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Q-balls

(S. R. Coleman, Q Balls, Nucl. Phys. B262 (1985) 263. [Erratum: Nucl. Phys. B269, 744 (1986)])

Stable solitons which are composed of complex scalars that carry a  non-topological 
charge. 

Defining a special potential is key to get these stable non-topological solitons.

𝒰(1)
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Q-balls & their excited states are interesting
•Solutions to the some field theories.

•Dark matter candidates.
• Kusenko and P. J. Steinhardt, “Q ball candidates for selfinteracting dark matter,” Phys. Rev. Lett. 87 (2001) 

141301, [astro-ph/0106008]  
• Y. Bai and J. Berger, “Nucleus Capture by Macroscopic Dark Matter,” JHEP 05 (2020) 160, [1912.02813] 
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4/15



Q-balls

(S. R. Coleman, Q Balls, Nucl. Phys. B262 (1985) 263. [Erratum: Nucl. Phys. B269, 744 (1986)])

Stable solitons which are composed of complex scalars that carry a  non-topological 
charge. 

Defining a special potential is key to get these stable non-topological solitons.

𝒰(1)

Q-balls & their excited states are interesting
•Solutions to the some field theories.

•Dark matter candidates.
• Kusenko and P. J. Steinhardt, “Q ball candidates for selfinteracting dark matter,” Phys. Rev. Lett. 87 (2001) 

141301, [astro-ph/0106008]  
• Y. Bai and J. Berger, “Nucleus Capture by Macroscopic Dark Matter,” JHEP 05 (2020) 160, [1912.02813] 
• A. Kusenko, V. Kuzmin, M. E. Shaposhnikov, and P. G. Tinyakov, “Experimental signatures of 
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•Some supersymmetric theories predict Q-balls. • A. Kusenko, “Solitons in the supersymmetric extensions of the 
standard model,” Phys. Lett. B 405 (1997) 108, [hep-ph/9704273] 

• K. Enqvist and J. McDonald, “Q balls and baryogenesis in the MSSM,” 
Phys. Lett. B 425 (1998) 309–321, [hep-ph/9711514]
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Constructing Q-ball solutions

Coleman conditions 

ℒ = |∂μϕ |2 + U( |ϕ | )

Coleman (1986)

• Symmetric under unbroken  𝒰(1)

• Potential is zero at the vacuum

•  has a minimum at 
U( |ϕ | )

|ϕ |2

ϕ0

2
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Q-ball equation of motion

Dimensionless Quantities
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x′�′�(t) +
2
t

x′�(t) +
dV
dx

= 0

Particle rolling in a 
potential with friction
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Radius approximation & Q-ball transition function
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Radius approximation & Q-ball transition function

Transition function

R * =
1
κ2

+
1
4

−
5κ2

16
+ 𝒪(κ4)

f(ρ)T = [1 + 2e2(ρ−R*)]−1/2

ϕ

ϕ

ϕ

ϕ

ϕ

ϕ

ϕ

ϕ

ϕ
ϕ

ϕ

ϕ ϕ

ϕ

ϕ
ϕ

ϕϕ

ϕ
ϕ
ϕ

ϕ
ϕ

ϕ

ϕ

ϕ
ϕ

ϕ

ϕ
ϕϕ

ϕ
ϕ

ϕϕ

ϕ
ϕ

ϕϕ

ϕ

ϕ

8/15Heeck, Rajaraman, Riley, & Verhaarn (2021)



Excited Q-balls discussion
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Excited Q-balls effective potential & profile

Almumin, Heeck, Rajaraman, & Verhaaren (2022)
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Radii approximation terms of κ

Excited Q-balls radii approximation
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Radii approximation terms of κ

Leading 
order

Excited Q-balls radii approximation

κ=0.6

f-

-f-

R1
* R2

* R3
*

R*

f(T1)

fN=0
fN=1
fN=1
''

0 5 10 15 20

-0.5

0.0

0.5

1.0

ρ

f

.

11/15Almumin, Heeck, Rajaraman, & Verhaaren (2022)

Q-ball profiles



Radii approximation terms of κ

Small κLeading 
order
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Radii approximation terms of κ

Small κThick-wall 
limit
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Transition function approximation
Transitions function ansatz

fN = [ fT(ρ, R*N,1) − fT(−ρ, − R*N,2)] . . . . [ fT(ρ, R*N,2N−1) − fT(−ρ, − R*N,2N)] fT(ρ, R*N,2N+1)

f(ρ, R*N,n)T = [1 + 2e2(ρ−R*N,n)]−1/2
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Charge & energy of excited Q-balls
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Summary of the paper

•We found analytical approximation of excited Q-balls radii in terms of .


•We found a transition function of excited Q-balls, which we use to 
produce excited Q-ball profiles.


•We produced the charge and energy of excited Q-balls using the radii 
analytical approximation.

κ

14/15Almumin, Heeck, Rajaraman, & Verhaaren (2022)



References 
• (S. R. Coleman, Q Balls, Nucl. Phys. B262 (1985) 263. [Erratum: Nucl. Phys. B269, 744 (1986)]) 

• J. Heeck, A. Rajaraman, R. Riley, and C. B. Verhaaren, “Understanding Q-Balls Beyond the Thin-Wall Limit,” Phys. Rev. D 103 
(2021) 045008, [2009.08462] 

• Y. Almumin, J. Heeck, A. Rajaraman, and C. B. Verhaaren, “Excited Q-balls,” Eur. Phys. J. C 82 no. 9, (2022) 801, [2112.00657] 

• Kusenko and P. J. Steinhardt, “Q ball candidates for selfinteracting dark matter,” Phys. Rev. Lett. 87 (2001) 141301, [astro-ph/
0106008]  

• Y. Bai and J. Berger, “Nucleus Capture by Macroscopic Dark Matter,” JHEP 05 (2020) 160, [1912.02813] 

• A. Kusenko, V. Kuzmin, M. E. Shaposhnikov, and P. G. Tinyakov, “Experimental signatures of supersymmetric dark matter Q 
balls,” Phys. Rev. Lett. 80 (1998) 3185–3188, [hep-ph/9712212] 

• A. Kusenko, “Solitons in the supersymmetric extensions of the standard model,” Phys. Lett. B 405 (1997) 108, [hep-ph/
9704273] 

• K. Enqvist and J. McDonald, “Q balls and baryogenesis in the MSSM,” Phys. Lett. B 425 (1998) 309–321, [hep-ph/9711514]

Thank you 
15/15



Back up








