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A R T I C L E I N F O A B S T R A C T 

Editor: G. Servant The evidence of a Stochastic Gravitational Wave Background (SGWB) in the nHz frequency range is posed to 
open a new window on the Universe. A preferred explanation relies on a supercooled first order phase transition 
at the 100 MeV–GeV scale. In this article, we address its feasibility going from the particle physics model to 
the production of the gravitational waves. We take a minimal approach for the dark sector model introducing 
the fewest ingredients required, namely a new 𝑈 (1) gauge group and a dark scalar that dynamically breaks the 
symmetry. Supercooling poses challenges in the analysis that put under question the feasibility of this explanation: 
we address them, going beyond previous studies by carefully considering the effects of a vacuum domination 
phase and explicitly tracking the phase transition from its onset to its completion. We find that the proposed model 
can successfully give origin to the observed PTA SGWB signal. The strong supercooling imposes a correlation 
between the new gauge coupling and the scalar quartic one, leading to a significant hierarchy between the 
(heavier) gauge boson and the dark scalar. Ultimately, information on phase transitions from SGWB observations 
could provide a direct probe of the microphysics of the Early Universe and be used to guide future searches of 
dark sectors in laboratories.

1. Introduction

Gravitational waves (GWs) have opened an unprecedented observa

tional window into the Universe. The recent birth of GW astronomy, by 
detecting GWs from binary black hole mergers by LIGO in 2015 [1], 
marked the beginning of a new era in observational astrophysics and 
cosmology. Moreover, the recent observation of the Hellings-Downs cor

relation in various Pulsar Timing Array (PTA) datasets [2--5] has pro

vided the first evidence of the existence of a Stochastic Gravitational 
Wave Background (SGWB) in the nHz frequencies range. Super Massive 
Black Hole (SMBH) binary systems could offer an astrophysical expla

nation [6--8], although they require strong deviations from standard 
astrophysical expectations [9] and searches for individual SMBH bina

ries have so far provided no positive indications [10]. NANOGrav pub

lished a study of possible new physics cosmological explanations of the 
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data [11], including cosmic inflation, scalar-induced GWs, metastable 
cosmic strings, domain walls, and First Order Phase Transitions (FOPTs). 
Data seem to prefer a cosmological origin [11] and many studies have 
focused on this possibility [12--17]. FOPTs [17--27] have emerged as 
one of the preferred options, fitting the data better than SMBHs due to 
the large amplitude and spectral shape of the signal [24] and also better 
than domain walls [15].

During a FOPT, the Universe undergoes a discontinuous change 
in its vacuum state, driven by a scalar taking a vacuum expectation 
value (vev), leading to the nucleation of bubbles and the production 
of GWs. PTA results point towards a scale for the vev in the hundreds 
of MeVs [11], suggesting the existence of physics Beyond the Standard 
Model (BSM) at these energies, the so-called Dark Sectors (DS). While for 
many decades the research focus has been directed towards BSM theo

ries at high scales, recently DS have gained increasing attention [28,29]. 
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They extend the SM below the EW scale and can couple to the SM via 
renormalizable terms, called portals: the vector portal, arising from ki

netic mixing between a new dark photon and the SM gauge bosons, the 
neutrino one, for mixing between neutrinos and new neutral fermions, 
and the scalar one, in the presence of couplings between the Higgs 
and the dark scalar(s). Experimentally, it is established that portal cou

plings need to be very small, hence the name of ``dark sectors''. A broad 
program of experimental searches is undergoing [28--30]. While major 
focus has been put on minimal models in which the smallest number of 
ingredients is added to the SM, DS models could exhibit a more com

plex structure, with multiple particles and interactions and large dark 
couplings, see e.g. the three-portal model and other examples [31--35].

