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We perform a Bayesian analysis of NANOGrav 15-yr and IPTA DR2 pulsar timing residuals and show
that the recently detected stochastic gravitational-wave background is compatible with a stochastic
gravitational-wave background produced by bubble dynamics during a cosmological first-order phase
transition. The timing data suggest that the phase transition would occur around QCD confinement
temperature and would have a slow rate of completion. This scenario can naturally lead to the abundant
production of primordial black holes with solar masses. These primordial black holes can potentially be
detected by current and advanced gravitational-wave detectors LIGO-Virgo-Kagra, Einstein Telescope,
Cosmic Explorer, by astrometry with GAIA, and by 21-cm survey.
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Introduction.—By measuring cross-correlations in the
arrival times of pulses emitted by rotating neutron stars,
pulsar timing arrays (PTAs) have been established as a
mean to detect nanohertz frequency gravitational waves
(GW). In 2020, a common low-frequency noise has been
identified in the datasets of NANOGrav 12.5-yr [1], EPTA
DR1 [2], and PPTA DR2 [3], and confirmed in 2022 by
IPTA DR2 [4], which combines data from the former. To
distinguish a GW origin from systematic effects requires
timing delay correlations to have a quadrupolar dependence
on the angular separation between pulsars [S]. In June
2023, following the analysis of their most recent data, the
collaborative efforts of NANOGrav 15-yr (NG15), EPTA
DR2, and PPTA DR3 have identified compelling statistical
evidence for such interpulsar correlations [6—8], with Bayes
factors of 600, 60, and 11, respectively. The primary
expected source of GWs at low frequencies is believed to
be from supermassive black hole (SMBH) binaries [9-11].
The stochastic GW background (SGWB) inferred from
PTA data corresponds to the upper limit of the astrophysical
predicted interval; see Fig. 1. Recent studies suggest the
possibility of SMBH binaries being slightly more massive
and more numerous than initially anticipated [12-15].
Alternatively, the PTA SGWB might originate from new
physics taking place in the early Universe [15—18]. The last
hypothesis, however, comes with its own set of challenges.
For instance, ascribing the SGWB to inflation necessitates
unnaturally large values for the spectral tilt n, ~ 1.8 and alow
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reheating temperature 7', 10 GeV [19]. GWsinduced by a
Gaussian spectrum of curvature perturbation would result in
excessive primordial black hole (PBH) production [20,21],
same for a SGWB produced from domain wall annihi-
lation [22]. A SGWB resulting from PBH mergers would not
align with structure formation [23,24]. A cosmic strings
network, when arising from a global symmetry is excluded
by big-bang nucleosynthesis (BBN) [25-28], while when
arising from a local symmetry is not favored by the Bayesian
analysis [16,29]. To evade BBN bound, a first-order phase
transition (1stOPT) sourcing PTA signal would necessitate
the latent heat to be released dominantly to the standard
model, e.g., [15-18,30-33]. Interestingly, however, the
IstOPT interpretation of PTA SGWB requires a reheating
temperature around the scale of QCD confinement 100 MeV,
with a rather low completionrate f//H < 12 and a large latent
heat fraction o = 0.5 [16]. This overlaps with the region
where 1stOPTs have been recently found to produce PBHs in
observable amount [34]. The PBH prior has been omitted
in all previous analysis of the 1stOPT interpretation of PTA
data [15-18,30-33,35-40].

In this Letter, we perform a Bayesian search for SGWB
from 1stOPT in NANOGrav 15-year (NG15) and IPTA
DR2 (IPTA2) timing residuals, including both BBN-N .¢-
bound and PBH-overproduction constraints as priors in
the analysis. To simplify the numerical strategy, we focus
on the region a > 1 of strong supercooling where PBH
production is the most efficient. (The Bayesian analysis of
1stOPT with finite @ will be presented elsewhere.) We argue
that the SGWB from 1stOPT is given by the bulk flow
model independently of whether the latent heat is still
stored in bubble walls at percolation or has been released to
the plasma before. We find that PBH formation does not
exclude the 1stOPT interpretation of PTA signal. Instead, a
SGWB from supercooled phase transition (PT) is favored

