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Have pulsar timing array methods detected a cosmological phase transition?
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We show that the recent detection of a gravitational wave (GW) background reported by various pulsar
timing array (PTA) collaborations including NANOGrav-15 yr, PPTA, EPTA/InPTA, and CPTA can be
explained in terms of first order phase transitions (FOPTs) from dark sector models (DSM). Specifically,
we explore a model for first order phase transitions that involves the Majoron, a Nambu-Goldstone boson
that is emerging from the spontaneous symmetry breaking of a U(1), or U(1)g_;, symmetry. We show how
the predicted GW power spectrum, with a realistic choice of the FOPT parameters, is consistent with 1-¢
deviations from the estimated parameters of the background detected by the PTA collaborations.
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I. INTRODUCTION

Fresh batches of pulsar timing (PTA) data have recently
been released by various collaborations, reporting an
excess of a stochastic spectrum which appears to be
compatible with a gravitational wave background (GWB) at
frequencies around f ~ 1 + 10 nHz. Among these, the North
American Nanohertz Observatory for Gravitational Waves
(NANOGtrav) collaboration has recently released the data
collected in the first 15 yrs of activity [1-5]. In addition to
previous analyses [6-9], the recent NANOGrav 15-year data
also reports the evidence for quadrupolar correlations that
follow the signature described by Hellings and Downs [10]
and is then conclusive with regard to the nature of the
detection. Similar evidences have been independently
reported by the European Pulsar Timing Array (EPTA)
jointly with the Indian Pulsar Timing Array (InPTA)
[11-16], the Parkes Pulsar Timing Array (PPTA) [17-19],
and the Chinese Pulsar Timing Array (CPTA) [20], pointing
at a broadly consistent picture.

“addazi @scu.edu.cn
Tyifucai @ustc.edu.cn
’mearciano@fudan.edu.cn
Muca.visinelli@sjtu.edu.cn

2470-0010,/2024,/109(1)/015028(7)

015028-1

An intriguing possibility consists in the gravitational
waves background (GWB) to be released primordially
during a first order phase transition (FOPT) through the
collision of bubble walls [21-26], sound waves [27,28] and
secondary gravitational waves from scalar perturbations
[29,30].

This scenario, taking place in the early Universe, was
suggested by several authors [31-37]—see also Ref. [38]
for a recent assessment. A considerable attention was
recently received, due to the experimental results released
by the PTA collaboration [39-41].

We show that our predictions of the FOPT parameters are
consistent with 1-¢ deviations from the parameters estimated
by the GWB detected by NANOGrav, so that the FOPTs
arising from a dark sector provides a natural explanation to
the NANOGrav detection without being in conflict with any
other phenomenological bounds. We explore in detail a
FOPTs model that involves the Majoron, a Nambu-
Goldstone boson that is emerging from the spontaneous
symmetry breaking of a U(1), or U(l)g_, symmetry
[31,42]. This represents in our intentions an instructive
benchmark for a wider class of scenarios, including the case
of the Goldstone boson from an accidental U(1) symmetry.

This interpretation of the experimental data clearly
requires the gravitational wave spectral information to be
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compatible with the GWB assumption. Reliable models on
other possible astrophysical sources, including extragalac-
tic ones, enable to distinguish the origin of the GWB—see
e.g. Refs. [43,44]. Future observations of the GWB will
enables to probe astrophysical models on their origin,
exploring frequency regions even below the nHz regime,
motivated by known physics [45-48] and other exotic
models [49-51].

II. FOPTs PHENOMENOLOGY
OF THE MAJORON

We consider a minimal extension of the SM in which an
extra U(1) dark sector is spontaneously broken by a new
scalar field o, see e.g. Refs. [52-55]. Well-known examples
are provided by the Majoron [56] and dark photon models
[57,58], which can both related to FOPTs and detect-
able GWB.

