
NEW PROBES OF SUPERCOOL PHASE 
TRANSITIONS AND DOMAIN WALLS AT PTA 
FREQUENCIES 
Pedro Schwaller 
Mainz University

“Particle Physics in the Early Universe” 

Polish Academy of Sciences Scientific Center in Paris 
Institute for Advanced Studies of the University of Warsaw 
IJCLab Orsay                                               September 16, 2026

+



Plan

PT and DW interpretation of PTA GWs 
 

Model parameter reconstruction at NLO 
 

BBN Constraints on GW sources below TeV scale

2

Ratzinger, PS, 2009.11875 
Madge et al, 2306.14856 

Christiansen, Madge, Puchades-Ibañéz, Ramirez-Quezada, PS, 2511.02910  
Puchades-Ibañéz, PS, 2609.12098  

Elahi, Fortini, Gouttenouire, Leister, PS, 26XX to appear

https://arxiv.org/abs/2009.11875
https://arxiv.org/abs/2306.14856
https://arxiv.org/abs/2511.02910
https://arxiv.org/abs/2609.12098


Gravitational waves as messengers from the early 
Universe

Radiation is sourced by accelerated charges 

Wavelength set by size of the dynamical system 

Early universe: Hubble radius  GW wavelength ↔
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Pulsar Timing Array



A tiny bit of history: The 2020 NANOGrav data

 

PT parameters  
► Strength:           Duration:       (slow!)  

First fit of GWs from PTs to NANOGrav spectrum 

α ∼ 𝒪(1) β/H* ∼ 10
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Pulsar timing arrays 2023 

EPTA, NANOGrav PPTA, CPTA have observed evidence for a 
stochastic GW background at nano-Hz frequencies:  

Strong evidence for Hellings-Downs correlation 

NanoHz:          T* ∼ MeV − GeV
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NANOGrav Collaboration,  
2306.16213, APJL 951



Supercooled phase transitions

Benchmark model: Coleman-Weinberg model with 
vanishing tree level potential 

Two parameter model: Mass scale  and coupling  

Signal dominated by colliding bubbles and sound shells

M g
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Supercooled phase transitions

Comparison with  
12 year data 

Large supercooling 
and reheating 

► Dilution of baryons, 
dark matter 

► Two BBNs 

Pheno: Light scalar ,  
decay to electrons and photons  

Higgs portal not viable, instead 

FCC? CEPC? Or low energy e+e- machine (MESA) 

mϕ ≈ M
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Figure 3. Fit of the supercool dark sector model to the PTA data as discussed in section 3. Shown are the best-

fit regions for the NANOGrav 12.5 year dataset [5, 10] (blue) and IPTA DR2 dataset [9, 14] (orange), as well as

the best-fit of a naive combination of the two datasets (green). Left: Best-fit (solid lines) of the GW spectrum.

The violins depict the corresponding 30-bin free-spectrum fits used for the refitting. Right: 2D posteriors for the

coupling g and mass scale M of the model. Solid black contours show the dilution factor due to reheating after

the PT. Below the dotted line the percolation temperature is below 1 MeV, while to the left of the dashed line the

reheating temperature does not reach 2 MeV. The full triangle plot including 1D posteriors is shown in Fig. 9.

Finally, let us discuss how the reheating process can work in practice. From the Friedmann equations,
one finds the reheating temperature

Trh = 0.55 g
�1/4

⇤
p

MP�� , (4.2)

where g⇤ ⇡ 10.75, and �� is the decay width of �. Reheating above 2 MeV requires �� & 4 ⇥ 10�20 MeV.
The preferred range of m� is (0.92 – 6.9) MeV for NANOGrav and (11.5 – 124) MeV for IPTA. We can
consider di↵erent decay operators that can satisfy these constraints.

The simplest scenario is the Higgs portal, via the operator

L � �h�|�|
2
|H|

2
, (4.3)

which after symmetry breaking leads to mixing of � with the Higgs boson with mixing angle ✓ ⇡ �h�v�vh/mh,
where vh = 246 GeV and mh = 125 GeV (see e.g. Ref. [147] for a recent study). This allows � decays to
electrons and photons, however both channels are suppressed by the small Higgs couplings to those states,
requiring a Higgs mixing of order 10�4 [148, 149],6 and thus a large portal coupling �h�. Unfortunately the
operator in Eq. (4.3) also contributes a large mass for the scalar after electroweak symmetry breaking, and
is thus in conflict with our initial assumption of classical scale invariance.

