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Why are Cosmological Phase Transitions Interesting?

● Many models of Physics beyond the SM predict early universe first order 
phase transitions
○ Electroweak baryogenesis, early dark energy, etc…
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Why are Cosmological Phase Transitions Interesting?

● Many models of Physics beyond the SM predict early universe first order 
phase transitions
○ Electroweak baryogenesis, early dark energy, etc…

● Such phase transitions are often accompanied by observable signatures 
which can be used to learn about the associated physics

○ We focus on dark radiation
■ Generic example: production of gravitational waves from bubble 

collisions
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Cosmic Microwave Background
● Dark radiation contributes to energy density, which influences CMB photons 

through the metric
○ Constraints on dark radiation:                     [1807.06209]
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Cosmic Microwave Background
● Dark radiation contributes to energy density, which influences CMB photons 

through the metric
○ Constraints on dark radiation:                     [1807.06209]

Broad class of FOPT models that 
produce DR isocurvature can be 
constrained more stringently!

Rutgers University Mitchell J. Weikert 3arxiv:2402.13309 SUSY 2024

■ Adiabatic initial conditions:



Inflationary Phase Transition
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Inflationary Phase Transition

● Single field inflation driven by
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● Consider comoving horizon

arxiv:2402.13309

● Introduce scalar      

● PT completes:                DR
○ Large-scale features in CMB

● Vacuum structure changes     

Reheating
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PT remains 
incomplete
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PT with Non-Thermal Trigger

Behaves like a step function
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Cosmological PT Parameters
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Cosmological PT Parameters
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The PT completes when                                      

Isocurvature Power Spectrum

Isocurvature!
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Temperature Anisotropy Angular Power Spectrum 
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Temperature Anisotropy Angular Power Spectrum 

Fourier and Legendre 
Transform

Only curvature 
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Calculation of Angular Power Spectrum with CLASS
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MCMC Results with Planck+BAO
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Fixed (Left)
-Small      : 
preference for 
intermediate values 
of 
-large      : limits 
weaken at large

Fixed (Right)
-Limits depend on

for small
and 
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Conclusion

● We set constraints on a class of FOPTs
● PT starts during inflation and remain incomplete until after reheating
● When the PT completes, bubble collisions produce dark radiation
● Leads to DR isocurvature modes observable in CMB

● Associated signal: gravitational waves from when the PT completes
○ If a gravitational wave signal is ever observed, our constraints can be 

interpreted as constraints on the scale of inflation
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Thank You!
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Power Spectrum (Details)
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DR Isocurvature Power Spectrum 

Working the gauge 

The PT completes after reheating when                                      at conformal time

All remaining energy density in     is quickly converted to DR 

density is 
approximately gauge 
invariant as
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DR Isocurvature and Adiabatic Modes Formalism

And the power spectra are defined as

The perturbation variables                                                 can be written as

Where the initial conditions for the modes satisfy 
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NANOGrav Signal Asymptotic limits for 
small 

[2306.09411]
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Estimated Non-Gaussianity Constraints

Naive mapping from neutrino density isocurvature suggests:

A dedicated search for non Gaussianity in the equilateral 
configuration is needed 
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