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✤ Macroscopic DM candidates may come from phase transitions
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Axion Quark Nuggets

✤ Naturally contained in many theories

For light DM, see Xiaoping 
Wang and Wen Yin’s talk



Outline

3

✤ Brief introduction to macroscopic DM formation

✤ Models containing macroscopic DM

✤ Evolution after formation: solitosynthesis

✤ Model independent signatures and detections
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What Witten Proposed Before

H

Q

H

Q

Q

H

Q: quarks    H: hadrons    QN: quark nuggets

QN

Degeneracy pressure 
balancing vacuum pressure



QCD is Upsetting…

Continuous Crossover!
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5

But this doesn’t necessarily mean that QCD quark 
matter doesn’t exist, as there is enough room to tune 
the EOS. See e.g. J. Ren and C. Zhang 2211.12043



✤ First-order phase transition can still come from the 
dark sector:

…While the Dark Sector is Still Fine
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➡ Composite DM
➡ Twin Higgs
➡ SIMP

✤ A generic feature of a large class of models!

➡ Scalar extended EW
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✤ Brief introduction to macroscopic DM formation

✤ Models containing macroscopic DM

✤ Evolution after formation: solitosynthesis

✤ Model independent signatures and detections

Focus on bosonic models. 

For fermonic models, see e.g.  
Y. Bai, A. J. Long, SL, Phys. Rev. D99 (2019) 
K. Kawana, K. Xie, Phys. Lett. B 824 (2022)



Non-topological Solitons, a.k.a. Q-balls
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✤ Stable macroscopic bound states may exist in a 
theory with reasonable amount of nonlinearity
➡ A (global) symmetry to protect the stability

[See T. D. Lee and Y. Pang,  
Phys. Rept. 221 (1992) 251-350 
for a review]

➡ A scalar potential providing an attractive force

✤ Examples
➡ Coleman’s Q-ball
➡ Baryon-ball/lepton-ball in the MSSM [A. Kusenko, Phys. Lett. B 405 (1997) 108 ]

[S. Coleman, Nucl. Phys. B 262 (1985) 2 263 ]
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✤ Let’s use Q-ball with a global U(1) as an example

➡ Let

➡ From the Lagrangian we immediately have

d2�

dr2
+

2

r

d�

dr
+ !2�� dU 0

d�
= 0
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effective potential
➡ By defining an effective potential, the EOM has a 

Newtonian interpretation if we take

Ve↵ = U � 1

2
!2�2
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r ! t, � ! x
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[See e.g. 2103.06905 for 
examples of gauged Q-balls]

Non-topological Solitons, a.k.a. Q-balls
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✤ A particle moving along -V

➡ There must be a local minimum and a local maxima
➡ The local maxima must be greater than zero

so cannot be achieved with a single field at quartic order

!

<latexit sha1_base64="qA/p++hr6X3ZT5OfhmRttVVfAac="></latexit>

�(r = 0) = �0, �(r = 1) = 0 ! x(t = 0) = x0, x(t = 1) = 0
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Non-topological Solitons, a.k.a. Q-balls
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✤ Two branches of solutions

classically unstable

classically stable

➡ Can a Q-ball with charge Q and mass M may decay into Q 
free U(1) quanta (with mass m)?

0

<latexit sha1_base64="gpS8RwygO+3S+4ugzk5PoHteBvQ="></latexit>

Non-topological Solitons, a.k.a. Q-balls

Qmin can be as 
small as O(1)



Some Q-ball Models
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✤ The properties of Q-balls depends on the scalar 
potential and interaction
➡ Benchmark model: vanishing quartic coupling

V (S,�) =
1

8
� (�2 � �2

0)
2 +

1

3
�2 �0(� � �0)

3 +
m2

S

(�� � �0)2
|S|2(� � �0)

2 + ⇤ ,
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mQ / �0Q
3/4 , RQ / ��1

0 Q1/4
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[K. Griest, E. Kolb, Phys. Rev. D40 (1989)]
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✤ The properties of Q-balls depends on the scalar 
potential and interaction
➡ Benchmark model: a Z_2 symmetric potential w/ SSB

V (S,�) =
1

4
��(|�|2 � v2)2 +

1

4
��S |S|2|�|2 + �S |S|4 +m2

S,0|S|2
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Some Q-ball Models

[Y. Bai, SL, N. Orlofsky, 
JHEP 10 (2022) 181]
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at small Q
mQ . QmS

<latexit sha1_base64="7nDSVQqSNkJhO/pzVCo5pXJgrRk="></latexit>

mQ ⇡ v Q
h
(�S��)

1/4 + c2Q
�1/3

i
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thin wall approx. at large Q
R / Q1/3
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✤ The properties of Q-balls depends on the scalar 
potential and interaction
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Some Q-ball Models

