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Life is Complicated

Bubbles are surrounded by  ‘stuff’…..

‘runaway’!

equilibrium!

2 qualitative cases:
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Runaway vs. non-runaway
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2 qualitative cases:

Strength & shape of GW signal depend on dominant source of GW, 

which depends on bubble dynamics.
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Dominated by bubble collisions
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Strength & shape of signal depend on dominant source of GW, 

which depends on bubble dynamics.

e.g. thermal plasma

Sound waves & Turbulence
 in thermal plasma

Runaway vs. non-runaway

fall-off
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Runaway vs. non-runaway

Generally friction effects distort the signal! 
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Calculating Pressure importantdifficult

Simplification in relativistic limit

Think of expanding domain wall as interacting with individual particles

Azatov, Vanvlasser [2010.02590]
Gouttenoire, Jinno, Sala [2112.07686]

Rest of talk
● Highlight a new significant LO effect involving massive vectors. 

● Apply it to the scenario of dark photon dark matter.

(                                       )
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LO Pressure Set up
● Ignore curvature of wall and boost to its rest frame.
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Let’s solve for R and T…. Use step function approximation for simplicity.

35



LO Pressure Set up
● Ignore curvature of wall and boost to its rest frame.

 

● Particle mass changes from       to  

3636

Scalar particle example 
with matching 
conditions:



LO Pressure Set up
● Ignore curvature of wall and boost to its rest frame.

 

● Particle mass changes from       to  

3737

Scalar particle example 
with matching 
conditions:



LO Pressure Set up
● Ignore curvature of wall and boost to its rest frame.

 

● Particle mass changes from       to  

3838

Scalar particle example 
with matching 
conditions:



LO Pressure Set up
● Ignore curvature of wall and boost to its rest frame.

 

● Particle mass changes from       to  

3939

Scalar particle example 
with matching 
conditions:



LO Pressure Set up
● Ignore curvature of wall and boost to its rest frame.

 

● Particle mass changes from       to  

4040

Scalar particle example 
with matching 
conditions:

● In the relativistic limit                 the LO pressure quickly becomes constant 

Total Pressure



LO Pressure Set up
● Ignore curvature of wall and boost to its rest frame.

 

● Particle mass changes from       to  

4141

Scalar particle example 
with matching 
conditions:

0

● In the relativistic limit                 the LO pressure quickly becomes constant 

Total Pressure



LO Pressure Set up
● Ignore curvature of wall and boost to its rest frame.

 

● Particle mass changes from       to  

4242

Scalar particle example 
with matching 
conditions:

0

● In the relativistic limit                 the LO pressure quickly becomes constant 

Total Pressure



Runaway Criterion
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Transverse Polarizations
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‘Lorentz’ condition

Just like scalar case!



Longitudinal Polarization: Step function
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Derive matching conditions 



Write down solutions for 

Derive matching conditions 

Reflection 
probability !?

54

Longitudinal Polarization: Step function



Write down solutions for 

Derive matching conditions 

Reflection 
probability !?

55

Longitudinal Polarization: Step function



Write down solutions for 

Derive matching conditions 

Reflection 
probability !?

56

Longitudinal Polarization: Step function



Write down solutions for 

Derive matching conditions 

Reflection 
probability

57

Longitudinal Polarization: Step function



58
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Derive matching conditions 

Reflection 
probability !?
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Effective Schrodinger equation 



Smooth wall: Longitudinal
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The Born Approximation

Can prove for general wall profile 

For the tanh profile

+ ...
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Pressure from a population of cold dark photons (e.g. dark matter)

Dark Photons Pressure

ignore



70

Dark Photons Pressure



Maximum Dynamic Pressure
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Rocket Science!
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Max Q Condition
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Equilibrium

Normalise to 
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What does it all mean?
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What does it all mean?
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H > m

!

Given a phase transition:  , , , 

‘super-cooled thermal / cold’

H > m

‘standard thermal’
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Equilibrium Dynamics

84

Energy goes into reflected (now relativistic) longitudinal dark photons.

Back in the dark matter frame, simple relativistic kinematics give: 

Reflected longitudinals concentrated in a thin shell



Dark Matter → Dark Radiation
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Dark Matter → Dark Radiation
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Recombination
(CMB)

‘Hot/warm’ dark 
matter today !



Conclusions and Outlook
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Conclusions

● Highlighted an interesting physical effect at LO: 
domain walls can act as ‘longitudinal mirrors’

● Explicitly demonstrated friction on bubble can be have a maximum at intermediate  

● Complementary signal of FOPT when dark photons around

   Outlook

● NLO: Proper treatment of longitudinal vectors, gauge invariance, multiple emission

● EFT sensitivity of pressure: ‘relevant’ higher dimensional operators

● Possibility and dynamics of

   More Outlook

● Finite temperature and density masses. Photon at material interface?

● Enhanced detection of dark photons form the sun?

● …… 
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   More Outlook

● Finite temperature and density masses. Photon at material interface?

● Enhanced detection of dark photons form the sun?

● …… 

   Outlook General (quite rich!)

● e.g. Several aspects of NLO calculations are still not settled. 

   Outlook Specific

● Possibility and dynamics of   

● Essentially a Nambu-Goldstone boson effect?

● Do thermal / medium masses count?

● Applications to dark photon detection?



THANK

YOU

Questions?

!
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Maximum Dynamic Pressure

95



Equilibrium Dynamics: Details
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Once the bubble’s speed is constant the wall carries a decreasing 
fraction of the total energy

Energy goes into reflected (now relativistic) longitudinal dark photons 

Reflected dark photons speed only slightly larger than wall speed

Dark photons distributed on shell of thickness 





Goldstone Equivalence theorem



m            0



Self Interactions
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1st Order Phase Transitions

bubble collisions

 
turbulence

sounds waves
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