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What's a Q-ball?

e finite-energy
® |ocalised
® contains scalar field oscillating in time

Oscillating scalar — charge‘

Important consequence: stability

® particle number

N=Q/q

® bound if
E < Efree,  Efree = mN

Rosen 1968, Coleman 1985, Lee & Pang 1992
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Physics of Q—balls‘

® (Q-balls in SM extensions kusenko 1907

® QQ-balls as Dark Matter rieman, Gelmini, Gleiser & Kolb 1988; Kusenko & Shaposhnikov 1998

® Role in baryogenesis podelson & Widrow 1990, Enavist & McDonald 1998

Previous work |

® Screening in the Abelian Higgs model
® Interior of screened Q-balls homogeneous

e Existence of Q-balls of arbitrary large
charge

Self-interaction?

Limiting cases?

Ishihara & Ogawa, 2018, 2019
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Rescaling:
n—1e—q =e/e Az = Pr212 = A212/€, p=m>/(€*n°)
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Ansatz

Spherically symmetric solution

Ao =a(r), ¢="h(r), ©=e“"f(r)

a, fi o profile functions, solved for numerically

e radial equations from Action S

® boundary conditions at r = 0 from regularity
f1,2Nf1,2(0)+f1(722)r2+... , a~a(0)+a®r2 4.
® boundary conditions at r — oco: approach vacuum

f > 1, =0, a—0



Energy and charges
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Energy and charges

Energy of spherical configuration
4m 2 Lo\ 2 2.2 _N2g2
E= 77 d” (fi )"'(7(2) ( )* +qiaf + (o —w)fy +V
0

where

B1 52

V=(/ -1+

Charges: Qp.y = f47rr drpg,

fz + (P — D + ufy

po=2a10f,  py=20(qa — W)
Both conserved. Perfect charge screening (Gauss’ thm):
Qs+ Qy=0

— test of numerical solution

Forgacs & AL 2020
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Effective action

Ser=h—5h, h= 47T/drr2Keff, K= 47T/drr2Ueﬁ

kinetic term:
Ket = () + () — (o')?/2,

effective potential

Uet = — Bu(ff — 1)/2 = oty 2 — Pra( 7 — 1)fF — pff
+ G’ + (o — w)?fF

Virial argument (r — Ar): h = 3k,

E 2
- = _w& + 7/1
g e
Asymmetry in ¢,1: gauge choice (Qy = —Qy)

Forgacs & AL 2020
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Domain of existence

For other parameters fixed:

Wmin < W < Wmax

Wmin -
® |nterior of solution: “true” vacuum of U.g
e Exterior of solution: “false” vacuum of Ueg (true vac.)
® at W = wWmin Uerr(“'true vac’) = Ues(“false” vac)

Wmax
® asymptotic solution f, ~ exp(—+/p — w?r)/r
Y
2
Whax = M

+ positivity conditions, 51 < 512/2 (g1 = g2)

Ishihara & Ogawa, 2019



Radial equations

Ansatz, §Sex = 0:

1

S(PR) = f[—aio® + Bi(F = 1) + o]
1
rj(f2'3')/ = [~(qa —w)* + Bafy + p+ Pra(£ — 1)]

1
S(2a) =2 [Gaf? + a0 — )]



Radial equations

Ansatz, 6S.¢ = O:

1

S(PR) = f[—aio® + Bi(F = 1) + o]
1
rj(f2'3')/ = [~(qa —w)* + Bafy + p+ Pra(£ — 1)]
1

S(Pa) =2[qaf? + g:(g0 — w)F]

Boundary conditions

® f12(0) =«(0)=0

® fi(c0) =1, K(0) =a(oco) =0
Numerical solution:

e large interval 0... L

® collocation, COLNEW package (ascher 1087)



A solution

Numerical solution

0.30 —— A1 1
025 " ('f(("]" 3004 T
0.20 3000
0.15 2500
010 " 2000
0.05 1500
000 1000
005 500
~0104 B
0 20 40 60 80 100 0 2 0 60 80 100

ﬂl = 05, ﬂ12 = /.,L = 1.4, ﬂz = 025, w = 1180

® 35, # 0 does not change much
® charge cancellation local

Method: collocation, error estimate: 2 x 107°
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Varying w

f1 =05 Bro=p=14 6=0

—= A()-1 —= h)-1
—_— far) — )

0.08

03 - a(r) s alr)

0.06

02

01 0.04

00 0.02

—0.1 0.00

w=1.174 w =1.183
Approaching wpin Approaching wyax
Whole Q-ball core expands 1) component “tail” becomes long

Changing other parameters: Wiy OF Wnax



E & Q vs.