➡ Benchmark model: a Z_2 symmetric potential w/ SSB
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✤ The properties of Q-balls depends on the scalar 
potential and interaction
➡ sth. fancy: a nontopological soliton w/ a topological charge

Some Q-ball Models

� �� �� ��

�

���

�

� �� �� �� �� �� ��

�

���

�

���

small Q: Q-ball inside a monopole

large Q: monopole inside a Q-ball

➡ Consider gauged SU(2) × global U(1)

[Y. Bai, SL, N. Orlofsky, JHEP 01 (2022)]
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✤ Typical M predicted from typical Q
mQ ⇡ v Q

h
(�S��)

1/4 + c2Q
�1/3

i
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➡ e.g.

✤ Typical Q and number density can be 
inferred from PT
➡ fraction of the charges in Q-balls, 

combined w/ charge asymmetry

S

anti-S

Q-ball

NQ-ball
S ⇠ fin nS/nQ-ball

hQi ⇠ max
h
⌘NQ-ball

S , (NQ-ball
S )1/2

i
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Relic Abundance: from PT
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✤ Typical M predicted from typical Q
mQ ⇡ v Q

h
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i
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➡ e.g.

✤ Typical Q and number density can be 
inferred from PT
➡ comparable numbers of Q-ball vs. 

nucleation sites

� ⇡ T 4

✓
S3

2⇡T

◆3/2

e�S3/T

h(t) = exp
h
�4⇡

3

Z t

tc

dt0 v3wall (t� t0)3 �(t0)
i

n ⇡ nnuc =

Z tn

tc

dt0 �(t0)h(t0)
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S

anti-S

Q-ball

Relic Abundance: from PT

[See K. Xie et. al., Phys.Rev.D 105 (2022) 
for an ab initio calculation]



Parameter Space: PT
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✤ Vector bosons are also bosons, so…?
➡ Yes there are also soliton states of vector bosons

For Completeness

[M. Jain, Phys.Rev.D 106 (2022) 8, 8]

[H. Zhang, M. Jain, M. A. Amin, 
Phys.Rev.D 105 (2022) 9, 096037]

➡ Spin-0 configuration has a preferred energy, though

➡ A higgsed Yang-Mills theory or potential like                  is 
required to provide interactions between the vector bosons

V (WµWµ)

<latexit sha1_base64="0wzl1UPafRAj6KR2bSCG39MNPTk="></latexit>
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✤ Brief introduction to macroscopic DM formation

✤ Models containing macroscopic DM

✤ Evolution after formation: solitosynthesis

✤ Model independent signatures and detections



“Snow-Ploughing” the Charges?
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✤ Having much of the dark sector particles to be kept 
in the unbroken phase usually requires them to be 
(unusually) heavy in the broken phase

[D. Bodeker et. al., JCAP 0905 (2009)]

dark hadron phase

dark quark phase

mbroken > 2�wpz, pz ⇠ prms ⇠ 3.6Tc
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�w ⇠ 1 ) mbroken & 7Tc ⇠ 7 v
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Assembling the Charges
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➡ The soliton may absorb or release free particle/anti-
particles and change their charges and sizes

[K. Griest, E. Kolb, Phys.Rev.D 40 (1989)]➡ Known as “solitosynthesis”

✤ Late universe evolution could change the story



A Big Thermalized System
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✤ We consider the thermalization of free scalars w/ Q-
ball charging from Qmin to Qmax within a Hubble 
time
➡ A system in thermal equilibrium

⌧Qmin!Qmax =
QmaxX

Q=Qmin

1

nS (�vrel)Q
. 1/H

<latexit sha1_base64="5Od7xAno/HbO2sjTjTykjJkID/I="></latexit>

➡ This system can be built both “top-down” (interactions 
shrinking the sizes of large Q-balls) or “bottom-up” (fusion 
of free particles)

recall that Qmin can 
be as small as O(1)



Q-ball Charge Domination
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✤ Assuming certain amount of asymmetry within the 
dark sector
➡ In equilibrium and with a reasonable* M(Q) vs. Q, the 

binding energy will push the Q charges into larger Q-balls

*Say               , “reasonable” means p<1 M / Qp
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Plots in this section are made with the benchmark 
model in Griest & Kolb 89’, where M / Q3/4
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The Freeze-out of the System
✤ The evolution should finally freeze-out

TF

<latexit sha1_base64="19uaxkpS6/0HWmyWagajZ9g24RE="></latexit>

➡ Solve a set of Boltzmann equations for each component 
and determine the freeze-out temperature

➡ For solitons to be the main DM components (of charge), 
we should at least expect TD > TF

