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Q ball



What’s Q ball ? o sss

Q-ball : stable, spherical symmetric, localized field configuration
that can store the charge Q.

Q-ball

(X 4 (l‘ = OO) By ChatGPT

® It usually forms in a complex scalar field with a global U(1) symmetry.

® Given fixed charge QO, it is energetically stable and has a lower energy
state than a collection of free particles.

® Charge conservation guarantees its stability.



Why is Q ball so interesting ???
>
Aftfleck-Dine baryogenesis



Scalar field condensation

(Affleck and Dine 1985)

Affleck-Dine field @ :
A complex scalar field with baryon or lepton number q

‘ ng = iq(cb*cb—cb*cb)

2qw<b% when & = dge™t

1 Im®
Re®
w
Affleck-Dine field acquires ﬁ B or L number is generated.

angular momentum in field space



Flat directions in a SUSY standard model

Some combinations of squark and/or slepton fields (AD field):

" ® No classical potential in the SUSY exact limit
(called flat directions).
< @ Often have baryon and/or lepton charge
® Lifted by SUSY breaking effects and the non-renormalizable terms

® Acquire a large amount of VEV during inflation
|

|¢|2n—2 mgz o H

2 2 2
V(®) = (G — cH)|®P + g + — 225 (am®” + af, @) + —

e \_——_

soft mass non-renormalizable terms A-term

(ag®™ + afyd*™)

B or L is conserved violate

B or L is generated dynamically thanks to A-term
‘ when a flat direction has baryon and/or lepton charge.



Cosmological scenario

(Dine, Randall, and Thomas 1995)

® acquires a large VEV during inflation thanks to large
negative mass squared (- ¢ H2 |®|2). (GyV ~ H?)
\%

l After inflation 1
s

It starts oscillation around
the origin around H < mg. 0 D

At the same time, it starts rotation o Im®

due to A-term and

B and/or L number is produced. |
1l //aw

® decays into quarks and/or leptons, ’ L@}/
the stored B or L number is k/

Z0.05 0 0.05 0.1 0.15

tl'alleel‘l'ed tO them. Taken from Fujii’s master thesis

Re®




Q ball formation in cosmology

(Dvali et al. 1998, Kusenko & Shaposhnikov 1998, etc)

Which is energetically favored, given Q inside horizon?

f
® Keeping a homogeneously rotating solution

0.4
0.3
0.2
0.1
0
OR o %
< -0.05 0.05 0.1 0.15

® A stable, spherical symmetric, localized field Q-ball
configuration called Q ball is formed

What’s the condition to form Q balls ???



Q-ball solution and existing conditions
® : a complex scalar field
L= n9,d*a,d — V(|P|)
® What's the lowest energy configuration E, given fixed charge Qo 2??

E=[dsH = [ (|0P + VoL + V(o))

(_ E, = E+4w [Qo — iq/d3x(cb*d> — Cb*cb)] with w : Lagrange multiplie\r
SEy _ '
7 =° = [d%] |<D—iquD|2—|—|V<D|2—I—V(|CD|)—w2 21®[?] + wQo

(Phase of ¢ must be const => ¢ : real)

P (x, )— ”qwt@(w)
_ L’ t o= Y

m=) 5= [ @3] (V6@)? +V(9) - 502P6@)| + Qo
= Vw(¢)




Bounce solution

B = [ @[ (V6@)% +V(9) - 0?6 (@)| +wQo

To find the minimum of E®

) P _
e

= V(o)

3D bounce solution
(Coleman et al. 1978)

A ) ) =40 r=l
=0

6p(r)
o)+ 2¢/(r) = G2 =0
4 d i, 2 )
&) D620 - V)| = -6

with 2 B.C. ¢(r — o) = O to avoid the divergence of Q and E®

®'(r =0) =0 to guarantee the regularity of ¢ at r =0 )

Shooting problem by regarding r as time !! 1



Q-ball existing conditions

d
dr

2 [2620) - 6| = ~26%() (<0)
T

with 2 B.C. ¢(r — o©) = O to avoid the divergence of Q and E®

®'(r =0) = 0 to guarantee the regularity of ¢ at r =0 )

3 - m‘o’ 4
Observation: <

For only case (i) : there exists a solution satisfying

the boundary conditions.

m d2V,
p=0  dg¢?

V() = —V(9) + LwPP (@)

., (ii)

g, — V(o) > 0

(ii)| @ cannot stop at the origin.

