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Q-ball formation in the gravity-mediated SUSY breaking scenario
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We study the formation of balls which are made of flat directions that appear in the supersymmetric
extension of the standard model in the context of gravity-mediated supersymmetry breaking. The full nonlinear
calculations for the dynamics of the complex scalar field are made. Since the scalar potential in this model is
flatter thang?, we have found that fluctuations develop and go nonlinear to form nontopological soffions,
balls. The size of & ball is determined by the most amplified mode, which is completely determined by the
model parameters. On the other hand, the charggwdlls depends linearly on the initial charge density of the
Affleck-Dine (AD) field. Almost all the charges are absorbed iQdballs, and only a tiny fraction of the
charges is carried by a relic AD field. It may lead to some constraints on the baryogenesis and/or parameters
in the particle theory. The peculiarity of gravity mediation is the mov@dalls. This results in collisions
betweenQ balls. It may increase the charge of tQeballs, and change its fate.

PACS numbegps): 98.80.Cq, 11.2%-d, 11.30.Fs

[. INTRODUCTION consists of some flat direction in MSSM becomes unstable
and instabilities develop. These fluctuations grow large, and
A Q ball is a kind of a nontopological soliton, whose are expected to form intQ balls. The formation of larg€®
stability is guaranteed by some conserved charge in scal&alls has been studied only linear theory analyticiiy-8]
field theory[1,2]. It can be made of the scalar fields which and numerical simulations was done in one-dimensional lat-
appear as flat directions in the supersymmetric extension dfces[6]. Both of them are based on the assumption that the
the standard modéB,4]. Particularly, in the minimal super- Q-ball configuratlo_n is spherlcal so that we cannot really tell
symmetric standard modéMSSM), the baryon and/or lep- that theQ-ball conﬁgurgﬂon is actually accomplished. Some
ton number are the conserved charges, since those flat dire@SPECts of the dynamics of AD scalar and the evolution of
tions consist of squarks and/or sleptd6 It is known that e Q ball were studied in Ref13], but the whole dynamical

large Q-ball solutions exist when both gauge-mediated and’™0ceSS Was not investigated, which is important for the in-

. . . : vestigation of theQ-ball formation.
gra\{lty-med|ated supersymmet@U.SY? breaking scenarios Acgtual Q-ball ?grmation is confirmed in our recent work
are included,7]. In the gauge-med|at|on scenaro, the l_aary-[14] where we showed the formation @-balls in the
onic charge_cQ ball, theB ball, is s_table against decay into auge-mediated SUSY breaking scenario using lattice simu-
nucleons, since the energy per unit charge becomes less th

ations in one, two, and three dimensions in space. In that
the nucleon mass, 1 GeV, for large enough Q-ball chargegcenario, the typical size @ balls is determined by that of

E””?QBM [6]. Therefore, largeB balls can be a promising  the most developed mode of linearized fluctuations when the
candidate for the cold dark matter. On the other h&ball  amplitude of fluctuations grow as large as that of the homo-
energy grows linearly in the gravity-mediation scenafo: geneous mode 5¢%)~ ¢2. Almost all the initial charges
~mQ[8]. They can thus decay into both nuclegharyong  which the AD condensate carries are absorbed into the
and lightest supersymmetric particldsSPs, which become  formedQ balls, leaving only a small fraction in the form of
the dark matter in the universe. In both scenarios, we cagoherently oscillating AD condensate. Moreover, the actual
expect a close relation between the energy density of theizes and the charges stored witlgnballs depend on the
baryon and dark matter such &,~Qpy [6,8] (1, and initial charge densities of the AD field. We also find that the
Qpy are density parameters of the baryon and the dark magvolution of theQ ball crucially depends on its spatial di-
ter, respectively In particular, a somewhat more definite mensions, and the stab@ball can exist only in the form of
relation on the number densities hold for the gravity-three-dimensional object.

