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Q-ball formation: Obstacle to Affleck-Dine baryogenesis in the gauge-mediated SUSY breaking?
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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 tigg ball. In the natural scenario where the initial
amplitude of the field and tha 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 th€-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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[. INTRODUCTION be in the chemical equilibrium. This situation can be
achieved for very large charge @fballs with more than 118
The Affleck-Dine(AD) mechanisnj1] is the most prom- or so[5].) Even if the radiation component is not dominant
ising scenario for explaining the baryon number of the uni-energy in the universe, such as that during the inflaton-
verse. It is based on the dynamics ofcampley scalar field oscillation dominant stage just after the inflation, high tem-
¢ carrying baryon number, which is called the AD field. Perature effects on the dynamics of the AD field and/or
During inflation, the expectation value of the AD field devel- Q-ball evaporation are important. Therefore, in this article,
ops at a very large value. After inflation the inflaton field W€ investigate the whole scenario of the AD mechanism for

oscillates about the minimum of the effective potential, and®@ryogenesis in the minimal supersymmetric standard model

dominates the energy density of the universe like matter(,MSSM) with the gauge-mediated supersymmet§USY)

while the AD field stays at the large field value. It starts thebreaklng in the h.'gh tgmperature universe.

I . S . In Sec. I, we identify one of the flat directions as the AD
oscillation, or more precisely, rotation in its effective poten- . . S
. . field, and look for the form of the effective potential in the
tial whenH~m,, o+, whereH andm,, .s=|V"(¢)| are the

) context. We will note how the AD field produces the baryon
Hubble parameter and the curvature of the potential of th%umber in the universe in Sec. Il In Sec. IV. we consider

AD field. Once it rotate_s, the baryon number will be created,[he dynamics of thélinearized fluctuations. TheQ-ball for-
asng~w®?, wherew= 6 is the velocity of the phase of the mations are simulated in Sec. V, and we will construct the
AD field. Whent~T,, wherel, is the decay rate of the formula of theQ-ball charge in terms of the initial amplitude
AD field, it decays into ordinary particles carrying baryon of the AD field. Section VI has to do with the mechanism for
number such as quarks, and the baryogenesis in the univeree evaporation of th&-ball charge, and we estimate the
completes. total charge evaporated, which will be the baryons in the
However, important effects on the field dynamics wereuniverse later. In Sec. VII, we seek for the consistent cosmo-
overlooked. It was recently revealed that the AD field feelslogical Q-ball scenario, and find it very difficult as contrary
spatial instabilities2]. Those instabilities grow very large to our expectation. In Sec. VIII, we will investigate the
and the AD field deforms into clumpy objec®:balls. AQ  Q-ball formation and natural scenario in more generic gauge-
ball is a kind of nontopological soliton, whose stability is mediation model, where we take the different scales for the
guaranteed by the existence of some cha@yf3]. In the  Ppotential height and the messenger scale of gauge-mediation.
previous work[4], we found that all the charges which are In Sec. IX, we will consider a new situation where the
carried by the AD field are absorbed into form@dalls, and ~ baryon number creation takes place when the field starts the
this implies that the baryon number of the universe cannot bgotation, but theQ-ball formation occurs rather later. In that
explained by the relic AD field remaining outsid@ balls ~ case, we will find the wider consistent regions of the param-
after their formation. eter space in some situations. The detections of the dark
In the radiation dominated universe, Charges are evapdnatterQ ball and their constraints are described in Sec. IX.
rated fromQ balls [5], and they will explain the baryon Section X is devoted for our conclusions.
number of the universgg]. This is because the minimum of
Fhe(free) energy is achieveq yvhen the AD particles are freely Il. ELAT DIRECTIONS AS THE AFFLECK-DINE FIELD
in the thermal plasma at finite temperatu¢@f course, the
mixture of theQ-ball configuration and free particles is the A flat direction is the direction in which the effective po-
minimum of the free energy at finite temperature, when thdential vanishes. There are many flat directions in the mini-
chemical potential of th€ ball and the plasma are equal to mal supersymmetric standard mod®SSM), and they are
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listed in Refs.[7,8]. Since they consist of squarks and/or In addition to the terms above, there are those terms
sleptons, they carry baryon and/or lepton numbers, and wahich depends on the Hubble paramdikrduring inflation
can identify them as the Affleck-Din@D) field. Although  and inflaton oscillation stage which starts just after inflation.
the flat directions are exactly flat when supersymmetryThese read as

(SUSY) is unbroken, it will be lifted by SUSY breaking ef-

fects. In the gauge-mediated SUSY breaking scenario, SUSY Vy=—cyH?®|?, (4)
breaking effects appear at low energy scales, so the shape of

the effective potential for the flat direction has curvature of o"

order of the electroweak mass at low scales, and almost flat VAHz)\aHHMW3 +H.c.,, (5)

at larger scaleg&ctually, it grows logarithmically as the field
becomes largerTo be concrete, we adopt the following spe-

cial form to represent such a kind of the potenfii wherecy, is a positive constant aral, is a complex constant
with a different phase fromd\, in order for the AD mecha-
|D|2 nism to work; we need a large initial amplitude of the field
V(D)= mf‘,) log| 1+ —-], (1) and a kicking force for the phase rotation, which leads to the
my baryon number creation.

. ) . Now we are going to consider thermal effects on the ef-
where @ is the complex scalar field representing the flatfective potential for the AD field. The flat directions can be
direction. In spite of the specific form, it includes all the |ifeq by thermal effects of the SUSY breaking because of
important features for the formation Qfballs, since they are he gifference of the statistics between bosons and fermions.
formed at large field value, where the logarithmic functionf the AD field couples directly to particles in thermal bath,

has to do with the dynamics of the field. o its potential receives thermal mass corrections
Although we are considering the gauge mediation model,
the flat directions are also lifted by the gravity mediation VM = 72|92, (6)

mechanism, since the gravity effects always exist. We can

write in the form wherecy is proportional to the degrees of freedom of the

thermal particles coupling directly to the AD field. Therefore,
2, (2 if the amplitude of the AD field is large enough, this term
' will vanish, because the particles coupled to the AD field get
very large effective massy.;;~ f|®|>T, wheref is a gauge
where theK term is the one-loop correctiof40], and M or Yukawa coupling constant between those particles and the
=2.4x 10" GeV is the reduced Planck mass. Since the gravAD field, so they decouple from thermal bath. If we consider
itino massmyy, is much smaller thar-1 TeV, which is sug- the formation of largeQ balls, the value of the AD field
gested by the gravity-mediated SUSY breaking scenario, thigshould be very large, and we can neglect this term in the
term will dominate over the gauge-mediation effects only atmost situations.
very large scalef9,6]. On the other hand, there is another thermal effect on the
The flat directions may also be lifted by nonrenormaliz-potential. This effect comes from indirect couplings of ther-
able terms. When the superpotentiaVis=A®"/(nM"~3), mal particles to the AD field, mediated by heavy particles

— 2 2_ 2
Vgrav_mgrau|q)| _m3/2

1+Klog

2

MZ

the terms which directly couple to the AD field, and it reads as
|(I)|2n72 |q)|2
2 (2)_ n(2)T4
VNrR=A 2n-6 Vi =cy T |09?, (7)
on where ¢{?~a?(T) [11,12, where a(T)=g?(T)/4m, esti-
VaA=MNA, St H.c., 3 mated at the temperatufe We will combine these two terms
M in one form as
are added to the effective potential for the flat directions, E
whereV, denotesA terms and we assume vanishing cosmo- Vo=T4 log| 1+ u ) (8)
logical constant to obtain them, $8,|=msz,. T?

Therefore, comparing with Eq1), we can regard the effec-
YIn Ref.[9], the effective potential has the form tive mass as

V~F2[|Og(¢2)]21 m¢ (T< m¢),
whereF*?>m, . However, the dynamics is very similar to that in mMm=y17 (T> my), 9
the potential(1), and so is th&)-ball formation. When we seek for
the allowed region in the parameter space, the difference between
FY2 andm,, leads to the different conclusion. See Sec. VII. and the effective potential as
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|2 where we use Eq(11) with H~w~m?(T)/¢o. When
V(D)= m4(T)Iog( 1+ 2(T)> . (10 m(T)~T, the conditions for the AD field to rotate circularly
m are

As can be seen later, tli@ball formation takes place very

3/4
rapidly, so the time dependence @ris less effective, since (M3 M)V~ 102(E> GeV (n=4),
Tt~ Y4 during inflaton-oscillation dominated universe. T MeV
Therefore, we can regaias constant and apply the numeri- cir My, | 28
. 5 M3 10| —12 =6
cal results obtained fam(T)=m, to the case fom(T)=T (MM B~10° 2] GeV (n ).
by rescaling the variables to be dimensionless with respect to (15)

T.

On the other hand, when the potential is dominated by
1. AFFLECK-DINE MECHANISM Vgray» ®=Mgp. Thene=1 always holds. Of course, this

It was believed that the Affleck-DinéAD) mechanism conclusion does not necessarily true, if theaerms do not
works as follows[1,7]. During inflation, the AD field are come from the nonrenormalization term in the superpoten-

trapped at the value determined by the following conditionsfial: such as in Eq(5). e is generally arbitrary, if the origin

, N\ , N of the A terms is in the Khler potential, which we have less
V(D) ~Vr(P) andV,,(P)~0. Therefore, we get knowledge.

d)minN(HMn*?»)l/(n*Z),
IV. INSTABILITIES OF AFFLECK-DINE FIELD

sinn fmin+argay)]~0, (1D In the Affleck-Dine mechanism, it is usually assumed that

o , the field rotates in its potential homogeneously to produce
wherecy A ~1 are assumed, ani=(¢€')/\2. After in- ¢ baryon number. However, the field feels spatial instabili-
flation, the inflaton oscillates around one of the minimum ofjjes ang they grow to nonlinear to become clumpy objects
its effective potential, and the energy of its oscillation domi—Q balls [2]. In this section, we study the instability of the

nates the universe. During that time, the minimum of thefig|q gynamics both analytically and numerically.
potential of the AD field are adiabatically changing until it 4" the discussion to be simple, we consider the field
. L I\J! 12 N . . )
rolls down rapidly wherH=w=|V'(4$)/|*“. Then the AD dynamics in the logarithmic potential only when the gauge-
field rotates in its potential, producing the baryon numbernegiated SUSY breaking effects dominate. This is enough to
ng= 0¢>. After the AD field decays into quarks, baryogen- investigate the whole dynamics, since fluctuations are devel-
esis completes. oped when the field stays in this region of the effective po-
In order to estimate the amount of the produced baryonential. We write a complex field ag:(¢ei 0)/\/5' and de-
number, let us assume that the phase&,oénday, differ of  compose into homogeneous part and fluctuatiofis: ¢
order unity. Then the baryon number can be estimated as + 5¢ and 6— 6+ 56. Then the equations of motion of the
AD field read ad2,13]

Va " Mz
PO N e AN S B e & .1 A 2
nB H a¢ ¢ H VA w m3/2Mn73 ( w (l)¢ ) . - mzd)
¢+3Hp— 0+ =0, (16)
_ (max)
=en{"™ (12) 1+
2m?
wheres=(mg,/w), N"=w ¢? andH~ w is used in the
second line. Notice that the contribution from the HubBle ¢@+3H¢i9+2£1§i9=0, 17

term is at most comparable to this. Wher 1, the trace of
the motion of the AD field in the potential is circular orbit. If
& becomes smaller, the orbit becomes elliptic, and finally théor the homogeneous mode, and
field is just oscillating along radial direction when=0. We

call ¢ as the ellipticity parameter below. } _ o v2
When the logarithmic potentia(10) is dominant, 5p+3HSP—20h50— 6025 — —25¢+V”(¢)5¢>=0,
~m?/ ¢, so the ellipticity parameter is a
M3/2¢0 . : C b. v?
e~ — . (13 $S50+3HPp50+2(p50+ 050)—2—05h— p— 56=0
m=(T) ¢ a’