<latexit sha1_base64="pxiKoST1IduXDaWgzrh9F610Vpo="></latexit>

➡ Also they assemble solitons from free particles

geometric 
Xsec

not 
important

25
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✤ Write down all the Boltzmann equations

ṅNTS + 3HnNTS = ��v(Qmin)

0

@nQminn�̄ � n
eq
Qmin

n
eq
�̄

 
n�

n
eq
�

!Qmin�1
1

A

)HnNTS ⇠ �v(Qmin)nQminn�̄ |T=TF
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✤ Summing over all Qs

The Freeze-out of the System
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✤ Write down all the Boltzmann equations

ṅNTS + 3HnNTS = ��v(Qmin)

0

@nQminn�̄ � n
eq
Qmin

n
eq
�̄

 
n�

n
eq
�

!Qmin�1
1

A

)HnNTS ⇠ �v(Qmin)nQminn�̄ |T=TF
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✤ Summing over all Qs

The Freeze-out of the System

TF =
(Qmin � 1�Qmax)µ� (mS +mQmin �mQmax)

log

"
⇡ g1/2⇤ T 1/2

F [2⇡mQmax/(mS mQmin)]
3/2)p

90Mpl (�vrel)Qmin

# , if TF < TD
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✤ Also consider the DM relic abundance
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Parameter Space: Solitosynthesis
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✤ For solitons to be relevant, we require TD > TF
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✤ Brief introduction to macroscopic DM formation

✤ Models containing macroscopic DM

✤ Evolution after formation: solitosynthesis

✤ Model independent signatures and detections



Gravitational Wave
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✤ GW spectrum:
�

H
⌘ T

dS

dT
↵ ⌘ ⇢vac

⇢rad
energy density ratio strength of the phase transition

Stay tuned for Haipeng An’s talk tomorrow
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Lensing and Accretion

[Y. Bai, A. J. Long, SL, JCAP 09 (2020)]

➡ The accreted matter around the 
macroscopic DM can generates 
radiation influencing CMB

➡ The optical signal may be 
distinguishable from normal stars 
and thus can be directly searched 
for on telescopes like Gaia

[D. Curtin et. al., JHEP 07 (2022)]

✤ If heavy enough:
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✤ There are many recent discussions on the direct 
detection of heavy DM using an array of sensitive 
detectors

Direct Detection?

[A. Kawasaki, arXiv:1809.00968]➡ Optically levitated microsphere
➡ Array of quantum-limited impulse sensor

[D. Carney et. al, arXiv:1903.00492]

➡ Assuming a nugget interact with a detector of size L

Nint = ndQN vdQNL
2�t '

�
2.5⇥ 10�15

�✓ Tc

0.1GeV

◆3 ✓ �̃

0.1

◆�9/2 ✓ L

10m

◆2 ✓ �t

1 yr

◆

Nint > 1 ) Tc >
�
7.4TeV

�✓ �̃

0.1

◆3/2 ✓ L

10m

◆�2/3 ✓ �t

1 yr

◆�1/3
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✤ An exoplanet may block its hosting star and lower 
the observed intensity periodically

Transit Light Curves
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1.000

Green: best-fitted ordinary exoplanet
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✤ An exoplanet may block its hosting star and lower 
the observed intensity periodically

Transit Light Curves

✤ What if the “exoplanet” is a macroscopic DM?

0.00 0.02 0.04 0.06 0.08

0.992

0.994

0.996

0.998

1.000

0.00 0.02 0.04 0.06 0.08 0.10 0.12

0.980

0.985

0.990

0.995

1.000

Red: best-fitted dark exoplanet

Mimic completely
A dark exoplanet light curve 
may not be completely 
mimicked by regular ones

➡ Not necessarily completely opaque
Green: best-fitted ordinary exoplanet



Conclusion
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✤ Macroscopic DM can be naturally formed from cosmic PT, 
while the late universe evolution is also important

✤ The candidates can be either fermonic or bosonic. Model 
building can be fun

✤ The signatures and constraints are largely model 
dependent, while it would be very interesting and 
important to think of model independent/insensitive 
detection methods

Thank you!



Backup

36
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✤ Not in the models I’ve worked on, but definitely 
possible

Collapse into BH?