DSs are a major candidate to explain outstanding questions in 
cosmology and particle physics, namely the generation of neutrino 
masses [36--40], baryogenesis [41--44], and dark matter [45]. GWs from 
FOPTs provide a new window on dark sectors, and in particular its dark 
scalar(s), making them testable even in the case in which the portal 
couplings are small and their phenomenological signatures suppressed. 
Studies have shown that PTA data call for a supercooled FOPT, mean

ing that its timescale has to be slow compared to the Hubble expansion 
rate. This introduces problems in the computation and in the reliability 
of the results. As [46] has pointed out, a lack of precision in the sub

tleties of supercooled PT can lead to predicting FOPTs in cases where 
there is actually no transition at all.

In our study, we ask if, in theoretically-consistent particle physics 
models, in particular DS ones, it is possible to obtain the SGWB observed 
in PTA experiments via a PT. We take the minimal approach, consider

ing a DS model with the fewest ingredients needed for the PT, namely a 
𝑈 (1) gauge extension and a related scalar. In order to answer the ques

tion on its feasibility, we address the challenges posed by supercooling 
and go beyond previous analysis [47,48] by studying the percolation 
and completion temperatures, using the next-to-leading order correction 
to the bubble wall pressure determining the correct efficiency factors. 
We ensure that the reheating temperature is not larger than the criti

cal temperature. We also compute explicitly the sound speed and do not 
rely on the bag model approximation. Finally, we do not employ the 𝛽
parameter for the evaluation of the GW spectrum but we use the mean 
bubble separation 𝑅∗ which is the physically relevant quantity used in 
simulations.

This letter is organized as follows: firstly we introduce the model and 
provide an analytical understanding for the interesting region where 
numerically supercooling is reached. Then we discuss the various FOPT 
milestones the PT needs to reach until completion and the resulting GW 
spectrum. Finally, we present the main results and then we conclude 
our work.

2. Dark scalar minimal model

We extend the Standard Model with a light DS comprised of a com

plex scalar, 𝜙, charged under a new 𝑈 (1)D gauge symmetry, and the 
associated dark gauge boson 𝑍′

𝜇
. The DS Lagrangian is given by

 =
(
𝐷𝜇𝜙

)∗ (𝐷𝜇𝜙) − 𝑉 (𝜙∗𝜙) − 1
4
𝑍′
𝜇𝜈
𝑍′𝜇𝜈 , (1)

where 𝐷𝜇 ≡ 𝜕𝜇 − 𝑖
√
2𝑔𝐷𝑍′

𝜇
is the covariant derivative and 𝑔𝐷 repre

sents the DS gauge coupling. The most general gauge-invariant scalar 
potential is

𝑉 =− 𝜇2
𝜙
𝜙∗𝜙+ 𝜆𝜙

(
𝜙∗𝜙

)2
. (2)

When the dark scalar gets a vev 𝑣𝜙 = 𝜇𝜙∕
√
𝜆𝜙, the masses of the 𝑍′ and 

the scalar become 𝑚2
𝑍′ = 𝑔2𝐷𝑣

2
𝜙

and 𝑚2
𝜙
= 2𝜆𝜙𝑣2𝜙, respectively.

The dark sector is connected to the SM via portal interactions, in 
particular the scalar, 𝜆𝜙†𝜙†𝜙, and vector, 𝜖∕𝑐W 𝑍′

𝜇𝜈
𝐵𝜇𝜈 , with 𝐵𝜇

the SM gauge boson acting as portal and 𝑐W the cosine of the Weinberg 
angle.

The presence of these portal couplings is important to keep ther

mal equilibrium between the DS and the SM, but they are required to 
be small at the scales of interest by laboratory constraints [29].2 While 
the mixed scalar coupling 𝜆𝜙 could change both EW and DS symme

try breaking dynamics, its small value and the hierarchy between the 
EW and DS scales allows us to study the FOPT in the DS alone. Thus, 
in the following we study the scalar potential in Eq. (2), adding to it 
the relevant one-loop corrections, namely the Coleman-Weinberg po

tential (𝑉CW) [51] in the on-shell renormalization scheme [52,53] and 
the one-loop thermal potential (𝑉T) [54] including the Daisy corrections 
(𝑉D) [55], so that the total temperature-dependent effective potential is