(18
Fore~1, it is necessary to have

Ly g 1= 3\ 12— 4) for the fluctuations, whera is the scale factor of the uni-
m(T)~(mg,"M""7) , (14 verse, and

123515-3



S. KASUYA AND M. KAWASAKI PHYSICAL REVIEW D 64 123515

¢’2 P1
1-— o1+ =0,
V)= 2m? N 2m* 19 ' 1+ it o5
(¢)=m FELER (19 >
1+ —
2m?
4 $2
. . 2 2——2=0, (25)
where we assumeé>m in the last step. Equatiofl6) rep- 1+ P1te
resents the conservation of the chafgenumbey within the 2
physical volume:#¢2a®= const. _
Now let us forget about the cosmic expansion, since ind. for the fluctuations,
only makes our analysis be complicated. Thas; const 5 = s
here. It is natural to take a circular orbit of the field motion in d_ k_+ - ¢1 =0 (26)
the potential(For a noncircular orbit, it is difficult to discuss d? a2  "|\ e, '

analytically, so we will show numerical results lajeFhen
we can take ¢=¢o=const, and the phase veIocitQ whereV;; denotes the second derivative with respectpto

= (V'] $) Y= \2m?/ . We seek for the solutions in the andej. and explicitly written as

form ) o1 @5 n o1 - 05
5¢:5¢Oeat+ikx, 56= 500eat+ikx. (20) Voe 2 Vo 2
o N . H ( A Qi+ 5|
a is real and positive, these fluctuations grow exponen- 1+ 1+
tially, and go nonlinear to forn® balls. Inserting these forms 2 2
into Egs.(18), we get the following condition for nontrivial
Sy and 56, V= V= P1¢2 . 27)
P11t @5
k> 4m* 1+
a’+ T 2 - 2\/§m2a 2
2 0 =0. (21 We show two typical situations for the field evolution.
2\2m? , K Figure 1 shows the result for the initial conditions,;(0)
g @ att ; =10° and ¢5(0)= \J2, where the prime denotes the deriva-
tive with respect tor. This corresponds to the circular orbit
This equation can be simplified to be for the motion of the homogeneous mode. We can see that
the instability band coincides exactly with that obtained ana-
k2 2m* k2 4am* lytically, since the upper bound of the instability band is
at+ 2(—2+ — 012+(—2— —2) k?=0. (22 2/p(0)=0.002 in dimensionless units. On the other hand,
a b0 a b0 Fig. 2 shows the results fop,(0)=10> and ¢5(0)=0,
In order for« to be real and positive, we must have WhiCh cqrre_sponds to the caseé that_ the_homogeneous field is
just oscillating along the radial direction. Almost all the
K2 am?) K2 modes are in the instability bands, but they have quasiperi-
(_ - |—<0. (23) odical structures. This shows some features of the parametric
a’ ¢(2) a’ resonance. Anyway, the most important consequence is the

position of the most amplified mode, since it corresponds to
Therefore, we obtain the instability band for the fluctuationsthe typical size of produce® balls. Comparing with these

as two cases, a large ball should form in the forme(circular
) orbit) case, and the size will be about twice as large as that of

O<E<2m _ (24) the latter case, becguse the most amplified mqgg for the
a ¢ circular orbit case is about twice smaller than that for the

just-oscillation case.

We can easily derive that the most amplified mode appears at e also see situations between circular orbit=(1) and
(K/@) max=(3/2)"m?/ ¢, and the largest growth factor is jyst-oscillation & =0), wheres represents the ellipticity of
Umax=(Kmax) =M%/ (V2¢b0). the orbit and defined byp,(0)= /2. Higher instability

It is easier to decompose a complex field into its real angygnds become narrower and disappear-asl, and the low-
imaginary parts for analyzing the dynamics of the field whenggt pand also becomes narrower.
its motion is noncircular. For the numerical calculation, itis  Now let us move on to the fluctuations grown in the po-
convenient to take all the variables to be dimensionless, sguntia] (2) where the gravity mediation effects dominate. In-
we normalize asp=¢/m, k=k/m, 7=mt, and é&=mx.  stabilities grow ifK is negative, which is realized when the
Writing o= (¢1+i¢,)/\2, we get the equations for the ho- quantum corrections to the potential is dominated by the
mogeneous mode as gaugino loops. We analyze this situation in Ré#], so we
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FIG. 1. Instability band for circular orbit

T 1e+10 =1 in the logarithmic potentiall).

1e-10

1e-20 . ' . .
0 0.002 0.004 0.006 0.008 0.01

kima

only show the results here. The instability modes are in the¢he initial amplitude which we took, the potential is domi-
range O<(k/a)?<3|K|m3,. The most amplified mode is nated by the nonrenormalizable term, and for our choice of
(kmax/a)2:3|K|m§/2/21 and the maximum growth rate is the initial time, the cosmic expansion is weaker than the
Wpas= 3| K|mMgl4 [14]. realistic case. Thus, we could only find some restricted rela-
tions between initial values and chargesQ@balls produced.
Therefore, we use only the first term of E(R8), or
equivalently, Eq.(10) with m(T)=const for the potential,
Generally,Q balls are produced during the rotation of the and take initial conditions as
AD field. In Ref.[4], we investigated th&-ball formation in

V. Q-BALL FORMATION

the gauge-mediation scenario on the three dimensional lat- ¢1(0)=@o+ 81, @1(0)=6,,
tices, and found that it actually occurs. In there, we used the
effective potential of the AD field as 02(0)=083, ¢y(0)=e2+ 8y,
|(I)|2 )\2 :Z \/EE
. 2 1|6
V(®)=mj log| 1+ mi +M2|(I)| , (28 7(0)2%2?9001 (29)

and took the initial conditions for the homogeneous mode agvhere all variables are rescaled to be dimensionless param-
7(0)=100, ¢1(0)=A, ¢1(0)=0, ¢,(0)=0, and ¢,(0) etersh=H/m, ande represents how circular the orbit of the
=B, where we variedA and B in some ranges, and added field motion ise=1 for the circular orbit and=0 for the
small random values representing fluctuations. However, atadial oscillation.d’s are fluctuations which originate from

1e+70 T T T T

1e+60
1e+50

1e+40

FIG. 2. Instability bands for radial oscillation
£=0 in the logarithmic potentiall).

1e-10

1e-20 ' ' L '
0 0.002 0.004 0.006 0.008 0.01

kima
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§ 110 /,U/ ] FIG. 3. Q— ¢, relation in the logarithmic po-
7 tential on one-dimensional lattices. Dashed line
1x10% |- . denotesQ ma,=0.15p3.
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the quantum fluctuations of the AD field during inflation, and where 84's are some numerical factorg;~0.1, 8,~0.02,

their amplitudes are estimated as 16-10"'° compared and B3~6x10"“. This relation can be understood as fol-

with corresponding homogeneous modes. The initial time idows. Since the wavelength of the most amplified mode is as

taken to be at the time wheth(t) = w, which is the condition large as the horizon size, we can regard that Qnieall is

that the AD field starts its rotation. created in the horizon size at a creation time. If we assume
We calculate in one, two, and three dimensional latticesthat Q balls are created just after the AD field starts its rota-

In the first place, we set=1, and vary the initial amplitude tion, the horizon size i$l “1~ w1~ ¢,/m?. Therefore, the

of the AD field ¢q. It is usually considered that may be charge of &Q ball is

very small in the gauge mediation scenario, because the

gravitino massng, is very small so that the amplitude &f

terms may be small. However, as we have shown abeove,

=1 case can be achieved in certain situations. Figures 3—-5

show the dependence of the maximurball charge pro- This corresponds to the results of numerical calculatighs:

1+d
@> . (31

~H 9~ dpd2~m3d
Q s~ "wdy m

duced upon the initial amplitude, for one, two, and three "%, The prefactorsBy cannot be determined by the
dimensional lattices, respectively. above analytical estimation. Actually, the formation time is a
We find the relation between the charge of @dall and little bit later than the time when the rotation of the AD field
the initial amplitude of the AD field: starts, and the number f balls in the horizon size is more
i than one. Therefore, we will us@;~6x10 * for the esti-
Qmax=Ba¢o » d=123, (300 mation ofQ-ball charge when we need later.
1x10" T " T " T
1x10" | /,—"—
1x10" | ///: 4
1x10% | -
8 1x10% | _,// 1
g FIG. 4. Q— ¢q relation in the logarithmic po-
Al e b 8 ] tential on two-dimensional lattices. Dashed line

denotesQma,=2X 10 2¢3.

1x10% .

100000

10000 |7 .

1000 L L L
100 1000 10000

?,
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1x10" T T
1x10%2 | -
;‘/d/
1x10" .
/'D/
5 1x10% | e .
g d FIG. 5. Q— ¢q relation in the logarithmic po-
Qi 1oL i tential on three-dimensional lattices. Dashed line
denotesQ .= 6% 10" *¢g.
/E/
10000 |- i
100 - , .
1 1 1
10 100 1000 10000
@,
Now let us see how th&-ball formation occurs fore 3x1CP, £=<0.2,
ith i = 32
—0. The charge of produce@ balls decreases with linear Qip 1.3x10%e, =02, (32

dependence on the charge density of the AD field, as shown

in Ref.[4], thus proportional te. When the angular velocity

of the AD field becomes small enough, bafhballs with  in one dimension.

positive and negative charges are produekd4,15. There- Similarly, we plot theQ-ball charge on three dimensional
fore, the charge of th& ball will be independent of small lattices in Fig. 7. Also we can see th@t,,, is constant for
enoughe. Using numerical calculation, we find that the de- small ¢ where both positive and negativ@ balls are pro-
pendence of th&-ball charge ore shows exactly the same duced, while linearly dependent anarounde~1, where
features as expected. In Fig. 6, we plot all charge on only positive Q balls are formed. Therefore, we obtain the
one dimensional lattices. We can see t@g{, is constant following formula for the charge of the produc€iballs:

for smalle where both positive and negati@balls with the

charges of the same order of magnitude with opposite signs 3% 107 £=0.06
are produced, while linearly dependent srarounde~1, D= ' R (33)
where only positiveQ balls are formedsmaller negative) 5x10%, £=0.06.

balls can be produced, but their charges are an order of mag- The difference between the charges #or1 ande<1
nitude or more smaller than the largest posit@dalls). We  can be explained by the size of the produ€eballs. As seen
thus obtain the formula for the charge of the produ€gd in the previous section, the most amplified maddg,, of the
balls as fluctuations for the circular orbits(=1) is about twice as

1e+08 T T

0, =13x10"¢

D FIG. 6. ¢ dependence o-ball charge in the

' logarithmic potential on one-dimensional lattices.

' The dotted line denoted,,,,=1.3X 10°¢. On the

S tes07 | 1 other hand, the dashed line denotes the constant
o line Q=3x1(P. Closed squares denote the pro-
duction of both positive and negati@balls with

@ charges of opposite signs and the same order of
magnitude.

16406 L L A L
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0pn=5x10%¢

1e+09 | 4

FIG. 7. ¢ dependence o-ball charge in the
logarithmic potential on three-dimensional lat-
tices. The dotted line denote®,,=5x 1.

On the other hand, the dashed line denotes the
i@ constant lineQ=3x10".Closed squares denote
1e+08 | - D 7 the production of both positive and negati@e

balls with charges of opposite signs and the same
order of magnitude.