(i)

d=0 '\, ol

\ (iii)

(Simply saying, the potential V(¢) should be (Jif)
flatter than quadratic one !!)

¢ cannot reach the origin.
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Generic properties

® Topological defects :

Gradient energy ~ Potential energy

(%)2 ~ V() (~x?t) =) RN\/;U

® (Q balls:

Gradient energy ~ Potential energy ~ Kinetic (rotation) energy

(f)z ~ V($) (~m?¢? or M*) ~ w?¢?
R

oot () o (3

13



Revised scenario

Atter inflation, around H < my, it starts oscillation around
the origin.

At the same time, it starts rotation
due to A-term and

B and/or L number is produced. @@9—
1 Figure taken from Kasuya & Kawasaki 2000

A non-topological soliton called Q ball
is formed.

S N

Q ball serves as DM !! A part of baryon/lepton CRArGE ..o i i s o e coe
with 0=1.96x10"°.
is striped off from Q ball.
=> Baryogenesis !! 14




PLANCK results were released
and are interesting

15



Constraints on scalar and tensor perturbations
from the PLANCK satellite

Observational constraints :

‘A (ko) 2.099

0.20
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Fig. 8. Marginalized joint 68 % and 95 % CL regions for n; and r at k = 0.002Mpc™! from Planck alone and in combination with
BK15 or BK15+BAO data, compared to the theoretical predictions of selected inflationary models. Note that the marginalized joint

68 % and 95 % CL regions assume dng/d Ink = 0.

I TT,TE,EE+HowE-+lensing

TT,TE,EE+lowE-+lensing
R ST

TT,TE,EE+lowE-+lensing
B 5i1518AO

|| M Natural inflation

0 _Hilltop quartic model

= = Power-law inflation

Ac(k)
ns — 1

Ay (k)

r

~

12

Theoretical predictions :

1 (H\?
8n2e \M¢g ) '’

d|nAc(k‘) Y
R TR )
2 ([ H\? din Ay, (k)

— S , nT=—2—2€,
2 \ Mg dink

Ay (k

—l§—2:316e(=:—8nT).

Ac(k)

Attractor models like

V ¢4/3
Voo
V ¢2/3
Low scale SB SUSY
\ e N.=50
V|| @ N=60

0.98

1.00

- :|§"’ in;lationgStarobinsky model)| Stal‘ObinSky IIlOdEl

fit the data well.

Planck 2018 results. X 1807.06211



R? (Starobinsky) model ...... o

R2 ) Mg=1)

12M?2

1~ 1 3M? 2
_ (A = - ‘ —/2/3¢
\Seq =S /d T\/—g LR — Eg“yaugpdygp i (1 — exp / *“) ]

o 1
- 4 — -
S—/d:r;\/ g(2R—|—

tof Much flatter than the mass term, ¢2

L 1 " " 1 1 " 1 1 1 1 " M L 1 1 1 1 1 1 1 L @
i - 2 4 & 8 10

® During the oscillation period, can a non-topological soliton
like Q ball be formed in attractor models ???

® But, apparently, there is no conserved charge
for a real scalar field !!



Oscillon/I ball

18



What’s Oscillon/I ball ?

(Gleiser 1994, Copeland et al, 1995, Kasuya et al. 2002, etc)

Oscillon/I ball : long-lived (= ~ 10''m~1), spherical symmetric,
localized field configuration

Oscillon

®>0(r=>x) By ChatGPT

® O(scillons/I balls could be formed after inflation.

® It usually forms in a real scalar field with (approximately) adiabatic
conserved quantity.

® Given fixed adiabatic quantity 10, it is energetically favored.
19



Oscillon/I ball solution

Oscillon/I ball as analogy of Q ball :

L= %ama“qb -~ %m2¢2 — Vai(9), (vmw) = g—%ﬂ)

n>3 &
¢ . a real scalar field,

¢ is regarded as real part of a complex scalar ® : ¢ = Re(P)
(Mukaida & Takimoto 2014, etc)

B Vni(#) = Viu(Re(®)) = Vi(1)(|@]) + V(®, %)

A A
€8 vaw)=-To*+To®
Equation of motion: Voay (@) = — 2ol + 200 e
Vp(®, o) = 2 (0% + o) 4 Fjo? (o* + o)

0 = (O + m?) Re(®) + V! (Re(d))
OV y(®]) 4 oVp(P, ")

2
(B+m)® + o+

= Re

If we can neglect the violating term, the EOM approximately respects U(1) symmetry.
20



