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Cosmological Phase Transition

* Consider a cosmological first-order phase transition
(FOPT) that:
e Occurs entirely in a dark sector that interacts with us
only gravitationally
* Occurs at “late times” (i.e. eV < Tpr < keV) during
the radiation era
* The latent heat is released as dark radiation (DR)

e Two Questions:

1. How does this phase transition generate scalar
curvature perturbations?

2. From its effect on cosmological observables, what
constraints can we derive?

(note: following analysis can be different if T S e
. .. DWeir, CC BY 4.0 <https://creativecommons.orqg/licenses/by/4.0>
reheating is into other forms of energy than DR)




Parametrizing the Phase Transition

For macrophysics phenomenology, describe PT Transition from false to true vacuum
parametrically with three generic parameters: separated by a potential barrier

. Vie)
1. PT Temperature: corresponds to redshift of " |
phase transition Tpy = HPT_1 , ZpT : B i s R

2. PT Rate: set by the tunnelling rate, quantify
with B/H pr compared to Hubble rate

» »
.....

Tunnelling

F(t) ~ PO eﬁt

3. PT Strength: energy released, assuming all
latent heat goes into DR, quantify by the DR

fraction fpp = ppr/Piotal VaC

(note: following analysis can be different if A 4
reheating is into other forms of energy than DR) True




Bubble Nucleation and Expansion

Energy

* Transition across potential barrier is stochastic, leads to
random nucleation of true vacuum bubbles

. . . . _Buﬁale—
* First-order PT proceeds via nucleation and expansion of such Nucleation

bubbles

* Latent heat released as bubbles expand, PT completes when
space is engulfed by bubbles

Typical bubble size at PT completion dg~v,, 1
(assume bubble wall velocity, v, = 1)

How does FOPT generate scalar perturbations?
Inherently stochastic nature of bubble
nucleation is key! Consider cartoon picture

Random Bubble Nucleation Bubble Expansion



Emergence of Scalar Perturbations

0ppr # 0
t A

1. Consider two sufficiently far-apart —~,  Scalar Curvature

patches A, B that undergo PT via
uncorrelated bubbles

2. Initially: Patches have equal false
vacuum energy

3. Transition to true vacuum occurs at
uncorrelated times, DR is released
into the patches randomly

4. DR redshifts as universe expands. At
PT completion, DR in each patch have
redshifted by different amounts!

Spatially Flat Gauge




Emergence of Scalar Perturbations

e Different amounts of redshift results in DR
density perturbation at PT completion

AB\ 2

AB te’ B

Ppr (tsin) = pvac< tc ) L
fin

~ Scalar Curvature

: / DR
socurvatur

dpDR _ ot.

PDR te

=

e Random fluctuations in PT time across
space generate scalar curvature
perturbations (in spatially flat gauge):

Hpréppr
(pr = —— .p = fprHprdt,
PDR + PSM, rad

Spatially Flat Gauge




Phase Transition Signal

How does this signal affect
cosmological observables?

Scalar curvature power spectrum < (pr(pr > in terms \
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* Detailed calculation of < 6t.0t. > by E 0.01=
analyzing light cone geometry of bubbles 2 -
Q
. . = [ P (B/Hpr)
 Spectrum peaks at typical bubble size S 105 T’d[(f\/,] ) o
and scales universally with PT parameters S | --10 |
é BT SV ________@/_H_m_:_l()___________ .
« Super-horizon ~k3 slope: can be = A | | | |
explained by finite large-N statistics of 1010—3 T
uncorrelated bubbles
§ =kdp/apr

Elor et. al. Phys. Rev. Lett. 133, 211003 (2311.16222)



Observing the Phase Transition

Additional curvature perturbation from PT modifies CMB and structure formation!

» Use this to obtain constraints on phase transition parameters
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Increasing zpr

Observing the Phase Transition .. ~
* Model PT signal in CLASS: Take Py = Pyq + Ppr as input = [
primordial spectrum B
* P,ais ACDM uncorrelated adiabatic spectrum /
* Ppr adds peak at specific k-mode, height and =
position varies with PT parameters 079 e

k [1/Mpc]
Increasing fpr

 Fit with data: Calculate CMB and matter power spectra,
obtain 2o exclusion bound on PT params

» CMB + BAO = MCMC analysis

10-6

» Lyman-Alpha = compressed eBOSS

Pz(k)

10~7

Ongoing Work: modify CLASS code to account for
1. Modes that enter horizon before PT
2. DR component injected from PT