OQumax

1e+07 L—t : T : :
0.0001 0.001 001 0.1 1 10

small as that of just-oscillation along the radial directien ( We have simulated the dynamics of the AD field on one,
=0). Therefore, twice large® balls are produced fas=1  two, and three dimensional lattices, and find the formation of
in one dimension, while about an order bigger ones ar&) balls. Here, we tak&K=—0.01. (Actually, its value is
formed in three dimension, which exactly correspond to theestimated in the range from0.01 to—0.1[10,16).) We plot
difference between charges for-1 ande<1. the largesQ-ball charge in the function of the initial ampli-

At very large amplitudes of the AD field, the gravity me- tude ¢, for one, two, and three dimensional lattices in Figs.
diation effects for SUSY breaking will dominate, and the 8, 9, and 10, respectively.
“new” type of stable Q balls are producedi6]. As we see Similar to the logarithmic potential cases, we find the re-
above, the potential is dominated by the form lation between the charge of tiggball and the initial ampli-

tude of the AD field as
| Iz)

In this case, the curvature of the potential does not depend on

the amplitude so much, so the AD field starts its rotationwhereBy's are some numerical factorg;~0.2, ,~0.05,
whenH=mjz,,. Thus, the initial time can be taken a0) and B;~0.006. This relation can be understood by the simi-
=2/3 if we rescale variables with respectrw,, when we lar argument as the logarithmic potential case. The difference

V(®)=m3, 1+K log |®|2. (34)

Qmax=Baps, d=123, (35)

make them dimensionless. is that the time when the AD field starts oscillation and the

1x10%° T T T T T L

— =
Omax=0.2X03
w10® | .
/‘E’/
1x10% | ‘/’/ -
/E'/‘
§1x1024 L i FIG. 8. Q— ¢ relation in the potentia(34)

= on one-dimensional lattices. Dashed line denotes

Qmax=0.2X .

1x10% e .
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1x10'®

1 1 1 1 1 1
1x10"° 1x10" 1x10" 1x10" 1x10" 1x10"®
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1x10* T T T T T T T T T

1x10% - Qmax=0-05X(P[2) .

1x10% | 1

1x10% 4

g x10% - 7 iop i
g FIG. 9. Q— ¢, relation in the potentia(34)
= . . . .
Qo 1 4 on two-dimensional lattices. Dashed line denotes
’ Qmax=0.05X ‘Pg-

1x102 |- i
‘/D/
1x10% | i
1x10'® | ) -
e
1x10‘6 — 09 : 10 ! 11 : 12 . 13 : 14 ! 16 : 16 5 17
1x10 1x10 1x10 1x10 1x10 1x10 1x10 1x10 1x10
Do
most amplified modéor instability bandl enters the horizon VI. CHARGE EVAPORATION FROM Q BALLS
do not coincide. Therefore, the charge oBaall is [14] IN HIGH TEMPERATURE

A. Usual gauge-mediation typeQ balls
_d —
Q~Hy Imapeh? ~ (|K[ M) ~Omyg | K| 5

o)’

Mg2

Since theQ-ball formation takes place nonadiabatically,
(almosj all the charges are absorbed into producedalls
[4,14]. Thus, the baryon number of the universe cannot be
explained by the remaining charges outsi@eballs in the
- form of the relic AD field. However, at finite temperature, the
s et o I of e e energy o h AD fd s sived o

, S, b ~ . he situation that all the charges exist in the form of free
calculationsQ ¢;. The prefactorgy cannot be determined particles in thermal plasm§s]. This situation is realized
by the above analytical estimation. Actually, the formationthrough charge evaporation fro@-ball surface[5,13). In
time is a little bit later than the time when the mode which Spite of the fact that the Comp|ete evaporation is the mini-
will be mostly amplified enters the horizon, and the numbermum of the free energy, the actual universe is filled with the
of theQ~ba|IS in the horizon size is more than one. Thereforemixture OfQ balls and Surrounding free partic|e5, since the
we useB;~6x10"3 for the estimation of th&-ball charge  evaporation rate becomes smaller than the cosmic expansion
when we need later. rate at low temperature§As we mentioned in the Introduc-

~|K|ld’2m§/zd( (36)

1x10% T T T T T T T T

110 b Qax=0.006X 3

1x10% | ’D,/ J

1x10% | 7 4

g8 1x10%

<

g FIG. 10. Q— ¢q relation in the potentia(34)
Q10 | i on three-dimensional lattices. Dashed line de-
NotesQ pax=0.006X ¢3.

1x10% | B ﬂ// i
%102 | //'/ i
1x102° -‘_E,«"/ 8
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Do
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tion, the free energy is minimized at the situation that soméottle-neck for the charge transfer, and this condition meets

charges exist in the form of free particlgs thermal plasmpa
and the rest stays insidgballs, if theQ-ball charge are large
enough for the chemical equilibriuffb]. In this case, the
charge of theQ ball should beQ~ 7z *~10%) The non-

adiabatic creation of balls and the later charge evaporation

when theQ-ball charge is large enough as

2
Q>102(%) . (41)

takes place, since the time scale of evaporation is much

longer than that of theQ-ball formation. Notice that the

charge of theQ ball is conserved for the situation that the
evaporation of charges is not effective. However, the energ
of the Q ball decreases as the temperature of the univer

decreases. This happens becausetmll and surrounding
plasma are in thermal equilibrium: i.e., tieballs and ther-

mal plasma have the same temperatures. Thus, the destr

tion process of theQ ball by the collision of the thermal
particles, called the dissociatid3] cannot occur in actual
situations.

The rate of charge transfer from inside tQeball to its

Since, as we will see shortly, we are interested in the dark
matterQ ball, the charge should be as large ag*1®ore

SXonservatively speaking)=10'? for stable against the de-
gay into nucleon$2].

On the other hand, wheh<m,,, the conditionR<1 cor-
responds to

uc-

T>T,=A"m,Q " (42

outside is determined by the diffusion rate at high tempera@nd the transition temperatufg, is lower thanm,, for large

ture and the evaporation rate at low temperafiéile When

enoughQ-ball charge, which is again the interesting range

the difference between the chemical potentials of the plasmf®r the dark matteQ balls.

and theQ ball is small, chemical equilibrium is achieved and

charges inside th€ ball cannot come outl7]. Therefore,
the charges in the “atmosphere” of th@ ball should be

We must know the time dependence of the temperature
for estimating the total evaporated charge from @all,
which will be obtained by integrating Eq&37) and(38) [or

taken away in order for further charge evaporation. This proEd. (40)]. Although thermal plasm@adiatior) dominates the
cess is determined by the diffusion. The diffusion rate isenergy density of the universe only after reheating, it exists

given by[17]

d
rdmzd—?~—4wDRQMQT2~—4wAT, (37)

where D=A/T is the diffusion coefficient, andA=4-6,
o~ w is the chemical potential of th@ ball. On the other
hand, the evaporation rate[i5]

dQ
1—‘evapE dt N_é(:uQ_:U’plasma)Tzll'ﬂ'Ré
T2
o 1/4
4l QM (39

where upasma<pq is the chemical potential of thermal
plasma, angio~o~m(T)Q ™ *is used in the second line.
m(T) and{ change aff=m, as

T 2
My _) (T<m,),
m(T)= v =1 1My (39
T 1 (T>my,)
Therefore, we get
—47TQ™  (T>my),
d
reuap:d—?= T e (40)
_477—3Q (T<my).
My

earlier, and this subdominant component will cause both the
change of the shape of the effective potential for the AD field
and the charge evaporation frdghballs. The temperature of
the radiation before reheating is

T~ (M2 H) ¥4~ (M T2 H) Y, (43

wherel’, is the decay rate of the inflaton field, and the rela-
tion between the decay rate and reheating temperafigie,
~(MT')*2 is used in the last equality. Of course, when
reheating occurs & ~TI',, the temperature becomes as large
as the reheating temperature=~ Ty, . After reheating, the
universe is dominated by radiation, and the temperature
evolves asTocH2,

Sincetx T~ * before reheating, ant T~ 2 after reheating,
the diffusion rate with respect to temperatdrecan be di-
rectly obtained from Eq(37) as

2
RH

MT
10— — (T>Tgrp),
dQ T
- ~ (44)
dT/ iss M
10— (T<Tgrm)-
T2

On the other hand, the evaporation rate with respettitoa
little more complicated, and we can divide into four cases,
depending on the temperature compared with the reheating

In order to see which rate is the bottle-neck for the pro-temperature and the mass of the AD particle. The time de-

cess, let us take the ratR=Tgs;/I'¢,ap,. FOr T>m,, the
ratio becomefR=AQ 4 If R<1, the diffusion rate is the

pendence ofT changes aff=Tgy, and the ratedQ/dt
changes aT=m,. Combining all the effects, we get

123515-10
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MTzRH 1/4
IO?Q (T>TRva¢>)y

MT&y

10——QY* (Tru<T<m,),
o A -
—=| ~ 45
dT evap

M 1/4
10§Q (My<T<Tgp),

MT
/
10—Q'
'“(b
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If TRy>T, , the second term can be neglected. On the other
hand, if Try=T, , the sum of the first and second terms is
the same order of magnitude as the first one. Therefore, from
the first and second terms, we get

M M
AQU P~ 10— ~10_=Qiiif
* ¢
112
—i‘;ﬁ) . (53

where we use Eq(42) in the first line. For large enough
charge such a®;,;;> 10, there is little difference between

m -1
- g ¢
2.410 (Tev)

We can now estimate the total evaporated charge from thg). . andQ,, so the third term can be estimated as

Q ball. According to the relation among, , Tgy, andmy,
there are three situationgA) T,<m,<Tgy, (B) T,

<Tru=mMy, (C) Try=T, <m, . As we will see shortly, the

M M
AQ(z)N 5_3 miQi?uiltIG %/4~ 5m_ |lr<|lt2 (54)
m ¢

evaporated charges in all cases are the same order of magni- ¢

tude. Therefore, we will show only the caé&) here. For
T>Tgrn,

dQ  MT3,
ﬁ~1oT—4, (46)

so we have

AQ(T>Tgrp)=Qinit— Qru~3M T34

1 )
T?I;H Ti3nit (

where subscript “init” denotes the initial values. If we as-

sumeT;,i;>Tgry, We obtainAQ(T>Tgry) ~3M/Try. For
T,<T<Trnu,

9Q 10M 48
a7 105, (48)

so the evaporated charge in this period is estimated as

AQ(T, <T<Try)~10M| T—) (49)
* RH
Finally, for T<T, , we must integrate equation
d MT
Q. 10— QY4 (50)
dT m3
¢
We thus get
MT2
AQ(T<T,)~5—5-Q5", (51)
My

where Qg is the amount of theQ-ball charge at present.

Adding three evaporated charges, we have

M M MT?
AQ~10— —7— +5— Q"
T* TRH mfb

(52

which is the same order of magnitude as the sum of first and
second terms. On the other hand, Gf,,,<10% all the
charges are evaporated before the temperature drops ,to
and there is no contribution from the temperature belqw
which is the third termAQ(®).

