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Cosmological Phase Transitions

[hep-ph/0609145]

https://arxiv.org/abs/hep-ph/0609145
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Cosmological Phase Transitions

First-Order Phase TransitionSecond-Order Phase Transition 
and Crossover

[2011.04265]

https://arxiv.org/abs/2011.04265
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Cosmological Phase Transitions
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https://vimeo.com/255031420 - Cosmic Defects - Gravitational waves from a cosmological vacuum phase transition - scalar field value 

Cosmological Phase Transitions

https://vimeo.com/255031420
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Cosmological Phase Transitions
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Cosmological Phase Transitions

Cause

• Scalar vev 
- EWPT 

- MSSM 
- THDM 
- New light scalars 

- Dark sectors,… 

• Confinement 
- QCD 
- Composite Higgs 
- Dark sectors,…

Calculation

• Temperature 
• Latent heat release 
• Bubble nucleation 

rate 
• Bubble wall speed 

• Finite T 
approximations 

• Lattice computations 
• Wall speed 
• Gauge invariance,…

Effect

• EW baryogenesis 
• Gravitational waves 
• Dark matter 

production 
• PBH production 
• Primordial magnetic 

fields 
• Topological 

defects,…



12

Cosmological Phase Transitions

We have no direct evidence for the electroweak, QCD or any BSM phase transitions

Theoretical expectation that the electroweak and QCD phase transitions occurred

NANOGrav has 
detected a stochastic 
gravitational wave 
background,

[2306.09411]

Evidence:

which could come from 
many possible sources

https://arxiv.org/abs/2306.09411
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Cosmological Phase Transitions

But different origins have different signals, and  
upcoming and proposed experiments will probe a wide variety of possibilities

[CERN Courier]

https://cerncourier.com/a/electroweak-baryogenesis/
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Filtered Dark Matter



Dark Matter is • Stable 
• Cold 
• Dark 
• Not part of the Standard Model 
• Abundance known to 2% accuracy 

- DM density ~ 5 x baryonic density

Non-gravitational DM-SM interaction?
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No Yes

Filtered Dark Matter: Dark Matter
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• Favoured production mechanism (thermal freeze-out)  
has not been seen, despite massive effort with DD, ID and colliders

• Griest-Kamionkowski bound

⌦DMh2 f.o.⇠ 1

h�vi
p.w.

& 1⇣
4⇡

m2
DMvrel

⌘ =) mDM . 300 TeV

<latexit sha1_base64="7FigElcodO98Ztxup+QLEK6B9Og="></latexit><latexit sha1_base64="7FigElcodO98Ztxup+QLEK6B9Og="></latexit><latexit sha1_base64="7FigElcodO98Ztxup+QLEK6B9Og="></latexit>

• We present a new mechanism which has a large viable 
parameter space and goes beyond the GK bound

Filtered Dark Matter: Why new DM production mechanisms?
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Filtered Dark Matter: Toy Model

Assume potential gives first-order phase transition 
with large order parameter  ⟨ϕ⟩ ≳ T

L � �y���̄�� � �
2
H

†
H � V (�)

<latexit sha1_base64="9hJJjJSx/ynLtBlhtxbvDI7BQ/c="></latexit><latexit sha1_base64="9hJJjJSx/ynLtBlhtxbvDI7BQ/c="></latexit><latexit sha1_base64="9hJJjJSx/ynLtBlhtxbvDI7BQ/c="></latexit>

<latexit sha1_base64="U3HMD6dy9Kdadhs1N7xRyy4B4ZA="></latexit>

�y���̄�
PT! �y�h�i�̄� = �m��̄�

1912.02830 (PRL)   - MJB, J. Kopp, A. Long 
2112.08987 (JHEP) - MJB, M. Breitbach, J. Kopp, L. Mittnacht, Y. Soreq

