeV.

In the n56 case, we have

«;0.83VQ
28/7S b

631025D 22/7S mf

430 GeVD
8/7S m3/2

GeVD 5/7

,

~102!

for the values off0 andT in Eq. ~97!, and comparing with
the value of« in Eq. ~97!, we get

m3/2;1.2 VQ
251/21S b

631025D 10/11

3S mf

430 GeVD
297/55S hB

10210D 21/11

GeV. ~103!

Therefore, we obtain the consistent scenario forn56, which
is achieved, for example, if we choose theudd flat direction
for the AD field and useW;(udd)2. Notice again that no
gravitino problem exists in this scenario. The scenario a
works for smaller« for m3/2;1 GeV, and the allowed rang
of the parameter is 2.831023&«&1, or, equivalently, 100
GeV&mf&430 GeV.
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Now we must see whether the effective potential of t
AD field is really dominated by the logarithmic term over th
gravity-mediation term at this field amplitude. This conditio
holds if

T4 logS f0
2

T2 D *m3/2
2 f0

2 , ~104!

or, equivalently,

T*~m3/2f0!1/2F logS f0
2

T2 D G21/4

. ~105!

If we use the values in Eqs.~96! and ~97!, the right hand
sides becomes;1.03106 GeV and;3.83106 GeV, respec-
tively. Thus, the condition is met, and we have consist
cosmological scenarios in the gauge-mediated SUSY bre
ing model for the effective potential dominated by the~ther-
mal! logarithmic term.

B. Gravity-mediation type Q balls

For the thorough investigation, we should consid
whether the ‘‘new’’ type Q-ball scenario works for low
enough reheating temperature avoiding the thermal effe
We will follow the same argument as we did for the ‘‘usua
gauge-mediation typeQ ball. From the baryon-to-photon ra
tio ~63!, the ratio of the charge evaporated from theQ ball to
that remained in theQ ball can be estimated as

r B;
DQ

Q
;105hBVQ

21S m3/2

MeVD , ~106!

where we have usedMQ;m3/2Q and put«51, since it is a
natural realization~see Sec. III!. Since the baryon-to-photon
ratio can also be written as

hB;
nB,osc

r I ,osc/TRH
;

r Bm3/2f0
2

m3/2
2 M2/TRH

;1013hBVQ
21S TRH

105 GeV
D S f0

M D 2

, ~107!

the reheating temperature can be estimated as

TRH;1028 VQS f0

M D 22

GeV. ~108!

In the previous section, we have obtained the relation
tween the formedQ-ball charge and the initial amplitude o
the AD field as

Q5b̃S f0

m3/2
D 2

, ~109!

whereb̃'631023 from our simulations. On the other han
we have the condition that the evaporated charge and
vived stableQ balls explain for the baryon and the da
matter of the universe, respectively, as@6#
5-15
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Q;1025VQS m3/2

MeVD 24/3S mf

TeVD 22/3

. ~110!

Therefore, from Eqs.~109! and~110!, we obtain the required
amplitude of the AD field as

f0;431010VQ
1/2S b̃

631023D 21/2S m3/2

MeVD 1/3S mf

TeVD 21/3

GeV.

~111!

Inserting this into Eq.~108!, the required reheating temper
ture is

TRH;3.53107S b̃

631023D S m3/2

MeVD 22/3S mf

TeVD 2/3

GeV.

~112!

When the gravity-mediation termm3/2
2 f2 dominates the

AD potential, the field starts its rotation atH;m3/2, so the
temperature at that time isTosc;(MTRH

2 m3/2)
1/4. Thus we

have

Tosc;43107S b̃

631023D 1/2S m3/2

MeVD 21/12S mf

TeVD 1/3

GeV.

~113!

We must obtain the constraint that the gravity-mediat
term dominates over the thermal logarithmic term in ord
for the scenario of the ‘‘new’’ typeQ ball to be successful. I
reads as

Tosc
4 logS f0

2

Tosc
2 D &m3/2

2 f0
2 , ~114!

and we can rephrase it as

m3/2*2.83102VQ
21/3S b̃

631023D 1/3S mf

TeVD 2/3

GeV.

~115!

Therefore, this range of the gravitino mass is too large for
gauge-mediated SUSY breaking model, and the ther
logarithmic term dominates the potential at these field v
ues. We thus find no consistent model for the ‘‘new’’ type
stableQ balls.

VIII. GENERIC MODELS FOR GAUGE MEDIATION

A. Dominated by zero-temperature potential

As we mentioned earlier, the scale of the logarithmic p
tential could be much larger thanmf in the general contex
of the gauge-mediated SUSY breaking. For the comp
consideration, we will discuss this situation in this sectio
Here we will express it as
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V;H MF
4 logS f2

MS
2D ~f@MS!,

mf
2 f2 ~f!MS!,

~116!

where MS is the messenger mass scale. Formation of
dark matterQ balls will take place at large field amplitude
so the mass, the size, etc. have to be different, and t
expressions are as follows:

MQ;MFQ3/4, R;MF
21Q1/4, v;

MF
2

f
, . . . .

~117!

In order for this potential to dominate over the thermal log
rithmic potential, we need conditionMF*T. Otherwise, the
results discussed in the next subsections have to be app
Since this type of theQ ball should be stable against th
decay into nucleons, theQ-ball mass per unit charge must b
smaller than 1 GeV. This condition holds for

Q*1024S MF

106 GeV
D 4

. ~118!

We can regard that all variables are rescaled with resp
to MF in our simulations now. So the charge of the produc
Q ball is

Q5bS f0

MF
D 4

, ~119!

where b'631024 again. The evaporation rate has to
changed to

Gevap5
dQ

dt
;5 24p

T2

MF
Q1/4 ~T.mf!,

24p
T4

mf
2 MF

Q1/4 ~T,mf!.

~120!

Depending on theQ-ball charge, the transition temperatu
T* where the diffusion and the evaporation rates are eq
can be written as

T* ;H AMFQ21/4 ~T* .mf!,

A1/3~mf
2 MF!1/3Q21/12 ~T* ,mf!,

~121!

whereA;4 is defined in Eq.~37!. These two temperature
coincide whenQ5Qcr;A4MF

4mf
24 . Taking the stability

condition~118! into account, we must consider only the ca
with Q.Qcr , which corresponds toT* ,mf case.

