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CMB anisotropy 

of the last scattering surface

CMB energy spectrum

Early Universe is like a hot & dense soup

Large Scale Structure

clumpiness of the DM distribution

very close to blackbody spectrum
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Let’s consider first-order PT in a dark sector that 

leaves purely gravitational imprints on cosmo signals
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Dark 
matter

Baryon
Photon

Gravity

perturbation Neutrino

Phase transition in

a dark sector
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Phase transition parameters

Γ ≈ Γ0 eβt

Transition probability / volume & time
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Average bubble size ≈ (8π)1/3vwβ−1

β
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PT temperature    ,  TPT ⇒ H−1
PT τPT, zPT, TPT

(comoving time, redshift, SM temperature at PT)

β/HPT

Fraction of the latent heat (assuming goes into dark radiation) 
compared to total energy density,  fDR = ρDR /(ρDR + ρSM)

(Parametrize the PT duration)
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FOPT produces tensor perturbations

that sources gravitational waves 

Cutting, Hindmarsh, Weir (2018)Beniwal et al. 1702.06124

large tensor perturbations


release energy

produce 

gravitational wave
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How to quantify the scalar mode fluctuations?

6

FOPT also produces 

energy density (scalar) perturbations 
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Scalar Perturbations

from a first-order phase transition
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Start from the fluctuation of phase transition “time”

𝒫Δt/t(k) = ⟨ΔtPTΔtPT⟩k
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Two point function of the 

“PT time-fluctuation”. This is like the 
square of standard deviation in time

t̄PT t̄PT + ΔtPT

PT time distribution

(Standard deviation)^2


∼ 𝒫Δt/t

t̄PT − ΔtPT

tPT(x) = t̄PT + ΔtPT(x)

inverse of length separationk ∼
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Start from the fluctuation of phase transition “time”

𝒫Δt/t(k) = ⟨ΔtPTΔtPT⟩k

Δr = k−1 Δr = k−1

tPT
tPT + ΔtPT

two bubbles that

reach B then A

A B A B
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one bubble that

reach B then A

Calculate the correlation function by 

multiplying the  square to the 

probability of a given bubble

expansion setup

ΔtPT

tPT + ΔtPT

tPT

inverse of length separationk ∼
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 of PT time fluctuation,

which is universal under specific parametrization
𝒫Δt/t(k) = ⟨ΔtPTΔtPT⟩k
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Bubble size
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𝒫Δt/t ≈ 2.8 (8π) v3
w (kτPT)3 (β/H)−5
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The power-law dependence can be explained  

by simple statistical fluctuation ≈ 1/ Nbubbles

Bubble size
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PT-time fluctuations + redshift differences between dark radiation and 
vacuum energy convert isocurvature into curvature perturbations

𝒫ζ(k) = f2
DR𝒫Δt/t(k) + 𝒫ad(k) 𝒫Δt/t ≈ 3(8π) v3

w (kτPT)3 (β/H)−5
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Cosmological Constraints
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“Late”:  eV to GeV TSM ∼

“Super-late”: , dark energy dominationz < 0.3

12
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“Super-late”: , dark energy dominationz < 0.3

Let’s start from “late”
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“Late”:  eV to GeV TSM ∼
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Explore   bound/sensitivity with PT temperature         
between eV and GeV     

fDR

fDR = ρDR /(ρDR + ρSM)
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Some motivations of FOPT in the temperature window

NANAGrav 

preferredNEDE

TPT [eV]
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New Early Dark Energy model 

for relaxing the H0 tension

Niedermann & Sloth (2020)


(The generic Neff bound

doesn’t apply)

NANOGrav: 2306.16219 

Left: sound wave


Right: bubble collision

ΔNeff < 0.29

ΔNeff < 0.06
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Phase transition curvature perturbation

modifies various cosmological signals

Changes

CMB fluctuations    

Distort CMB’s 

blackbody spectrum

Temperature fluctuations 

disrupt photons’ 


blackbody spectrum

Modifies

structure formation  

Enhance DM perturbations,

produce more DM clumps
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Enhance CMB power spectrum

with a well-predicted


spectral shape 
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Current (color-filled) and future sensitivity ( ) 2σ