https://arxiv.org/abs/1912.02830
https://doi.org/10.1103/PhysRevLett.125.151102
https://arxiv.org/abs/2112.08987
https://doi.org/10.1007/JHEP08(2022)010
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SM
<latexit sha1_base64="CkcHsEjTL3TkNQs7rHlkc5r1hVg=">AAACAXicbVBNS8NAEN3Ur1q/qh69LBbBU0lEUG9FL16EisZW2lA22027dDcJuxOxhtz8B171D3gSr/4S7/4Qt20OtvXBwOO9GWbm+bHgGmz72yosLC4trxRXS2vrG5tb5e2dOx0lijKXRiJSTZ9oJnjIXOAgWDNWjEhfsIY/uBj5jQemNI/CWxjGzJOkF/KAUwJGum8De4T05irrlCt21R4DzxMnJxWUo94p/7S7EU0kC4EKonXLsWPwUqKAU8GyUjvRLCZ0QHqsZWhIJNNeOj44wwdG6eIgUqZCwGP170RKpNZD6ZtOSaCvZ72R+J/XSiA49VIexgmwkE4WBYnAEOHR97jLFaMghoYQqri5FdM+UYSCyWhqC/DBU1YysTizIcwT96h6VrWvjyu18zyfItpD++gQOegE1dAlqiMXUSTRC3pFb9az9W59WJ+T1oKVz+yiKVhfv1sVmAU=</latexit><latexit sha1_base64="CkcHsEjTL3TkNQs7rHlkc5r1hVg=">AAACAXicbVBNS8NAEN3Ur1q/qh69LBbBU0lEUG9FL16EisZW2lA22027dDcJuxOxhtz8B171D3gSr/4S7/4Qt20OtvXBwOO9GWbm+bHgGmz72yosLC4trxRXS2vrG5tb5e2dOx0lijKXRiJSTZ9oJnjIXOAgWDNWjEhfsIY/uBj5jQemNI/CWxjGzJOkF/KAUwJGum8De4T05irrlCt21R4DzxMnJxWUo94p/7S7EU0kC4EKonXLsWPwUqKAU8GyUjvRLCZ0QHqsZWhIJNNeOj44wwdG6eIgUqZCwGP170RKpNZD6ZtOSaCvZ72R+J/XSiA49VIexgmwkE4WBYnAEOHR97jLFaMghoYQqri5FdM+UYSCyWhqC/DBU1YysTizIcwT96h6VrWvjyu18zyfItpD++gQOegE1dAlqiMXUSTRC3pFb9az9W59WJ+T1oKVz+yiKVhfv1sVmAU=</latexit><latexit sha1_base64="CkcHsEjTL3TkNQs7rHlkc5r1hVg=">AAACAXicbVBNS8NAEN3Ur1q/qh69LBbBU0lEUG9FL16EisZW2lA22027dDcJuxOxhtz8B171D3gSr/4S7/4Qt20OtvXBwOO9GWbm+bHgGmz72yosLC4trxRXS2vrG5tb5e2dOx0lijKXRiJSTZ9oJnjIXOAgWDNWjEhfsIY/uBj5jQemNI/CWxjGzJOkF/KAUwJGum8De4T05irrlCt21R4DzxMnJxWUo94p/7S7EU0kC4EKonXLsWPwUqKAU8GyUjvRLCZ0QHqsZWhIJNNeOj44wwdG6eIgUqZCwGP170RKpNZD6ZtOSaCvZ72R+J/XSiA49VIexgmwkE4WBYnAEOHR97jLFaMghoYQqri5FdM+UYSCyWhqC/DBU1YysTizIcwT96h6VrWvjyu18zyfItpD++gQOegE1dAlqiMXUSTRC3pFb9az9W59WJ+T1oKVz+yiKVhfv1sVmAU=</latexit>
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Only high momentum DM pass through bubble wall and survive, reduces abundance