In this work, we focus on the Majoron model [59-62], as
a benchmark for a wider class of FOPTs models. This
amounts to a minimal extension of the SM symmetry
group, which encodes an extra U, (1), and to the intro-
duction of a new complex scalar singlet field 6 = ¢ + 1J,
with lepton charge L:0 = —2. Then o can be coupled to a
|AL| =2 Majorana operator v;v; by considering a
Lagrangian component

ED]’ILGI/LI/L+H.C., (1)

which does not violate the U (1) symmetry. Extending the
Majoron model to include a type-I see-saw mechanism with
a RH neutrino, an operator of the type

L D hgrovgrg + Hec., (2)

must be included in the Lagrangian.
The scalar sector of the model, including the SM Higgs
field H, is subjected to the potential

Volo, H) = Vi(o, H) + Vi(o) + V" (0, H),  (3)

where V{j and V" are higher order effective operators that
can efficiently induce FOPTs in the dark scalar sector,
while the potential for the Higgs and complex scalar singlet
fields including the self-interactions is

Vo ="Voo+ Vou + Voou- (4)
U/2 2
VOO‘ = /1‘9 <|6|2 - > ’ (5)
2
o2\ 2
Vou = (117 =) )

'"We set 7 = ¢ = 1 unless otherwise specified.

) V2 ) o2
VOoHI/%H<|6| —7> <|H| —?>- (7)

Assuming A,y < A, y entails the suppression of the 6 — H
mixing terms. We will assume that the fields ¢ and H are
weakly coupled, which preserves o to be a dark scalar.
The Vi, component of the potential entails the con-
densate’s value (¢) = 1//+/2, which spontaneously breaks
U, (1), generating a Majorana mass for neutrino mass term,

E D ML,RDL,RVL.R + H.C., (8)

with p; r = hy (o). The pseudo Nambu-Goldstone boson
related to the spontaneous symmetry breaking J = Imo is
the Majoron. The advantage of this mechanism is that it can
be falsified by resorting to a multimessenger strategy that
also involves collider physics experiments [63—-66]. The
Majoron scenario can also be tested through neutrino-less
double beta decays (Ouvpf), thanks to the fact that the
Majoron emission should alter the distribution of the
emitted electrons [67,68].

Considering only 6D L-preserving operators, the rel-
evant potential terms expressed as higher order effective
operators are

VI = % (6*0)® + Hec., 9)
m_ K2 2( % E % \2
V" = A2 (HH)*(c%0) + A2 (HH)(c"0)* + H.c. (10)

A further extension to the higher order terms of the
potential can be envisaged by including terms which softly
break U; (1) [32]. On top of that, the leading tree-level
thermal corrections to the complex singlet mass to be
considered is expressed by

K10 + K 0?

AM(T) ~-6KT?>, K e

(11)

Thus, since the thermal contribution to the mass is negative,
it can induces a FOPT from the o-potential [31,32,42].

If k; ~ k,, the second term in K dominates over the first,
with v’ < v, which is a necessary condition to derive a
FOPT temperature compatible with GW observation by
NANOGrav. This scenario can be eventually constrained
through collider physics, from the Higgs decays into
invisible channels. Nonetheless, the case k,v> < k1'% also
represents a viable possibility, as it eludes any direct
constraint from colliders [63-66]. We can then assume
that the new scale of physics A only relates to the Majoron
sector, being by assumption decoupled from the Higgs. The
new physics scale A can in principle be smaller than the
electroweak scale.
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Furthermore, in order to have a strong FOPT, v'/A ~
0.1 + 0.5 can be safely considered without any violation of
direct constraints and perturbative bounds. For this reason,
in the analysis that follows, we are allowed to neglect the
o — H interaction, hence providing a simplified explanation
for the NANOGrav excess of stochastic spectrum.