𝑉eff (𝑇 ) = 𝑉 + 𝑉CW + 𝑉𝑇 + 𝑉daisy . (3)

The Lagrangian could also contain new fermions, both charged and 
neutral with respect to the new gauge symmetry, hence dark fermions 
and heavy neutral leptons, with Yukawa couplings among themselves 
and with the SM leptonic doublet and the Higgs. While these terms 
would lead to mixing of the neutral fermions, after EW and 𝑈 (1)𝐷
symmetry breaking, and could explain neutrino masses via a see-saw 
mechanism [56--63], we neglect them in our present study focused on a 
minimal approach.

3. Supercooling

In order to account for NANOGrav measurements, we need to look 
for a supercooled FOPT. We find that regions with the highest degree of 
supercooling correspond to values of 𝑔𝐷 for which a barrier is present 
at zero temperature, given by

𝑔roll
𝐷

=

{
16𝜋2𝜆𝜙

3 

[
1 −

𝜆𝜙

8𝜋2
(5 + 2 log2)

]}1∕4

. (4)

Our numerical analysis shows that a strong and supercooled phase tran

sition happens in the region 𝑔𝐷 ∼ 𝑔roll
𝐷

.

4. Milestones in the FOPT

Given the effective potential from Eq. (3), at very high-temperatures 
we have symmetry restoration with only one minimum at 𝜑 = 0. As 
the temperature decreases a second minimum appears. At the critical 
temperature 𝑇crit , estimated as 𝑇 2

crit ∼ 𝜇
2
𝜙
∕(𝜆𝜙 + 𝑔2𝐷∕2), the two minima 

become degenerate, allowing for a transition from the false to the true 
vacuum for 𝑇 < 𝑇crit . At the so-called nucleation temperature 𝑇𝑁 , there 
is on average one nucleated bubble per Hubble volume, with the Hubble 
expansion rate given by

𝐻(𝑇 ) =

[
𝑔∗(𝑇 )𝑇 4

90𝜋2𝑀2
Pl

+
Δ𝑉eff (𝑇 )
3𝑀2

Pl

]1∕2

, (5)

where we have the radiation contribution, including the SM degrees of 
freedom, and the vacuum energy released in the transition. The latter 
is given by Δ𝑉eff (𝑇 ) = 𝑉eff (0, 𝑇 ) − 𝑉eff (𝑣𝜙,𝑇 , 𝑇 ) with 𝑣𝜙,𝑇 the broken 
minimum at temperature 𝑇 . The transition probability is controlled by 
the action of the bounce solution [51,64,65] 𝑆3(𝑇 ) and is given by

Γ(𝑇 ) ≃ 𝑇 4
(
𝑆3
2𝜋𝑇

)3∕2
𝑒−𝑆3∕𝑇 . (6)

The nucleated bubbles expand in the false vacuum until they start to col

lide and coalesce. The percolation temperature 𝑇𝑝 is defined when there 
exists a connected region of true vacuum over the entire Universe, and 
numerical studies [66] identify this as the moment when the remaining 

2 Considering the relevant masses in our work, the Higgs portal interac

tion thermalization occurs for 𝜆𝜙 ≳ 10−7 [49], while for the dark photon 
𝜖 ≳ 10−9 [50].
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fraction of the Universe in the false vacuum 𝑓 (𝑇 ) is around 71%. This 
is the temperature at which the thermodynamic parameters that char

acterize the FOPT are computed. Although 𝑇𝑁 ∼ 𝑇𝑝 for fast transitions, 
it was shown that in the supercooling regime a nucleation temperature 
does not always necessarily exist [67]. Thus, we focus here solely on the 
percolation temperature, obtained by solving [66]

𝑇crit

∫
𝑇𝑝

𝑑𝑇 ′ Γ(𝑇
′)(𝑇𝑝, 𝑇 ′)