In massless phase, DM in thermal equilibrium, orders of magnitude too much DM

Filtered Dark Matter: Cartoon
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Numerically solve Boltzmann equation L[f�] =C[f�]
<latexit sha1_base64="mdB/h50502GhSl1iTjdhZMpAOTo=">AAACEnicbZDNSsNAFIUn9a/Wv6hLN4NFEZGSiKAulEI3LlxUMLaQhDCZTtqhk0mYmQgl9B3c+CpuXKi4deXOt3HSVtHqgYHDd+9l7j1hyqhUlvVhlGZm5+YXyouVpeWV1TVzfeNGJpnAxMEJS0Q7RJIwyomjqGKknQqC4pCRVthvFPXWLRGSJvxaDVLix6jLaUQxUhoF5r4XI9ULo/xy6EaBh3vUh2e73gH84o1vHphVq2aNBP8ae2KqYKJmYL57nQRnMeEKMySla1up8nMkFMWMDCteJkmKcB91iastRzGRfj66aQh3NOnAKBH6cQVH9OdEjmIpB3GoO4tN5XStgP/V3ExFJ35OeZopwvH4oyhjUCWwCAh2qCBYsYE2CAuqd4W4hwTCSsdY0SHY0yf/Nc5h7bRmXR1V6+eTNMpgC2yDPWCDY1AHF6AJHIDBHXgAT+DZuDcejRfjddxaMiYzm+CXjLdPhAKdfg==</latexit><latexit sha1_base64="mdB/h50502GhSl1iTjdhZMpAOTo=">AAACEnicbZDNSsNAFIUn9a/Wv6hLN4NFEZGSiKAulEI3LlxUMLaQhDCZTtqhk0mYmQgl9B3c+CpuXKi4deXOt3HSVtHqgYHDd+9l7j1hyqhUlvVhlGZm5+YXyouVpeWV1TVzfeNGJpnAxMEJS0Q7RJIwyomjqGKknQqC4pCRVthvFPXWLRGSJvxaDVLix6jLaUQxUhoF5r4XI9ULo/xy6EaBh3vUh2e73gH84o1vHphVq2aNBP8ae2KqYKJmYL57nQRnMeEKMySla1up8nMkFMWMDCteJkmKcB91iastRzGRfj66aQh3NOnAKBH6cQVH9OdEjmIpB3GoO4tN5XStgP/V3ExFJ35OeZopwvH4oyhjUCWwCAh2qCBYsYE2CAuqd4W4hwTCSsdY0SHY0yf/Nc5h7bRmXR1V6+eTNMpgC2yDPWCDY1AHF6AJHIDBHXgAT+DZuDcejRfjddxaMiYzm+CXjLdPhAKdfg==</latexit><latexit sha1_base64="mdB/h50502GhSl1iTjdhZMpAOTo=">AAACEnicbZDNSsNAFIUn9a/Wv6hLN4NFEZGSiKAulEI3LlxUMLaQhDCZTtqhk0mYmQgl9B3c+CpuXKi4deXOt3HSVtHqgYHDd+9l7j1hyqhUlvVhlGZm5+YXyouVpeWV1TVzfeNGJpnAxMEJS0Q7RJIwyomjqGKknQqC4pCRVthvFPXWLRGSJvxaDVLix6jLaUQxUhoF5r4XI9ULo/xy6EaBh3vUh2e73gH84o1vHphVq2aNBP8ae2KqYKJmYL57nQRnMeEKMySla1up8nMkFMWMDCteJkmKcB91iastRzGRfj66aQh3NOnAKBH6cQVH9OdEjmIpB3GoO4tN5XStgP/V3ExFJ35OeZopwvH4oyhjUCWwCAh2qCBYsYE2CAuqd4W4hwTCSsdY0SHY0yf/Nc5h7bRmXR1V6+eTNMpgC2yDPWCDY1AHF6AJHIDBHXgAT+DZuDcejRfjddxaMiYzm+CXjLdPhAKdfg==</latexit>

Integrate over unimportant variables and 
assume steady state

g�

Z
dpxdpy
(2⇡)2

L[f�] = g�

Z
dpxdpy
(2⇡)2

C[f�]
<latexit sha1_base64="nNVUgW/2VgEMuPylShQy88UOnP8="></latexit><latexit sha1_base64="nNVUgW/2VgEMuPylShQy88UOnP8="></latexit><latexit sha1_base64="nNVUgW/2VgEMuPylShQy88UOnP8="></latexit>

Introduce ansatz
<latexit sha1_base64="CVjh9wdRz2lpkqarc5u4rYXgkXA="></latexit>

f� =A(z, pz)⇥ f eq
� (~x, ~p)

Can finally solve using the Method of Characteristics

Dark Matter: Filtered Dark Matter
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Filtered Dark Matter: Numerical Calculation
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Filtered Dark Matter: Parameter Space and Constraints
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Filtered Baryogenesis
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Filtered Baryogenesis
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Primordial Black Hole Production
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PBH formation



PBH formation

Event Horizon Telescope Collaboration
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• Several possible production mechanisms 
- Collapse of density perturbations generated during inflation 
- Collapse of topological defects 
- Dynamics of scalar condensates 
- Collision of bubble walls during a first-order PT

• Previous work on first-order PT has only considered 
energy stored in bubble walls.  We focus on a 
population of particles that interact with the bubble wall

PBH Production: Primordial Black Holes

• Motivations 
- Many, some at end of this section
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PBH Production: Cartoon