Alternatively we can consider a direct decay channel to electrons or photons, via couplings

L � cee
|�|

2

⇤2
LHē + c��

|�|
2

⇤2
Fµ⌫F

µ⌫
, (4.4)

where ⇤ is some UV scale. These operators do not violate scale invariance at the tree level, and are otherwise
not strongly constrained [150]. The main laboratory probes of our PT scenario therefore are searches for a
light scalar in the (1 – 100) MeV range which decay to electron or photon pairs. In fact there is an intriguing

6See also Ref. [22] for a very recent discussion of this point.
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How robust are our predictions? 

Compare approximations to effective potential and 
tunneling rates  
► Semi-analytic one-parameter approximation (OPA) 

► 4D thermal field theory with Daisy resummation 

► Dimensional reduction with DRalgo  

► One-loop matching relations 

9

Christiansen, Madge, Puchades-Ibáñez, Ramirez-Quezada, PS, 2025
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FIG. 7. Left: Comparison of the OPA (orange) and the 4D HT (green) at a gauge coupling of g = 0.5 with
and without the inclusion of RG running (with µ = ωT ). The two approaches agree well when including
the running. The remaining minor di!erences are primarily due to the inclusion of Daisy corrections in the
4D HT. Right: Duration of the phase transition (ε/H) as a function of the gauge coupling g, computed
without RGE running. Agreement between 4D Full and 4D HT improves toward smaller g. The OPA
deviates at low g because neglecting Daisy resummation overestimates the thermal barrier, lengthening the
transition timescale (since ε is the inverse time). Around g → 0.8 the OPA exhibits an unphysical peak,
which originates from how the bounce action is defined in that approximation.

2. Dimensional Reduction: 3D EFT Parameters

Dimensional reduction integrates out the non-zero Matsubara modes, leading to a three-dimensional EFT
for the soft modes. The corresponding Lagrangian is
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We follow the conventions of DRalgo [110], which provides the matching relations at one loop for couplings
and up to two loops for mass parameters. At one-loop, the parameters of the 3D EFT are

g
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The scalar mass parameter at two-loop order written in terms of the 3D EFT couplings is
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Results

3D EFT greatly reduces scale dependence 

OPA quite off, 4D high-T expansion works well if couplings 
evaluated at μ = πT

10

7

FIG. 2. Comparison of di!erent prescriptions for the e!ective potential at g(µ0) = 0.6. Left: Comparison
between the 4D Full potential, its 4D HT expansion, the OPA, and the 3D dimensionally reduced potentials
at di!erent loop orders at T = 0.39 v. Right: Residual dependence on the renormalisation scale at
T = 0.01 v. For the 4D HT potential (green band), the renormalisation scale is set to µ = ωT and varied
between µ = ωT/4 and µ = 4ωT to illustrate the scale dependence. For the 3D two-loop (NLO) potential
(purple band), the scale is instead fixed at µMatch = 2ωT and varied analogously from µMatch = (2ωT )/4 to
µMatch = 4(2ωT ). In each case, the dotted line shows the potential evaluated at the corresponding reference
scale used in the corresponding approach. The dash-dotted green line corresponds to the 4D HT potential
at µ = µ0, whereas the orange dotted line depicts the OPA (without running).