Ultra-faint DW

heating
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NEDE model needs to consider phase transition with 

(Niedermann & Sloth (2020) does consider large  with a trigger field)

β/H > 400
β/H

Ultra-faint DW

heating
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Ultra-faint DW

heating

Future Pulsar Timing Array measurement of DM clumps 

Lee, Mitridate, Trickle, Zurek (2012): may provide a cross check of the PTA GW from PT

Allali, Jungkind, Tsai, Yang (in progress)
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What about a “super-late” FOPT?
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“Late”:  eV to GeV TSM ∼

“Super-late”: , dark energy dominationz < 0.3

Seth Koren, YT, Runquing Wang  (2509.07076) 
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When the Universe was dominated by vacuum energy (dark 
energy, DE), in the last few billion years, it is plausible that 
the field associated with the DE underwent a phase 
transition, tunneling to a lower energy vacuum


If FOPT happens at the DE-dominant era, how can we see it?
19Yuhsin Tsai ytsai3@nd.edu
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One thing this super late FOPT can do, is to modify the 
Hubble expansion


Hpt(z, zpt, r) = H0 ΩΛ(1 − r) + r ΩΛ ( 1 + z
1 + zpt )

4

+ Ωm(1 + z)3

However, constraints on such late time Hubble expansion is quite 
weak, only sensitive to  more than about 65%r

Assuming a fraction    of dark energy went into dark radiation
r

Hubble expansion slows down due to the redshift of dark radiation 
energy
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Use what we’ve learned: FOPT generate perturbations, 

cosmo observations are good at probing perturbations!

Δtpt ∼ β−1

z̄pt

O
z̄0

A B

CMB photon CMB photon

z̄pt + δzpt

z̄0 + δz0

Homogeneous
dark radiation
Homogeneous


dark radiation

Inhomogeneous 
dark radiation

21
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Comoving time (independent of cosmic expansion) remains 

the same   χAO

z̄pt+δzpt

0
= χBO

z̄pt+δzpt

δz0

Δtpt ∼ β−1

z̄pt

O
z̄0

A B

CMB photon CMB photon

z̄pt + δzpt

z̄0 + δz0

Homogeneous
dark radiation
Homogeneous


dark radiation

Inhomogeneous 
dark radiation

A

O

B

z̄pt + δzpt

21
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β/H⋆ = 40

80

100200

3

the PT the Hubble expansion rate is

Hpt(z, zpt, r) (4)

⌘ H0

s

⌦⇤(1� r) + r⌦⇤

✓
1 + z

1 + zpt

◆4

+ ⌦m(1 + z)3 ,

where we use zpt (without a bar) to indicate that the
dark radiation density can vary across points due to
PT time fluctuations. Because the PT considered here
only a↵ects the CMB spectra at ` . 50, while most
⇤CDM parameter constraints are determined by higher
` modes, we adopt the Planck 2018 best-fit parameters
[42]: H0 = 68, km, s�1Mpc�1, ⌦⇤ = 0.31, and ⌦m = 0.69
in our analysis. Rather than performing a full fit of the
⇤CDM+PT model to cosmological data, we estimate up-
per bounds on r from CMB anisotropy using these fixed
parameters. As we will show, even when saturating the
anisotropy bounds, the change in the universe’s average
redshift due to the PT can be well below 1%, result-
ing in shifts in ⇤CDM energy densities smaller than the
current precision. As the CMB fluctuations we consider
come from random bubble distributions of PT, which are
uncorrelated to the adiabatic perturbations, we turn o↵
the adiabatic perturbations in the following discussion
and consider the total CMB power spectrum to be the
sum of PT and ⇤CDM results.