mediation scenarion_gp=Ngfgn, [8,9]. Here Ng is the One may wonder if these results are peculiar to the gauge-
number of lightest supersymmetric particleSP) decay mediation scenario which has a very flat scalar potential for
products from the scalar fiel@lat direction) with unit baryon  the large field value. For a very flat scalar potential, laQer
number, andfg is the fraction of the charge stored in the balls are easily formed, because the energy of Gheall
form of Q balls. For these mechanisms to work, the charge ofrowsE~mQ**[6]: the larger the charge is, the smaller the

the B ball should be in the range 1%-10°° [10,8]. energy per unit charge is. On the other hand, @éall
Those largeQ balls are expected to be created throughenergy grows linearly in the gravity-mediation scenaio
Affleck-Dine (AD) mechanisn{12] in the inflationary uni- ~mQ[8]. Thus, we naively expect less effecti@eball for-

verse[6—8]. The coherent state of the AD scalar field which mation, particularly for large charg® balls to form.
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1+3K+Klog 6¢=0,

In this paper, we show th&-ball formation in the _ 1 . o

gravity-mediation scenario by the use of numerical calcula-  §¢+3H5¢p— 5 V25— 26(t) p(t) 50— 6%(t) 6

tions. We find it very similar to gauge-mediation version, but as(t)

some different new features are revealed. )

In the next section, we see the origin of the fluctuations of +m? _)

the complex scalar field, and show the instability band. Re- 2M?2

sults from numerical calculations are shown in Sec. lll. Here

the charge and the size §f balls are found. In Sec. IV, we _ _ ) . .

will make some comments on th&ball baryogenesis. We (1) 56+ 3H[ 6(t) ¢+ (1) 50]— ——V250+ 24 (t) 56

will show some peculiar phenomena of tgball in the a’(t)

gravity-mediation scenario, such as the movipdpalls, and . :

their collisions as a result. Section VI is devoted to our sum- +26(1)6¢=0, ®)

mary and conclusions. W ) . )
e are now going to see the most amplified mode. To this

end, we take the solutions in the form
II. INSTABILITIES OF AFFLECK-DINE CONDENSATE

3/2
Q balls with large charge are expected to be formed aé w0+ ik w4k
through Affleck-Dine mechanisif6]. It is usually consid- o= 22(1) Spoe” VR, 5= 500", (6)

ered that the AD field are rotating homogeneously in its ef-
fective potential to make the baryon numbers. However, |fI1E « is real and positive, these fluctuations grow exponen-

we con_s_ider the SUSY-breakipg included potential;, Spatiaﬂially, and go nonlinear to forn@ balls. Putting these forms
instabilities of the AD field are induced by the negative Pressnto Eq.(5), we get the following condition for the nontrivial
sure because of its potential being flatter tiggr{7,8,11]. To 5o and 56,

be concrete, let us take the following potenfiag]:

.., k2 .
®|2 A2 24 2 -
V@)=l o] 14 K log| ) Cerozs Mo F(H)+atalt 5 +3mK 2040
M2 M2 —
=0,
(1) . L, K
where® is a complex scalar field which brings a unit baryon a
number,\ is a coupling constant of order unity is the ()

Hubble parameter is a positive order one constai, is a 5, 3042

large mass scale which we take it a2.4x10'8GeV, and ~ WhereF(H)=—5(a/a)—zH" L

the K term is the one-loop corrections due especially to Itis appropriate to assume thdt<m anda<«, since the
gauginos, and the value df is estimated in the range AD field oscillates whetd<m, and the adiabatic production
—0.01 to —0.1[7,8]. In this potential, the pressure is esti- of fluctuations will occur. Then, Ed7) will be simplified as

mated ag7]

.k

a?+ —+3m?K
a2

) k2
a’+ —
a2

+460%2?=0. (9

Py K] 2
$T2rKkPeT T 2 Pe @

wherep is the energy density of the scalar fieJthere we Since §°~m*, for & to be real and positive, we must have

assume thatK|<1 so that the first term in Eq1) can be

2 2
approximately rewritten in the power-law?*?X.] There- k* ek <o )
fore, the negative value &€ is the crucial point for instabili- a2\ a? '
ties.
The homogeneous part of the field evolves as As we are considering to be a negative value, an instability

band will exist. This is because the oscillating scalar field in

3) the potential flatter tharp? has negative pressure, which
leads to the instability of the homogeneous field. Thus, the
instability band should be in the range