The charge transfer from inside theQ ball to its outside is
determined by the diffusion rate whenT.T* , so the evapo-
rated charge during this period is
5-16
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DQ~T.T* !;10
M

T*

;4.631015S mf

102GeV
D 22/3

3S MF

106 GeV
D 21/3

Q1/12. ~122!

On the other hand, whenT,T* , the charge transfer is de
termined by the evaporation rate, and the evaporated ch
can be estimated as

DQ~T,T* !;
MT

*
2

mf
2 MF

Q1/4,

;4.631015S mf

102 GeV
D 22/3

3S MF

106 GeV
D 21/3

Q1/12. ~123!

Therefore, the total charge evaporated from theQ ball can be
written as

DQ;4.631015S mf

102 GeV
D 22/3S MF

106 GeV
D 21/3

Q1/12.

~124!

Now we can impose the survival condition, which impli
that theQ ball should survive from the charge evaporati
and become the dark matter of the universe. It reads aQ
*DQ, and equivalent to

Q*1.231017S mf

102 GeV
D 28/11S MF

106 GeV
D 24/11

.

~125!

Since the baryon number and the amount of the dark m
ter is related as in Eq.~63!, we get the charge of theQ balls
for this type as

Q;3.231017VQ
3/2«3/2S hB

10210D 23/2

3S mf

102 GeV
D 21S MF

106 GeV
D 22

. ~126!

We call this the baryon-dark matter~BDM! condition.
In addition to three constraints mentioned above, ther

another one. The potential~116! at large field values mus
dominate over the thermal logarithmic potential, and t
condition is set byMF*T, as we mentioned above. Rewri
ing it, we obtain
12351
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MF*2.73107«25/12VQ
1/36S b

631024D 7/18S hB

10210D 5/12

3S mf

102 GeV
D 5/18

GeV, ~127!

where we have used the required initial amplitude of the A
field,

f0;1.531011«3/8VQ
1/36S b

631024D 21/4S hB

10210D 23/8

3S mf

102 GeV
D 21/4S MF

106 GeV
D 1/2

GeV, ~128!

which is derived by equating Eqs.~119! and ~126!.
We can now put these four constraints on the param

space (Q,MF) as shown in Fig. 11. In this figure, there a
four constraints: line~a! is the condition that the potential i
dominated by Eq.~116!, and the thermal logarithmic poten
tial is negligible, line~b! is the stability condition where the
Q ball cannot decay into nucleons and becomes the d
matter of the universe, line~c! represents the survival cond
tion that theQ ball should survive from charge evaporatio
and line~d! denotes the BDM condition that have the rig
relation between the amounts of the baryons and the d
matter. We also show arrows to notice that which side
these line are allowed. As can be seen, there is no allo
region in the parameter space if we combine four conditio
above, which implies that this type of theQ ball is very
difficult to explain both the amount of the baryons and t
dark matter simultaneously.

FIG. 11. Constraints on (Q,MF) plain with mf5100 GeV.
There are four conditions:~a! nondominant thermal logarithmic po
tential, ~b! stability against the decay into nucleons,~c! survival
from charge evaporation, and~d! right relation between the amount
of the baryon and the dark matter.
5-17
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B. Dominated by finite-temperature potential

Here we will investigate for theQ-ball formation in the
generic potential, but the thermal logarithmic term domina
the potential at the formation time. We have considered
special caseMF5mf in the previous section, and the resu
which we have derived above can be used if we replacemf
by MF appropriately. As we mentioned in the last subsecti
the only exception where the simple replacing cannot be
plied is the estimation of the evaporated charges@see Eq.
~124!#. Similar analysis reveals that the formation of theQ
balls takes place with the following parameters:

f0;2.931012«1/10VQ
2/5b l

1/10MF,6
22/5 GeV, ~129!

T;9.23107«21/20VQ
21/5b l

21/20MF,6
1/5TRH,5 GeV,

~130!

Q;5.931014«8/5VQ
12/5b l

8/5MF,6
212/5TRH,5

24 , ~131!

«;2.231027VQ
29b l

216hB,10
215mf,2

210MF,6
4 TRH,5

40 ,
~132!

where b l[b/(631024), MF,6[MF /(106 GeV!, TRH,5
[TRH /(105 GeV!, hB,10[hB/10210, and mf,2
[mf /(102 GeV!.

The initial amplitude of the field is determined by th
balance between the Hubble mass and nonrenormaliz
terms. Since the scenario naturally works only forn56 case,
we depict the results for this case only. Since the initial va
of the field is

f0;~TRH
2 M4!1/6;8.331013TRH,5

1/3 GeV, ~133!

we get the relation between the reheating temperature
MF as

TRH,5;4.331025«3/10VQ
6/5b l

3/10MF,6
26/5, ~134!

where we have used Eq.~129!. Then we have

T;4.03103«1/4VQb l
1/4MF,6

21 GeV, ~135!

Q;1.731032«2/5VQ
212/5b l

2/5MF,6
12/5, ~136!

«;2.531013VQ
239/11b l

4/11hB,10
15/11MF,6

4 mf,2
10/11.

~137!

For «!1, we have Eqs. ~135! and ~136! without
«-dependence, and «;3.63109 VQ

213/5bs
4/15

hB,10MF,6
44/15mf,2

2/3.

We get the right answer if we equate Eqs.~126! and~136!,
and the required values are as follows:

Q;1.631024, MF;4.53102 GeV, «;1.0.
~138!

As is the case of the specific potential discussed in the
vious section, theQ-ball charge depends linearly on« for
«*0.1, and constant for«&0.1. Therefore, we obtain th
MF dependence ofQ-ball charge as
12351
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Q}H MF
4 , MF*2.53102 GeV,

MF
12/5, MF&2.53102 GeV,

~139!

in the rangeMF510224.53102 GeV, or, equivalently,«
56.73102321.0 for mf5100 GeV. Notice that the condi
tion T*MF must be hold for this scenario to work properl
It can be rephrased as

MF&6.23104VQ
1/2b l

1/8 GeV, ~140!

where Eqs.~130! and ~134! are used. Therefore, the abov
scenario forn56 is allowed by this condition.