Published by the American Physical Society
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The “violin” diagrams depict the posterior probability distribution of the SGWB energy density in each frequency bins of
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NGI15 and IPTA2 datasets. We overlay with solid lines the SWGB from 1stOPT using mean posterior value for the PT parameters,
cf. Supplemental Material [47]. The dotted lines illustrate the SGWB originating from SMBH binaries, employing the mean posterior
value for the amplitude and fixing the power-law index to f# = 2/3. The gray band represents the 90% confidence interval for the
projected SGWB based on a Monte Carlo simulation of a binary population of SMBHs [72].

with respect to the SMBH binary hypothesis by a Bayes
factor of 15 in NG15 dataset. We show, for the first time,
the existence of a multimessenger window: the NG15
posterior contains a region producing (0.1-10) solar-mass
PBHs; see Fig. 3. The merging of such PBHs would source
GWs with kHz frequencies in the range of LIGO-Virgo
[73-77] and ET/CE [78,79]. Additionally, their presence
could be detected from lensing in GAIA [80-82] or from
heating in 21-cm survey [83-85].

We also consider the negative hypothesis in which the
SGWB observed in PTA would not result from a super-
cooled PT and derive lower limits on the rate of completion
B/H Z [10-20], implying that the Universe could not have
boiled longer than (5%—10%) of a Hubble time during the
QCD phase transition.

Gravitational waves from first-order PT.—PT parame-
ters: The strength of a 1stOPT is characterized by the
ratio of its latent heat AV, defined as the vacuum energy
difference between the two minima of the potential driving
the transition, to the radiation energy density p,q(7,) at the
nucleation temperature 7',

o= AV _ (T) (1)

Prad (Tn ) Tn

where we have neglected a ratio of number of relativistic
degrees of freedom. A 1stOPT is said supercooled when
a 2 1, in which case the Universe enters a stage of vacuum
domination at temperature 7', that ends at 7', when bubble
growth converts the latent heat into radiation energy
density. The rate at which nucleation takes place is

controlled by the time derivative of the tunneling rate
per unit of volume T,

1dr,
Iy, dr’

p= (2)

After the phase transition completes, the Universe is
reheated back to the temperature Ty up to changes in
number of degrees of freedom that we neglect.

GW signal: The dynamics of weak 1stOPT a <1 is
rather well-understood: the latent heat is transferred to
sound waves [86-93] and turbulence [94-98], which are
both known for sourcing GWs [99,100]. The dynamics of
strong 1stOPT a > 1 is more complex due to the large
Lorentz factor y,, > 1 of bubble walls [101,102]. In the
scenario where the friction pressure is small, the latent heat
is dominantly transferred to kinetic energy of bubble walls.
The SGWB from bubble collision is known to be given by
the bulk flow model [103-107], which succeeds the
envelope approximation [108—112]. In the scenario where
the bubble reaches a terminal velocity due to the friction
pressure, the latent heat is transferred to the plasma in terms
of relativistic shock waves [113] and relativistic free-
streaming particles [102,114-117]. Because of Lorentz
contraction, their momentum distribution is highly peaked
and from a gravitational point of view, they should be
indistinguishable from infinitely thin bubble walls. For this
reason, the SGWB from strong 1stOPT a > 1 should be
well approximated by the bulk flow model. We consider the
supercooled limit @ > 1 in which the dependency of the
GW signal on both the wall velocity (v,, = 1) and the latent
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FIG. 2. Left: colored regions are posterior distributions in term of the reheating temperature 7', and rate of completion f/H of a
strong 1stOPT (a > 1). They are obtained after performing a Bayesian analysis of PTA dataset. We overlay the CMB, LIGO-Virgo. and
microlensing (EROS) constraints on PBHs produced during such 1stOPT. Right: lower limit on the rate of completion f/H in the
negative hypothesis in which the PTA SGWB would not arise from a strong PT (a > 1). We cast 68% and 95% lower limit using
Bayesian inference as explained in the Supplemental Material [47] (orange and blue), or using the power-law integrated curve in [128]
(gray) assuming a signal-to-noise ratio (SNR) threshold of 5 and 10.

heat fraction a disappears. The SGWB spectrum, including
additional details, can be found in the Supplemental
Material [47].