 (𝑇 ′)𝐻(𝑇 ′) 
𝑒
−3 ∫ 𝑇 ′

𝑇𝑝
𝑑𝑇 ′′∕ (𝑇 ′′) ≃ − ln0.71 , (7)

where (𝑇𝑝, 𝑇 ) is the volume at temperature 𝑇𝑝 of a bubble nucleated 
at 𝑇 ,

(𝑇𝑝, 𝑇 ) ≡ 4𝜋𝑣3
𝑤

3 

⎛⎜⎜⎜⎝
𝑇

∫
𝑇𝑝

𝑑𝑇 ′ 𝑒
∫ 𝑇 ′
𝑇𝑝
𝑑𝑇 ′′∕ (𝑇 ′′)

 (𝑇 ′)𝐻(𝑇 ′) 

⎞⎟⎟⎟⎠
3

. (8)

In Eq. (8), 𝑣𝑤 is the velocity of the bubble wall and we have used the 
fact that, in full generality, the relation between time and temperature 
is given by

𝑑𝑇

𝑑𝑡 
= −𝐻(𝑇 ) (𝑇 ) ≡ −3𝐻

𝜕𝑉eff ∕𝜕𝑇 
𝜕2𝑉eff ∕𝜕𝑇 2

|||||𝜑=0 . (9)

In the bag model approximation, usually assumed in the literature, 
 (𝑇 ) = 𝑇 such that the exponential factors in Eqs. (7), (8) drop out. 
Reaching a percolation temperature is not enough, one needs to explic

itly check whether the transition completes. Otherwise the PT might 
reach percolation but never fill completely the Universe. We ensure com

pletion verifying that the fraction of the Universe in the false vacuum 
becomes as small as 1% for some 𝑇𝑐 < 𝑇𝑝 [46] and that 𝑓 (𝑇 ) is still 
decreasing at 𝑇 = 𝑇𝑐 .

Right after percolation, the dark scalar decays, reheating the plasma 
in the regions of collision of growing bubble walls. Assuming a fast decay 
rate, Γ𝜑 > 𝐻(𝑇𝑝),3 such that after the transition the Universe is again 
radiation-dominated, and a fast thermalization of the decay products, 
the reheating temperature, 𝑇RH, can be approximated by [68]

𝑇RH ≃ 𝑇𝑝 (1 + 𝛼)1∕4 , (10)

where 𝛼, defined in Eq. (11), measures the strength of the transition. 
This is a good approximation for bubbles that expand as supersonic 
detonations4 in which case it is not necessary to take into account the 
subtleties of the reheating processes [67]. When computing the expected 
SGWB, the GWs are redshifted from 𝑇RH until today [72].

5. Gravitational waves sourced by FOPT

The thermal parameters characterizing the GW production from a 
FOPT are given by the reheating temperature 𝑇RH, the strength of the 
transition 𝛼, and the mean bubble separation at percolation 𝑅∗.

Following Refs. [66,76,77], we compute the strength of the tran

sition by explicitly computing the speed of sound in the plasma in the 
broken phase, 𝑐2

𝑠,𝑡
(𝑇 ), and using the pseudotrace 𝜃̄ = (𝜌−3𝑝∕𝑐2

𝑠,𝑡
)∕4, and 

the entalpy density 𝑤 = −𝑇 (𝜕𝑉 ∕𝜕𝑇 ), as

𝛼 = 4
3
𝜃̄𝑓 (𝑇𝑝) − 𝜃̄𝑡(𝑇𝑝)

𝑤𝑓 (𝑇𝑝) 
, (11)

3 We have checked that in more complete models, for example including new 
fermions, the dark scalar decays sufficiently fast and at big bang nucleosynthesis 
the thermal plasma contains only SM degrees of freedom. This however does not 
change the dynamics of the phase transition itself and thus we do not specify a 
particular realization.

4 This is the general scenario for strong supercooled PTs [66--75].

where the subscripts 𝑓 (𝑡) correspond to the value of these quantities 
in the false (true) minimum. This definition of 𝛼 does not rely on the 
usual assumption that the bag equation of state holds, avoiding the 
introduction of large errors in the estimation of the kinetic energy frac

tion [76,77].