10-8

10-9




Exclusion Bound: CMB + BAO

* Datasets: Planck2018 + Lensing + BAO

* Vary fpr and zpy for fixed §/H, let ACDM
parameters vary

« 20 bounds (shaded) typically extend down
to smaller fpr than homogeneous AN,

Homogeneous AN,s¢ > 0.29
(existing Planck bound)

CMB + BAO 20 Bounds

10° /
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Fraction of
PT Energy

Bounds on ~k3 isocurvature spectrum
(Buckley, Du, Fernandez, Weikert (2025) arXiv:2502.20434)

e Different from post-inflationary PT signal
> k3 spectrum for low k
» Plateau for higher k
 Perform MCMC analysis to check sensitivity
of bound to assumption of higher-k spectrum
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Exclusion Bound: CMB + BAO

* New early dark energy (NEDE) models

proposed to solve HO problem
(Niedermann and Sloth (2020))

* Early dark energy (CC) phase that
ends with “fast-triggered” FOPT
= needs large /H

* NEDE +10 rectangles for fit with
shOes HO prior (wider) and without

(narrower)

* Calculate bounds for larger §/H = 500,
compare with NEDE fitted parameters

10°

Fraction of
PT Energy

o
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10—1.

Ignore AN, s ¢ bound for NEDE points
since already accounted for in the fit

CMB + BAO 20 Bounds: Large B/H

—— B/H =500
—— B/H=800
BEm NEDE

104
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Lyman-alpha: Compressed eBOSS

e Linear matter power spectrum P,;,, (k): perform two parameter fit on amplitude A?;,, and slope n;;,,
at z, = 3and k, = 1.03 h/Mpc

Linear P(k) at z, =3

1044

3
] kp2 Py (K, 2,) Compressed eBOSS Data Points
<:'> A2 = 0.310 + 0.020
d1n Py, (k, 2) =

1014

dlnk

- Niin = —2.340 + 0.006

100 A

....... kp=1.03 h/Mpc

10-4 103 102 101 100
k [1/Mpc]

* PT occurring after mode k,, enters horizon: correct for log growth in matter perturbations between
horizon entry and PT time using matter transfer function T (k, 7)

Tikr = kljl) ¢
T(k, TpT) )

Plin(k7 zp) —> Plin(k, Zp) X (



Exclusion Bound: Lyman-alpha

* Calculate Ax? w.r.t. ACDM (i.e. Pr = Pyq only) for grid of points in fpg and zpy.
* 20 bounds (shaded) on fpp considerably stronger; f/H = 800 for NEDE

foR

Lyman-a 20 Bounds
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Dynamical Heating of UFDs

e Can we consider finer scale structure; e.g. sub-structure of DM halos?
(Graham and Ramani (2024) arXiv:2404.01378)

Ultra-faint Dwarf Galaxies (UFDs):
» DM-dominated: large DM to stellar mass ratio
» Low mass object: small velocity dispersions

Large primordial curvature perturbation leads to clumping of DM
before forming halo = hierarchical structure formation

Momentum transfer from massive DM clumps to stars via
gravitational scattering = larger orbital radius of stellar matter

Measure UFD half-light radius to set bounds on primordial curvature
perturbation at smaller length scales = apply to PT spectrum




Cosmological Bounds

e Calculated 20 bounds (blue) using
input PT curvature signal (6/H = 10)

* Finer scale observations of structure
place constraints on higher redshifts

Identifying Dark FOPT?

Look for both scalar and tensor signals

with distinct super-horizon spectra:

» Scalar perturbation: Enhancement
to CMB TT and matter power
spectra well-fitted by P, ~ k>

» Tensor perturbation: CMB B-modes

(Greene, Ireland, Krnjaic, Tsai (2024)
arXiv:2410.23348)
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and Ramani (2024)
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Conclusion

Scalar perturbations probe cosmological first-order phase transitions in the dark sector:

1. Stochastic nature of bubble nucleation leads to generation of scalar perturbation
signal that scales universally with the PT parameters.

2. Scalar perturbation leaves imprint on cosmological observables that can be used to
constrain the PT parameters.
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Finite Bubble Statistics

-1
Super-bubble ) k™ apr .
. _ . _ Fluctuations i
Coarse grained view of density perturbations on super-bubble :
scales k/apy < dp " O W " A
Number of uncorrelated patches N in each coarse grain ;
“sample” large but finite: I e
A ™~ &
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Cosmological Constraints

* Previous: constraints using current (filled) and
projected bounds on primordial curvature
perturbation translated from literature 0.1k

* CMB (Planck15 inflation): spline analysis -
* lyman-« : Bird, Peiris, Viel, Verde (2011) : B
* FIRAS: D. J. Fixsen and J. C. Mather (2002) 0.01 [, 32 ’ -
* Homogeneous AN, (existing Planck bound) ' A