2105.07481 (PLB) - MJB, M. Breitbach, J. Kopp, L. Mittnacht 
2110.00005 (PRD) - MJB, M. Breitbach, J. Kopp, L. Mittnacht

https://arxiv.org/abs/2105.07481
https://www.sciencedirect.com/science/article/pii/S0370269325003867?via=ihub
https://arxiv.org/abs/2110.00005
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.111.063544
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PBH Production: Cartoon
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Again numerically solve Boltzmann equation L[f�] =C[f�]
<latexit sha1_base64="mdB/h50502GhSl1iTjdhZMpAOTo=">AAACEnicbZDNSsNAFIUn9a/Wv6hLN4NFEZGSiKAulEI3LlxUMLaQhDCZTtqhk0mYmQgl9B3c+CpuXKi4deXOt3HSVtHqgYHDd+9l7j1hyqhUlvVhlGZm5+YXyouVpeWV1TVzfeNGJpnAxMEJS0Q7RJIwyomjqGKknQqC4pCRVthvFPXWLRGSJvxaDVLix6jLaUQxUhoF5r4XI9ULo/xy6EaBh3vUh2e73gH84o1vHphVq2aNBP8ae2KqYKJmYL57nQRnMeEKMySla1up8nMkFMWMDCteJkmKcB91iastRzGRfj66aQh3NOnAKBH6cQVH9OdEjmIpB3GoO4tN5XStgP/V3ExFJ35OeZopwvH4oyhjUCWwCAh2qCBYsYE2CAuqd4W4hwTCSsdY0SHY0yf/Nc5h7bRmXR1V6+eTNMpgC2yDPWCDY1AHF6AJHIDBHXgAT+DZuDcejRfjddxaMiYzm+CXjLdPhAKdfg==</latexit><latexit sha1_base64="mdB/h50502GhSl1iTjdhZMpAOTo=">AAACEnicbZDNSsNAFIUn9a/Wv6hLN4NFEZGSiKAulEI3LlxUMLaQhDCZTtqhk0mYmQgl9B3c+CpuXKi4deXOt3HSVtHqgYHDd+9l7j1hyqhUlvVhlGZm5+YXyouVpeWV1TVzfeNGJpnAxMEJS0Q7RJIwyomjqGKknQqC4pCRVthvFPXWLRGSJvxaDVLix6jLaUQxUhoF5r4XI9ULo/xy6EaBh3vUh2e73gH84o1vHphVq2aNBP8ae2KqYKJmYL57nQRnMeEKMySla1up8nMkFMWMDCteJkmKcB91iastRzGRfj66aQh3NOnAKBH6cQVH9OdEjmIpB3GoO4tN5XStgP/V3ExFJ35OeZopwvH4oyhjUCWwCAh2qCBYsYE2CAuqd4W4hwTCSsdY0SHY0yf/Nc5h7bRmXR1V6+eTNMpgC2yDPWCDY1AHF6AJHIDBHXgAT+DZuDcejRfjddxaMiYzm+CXjLdPhAKdfg==</latexit><latexit sha1_base64="mdB/h50502GhSl1iTjdhZMpAOTo=">AAACEnicbZDNSsNAFIUn9a/Wv6hLN4NFEZGSiKAulEI3LlxUMLaQhDCZTtqhk0mYmQgl9B3c+CpuXKi4deXOt3HSVtHqgYHDd+9l7j1hyqhUlvVhlGZm5+YXyouVpeWV1TVzfeNGJpnAxMEJS0Q7RJIwyomjqGKknQqC4pCRVthvFPXWLRGSJvxaDVLix6jLaUQxUhoF5r4XI9ULo/xy6EaBh3vUh2e73gH84o1vHphVq2aNBP8ae2KqYKJmYL57nQRnMeEKMySla1up8nMkFMWMDCteJkmKcB91iastRzGRfj66aQh3NOnAKBH6cQVH9OdEjmIpB3GoO4tN5XStgP/V3ExFJ35OeZopwvH4oyhjUCWwCAh2qCBYsYE2CAuqd4W4hwTCSsdY0SHY0yf/Nc5h7bRmXR1V6+eTNMpgC2yDPWCDY1AHF6AJHIDBHXgAT+DZuDcejRfjddxaMiYzm+CXjLdPhAKdfg==</latexit>

Now considerably more complicated: 

• Retain two momentum directions 

• Time dependence 

• Need to solve in whole volume, not just near 
wall

Primordial Black Holes Production
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PBH Production

0.11

rw(t) / r0
H

1

10

100

103

hΩ
¬
i

/
Ωe

q ¬

2

BH formation

Sc
hw

ar
zsc

hil
d

Je
an

s ins
ta

bil
ity

vw =0.5

lw ª 1
Tn

Tn < 1010 TeV

r0
w m1

¬
y¬p

Tn/PeV

Tn .1010 TeV

1.5 r0
H 10 Tn 1095

2.0 r0
H 10 Tn 1095

1.5 r0
H 5 Tn 1095

1.5 r0
H 10 Tn 1094



32

PBH Production: PBH mass and density
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• Presented a novel DM production mechanism

Thank you!

Conclusions

• First-order cosmological phase transitions are more-or-
less calculable and can lead to a wide range of 
interesting phenomena 

• Presented a novel PBH production mechanism