For the caséB), the reheating temperature is almost the
same as the transition temperatiite, the amount of evapo-
rated charge should be about the same ag%®3). Although
it is not apparent in the cag€), we will now see that the
amount of evaporated charge is as the same order of magni-
tude as in the cas@). Above the temperaturg, , the dif-
fusion rate determines the speed of the whole process, and it
is exactly the same as the cagh). Thus AQ(T>T,)
~3M/T, . For TRu<T<T, , the rate is determined by the
evaporation rate, and we should use

(595
Integrating this equation, we obtain
M T2, T,
AQ(Try<T<T,)~10——=—Q"log=—".  (56)
m, TrH

On the other hand, fof <Tg,, we must integrate

dQ MT 14
aT 10m—3Q . (57)
¢
and the result is
MT2,
AQ(T<Tgry) ~10——Q" (58)

My
SinceTrysT, , Egs.(56) and (58) have almost the same
form, we can regard the charge evaporation in these stages as
MTZ,
AQ~10——Q"
My

(59

123515-11



S. KASUYA AND M. KAWASAKI

For the contribution from this term to be dominant, we must
have conditionTg,=myQ Y2 However, sinceTgy,<T,
~myQ 2 contributions from this stage is at most compa-
rable to that in the region >T, . Therefore, we can adopt
the estimation of the evaporated charge from@hball as

112
) , (60)

-1

Q
10

My
TeV

M
AQ~10— QY12~ 2. 4% 1018(
¢

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 rate
have the same forms in terms Qfball parameterfk, and

PHYSICAL REVIEW D 64 123515

r A_QN MgNy.0 Q-4
B Q 77B‘gpc,OQQ
m
~10118—1773951(%/ Q4 (64)

As we mentioned earlier, in the inflaton-oscillation domi-
nated universe between inflation and reheating, the tempera-
ture has different dependence on the tifoe the Hubble
parameter from that of the radiation dominated universe,
and it reads as, from E@43),

T~(MT3H)Y4 (65)
At the beginning of the AD field rotationH~m?(T)/ ¢,
~T?/ . Inserting this into Eq(65) and rephrasing it, we

w. The only differences are that we have to use the featuregptain

for the “gravity-mediation” typeQ ball, such as

Ro~IK| ™Y Mgp,  0~mgp, (61
and the transition temperature whég, ,,=1I 41 becomes

T, =AMK|Y(mg,m3)"2 As in the “usual” type of Q

M
TNTRH %

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

(66)

balls, where the potential is dominated by the logarithmic

term, the charge evaporation n€gy is dominant, and the
total evaporated charges are found to[ 6k

e

TeV
VII. COSMOLOGICAL Q-BALL SCENARIO

Mgp

AQ~102°( VIV,

(62

A. Usual gauge-mediation typeQ balls
Now we would like to see whether there is any consisten

cosmological scenario for the baryogenesis and the dark matng ;~rge nd,,f~rBsw¢S~ 1011775(251

ter of the universe, provided by larg@ balls. In the first
place, we will look for the situation in which the logarithmic
term dominates the AD potential, and the “usual” gauge-
mediation type ofQ balls are formed.

Speaking very loosely, we know that the amount of th

(within a few orders of magnitudeln the Q-ball scenario,
the baryon number of the universe should be explained b
the amount of the charge evaporated fr@alls, AQ, and
the survivedQ balls become the dark matter. If we assume

. Nere Mt
® PR TRH Pl,f/TRH'

(67)

where subscripRH andf denote the values at the time of the
reheating and the formation & balls, respectively. Notice
that ng and p, are proportional ta 2 during the inflaton-
oscillation dominated universe before reheating. Thus we
must have the baryon number density at the formation time
which will be evaporated later. It can be written as

t m
) _
(m) TZ (ybOQ 1/4’
(68)

where we use Eq64), and o~m2(T)/ ¢o~T?/ ¢py. On the
other hand, the energy density of the inflaton when the AD

. . ) Cfield starts its rotation is
baryons in the universe is as large as that of the dark matte

r
T4
pl,fNI-IcZ)S(:M2~ _2M2'
0

y (69

thatQ balls do not exceed the critical density of the universe,Thus, from Eq(67), we can write the baryon-to-photon ratio

i.e., Qo=1, and the baryon-to-photon ratio ag~10"*°,
the condition can be written as

E: enNgAQ _ epoAQ _ epcoloAQ

n, n, n,Mq n,oMq

ng= (63

where (1o is the density parameter for th€ ball.
Using Mq=m,Q%* p.o~8h§x10 % GeV*, and n,,
~3.3x10 %% Ge\?, wherehy(~0.7) is the Hubble param-

eter normalized with 100 km/sec/Mpc, we obtain the ratio of

the charges evaporated to be the baryons in the universe a
remaining in the dark matte® ball:

7B as

oo

TryM3

my

Tev (70)

Q—1/4

/) 10117739()1(

where Egs.(66), (68), and (69) are used. We thus get the
Q-ball charge as the function of the initial amplitude of the
AD field and the reheating temperature as

16
0 -4

——05".
4 Q
TauM 2

4
My

TeV

nd Q~10* (72)

123515-12



Q-BALL FORMATION: OBSTACLE TO AFFLECK-DINE . .. PHYSICAL REVIEW D 64 123515

Now we will obtain another relation between the initial 7 -15

amplitude of the AD field and the reheating temperature. e~1.3x10"05° _Blo

From the analytical and numerical estimation for (all 10

charge, we have 40 16 _

TrH B (ﬂ) 6 77
4 10° GeVv) |6x10°4 Tev
0-sl% 7
T for explaining the amount of the baryons and the dark matter

of the universe simultaneously. In the cases&fl, Eq.(72)
for e~1. Fore<1, we have to replacg by 8’=yB with  has no e-dependence, so Eq$73)—(75 also have no
y~0.1. e-dependence. Thus, we instead obtain the formula: fas
Since we obtain two different expressions for Qeball
charge, we can get the ir_1itia|i amplitude of the AD field from e~1.5% 1029%/5(%
Egs.(71) and(72) as, taking into account the-dependence 10
whene~1 in Eq.(72),

TRH —8/3 ,3 16/15 m¢ 2/5
X| ——— -
110 215 10° Gev) 6Xx10°° (Tev)
Bo~4.6x 10131110025 _B _¢ GeV. . B f f ”
’ ?\6x104 TeV To summarize, the conditions of parameters for Qxa

(73) baryogenesis and dark matter scenario to work are given as

1/10 —2/5
Inserting this equation into Eq66), we get the corre- ho~4.6X 101331’109(23’5( L) (%/) GeV,

sponding temperature when the AD field starts the rotation. It 6x10*
reads as (78
TRH
T T~2.3x107e 200 Y8 ———
T~2.3x107s 1200 Y9 — ° 110° Gev
10° GeV .
- 1/5
—1/20 1/5 B My
“I6 [504) (%) Gev. (74 “l6x 10‘4) TeV) eer "
X
-4
We also obtain the charge of ti@ball Q~9.3x 10780 L
e also obtain the charge o a Q| 15 Gev
0~9.3x 102188/59(1?2/5 B 8/5 m,, —12/5
X|——— — , 80)
TRH -4 ,8 8/5 m —12/5 6 X 10_4 (TeV) (
(—¢) . (79
10° Gev/ |\6x10°%) \TeV e | T 40
6~1.3x10"05°% —= —
, o _ 1010 10° GeV
where we use the numerical estimati@i®), and insert Egs.
(66) and (73) into it. Notice that the charg® does not de- g |\ m, | ®
pend on the amount of the baryons, so that it just represents X 6510 Tev| (81)

the charge of the dark matt€ ball.

We must know how circular the orbit of the AD field
motion is. It is necessary to obtain the expressionefdn o<l
terms of other variables, say, the reheating temperdige As we mentioned in Sec. lll, the initial amplitude of the

In addition to the_ cpndition of the amount of the evaporatedAD field is determined by the balance between the Hubble
charge for explaining both the baryons and the dark mattef, 55 term and the nonrenormalizable term. When the AD

simultaneously, which can be seen in E6f), we also have  fje|q starts rolling down its potential, the amplitude becomes
the estimation of the evaporated charge from@hieall (60). o~ (HoeM"3HVO-2)  for  the superpotential W
0SC

Equating these two, we have ~ "M 3, where Hooo~T? ¢. Using Eq. (66), we can

where we should omit-dependences in Eq&78)—(80) for

write it as
-3
_ m
Q~1.2x10%%2 3”95”( ﬁ) : (76) bo~ (TEM"—2)1n, (82
We will see the range of in which we can obtain the
Compared with Eq(75), € should be consistent scenario naturally. At the first place, let us con-
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sider the case=4, wheree<1 will be led below. In this
case, the initial amplitude becomes
T . 1/2

T S— GeV.
10° GeV

(83

ho~ 4.9 1011(
Therefore, the required reheating temperature should be

B 1/5 m. | —45
_ 45| ¢
Tri~8.8X10°08 6><10‘4> (Tev) GeV,

(84)
where Eq.(78) is used. Then, for this reheating temperature,
we have

3/20 —3/5
B my
- 1 3/5 ¢
T~2.0x10"05 55107 Tov GeV,
(85)
415
Q~1.6x10°0 ox 1 ) TeV , (89
8/15 m,, 38/15
£~8.8x10 80,2 (—) :
© l1019/|ex10 |Tev
(87)

so that all the charges evaporate and no dark m@xtealls
exists. For then=5 case,

T 2/5
~1.1x108 —2 | Gev, 88
%o (10’5 GeV ®8)
and the reheating temperature should be
1/4 1
B mg
Try~3.6X 1069Q(W) Toy GeV, (89

which leads to, taking into account the fact thatl in this
case,

My
TeV

ﬁ ) 1/5

—4/5
GeV, (90
x 104 ) (%0

T~8.3% 1089;5’5(
6

ﬁ 3/5 8/5
- 5() —8/5 ¢
Q~5.5x10"0, 6><10—4) (Tev) S CAY

,8 2/5
6x 104)

e~1.3% 105QQ31’15( %) —

m¢ ) 46/15

(92
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Imposing this condition on the requir€gtball charge above,
we obtain the required mass of the AD particle as

B

6x 104 ceV.

(99

—33/148
my=6.2x 10’)952’37( )

so that the degree of the ellipticity of the orbit of the AD field
motion should be
—21/74
i

Since,e<1 in this case, we have to use an order of magni-
tude smaller value foB. Then, we get the following values
for the parameters in order for th@-ball scenario to work
naturally:

£=3.5% 103QQ533/11‘( %)(6 fo_
X
(99

m¢~ 1.0X 104B; 33/14%—1(2)2/37 GEV,
£~6.7X 10_3778,1065_ 21/74()5533/111’
T~8.3x10' BP0 FR7 Gev,
Tru~2.0¢ 1301557 Gev,
bo~1.5x 108877708 Gev,

QN 5.5% 1016B§/37Q(524/371 (96)
whereBs= /(6% 10 °) and 7g ;5= 7g/10 1% Actually, this
parameter set is the lower limit far, and larger values are
also allowed. As we see later, the upper bound comes from
the condition that th&) ball is stable against the decay into
nucleons. The allowed range is &10 3<e<5.1x10 2,
or, equivalently, 1.6:10* Gev<m,<2.0x 10" GeV.

Now let us move on to the=6 case. Repeating the simi-
lar argument, we obtain the consistent values for parameters

4/11 54/11

39/11 15/11
8'\"0 QMQ B 10 m¢) 4307

T~9.1x 1040 o8 M} 4z GeV,
Tru~4.7x 103208563 m , 55, GeV,

¢0 6.4X 1013 1/1092/5 1/1 ,,5%1/3?0 GeV,

2/5..12/5

Q~1.5x 10760528 "m 73,

97)
where 8=p/(6x10"*) and m, 43;=m,/(430 Ge\j. In
this case, the AD field rotates circularly and produce the
baryon number maximally. In general, howevers1 cases
are also allowed. Numerical calculations reveal that the

In order for theQ ball to survive from the evaporation, the m -dependence of the&-ball charge changes around
initial charge of theQ ball should be large enough. This ~0.1 using the following results shown in the previous sec-

condition isQ=AQ, and can be achieved from E@O) if

—-12/11

m
Q=7.4x 1017( ¢

TeV (03

tion: Q is proportional toe for £=0.1, while constant for
smaller values, which reflects the production of both positive
and negative charge@ balls. Therefore, the charge can be
written as
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m}ﬁZ/S (£<0.1), Now we must see whether the effective potential of the
(980  AD field is really dominated by the logarithmic term over the
gravity-mediation term at this field amplitude. This condition

holds if
and the lower bound may be determined by the possibleOdSI

lowest massm,=100 GeV.

For then=7 case, we need extremely hugesuch as T4 log
~6x10®, which cannot be realized. Highemakes the situ-
ation worse.