IX. DELAYED Q-BALL FORMATION

Since we are interested in theQ-ball formation, we have
considered onlyK,0 cases in the gravity-mediated SUS
breaking effects. However, it is possible for some flat dire
tions that K become positive. As opposed to the gravit
mediation model, the sign of theK term has an ambiguity
because of the complexity of the particle contents in
gauge-mediated SUSY breaking model. Here, we cons
this possibility and will find some consistent scenario for t
dark matterQ balls providing the baryons of the univers
We will derive constraints in the generic potential first, a
put MF5mf for the specific one later.

A. Dominated by the thermal logarithmic potential

Let us investigate the case which the gravity-mediat
and thermal logarithmic terms dominate the effective pot
tial at large and small scales, respectively. The critical a
plitude of the AD field is determined by

T4 log
f2

T2
;m3/2

2 f2. ~141!

Thus we get

feq;
Teq

2

m3/2
, ~142!

where the subscript ‘‘eq’’ denotes the variables which a
estimated at the equality of two different potentials above.
this time the horizon size becomes larger than that at
beginning of the field rotation. At larger scales when t
gravity-mediation term dominates, the amplitude of the fie
decreases asf}a23/2 as the universe expands. The univer
is assumed to be dominated by the inflaton-oscillation
ergy, a}t2/3}H22/3, which leads tof}H. We can thus find
the horizon size atf5feq . It reads as

Heq;Hosc

feq

focs
, ~143!

where subscript ‘‘osc’’ denotes the values at the beginning
the field oscillation~rotation! and Hosc.m3/2. We find the
horizon size atf5feq as
5-18
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Heq
21;S Teq

2

f0
D 21

. ~144!

Since the typical size of the resonance mode in the instab
band iskres

21;Teq
2 /feq;m3/2

21 , the horizon size is larger, s
that the instabilities develop as soon as the field feels
negative pressure due to the logarithmic potential, andQ
balls are produced with the typical size;kres

21 . Since the
angular velocity is written asveq;(Teq

2 /feq)
21;m3/2 at

this time, the number density of the field can be expresse

neq;veqfeq
2 ;

Teq
4

m3/2
. ~145!

This corresponds exactly to the number density just dilu
by the cosmic expansion:

neq;noscS aosc

aeq
D 3

;noscS fosc

feq
D 22

;
Teq

4

m3/2
. ~146!

Therefore, the charge of the producedQ ball will be

Q;neqkres
23;S Teq

m3/2
D 4

;S feq

m3/2
D 2

;S feq

Teq
D 4

, ~147!

where the last and the second last terms have the same f
as the formulas of the charge estimation for the ‘‘usual’’ a
‘‘new’’ type of the Q balls, respectively. We thus apply th
numerical results which we obtained for the ‘‘usual’’ typ
and assume the charge of theQ ball as

Q5bS feq

Teq
D 4

, ~148!

whereb'631024.2 Notice that«;1 in this case, since the
oscillation ~rotation! of the field starts when the potential
dominated by the gravity-mediation term wherev;m3/2, as
mentioned at the end of Sec. III.

The temperature of the radiation atf5feq is determined
by Teq;(MTRH

2 Heq)
1/4. We thus find it as

Teq;AM

f0
TRH . ~149!

The baryon-to-photon ratio can again be expressed in
ways. One is

hB;
rc,0VQDQ

ng,0MFQ3/4
, ~150!

and we can rewrite the ratior B as

2b may be larger than this value, since the cosmic expansio
weaker than the situations which are done in numerical calculat
above, and theQ-ball formation takes place earlier. However, th
following estimates do not change because of the weak depend
on b.
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Q
;1014hBVQ

21S MF

106 GeV
D Q21/4. ~151!

On the other hand, we have

hB;
r Bnf,osc

r I ,osc/TRH
;

r Bf0
2TRH

m3/2M
2

. ~152!

Inserting Eqs.~148!, ~149!, and~151! into this equation, we
obtain the initial amplitude of the field:

f0;2.931012VQ
2/5b l

1/10MF,6
22/5 GeV. ~153!

Then the temperature of the radiation and the amplitude
the field atf5feq are

Teq;9.23107VQ
21/5b l

21/20MF,6
1/5TRH,5 GeV, ~154!

feq;8.431014VQ
22/5b l

21/10

3MF,6
2/5TRH,5

2 m3/2,GeV
21 GeV, ~155!

respectively, wherem3/2,GeV[m3/2/GeV. We can thus esti-
mate the charge of theQ ball as

Q;4.331026VQ
4/5b l

4/5mF,6
4/5TRH,5

4 m3/2,GeV
24 . ~156!

Notice that we need the constraintf0*feq , which is re-
phrased as

f0*1.531014TRH,5m3/2,GeV
21/2 GeV, ~157!

for this situation to take place.
There are two other conditions to be imposed. One

them is that the temperature of the radiation atf5feq is
larger thanMF . Otherwise, the thermal logarithmic term i
the potential is not the dominant one, which contradicts
assumption of this subsection. This constrains the rehea
temperature from below, such as

TRH*1.13103VQ
1/5b l

1/20MF,6
4/5 GeV. ~158!

The second one is that the gravitino mass should be sm
than 1 GeV, since we are discussing the gauge-medi
SUSY breaking model. As will be seen shortly, this co
strains the allowed region ofMF from below, when we as-
sume that the initial amplitude of the AD field is determin
by the balance between the~negative! Hubble mass and non
renormalizable terms. From this assumption, we getf0
;(m3/2M

n23)1/(n22). For somen, we can write them down
as

f0;5
1.53109m3/2,GeV

1/2 GeV ~n54!,

1.831012m3/2,GeV
1/3 GeV ~n55!,

6.131013m3/2,GeV
1/4 GeV ~n56!,

5.131014m3/2,GeV
1/5 GeV ~n57!,

2.131015m3/2,GeV
1/6 GeV ~n58!.