Non-relativistic limit

Expand ®(t,x) into rapidly oscillating parts e""™ & P
and a slowly varying envelope ¥:

bd(t,x) = e "™ W(t,x) + (¢, %)

6] < (W], |[W| < m|W| <m?|W|, |[VW|<m|W| (slow variation) ‘ édlal.)atlc
mvariance
‘ V)P aVe(P, d*¥)
0= (O g: D ’
(O4+mo)d + o + o
; \ oV, \UJ it mt
~ e—@mt —QZma— _ v2w 4 U(l)(l |) + 8VB Te 1!))
ot oW HD*

Rapid oscillating parts (more than e'™")
averaged to be zero over a period

@ - P 2R v () @m .
(& =1 —imW 2 + |V +m?|W|? + Vg (W) - H

LR respects U(1) symmetry : W — W/ = @y
21



(Approximate) Charge Conservation

S
Lnr = |V — imW|” — [VW[2 — m2|W]2 — V) ([W))

LNR respects U(1) symmetry : W — W/ = %W
‘ Q= —i/d?’:c WU 4 imwl) — Wi —imw)| is conserved

‘ Oscillon : “Q ball” solution minimizing E for given Qo

(& =W —imWP + VW +m2| W2 + Vo (1W)))

/- Ig, = fd3m8 + w(Qp — Q) with w: Lagrange multiplier \

as _ g = [ @ [1W —i(m - )W+ VW + (m? = )W + V) (WD) + wQo

) Wt e) =), pEm-w<m

2
mm) Bounce solution : «(z) = v(r). (;’7,2 +fi) ¥+ (@2 — m2)p + Qd{;fl) —0

.
\ - Existing conditions : min ( U(;)(w)) <w?2-m2<0 }2/




Oscillon from Adiabatic Invariance

(Kasuya et al. 2002, etc)

What’s the physical meaning of Q (= 8w / drr? zbz(r)) ?
® Periodic system characterized by some parameter A(t) satisfying

‘%' < T1 (T : period)

1
‘ Adiabatic invariant: = E; jf p; dg;

1
® Scalar field system B — 58”¢ Mo —V(p,N), X= A(t,x) :external parameter

h, 3 L1 3 (T . o_1[.3 =5
B = [ foar=g [o% [ai=_ [
- 1 T . 27’(’
¢ = Re(d) ~ 2¢(r) cos(wt) (¢2 = ?L dt ¢* where w=?)

‘ I = 87rw/drr2w2(r) = Q

Oscillon/I ball is long-lived thanks to this adiabatic invariance.
23



Oscillon configurations
o(t,x) ~ 2 (r) cos(wt)

2d
EOM : (2 )¢+<w w2y +
d
N 4 6 2,y _ 16
Val(@) = —A¢™ 4+ ged”,  gem~ /A = e
0.40 — w/m =0.85, \] =131.32
----- tanh approximation
0.35 \\ —— w/m =0.94, \I = 24.04
(i) T, NN S, O S DO - Gaussian approximation
— 0.25F
:
§ 0.20F
EL 0.15
0.10F
0.05F
0.00F ] . o — . .
0.0 2.5 5.0 7.5 10.0 125 15.0 175 20.0

when oscillon becomes small.

1dVesr — V. (AH)
2 =0, Verr(¥) = Viy1(¢)
2 dyp
7.5 :
\ amplitude %1/)(0) -0.40
T0F i
1
) >
6.5 I 4035 =
] SE
Q: 6.0F 1 <]
g : 40.30 E
@ 55) . =)
E : :
= 5.0 [ 4025 —
I &
1 4B}
45F - =
: 4020 ©
4.0}F i
radius R/m :
3.5 081 086 088 000 007 004 096 008 0.15
w/m
Radius shrinks first and decreases

24



End of Oscillon

® Adiabatic charge :

1 __
I=— / a3z ¢2 = 8w / dr r2¢(r)? decay direction
300 )
® Time-averaged energy : oL @endl
250 m |
- e 1 ———— == | = :
F = / d3z (5 P2+ > (Vg)2 + 5??129’52 + Vn|(¢)) 200 F i
AN |
= ar [ drs? [w% +(5) +m22+ Vefr(w)] 150} |
Verr(¥) = Vi () 100k i
2 O i
“Energetic end” at Eend(wend) where % = () frmmmmmmm e e T “§‘ e

1 1 1 1 1
¢ 0.84 086 083 090 092 094 09 098 1.00

Oscillons cannot be stable against small perturbations for w > w,;,4,
which we define as the end of oscillons and use it to estimate its lifetime.