In order for the scenario to work naturally, we must chec
that the values o are consistent with th& terms derived
from the nonrenormalizable superpotential. As we derived in T=(Mao) M2
Sec. Ill, the formula for the is written as

Q M1 (520.0),

2

) =m3 03, (104

¢

E

Mayocbo If we use the values in Eq$96) and (97), the right hand
- (99)  sides becomes 1.0x 10° GeV and~3.8x 10° GeV, respec-

T tively. Thus, the condition is met, and we have consistent

. . cosmological scenarios in the gauge-mediated SUSY break-
Forn=5 case, putting the values fabo and T in EQ.  jng model for the effective potential dominated by ftiger-

70
TZ
s equivalently,

—1/4

log (105

(96), we have mal) logarithmic term.
,8 —21/37 m
e~ 2.9% 1039Q18/37( _5) (_3/2> (100 B. Gravity-mediation type Q balls
6x10 GeV For the thorough investigation, we should consider

whether the “new” type Q-ball scenario works for low
enough reheating temperature avoiding the thermal effects.
—21/74 We will follow the same argument as we did for the “usual”
m3,2~0.33)479’“'( B ) ( U ) GeV. gauge-mediation typ® ball. From the baryon-to-photon ra-
Q 6Xx10°° 1010 tio (63), the ratio of the charge evaporated from @®all to
(101)  that remained in th€ ball can be estimated as

Comparing this with the value of in Eq. (96), we get

Ma2
MeV

Therefore, we get a consiste@ball scenario naturally in AQ *® 1
then=5 case. Notice that the reheating temperature is low 's™ 3~1 788dq
enough fom;,,~1 GeV to avoid the cosmological gravitino
problem[19]. Notice that, for the largee casesms, gets Where we have usekll 5~m;,Q and pute=1, since it is a
too large in the framework of the gauge-mediated SUSYhatural realizatiorisee Sec. I). Since the baryon-to-photon
breaking, and the allowed range becomeg=10-14 TeV.  ratio can also be written as

In then=6 case, we have

: (106)

o __MBosc Mgy
008387 B my |37 mgp,) %7 78 o1 oscl Trn m3,M2/ Ty
T\l ex10°°8 430 Ge Gev) 5ol
T
(102 PP Ot NL T (_0 10
for the values ofy andT in Eq. (97), and comparing with
the value ofe in Eq. (97), we get the reheating temperature can be estimated as
10/11 ¢ -2
- B Try=108 Qgl —|  GeV 108
Mayp~1.2 Q5512 ——— RH Q ev. (108
32 Q 6x 105 M
297/55 21/11 In the previous section, we have obtained the relation be-
><< My \) B GeV. (103  tween the formed-ball charge and the initial amplitude of
430 Ge 10710 the AD field as
Therefore, we obtain the consistent scenarianfer6, which 073 o \? (109
is achieved, for example, if we choose thed flat direction Mg/

for the AD field and uséN~ (udd)?. Notice again that no

gravitino problem exists in this scenario. The scenario alsavhere3~6x 102 from our simulations. On the other hand,
works for smallers for my,~1 GeV, and the allowed range we have the condition that the evaporated charge and sur-
of the parameter is 2:810 3<s=<1, or, equivalently, 100 vived stableQ balls explain for the baryon and the dark
GeV=m,=430 GeV. matter of the universe, respectively, [&3
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70 My | 43 my | 28 10 )

Q-10700| 2| [ 4 110 M2 lo (— (¢>Mg),

MeV TeV _J Melog M2 s (116
Therefore, from Eqs(109 and(110), we obtain the required m3 ¢ (p<My),

amplitude of the AD field as

where Mg is the messenger mass scale. Formation of the
13 m, -13 dark matterQ balls will take place at large field amplitudes,
) ( ) GeV so the mass, the size, etc. have to be different, and their

¢o~4><10109é/2( B )-1/2( Ma/2

-3
6x10 MeV Tev expressions are as follows:
(112
. . . . M2
lﬂfeerit;ng this into Eq(108), the required reheating tempera- MQ~MFQ3/4, R~M;1Q1’4, w~ _F, o
(117
; B My | ~23 m,, | 23
Try~3.5X10°| ——— —;] GeV. In order for this potential to dominate over the thermal loga-
6X10 MeV TeV . . s .
(112 rithmic potential, we need conditiodl .= T. Otherwise, the

results discussed in the next subsections have to be applied.
Since this type of theQ ball should be stable against the

. - . 2 2 .
When the gravity-mediation termy ¢~ dominates the  yecay into nucleons, th@-ball mass per unit charge must be
AD potential, the field starts its rotation Bt~ms;,, so the  gmpalier than 1 GeV. This condition holds for

temperature at that time §,5c~ (M T&,Ms2) Y4 Thus we

have 4
Q=10 _Me (118
~ 12 _ =
Toerax 10| —2 Mz | M\ 10" Gev
os¢ 6103 MeV TeV '
(113 We can regard that all variables are rescaled with respect

to Mg in our simulations now. So the charge of the produced

We must obtain the constraint that the gravity-media’[ionQ ball is
term dominates over the thermal logarithmic term in order

4
for the scenario of the “new” typ&) ball to be successful. It Q:B(ﬂ) , (119
reads as Me
b2 where B~6x 10 % again. The evaporation rate has to be
Tosc 00| —5— | =m3,05, (114  changed to
0SC
2
and we can rephrase it as — 47 —QY4 (T>my),
dQ Me
- B 13 m, |2 I‘euapzﬁw . T o (T<my (120
=2.8X ol ——— - . —am .
M3=2.8X 1070 65X 10-3 (Tev) GeV misMF ¢

(115
Depending on th&-ball charge, the transition temperature

Therefore, this range of the gravitino mass is too large for ther, where the diffusion and the evaporation rates are equal

gauge-mediated SUSY breaking model, and the thermalgn be written as
logarithmic term dominates the potential at these field val-
ues. We thus find no consistent model for the “new” type of 1a
stableQ balls. AMeQ (T =>my),

T, ~ . (121)
* A1/3( m(ZﬁM F)l/SQ 1/12 (T* < mQS)’

VIIl. GENERIC MODELS FOR GAUGE MEDIATION

where A~ 4 is defined in Eq(37). These two temperatures

coincide whenQ=Q.,~A*M¢{m,*. Taking the stability
As we mentioned earlier, the scale of the logarithmic po-condition(118) into account, we must consider only the case

tential could be much larger than, in the general context with Q>Q,, which corresponds td, <m, case.

of the gauge-mediated SUSY breaking. For the complete The charge transfer from inside tigball to its outside is

consideration, we will discuss this situation in this section.determined by the diffusion rate wha@n>T, , so the evapo-

Here we will express it as rated charge during this period is

A. Dominated by zero-temperature potential
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M
AQ(T>T,)~10—

T,
—2/3
_ My
10°GeV
—-1/3

Ql/lZ

~4.6x 10

Me

_— 22
1f GeVv (123

On the other hand, whefi<T, , the charge transfer is de-

PHYSICAL REVIEW D 64 123515

termined by the evaporation rate, and the evaporated charge 16 / _
can be estimated as 10 / \
- \
MTi » 1014 / ‘ :
AQ(T<T,)~—5—-—Q™ 100 100 10° 100 10"
m¢ E MF [GeV]
—-2/3 FIG. 11. Constraints on(,M¢g) plain with m,=100 GeV.
~4.6X 10" My There are four conditionga) nondominant thermal logarithmic po-
10?2 GeV tential, (b) stability against the decay into nucleor{s) survival
s from charge evaporation, arid) right relation between the amounts
M of the baryon and the dark matter.
———| Qw2 (123
10° GeV
B 7118 " 5/12
_ / B
Therefore, the total charge evaporated from@heall can be Me=2.7x10'e 5/129(1336< 6% 10- 4) ( o 10)
written as
5/18
—-2/3 -1/3 ¢
m M X| ————— GeV, (127
AQ~4.6x 10" ¢ F QU2 (102 GeV
107 GeV 1¢° GeV
(124

where we have used the required initial amplitude of the AD

Now we can impose the survival condition, which implies field,

that theQ ball should survive from the charge evaporation
and become the dark matter of the universe. It read® as

=AQ, and equivalent to

—8/11 —4/11

Me
10° GeV

my

=1.2x10" —*—
Q 107 GeV

(125

Bo~1.5x 103804

B —1/4
6 104) (

1/2
GeV,

—3/8
7B
10~ 10

(128

—-1/4
E

1% GeV

X m¢
1% GeV

Since the baryon number and the amount of the dark maiwhich is derived by equating Eq&L19 and (126).

ter is related as in Eq63), we get the charge of th® balls
for this type as

~312
_ 7031232 "B
Q~3.2x10"03% (101°>

We call this the baryon-dark mattéBDM) condition.

We can now put these four constraints on the parameter
space Q,M¢) as shown in Fig. 11. In this figure, there are
four constraints: lind€a) is the condition that the potential is
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 dark

m -1 M -2 matter of the universe, line) represents the survival condi-
¢ F ) . (126  tion that theQ ball should survive from charge evaporation,
107 GeV 10° GeV and line(d) denotes the BDM condition that have the right

relation between the amounts of the baryons and the dark
matter. We also show arrows to notice that which side of

In addition to three constraints mentioned above, there ishese line are allowed. As can be seen, there is no allowed

another one. The potenti@l16) at large field values must region in the parameter space if we combine four conditions
dominate over the thermal logarithmic potential, and thisabove, which implies that this type of th@ ball is very
condition is set byM =T, as we mentioned above. Rewrit- difficult to explain both the amount of the baryons and the
ing it, we obtain dark matter simultaneously.
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B. Dominated by finite-temperature potential

Here we will investigate for th&-ball formation in the
generic potential, but the thermal logarithmic term dominates
the potential at the formation time. We have considered th

PHYSICAL REVIEW D 64 123515

M4

12/5
VES

Mg=2.5x10° GeV,

Q M <251 GeV,

(139

n the rangeM=10°—4.5x10° GeV, or, equivalently

special casé=m, in the previous section, and the results — g 7% 10-3=1.0 for m,=100 GeV. Notice that the condi-

which we have derived above can be used if we reptage

tion T=Mg must be hold for this scenario to work properly.

by Mg appropriately. As we mentioned in the last subsectiony; -an pe rephrased as
the only exception where the simple replacing cannot be ap-

plied is the estimation of the evaporated charfese Eq.
(124)]. Similar analysis reveals that the formation of Qe

balls takes place with the following parameters:

bo~2.9x10"% 1002 M 2° GeV, (129
T~9.2x10°e ~¥2°0 558 P M 3 TRy s GeV,
(130
Q~5.9x 1020 " B M 2T 5. (131
e~2.2< 10700 g 1am, SME e TRbs.
(132

where B=g/(6x10"%), Mge=M/(10° GeV), Trys
=Tru/(10°  GeV), 7g10=7g/10°'% and

md)’z
=m,/(10° GeV).

Me=6.2x10°Q3°8!"® GeV, (140
where Eqs(130 and (134) are used. Therefore, the above
scenario fom=6 is allowed by this condition.

IX. DELAYED Q-BALL FORMATION

Since we are interested in ti@ball formation, we have
considered onK <0 cases in the gravity-mediated SUSY
breaking effects. However, it is possible for some flat direc-
tions thatK become positive. As opposed to the gravity-
mediation model, the sign of thi€ term has an ambiguity
because of the complexity of the particle contents in the
gauge-mediated SUSY breaking model. Here, we consider
this possibility and will find some consistent scenario for the
dark matterQ balls providing the baryons of the universe.

The initial amplitude of the field is determined by the We will derive constraints in the generic potential first, and
balance between the Hubble mass and nonrenormalizabR¥t Mg=m, for the specific one later.

terms. Since the scenario naturally works onlyriet6 case,
we depict the results for this case only. Since the initial value

of the field is

bo~ (TauMH)Mo~8.3x 101°TL3 5 Gev, (133

A. Dominated by the thermal logarithmic potential

Let us investigate the case which the gravity-mediation
and thermal logarithmic terms dominate the effective poten-
tial at large and small scales, respectively. The critical am-

we get the relation between the reheating temperature arfgfitude of the AD field is determined by

Mg as
Trus~4.3X10 %3008 M, (134
where we have used E({L29). Then we have
T~4.0x 104008 "M:§ GeV, (139
Q~1.7x10%%250 5" BIM L, (136)
e~2.5X 10130539/111371/117]%,5]/_%1“/'é,sm(lﬁ?zlll-
(137
For <1, we have Egs.(135 and (136 without

e-dependence, and &~3.6x10°

44/15..2/3
775,10M F.6 b,2

We get the right answer if we equate E¢k26) and(136),
and the required values are as follows:

—13/5,4/15
QQ s

Q~1.6x10% M~4.5x10° GeV, &~1.0.