The left panel of Figure 2 contrasts the 4D Full and HT prescriptions with the di!erent DR schemes,
illustrating how they a!ect the shape of the e!ective potential. To compare the 4D and 3D EFTs, we map
the 3D potential to 4D multiplying it by the temperature T and rescaling the field ε → ε/

↑
T , enabling

a direct qualitative comparison between the two frameworks. While, for field-independent renormalisation
scale choices, RG running can be incorporated in the OPA (see Section A1 c), we here use the original form
in Ref. [127] and use it as a benchmark to illustrate the e!ect of neglecting the RG running. Hence, the
OPA is computed by fixing the renormalisation scale to µ0 and the parameters to their tree-level values (last
row of Table I), without including RG running, and neglecting Daisy resummation. As a result, it shows
a significant deviation from the other prescriptions. This trend persists in the phase transition parameters
discussed in the next section. This underscores the importance of properly accounting for RG running, as
neglecting it can lead to a systematic underestimation of critical quantities. The agreement between the
3D and 4D approaches after including RG e!ects further improves at lower temperatures, in particular in
the region around the barrier (cf. right panel of Figure 2)
Among the approaches that incorporate RG running, the agreement between the 4D and 3D schemes is

noticeably improved, with the thermal one-loop potential (green) exhibiting even better agreement with the
DR two-loop potential (brown/gold) than DR at the one-loop level (blue). The largest deviation appears
for the 3D one-loop (NLO) potential, exceeding even the di!erence between the 4D HT and the two-loop
(NLO/Mixed) results. We interpret this as a consequence of introducing thermal masses and running cou-
plings at NLO while the potential itself remains at one-loop, which enhances the residual scale dependence
in both the 4D matching scale µMatch and the soft scale µ3, in the absence of compensating higher-order
terms that would stabilise it. This highlights an important point: partial higher-order corrections do not
necessarily improve the accuracy. Incomplete higher-order inputs can degrade reliability and yield larger
deviations rather than systematic improvement.
In scale-invariant models this residual dependence is particularly pronounced; even with thermal and Daisy

resummations, the 4D HT one-loop potential remains noticeably µ-sensitive [97]. To illustrate this, the right

Christiansen, Madge, Puchades-Ibáñez, Ramirez-Quezada, PS, 2025



Full NLO nucleation rates

LO:            

At NLO:  

Complications: 
► Prefactors contribute at same order as NLO corrections to 

exponent 

► Gradient expansion breaks down for fields that change mass 
across the bubble profile (c.f. Bogumilas talk, and Kierkla et al, 2025)  

► Compute fluctuation determinants using Gelfand Yaglom 

Γ = Ae−S3/T ≈ T4e−S3/T
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Puchades-Ibáñez, PS, 2026
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LO vs different NLO prescriptions

NLO𝛁 is systematic in  
power counting but  
not precise enough 

Nucleation temp. 
shift appreciable 

Dim6 operators can 
be important at ,  
but suppressed at 
nucleation scale1  

Use det corrected NLO𝛁 for numerical scans! 

TC

12

Puchades-Ibáñez, PS, 2026

🎉

1see also Bernardo, Kierkla, Leister, Schicho, PS, in prep



From PT to GW spectra 

Compute  and  from , insert in GW formula, win 

Improvements:  
► Nucleation  percolation  completion in supercooling 

► Compute  from average bubble separation  

► Include  effects  
(QCD scale!)  

► Cosmic expansion? 

α β/H Γ(T)

≠ ≠
β/H R*

g*(T )

13

β
H

=
(8π)1/3vw

H R* f1/3
perc

Puchades-Ibáñez, PS, 2026

Lewicki, Vaskonen, 2208.11697
vs. 2511.15687 

https://arxiv.org/abs/2511.15687


Updated fit to PTA data

14

Puchades-Ibáñez, PS, 2026

Note: Red line has β/H ≈ 10



Comparison 

NLO seems important for parameter reconstruction! 
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Puchades-Ibáñez, PS, 2026



BBN constraints on GW 
sources at nHZ 

frequencies



BBN constraints on fluctuations in η = nb/nγ

D/H depends non-linearly 
on  
► Sensitive to fluctuations  

 

► Gives:  

But: Protons are slow!  

Probes inhomogeneities induced as 
early as 3 TeV

η

η = ηCMB(1 + δ)

δ ≲ 0.22
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Bagherian, Ekhterachian, Stelzl, 2025



Baryon isocurvature

PT or DW annihilation leads to anisotropic reheating 

Fluctuations in  at scales  or  

Baryon isocurvature:       

Assume: GW source with energy  decays to 
photons. Then 

 = source anisotropy

η 1/H β/H

δη
η

=
δnB

nB
−

δnγ

nγ
= δB −

3
4

δγ = SB

αS = ρS /ρSM

δS

18

SB ≈ −
3
4

αS

1 + αS
δS

Elahi, Fortini, Gouttenoire, Leister, PS, 2026 (to appear)



Evolution of baryon isocurvature

Just use cosmic perturbation theory 
► Caveat: GeV to MeV temperatures!  