» SuperPIXIE: assume sensitivity Apy/py = 10-8 (1903.04218)

* PTA measurement of DM clumps: Lee, Mitridate, Trickle, y dislorli()‘n
Zurek (2012) 102
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* New early dark energy (NEDE) models proposed to Y Zo-bounds o> 1 ..-400

solve HO problem (Niedermann and Sloth (2020)) 10~
* Early dark energy phase that ends with fast-triggered phase
transition (i.e. needs large §/H)

* NEDE +10 rectangles for fit with shOes HO prior (wider) and
without (narrower)
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Observing the Phase Transition

 Model PT signal in CLASS:
»Take P; = Pyq + Ppr as input primordial
spectrum in “external_Pk” module
» Ppr adds peak shaped enhancement at specific
k-mode, peak height and position in P; varies
with PT parameters

* Fit with data: Calculate CMB and matter power
spectra, obtain 20 exclusion bound on PT params

» CMB + BAO > MCMC analysis
» Lyman-Alpha = compressed eBOSS

Ongoing Work: modify CLASS code to account for
» Modes that enter horizon before PT
» DR component injected from PT

Pz(k)

ACDM uncorrelated adiabatic spectrum

k ne—1
Pt 4. £)
’Cp

(As =2.1x 1077, k, = 0.05/Mpc, n, = 0.966)

Pz(K) = Paq(k) + Ppr(Kk)

—— Zpr=10%, fpr=0.01, B/H=10
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Pz (k)
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Scaling with PT params

* Ppr adds a peak shaped enhancement to the curvature spectrum at specific k-mode. Peak
height and position of signal in ; varies with PT parameters while keeping similar shape.

» Why fitting function? Want to be able to move PT peak around in k-space (on top of adiabatic
spectrum) as PT params are varied, including outside of interpolation range of the numerical

integral output

Increasing zpr
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Increasing fpr
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Increasing B/H
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Dynamical Heating of UFDs

* Bounds on primordial curvature perturbation = translate to bound on PT curvature spectrum

107 .
10—'5 L
8 Translate to
10 parameters
< g of curvature
a 10"k PT signal
: R Press Schechter
10°8 ¢ = i Sheth Tormen
O = S - Watson et al.
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i L b 2 s sl " a2 s aaal N a1 a2 aaal L a2 aaaal L s A a2 Graham Ramanl
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NEDE

F. Niedermann and M.S. Sloth, Phys.

Rev. D 102, 063527 (2020)

TABLE 1. The mean value and £16 error (with best-fit value in parentheses) of the cosmological parameters from our combined
analyses for ACDM and NEDE with and without imposing the SHyES prior on H|,.

Parameter

ACDM

With H,

Without H,

With H,

Without H,

1 00(1),,
Wedm

h

In 10104,
’15

Treio

JSNEDE
logyo(m/mo)
H./m

*
Wets

Tension SHyES
Tension Sg
A,yz

JNepE # 0

22518 2.251)
0.1184700005 (0.1183)
0.681310904 (0.6816)

3.053 001e (3.053)
0.96867 09957 (0.9698)
0.0599 30078 (0.0598)

0.80907 000 (0.8092)
0.814:001¢
147.4010-23 (147.38)

-0.23
1.96
0

224019012 (2.242)
0.11947556005 (0.1194)
0.6763709042 (0.6764)

3.04910012 (3.050)
0.966170003% (0.9672)
0.05707 0994 (0.0572)

0.810470097 (0.8110)
0.8245510
147.2019-23 (147.19)

-0.23

229210922 (3207)
0.1304 739932 (0.1306)
0.71410219 (0.715)
3.0671 0012 (3.068)
0.9889%2_:%0{5%; (0.9912)
0.05711020%%.(0.0572)
0.12672:932 (0.1296)
2.56% 17 Q.5T)
0.2 (fixed)

2/3 (fixed)

2/3 (fixed)

0.841700;5 (0.841)
0.8417888
141.01% (140.9)
49201629 (4960)
2.80
~15.6
430

22711004 (2271)
0.126118 022 (0.1254)
0.6962919 (0.695)
3.05910014 (3.058)
0.97927 05073 (0.9794)
0.05623%8((};.‘?5 (0.0558)
0.077 1) 0s0 (0.072)
2.58 (fixed)

0.2 (fixed)
2/3 (fixed)
2/3 (fixed)

0.8281000° (0.826)
0.837:882
143.5724 (143.8)
5100157 (5110)
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