Finally, the mean bubble separation, which is the length-scale used 
in lattice simulations [78] and from which the GW spectrum is obtained, 
is given by

𝑅∗ =
[
𝑛𝐵(𝑇𝑝)

]−1∕3
=
⎛⎜⎜⎜⎝
𝑇crit

∫
𝑇𝑝

𝑑𝑇 ′ Γ(𝑇
′)𝑓 (𝑇 ′) 

𝐻(𝑇 ′) ( ′)
𝑒
−3 ∫ 𝑇 ′

𝑇𝑝
𝑑𝑇 ′′∕ (𝑇 ′′)

⎞⎟⎟⎟⎠
−1∕3

.

(12)

There are three possible sources of GWs arising from FOPT: bubble 
collisions dominating when the bubble walls keep accelerating through 
their existence, GWs sourced by sound waves mainly dominating when 
the walls reach a terminal velocity and thus the vacuum energy is trans

ferred to the plasma, and finally turbulence in the plasma.

To compute the final GW spectrum, we closely follow the analysis 
from Ref. [73] for supercooled phase transitions, denoting with the sub

script ∗ the relevant quantities computed at 𝑇𝑝. A significant parameter 
affecting the spectrum is the efficiency factor for bubble collisions 𝜅col , 
which represents the fraction of the vacuum energy that goes into the 
bubble walls, and which depends on 𝛾eq [79--81], the terminal Lorentz 
factor determined by the friction terms, and on 𝛾∗ , the Lorentz factor 
the bubble wall would reach if the NLO pressure term was not present. 
If 𝛾∗ ≤ 𝛾eq, all the vacuum energy goes into accelerating the bubble wall. 
When 𝛾∗ > 𝛾eq, the leftover energy after the wall has reached its terminal 
velocity is instead damped in the surrounding plasma, generating GWs 
from sound waves and turbulence. Our results suggest that the main con

tribution to the GWs arises from sound waves, whose power spectrum 
can be written as [82]

Ωsw,∗ = 0.38(𝐻∗𝑅∗)(𝐻∗𝜏sw)
( 𝜅sw𝛼 
1 + 𝛼

)2
(
𝑓

𝑓sw

)3

×

[
1 + 3

4

(
𝑓

𝑓sw

)2
]−7∕2 (13)

with peak frequency 𝑓sw = 3.4∕
[(
𝑣𝑤 − 𝑐𝑠

)
𝑅∗

]
. The efficiency coeffi

cient for sound waves is approximately given by [82,83]:

𝜅sw =
𝛼eff
𝛼

𝛼eff

0.73 + 0.083
√
𝛼eff + 𝛼eff

(14)

with 𝛼eff ≡ 𝛼 (1 − 𝜅col). Finally, 𝜏sw is the length of the sound wave 
period and we follow the prescription presented in Ref. [73]. If the sound 
wave period is significantly shorter than a Hubble time, then a sizable 
fraction of the vacuum energy goes into turbulence in the plasma.

6. Numerical analysis

The numerical computation of the thermal parameters used as inputs 
in the prediction of the gravitational wave spectra requires a dedicated 
analysis, given that we are interested in supercooled FOPTs. We will 
point out the main improvements we considered over previous stud

ies, essential to establish the reliability of the FOPT explanation of 
NANOGrav data. Throughout all our discussion, we study solutions in 
the runaway regime where 𝑣𝑤 → 1, which is determined by the condi

tion 𝛼 > 𝛼∞, the weakest transition strength that can take place over

coming the leading-order friction term [83].

We implemented the potential using the model class provided by 
CosmoTransitions [84] and calculated the action using the tunneling 
potential method in [85,86]. One important feature of our analysis is 
that it does not rely on the bag model, which considers regions or ``bags'' 
of constant energy per volume [87] such that the potential scales like 
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Table 1
Benchmark points reproducing the PTA results from NANOGrav with FOPTs 
with 𝑔𝐷 ≃ 𝑔roll

𝐷
. The first three columns correspond to the physics parameter of 

the dark sector scenario we consider, while the next three columns correspond 
to the percolation temperature, the mean bubble separation at percolation and 
the transition strength. Finally we present the masses of the dark scalar and the 
dark photon.