(138

¢2
T4 |og§ ~m3 2. (141
Thus we get
L
~ , (142
4 mgp,

where the subscript “eq” denotes the variables which are
estimated at the equality of two different potentials above. At
this time the horizon size becomes larger than that at the
beginning of the field rotation. At larger scales when the
gravity-mediation term dominates, the amplitude of the field
decreases ag>a > as the universe expands. The universe
is assumed to be dominated by the inflaton-oscillation en-
ergy, axt?2«H =23 which leads top=H. We can thus find
the horizon size ah= ¢.q. It reads as

d’eq

os¢ ¢OCS,

Heq~H (143

As is the case of the specific potential discussed in the pre-

vious section, theQ-ball charge depends linearly an for

where subscript “osc” denotes the values at the beginning of

£=0.1, and constant foe<0.1. Therefore, we obtain the the field oscillation(rotation andH,sc=mz,. We find the

Mg dependence o-ball charge as

horizon size alp= ¢¢q as
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Tiq)‘l AQ [ Mg
bl (144 e=5 1047504 1 Gev
Since the typical size of the resonance mode in the instabilityy, the other hand. we have

band isk;et~ T2/ beq™ My, the horizon size is larger, so ’
that the instabilities develop as soon as the field feels the

negative pressure due to the logarithmic potential, end N~ T > -
balls are produced with the typical sizek,... Since the Prosc! TRH mgz;M
angular velocity is written asueq~(T§q/¢eq)‘1~m3,2 at
this time, the number density of the field can be expressed

Hog~

eq Q¥ (@151

2
reNgosc B8PoTRH

(152

Inserting Eqs(148), (149, and(15)) into this equation, we
Bbtain the initial amplitude of the field:

4
Teq

Mgz

20 2/5p1/1 —2/5
Neq= @eq$2q (145 B~ 2.9 10028 M F° GeV. (153

Then the temperature of the radiation and the amplitude of
This corresponds exactly to the number density just dilutedhe field at¢p= beq are
by the cosmic expansion:
Teq~9.2¢10°Q6"%8; *ME3Tris GeV, (159

Neq™ Nosc Zosc 3~ OSC<%)2~ qu‘ (146) 40y —2/5 5 —1/10
Aeq beq Mayo beq—8.4x10M0 5B
Therefore, the charge of the produc®doall will be X M,Z:{%TﬁHysmg,%’GeV GeV, (155
o [ Teq|* [ beq|® [ eq)” respectively, wherens, gev=Mms/GeV. We can thus esti-
Q~NecKres™ @) ”(@) ”(T_eq . (147 mate the charge of th® ball as
where the last and the second last terms have the same forms Q~4.3< 1070 B Mo TRy sMap gey-  (156)

as the formulas of the charge estimation for the “usual” and ) o
“new” type of the Q balls, respectively. We thus apply the Notice that we need the constraighh= ¢eq, Which is re-
numerical results which we obtained for the “usual” type, Phrased as
and assume the charge of tQeball as

$o=1.5X 10" ppy 533 aey GEV, (157
4
, (148  for this situation to take place.

There are two other conditions to be imposed. One of
them is that the temperature of the radiationdat ¢ is
larger thanM . Otherwise, the thermal logarithmic term in
the potential is not the dominant one, which contradicts the
assumption of this subsection. This constrains the reheating
temperature from below, such as

whereB~6x 10 *2 Notice thats~1 in this case, since the
oscillation (rotation of the field starts when the potential is
dominated by the gravity-mediation term whese-ms,, as
mentioned at the end of Sec. Il

The temperature of the radiation &t= ¢ is determined

. 2 1/4 s
by Teq~ (MTgryHeg) ™ We thus find it as TRH21.1><103Q(13’5,8|1’2 zFu% GeV. (158
T~ + /MT _ (149 The second one is that the gravitino mass should be smaller
ed ¢o "M than 1 GeV, since we are discussing the gauge-mediated

SUSY breaking model. As will be seen shortly, this con-
The baryon-to-photon ratio can again be expressed in tWatrains the allowed region ¥l from below, when we as-
ways. One is sume that the initial amplitude of the AD field is determined
by the balance between tlieegative Hubble mass and non-
PC,OQQAQ

renormalizable terms. From this assumption, we ¢ggt
3/4’
n,oMeQ

78~ (150 ~ (Mg pM"3)Y=2) For somen, we can write them down

as

and we can rewrite the ratig; as
a ((1.5X10°m35 ey GEV  (N=4),
1.8x 1033 sy GV (N=5),
2B may be larger than this value, since the cosmic expansion is

weaker than the situations which are done in numerical calculations po~{ 6.1X10°mzs ooy GV (n=6), (159
above, and th&-ball formation takes place earlier. However, the 5.1X 1014m§;g cev GEV (N=7),
following estimates do not change because of the weak dependence s 16 _

on B. [ 2.1X10"mg3 goy GV (n=38).
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Equating these with Eq153) and using the condition that beq M2
the gravitino mass should be less than 1 GeV, we obtain the Heq~HOSC(T~ (T (168
constraints orM . 0 0

Combining these with the condition that the reheating,hich is larger than the typical resonance scale in the insta-
temperature must be larger thanl0 MeV for' the sake of bility band: kﬁéA’(Mﬁ/sﬁeq)*l- Therefore, the field feels
t_he_ successful nucleosynthesigo], we obtain the lower spatial instabilities just after its amplitude gets smaller than
limit of M for the allowed range, using E¢L58). In gen-

eral, parameter spac®(Mg) is constrained by three condi- ¢eq: The charge of the ball can be estimated as

tions: the stability, survival, and BDM conditions, which we &

showed in the last section. See E@ELY), (125), and(126). Q=pB—1~6.0x 10P%B M2 M2 cor- (169
We find the allowed range dfl - only forn=6 andn=7, if M,‘i ’ ’

we take into account all the conditions which we have men-

tioned above. These are Using Egs.(151), (152, and (169, we obtain the initial

amplitude required for th&-ball formation in this scenario
Mg~4.9x10°P—1.1x10* GeV (n=6), (160 as

Me~1.0x10P—2.5x10° GeV (n=7). (161 bo~9.5x 10°05°B"* T 15 GeV, (170

For n=6, the lower and upper limits come from the condi- whereTgy¢=Trn/(10° GeV).

tionsmgp,=<1 GeV andM<T,,, respectively. On the other At the time of the production 0@ balls wheng~ ¢,
hand, forn=7, the upper limit comes from the condition the temperature of the radiation can be estimated fiQq
Tru=10 MeV, and we assume thM=100 GeV. There- ~(MTguHeq)Y* so that we have

fore, we have consistent scenarios in this model, and, for the

above ranges foM g, the allowed parameter regions are Teq~ 7.1x10°Q5 Vo8 YP2TRE MER GeV. (17D
Q~1.3x10%—2.8x 107, (162 The condition that the initial amplitude of the field exceeds
the critical value where the effects of gauge- and gravity-
Try~1.0<10"—29 GeV, (163 mediation on the effective potential are comparable is ex-
pressed as
for n=6, and
$o=10ME M35 6oy GEV. 172
Q~3.2x10°—5.1x 107, (164)
Another condition for this situation to be realizedN&:
Try~62 GeV—10 MeV, (165 =Teq, Which can be rewritten as
for n=7, if we use the BDM condition in order for the dark Me=5.0x 10°Q5 "8 TR 6 GeV. 173

matter Q balls to supply the baryons in the universe. The o
allowed regions will be plotted in Figs. 15 and 16 in the nextThis implies that the allowed region in the parameter space

section, where the constraints from several experiments af&.Mg) can appear for low enough reheating temperature. It
also plotted. can be seen as follows. From the stability and BDM condi-

tions[Egs. (118 and(126)], the largest possibl¥ is
B. Dominated by zero temperature generic logarithmic term _ _
' vz perature generic fogartmi M~8.2x 100140 Y4y Wim 18 Gev. (174
Now we will consider the situation when the temperature
of the radiation is rather low, and the effective potential isTherefore, comparing these two, we get the constraint on the
dominated by the generic logarithmic term reheating temperature as

2 1/5() 2/5»1/20,_—1/5—2/15
Tru=1.5x10%1°Q m GeV, (17
V~ME Iog<—M2)_ (166) RH e QB s 10My 2 (179
S for generating the allowed region. On the other hand, we can

also obtain the lower limit oM. In order to have success-

Similar discussion follows along the line which we made in 3 _ ;
the last subsection. The critical amplitude of the field is deful nucleosynthesis, we neéith,=10 MeV conservatively.
termined by We thus get the lower bound &4-=0.5 GeV from Eq.

(173). However, we will assum&l =100 GeV, which may
Py be the lowest possible scale for SUSY breaking, and this
ﬂ) ~mZ,2,, (167)  limit is severer.
Mé 4 At the same time, we can estimate the largest possible
gravitino mass, taking into account the fact that the charge of
and we thus getxﬁeq~M§/m3,2. The horizon size aip  the produced ball [Eq. (169)] should satisfy the stability
= ¢heq is then written as condition[Eg. (118)], as

Mg log
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my,<0.1681"* GeV. (176

Therefore, we obtain the allowed values of parameters as

m;,<0.16 GeV, 77
10 MeV=Tgry=110 GeV, (178
Mg=100 GeV, (179

in general.

The initial amplitude of the field is the last to be consid-

PHYSICAL REVIEW D 64 123515

8.3x10* GeV=Mg=1.0x10* GeV,
0.16 Ge\=m,,=7.0<10° % GeV, (185
for n=6,
72 MeV=Try=<19 GeV,
8.3x10* GeV=Mr=3.6x10° GeV,

0.16 GeV=mg,=4.5x10°5 GeV, (186

ered. The initial value is determined by the balance of thgor n=7, and
Hubble mass and nonrenormalizable terms, so we have ex-

actly same formulas as in E¢L59). It depends only on the
gravitino mass ago~ (my,M"~3)¥("=2)_ Equating with Eq.

(170), we get the relation between the gravitino mass and the

10 MeV=Tgy=110 MeV,

1.2<10" GeV=M =10 GeV,

reheating temperature. As easily seen, there is no allowed

range forn=4 and 5, while we have

490 keV=m3,<0.16 GeV,

1.1X10° GeV=Tgy=6.1 GeV, (180
for n=6,
1.8 eV=my,=<0.16 GeV,
1.1} 10 GeV=Try=72 MeV, (181
forn=7,
6.4X 10 ° GeV=m,,=8.6x10 ° GeV,
1.1 10 GeV=Try=10 MeV, (182

for n=8, and so on.

On the other hand, we can get the valueMbf required
for both theQ-ball formation[Eq. (169 ] and the BDM con-
dition, in terms of the gravitino mass as

Me 6~0.2808%8, Yong Tomy, 3 mi3 cev. (183
Inserting themg,,— TRy relation for eacn into this equation,
we have

9.2x10 305" m, }°T 1 Gev (n=6),
v 1.1x10 "QF"Mm YTk Gev  (n=7),
1.2<10 203, 3°Tzis GeV  (n=8),
1.4x10 70 F"m, Y17 Gev (n=9),

(184

where we suppress the dependence@pmg, ande, since

they are trivial. These values have to satisfy the constraint

Eq. (173. They lead to the upper limit for the reheating
temperature, and we obtain allowed regions onlyrfer6, 7,
and 8, taking into account constraint$77), (178, and

8.6 MeV=mg,=6.4 keV, (187

for n=8, when we taken,=100 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 into
nucleons in the gauge mediation mechanism for SUSY
breaking[2,6]. Therefore, they can be considered as the good
candidate for the dark matter of the universe. In addition,
they can supply the baryon number of the universe. In the
previous sections, we investigate if there is any consistent
cosmological scenario for the dark mat€@ball with simul-
taneously supplying the baryon number of the universe. We
have also seen the amount of the charge evaporated f@@m a
ball, so we can relate it to the amount of the dark matter. In
this section, we see more conservative allowed region for the
cosmologicalQ-ball scenario to work, and impose the ex-
perimental bounds in order to see if the scenario could exist.