20000 4
\

15000 4

10000 4

5000 4

1178 1.179 1.180 1.181 1182 1.183

51 = 0.5, ﬁ12 = U= 1.4, and 52 =0.25

Energy and charge diverges at both limits
Very similar for 8, =0 and 3> # 0



Stability: E/Egyee

—— h=025
—————— = — 5=0
1000 o 1.000
-
-
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& s S~<
& E S~~~
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[——
0994] == A2 =025 0.9914
1178 1179 1180 1181 1182 1183 2500 5000 7500 10000 12500 15000 17500
w N

ﬁ1 = 0.5, ﬁz =0.25 and 0, ﬂlz = u= 1.4

N = Q¢/q2v Etree = MmN = \/ﬁN
Stable branch for large N, Q (other branch not energetically favourable)

Ishihara & Ogawa, 2019
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g1 # g, limiting cases

Small ¢,

® Positivity condition 3; < uq?/2
® g; = 0 cannot be reached

e distinct family of solutions (4 = o Lee & Yoon 1089)

Small g,

® a quite simple limit
® in the limiting case, « — 0

o reprOduceS knoWn I’eSu|t (Friedberg, Lee & Sirlin, 1979)

BPio — 0
Cusp on E/Egee vs. N not observed



Summary

Q-balls: nontopological solitons with time-periodic scalars

Screened, gauged Q-balls extended to most general U(1) x U(1)
symmetric scalar potential

limiting cases gg =+ 0, g2 = 0, f12 — 0
depending on parameters: 2 distinct families of Q-balls



Summary

e Q-balls: nontopological solitons with time-periodic scalars

® Screened, gauged Q-balls extended to most general U(1) x U(1)
symmetric scalar potential

® limiting cases g1 = 0, g2 = 0, f12 =0
e depending on parameters: 2 distinct families of Q-balls



References |

G. Rosen, J. Math. Phys. 7, 2066 (1966).

R.H. Hobart, Proc. Phys. Soc. 82, 201 (1963).
G.H. Derrick, J. Math. Phys. 5, 1252-1254 (1964).
T.W.B. Kibble, J. Phys. A9, 1387 (1976).

G. 't Hooft, Nucl. Phys. BT9, 276-284 (1974).
A.M. Polyakov, JETP Lett. 20, 194-195 (1974)

T.H.R. Skyrme, Proc. Roy. Soc. London A 260, 127-138 (1961);
Proc. Roy. Soc. London A 262, 237-245 (1961); Nucl. Phys. 31,
556-569 (1962).

G. Rosen, J. Math. Phys. 9, 996 (1968).

S. Coleman, Nucl. Phys. B 262, 263-283 (1985).

T.D. Lee and Y. Pang, Phys. Rept. 221, 251-350 (1992).

S. Dodelson and L. Widrow, Phys. Rev. Lett. 64, 340-343 (1990).

J. Frieman, G. Gelmini, M. Gleiser, and E. Kolb, Phys. Rev. Lett.
60, 2101 (1988).



References |l

Kusenko and M. Shaposhnikov, Phys. Lett. B 418, 46-54 (1998).
Kusenko, Phys. Lett. B 405, 108-113 (1997).

. Enqvist and J. McDonald, Phys. Lett. B 425, 309-321 (1998).

. Ishihara and T. Ogawa, arXiv:1811.10848 [hep-th].

. Ishihara and T. Ogawa, Phys. Rev. D 99, 056019 (2019).

. Ishihara and T. Ogawa, Prog. Theor. Exp. Phys. 2019, 021B01
(2019).

P. Forgacs and AL, Nucl. Phys. B 762, 271-275 (2016); Phys. Rev.
D 94, 125018 (2016).

U. Ascher, SIAM J. Sci. Stat. Comput. 8, 483-500 (1987).
C.H. Lee and S.U. Yoon, Mod. Phys. Lett. A6, 1665 (1989).
M. Speight, Phys. Rev. D 55, 3830 (1997)

ITIT X > >



Screening in the Abelian Higgs model

Abelian Higgs model (A,¢) & external chargepext
Global screening: consequence of Gauss’ theorem:

/ Bx(MAA® — pex — pg) = — / d3xV2A° = / d*x9,A° = 0

Perturbation theory: ¢ = 1+ x/V/2,

Agl) = eAgl) + ezAéQ) +.o, x=ex® ..
(V2 = m2)x ¥ = 0 (V2 - m2)AY) = o
with o o
¢® =o, 75" = pext »

§(2) = eQVAE})A(l)“ , 0'(()2) = —2e2vX(1)A(()1) ,



Order-by-order cancellation:

Solution using Green's functions:

1
47|x|

AP () = [ X Galoi =)o), Galx) = g exp(-malx).

) = [ 560500, Gl =

1
m exp(—ms|x|) .

Consequently,
QW — / Exmi AR = _ 2 / Pxd3x Galxi — x)ob) (x!) = — QWY

Including Qﬁ\l) —_oW

ext



Point charge:

Point charge

Pext = q53 (r)

— 0/ 00
0.030 4\ - rAg(r)
\
\
0.025 ‘\ —02
AY
\\
sl N o
AY =
0.015 N S
N, —0.6
os
0.005
0.000 —-1.0 ¥
e=1,1=20,g=04
1 1
Ag )(r) = e ™ )
Ar
2
e‘v _ . ms — 2mp
X(2)(r) = {e " Ei[(ms — 2ma)r] — log g
2(4m)?mgr ms +2mg

— e™" Ei[—(ms + 2ma)r]| .



Point charges

Numerical and leading order agrees within line width

Perturbative solution to calculate interaction between point charges
Two length scales: 1/ma (screening) and 1/m; (scalar pertrubations)

Type Il: mg > ma: due to gauge field

q192 _
Vin(r) = 7417”26 mr

Type I: mg < mp: due to scalar field

e*v?q2q3 2mp — mge™ ™"
4(47)3msma " 2ma+mg r

Vi(r) =

For type I: like charges attract!
Analogy: superconductivity; method: Speight, 1997

Forgacs & AL, 2020
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