To proceed with the analysis of FOPTs, we construct the
one-loop thermal corrected potential, adopting the same
prescription as in Ref. [69], namely

Ver(T) = Vo + V(cl\;v +AV(T) + Ve, (12)

where V| is the tree-level potential in Eq. (3), Vcw is the
1-loop zero-temperature Coleman-Weinberg potential,
AV(T) includes all the leading order thermal corrections,
and the counter-term potential V1 is written with the
same prescription adopted in Ref. [70]. In particular, the
CW potential in the Landau gauge is expressed by

4
i

2
vy = S0 s g () -] (13

where n; are the degrees of freedom of the system, m; =
m;(o, H) are field dependent particle masses—the i-index
runs over all the particles—the exponents F' =0, 1 for
bosons and fermions, respectively, Q denotes the renorm-
alization scale in the M S-scheme, k; = 1/2 for transversely
polarized gauge bosons and k; = 3/2 for longitudinally
polarized gauge bosons, scalars and fermions. The one-
loop thermal corrections can be expressed as

AV(T) = 2T—]:2 {ZB:nBJB [";—‘229] - ZF:nFJF {’;—E] } (14)

where Jp p are the boson and fermion thermal integrals,
respectively. Equation (14) also contains the mass correc-
tions in Eq. (11) as the leading order thermal contributions.

A breakdown in the perturbation theory approach used in
Eq. (12) is expected to occur at finite temperature [71]. This
issue has being investigated with dimensional reduction at
next to leading order [72-76] as well as other thermal
resummation methods [77,78].

The numerical analysis, performed by some of us in
Refs. [31,32], deployed the open source software
CosmoTransition [79]. This provides the numerical evaluation
of the classical effective action S3 = S3(5, H, T), defined in
terms of the full one-loop effective potential in Eq. (12), by
providing particular solutions & and A that minimize the
action [80].

The thermal effective potential and the Euclidean action
are involved in the definition of the (a,f) parameters,
which are in turn related to FOPTs and GW spectra.
Specifically, the latent energy parameter « is expressed by

e o

where AV =V (67, H;,T,) = V(0;, H;, T,) is the differ-
ence between the potential in the final stable phase and the
initial metastable phase, 7, denoting a critical temper-
ature’; p, = (72/30)g.T}, is the radiation energy density
during the epoch of bubble nucleation, g, denoting the
number of relativistic degrees of freedom. The second
characteristic FOPT parameter is f#, which is the inverse of
the typical average nucleation timescale and is defined as:

ﬁZT*i S5
H, oT \ T

The three main contributions to GWs—see e.g.
Ref. [81]—from FOPTs are: (i) bubble-bubble deep inelas-
tic scatterings; (ii) shock sound waves (sw); (iii) turbulence
of the primordial plasma. These GWs are sourced in a fast
transient around the bubble nucleation time, and due to the
Universe expansion undergo redshift to observers at present
time.

The predominance of one contribution upon the others
depends crucially on the nucleation dynamics. This is in
turn characterized by the bubble speed profile vy, as a
function of the parameter a [81]. In particular, for the
runaway bubbles, characterized by vy &~ 1, the collision
contribution is dominant; while for the nonrunaway bub-
bles, the sound and turbulence sources are the leading order
contributions toe the GW spectra.

For the scientific case we are representing in this work, it
is essential to remark that any Qgw(f) contribution
determines different frequency-dependent power-spectra
profiles. This ensures the falsifiability of the proposed
models through the comparison of the spectra predicted by
the PTA analyses. The statistical analyses of the best fit
then enable to disentangle, as a inverse problem, the nature
of the FOPT, clarifying the scenario, either runaway or not
runaway, favored by the recent PTA results.

(16)

T=T,

III. RESULTS

The spectral shape of the GWB is phenomenologically
described in terms of an approximated broken power law
function of the form

*The critical temperature 7', for a FOPT to take place can be
estimated either from the bubble nucleation temperature 7, i.e.
the temperature at which the rate of bubble nucleation per Hubble
volume and time is approximately one, or more accurately from
the percolation temperature T, at which the probability to have
the false vacuum is about 0.7. Although using T', to calculate the
strength leads to stronger signals for GWs and more visible
results, here we conservatively estimate 7', using T,.
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1 (a+b)
N bx—ale 4 gxble’

N (?) a/n (%yr‘(a/nnlz(r‘c()b/n) ’ (18)

with n = (a + b)/c, and the spectral shape parameters a, b
and ¢ have been estimated from the data, selecting their
values in prior ranges that account for the typical uncer-
tainties of numerical simulations and the possible depend-
ence on specific models—see, e.g., Refs. [28,82]. These
values are finally deployed to determine the spectral index,
as we specify below.