32

B(t)= bo, OA(1)=m?,

a(t)

where we define the fiel® to be
2

k
1 0<—<3m?[K]|. (10
D(t)= Esﬁ(t)eﬁ“). (4) a

We can easily derive that the most amplified mode is the
Then the equations for the linearized fluctuations can beenter of the band:k(,./a)2=3m?|K|/2, and it corresponds
written as exactly to theQ-ball size which is estimated analytically us-
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ing the Gaussian profile of th@ ball [8]. We will see shortly
that it also coincides with the size actually observed on the
lattices in our simulations.

Ill. CHARGE AND SIZE OF Q BALLS

In this section, we show the results of the lattice simula-
tions. In the potentia(l), the AD field obeys the equation

A

2 3\ 4
—cH |¢|+W|q}| d=0. (11

1+K+Klog

. .1
(IJ+3H<I>——2V2(IJ+m2<I)
a

Here we have calculated in the matter-dominated universe,
so thatH =2/3t. In the context of AD mechanism for baryo-
genesis, theA terms, such asV e~ (AN/M)@*+H.c.,
should be added to the potent{d) in order to make the AD
field rotate around in its potential. Instead, we talde hoc

6

initial conditions and negledA terms, since they do not af-  FiG. 1. Configuration ofQ balls on three-dimensional lattice.
fect the later dynamics of the field crucially. Therefore, themore than 40Q balls are formed, and the largest one has the charge
AD field possesses some initial charge density. with Q=5.16x 10'%.

It is more convenient for numerical calculations to take
the real and imaginary decompositi0h=(¢l+i¢2)/\/§ the Q-ball size is the same, as expected from the analytical

and rescale as follows: estimate Ryn,s~ |K| ~*2m~1. Actually, the numbers ofQ
s ’ balls with the charge larger than*fGire 7 and 2 in the large
2 n2 —mt —mx. 12 and small box, respectively. . _
e » TEML E=mx (12 Comparing to thos&) balls which appear in the gauge-

o - ) mediated SUSY breaking scenario, the size of @hball is
For the initial Condltlons, we take some Iarge vev in the reah']uch smaller for the same Charge, and most Of(y1ba||s
axis and put some angular velocity to the imaginary part. Irhags the same order of size. This is becauRg,s
addition, we put initial fluctuations very small values —|K|~12m~1 for the gravity-mediation, which does not de-

O(10™ 7). Thus, they have the form pend on the charg®, while Ry~ m~ QY for the gauge
, mediation. We thus observe large-charggtalls with rela-
p1(0)=A+ SA(E), 9}(0)=B(9), fuely sruall size. ge-charge
, As in the case of the gauge-mediation scengti], we
¢2(0)=6C(£),  ¢,(0)=D+D(§), (13 observe almost all the charge which initially AD condensate

hereA andD ind d f th _has absorbed intQ balls, and the amplitude of the relic AD
whereA andD are some constants, independent of the posigg| g highly damped. This means that the fraction of the

tion is spac;e,&A,éB,b‘C, and. oD are § depender)t s'maII ..charge outsideQ balls is very small. Figure 3 shows the
random variables, and the prime denotes the derivative Wltgmp"tude of the AD field of the slice at=6.3 in the larger

respect tor. Notice that the important features of the dynam-y,,, ‘¢ another realization of simulations. Notice that there
ics of the field are not affected by how we take these random

variables, if we do not choose very peculiar distributions.
We have calculated the dynamics of the AD scalar field
for various parameters, and find that the initialgpproxi-
mately) homogeneous AD field deforms into a lot of clumpy
objects. See Figs. 1 and 2. All of them conserve their charge
very well, so they must b® balls.(We observed charge loss
and exchange between tw® balls in some cases. We will
discuss them in Sec. VThe profile of theQ ball is a spheri-
cally symmetric thick-wall type, and fits very well to the
Gaussian. In these figures, we takg(0)=¢;(0)=2.5
X 10 for the initial conditions on the &4three-dimensional
(3D) lattices withA¢=0.1 andA§=0.05 for the large and FIG. 2. Configuration of) balls on three-dimensional lattice. In
small lattice boxes, respectively. It seems that there is n@ach direction, the box size is half of that in Fig. 1. More than ten
box-size effects in these parameters, since these two figur€s balls are formed, and the largest one has the charge @ith
look the same. They have similar charge distributions and=1.74x 10'.
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FIG. 3. Amplitude of the AD field after formation d® balls.