Provided that the initial charge of tlig ball is larger than
the evaporated charge, we regard that €hédoall survives
from evaporation, and contributes to the dark matter of the
universe. This is expressed in E§3)

) -12/11

m
¢
Qinit=7.4X 1017< Tev

(188
Now we can relate the baryon number and the amount of

the dark matter in the universe. As mentioned above, the

baryon number of the universe should be explained by the

amount of the charge evaporated from @dalls, AQ, and

the survivedQ balls become the dark matter. This condition

is Eq. (76):

(189

-3
o< 102383,2( My
- Tev)

(179. Thus, we find the allowed region for the consistentwhere we takepg~10"*°andQq=1.

scenarios as

6.1 GeV=Tgy=29 GeV,

In order for theQ ball to be stable against the decay into
nucleons, i.e.Eq/Q=1 GeV, the following should be satis-
fied:
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35 .llfu,' 1035 ..... - (d) n=6

10

mg [GeV]

FIG. 13. Summary of constraints on the parameter space

FIG. 12. Summary of constraints o@(m,,) plain for theusual (Q’MF_) with n=6 andm, =100 GeV in the_ generic logarithmic
type of theQ ball. We also show the regions currently excluded by potentl_al where the thermal terms are doml_nated wherCHzll
BAKSAN (B), Gyrlyand(G), and KamiokandeK-1,K-2,K-3), and formation occurs. Dasheq and dot-dashgd lines represent the same
to be searched by the Telescope Array Projdé) and OWL- cn_Jrrent and future experiments, respectlve_ly, as shown_l_n Fig. 12.
AIRWATCH (OA) in the future. For the details of experiments, see Lines (a), (b), and(c) denote the BDM, survival, and stability con-

Ref.[22]. Two thick lines within the shaded region denote the con-?r:t'ct”tﬁ_’ respg?lvelé/. Lmég) ShOTWhS t?he_ iondll_zolﬁz' MﬂF]' Nlcl)tlced
sistent scenarios fon=5 andn=6 cases, respectively, and the at this condition depends an The thick Solid in€ IS he allowe

only allowed consistent scenario is found inside the circle. Five' €9'0N of the successful scenario for the dark maQenalls sup-

thick dotted lines denote the constraints of the dark maptérall plying the baryons in the universe, while the thick dashed line rep-
which do not account for the baryogenesis o= 1%, 10%, 10%, ~ 'eSents more general cases.

10°, and 16 GeV from the top to the bottom. i
TeV for e =1, and future experiments such as the Telescope

m. |4 Array Project or the OWL-AIRWATCH detector may detect
Q= 1012< _¢’) (190  the dark matteQ balls.
Tev We also put the consistent scenario in Fig. 12, which we

considered in Sec. VII. Two thick lines inside the allowed
For the usual gauge-mediation type of th@ ball, we  region (shaded regionrepresent for then=5 and n=6
obtain the allowed region for explaining the baryon numberszses. Hatched line connected to the thick line rfiet5
of the universe, using three constraints, i.e., EdS8,  shows the allowed region if we do not assume that the A
(189, and (190. Figure 12 shows the allowed region on terms come from the nonrenormalizable superpotential. The
(Q.my) plane withe=1 in Eq. (189 [18]. The shaded re- ¢yrrent experiments exclude the=5 case, but the top edge
gions represent that this type of stalleballs are created, of n=g case is allowed, which we show by circle in the
and the baryon number of the universe can be explained by re. Although then=6 case sits at very interesting region,

the mechanism mentioned above. Furthermore, this type Qfis dark matteQ ball may not be detected by future experi-
stableQ balls contribute crucially to the dark matter of the ents as mentioned above.

universe at present, if th@ balls have the charge given by |t we do not impose the condition that the evaporated
the thick dashed line in the figure. No'gice .that this line de'charges fromQ balls account for the baryons in the universe,
notese=1 case, and the allowed region in the parameteghe only constraint is that the energy density@balls must

space will be narrower as becomes smaller, and disappear not exceed the critical density. As mentioned in the previous

for e=<10"°. o . section, this condition is Eq75):
As can be seen in Fig. 12, several experiments con-

strain the parameter space. Ti@ ball can be detected T —4

through so-called Kusenko-Kuzmin-Shaposhnikov-Tinyakov Q~9.3x 107805 R

(KKST) process. When nucleons collide withQaball, they 10° GeV,

enter the surface layer of th@ ball, and dissociate into 8/5 _12/5

quarks, which are converted into squarks. In this proo@ss, B (ﬂ) (192)
balls release~1 GeV energy per collision by emitting soft 6x10 4/ \TeV

pions. This is the basis for th@®-ball detectiong21,27.
Lower left regions are excluded by the various experimentsThe Q-ball charge depends on the reheating temperature, and
The allowed charges a®~ 10?° with m,=100 GeV—1  thick dotted parallel lines show the constraints fbgy
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=10, 10°, 10%, 1¢°, and 16 GeV from the top to the bot-
tom in the figure. We can thus discover the dark ma@er
balls in the future experiments, if the reheating temperature
is low enough. Notice that the lower reheating temperature is
favored by the supersymmetric models because of evading
the cosmological gravitino problefi9].

B. Q balls in the generic logarithmic potential

Now we show the allowed region for tiig-ball formation
in the generic potential, but actual formation takes place
when the thermal logarithmic term still dominates the poten-
tial. We show for then=6 case, which is the only successful
scenario in this situation in Fig. 13. The thick solid line de-
notes the natural consistent scenario, while the thick dashed
line represents the allowed region on the BDM condition line
in a more general situation that tigeball formation occurs 10° 10° 10* 10° 107 10" 1 10 10
through the different mechanism. On these lines,@Haalls m;, [GeV]
can account for both the dark matter and the baryons in the
universe simultaneously. Most of the parameter space is e, IK|=0.01. We show the regions currently excluded by BAK-
cluded by currfnts experiments, but very interesting regiO%AN ®), éyriyand(G), and KamiokandéK-1,K-2,K-3), and fo be
such asQ~10** and MF~5X,102 GeVis allowed. Notice oo, cpaq by the Telescope Array Proje®A) and OWL-
that the dark matte balls W'th larger charges can be de- AIRWATCH (OA) in the future. The thick lines represent for the
tected by the future experiments such as TA and OA, alyayity-mediation type of th@ ball to be both the dark matter and

FIG. 14. Restrictions by several experiments @nrt,) plain

though they cannot play the role for the baryogenesis. the source for the baryons of the universerfgy=300 GeV, 1 TeV,
and 3 TeV from the top to the bottom. Three dot-dashed lines de-
C. Q balls in the gravity-mediation dominated potential note the constraints of the dark mat@iball which do not account

for the baryogenesis foFg,=10°, 1¢°, and 13 GeV from the top

Next, we move on to the “new” type ofQ ball. The 0 the bottormn.

constraints on parameter spad®,n;,) were obtained in
Ref.[6]. Here we only draw the results. The regions where . - .
from the cosmological gravitino problem. Notice that the
both the amount of the baryon and the dark matter can bg : o .
. AN R aryons have to be supplied by another mechanism in this
explained are shown as thick lines in Fig. 14. Lower left
. . . . ase.
regions are excluded by the various experiments. Notice tha
future experiments such as the Telescope Array Project or the _ o _
OWL-AIRWATCH detector may detect this type of the dark  D- DelayedQ balls in the thermal logarithmic potential
matterQ balls, supplying the baryons in the universe, with  As shown in the previous sections, we can restrict the
an interesting gravitino mass 100 keV, if t_he the origin of  parameter spac&),M) by several conditions for th@-ball
the A terms differs from the nonrenormalizable superpotenformation in the natural scenarios. In general, we have three
tial. conditions: the BDM, survival, and stability conditions.
Although any consistent cosmologic&-ball scenario Here, we write them down again:
does not exist in the framework that both the initial ampli-

tude and theA terms of the AD field are determined by the (@ Q~3.2x10"e*0¥%ng3gm,Me5, (199
nonrenormalizable superpotential, it is not necessarily true
that the dark matte® balls do not exist whether they can be (b Q=1.2x10"m §"M ™, (194
the source for the baryons in the universe or not. In general, ' '
we have the constraint for th@ balls to be a crucial com- (0 Q=10*Mi,. (195
ponent of the dark matter. It reads as
_ T -1 We plot these lines in Figs. 15 and 16 fo=6 andn=7
0~3.5x 1070 B ( M2 RH cases, respectively. In these figurém, (b), and(c) denote
%l 6x 1074/ | MeV 10° GeV the BDM, survival, and stability conditions, respectively, for

(192 Qo=1 andm,=100 GeV. We also show the data from sev-
eral experiments. These are the same as we have used above.
The experimental lines are the same as that for the specific
where Eq.(112) is used. logarithmic potential, if we just replaa®, by Mg . We plot
Three dot-dashed lines are shown Tar,=10°, 10°, and  these data, using the fact that the flux is related toQHzall
107, from the top to the bottom, respectively. Therefore, themass, and the cross section is related to @ball size.
dark matteiQ balls can be detected in the future experimentsTherefore, thes®-ball parameters can be expressed in the
for the low reheating temperature universe, which is freesame form as in the specific potential for the replacement of
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FIG. 15. Summary of constraints on the parameter space FIG. 16. Summary of constraints on the parameter space
(Q,M¢g) for the delayed-forme®® balls with the thermal logarith- (Q,Mg) for the delayed-forme® balls with the thermal logarith-
mic term domination form,=100 GeV andn=6. Dashed and mic term domination form,=100 GeV andn=7. Dashed and
dot-dashed lines represent the same current and future experimentigt-dashed lines represent the same current and future experiments,
respectively, as shown in Fig. 12. Linés, (b), and(c) denote the respectively, as shown in Fig. 12. Linés, (b), and(c) denote the
BDM, survival, and stability conditions, respectively. Lin@s and BDM, survival, and stability conditions, respectively. Lire)

(e) show the conditions¢=Mg and mg,<1 GeV, respectively. shows the conditiomgy=10 MeV. The thick solid line is the al-
The thick solid line is the allowed region of the successful scenaridowed region of the successful scenario for the dark m&tealls

for the dark matteQ balls supplying the baryons in the universe. supplying the baryons in the universe. Thick dotted lines denote the
Thick dotted lines denote the forme@-ball charges withTgy formed Q-ball charges withTgry~62 GeV and 10 MeV for the
~10’, 10, and 29 GeV from the top to the bottom. upper and lower lines, respectively.

my by M in the generic potential. Notice that the presenceof this region is allowed experimentally, and, in particular,
of the dark matteQ balls form,=1 TeV is almost excluded the dark matteQ balls withQ~ 10°° may be detected by the
by experiments: OnlyQ balls with Q=10 and Mg TA in the future. Notice again that cosmological gravitino
=5.6x10* GeV are allowed. problem is avoided for such low reheating temperature.
Now we put the conditions for th@-ball formation to Now we will mention the specific logarithmic potential,
take place in the natural scenarios. In Fig. 15, vertical(i)e where Mg=m,. We impose three general conditions;
denotes for the condition that the thermal logarithmic potennhamely, the BDM, survival, and stability conditions. They
tial dominates over the generic ones, iB.q=Mp. Another  are written agcf. Egs.(189), (188), and(190)]
vertical line (e) represents fomg,<1 GeV in the gauge-

mediated SUSY breaking model. Three thick dotted lines (8 Q~1.2x10%%30%*ng3im,Tey, (196
show the charges of the produc@dballs in the natural sce-

narios with the reheating temperature X107, 1.0x 10°, (b)  Q=7.4x10"m, 0, (197
and 29 GeV from the top to the bottom, respectively. The

thick solid line is the final answer, which represents the dark (c) Q= 1012mj;yTeV, (198

matterQ balls supplying the baryons in the universe in the

natural scenario. Two remarks are followir{) Those dark  which are shown in Figs. 17 and 18.

matter Q balls which do not account for the baryogenesis The charge of the forme@ ball and the initial amplitude
may be detected by the Telescope Array Proj€at), if their  of the field are expressed as

charges are~10?° and the reheating temperature -s10’

GeV.(2) There is no cosmological gravitino problem for this Q~1.7x 102694Q/5,8|4/5m‘¥,5TeVT‘,§H,5m3_,§,GeV, (199
scenario.