~159!
is
ns

ce
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Equating these with Eq.~153! and using the condition tha
the gravitino mass should be less than 1 GeV, we obtain
constraints onMF .

Combining these with the condition that the reheat
temperature must be larger than;10 MeV for the sake of
the successful nucleosynthesis@20#, we obtain the lower
limit of MF for the allowed range, using Eq.~158!. In gen-
eral, parameter space (Q,MF) is constrained by three cond
tions: the stability, survival, and BDM conditions, which w
showed in the last section. See Eqs.~118!, ~125!, and~126!.
We find the allowed range ofMF only for n56 andn57, if
we take into account all the conditions which we have m
tioned above. These are

MF;4.9310221.13104 GeV ~n56!, ~160!

MF;1.0310222.53103 GeV ~n57!. ~161!

For n56, the lower and upper limits come from the cond
tionsm3/2&1 GeV andMF,Teq , respectively. On the othe
hand, forn57, the upper limit comes from the conditio
TRH*10 MeV, and we assume thatMF*100 GeV. There-
fore, we have consistent scenarios in this model, and, for
above ranges forMF , the allowed parameter regions are

Q;1.33102422.831021, ~162!

TRH;1.03107229 GeV, ~163!

for n56, and

Q;3.23102525.131022, ~164!

TRH;62 GeV210 MeV, ~165!

for n57, if we use the BDM condition in order for the dar
matter Q balls to supply the baryons in the universe. T
allowed regions will be plotted in Figs. 15 and 16 in the ne
section, where the constraints from several experiments
also plotted.

B. Dominated by zero temperature generic logarithmic term

Now we will consider the situation when the temperatu
of the radiation is rather low, and the effective potential
dominated by the generic logarithmic term

V;MF
4 logS f2

MS
2D . ~166!

Similar discussion follows along the line which we made
the last subsection. The critical amplitude of the field is d
termined by

MF
4 logS feq

2

MS
2 D ;m3/2

2 feq
2 , ~167!

and we thus getfeq;MF
2/m3/2. The horizon size atf

5feq is then written as
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Heq;Hosc

feq

f0
;

MF
2

f0
, ~168!

which is larger than the typical resonance scale in the in
bility band: kres

21;(MF
2/feq)

21. Therefore, the field feels
spatial instabilities just after its amplitude gets smaller th
feq . The charge of theQ ball can be estimated as

Q5b
feq

4

MF
4

;6.031020b lMF,6
4 m3/2,GeV

24 . ~169!

Using Eqs.~151!, ~152!, and ~169!, we obtain the initial
amplitude required for theQ-ball formation in this scenario
as

f0;9.531010VQ
1/2b l

1/8TRH,6
21/2 GeV, ~170!

whereTRH,6[TRH /(106 GeV!.
At the time of the production ofQ balls whenf;feq ,

the temperature of the radiation can be estimated fromTeq
;(MTRHHeq)

1/4, so that we have

Teq;7.13107VQ
21/8b l

21/32TRH,6
5/8 MF,6

1/2 GeV. ~171!

The condition that the initial amplitude of the field excee
the critical value where the effects of gauge- and grav
mediation on the effective potential are comparable is
pressed as

f0*1012MF,6
2 m3/2,GeV

21 GeV. ~172!

Another condition for this situation to be realized isMF
*Teq , which can be rewritten as

MF*5.03109VQ
21/4b l

21/16TRH,6
5/4 GeV. ~173!

This implies that the allowed region in the parameter sp
(Q,MF) can appear for low enough reheating temperature
can be seen as follows. From the stability and BDM con
tions @Eqs.~118! and ~126!#, the largest possibleMF is

MF;8.23104«1/4VQ
1/4hB,10

21/4mf,2
21/6 GeV. ~174!

Therefore, comparing these two, we get the constraint on
reheating temperature as

TRH&1.53102«1/5VQ
2/5b l

1/20hB,10
21/5mf,2

22/15 GeV, ~175!

for generating the allowed region. On the other hand, we
also obtain the lower limit ofMF . In order to have success
ful nucleosynthesis, we needTRH*10 MeV conservatively.
We thus get the lower bound asMF*0.5 GeV from Eq.
~173!. However, we will assumeMF*100 GeV, which may
be the lowest possible scale for SUSY breaking, and
limit is severer.

At the same time, we can estimate the largest poss
gravitino mass, taking into account the fact that the charg
the producedQ ball @Eq. ~169!# should satisfy the stability
condition @Eq. ~118!#, as
5-20



s

d-
th
e

th
w

ai
g

n

to
SY
od

on,
the
tent

We
a

. In
the

x-
ist.

the

t of
the
the

n

to
-

Q-BALL FORMATION: OBSTACLE TO AFFLECK-DINE . . . PHYSICAL REVIEW D 64 123515
m3/2&0.16b l
1/4 GeV. ~176!

Therefore, we obtain the allowed values of parameters a

m3/2&0.16 GeV, ~177!

10 MeV&TRH&110 GeV, ~178!

MF*100 GeV, ~179!

in general.
The initial amplitude of the field is the last to be consi

ered. The initial value is determined by the balance of
Hubble mass and nonrenormalizable terms, so we have
actly same formulas as in Eq.~159!. It depends only on the
gravitino mass asf0;(m3/2M

n23)1/(n22). Equating with Eq.
~170!, we get the relation between the gravitino mass and
reheating temperature. As easily seen, there is no allo
range forn54 and 5, while we have

490 keV&m3/2&0.16 GeV,

1.13102 GeV*TRH*6.1 GeV, ~180!

for n56,

1.8 eV&m3/2&0.16 GeV,

1.13102 GeV*TRH*72 MeV, ~181!

for n57,

6.4310215 GeV&m3/2&8.631023 GeV,

1.13102 GeV*TRH*10 MeV, ~182!

for n58, and so on.
On the other hand, we can get the value ofMF required

for both theQ-ball formation@Eq. ~169!# and the BDM con-
dition, in terms of the gravitino mass as

MF,6;0.28«1/4VQ
1/4b l

21/6hB,10
21/4mf,2

21/6m3/2,GeV
2/3 . ~183!