This configuration is the slice at=6.3. The amplitude of relic field 1e+1{4e+;'; P P ol
outside theQ balls is two or three orders smaller than that of the o

center of theQ balls.
FIG. 5. Dependence of the energy of tQeball on its charge

is relic field outsideQ balls, but the fluctuations are rather calculated on three-dimensional lattices. This confirms the analyti-
large, and we may not be able to consider it as a homoges2! estimateE=mQ (the dotted ling

neous condensate. In particular case of Figs. 1 afiialls ] ) ) ]
carry more than 97 and 99% of the total charge, respe&alculate on one and two-dimensional lattices for more rig-
tively. In Fig. 4, the fraction of the charge outside dalls ~ Orous quantitative analysis. Therefore, we must know the
is shown as a function of the number @fballs which we evolution of Q balls after their formation. We follow the
take into account. In the larger box simulation, only seven ofimilar discussion we made fo@ balls in the gauge-
the largestQ balls hold more than 95% of the total charge. medlatlon_ s_cenar|@1_4]. Since gQ—baII conflgur_atlon is the
On the other hand, more than 97% is stored in only two ofén€rgy minimum with some fixed char@® Q is constant
the largestQ balls in the small box one. Notice that the With respect to time, so

dotted line(small box is below the solid ling(large boy,

because the resolution is twice as good in the former simu- Q=a’Qp~a’R°g~const, (15
lation: the lower bound is determined by the resolution of _ )
each simulation. where Qp is the charge inD dimension, andg= ¢¢,
Analytically, some features of th@ ball in gravity me-  — 4, 4, is the charge density. If we assume the form @ a
diation are knowr{8]. For example, ball as
E~mQ, Ry |K[Ym™t, w~m, etc. (14 H(x,1) = p(x)expiwt), (16)

They are all confirmed numerically. One example is show
in Fig. 5. This confirms the first relation of E¢L4), which
implies that the energy per unit charge is constan®(in).

It is the best way to investigate the dynamics@ball E= f d3x
formation onthree-dimensionalattices, but it is practically
difficult to do, since we need somewhat high resolution, and

r‘ihe energy of & ball can be calculated as

1 1
5 (V) + V() ~ 50262+ 0Q

many runs for various parameters to look at. Thus, we also =f d3x[Egrad+ Vi+V,]+wQ, (17)
where
¢2
0.1—‘\‘ Egradfv @!

large box

v, ~m2M 2Kl g2=2IK]
[ — amall box ] Vo~ w?¢?. (18)

Here we assume that the logarithmic term of the first term in
0001 . . . . . . . . . the potential(1) is small compared to the unity, so that we
coos o Eo o Eo R m s can approximate it in the power-law form.

When the energy takes the minimum value, the equipar-
FIG. 4. Fraction of the charge outside tQeballs.The solid and tition is achieved:Eq,q~ V1 and Egq~V,. From these
dotted lines denote the results from the simulations shown in Figsequations addition to the charge conservation, we obtain the

1 and 2, respectively. following evolutions:

number of Q-balls
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ROCa_(l+2‘K|)/[1+(D_1)‘K|] L B | L L B L L B B