The GWB amplitude is modeled in terms of a power-law
spectrum with the characteristic strain

mu>=m(1)¥, (19)

yr

S= (17)

in which

where fy. =1 yr~! is a reference frequency, A, is the
amplitude at fy,., and the parameter y is related to the

spectral tilt. The fractional energy density in GWs asso-
ciated with the strain is [83]

Qonl) = e PN =98 (L) 20

yr

where Q3 = 272 f5./(3H}). The constraint derived on the
(A,,y) space of parameters by the NANOGrav-15 yr
collaboration may be then interpreted as a GWB signal
of amplitude A, = 6.4752 x 107> at 90% credibility and
with spectral index y = 3. 2+06 [1]. PPTA consistently
reports the amplitude A, = 3. 1+1 > x 10715 at 68% credi-
bility for the spectral index y = 3 90 £ 0.40 [19]. The
analysis by the EPTA/InPTA collaborations yields the
amplitude log;pA, = —14. 54f8 at 90% credibility, with
the spectral index y = 4. 19*063 when using the full set of
data covering 24.7 years [13]. In the following, we account
for the results by the NANOGrav-15 yr collaboration as a
benchmark of the recent PTA data release.

We assess the cosmological scenario presented against
these experimental results, considering the GW signal from
phase transitions. We obtain the spectral tilt and the

amplitude by inverting the relations in Egs. (19) and
(20) as in Ref. [83], namely
dIn Qgw (7,
y=5-— n Qg (fo, f) ’ (21)
dinf —p
3HZ Qgw (1o, f+ A\ 57
A* — _2() GW(20 f ) (f_y) , (22)
2z yr f*

where the quantities are computed at the reference fre-
quency f, = fy.

For frequencies in the nHz region, the dominant con-
tribution is set by shock sound waves, whose dynamics has
been simulated in Refs. [28,82]. A fit to the simulation in
Ref. [28] leads to the spectral index

Y =2+2112/(3f* +4£3%), (23)

where the peak frequency is set by the average bubble
separation f,, ~ f#/vg. Once redshift is taken into account,
the value of the characteristic frequency only depends upon
the combination fT,/H,, so that the 15 yr result by the
NANOGrav collaboration can be recast in terms of the
parameters describing the FOPT as

245i£L54.3. (24)
v H, 100 MeV

In Fig. 1, we compare the parametric region (A, y) from
NANOGrav results with several FOPTs benchmarks, pick-
ing different values of o and T,. As displayed, there exist
several FOPTs with 7T, ~ 1+ 100 MeV and a ~0.1 +0.3
that are compatible with the NANOGrav excess of a
stochastic spectrum. The degeneracy in the (7, @) param-
eter space has also been obtained in the recent Monte Carlo
analysis by the NANOGrav collaboration [5] and allows to

_13 T 1 1.1

=T, =100 MeV|
—T, =1MeV

15
16202428 32364044 48 5256
Y

FIG. 1. The strain amplitude A, (vertical axis) and the index y
(horizontal axis) predicted by different models of GWs from
bubble collision for a phase transition occurring at T, =
100 MeV (red lines) and 7, = 1 MeV (blue lines). Different
line thicknesses correspond to different choices for the value of
a—see the figure label for details. We also display the fit recently
obtained by the NANOGrav collaboration [1] after analyzing the
15 years dataset, with the different shadings marking the 1-, 2-,
and 3-o confidence regions.
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accommodate the results by the PPTA and EPTA/InPTA
collaborations which report a different best fit within 2o.

IV. CONCLUSIONS

In this work, we have analyzed data recently released by
pulsar timing array (PTA) collaborations within the working
assumption of a first order phase transition (FOPT) being
originated from a U(1) dark sector. We have shown that a
FOPT with a critical temperature around 1 + 100 MeV can
provide a natural explanation for the excess of stochastic
spectrum recently reported using the PTA methods.
Differently than other possibilities, this model does not
appear to be tailored ad hoc in order to fit the PTA results.
In fact, while in Fig. 1 we have focused on the results by the
NANOGrav consortium which is here used as a benchmark,
we remark that the results by the EPTA/InPTA, PPTA and
CPTA collaborations can also be accommodated within the
model presented.