Inserting them3/22TRH relation for eachn into this equation,
we have

MF;5
9.231023VQ

19/12mf,2
21/6TRH,6

24/3 GeV ~n56!,

1.131027VQ
23/12mf,2

21/6TRH,6
25/3 GeV ~n57!,

1.2310212VQ
9/4mf,2

21/6TRH,6
22 GeV ~n58!,

1.4310217VQ
31/12mf,2

21/6TRH,6
27/3 GeV ~n59!,

~184!

where we suppress the dependences onb, hB , and«, since
they are trivial. These values have to satisfy the constr
Eq. ~173!. They lead to the upper limit for the reheatin
temperature, and we obtain allowed regions only forn56, 7,
and 8, taking into account constraints~177!, ~178!, and
~179!. Thus, we find the allowed region for the consiste
scenarios as

6.1 GeV&TRH&29 GeV,
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8.33104 GeV*MF*1.03104 GeV,

0.16 GeV*m3/2*7.031023 GeV, ~185!

for n56,

72 MeV&TRH&1.9 GeV,

8.33104 GeV*MF*3.63102 GeV,

0.16 GeV*m3/2*4.531025 GeV, ~186!

for n57, and

10 MeV&TRH&110 MeV,

1.23104 GeV*MF*102 GeV,

8.6 MeV*m3/2*6.4 keV, ~187!

for n58, when we takemf5100 GeV.

X. DETECTION OF THE DARK MATTER Q BALL

A. Q balls in the specific logarithmic potential

As is well known,Q balls are stable against the decay in
nucleons in the gauge mediation mechanism for SU
breaking@2,6#. Therefore, they can be considered as the go
candidate for the dark matter of the universe. In additi
they can supply the baryon number of the universe. In
previous sections, we investigate if there is any consis
cosmological scenario for the dark matterQ ball with simul-
taneously supplying the baryon number of the universe.
have also seen the amount of the charge evaporated fromQ
ball, so we can relate it to the amount of the dark matter
this section, we see more conservative allowed region for
cosmologicalQ-ball scenario to work, and impose the e
perimental bounds in order to see if the scenario could ex

Provided that the initial charge of theQ ball is larger than
the evaporated charge, we regard that theQ ball survives
from evaporation, and contributes to the dark matter of
universe. This is expressed in Eq.~93!

Qinit*7.431017S mf

TeVD 212/11

. ~188!

Now we can relate the baryon number and the amoun
the dark matter in the universe. As mentioned above,
baryon number of the universe should be explained by
amount of the charge evaporated from theQ balls,DQ, and
the survivedQ balls become the dark matter. This conditio
is Eq. ~76!:

Q&1023«3/2S mf

TeVD 23

, ~189!

where we takehB;10210 andVQ&1.
In order for theQ ball to be stable against the decay in

nucleons, i.e.,EQ /Q&1 GeV, the following should be satis
fied:
5-21
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Q*1012S mf

TeVD 4

. ~190!

For the usual gauge-mediation type of theQ ball, we
obtain the allowed region for explaining the baryon numb
of the universe, using three constraints, i.e., Eqs.~188!,
~189!, and ~190!. Figure 12 shows the allowed region o
(Q,mf) plane with«51 in Eq. ~189! @18#. The shaded re-
gions represent that this type of stableQ balls are created
and the baryon number of the universe can be explained
the mechanism mentioned above. Furthermore, this typ
stableQ balls contribute crucially to the dark matter of th
universe at present, if theQ balls have the charge given b
the thick dashed line in the figure. Notice that this line d
notes«51 case, and the allowed region in the parame
space will be narrower as« becomes smaller, and disappe
for «&1025.

As can be seen in Fig. 12, several experiments c
strain the parameter space. TheQ ball can be detected
through so-called Kusenko-Kuzmin-Shaposhnikov-Tinyak
~KKST! process. When nucleons collide with aQ ball, they
enter the surface layer of theQ ball, and dissociate into
quarks, which are converted into squarks. In this processQ
balls release;1 GeV energy per collision by emitting so
pions. This is the basis for theQ-ball detections@21,22#.
Lower left regions are excluded by the various experime
The allowed charges areQ;1025 with mf5100 GeV21

FIG. 12. Summary of constraints on (Q,mf) plain for theusual
type of theQ ball. We also show the regions currently excluded
BAKSAN ~B!, Gyrlyand~G!, and Kamiokande~K-1,K-2,K-3!, and
to be searched by the Telescope Array Project~TA! and OWL-
AIRWATCH ~OA! in the future. For the details of experiments, s
Ref. @22#. Two thick lines within the shaded region denote the co
sistent scenarios forn55 and n56 cases, respectively, and th
only allowed consistent scenario is found inside the circle. F
thick dotted lines denote the constraints of the dark matterQ ball
which do not account for the baryogenesis forTRH5102, 103, 104,
105, and 106 GeV from the top to the bottom.
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TeV for «51, and future experiments such as the Telesc
Array Project or the OWL-AIRWATCH detector may dete
the dark matterQ balls.

We also put the consistent scenario in Fig. 12, which
considered in Sec. VII. Two thick lines inside the allowe
region ~shaded region! represent for then55 and n56
cases. Hatched line connected to the thick line forn55
shows the allowed region if we do not assume that the
terms come from the nonrenormalizable superpotential.
current experiments exclude then55 case, but the top edg
of n56 case is allowed, which we show by circle in th
figure. Although then56 case sits at very interesting regio
this dark matterQ ball may not be detected by future expe
ments as mentioned above.

If we do not impose the condition that the evaporat
charges fromQ balls account for the baryons in the univers
the only constraint is that the energy density ofQ balls must
not exceed the critical density. As mentioned in the previo
section, this condition is Eq.~75!:

Q;9.331021«8/5VQ
12/5S TRH

105 GeV
D 24

3S b

631024D 8/5S mf

TeVD 212/5

. ~191!