(a) 7=5.5-10% 1\ () T=6x103
d)oca,(g,D)/[lJr(D,l)‘K” J\/M‘V\ lattice ‘/ ’\W\«W\,M lattice
“\ N
S, Vg
wexa@ DIKIL+O-DIK] (19 N ey
N,
which we observed approximately the same features numeri N\
cally. For D=3, we get very natural relationR,,,~Ra . M e
~const, w~const, andg~ const. Although¢ decreases as —= | | | %| | | | |
time goes on foD=1 and 2,R and w are almost constant, _? LA LN
since|K|<1. This feature is different from that in the gauge — (b)ﬂig’afl’flo A (d)ﬂiggl}o

mediation scenario, and is good for long simulations becaust
low-dimensionalQ balls do not shrink the size so much.
Now we will see that the size of th@ ball is determined

by the most amplified mode. Comparing to the actual sizes
observed on lattices, we also calculated numerically for lin-
earized fluctuations. Although we decomposed the complex . AU A \ AV —
field in radial and phase direction in the previous sectiorl?, it L ﬂm{f\w W ‘ |/,VW L |WV‘VYY | wm N
is more convenient to decompose it into real and imaginary ¢ =2 4 6 8 0 2 4 6 8 10
part for numerical simulations. We thus integrated the fol-
lowing mode equations in dimensionless variables:

lk/m

K2 ~20 024 o2 FIG. 6. Power spectra of fluctuations of AD scalar field
S¢!+3he’ +|— +1+K+K log m*(¢1+ ¢2) (kP| 8¢, |2, D=1) when the amplitude of fluctuations becomes as
: : a2 2 large as that of the homogeneous méde?)~ ¢2. The top panels

(a) and(c) show the full fluctuations calculated on one-dimensional

<Pi2 3 lattices, while the bottom panel®) and (d) show the linearized
+2K 2, 2 —ch?+ Zk2m2(5<pi2+ goj)(cpi-i- gog) fluctuations without mode mixing.
1T P2
The actual values of the charge depend on the values of
S0+ 2K Q102 P the charge density which AD field initially possesses. Since
X ot 2, 2 ¢;=0, 20 ipitial charge density is written ag(0)= ¢1(0)¢5(0) for

Fre our initial conditions, we must check the dependence on both

where (,j)=(1,2), (2,1), andn=m/M. initial amplitude ¢4(0) anq angular velocityp,(0) of AD
Figure 6 shows the power spectrum calculated from dield. Results are showq in Fig. 7. Here we p!ot the largest
lattice simulation and the above linearized equations at €hargeQmax against the initial AD charge density(0). We
—55x 10 and r=6X 10°. We take the lattices with lattice investigate two situations. The first one is changing both
sizeN=1024 and lattice spacing&=0.1 in one dimension €qually while fixing the relationp;(0)=¢5(0), which is
here, because we need high resolution data to make tHd0wn by open squares in the figure. This corresponds to the
power spectrum smooth for lowkr These two times are just ~Maximum charged”Q balls in terms of Ref{13]. We can
before and after the fluctuations are fully developedtp?) ~ fit all of these on the straight linédotted 1ing, Qa7
~ 2. For linearized fluctuations, the instability band is ex- Xd(0), and theQ-ball charge depends linearly on the initial
actly the same as E10). For example, the upper bound is charge density.
estimated byk/m=3a(7)|K|*2~2.5 for |K|=0.01 andr Th_e second situation is the dependence on the angular
—5.5x 10°. See panelb). Even before the full development Velocity ¢;(0) while ¢,(0) is fixed. We calculate for three
of fluctuationgpanel(a)], rescattering effects kick the lower different values ofp1(0): 10/, 1¢°, and 18. In all cases,
mode to higher, and the spectrum gets a little brogds}.  linear dependence is still preserved when the ratig 40)
Needless to say, the spectrum becomes extremely broad aa#ld ¢,(0) is within two orders of magnitude. However, if
smooth after fluctuations are fully developjgshnel(c)]. At ¢,(0) becomes smaller, the maximu@ ball charge does
any times, however, the peeks are at the same points for bottot depend on the initial charge density. This is due to the
lattices and linearized cases, and correspond to the typicareation of the negative-charg€ balls. The charge is de-
size of Q balls actually observed on the lattices. Therefore termined only bye,(0).
we can conclude that the size of tQeball is determined by Negative charg® balls are formed when thenitial) an-
the most amplified mode of the linearized fluctuations whergular velocity is rather small. Figure 8 shows an example. In
they are fully developed. For the case of Fig. 6, the typicalhis case, we see the largé&gtall with positive charge, two
size is Kmax—0.5, which impliesRyn s~ a(7;)/kmax—28.9,  large negative charg® balls, and onéQ ball with positive
wherer;=5.5x 10° is the formation time. This value exactly charge an order of magnitude smaller for four largest ones.
coincides with the sizes of) balls observed on three- Similar situations occur in the gauge mediation scenario
dimensional lattices. Actually, they afa fewx 10 in the  [14], but the critical value of the ratig;(0)/¢(0) for the
dimensionless units. negative charg®-ball formation is larger in the gravity me-
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4 9(0)=10°
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1e+02 1e+04 1e+06 1e+08 1e+10 1e+12 1e+14 1e+16 1e+1 1e+11 1e+12 1e+13 1e+14 1e+15
q(0) q(0)