𝑣𝜙 𝜆𝜙 𝑔𝐷 𝑇𝑝 𝐻∗𝑅∗ 𝛼 𝑚𝜑 𝑚𝑍′

[GeV] [MeV] [GeV] [GeV] 
BP1 0.5 0.006 0.75 12.37 0.489 361.5 0.055 0.375 
BP2 1 0.006 0.75 23.37 0.651 451.8 0.110 0.750 
BP3 3 0.006 0.75 70.29 0.644 367.6 0.329 2.25 
BP4 1 0.010 0.85 38.39 0.723 94.92 0.141 0.854 

Fig. 1. Gravitational wave spectrum for the reference points in Table 1. The 
gray shaded regions correspond to NANOGrav’s violin plot.

𝑉eff (𝑇 ) ∼ 𝑎𝑇 4+𝑏, with 𝑎 and 𝑏 constant. As can be seen from Eq. (9), this 
affects directly the relation between time and temperature which is used 
throughout the computation of every thermal parameter describing the 
FOPT. Additionally, as already explained earlier, when using the bag 
model relation between enthalpy and energy densities, 𝜌 = 4𝑤∕3, the 
kinetic energy of the plasma can be overestimated [20,76,77]. Instead, 
we use the pseudotrace and enthalpy densities in the computation of 
𝛼, as defined in Eq. (11). Additionally, we directly compute the speed 
of sound in the plasma at a given temperature, 𝑐2

𝑠
(𝑇 ) = 𝜕𝑇 𝑉 ∕(𝑇 𝜕2𝑇 𝑉 ), 

instead of assuming a constant value 𝑐𝑠 = 1∕
√
3, and find deviations 

from this value as large as 25% in some cases.

Finally, we compute explicitly the mean bubble separation at perco

lation 𝑅∗, given that lattice simulations providing the GW spectrum are 
performed in terms of this length scale [78,88]. This circumvents the 
introduction of further assumptions on the behavior of the nucleation 
rate which are found when trying to relate 𝑅∗ with the commonly used 
inverse time duration of the transition 𝛽∗.

7. Benchmark points

In the following we present four benchmark points (BP) in Table 1
that could account for the NANOGrav 15-year data set [11], showing 
indeed that it can be explained with a FOPT. As previously found [11], 
we also see that the vev is required to be in the ∼ 500 − 1000 MeV 
range. For BP1-3 we fix the couplings 𝜆𝜙 = 0.006 and 𝑔𝐷 = 0.75 ≃ 𝑔roll

𝐷
, 

studying how the GW spectrum changes varying the vev, while BP4 has 
the same vev as BP2 but different couplings. We leave a scan of the full 
parameter space for future studies. The resulting GW spectra are shown 
in Fig. 1, together with the violins from NANOGrav 15-year data. 

Fig. 2. Upper panel: Maximum (minimum) value 𝑔max (𝑔min) of the gauge cou

pling for which a FOPT completes as a function of the scalar quartic coupling 𝜆𝜙, 
shown in dark red (blue). The dashed line corresponds to the values for which a 
potential barrier is present at zero temperature (see Eq. (4)). Lower panel: Val

ues of the different relevant temperatures as a function of 𝜆𝜙 for 𝑔𝐷 = 𝑔max
𝐷

. In 
both panels the vev is fixed to that of BP2 and BP4 in Table 1.

As stressed in previous sections, particular care needs to be taken 
in order to reproduce the NANOGrav results making sure that the PT 
completes. Indeed, if the completion condition we impose following 
Ref. [46] was lifted, a much larger degree of supercooling would be 
found. However, such thermal histories with a long period of expo

nential expansion make the FOPT unsuccessful as the Universe would 
remain in the false vacuum. Given that the completion of the FOPT limits 
the amount of supercooling we can have, we find that the main contri

bution to the GW spectrum comes from sound waves. This is due to the 
NLO pressure contribution from gauge-boson emission driving the wall 
to a terminal velocity, suppressing the contribution from bubble colli

sions. Bubble collisions are only the dominant GW source for very large 
values of 𝛼 ≳ 1012 [73], solutions for which we find that the FOPT does 
not complete, in line with Ref. [46].