TheQ-ball charge depends on the reheating temperature,
thick dotted parallel lines show the constraints forTRH

-

e

FIG. 13. Summary of constraints on the parameter sp
(Q,MF) with n56 andmf5100 GeV in the generic logarithmic
potential where the thermal terms are dominated when theQ-ball
formation occurs. Dashed and dot-dashed lines represent the
current and future experiments, respectively, as shown in Fig.
Lines ~a!, ~b!, and~c! denote the BDM, survival, and stability con
ditions, respectively. Line~d! shows the conditionsT*MF . Notice
that this condition depends onn. The thick solid line is the allowed
region of the successful scenario for the dark matterQ balls sup-
plying the baryons in the universe, while the thick dashed line r
resents more general cases.
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5102, 103, 104, 105, and 106 GeV from the top to the bot-
tom in the figure. We can thus discover the dark matteQ
balls in the future experiments, if the reheating temperat
is low enough. Notice that the lower reheating temperatur
favored by the supersymmetric models because of eva
the cosmological gravitino problem@19#.

B. Q balls in the generic logarithmic potential

Now we show the allowed region for theQ-ball formation
in the generic potential, but actual formation takes pla
when the thermal logarithmic term still dominates the pot
tial. We show for then56 case, which is the only successf
scenario in this situation in Fig. 13. The thick solid line d
notes the natural consistent scenario, while the thick das
line represents the allowed region on the BDM condition l
in a more general situation that theQ-ball formation occurs
through the different mechanism. On these lines, theQ balls
can account for both the dark matter and the baryons in
universe simultaneously. Most of the parameter space is
cluded by currents experiments, but very interesting reg
such asQ;1024 and MF;53102 GeV is allowed. Notice
that the dark matterQ balls with larger charges can be d
tected by the future experiments such as TA and OA,
though they cannot play the role for the baryogenesis.

C. Q balls in the gravity-mediation dominated potential

Next, we move on to the ‘‘new’’ type ofQ ball. The
constraints on parameter space (Q,m3/2) were obtained in
Ref. @6#. Here we only draw the results. The regions whe
both the amount of the baryon and the dark matter can
explained are shown as thick lines in Fig. 14. Lower l
regions are excluded by the various experiments. Notice
future experiments such as the Telescope Array Project o
OWL-AIRWATCH detector may detect this type of the da
matterQ balls, supplying the baryons in the universe, w
an interesting gravitino mass;100 keV, if the the origin of
the A terms differs from the nonrenormalizable superpot
tial.

Although any consistent cosmologicalQ-ball scenario
does not exist in the framework that both the initial amp
tude and theA terms of the AD field are determined by th
nonrenormalizable superpotential, it is not necessarily t
that the dark matterQ balls do not exist whether they can b
the source for the baryons in the universe or not. In gene
we have the constraint for theQ balls to be a crucial com
ponent of the dark matter. It reads as

Q;3.531026VQS b

631024D S m3/2

MeVD 22S TRH

105 GeV
D 21

,

~192!

where Eq.~112! is used.
Three dot-dashed lines are shown forTRH5103, 105, and

107, from the top to the bottom, respectively. Therefore,
dark matterQ balls can be detected in the future experime
for the low reheating temperature universe, which is f
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from the cosmological gravitino problem. Notice that th
baryons have to be supplied by another mechanism in
case.

D. DelayedQ balls in the thermal logarithmic potential

As shown in the previous sections, we can restrict
parameter space (Q,MF) by several conditions for theQ-ball
formation in the natural scenarios. In general, we have th
conditions: the BDM, survival, and stability condition
Here, we write them down again:

~a! Q;3.231017«3/2VQ
3/2hB,10

23/2mf,2
21MF,6

22 , ~193!

~b! Q*1.231017mf,2
28/11MF,6

24/11, ~194!

~c! Q*1024MF,6
4 . ~195!

We plot these lines in Figs. 15 and 16 forn56 andn57
cases, respectively. In these figures,~a!, ~b!, and ~c! denote
the BDM, survival, and stability conditions, respectively, f
VQ51 andmf5100 GeV. We also show the data from se
eral experiments. These are the same as we have used a
The experimental lines are the same as that for the spe
logarithmic potential, if we just replacemf by MF . We plot
these data, using the fact that the flux is related to theQ-ball
mass, and the cross section is related to theQ-ball size.
Therefore, theseQ-ball parameters can be expressed in
same form as in the specific potential for the replacemen

FIG. 14. Restrictions by several experiments on (Q,m3/2) plain
for uKu50.01. We show the regions currently excluded by BA
SAN ~B!, Gyrlyand~G!, and Kamiokande~K-1,K-2,K-3!, and to be
searched by the Telescope Array Project~TA! and OWL-
AIRWATCH ~OA! in the future. The thick lines represent for th
gravity-mediation type of theQ ball to be both the dark matter an
the source for the baryons of the universe formf5300 GeV, 1 TeV,
and 3 TeV from the top to the bottom. Three dot-dashed lines
note the constraints of the dark matterQ ball which do not account
for the baryogenesis forTRH5103, 105, and 107 GeV from the top
to the bottom.
5-23
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mf by MF in the generic potential. Notice that the presen
of the dark matterQ balls formf51 TeV is almost excluded
by experiments: OnlyQ balls with Q.1019 and MF
.5.63104 GeV are allowed.

Now we put the conditions for theQ-ball formation to
take place in the natural scenarios. In Fig. 15, vertical line~d!
denotes for the condition that the thermal logarithmic pot
tial dominates over the generic ones, i.e.,Teq*MF . Another
vertical line ~e! represents form3/2&1 GeV in the gauge-
mediated SUSY breaking model. Three thick dotted lin
show the charges of the producedQ balls in the natural sce
narios with the reheating temperature 1.03107, 1.03103,
and 29 GeV from the top to the bottom, respectively. T
thick solid line is the final answer, which represents the d
matterQ balls supplying the baryons in the universe in t
natural scenario. Two remarks are following.~1! Those dark
matter Q balls which do not account for the baryogene
may be detected by the Telescope Array Project~TA!, if their
charges are;1029 and the reheating temperature is;107

GeV. ~2! There is no cosmological gravitino problem for th
scenario.