FIG. 7. Dependence of charges on the initial charge density FIG. 9. Dependence of charges on the initial charge density

g(0)=¢,(0)p5(0) carried by the AD condensate on one-
dimensional lattices. Open squares denote the ¢aé@)= ¢,(0),

g(0)=¢,(0)p5(0) carried by the AD condensate on three-
dimensional lattices.

“pluses,” crosses, and solid triangles denote the dependence on

©5(0) with ¢,(0) fixed at 16, 1¢°, and 16, respectively.

sionless units, we get the initial charge density c§9)
=,1(0)5(0)~6Xx 10" We expect the linear dependence

diation scenario. This is because the angular motion of thganveen the initial charge density of the AD condensate and

AD condensate is more circular and stable, and the producefle hroduced larged ball on three-dimensional lattices, as
Q-ball size is larger in the flatter potential, so that it is moreq ~q(0)x 1C?. This is shown in Fig. 9, where we take
max . . 9,

difficult to reverse the angular velocity of the field within
that size.

In the actual situation, the AD field takes a very large vev,
before it rolls down to the origin of its potential, and the vev

is determined by equating second and third terms in the p
tential (1):

HM

N

(21)

The AD field begins to roll down whehl ~m, so its ampli-
tude isp~ (Am) ~Y2=2.4x 10’ in the dimensionless param-

eters, wheren=m/M . At the same time, the AD field begins
rotation because of theA term of the form Vaiem
~(Am/M) ¢*+H.c. If we assume that the initial angular ve-

locity is the same order as the initial amplitude in the dimen-

5e+08

4e+08 -
3e+08

2e+08 -

1e+08 l
0
-1e+08 - U

-2e+08

«—

-3e+08 -

-4e+08
0

FIG. 8. Configuration of positive and negati@balls on one-
dimensional lattice. Here we taks (0)=10" and¢,(0)=10%. The
four largestQ balls have the charge&@) —2.9x10' (b) —5.6
X 101 (c) 6.8x 10" and(d) 8.1x 10",

O_

such initial conditions as the linear dependence is expected
to hold, i.e.,¢1(0)~ ¢5(0). Using this relation, we can es-
timate the maximum charge of the actually expecd@eballs

iS Qmax~ 6% 10'. For theB-ball baryogenesis to work, the
charge should exceed #q8]. Therefore, it may be a little
difficult to reach this value in the parameters in the model.
However, if we taken?¢p'YM® instead ofA?¢%/M? in the
potential, as appears in théd®d® flat direction[7,8], the
initial vacuum expectation value/EV) of the AD field is

estimated ap~ (Am3) ~Y4=7x 10'. In this case, the initial
AD charge density becomes5x 10%, and it implies that
the maximumQ-ball charge reaches as large a$x 107,

Thus, we get enough value of the charge Boball baryo-
genesis.

