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A first-order phase transition could occur in the late Universe when vacuum energy begins dominating
the energy density (z ≲ 0.3) and convert some latent heat into other forms such as invisible radiation. This
generic possibility also has concrete motivation in particle physics models, which invoke a multitude of
vacua to address theoretical puzzles. The naïve constraint on such an event comes from measurements of
the Hubble expansion rate, but this can only probe transitions involvingOð10Þ% of the dark energy. In this
Letter, we show that significantly tighter constraints appear when accounting for phase transition
fluctuations affecting CMB photon propagation anisotropically. For instance, if a completed phase
transition has β=H⋆ ≲ 25, current CMB data limit the associated vacuum energy released to less than 1% of
the dark energy. A transition to negative vacuum energy (quasi-anti–de Sitter) is allowed only for
β=H⋆ ≳ 300. For β=H⋆ ≲ 500, the Universe will not crunch for at least 14 Gyr.
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Introduction—Cosmology provides a powerful window
into the dark sector, where new particles—including dark
matter—can interact strongly with each other while remain-
ing nearly invisible to the standard model (SM) particles.
Decades of direct, indirect, and collider searches suggest
that any interaction with SM particles must be extremely
weak, if present at all. So far, gravity remains our most
reliable tool for probing the dark sector. Fortunately,
precision cosmological observations—sensitive to both
the evolution and fluctuations of the Universe—allow us
to study gravitational fluctuations induced by dark sector
dynamics across a wide range of scales and epochs. In
particular, they open the door to exploring dramatic events
such as first-order phase transitions (FOPTs) that may
occur entirely within the dark sector.
FOPTs have long been studied as efficient sources of

gravitational waves (GWs). Transitions occurring at SM
photon temperatures around 100 GeV to 1 TeV can produce
signals detectable by future GW detectors like laser inter-
ferometer space antenna (LISA) and big bang observer
(BBO) [1–9], with anisotropies that can reflect nontrivial
inflationary or reheating dynamics [10–14]. FOPTs at MeV
to GeV scales have been suggested as explanations for the
stochastic GW background observed by pulsar timing arrays

[15–29]. In the eV range, they have been proposed to help
resolve the Hubble tension [30–36] and may also produce
observable CMB B-mode signals in future measurements
[37]. Because of strong constraints from big bang nucleo-
synthesis (BBN) and the CMB, FOPTs below the 10 MeV
scale are generally required to occur entirely within a dark
sector to avoid excessive reheating of SM particles [38].
During FOPTs, bubble nucleation is stochastic and so

occurs anisotropically even in the absence of primordial
adiabatic perturbations. The resulting bubble wall colli-
sions, sound waves, and magnetohydrodynamic motions of
the plasma generate both scalar and tensor perturbations.
While tensor modes, especially their role in producing
GWs, have been extensively studied [39–41], scalar per-
turbations, including curvature and isocurvature modes,
remain much less explored. Recent studies [42–48] have
begun filling this gap, showing that precise measurements
of the CMB anisotropies, energy spectrum, and matter
power spectrum already provide tight constraints on
FOPTs occurring between 1 eV and 10 keV temperature.
Additional constraints arise from subhorizon density inho-
mogeneities generated during the PT, such as plasma sound
waves [49] or curvature perturbations sourced by gravita-
tional waves from bubble collisions [50].
In this Letter, we take a step further and explore

extremely late-time FOPTs at redshifts z≲ 0.3, within
the dark energy domination of the last few billion years.
We derive upper bounds on the change in vacuum energy
from a dark sector phase transition using constraints from
CMB anisotropy measurements. We consider the effect
of inhomogeneous redshifting of CMB photons due to
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variations in the time they enter true vacuum regions and
show that this can impose much stronger constraints than
those from the modification of cosmic expansion.
As to why such late FOPTs are well motivated to study

and constrain, we recall the earlier periods in the conven-
tional model of the early Universe when vacuum energy
nears domination and note that, each time, this portends
new vacuum dynamics, which turn this potential energy
into dynamical degrees of freedom. This may occur by the
rolling of an inflationary scalar field to its minimum, by a
crossover as at the QCD phase transition, or by a violent
FOPT as in proposals for electroweak baryogenesis. Quite
recently in the history of the cosmos, we have seen vacuum
energy reemerge as a dominant component, so it seems
reasonable to ask whether this too may signal a recent or
future phase transition.
Further beyond the SM, one large class of solutions to