In Fig. 16, line~d! denotes the condition that the reheati
temperature should be higher than 10 MeV in order for
nucleosynthesis to take place successfully. We also ass
MF*100 GeV. Two thick dotted lines represent theQ-ball
charges from the formation mechanism with the rehea
temperature 62 GeV and 10 MeV for upper and lower lin
respectively. Thick solid line shows the successful reg
that theQ balls account for both the dark matter and t
source for the baryons in the universe simultaneously. M

FIG. 15. Summary of constraints on the parameter sp
(Q,MF) for the delayed-formedQ balls with the thermal logarith-
mic term domination formf5100 GeV andn56. Dashed and
dot-dashed lines represent the same current and future experim
respectively, as shown in Fig. 12. Lines~a!, ~b!, and~c! denote the
BDM, survival, and stability conditions, respectively. Lines~d! and
~e! show the conditionsTeq*MF and m3/2&1 GeV, respectively.
The thick solid line is the allowed region of the successful scen
for the dark matterQ balls supplying the baryons in the univers
Thick dotted lines denote the formedQ-ball charges withTRH

;107, 103, and 29 GeV from the top to the bottom.
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of this region is allowed experimentally, and, in particula
the dark matterQ balls withQ;1025 may be detected by the
TA in the future. Notice again that cosmological gravitin
problem is avoided for such low reheating temperature.

Now we will mention the specific logarithmic potentia
where MF5mf . We impose three general condition
namely, the BDM, survival, and stability conditions. The
are written as@cf. Eqs.~189!, ~188!, and~190!#

~a! Q;1.231023«3/2VQ
3/2hB,10

23/2mf,TeV
23 , ~196!

~b! Q*7.431017mf,TeV
212/11, ~197!

~c! Q*1012mf,TeV
4 , ~198!

which are shown in Figs. 17 and 18.
The charge of the formedQ ball and the initial amplitude

of the field are expressed as

Q;1.731026VQ
4/5b l

4/5mf,TeV
4/5 TRH,5

4 m3/2,GeV
24 , ~199!

f0;5.331014VQ
22/5b l

21/10mf,TeV
2/5 TRH,5

2 m3/2,GeV
21 GeV,

~200!

respectively. The initial amplitude is determined by the b
ance between the Hubble mass and nonrenormalizable te
and combining it with Eq.~200!, we get the relation betwee
mf andm3/2 as

mf;4.93102VQb l
1/4m3/2,GeV

25/8 GeV, ~201!

e

nts,

io

FIG. 16. Summary of constraints on the parameter sp
(Q,MF) for the delayed-formedQ balls with the thermal logarith-
mic term domination formf5100 GeV andn57. Dashed and
dot-dashed lines represent the same current and future experim
respectively, as shown in Fig. 12. Lines~a!, ~b!, and~c! denote the
BDM, survival, and stability conditions, respectively. Line~d!
shows the conditionTRH*10 MeV. The thick solid line is the al-
lowed region of the successful scenario for the dark matterQ balls
supplying the baryons in the universe. Thick dotted lines denote
formed Q-ball charges withTRH;62 GeV and 10 MeV for the
upper and lower lines, respectively.
5-24
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for n56. We thus get the charge of the producedQ balls:

Q;1.931028VQ
228/5b l

24/5TRH,5
4 mf,TeV

36/5 , ~202!

which we plot forTRH5105, 33104, and 53103 GeV from
the top to the bottom by thick dotted lines in Fig. 17. In ord
for this situation to take place,Teq*mf , which leads to the
constraint for the reheating temperature in terms ofmf as

TRH*4.4VQ
1/5b l

1/20mf,TeV
4/5 GeV. ~203!

Inserting this constraint into Eq.~199!, we have

Q*6.831010VQ
224/5b l

23/5mf,TeV
52/5 , ~204!

which is shown by the thick dashed line in Fig. 17. As is se
in the figure, the experimentally allowed region is very n
row, and the consistent natural scenario will work only f
Q;1024, mf;53102 GeV, m3/2;1 GeV, and TRH
;33104 GeV. Notice that there is no cosmological gravitin
problem also in this case.

On the other hand, the relation betweenmf and m3/2,
which is obtained by equating Eq.~200! and the value deter
mined by the balance between the Hubble mass and the
renormalizable term, is written as

mf;2.4VQb l
1/4m3/2,GeV

21/2 GeV, ~205!

FIG. 17. Summary of constraints on the parameter sp
(Q,mf) for the delayed-formedQ balls with the thermal logarith-
mic term domination forn56. Experimental lines are the sam
Lines ~a!, ~b!, and~c! denote the BDM, survival, and stability con
ditions, respectively. Thick dotted lines denote the formedQ-ball
charges forTRH.105, 33104, and 53103 GeV from the top to the
bottom. The thick dashed line represents the conditionTeq*mf .
The thick solid line is the allowed region of the successful scen
for the dark matterQ balls supplying the baryons in the univers
Solid vertical lines denote the gravitino mass ranges,m3/251 GeV,
100 MeV, 10 MeV, and 1 MeV from the left to the right.
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for n57. We thus get the charge of the producedQ balls:

Q;1.931028VQ
228/5b l

24/5TRH,5
4 mf,TeV

36/5 , ~206!

where we plot forTRH5103 and 80 GeV for the upper an
the lower thick dotted lines, respectively, in Fig. 18. Taki
into account the conditionTeq*mf , we obtain

Q*6.131029VQ
232/5b l

21mf,TeV
12 , ~207!

where Eq.~203! is used. We plot this constraint by the thic
dashed line in Fig. 18. The allowed region for the dark m
ter Q balls, which are also the source for the baryons in
universe, is shown by thick solid line. This region does n
suffer from the current experimental limit and this dark m
ter Q ball with Q;1025 andm3/2;100 keV may be detected
by TA in the future. Notice that the reheating temperature
low enough to avoid the cosmological gravitino problem.
we abandon to explain the baryons in the universe by
charge evaporation fromQ balls, the dark matterQ balls may
be found by TA and also OWL-AIRWATCH in the future.