IV. B-BALL BARYOGENESIS AND ITS RESTRICTIONS
TO THE PARTICLE PHYSICS

As is known, baryon number and the amount of the dark
matter can be directly related in thigball baryogenesis in
the gravity-mediated SUSY breaking scendi®. To this
end, it is important to estimate how much charges are stored
in the form of theQ ball. In some cases, the fraction of the
Q-ball charge may restrict the mass of the LSP, and vice
versa[8,9]. We have calculated for various initial conditions
on one-, two-, and three-dimensional lattices, and find that
almost all the charges are absorbed iQtballs. This fact is
also true when we take other values for parameters in the
potential. In particular, we investigate for the fraction of
Q-ball charge, changing from —0.01 to—0.1. It was done
by other method in Ref$13], and they concluded that when
the absolute valufK| was larger, the less the fraction. How-
ever, our results differ from theirs. We collect them in Tables
I and Il. The former are the results from one-dimensional
lattices with the box sizeNA £=1024X0.02=20.48. The
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TABLE I. Fraction of the charge stored i@ balls for various
values ofK and ¢5(0)/¢1(0) on one-dimensional lattices.

oMK -0.01 —0.05 -0.1
1.0x 10 95.2% 98.6% 93.0%
8.0x 1¢° 97.3 98.2 98.9
6.0x 1¢° 98.0 99.9 99.7
4.0x 10° 99.1 97.9 98.6
2.0x 1¢° 99.0 97.6 98.3
1.0x 10° 91.5 97.5 99.6
8.0x 1CP 97.6 95.5 97.0
6.0 10° 96.1 97.4 97.9
4.0 10P 99.4 95.2 99.7

PHYSICAL REVIEW D 62 023512

I

latter table shows the results calculated in three dimensions

In this case, the box size NA£{=64X0.1=6.4. As can be
seen, the fraction of the sum of charge@balls to the total
charge has no dependence on the valuk.dfloreover, nei-
ther does it depend upon the ratiogf(0) ande;(0). All of

them lead to a conclusion that almost all the charges are
stored inQ balls: that is,fg~1.

i (T (b, | | TN
; Ly f | 1 / | il ‘,_/\I |
. T

)

/\\ LA

| ; N |

o

FIG. 10. Configurations of balls for (a) passing through(b)

Following the argument of Ref§8,9], the number density exchanging part of charges, af) merging.
of the baryon to that of the dark matter ratio can be written in

terms of density parameters as

Ny

Npom  Qpm My

Qp Mpy

(22

wheremy=1 GeV is the nucleon mass. In tieball baryo-
genesis of the gravity-mediation scenaisballs decay into
baryons and LSP neutralinos, so that the relation between trgmall in the gravity-mediated SUSY breaking scenario, in a
number density of baryon and dark matter gy,
=Ngfgn,, where Ng is the number of neutralinos into bers ofQ balls than in the gauge mediation scenario. There-
which the AD field with a unit charge decays, and it is usu-fore, Q balls can have somewhat large peculiar velocities, as
ally =3. Here we assume no later annihilation of neutrali-opposed toQ balls in gauge-mediation scenario. Actually,
nos. Using the conservative constraint on the amount of theve observed movin@ balls on the lattices in one, two, and
baryon number from the big-bang nucleosynthesis, 0.004hree dimensions, but, unfortunatety;ball collisions(inter-
=0,h?<0.023[17], we get a stringent constraint on the actiong are observed only on one-dimensional lattices. This

neutralino mass

Ng
7.1GeV=m, |

3

-1
) fs=<40.8GeV. (23)

This bound is marginally consistent wiflk=~1 and the ac-
celerator experiment bounds such Mg =24.2 GeV[16].
Note that the constraint becomes more severé€l iy, is

smaller than 1 as in the case, for example, that considerable
fraction of the total energy density is stored in the form of

TABLE Il. Fraction of the charge stored iQ balls for various
values ofK and ¢5(0)/¢41(0) on three-dimensional lattices.

oK -0.01 —-0.05 -0.1
2.5x 10 98.7% 99.7% 99.1%
2.5x10° 98.1 99.4 99.5
2.5x 10° 98.4 99.8 99.2

the cosmological constafit,8]. In this case, the annihilation
of neutralinos must be taking place.