We focus on PTs with �/H? ⇡ 10–100, which implies
that a PT finishing at z̄pt started at nearly the same
redshift. A CMB photon traveling along the line of sight
will enter the true vacuum region at z̄pt+�zpt(✓,�), where
the redshift at photon entry varies due to stochasticity.
We note that as z̄pt is defined at the redshift at which
the PT finishes, �zpt � 0. Since the PT quickly takes
over the space, it will then always be in the true vacuum
region. As Hubble is decreasing inside, the photons can
be redshifted more or less before reaching us, depending
on �zpt(✓,�), which defines a “first-encounter-surface”
(Fig. 1) that is similar to the last scattering surface of
the CMB photon during recombination.

The first-encounter-surface determines when along a
CMB photon’s trajectory it sees the background density
redshifting, and so the amount of propagation in the red-
shifting background for a given photon fluctuates by or-
der �zpt. The stochasticity in the phase transition time
also induces spatial variations in the dark sector energy
density, which in turn could modify the local Hubble rate
at all later times, imprinting additional fluctuations in
the photon spectrum. However, since we consider free-
streaming dark radiation, the energy density becomes ho-
mogenized on the scale of the bubble size, which is where
the dominant CMB anisotropy signal arises. For this
reason, we take a conservative, simplifying assumption
by only considering perturbations due to the inhomoge-
neous redshifting of dark radiation within [z̄pt+�zpt, z̄pt],
where the photon propagation time is comparable to the
PT duration for the peak �t contribution of P�t(k). Be-
yond the time interval, we treat the energy density as
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FIG. 2: CMB temperature power spectrum from a PT
at zpt = 0.1 SK : z̄pt, also above in Figure with r = 0.1.
Discrete ` points are connected for visualization. The
+1� error bar from Planck 2018 is shown for
comparison. z̄pt = 0.1, r = 0.1

homogeneous.1

We define the comoving distance

�zpt,r(zi, zf ) =

Z
zi

zf

dz

(1 + z)Hpt(z, zpt, r)
. (5)

In the no-PT case, r = 0, and we drop the zpt dependence
to write �zpt,r=0 ⌘ �0(zi, zf ).
The first-encounter-surface is anisotropic and located

at z̄pt + �zpt(✓,�) (line BO in Fig. 1). The comoving
distance from this entry point to us is:

�BO

���
z̄pt+�zpt

�z0

= �z̄pt+�zpt,r(z̄pt + �zpt, �z0) , (6)

where the final redshift �z0 also depends on (✓,�). To
determine this fluctuation, we can compare to the case
where the PT occurs uniformly at z̄pt without fluctua-
tions. There are no fluctuations of the final redshift in
this case, and �z0 = 0 (line AO in Fig. 1). The comoving
distance a photon travels from redshift z̄pt+�zpt(✓,�) to
today is given by

�AO

���
z̄pt+�zpt

0
= �z̄pt,r(z̄pt, 0) + �0(z̄pt + �zpt, z̄pt) , (7)

Since the phase transition only a↵ects the expansion
rate of the universe, the total comoving distance from
the same initial redshift to us must remain the same.
This gives the condition:

�AO

���
z̄pt+�zpt

0
= �BO

���
z̄pt+�zpt

�z0

. (8)

1
If the PT reheats into slow-moving fluids such as dark matter,

the lack of free-streaming damping could preserve larger Hubble

fluctuations at low redshift, enhancing the CMB anisotropy. The

perturbations we study are thus the minimal signatures, and we

leave these cases for future work.
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the PT the Hubble expansion rate is

Hpt(z, zpt, r) (4)