Find:  

Baryon isocurvature is conserved as long as photons and 
baryons are tightly coupled  

We also confirmed this persists through neutrino free-
streaming: Photon fluctuations are erased, but they drag 
baryons with them, creating baryon “holes” so that  is 
conserved 

SB

19

S′￼B = k(vB − vγ)

Elahi, Fortini, Gouttenoire, Leister, PS, 2026 (to appear)



Constraints on phase transitions 

Density perturbations: 

► From fluctuation of # 
bubbles inside Hubble 
patch 
 

► Using  
with  determined using 
PRIMAT 

CD

20

Elor et al, 2023

Elahi, Fortini, Gouttenoire, Leister, PS, 2026 (to appear)

PRELIMINARY



Constraints on DW scenarios 

DWs are Hubble sized, 
naturally have order 
one density fluctuations 

With: 
► DW energy fraction  

at time of annihilation 
 

► Including vacuum  
contribution, and NRT spectrum 

αDW

Tann

21

Elahi, Fortini, Gouttenoire, Leister, PS, 2026 (to appear)

PRELIMINARY



No hiding in the dark! 

Assuming that  of energy goes to dark radiation  1 − fvis

22

Elahi, Fortini, Gouttenoire, Leister, PS, 2026 (to appear)

VERY PRELIMINARY



Summary

GWs probe violent phenomena in the early Universe 

Evidence for stochastic GW background at nHZ, corresponding to MeV - 
GeV new physics 

Probing models of FOPT requires control over theory errors 
► Focus on scenarios with strongest signals 

► Obtained NLO precision for supercooled PT in conformal abelian Higgs dark sector 

► Refit of IPTA and NANOGrav regions 

BBN constraints 

► BBN is sensitive to fluctuations in  

► Constrains scenarios with late energy injection 

► Excludes (part of) the PTA GW interpretation in terms of FOPT or DW 

η = nB /nγ

23
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PTAs and Axion/ALP domain walls 

Domain walls appear when discrete symmetries are 
spontaneously broken to degenerate ground states 

Long lasting GW source, until DWs annihilate, before 
dominating the Universe ideally 

Axion DW:  

Surface tension  

Annihilation triggered by QCD instantons 

U(1)PQ → ZN

σ = 8ma f2
a

25

Review: 
Saikawa, 

1703.02576

where � = ⇢/
p

2 exp (ia/va) is a complex scalar field and the axion a is its angular part. The potential
of Eq. (2.17) is such that the U(1) symmetry is spontaneously broken, with a vev h�i = va/

p
2 and

a 2 [0, 2⇡va). The term V (a) in Eq. (2.17) is the anomaly-induced U(1) breaking under the influence of a
strongly coupled gauge theory with dynamical scale ⇤ '

p
mafa. This explicitly breaks the U(1) symmetry

into its ZNDW subgroup. The conventional form of such explicit breaking at zero temperature is

V (a) = ⇤4

✓
1 � cos

a

fa

◆
, (2.18)

where fa = va/NDW. The tension of ALP DWs in the absence of finite temperature e↵ects can be estimated
as [75]

� = 8maf
2

a
. (2.19)

We will work under the assumptions that va < Trh, such that the U(1) symmetry is restored after
inflation and the network forms as the universe cools down, and that there is a large separation of scales
between va and ⇤. This initially leads to the formation of a CS network which persists until the time of
DW formation when H ⇡ ma. Since NDW � 2, there are multiple DWs attached to every string and the
network is stable. Shortly after this time, the combined network is dominated by the dynamics of the DWs
and one can neglect any e↵ect the remnant strings have on the evolution. GWs produced by strings, as well
as cosmological constraints such as those coming from Ne↵ , are negligible with respect to the contributions
from DWs. This is because, as will be clear from section 4.2.2, the decay constant fa is much lower than in
the CS scenario discussed above.