naturalness problems of particle physics uses large numbers
of vacua and dynamical evolution between them. This
strategy was famously invoked for the cosmological con-
stant problem [51–62], and some mechanisms for the
hierarchy problem [63–70] and the strong CP problem
[71–75] work similarly. Generically, within such scenarios,
it is possible to have a further vacuum transition at a recent
time. This includes transitions to negative vacuum energy,
which lead eventually to crunching Universes, on which we
focus in the final section. This class of models, while seen
as promising, has not been developed enough that late-time
nucleation rates have been concretely calculated—this is
where a model-independent analysis is crucial to broadly
test these ideas.
Fluctuations of the phase transition time—An FOPT

occurs through the nucleation and expansion of bubbles,
the interiors of which are in the true vacuum. This process
is inherently stochastic, so different regions transition at
slightly different times. The bubble nucleation rate per unit
time and volume is described by [76–78]

Γ ¼ Γ0e−SðtÞ ≈ Γ0e−SðtfÞeβðt−tfÞ; ð1Þ

where S is the bounce action for creating a critical bubble,
and β ≈ −dSðtfÞ=dt. The timescale tf serves as a reference
time marking the PT’s progression, defined as when an e−1

fraction of space remains in the false vacuum [79]. When
β ≫ H⋆ ≡HðtfÞ, where HðzÞ is the Hubble scale, the
transition completes quickly, finishing in a small fraction of
the Hubble time near tf.
To estimate the redshift fluctuations of CMB photons

entering true vacuum regions, we begin by evaluating the
fluctuations in the PT time at different spatial points. We
define the local transition time at position x⃗ as tcðx⃗Þ and
quantify its fluctuations using the two-point function
H2

⋆hδtcðx⃗Þδtcðy⃗Þi, where δtcðx⃗Þ ¼ tcðx⃗Þ − t̄c and t̄c is the
average transition time. The corresponding dimensionless
power spectrum is derived in [43] via its Fourier transform:

PδtðkÞ ¼
k3

2π2

�
H⋆

β

�
2
Z

d3reik⃗·r⃗β2hδtcðx⃗Þδtcðy⃗Þi; ð2Þ

with r⃗ ¼ x⃗ − y⃗. For perturbation modes with comoving
wavelengths larger than the average comoving bubble
separation, k−1 ≫ db ≈ ð8πÞ1=3ð1þ z̄ptÞvwβ−1 [77,78],
where z̄pt is the redshift at which the PT completes, the
power spectrum primarily reflects the standard deviation of
the PT completion time averaged over a volume ∼k−3. This
leads to the dimensionless power spectrum [43]:

PδtðkÞ ≈ 3ð8πÞv3w
�ð1þ z̄ptÞk

H⋆

�
3
�
H⋆

β

�
5

; ð3Þ

assuming a bubble wall velocity vw. For wavelengths shorter
than the average bubble separation k−1 ≪ db, the power
spectrum is proportional to PδtðkÞ∝ ½ð1þ z̄ptÞk=H⋆�−3
ðH⋆=βÞ−1. In Supplemental Material, we show the full
δtc spectrum we use in our calculations [80], adapted
from [43].
CMB redshift fluctuations from phase transition—We

consider an FOPT in a dark-energy-dominated Universe,
with the transition to the true vacuum completing at redshift
z̄pt. Across the PT, a fraction r > 0 of the dark energy
density is released. To isolate the minimal signatures, we
consider a scenario where the latent heat is instantaneously
converted into free-streaming, massless dark radiation,
carrying an isocurvature perturbation. In a given complete
model, energy conversion will occur over a finite timescale
and the small-scale behavior depends on detailed bubble
wall dynamics, but the existence and qualitative behavior of
this large-scale perturbation signal will remain robust since
the average energy density in the perturbed region always
decreases following the phase transition.
We model the PT as leading to differential local Hubble

expansion as follows:

Hptðz;zpt;rÞ

≡H0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΩΛð1−rÞþrΩΛ

�
1þz
1þzpt

�
4

þΩmð1þzÞ3
s

; ð4Þ

where zpt (without a bar) varies anisotropically. Because the
PT considered here only affects the CMB spectra at l≲ 50,
while mostΛCDM parameter constraints are determined by
higher l modes, we adopt the Planck 2018 best-fit
parameters [84]: H0 ¼ 68 km s−1Mpc−1, ΩΛ ¼ 0.69, and
Ωm ¼ 0.31 in our analysis. Rather than performing a full fit
of the ΛCDMþ PT model to cosmological data, we
estimate upper 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%, resulting in shifts in ΛCDM energy densities
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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 off the adiabatic perturbations in the following dis-
cussion and consider the total CMB power spectrum to be
the sum of PT and ΛCDM results.
ACMB photon traveling along the line of sight will enter

the true vacuum region at z̄pt þ δzptðθ;ϕÞ, and we note that,
as z̄pt is defined at the redshift at which the PT finishes,
δzpt ≥ 0. We focus on PTs with β=H⋆ ≈ 10 − 500, and wall
velocity vw ¼ 1, so the photon will then always be in the
true vacuum region. As the Hubble is decreasing inside, the
photons can be redshifted more or less before reaching us,
depending on δzptðθ;ϕÞ, which defines a “first encounter
surface” (Fig. 1) that is similar to the last scattering surface
of the CMB photon during recombination.
The spatial variations in the dark sector energy density

could in general modify the local expansion at all later
times, imprinting additional fluctuations in the photon
spectrum. However, since we consider free-streaming dark
radiation, the energy density becomes homogenized 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 inhomogeneous redshifting of dark
radiation within ½z̄pt þ δzpt; z̄pt� (yellow region in Fig. 1).
Beyond this time interval, we treat the energy density as
homogeneous, and no further photon fluctuations are
generated. (If the PT reheats into slow-moving fluids such
as dark matter, the lack of free-streaming damping could
preserve larger energy density 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.)
We define the comoving distance as

χzpt;rðzi; zfÞ ¼
Z

zi

zf

dz
ð1þ zÞHptðz; zpt; rÞ

: ð5Þ

In the no-PT case, r ¼ 0, and we drop the zpt dependence to
write χzpt;r¼0 ≡ χ0ðzi; zfÞ.
The first encounter surface is anisotropic and located at

z̄pt þ δzptðθ;ϕÞ (line BO in Fig. 1). The comoving distance
from this entry point to us is

χBO

����
z̄ptþδzpt

δz0

¼ χ z̄pt;rðz̄pt; δz0Þ þ χ z̄ptþδzpt;rðz̄pt þ δzpt; z̄ptÞ;

ð6Þ

where the final redshift δz0 also depends on ðθ;ϕÞ. To
determine this fluctuation, we can compare to the case
where the PT occurs uniformly at z̄pt without fluctuations.
There are no fluctuations of the final redshift in this case,
and δz0 ¼ 0 (line AO in Fig. 1). The comoving distance a

photon travels from redshift z̄pt þ δzptðθ;ϕÞ to today is
given by

χAO

����
z̄ptþδzpt

0

¼ χ z̄pt;rðz̄pt; 0Þ þ χ0ðz̄pt þ δzpt; z̄ptÞ: ð7Þ

Since the phase transition only affects the expansion rate of
the Universe, the total comoving distance from the same
initial redshift to us must remain the same. This gives the
following condition:

χAO

����
z̄ptþδzpt

0

¼ χBO

����
z̄ptþδzpt

δz0

: ð8Þ

Solving this equality gives the final redshift fluctuation δz0
as a function of the PT-time fluctuation δzpt. For small
values z̄pt; δz0; δzpt ≪ 1, the solution is well approximated
by

δz0 ≈ δz2pt

�
rΩΛ

ð1þ z̄ptÞ½ΩΛ þΩmð1þ z̄ptÞ3�3=2
�
: ð9Þ

This expression agrees with the numerical solution at the
Oð1Þ% level for the parameters we consider. The fluc-
tuation scales with the PTenergy r and with δz2pt, where one
power of δzpt arises from its effect on photon propagation,
and the other from having a significant redshift of dark
radiation energy in the first δzpt window. For δzpt > 0, the
CMB photon enters the true vacuum region earlier, and the
Hubble expansion is slower at a later redshift due to a
smaller total energy density compared to the uniform-PT
case. This requires the expansion to end earlier with
δz0 > 0 to keep the same comoving distance.
We estimate the redshift power spectrum Pδzpt using the

power spectrum of the PT time at which each point
transitions to the true vacuum,

FIG. 1. Sketch of the origin of CMB fluctuations from a late-
time FOPT, comparing photon trajectories before (left) and after
(right) accounting for stochastic bubble nucleation. See text for
details.
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PδzptðkÞ ≈ ð1þ z̄ptÞ2PδtðkÞ: ð10Þ