⌘ H0

s

⌦⇤(1 � r) + r ⌦⇤

✓
1 + z

1 + zpt

◆4

+ ⌦m(1 + z)3 ,

where we use zpt (without a bar) to indicate that the
dark radiation density can vary across points due to
PT time fluctuations. Because the PT considered here
only a↵ects the CMB spectra at ` . 50, while most
⇤CDM parameter constraints are determined by higher
` modes, we adopt the Planck 2018 best-fit parameters
[42]: H0 = 68, km, s�1Mpc�1, ⌦⇤ = 0.31, and ⌦m = 0.69
in our analysis. Rather than performing a full fit of the
⇤CDM+PT model to cosmological data, we estimate up-
per bounds on r from CMB anisotropy using these fixed
parameters. As we will show, even when saturating the
anisotropy bounds, the change in the universe’s average
redshift due to the PT can be well below 1%, result-
ing in shifts in ⇤CDM energy densities smaller than the
current precision. As the CMB fluctuations we consider
come from random bubble distributions of PT, which are
uncorrelated to the adiabatic perturbations, we turn o↵
the adiabatic perturbations in the following discussion
and consider the total CMB power spectrum to be the
sum of PT and ⇤CDM results.

We focus on PTs with �/H? ⇡ 10–100, which implies
that a PT finishing at z̄pt started at nearly the same
redshift. A CMB photon traveling along the line of sight
will enter the true vacuum region at z̄pt+�zpt(✓,�), where
the redshift at photon entry varies due to stochasticity.
We note that as z̄pt is defined at the redshift at which
the PT finishes, �zpt � 0. Since the PT quickly takes
over the space, it will then always be in the true vacuum
region. As Hubble is decreasing inside, the photons can
be redshifted more or less before reaching us, depending
on �zpt(✓,�), which defines a “first-encounter-surface”
(Fig. 1) that is similar to the last scattering surface of
the CMB photon during recombination.

The first-encounter-surface determines when along a
CMB photon’s trajectory it sees the background density
redshifting, and so the amount of propagation in the red-
shifting background for a given photon fluctuates by or-
der �zpt. The stochasticity in the phase transition time
also induces spatial variations in the dark sector energy
density, which in turn could modify the local Hubble rate
at all later times, imprinting additional fluctuations in
the photon spectrum. However, since we consider free-
streaming dark radiation, the energy density becomes ho-
mogenized on the scale of the bubble size, which is where
the dominant CMB anisotropy signal arises. For this
reason, we take a conservative, simplifying assumption
by only considering perturbations due to the inhomoge-
neous redshifting of dark radiation within [z̄pt+�zpt, z̄pt],
where the photon propagation time is comparable to the
PT duration for the peak �t contribution of P�t(k). Be-
yond the time interval, we treat the energy density as
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FIG. 2: CMB temperature power spectrum from a PT
at zpt = 0.1 SK : z̄pt, also above in Figure with r = 0.1.
Discrete ` points are connected for visualization. The
+1� error bar from Planck 2018 is shown for
comparison. z̄pt = 0.1, r = 0.1

homogeneous.1

We define the comoving distance

�zpt,r(zi, zf ) =

Z
zi

zf

dz

(1 + z)Hpt(z, zpt, r)
. (5)

In the no-PT case, r = 0, and we drop the zpt dependence
to write �zpt,r=0 ⌘ �0(zi, zf ).

The first-encounter-surface is anisotropic and located
at z̄pt + �zpt(✓,�) (line BO in Fig. 1). The comoving
distance from this entry point to us is:

�BO

���
z̄pt+�zpt

�z0

= �z̄pt+�zpt,r(z̄pt + �zpt, �z0) , (6)

where the final redshift �z0 also depends on (✓, �). To
determine this fluctuation, we can compare to the case
where the PT occurs uniformly at z̄pt without fluctua-
tions. There are no fluctuations of the final redshift in
this case, and �z0 = 0 (line AO in Fig. 1). The comoving
distance a photon travels from redshift z̄pt +�zpt(✓,�) to
today is given by

�AO

���
z̄pt+�zpt

0
= �z̄pt,r(z̄pt, 0) + �0(z̄pt + �zpt, z̄pt) , (7)

Since the phase transition only a↵ects the expansion
rate of the universe, the total comoving distance from
the same initial redshift to us must remain the same.
This gives the condition:

�AO

���
z̄pt+�zpt

0
= �BO

���
z̄pt+�zpt

�z0

. (8)