In addition, the global U(1) symmetry is expected to be broken quantum gravity e↵ects. Therefore,
additional breaking terms, if not accidentally aligned with the anomalous breaking, lift the degeneracy
between the minima. They provide the necessary Vbias for the network to annihilate, with the temperature
of annihilation given by Eq. (2.14).

In addition to the generic ALP model, we consider DWs in models of the QCD axion, i.e. models that
solve the strong CP problem. One such scenario is that of axion alignment [76] realized by a clockwork
mechanism. Here a collection of N axions that individually respect a shift symmetry

�i ! �i + Ci , (2.20)

is considered, where Ci is a real-valued transformation parameter. One then assumes that N � 1 of these
shift symmetries get explicitly broken into their discrete subgroups, giving rise to the potential for N � 1
linear combinations of the axions. The remaining flat direction is then identified as the QCD axion with its
associated gluon coupling in, for instance, the Kim-Shifman-Vainshtein-Zakharov (KSVZ) model.

The main advantage of this scenario is that it gives a light QCD axion with an exponentially enhanced
e↵ective decay constant Fa ⇠ fae

N , while the actual symmetry breaking scales fa can be much lower,
e.g. around the TeV-PeV scale, thus making the model testable at particle physics experiments. This also
ensures that the symmetry breaking can take place after reheating, and thus a DW network, made from
the N � 1 heavy axions predicted by the model, can form. Ref. [76] found that the DWs are long-lived and
survive until the QCD axion potential becomes relevant. For simplicity we take equal masses ma and equal
decay constants fa for all the heavy axions. In terms of these, the DW tension is again given by Eq. (2.19).

Di↵erent from the generic ALP model, here the network is destabilized by QCD instantons at the time
of the QCD phase transition. This lifts the degeneracy between the di↵erent minima by �V ' ⇤4

QCD
, and

the annihilation temperature can be predicted as [76]

Tann ⇠ 1 GeV

✓
g⇤(Tann)

80

◆� 1
4

✓
⇤QCD

400 MeV

◆2 ✓
107 GeV

fa

◆ r
10 GeV

ma

. (2.21)
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Axion/ALP domain walls 

Concrete model:  
Aligned/clockwork 
Axions 

Heavy axion  
“partners” at weak 
scale  

In reach of future  
colliders 
► Maybe room for improvement (FCC-hh?)  

26

Higaki et al, 1606.05552
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Figure 6. Fit results of the aligned QCD axion DW model from section 2.2.2 to NANOGrav (blue), IPTA (orange)

and their combination (green). Left: Best-fit GW spectrum alongside the free-spectrum fit (violins). Right: 68 % and

95 % CL fit region in terms of the axion mass ma and decay constant fa. In between the dashed lines our description

of the GW spectrum in terms of the scaling regime is valid. The full triangle plot including 1D posteriors is shown

in Fig. 12. The collider projections from LHC Run 2 in grey are taken from Ref. [158], whereas the projections from

searches by FCC and CLIC are from Ref. [159].

than the range probed by PTAs, while for the ALP model the peak can be freely adjusted and the fit prefers
parameters where it falls into this range.

Furthermore, it can be interesting to ask whether the heavy axions in this model can be probed in the
laboratory, in particular at the LHC. It was shown in Ref. [158] that the production of axions in the decay
of electroweak bosons provide a particularly sensitive probe for heavy axions in the (1 – 100) GeV mass
range. While the projected collider reach of the LHC (grey shaded region) is not su�cient to probe the
best-fit region, it is still interesting to see that collider probes of such scenarios are in principle possible.
In particular, a future linear electron-positron collider such as CLIC with a center-of-mass energy of 3TeV
can explore the best-fit region for axion masses above ma & (10 – 100) GeV, whereas a circular collider like
FCC-ee would not be able to probe the required decay constants [159].