25



Semi-analytic estimate of

decay and lifetime of oscillons
cb(t,x) — Re(cb) — 2¢(T) COS(wt) 4+ f(t,m). (Ibe et al. 2019, Zhang et al. 2020)

With Green’s function technique, ¢(t,7) can be solved in terms of () and w.

ForV l(¢) = — /1¢4 +g 6¢6 outgoing spherical waves
n / \

‘ E(t,r) = —% ([4)\53(53) + 3096=5(x3)] COS(SW; — f3") + 69655(%)(:05(5&;: —~ RST))

Z3(k3) : dominant mode

Energy decay rate and lifetime:

0.100
0.075
0.050 -
f
3 0.025 - g —— ‘ 2|T0r| — 4 2|3t§ org|
j‘f 0.000 E E
< —0.025F < .
—0.050F — . Elnl dE
—0.075F T(Eini) — C(E
' ¢ Eend 5( )

o L L L L L M T T |
&40 2x 100 3x10' 4 x 10t 6x 10! 102

Al

—ﬂ(ﬁ’j) = 477de yt)n('r) M: K = (jw)g - m2 (G>1)

&

26



Numerical estimate of
decay and lifetime of oscillons

We evolve the EoM of ¢(t,r) numerically.

10° 1071
K — Wini/m = 0.85 i K — i /m = 0.85
—— wini/m = 0.90 102k : —_— i /m = 0.90
—— Wini/m =0.91 - i —_— i /m = 0.91

----- semi-analytial

=

all:

1077
. , | 105k ! | —Zero points of E3(i3)
. mtl ’ v E end 2R !
decay direction
BE= %ftt_T at [ Eq&? + %(v(;s)? + %m%? + Vi (6) «

27



Inflaton must couple to another field to
reheat the universe.

Il

What’s the effect of an external field
on oscillons ?

Let’s consider an interaction gqb2 )(2
as an example.

Siyao Li, MY, Ying-li Zhang, 2507.13276 [hep-ph]
(c.f. Shafi et al. 2024)

28



Effects of external field ¥ on oscillons

1 1 1 1
L= S0up0M¢ — ~m2¢? — Va(9) + S 0uxd"x — Smix® — 96X

Taking an oscillon solution ¢(t,x) = 21y)(r) cos wt as background,

) 24 2 a>K N —
%k + (2 4+ m2)xy, + 8g cos (wt)f(27r)3\ll(k—k)xkf—0
EOM of

Convolution because of the inhomogeneity of ¢
( xx : Fourier mode of y (), W(k): Fourier mode of 1/*(7) )

Mathieu-like equation

‘ Floquet theorem: Yy (t) & Py (t)eHkt

- For Re[u,] > 0, x; grows as eRelHxlt,



Neglecting inhomogeneous oscillon profile

P?(r) = P?(0) = P35 : homogeneous profile !!

) )+ (A +29c0s(22)) xx =0, [(w-EEEem -2k

EOM of g . .
Standard Mathieu equation
Floquet chart with For g > (0 (attractive interaction),
homogeneous background () = (0) in the first narrow band,
Floquet chart with w/m = 0.85, m, /m = 0.6
3.0 : _ ,
, ey lq| _ 7700
2.16 pmax X = —5g
2 w
2.9 1.92
S Y (max = max (Re(u)))
9.0 bands 1.68
1.44
1.5 120 2 For g <0 (repulsive interaction),
~
0.96 (ol w2 2
1.0 9 _ %o i
0.72 — = —>lgl, if ——% <
0.48 Umax ~2 9
0.5 1 m2
4 2 2
| 0.24 ;\/mx + 4gg, ifg < —%
0.0 [tk ‘ 0.00 j . -
B (Tachyonic instability, Ak < 0)

g/



Inhomogeneous oscillon profile

3K/

W(k—K)xy =0

Numerical calculation :  Xj + (k* + m2)xy, + 89 cos? (wt) / |

¢: fixed as oscillon profile, ¢ = 2¢(r) cos(wt)
x: initially Gaussian function

Energy density of y sector: () =

1

Tave

t+Tave Tmax 5 (1 .5 1 > 1 5 5
ft dtfo dr 4rr (EX -I—E(Brx) +§mxx)