1
If the PT reheats into slow-moving fluids such as dark matter,

the lack of free-streaming damping could preserve larger Hubble

fluctuations at low redshift, enhancing the CMB anisotropy. The

perturbations we study are thus the minimal signatures, and we

leave these cases for future work.
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FIG. 2: CMB temperature power spectrum from a PT
at z̄pt = 0.1 with r = 0.1. Discrete ` points are
connected for visualization. The +1� error bar from
Planck 2018 [43] is shown for comparison. Planck +1�
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In the no-PT case, r = 0, and we drop the zpt dependence
to write �zpt,r=0 ⌘ �0(zi, zf ).
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If the PT reheats into slow-moving fluids such as dark matter,

the lack of free-streaming damping could preserve larger Hubble

fluctuations at low redshift, enhancing the CMB anisotropy. The

perturbations we study are thus the minimal signatures, and we

leave these cases for future work.

5 10 15 20 25 30 35
10

100

1000

104

Once solving the fluctuations in the final photon redshift  ,

we can compute the resulting contribution to the CMB power 
spectrum (similar to the Sachs-Wolfe effect)


δz0

Illustration only

Signals from FOPT
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r ≤ 0.003

r ≤ 0.005

r ≤ 0.01

r ≤ 0.02

r ≤ 0.04

r ≤ 0.1

r ≤ 0.2

r ≤ 0.4
r ≤ 0.6

r ≤ 1
r ≤ 2

r ≤ 3

δz̄0 ≥ 1 %
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500 tend ≥ 22 Gyrs
tend ≥ 14 Gyrs

Single bubble  

Existing upper bounds on the fraction of dark 

energy  that can go into dark radiation 
r

 means the Universe 
would eventually transition 
into an anti–de Sitter phase 
and begin to contract. Our 
bounds indicate that this 
could only occur at least 
about 10 billion years from 
now

r > 1
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About the tensor mode perturbations

dℓ2 = a(t)2[(1 + ζ) δij + hij] dxi dxj

background 

expansion

scalar

perturbation

tensor

perturbation

a(t)2 ζ hij

Yuhsin Tsai ytsai3@nd.edu

Kylar Green, Aurora Ireland, Gordan Krnjaic, YT  (2410.23348)
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Similar method as scalar perturbation 

gives tensor power spectrum e.g., Jinno & Takimoto (2016)

𝒫h(k) ∝ ⟨ Πij(k) Π*ij (k) ⟩

h′￼′￼

ij + 2ℋh′￼ij + k2hij = 8πGa2ΠijDuring PT 

Right after PT h′￼′￼

ij + 2ℋh′￼ij + k2hij = 0  propagates

after horizon entry

h

Green, Ireland, Krnjaic, YT (2024)
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∝ k3
∝ k3
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Tensor power spectrum generates CMB B-modes

CBB
ℓ = 36π∫

∞

0

dk
k

𝒫h(k) Fℓ(k)2𝒫h(k)

26Yuhsin Tsai ytsai3@nd.edu

mailto:ytsai3@nd.edu?subject=


31

Can use a generic tensor power spectrum to parametrize any 
Early Causal Tensor sources 


(early sources turn on and off before the CMB-sensitive scale )z > 7 × 104

Can set an upper bound on  with existing B-mode 
measurements (Zebrowski, Ireland, Reichardt, Greene, Krnjaic, YT, Bouchet to appear this week)

rect
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𝒫h(k) ≡ rectAs ( k
0.05 Mpc−1 )
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Summary

First order phase transition (FOPT) generates super-horizon scalar & 
tensor mode perturbations

Lead to much tighter constraints and future sensitivity to the phase 
transition signals, even if the FOPT solely exists in a dark sector

28Yuhsin Tsai ytsai3@nd.edu

Future observation of FOPT is possible with both scalar and tensor-
mode perturbations. (CMB anisotropy, Large Scale Structure, CMB energy spectrum)

There’re many ways cosmology can probe new physics gravitationally. 
(Cosmic strings, domain walls, …) FOPT is only one example
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