4.3 Bosonic instabilities and late preheating

Explaining the PTA signal requires the bosonic sector to comprise a non-negligible amount of the total
energy. In our model of an axion coupled to a dark photon we will have two components, the axion behaving
as DM and the photon contributing to Ne↵ , in the case where there are only gravitational interactions with
the visible sector. The contribution to Ne↵ can be estimated as [108]

�Ne↵ = 9.1 ⇥

✓
✓f

MP

◆2

. (4.8)

As one can see from Fig. 7, this puts the parameter space preferred by the fit in mild tension with the
current bound of �Ne↵  0.29. Furthermore, as pointed out in Refs. [107, 108, 160], the relic abundance of
the axion is typically larger than the observed amount of dark matter. This problem has also been observed
in models relying on a parametric resonance instead of tachyonic growth [99, 100, 161]. A possible solution
to this problem might be model extensions that allow for a time dependent axion mass as discussed in
Refs. [108, 160].
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Scale setting and dimensional transmutation

Tree level potential is not symmetry breaking 

Minimum at  for  

Unphysical? Particle masses  should not depend on 
arbitrary RGE scale 

v = ⟨ϕ⟩ = e1/6μ
g λ = 0

∼ gv
μ

29

V(ϕ) =
λ
4

ϕ4 + VCW(ϕ, μ)

VCW(ϕ) ∼ (g2ϕ2)2 log [g2ϕ2/μ2]
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Scale setting and dimensional transmutation

Need to take running of  into account 

Input scale  with  turns out to be a good choice

λ = λ(μ)

μ0 λ(μ0) = 0

30

5

FIG. 1. Left: Renormalisation-group evolution of the model parameters for g(µ0) = 0.6, with input
conditions m

2(µ0) = 0 and ω(µ0) = 0 at µ0 = 1GeV (see Table I). The gauge coupling g (shown as
g
2
/2ε) runs slowly, while the quartic coupling ω decreases and becomes negative at intermediate scales,

triggering radiative symmetry breaking. The mass parameter m
2 remains nearly constant, reflecting its

vanishing initial condition. The VEV emerges around the scale where ω crosses zero, marking the onset
of spontaneous symmetry breaking. Right: The VEV as a function of µ for g(µ0) = 0.5 → 0.8, ω(µ0) = 0
and m

2(µ0) = 0. The residual µ-dependence is minimised for µ ↑ µ0, showing that the explicit scaling in
Eq. (2) is compensated once the running of the couplings is included.

ϑn = 2εnT [130, 131]. The non-zero modes acquire thermal masses of order 2εT , making them heavy and
well controlled within perturbation theory. In contrast, the bosonic zero modes remain light and dominate
the long-distance (infrared) dynamics of the plasma. Loop diagrams involving these static modes receive
enhanced infrared contributions that grow with the number of loops and eventually break down the naive
perturbative expansion.
In gauge theories, to obtain a consistent thermal description, one must resum the most infrared-sensitive

diagrams, thereby incorporating the leading thermal corrections to the propagators of the light bosonic
fields.
In the following, we employ two complementary frameworks to address this issue: (i) the Daisy (ring)

resummation, which captures the leading plasma screening e!ects by reorganising the perturbative series
at one loop, and (ii) dimensional reduction (DR), which integrates out the heavy non-zero Matsubara
modes, yielding an e!ective three-dimensional theory in which these resummations are automatically en-
coded and higher-order corrections can be treated systematically [132–135]. The DR framework presents
results less sensitive to gauge choices. [111–117].
The Daisy resummation approach directly resums a class of ring diagrams in four-dimensional finite-

temperature perturbation theory by replacing the field-dependent masses with their thermal counterparts.
Using the Arnold-Espinosa prescription, in the Landau gauge ϖ = 0, the Daisy contribution reads [96]1

VDaisy(ϱ, T ) = →

∑

i

niT

12ε

[(
m

2(ϱ) +”(T ))3/2i → (m2
i (ϱ)

)3/2
]
, (3)

where ni are the degrees of freedom, m
2
i (ϱ) the field-dependent masses (see Eq. (A5)), and ”i(T ) the

thermal masses (see Eq. (A9)). The subtraction avoids double counting. This method, however, is di#cult

1 We have explicitly verified that, for the one-loop high-temperature potential of the CW model, using the Parwani prescription [95] or
omitting Daisy resummation altogether produces qualitatively similar results to those obtained with the Arnold-Espinosa implementa-
tion [96] in the parameter region of interest.
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