‘ We fit the Floquet exponent, Re(p), by E ,(t) o e2Reot

1.6 — :
0.002 .95 J0-0010 |‘ . -
14 \ = "my/m = 0.0 =
- — imeus ¢ oscillon
194 0.001 H 0.20 ‘ — f' = []..")‘
- 0.0000 . — Ta/m :2‘;
1.0 . >~ 0.60 067 oo el
0.000 0.15 .9 \
J— . "'q. T T T _ / -
EYEE 100775 050 ~0.25 . \
LY, 0
o ﬁ(rmogeneous Floquet anzyfysm \
0.6 N JO ’ !
formy<0 L\ 4 ‘
0.4 4 \.\ \_/
. 0.05 /
\ .
0.2 - V4 Q
\ /
0.0 V' oo

T T T T T T T
-2.00 —1.75 —1.50 —1.25 —1.00 —-0.75 —0.50 —0.25 0.00

g/A

T T T T T T T
0.00 025 050 075 1.00 1.25 150 175 2.00

g/A

Inhomogeneous oscillon profile prevents resonance because of

Particle escaping from the resonance region, i.e. oscillon radius.
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You may wonder if

the lifetime of oscillons with external
1

coupling would be T ~

Re|u|
because, once the resonance starts,

oscillons would be destroyed immediately ?

<

Two-field simulation

We evolve the EoM of two fields numerically, starting from initial conditions:
> ¢: oscillon profile as ¢ = 2y (r) cos(wt)

> x: time-averaged profile from previous simulation

32



central field values

central field values

Two-field simulation (g > 0)

0.75F & &t

0.50F |

0.00 1
—0.25H

—0.50H

—0.75

0.25

Y35(t,0)
| —— B(t,0)

I A
1 1 1 1 1 1 1
0 20 40 60 80 100 120 140
mil
T e L0)
|| By(t,0)

0.0

—0.5

u
u
'

—1.0F

i

D

50

L L L
100 150 200

mi

250

120

100

[ o e g S - -

80

60

N

— By/(m)
— Ey/(mA)
— b.'i,,;/(m)‘) L

E/{mA)

40F

20F

N

N

1 1
100 125

mi

0 25 50 ™

L
150

1
175 200

Critical oscillon
energy, E§°C, below

200

150
—
/(
£
—
P

100

T

— By/(m)
— Ef(m))
— Eu/(mA)

i

S0

which Re[p] =0

v

L
150
mi

1
100

1
200

250

Top: w/m = 0.85, my/m = 0.3, g/1 = 1.0 Bottom: w/m = 0.83, m,/m =03, g/A=1.0

Even though the resonant growth of y happens,
the oscillon is not necessarily destroyed immediately => different profile !!
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central field values

central field values

Two-field simulation (g < 0)

160
Lo
140 F
0.5 120}
_ 100
1B [Ea L
0.0H— |»<|E 80
60
—0.5 me
2T ] \
—1.0F 0
T ' S T/ T ' W ' Critical oscillon
mt mit 7 0OSC
energy, £5”", below
" which Re[u] =0
oo P
10°E
_ 35
109 mé
5| 3 AE
Pk
— 2B
10k m
mit mit

Top :w/m = 0.84, m)/m = 0.6, g/A = —1.0, Bottom:w/m = 0.84, m,/m = 0.6, g/A =—0.8

¥ causes E¢ to drop below Eeng,

thereby driving the oscillon to immediate destruction.
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Oscillon lifetime with external coupling

f i —
) ) Re £ > [Osc
I:OI’ E85C Z Eend, r(E) ~ (u), - i 0 = —0SC
Msingley  Eend < E S Ej
<
For ES5¢ < Fepg, M(E) ~Re(u), E 2 Eeng
.

Total lifetime : 7(Ein) ~ ) Reéw)

+ Tsingle (min (Egscj Eini))

r

—_ —O0SC

® i runs different stage from initial E;,; to E, ,
— —O0SC
< and the first term becomes zero if E;,; < E, .

—0sC _—osc  —
® Tsingle(EO )=0if Eg < Eeyq

.
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Summary

Q balls are stable, spherical symmetric, localized field configuration,
whose stability is guaranteed by U(1) symmetry.

They are paid attention to in the context of baryogenesis.

Oscillons/I balls are long-lived, spherical symmetric,
localized field configuration,
whose long lifetime is guaranteed by adiabatic invariance.

They are paid attention to in the context of attractor models of inflation
like Starobinsky inflation.

We have discussed the effects of an external field on oscillons.

Even though the resonant growth of y happens,
the oscillon is not necessarily destroyed immediately.

We gave the rough estimate of lifetime of oscillons.
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