V. MOVING Q BALLS, THEIR INTERACTIONS, AND
BREATHERLIKE SOLITON

As the consequence that the size@alls is relatively

fixed volume, the coherent AD field breaks into larger num-

is not a surprise, since the impact parameter is small for
small sizeQ balls in two or three dimensions. On the other
hand, in one dimensiorQ balls must collide if they have
enough(initial) velocities. We see the following three pat-
terns for the interactionga) passing throughp) exchanging
part of charges, antt) merging. They are expressed sym-
bolically as

A+B—B+A, (249
A+B—B'+A’, (24b)
A+B—C. (240

These situations are plotted in Fig. 10. For the top three
panels, they show the tyga), and twoQ balls with charges
4.0x 10" and 1.8<10% are approaching, get together with
the charge 5.8 10, and finally pass through each other
without changing their own charges. For the middle three
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\(1) ' I \ for the other type is studied numerically on two-dimensional

lattices. Although we do not have a chance to see any colli-
— \__//\
(4)

aY]
-~

sion in two or three dimensions, their properties may be very
similar if it happens to occur.

VI. CONCLUSIONS

/L

K\

1>

(

We have calculated the full nonlinear dynamics of the
complex scalar field, which represents some flat direction
carrying the baryonic charge in MSSM, in the context of the
gravity-mediated SUSY breaking scenario. Since the scalar
potential in this model is flatter tha$?, we have found that
fluctuations develop and go nonlinear to form nontopological
solitons, Q balls. As in the gauge-mediation scenaliaf],

i F : = the size of aQ ball is determined by the most amplified
mode, but this mode is completely determined by the model
parametersn and K and the size does not depend on the
chargeQ. On the other hand, the charge @fballs depends
on the initial charge density of the Affleck-Dine field, and its
dependence is linear. Therefore, large-char@edalls with
relatively small size are formed in this scenario.

o OnceQ balls are formed, almost all the charges are ab-
FIG. 11. Configurations of mergin@ balls on one-dimensional sorbed into them in all the simulations we made, and only a

lattices. Each of the panels show the time snapshots at ftom tiny fraction of the charge is carried by the relic AD field, but

=4375¢ 10" to (9) r=4.775<10" with the interval A7=0.05 its amplitude is very small and fluctuates so that it may not
< 10", be possible to regard it as a condensate. This leads to some

interesting results. We can restrict the scenario of the baryo-

genesis, which has a direct relation to the amount of the dark
panels, they represents the ty[i®. They exchange about matter, or the parameter in MSSM, such as the neutralino

10% of their charges. In the bottom three panels, we show ;
: mass, can be constrained.
the merging process. We have also observed moviggballs, which is peculiar
Qualitatively, these processes can be divided by the relat—o the gravity-mediation scenario. In tHis case I:El)r er num-
tive velocity of two collidingQ balls. If the relative velocity bers 0]% ball)fs are formed in a fixéd box size bécauie of the
is large, they pass through each other without emynegli- relatively small Q-ball size, so the peculiar velocities are
gible) charge exchange. When the velocity are smaller, twi y ’ P

Q balls exchange part of their charges. When the velocity iiarger than those in the gauge-mediation scenario. As a con-

still slower, they merge into one, and it vibrates for a while, 3€duence, th_ere are CO”'S'OnS@fba”S'. Th_e prob_ab|||t_y of
It can be a breatherlike soliton, and an example is shown igolhsmn crucially depends on the spatial dimensionality, and

Fig. 11. It repeats the double peaks and the single peak pr —ee htﬁni git ?clint%:n);oct?zyésillict) : tlg tt\)I:/eosc;:\;rI]Ir?r? Séﬁi?ss'gﬂi
files just after the collision until it becomes stable state. Dur- P P y

ing this process, we observed the decay of the charge blglrlli?s.ioﬂgme;er,er\lletg/ t'glt(eereslgrég ppﬁgorgfgihvg'ltﬁ;fu;’ elfx
emitting very smallQ balls. For this particular example, PP P ) y 9

about 7% of its charge is lost until it finally becomes stabIeChangJe and merging to be large chafgealls. If the charge

and conserves its charge from that time on. The decrease {aQ ball becgmes_larger, it will be more difficult to evapo-
charge can be explained also by the emission of scalartate or to be dissociated.

waves, but_we cannot gl_lstmgwsh them in the resolution of ACKNOWLEDGMENTS
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