Our analysis showed that FOPTs in the dark sector that
are compatible with NANOGrav 15 years originate from
the occurrence of nonrunaway bubbles. It is well known
that runaway bubbles generate a GW spectrum dominated
by collisions. Conversely, sound waves favored by
NANOGrav-15 yrs dominate the GW signal when the
nonrunaway dynamics is dominant. This is an important
update with respect to previous works in literature. Indeed
previously, while only relying on NANOGrav 12.5 years
data, the discrimination among different FOPT classes was
not yet possible (see Refs. [31-37] for previous analyses).

The nucleation temperature that fits the data lies close to
the mass scale that is relevant for warm dark matter (WDM)
models such as the Majoron scenario. Within a multi-
messenger perspective, radio-astronomy can provide a
powerful probe for WDM models. It is anyway important
to point out that also other models with spontaneously
broken extra U(1), including the dark photon, can in
principle provide FOPTs [84] compatible with the data
released by NANOGrav. An exhaustive analysis of all the

viable DM models from SM group extensions with FOPTs
is beyond the purposes of this work.

During the final preparation of the manuscript after
completion of this work we received Refs. [85-91],
partially overlapping with this work.

ACKNOWLEDGMENTS

The work of A. A. is supported by the National Science
Foundation of China (NSFC) through the Grant
No. 12350410358; the Talent Scientific Research
Program of College of Physics, Sichuan University,
Grant No. 1082204112427; the Fostering Program in
Disciplines Possessing Novel Features for Natural
Science of Sichuan University, Grant
No. 2020SCUNL209 and 1000 Talent program of
Sichuan province 2021. Y. C. acknowledges the National
Key R&D Program of China (2021YFC2203100), CAS
Young Interdisciplinary Innovation Team (JCTD-2022-20),
NSFC (12261131497), 111 Project for “Observational and
Theoretical Research on Dark Matter and Dark Energy”
(B23042), Fundamental Research Funds for Central
Universities, CSC Innovation Talent Funds, USTC
Fellowship for International Cooperation, USTC
Research Funds of the Double First-Class Initiative,
CAS project for young scientists in basic research
(YSBR-006). A. M. acknowledges support by the NSFC,
through the Grant No. 11875113, the Shanghai
Municipality, through the Grant No. KBH1512299, and
by Fudan University, through the Grant No. JJH1512105.
L. V. acknowledges support by the NSFC through the Grant
No. 12350610240, as well as hospitality by the INFN
Frascati National Laboratories during the completion of
this work. This publication is based upon work from the
COST Actions “COSMIC WISPers” (CA21106) and
“Addressing observational tensions in cosmology with
systematics and fundamental physics (CosmoVerse)”
(CA21136), both supported by COST (European
Cooperation in Science and Technology).

[1] G. Agazie et al. (NANOGrav Collaboration), Astrophys. J.
Lett. 951, L8 (2023).

[2] A.D. Johnson et al.
arXiv:2306.16223.

[3] G. Agazie et al. (NANOGrav Collaboration), Astrophys. J.
Lett. 952, L37 (2023).

[4] G. Agazie et al. (NANOGrav Collaboration), Astrophys. J.
Lett. 951, L10 (2023).

[5] A. Afzal et al. (NANOGrav Collaboration), Astrophys. J.
Lett. 951, L11 (2023).

[6] Z. Arzoumanian et al. (NANOGrav Collaboration), As-
trophys. J. Lett. 905, L34 (2020).

(NANOGrav Collaboration),

[7] S. Chen et al., Mon. Not. R. Astron. Soc. 508, 4970 (2021).
[8] B. Goncharov et al., Astrophys. J. Lett. 917, L.19 (2021).
[9] J. Antoniadis ef al., Mon. Not. R. Astron. Soc. 510, 4873
(2022).
[10] R. w. Hellings and G. s. Downs, Astrophys. J. Lett. 265, .39
(1983).
[11] J. Antoniadis et al. (EPTA Collaboration), Astron. As-
trophys. 678, A48 (2023).
[12] J. Antoniadis et al. (EPTA Collaboration), Astron. As-
trophys. 678, A49 (2023).
[13] J. Antoniadis et al. (EPTA Collaboration), Astron. As-
trophys. 678, A50 (2023).