In general, we find that successfully accounting for the SGWB ob

servation corresponds to the gauge coupling values 𝑔𝐷 ∼ 𝑔roll
𝐷

, which is 
expected given that for this value of 𝑔𝐷 a barrier separating the minima 
at zero temperature allows for a higher degree of supercooling. This 
is shown in Fig. 2 as well. In the upper panel, we show in dark red 
(blue) the largest (smallest) value of the gauge coupling 𝑔max (𝑔min), 
computed numerically, for which the FOPT completes in the runaway 
regime as a function of 𝜆𝜙 and by fixing the vev to that of BP2. The 
black dashed line corresponds to the values of the gauge coupling given 
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by Eq. (4). As can be seen in combination with the lower panel, in which 
we show different relevant temperatures in the FOPT as a function of 
𝜆𝜙 and for 𝑔𝐷 = 𝑔max

𝐷
, the highest degree of supercooling appears when 

𝑔𝐷 ∼ 𝑔roll
𝐷

. For this value, we no longer find a minimum temperature 
at which the FOPT can take place (𝑇min), as a consequence of the po

tential barrier being present at zero temperature. Although this can be 
regarded as fine-tuned, it might point toward particular scenarios with 
classical scale invariance which enjoy similar features [89--91].

We highlight that the condition for supercooling, 𝑔𝐷 ≃ 𝑔roll
𝐷

, leads 
to a significant hierarchy of masses, with the scalar being much lighter 
than the dark gauge boson, see Table 1, with potential key consequences 
for their phenomenology and related searches.

8. Conclusions

We have studied the possible explanation of the NANOGrav 15-year 
data via supercooled FOPT, assuming a minimal approach. In particular, 
we showed that a 100 MeV−GeV dark sector comprised of a complex 
scalar charged under a 𝑈 (1)𝐷 gauge symmetry, can successfully do so.

By means of a rigorous approach that takes care of the supercooling 
subtleties of the FOPT, going beyond commonly-made approximations, 
we find that the main contribution to the GW spectrum arises from sound 
waves, given that the friction arising from soft gauge boson emission 
drives the expansion of the walls to a terminal velocity, suppressing 
the contribution from bubble collisions. This is because the amount of 
supercooling is limited by the condition that the FOPT completes, as 
noted in Ref. [46].

In order to reproduce the observed SGWB, we find a tight relation 
between the size of the gauge coupling and that of the quartic coupling 
of the light scalar. The gauge coupling values required are around 𝑔roll

𝐷
, 

for which a potential barrier between the minima at zero temperature is 
present. Correspondingly, the quartic coupling needs to be significantly 
smaller. This results in a hierarchical spectrum for the dark bosons, with 
a much heavier gauge boson with respect to the dark scalar that typically 
has mass in the  (10 − 1000) MeV range. This could lead to important 
phenomenological consequences once the portals to the SM are taken 
into account and could guide future laboratory tests of these models. 
Non-minimal realizations of this model could include fermions, both 
mixing to neutrinos and as DM, that would enrich even more the dark 
phenomenology.

9. Note added

While this paper was being written, a similar study was released 
in Ref. [91]. In particular, the authors find the possibility to explain 
NANOGrav results with a classically scale invariant scalar sector which 
they relate to 𝐵 − 𝐿. Here we do not assume scale invariance in the 
dark sector and, more importantly, we avoid the use of the bag model 
assumptions to compute the relevant thermal parameters for the FOPT. 
Furthermore, we directly compute the mean bubble separation 𝑅∗ , in

stead of the inverse time duration 𝛽, which relies on further assumptions 
on the shape of the bubble nucleation.
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