PTA data analysis.—Numerical strategy: We searched
for GW from 1stOPT in two open-access datasets,
NGI15 [6] and IPTA2 [4]. The released data are presented
in terms of the timing-residual cross-power spectral

density S, (f) = Taph2(f)/(122%) 7, where h(f)
1.26 x 10718 (Hz/f)\/h*Qaw(f) signifies the character-

istic strain spectrum [118] and I',;, denotes the overlap
reduction function between pulsars “a” and “b” within
a given PTA [119]. We used the software packages
ENTERPRISE [120] and ENTERPRISE_EXTENSIONS [121] to
compute the likelihood of observing given timing residuals
assuming the presence of the SGWB from 1stOPT given in
the Supplemental Material [47]. We used pTMCMC [122] to
generate the posterior distribution. For IPTA2, we margin-
alized over white, red, and dispersion measure noises as
prescribed in [4,20,123]. For NG15, we instead used the
handy wrapper PTARCADE [124] with “enterprise” mode in
which marginalization over noise parameters is automa-
tized. We used GetDist [125] tool to plot the results. To
circumvent pulsar-intrinsic excess noise at high frequen-
cies, the SGWB search was confined to the lowest 14 and
13 frequency bins of the NGI15 and IPTA2 datasets,
respectively. We included the BBN constraints assuming
that the 1stOPT sector reheats dominantly into standard
model degrees of freedom and, when specified, the one
from PBH overproduction, discussed in the “Primordial
Black Holes” section, to infer the prior distribution of
1stOPT parameters. Detailed information regarding data
analysis and prior choices can be found in the Supplemental
Material [47].

Supercooled PT: 'We conducted searches for GW from
strong 1stOPT (a> 1) in isolation, GW from SMBH

~

binaries individually, as well as a combined analysis of
IstOPT and SMBH binaries. In Fig. 1, we show the GW
spectra with parameters set to their mean posterior values
given in the table of the Supplemental Material [47]. The
68% and 95% confidence contours are depicted in Fig. 2
(left). The posterior for the combined analysis of 1stOPT
and SMBH is reported to the Supplemental Material [47].
We assumed a flat prior on the strain amplitude of the
SGWB from SMBH binaries, as well as the spectral slope
of 13/3 associated with GW-driven inspirals. To quantify
the evidence provided by the observed PTA data, denoted
as D, in favor of one model, say X, versus another, say Y,
we employ the Bayesian factor

BFy x =P(D|Y)/P(D/X). (3)
which we compute using the product-space sampling
method [119] implemented in ENTERPRISE_EXTENSIONS
[121]. Here, P(D/X) is the likelihood probability of
observing data D given the model X. The outcomes of
the Bayesian model comparison presented in Table I,

TABLE 1. Bayesian factors BFy y with values significantly
exceeding 1 indicate support for interpretation ¥ with respect to
X. Conversely, values approaching 1 suggest no discernible
preference between X and Y. We can see that the IstOPT
interpretation is favored with respect to SMBH binaries in
NGI15 data and that the PBH prior only slightly worsens the fit.

BFY.X
Model X Model Y Prior NGI15 IPTA2
SMBH 1stOPT BBN 24 0.50
BBN + PBH 15 0.49
SMBH SMBH + 1stOPT BBN + PBH 9.3 1.2
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The ellipses are the posterior distributions obtained after a Bayesian search of SGWB sourced by a supercooled 1stOPT in

NGI15 and IPTA2 datasets. We overlay the region producing PBHs detectable by different observatories; see the “Primordial Black

Holes” section for details.

according to Jeffrey’s scale [126,127], suggest that NG15
data “substantially” favors the presence of a GW signal
from 1stOPT aside to the one from SMBH. Instead, IPTA2
data remains inconclusive.

Exclusion bounds: Under the assumption that the PTA
signal does not arise from 1stOPT, we have derived upper
limits on the GW signal emanating from IstOPT. As
depicted in Fig. 2 (right), these limits correspond to lower
bounds on the rate of completion, going up to #/H < 20.
As discussed in the Supplemental Material [47], these
lower limits are conservative as the GW spectrum from
SMBH was not included in the analysis.