015028-5


https://doi.org/10.3847/2041-8213/acdac6
https://doi.org/10.3847/2041-8213/acdac6
https://arXiv.org/abs/2306.16223
https://doi.org/10.3847/2041-8213/ace18b
https://doi.org/10.3847/2041-8213/ace18b
https://doi.org/10.3847/2041-8213/acda88
https://doi.org/10.3847/2041-8213/acda88
https://doi.org/10.3847/2041-8213/acdc91
https://doi.org/10.3847/2041-8213/acdc91
https://doi.org/10.3847/2041-8213/abd401
https://doi.org/10.3847/2041-8213/abd401
https://doi.org/10.1093/mnras/stab2833
https://doi.org/10.3847/2041-8213/ac17f4
https://doi.org/10.1093/mnras/stab3418
https://doi.org/10.1093/mnras/stab3418
https://doi.org/10.1086/183954
https://doi.org/10.1086/183954
https://doi.org/10.1051/0004-6361/202346841
https://doi.org/10.1051/0004-6361/202346841
https://doi.org/10.1051/0004-6361/202346842
https://doi.org/10.1051/0004-6361/202346842
https://doi.org/10.1051/0004-6361/202346844
https://doi.org/10.1051/0004-6361/202346844

ADDAZI, CAI, MARCIANO, and VISINELLI

PHYS. REV. D 109, 015028 (2024)

[14] J. Antoniadis er al. (EPTA Collaboration), arXiv:2306
.16226.

[15] J. Antoniadis et al. (EPTA Collaboration), arXiv:2306
.16227.

[16] C. Smarra et al. (European Pulsar Timing Array), Phys. Rev.
Lett. 131, 171001 (2023).

[17] A. Zic et al., arXiv:2306.16230.

[18] D.J. Reardon et al., Astrophys. J. Lett. 951, L7 (2023).

[19] D.J. Reardon et al., Astrophys. J. Lett. 951, L6 (2023).

[20] H. Xu et al., Res. Astron. Astrophys. 23, 075024 (2023).

[21] A. Kosowsky, M. S. Turner, and R. Watkins, Phys. Rev. D
45, 4514 (1992).

[22] A. Kosowsky and M. S. Turner, Phys. Rev. D 47, 4372
(1993).

[23] C. Caprini, R. Durrer, and G. Servant, Phys. Rev. D 77,
124015 (2008).

[24] S.]J. Huber and T. Konstandin, J. Cosmol. Astropart. Phys.
09 (2008) 022.

[25] R. Jinno and M. Takimoto, Phys. Rev. D 95, 024009 (2017).

[26] D. Cutting, M. Hindmarsh, and D. J. Weir, Phys. Rev. D 97,
123513 (2018).

[27] M. Hindmarsh, S.J. Huber, K. Rummukainen, and D.]J.
Weir, Phys. Rev. Lett. 112, 041301 (2014).

[28] M. Hindmarsh, S.J. Huber, K. Rummukainen, and D.]J.
Weir, Phys. Rev. D 92, 123009 (2015).

[29] D. Baumann, P.J. Steinhardt, K. Takahashi, and K. Ichiki,
Phys. Rev. D 76, 084019 (2007).

[30] K.N. Ananda, C. Clarkson, and D. Wands, Phys. Rev. D 75,
123518 (2007).

[31] A. Addazi, Y.-F. Cai, and A. Marciano, Phys. Lett. B 782,
732 (2018).

[32] A. Addazi, Y.-F. Cai, Q. Gan, A. Marciano, and K. Zeng,
Sci. China Phys. Mech. Astron. 64, 290411 (2021).

[33] A. Kobakhidze, C. Lagger, A. Manning, and J. Yue, Eur.
Phys. J. C 77, 570 (2017).