Combining this with Eq. (9), we compute the two-point
function hδz2ptðθ1;ϕ1Þδz2ptðθ2;ϕ2Þi and obtain the power
spectrum of the induced photon redshift:

Pδz0ðkÞ ≈ r2Ω2
Λ½ΩΛ þ Ωmð1þ z̄ptÞ3�−3IδtðkÞ; ð11Þ

where

IδtðkÞ≡ k3
Z

kmax

kmin

dr
r
PδtðrÞ

Z
1

−1
dμs−3PδtðsÞ ð12Þ

and s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 þ r2 − 2krμ

p
. In the numerical integral, we set

kmin (kmax) to be 10 times smaller (larger) than the peak
mode of Pδt, which provides a good approximation.
Further details of the derivation of Eqs. (9) and (11) are
in Supplemental Material [80].
The anisotropy we obtain corresponds to a late-time

integrated Sachs-Wolfe effect [85], sourced by metric
perturbations from the PT around z̄pt. (See Ref. [86] for
late-time ISW from a quintessence to matter transition.)
The redshift perturbation δz0 alters the CMB photon
temperature, and its contribution to the CMB power
spectrum is estimated by projecting Pδz0ðkÞ onto the first
encounter surface using the standard method,

DTT;pt
l ¼ 2lðlþ 1Þ

Z
kmax

kmin

dk
k
Pδz0ðkÞj2lðkΔτÞ: ð13Þ

We use Δτ ¼ χ0ðz̄pt; 0Þ as the no-PT case since the allowed
PT only introduces a negligible (< 1%) correction to the
comoving distance. Since the PT signal we consider mainly
peaks at l < 20, we omit the reionization suppression
factor in the calculation. Including e−2τ ≈ 0.89 [84] for

signal peaks at higher l would only change the bound on r
at the percent level. We show some examples of DTT;pt

l
in Fig. 2.
We estimate the bounds on r using a standard χ2

analysis, comparing DTT;pt
l with the 1σ error bars for each

l mode taken directly from the Planck 2018 archive [87]
(see Supplemental Material for details [80]). While this
method is not fully accurate—since Planck error bars are
highly correlated and depend on the assumed baseline
cosmology—it still gives a useful estimate of the allowed
size of r without significantly modifying the observedDTT

l .
Figure 3 shows the upper bounds on r, assuming vw ¼ 1.

Each point in the figure can be translated to a different
vw ≲ 1 by rescaling β=H⋆ → vwðβ=H⋆Þ and the bound on
r as r → rv−3=2w . A useful analytic order-of-magnitude
approximation is r≲ 10−5ðβ=H⋆Þ2. Approximating the
power spectrum with just its peak value around
δtc ∼ β−1, we get Pδt ∼ ðβ=H⋆Þ−2, and Eqs. (11) and
(12) give Pδz0 ∼ r2ðβ=H⋆Þ−4. The CMB bound is roughly
Pδz0 ≲ As ≈ 2 × 10−9, where As refers to the primordial
scalar perturbation, leading to this estimate.
The r bounds also become weaker at lower z̄pt, as the

peak of Pδz0ðkÞ shifts to such low k modes that it no longer
contributes significantly to the power spectrum with l ≥ 2.
Note that a naïve estimate of the PT bound by requiring a

FIG. 2. CMB temperature power spectrum from a PT at z̄pt ¼
0.1 with r ¼ 0.1. Discrete l points are connected for visualiza-
tion. The þ1σ error bar from Planck 2018 [87] is shown for
comparison.

FIG. 3. Upper bounds on a FOPT converting a fraction r of dark
energy into dark radiation, assuming wall velocity vw ¼ 1. The
dashed curve indicates where the present-day redshift is shifted
by 1% relative to the no PT, implying a ≈1% rescaling of ΛCDM
energy densities at earlier times if z0 ¼ 0 is fixed. The gray region
indicates where the distance to z̄pt falls within the average bubble
size, where our anisotropy estimate does not apply. For r > 1, the
square boxes show the minimal crunching time from Eq. (15).
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≲10% suppression in the Hubble rate from Eq. (4) at
z ≈ 0.2, as motivated by the hðzÞ=hΛCDM constraint from
the DESI BAO analysis [88], allows a PT at z̄pt ¼ 0.3 with
r ≈ 0.65. The CMB anisotropy bounds we obtained are
significantly stronger for β=H⋆ ≲ 200.
Since our estimate assumes sufficient bubble statistics,

the average comoving bubble separation must be smaller
than the comoving distance from redshift z̄pt to today:

db ≈ ð8πÞ1=3vwβ−1ð1þ z̄ptÞ < Δτ: ð14Þ

Although a single large bubble encompassing our region
will strongly affect CMB photon propagation and may lead
to stringent constraints on r, we leave a detailed analysis for
future work.
Compared to standard ΛCDM with no PT, the change in