In Fig. 16, line(d) denotes the condition that the reheating  ¢,~5.3x 104048, /5, T2y sMas cev GeV,
temperature should be higher than 10 MeV in order for the (200

nucleosynthesis to take place successfully. We also assume

Mg=100 GeV. Two thick dotted lines represent teball ~ respectively. The initial amplitude is determined by the bal-
charges from the formation mechanism with the reheatingtnce between the Hubble mass and nonrenormalizable terms,
temperature 62 GeV and 10 MeV for upper and lower lines@nd combining it with Eq(200), we get the relation between
respectively. Thick solid line shows the successful regionmg andms, as

that theQ balls account for both the dark matter and the o

source for the baryons in the universe simultaneously. Most My~4.9X 10°Q 0B 'my5¢ey GeV, (20D
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s § : T
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FIG. 17. Summary of constraints on the parameter space FIG. 18. Summary of constraints on the parameter space
(Q.m,) for the delayed-forme® balls with the thermal logarith-  (Q,m) for the delayed-forme® balls with the thermal logarith-
mic term domination fom=6. Experimental lines are the same. mic term domination fom=7. Experimental lines are the same.
Lines(a), (b), and(c) denote the BDM, survival, and stability con- Lines (a), (b), and(c) denote the BDM, survival, and stability con-
ditions, respectively. Thick dotted lines denote the forn@@dall ditions, respectively. Thick dotted lines denote the forn@@dall
charges fofTg=10°, 3x 10%, and 5< 10° GeV from the top to the  charges forTr,=10° and 80 GeV for the upper and lower lines.
bottom. The thick dashed line represents the condiligg=m,, . The thick dashed line represents the condiflog=m,,. The thick
The thick solid line is the allowed region of the successful scenaricsolid line is the allowed region of the successful scenario for the
for the dark matteQ balls supplying the baryons in the universe. dark matterQ balls supplying the baryons in the universe. Solid
Solid vertical lines denote the gravitino mass rangeg,=1 GeV, vertical lines denote the gravitino mass ranges,= 100 keV(left)

100 MeV, 10 MeV, and 1 MeV from the left to the right. and 10 keV(right).

for n=6. We thus get the charge of the producgdalls: for n=7. We thus get the charge of the producgdalls:
QN 1.9% 10289628/5 I*4/5TgHY5m23561{|_56V, (202) QN 1.9% 10289528/5ﬁ|—4/ éHysmif’{?eVy (206)

which we plot forTr,=10°, 3x 10%, and 5<10° GeV from  Where we plot forTg,=10° and 80 GeV for the upper and
the top to the bottom by thick dotted lines in Fig. 17. In orderthe lower thick dotted lines, respectively, in Fig. 18. Taking
for this situation to take place,=m,, which leads to the Nto account the conditiofieq=m,,, we obtain

constraint for the reheating temperature in termsngfas 0=6.1x 10299532/5 flm},sz,Tev: (207

1/5 71/20,.,4/5
Tr=4.400°Bi s.Tev GEV. (203 where Eq.(203) is used. We plot this constraint by the thick

dashed line in Fig. 18. The allowed region for the dark mat-
ter Q balls, which are also the source for the baryons in the

0() — 2415~ 3/5,,,52/5 universe, is shown by thick solid line. This region does not
Q=6.8x 10098 "My %, (209 suffer from the current experimental limit and this dark mat-

. — 5 -
which is shown by the thick dashed line in Fig. 17. As is seerterQ b.aII ‘r’]‘"ﬂ; Q~10° and mr?/Z rl]OO kﬁv may be detected .
in the figure, the experimentally allowed region is very nar- y TAin the future. Notice that the reheating temperature is

row, and the consistent natural scenario will work only forIOW enough to avoid t_he cosmologica! gravitinq problem. If

Q~10% m,~5x1¢ GeV, mgy,~1 GeV, and Tgy "€ abandon to 'explaln the baryons in the universe by the
charge evaporation froi@ balls, the dark matte® balls may

be found by TA and also OWL-AIRWATCH in the future.

Inserting this constraint into E¢199), we have

~3x10* GeV. Notice that there is no cosmological gravitino
problem also in this case.
On the other hand, the relation betweer), and mg,,

which is obtained by equating ER00 and the value deter- E. DelayedQ balls in the generic logarithmic potential
mined by the balance between the Hubble mass and the non- As mentioned in the previous section, we have obtained
renormalizable term, is written as the consistent scenarios of the dark madpall explaining
Va1 the baryons of the universe naturally, with the initial condi-
My~ 2.4008) "My Gev GEV, (209  tions determined by the balance of the Hubble and the non-

123515-25



S. KASUYA AND M. KAWASAKI PHYSICAL REVIEW D 64 123515

35 ) n=6 35 [~ - (d) n=8

10 10 =T
0K
10° - & =
S FA
Q £
10
/.
\’;&\\V 3 /.
10" s
S e———
K1
15 ’
¥ 10 7 v, 7]
10 10° 10* 10° 10° 10 10° 10 10° 10°
mg [GeV] mg [GeV]

FIG. 19. Summary of constraints on the parameter space FIG. 21. Summary of constraints on the parameter space
(Q,Mg) for the delayed-formed balls with the generic logarith- (Q,Mg) for the delayed-forme® balls with the generic logarith-
mic term domination fom=6 and m,=100 GeV. Experimental mic term domination fom=8 andm,=100 GeV. Experimental

lines are the same. Linéa), (b), and(c) denote the BDM, survival, lines are the same. Linga), (b), and(c) denote the BDM, survival,
and stability conditions, respectively. Lirid) represents the condi- and stability conditions, respectively. Linid) represents the condi-
tion Mg=T,q, and line(e) is just the upper limit foM . tion Try=10 MeV.

. . . . . while Tgy=10 MeV is shown as linéd) in Fig. 21. Lines(e)
renormalizable terms in the effective potential, witk 6, 7, in Figs. 19 and 20 are just the upper limit fif,.

and 8. However, the parameter space is restricted by the We can see some parameter regions which are experimen-

current experiments. We plot the allowed regions and experit-aII allowed in each fiqures. Tvpically. there are two tvpes:
mentally excluded regions far=6, 7, and 8 in Figs. 19, 20, Onﬁ is forQ~ 1% andgll\/IF~;5><ny“ G)gv and the othe?lri)s '

and 21, respectively. In these figures, liri@k (b), and(0) ¢, Q~10% and M~3x 10 GeV. In the latter case, the
are the BDM, survival, and stability conditions, respectlvely.dark matterQ balls may be detected in the future experi-

Lines (d) in Figs. 19 and 20 are the conditidz=Teq, ments. Notice that the required reheating temperature is
rather too lom100 MeV-10 GeV, which is very difficult to

10 == J@ e n=7 realize in the actual inflation model.
7OA XI. CONCLUSION
10° = Al We have investigated thoroughly th@-ball cosmology
‘ (the baryogenesis and the dark matterthe gauge-mediated
S TA SUSY breaking model. Taking into account thermal effects,
Q L lw & the shape of the effective potential has to be alt_ered some-
107 535 o what, but most of the features of tlig-ball formation de-
e Ty rived at zero temperature can be applied to the finite tem-
. \\; y /. perature case with appropriate rescalings. We have thus
N NG K3 o found thatQ balls are actually formed through Affleck-Dine
10 |7 e mechanism in the early universe.
NSRS EE ":'; 7&\ We have sought for the consistent scenario for the dark
e 7 matterQ ball, which also provides the baryon number of the
10" AN A universe simultaneously. For the consistent scenario, we
Z .t adopt the nonrenormalizable superpotential in order to natu-
10° 10’ o 1?:}eV] 10° 10° rally give the initial amplitude of the AD field and the source
F

for the field rotation due to thé term. As opposed to our

FIG. 20. Summary of constraints on the parameter spac&XPectation, very narrow parameter region could be useful
(Q,M¢) for the delayed-forme® balls with the generic logarith- for the scenario in the situations that tQéalls are produced
mic term domination fom=7 andm,=100 GeV. Experimental just after the baryon number creation. In addition, we have

lines are the same. Linga), (b), and(c) denote the BDM, survival, Seen that current experiments have already excluded most of
and stability conditions, respectively. Lirid) represents the condi- the successful parameter regions.
tion Mg=T,q, and line(e) is just the upper limit foM . Of course, if theA terms and/or the initial amplitude of
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the AD field are determined by other mechanism, the cosmations thatQ balls decay into lighter particles when the sta-

logical Q-ball scenario may work. Then, the stable dark mat-bility condition is broken. This situation is almost the same

ter Q balls supplying the baryons play a crucial role in theas the usual AD baryogenesis when we consider only the

universe. baryons in the universe. Moreover, if the decay products in-
We have also found the new situations that Beall  clude the lightest supersymmetric particleSP9, they may

formation takes place when the amplitude of the fields beaccount for the dark matter of the universe.

comes small enough to be in the logarithmic terms in the If this is the case, gravitino may be the LSP to be the dark

potential, while the fields starts its rotation at larger ampli-mattér. The number density of LSP depends on the lifetime

tudes where the effective potential is dominated by the?f the Q ball, as investigated in Ref13] for the gravity-

gravity-mediation term witlpositive Kterm. This allows to mediated SUSY breaking model. If it decays before the tem-
produceQ balls with smaller charges while creating larger Perature drops the freeze-out temperature of LSPs, the den-
baryon numbers. In this situation, there is wider allowed reSity follows the thermal value. On the other hand, when its
gions for naturally consistent scenario, although the currerfif€time is long enough, the ratio of the number of the bary-

experiments exclude most of the parameter space. Notidd"S 0 that of LSPs is fixed, and we can directly estimate the
also that rather too low reheating temperature is necessaf§lation between the amounts of the baryons and the LSP

for larger n scenario to work naturally. This aspect is good dark matter of the universe.
for evading the cosmological gravitino problem, while it is
difficult to construct the actual inflation mechanism to get
such low reheating temperatures, in spite of the fact that the The authors are grateful to M. Fujii for useful discussion.
nucleosynthesis can take place successfully for the reheating K. is supported in part by the Grant-in-Aid, Priority Area
temperature higher than at least 10 MeV. “Supersymmetry and Unified Theory of Elementary Par-
So far we have investigated the possibility that the darkicles” (No. 707. Part of the numerical calculations was car-
matterQ balls which supply the baryon number of the uni- ried out on VPP5000 at the Astronomical Data Analysis Cen-
verse could be really produced in the naturally consistenter of the National Astronomical Observatory, Japan.
scenario, where the initial amplitude of the AD field and the
A terms for the field rotation are determined by the nonrenor————
malizable superpotential. Here, we have explicitly imposed 3we thank M. Fuijii for indicating the situation that ti@balls can
that the produced balls must be stable against the decaydecay and become the source for the baryons and the LSP dark
into nucleons in order fo@ balls themselves to be the dark matter simultaneously in the gauge-mediated SUSY breaking
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