E. DelayedQ balls in the generic logarithmic potential

As mentioned in the previous section, we have obtain
the consistent scenarios of the dark matterQ ball explaining
the baryons of the universe naturally, with the initial cond
tions determined by the balance of the Hubble and the n

e

io

FIG. 18. Summary of constraints on the parameter sp
(Q,mf) for the delayed-formedQ balls with the thermal logarith-
mic term domination forn57. Experimental lines are the sam
Lines ~a!, ~b!, and~c! denote the BDM, survival, and stability con
ditions, respectively. Thick dotted lines denote the formedQ-ball
charges forTRH.103 and 80 GeV for the upper and lower line
The thick dashed line represents the conditionTeq*mf . The thick
solid line is the allowed region of the successful scenario for
dark matterQ balls supplying the baryons in the universe. So
vertical lines denote the gravitino mass ranges,m3/25100 keV~left!
and 10 keV~right!.
5-25



t
e
,

ly

en-
s:

ri-
is

ts,
me-

m-
thus
e

ark
he
we

atu-
e

r
eful

ve
st of

f

ac

-

ac

-

ace

-

S. KASUYA AND M. KAWASAKI PHYSICAL REVIEW D 64 123515
renormalizable terms in the effective potential, withn56, 7,
and 8. However, the parameter space is restricted by
current experiments. We plot the allowed regions and exp
mentally excluded regions forn56, 7, and 8 in Figs. 19, 20
and 21, respectively. In these figures, lines~a!, ~b!, and ~c!
are the BDM, survival, and stability conditions, respective
Lines ~d! in Figs. 19 and 20 are the conditionMF*Teq ,

FIG. 19. Summary of constraints on the parameter sp
(Q,MF) for the delayed-formedQ balls with the generic logarith-
mic term domination forn56 and mf5100 GeV. Experimental
lines are the same. Lines~a!, ~b!, and~c! denote the BDM, survival,
and stability conditions, respectively. Line~d! represents the condi
tion MF*Teq , and line~e! is just the upper limit forMF .

FIG. 20. Summary of constraints on the parameter sp
(Q,MF) for the delayed-formedQ balls with the generic logarith-
mic term domination forn57 and mf5100 GeV. Experimental
lines are the same. Lines~a!, ~b!, and~c! denote the BDM, survival,
and stability conditions, respectively. Line~d! represents the condi
tion MF*Teq , and line~e! is just the upper limit forMF .
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while TRH*10 MeV is shown as line~d! in Fig. 21. Lines~e!
in Figs. 19 and 20 are just the upper limit forMF .

We can see some parameter regions which are experim
tally allowed in each figures. Typically, there are two type
One is forQ;1020 and MF;53104 GeV, and the other is
for Q;1025 and MF;33102 GeV. In the latter case, the
dark matterQ balls may be detected in the future expe
ments. Notice that the required reheating temperature
rather too low~100 MeV–10 GeV!, which is very difficult to
realize in the actual inflation model.

XI. CONCLUSION

We have investigated thoroughly theQ-ball cosmology
~the baryogenesis and the dark matter! in the gauge-mediated
SUSY breaking model. Taking into account thermal effec
the shape of the effective potential has to be altered so
what, but most of the features of theQ-ball formation de-
rived at zero temperature can be applied to the finite te
perature case with appropriate rescalings. We have
found thatQ balls are actually formed through Affleck-Din
mechanism in the early universe.

We have sought for the consistent scenario for the d
matterQ ball, which also provides the baryon number of t
universe simultaneously. For the consistent scenario,
adopt the nonrenormalizable superpotential in order to n
rally give the initial amplitude of the AD field and the sourc
for the field rotation due to theA term. As opposed to ou
expectation, very narrow parameter region could be us
for the scenario in the situations that theQ balls are produced
just after the baryon number creation. In addition, we ha
seen that current experiments have already excluded mo
the successful parameter regions.

Of course, if theA terms and/or the initial amplitude o

e

e

FIG. 21. Summary of constraints on the parameter sp
(Q,MF) for the delayed-formedQ balls with the generic logarith-
mic term domination forn58 and mf5100 GeV. Experimental
lines are the same. Lines~a!, ~b!, and~c! denote the BDM, survival,
and stability conditions, respectively. Line~d! represents the condi
tion TRH*10 MeV.
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the AD field are determined by other mechanism, the cos
logical Q-ball scenario may work. Then, the stable dark m
ter Q balls supplying the baryons play a crucial role in t
universe.

We have also found the new situations that theQ-ball
formation takes place when the amplitude of the fields
comes small enough to be in the logarithmic terms in
potential, while the fields starts its rotation at larger amp
tudes where the effective potential is dominated by
gravity-mediation term withpositive Kterm. This allows to
produceQ balls with smaller charges while creating larg
baryon numbers. In this situation, there is wider allowed
gions for naturally consistent scenario, although the curr
experiments exclude most of the parameter space. No
also that rather too low reheating temperature is neces
for larger n scenario to work naturally. This aspect is go
for evading the cosmological gravitino problem, while it
difficult to construct the actual inflation mechanism to g
such low reheating temperatures, in spite of the fact that
nucleosynthesis can take place successfully for the rehea
temperature higher than at least 10 MeV.

So far we have investigated the possibility that the d
matterQ balls which supply the baryon number of the un
verse could be really produced in the naturally consist
scenario, where the initial amplitude of the AD field and t
A terms for the field rotation are determined by the nonren
malizable superpotential. Here, we have explicitly impos
that the producedQ balls must be stable against the dec
into nucleons in order forQ balls themselves to be the da
matter of the universe. However, there may be such si
12351
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tions thatQ balls decay into lighter particles when the st
bility condition is broken. This situation is almost the sam
as the usual AD baryogenesis when we consider only
baryons in the universe. Moreover, if the decay products
clude the lightest supersymmetric particles~LSPs!, they may
account for the dark matter of the universe.3

If this is the case, gravitino may be the LSP to be the d
matter. The number density of LSP depends on the lifeti
of the Q ball, as investigated in Ref.@13# for the gravity-
mediated SUSY breaking model. If it decays before the te
perature drops the freeze-out temperature of LSPs, the
sity follows the thermal value. On the other hand, when
lifetime is long enough, the ratio of the number of the ba
ons to that of LSPs is fixed, and we can directly estimate
relation between the amounts of the baryons and the L
dark matter of the universe.
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