Hpt also induces a homogeneous redshifting today, δz̄0,
which we can determine by equating χ z̄pt;rðz̄pt; δz̄0Þ ¼
χ0ðz̄pt; 0Þ. After rescaling today’s redshift back to zero,
the ΛCDM energy densities at earlier times could be
modified at the level of δz̄0. For reference, Fig. 3 shows
a dashed curve for δz̄0 ¼ 1% when saturating the r bounds
from the anisotropy estimate. This overall redshift shift is
comparable to uncertainties in current ΛCDM density
measurements, and the region above the curve may be
further constrained by fitting ΛCDM energy densities to the
full CMB data.
Note that PT perturbations can also generate CMB

lensing and modify the matter power spectrum. In
Supplemental Material, we provide order-of-magnitude
estimates. We find that the matter power spectrum correc-
tion is well below current large-scale structure sensitivity
due to the low redshift of the PT, while the lensing signal
could approach current sensitivity [89] for a large
r ¼ Oð1Þ. A proper calculation requires a more careful
treatment of the dark radiation-sourced perturbations,
which we defer to future work.
The end times—For large β=H⋆, FOPTs with r > 1

become allowed. Here the released latent heat exceeds the
dark energy density Λ0 ¼ ρcΩΛ, where ρc ¼ ð2.5 meVÞ4
[90] is the critical density, leading the Universe to decel-
erate and eventually crunch. This regime may be motivated
from a UV perspective, as there is evidence from string
theory that true vacua have Λ0 < 0, and any positive Λ0

must be metastable (see, e.g., Ref. [91] and references
therein). This is often taken as motivation for quintessence
[92–95], but a late-time FOPT would also satisfy these
conjectures.
The second Friedmann equation after the PT is

ä
a
¼ −H2

0ΩΛ

�
r

�
1þ z
1þ z̄pt

�
4

þ ðr − 1Þ þ Ωm

2ΩΛ
ð1þ zÞ3

�
:

ð15Þ

For r > 1 the right-hand side is strictly negative, so the
expansion begins decelerating.
The continued expansion of the Universe further dilutes

the radiation and matter densities until the Universe switches
from expanding to contracting when HðzmaxÞ2 ¼ 0.
Neglecting matter density (ΩΛ → 1), this occurs at
1þ zmax ¼ ð1þ z̄ptÞð1 − 1=rÞ1=4. Following this point,
the scale factor decreases, causing the energy density to
grow and leading to increasingly rapid contraction. The
Universe then collapses at a time tend ∝ H−1

0 =
ffiffiffiffiffiffiffiffiffiffi
r − 1

p
.

In the yellow and orange regions of Fig. 3 where r > 1 is
allowed, we show the lower bounds on tend corresponding
to the upper bounds r ≤ 2 and≤ 3, obtained by numerically
solving Eq. (15). The anisotropy bound ensures that, for a
PT with β=H⋆ ≲ 500 which has already completed, the
Universe must live at least another ≳14 Gyr. As to human-
ity, we can offer no such guarantees.
Conclusion—In this Letter, we investigated constraints

on late-time FOPTs from low-lCMB temperature anisot-
ropies and show that perturbations yield much stronger
bounds than background evolution alone. It would be
interesting to extend this to other CMB observables,
including Sunyaev–Zeldovich (SZ) effects, a more precise
lensing calculation, and the induced B-mode signals. Given
the characteristic bubble scale of PT perturbations, the
resulting CMB bispectrum could provide a distinctive
signature of the transition. This work is one step toward
a map of the constraints on FOPTs over all of cosmic time,
which limits the most violent dark sector behaviors.
Currently the constraints between recombination and dark
energy domination are unknown and remain an obvious
target for future exploration. It would also be interesting to
consider phase transitions in sectors that are not entirely
secluded but have some portal interaction with us. Overall,
the signatures of phase transitions in the late Universe may
be subtle enough that we will not see them if we do not look
for them. Since this phenomenon is motivated both on
general grounds and in specific theoretical frameworks, it
would serve us well to learn how to characterize and search
for signals from these drastic rearrangements of the degrees
of freedom of the Universe.
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