Primordial black holes.—Supercooled late-blooming
mechanism: In [34], it was demonstrated that PBHs could
be produced in observable amount during supercooled PT
through a process termed “late-blooming.” During 1stOPT,
the nucleation sites of bubbles are randomly dispersed
across the entire volume of the false vacuum. As the
Universe gets close to the point of percolation, there
remains a nonzero probability of identifying Hubble-sized
regions where nucleation has not yet initiated. Throughout
the supercooled PT, these delayed regions maintain a
constant vacuum energy, while the energy density in their
vicinity redshifts like radiation. Upon completion of
percolation, these “late-bloomers” evolve into overdense
regions. If these regions are Hubble-sized and exceed a
certain density threshold Jp/p = 0.45, they collapse into
PBHs. We direct the reader to [34] for the precise analytical
formula to estimate the abundance and mass of those PBHs.
(Some other works [129-132] find a different PBH
abundance. References [129,130,132] find a lower PBH

abundance because the formalism is restricting collapsing
patch to remain 100% vacuum dominated until collapse.
Reference [131] finds a larger abundance because nucle-
ation is not accounted in the entire past light cone of a
collapsing patch. Instead, Ref. [34] accounts for nucleation
to take place not only in the whole past light cone but also
in the collapsing patch itself as long as the critical over-
density is reached.) The mass distribution of those PBHs,
left for future studies in [34], is assumed to resemble a delta
function in the present work. We included the PBH over-
production constraints as a prior in the Bayesian analysis.
The Bayes factors shown in Table I are unaffected for
IPTA2 and only decrease from 24 to 15 for NG15. We have
plotted the contour lines representing the PBH fraction of
dark matter fpgy in Fig. 2 and the PBH mass in Fig. 3. In
addition, we overlay cosmological and astrophysical con-
straints on this population of PBHs.

Excluded regions and detection prospects: With solid
lines, we show current constraints. In yellow, we have the
exclusion regions arising from distortion of the cosmic
microwave background (CMB) caused by x rays from
accretion that modify the ionization history between
recombination and reionization [133—135]. In purple, we
show the constraints using the search for photometric
magnification (strong lensing) of stars in the Magellanic
clouds conducted on Eros data [136]. The solid cyan-
colored region represents constraints derived from the data
collected by LIGO-Virgo interferometers [73-77]. With
dashed lines, we show future prospects. In green, we have
the reach of 21-cm surveys due to heating and ionization
of the intergalactic medium via x rays produced during
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accretion [83—-85]. In red, we have the forecast from the
search for transient astrometric deviation (weak lensing) of
single or multiple stars in GAIA time-series data [80-82].
Finally, in dashed cyan we show the prospect for detecting
GW from PBH binaries with Einstein telescope and
Cosmic Explorer [78,79].

Conclusion.—We conducted a Bayesian analysis of the
NANOGrav 15-yr (NG15) and IPTA DR2 (IPTA2) timing
residuals. Our findings indicate that NG15 indicate a
substantial preference for the presence of a strong first-
order phase transitions (1stOPT) in isolation or combined
with SGWB from SMBH binaries, while IPTA2 remains
inconclusive on which scenario is preferred. The phase
transition is characterized by a remarkably low completion
rate, e.g., f/H ~ 12.6 and 10.7 for NG15 with and without
astrophysical signal from SMBH binaries. From a theo-
retical perspective, such a value is typical of supercooled
phase transitions, characterized by a strong first-order
phase transition with a parameter « significantly larger
than 1, e.g., [99,100,137], which motivates the choice of
prior > 1 done in this Letter. These cosmological
scenarios have been demonstrated to produce primordial
black holes (PBHs) in considerable quantities when f/H <
7 [34]. We checked that in contrast to the scalar-induced
[20,21] and domain-wall [22] interpretations of PTA signal,
the 1stOPT interpretation does not fall into the PBH
graveyard of PTA’s interpretations. The Bayes factor of
the strong 1stOPT interpretation with respect to SMBH
binary one is only reduced from 24 to 15 in NG15 after
including the PBH prior, while it is not affected in IPTA2.
However, we showed that the 1stOPT interpretation of the
PTA signal might be associated with the presence of solar-
mass PBHs in our Universe today. We further assessed the
potential for detecting these PBHs using different obser-
vational techniques, including 21-cm cosmological hydro-
gen line observations, astrometry with the GAIA mission,
and next-generation kilohertz frequency GW interferome-
ters such as the Einstein Telescope and Cosmic Explorer. In
the event that an astrophysical explanation becomes defini-
tive, we established 68% and 95% exclusion constraints on
the parameter space of 1stOPT, up until #/H = 20. Under
these conditions, it would effectively preclude any pos-
sibility of detecting PBHs from supercooled PTs within the
mass range (1M ,,10° M ]; see Supplemental Material [47].
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