➡ Adding in Yukawa interactions in fermionic theories
[K. Kawana, K. Xie, Phys. Lett. B 824 (2022)]

➡ The unbroken phase may be treated as a local overdensity

[J. Liu et. al., Phys. Rev. D 105 (2022) 2, 2]



✤ Dark QCD: SU(Nd) w/ Nf massless flavors

Fermionic Macroscopic DM
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✤ Pisarski & Wilczek’s argument: Nd>=3, Nf >=3 and a 
phase transition exists, it will be first order

L =

NfX

i=1

i  ̄i�
µDµ i �

1

4
Ga

µ⌫G
µ⌫ a

[R. Pisarski and F. Wilczek,  
Phys. Rev. D29 (1984)]➡ Compared w/ lattice studies

✤ The scale in this model: Tc ⇠ ⇤d
<latexit sha1_base64="c4L1cShACzNVOW0AMmkA5jX6P+4=">AAACD3icbVC7TsMwFHV4lvJKQWJhsaiQmKqkDDBWZWFgaKW+pKaKHMdprdpOZDugKupH8AGsMDGzIQYWPoGFld/AfQzQciRLR+fco3t9goRRpR3n01pZXVvf2Mxt5bd3dvf27cJBS8WpxKSJYxbLToAUYVSQpqaakU4iCeIBI+1geDXx27dEKhqLhh4lpMdRX9CIYqSN5NuFho89RTn0bkwoRH7o20Wn5EwBl4k7J8XKUf2LPlffa7797YUxTjkRGjOkVNd1Et3LkNQUMzLOe6kiCcJD1CddQwXiRPWy6eljeGqUEEaxNE9oOFV/JzLElRrxwExypAdq0ZuI/3rKnDIg4cJ6HV32MiqSVBOBZ9ujlEEdw0k5MKSSYM1GhiAsqfkAxAMkEdamwrxpxl3sYZm0yiX3vFSum4qqYIYcOAYn4Ay44AJUwDWogSbA4A48gEfwZN1bL9ar9TYbXbHmmUPwB9bHDyyboAo=</latexit>

[Y. Bai, A. J. Long, SL, Phys. Rev. D99 (2019)]

➡ The macroscopic states are lumps of dark quark matter, 
i.e., dark quark nuggets

➡ Dark baryon number
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➡ System supported by Fermi degeneracy pressure

✤ The final state of the system satisfies T ⌧ µ
<latexit sha1_base64="wOhQi9cNa/uZYgSBI6wV/Ag33XQ="></latexit>
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✤ Balancing the pressure

B ⇠ ⇤4
d
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➡ We expect

Fermionic Macroscopic DM
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✤ Combining the ingredients before

(for Nf = Nd = 3)
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�̃ ⌘ �/(B2/3T 1/3
c )

Fermionic Macroscopic DM



41

✤ Combining the ingredients before
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Fermionic Macroscopic DM
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✤ The properties of Q-balls depends on the scalar 
potential
➡ Benchmark model B: a Z_2 symmetric potential

V (S,�) =
1

4
��(|�|2 � v2)2 +

1

4
��S |S|2|�|2 + �S |S|4 +m2

S,0|S|2
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[Y. Bai, SL, N. Orlofsky, 2208.12290]

➡ EOM: let 
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S = e�i!t v s(r)/
p
2 , � = v f(r) , ! = v⌦
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Some Q-ball Models
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✤ A Q-monopole-ball (QMB) is charged both 
topologically and non-topologically

L = |@µS|2 +
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➡ Introduce a quartic coupling between the scalar fields
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! = ⌦/v , mS,0 = µ0 v , r = r/v
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taken to be zero
mS = v

q
��S/2
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✤ The properties of Q-balls depends on the scalar 
potential

➡ sth fancy: a nontopological soliton w/ a topological charge
- the “Q-monopole-ball”
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➡ Consider gauged SU(2) × global U(1)

Some Q-ball Models
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✤ Assuming certain amount of asymmetry within the 
dark sector
➡ In equilibrium and with a reasonable M(Q) vs. Q, the 

binding energy will push the Q charges into larger Q-balls

⌘ = [ns � n̄s +
X

Q

Q(nQ � n̄Q)]/n�
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➡ The temperature T_D when the Q-balls dominate the 
charge abundance is determined by solving:
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➡ After T_D the chemical potential:

Q-ball Charge Domination
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✤ SOPT may also be a viable approach
➡ There’s not a “snowplow”, and the number density of Q-

balls is determined by the correlation length
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typical charge is much smaller 
compared to the FOPT case
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✤ The Parker bound
➡ galactic magnetic accelerate magnetic objects, which 

extract magnetic energy from the galaxy

�E ⇥ F ⇥ (⇡ `2c)⇥ (4⇡ sr)⇥ treg . B2

2

4⇡ `2c
3

, �E ⇠ M �v2/2
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➡ energy drained through this process should not deplete 
galactic magnetic field within a regeneration time

B

[E. Parker,  Astrophys. J. 160 (1970) 
383;  
M. Turner, E. Parker, T. Bogdan,  Phys. 
Rev. D 26 (1982) 1296 ]