[34] S. Arunasalam, A. Kobakhidze, C. Lagger, S. Liang, and A.
Zhou, Phys. Lett. B 776, 48 (2018).

[35] H. Davoudiasl, Phys. Rev. Lett. 123, 101102 (2019).

[36] Y. Nakai, M. Suzuki, F. Takahashi, and M. Yamada, Phys.
Lett. B 816, 136238 (2021).

[37] A. Ashoorioon, K. Rezazadeh, and A. Rostami, Phys. Lett.
B 835, 137542 (2022).

[38] P. Athron, C. Balazs, A. Fowlie, L. Morris, and L. Wu,
arXiv:2305.02357.

[39] Y. Gouttenoire, Phys. Rev. Lett. 131, 171404 (2023).

[40] L. Zu, C. Zhang, Y.-Y. Li, Y.-C. Gu, Y.-L. S. Tsai, and
Y.-Z. Fan, arXiv:2306.16769.

[41] K. Fujikura, S. Girmohanta, Y. Nakai, and M. Suzuki, Phys.
Lett. B 846, 138203 (2023).

[42] A. Addazi and A. Marciano, Chin. Phys. C 42, 023105
(2018).

[43] R. Schneider, S. Marassi, and V. Ferrari, Classical Quantum
Gravity 27, 194007 (2010).

[44] S. Kuroyanagi, T. Chiba, and T. Takahashi, J. Cosmol.
Astropart. Phys. 11 (2018) 038.

[45] A. Neronov, A. Roper Pol, C. Caprini, and D. Semikoz,
Phys. Rev. D 103, 041302 (2021).

[46] C.J. Moore and A. Vecchio, Nat. Astron. 5, 1268 (2021).

[47] A. Brandenburg, E. Clarke, Y. He, and T. Kahniashvili,
Phys. Rev. D 104, 043513 (2021).

[48] W. DeRocco and J. A. Dror, Phys. Rev. D 108, 103011
(2023).

[49] C.-F. Chang and Y. Cui, Phys. Dark Universe 29, 100604
(2020).

[50] N. Ramberg and L. Visinelli, Phys. Rev. D 99, 123513
(2019).

[51] K. Freese and M. W. Winkler, Phys. Rev. D 107, 083522
(2023).

[52] M. Gonderinger, Y. Li, H. Patel, and M. J. Ramsey-Musolf,
J. High Energy Phys. 01 (2010) 053.

[53] M. Kadastik, K. Kannike, A. Racioppi, and M. Raidal, J.
High Energy Phys. 05 (2012) 061.

[54] J. Elias-Miro, J. R. Espinosa, G. F. Giudice, H. M. Lee, and
A. Strumia, J. High Energy Phys. 06 (2012) 031.

[55] C.-S. Chen and Y. Tang, J. High Energy Phys. 04 (2012)
019.

[56] Y. Chikashige, R. N. Mohapatra, and R. D. Peccei, Phys.
Lett. 98B, 265 (1981).

[57] P. Galison and A. Manohar, Phys. Lett. 136B, 279 (1984).

[58] B. Holdom, Phys. Lett. 166B, 196 (1986).

[59] Y. Chikashige, R. N. Mohapatra, and R. D. Peccei, Phys.
Rev. Lett. 45, 1926 (1980).

[60] G.B. Gelmini and M. Roncadelli, Phys. Lett. 99B, 411
(1981).

[61] J. Schechter and J. W.F. Valle, Phys. Rev. D 25, 774
(1982).

[62] E. K. Akhmedov, Z. G. Berezhiani, R. N. Mohapatra, and G.
Senjanovic, Phys. Lett. B 299, 90 (1993).

[63] S.P. Das, F. F. Deppisch, O. Kittel, and J. W. F. Valle, Phys.
Rev. D 86, 055006 (2012).

[64] F. F. Deppisch, N. Desai, and J. W. F. Valle, Phys. Rev. D 89,
051302 (2014).

[65] F.F. Deppisch, P.S. Bhupal Dev, and A. Pilaftsis, New J.
Phys. 17, 075019 (2015).

[66] A.Tumasyan et al. (CMS Collaboration), Phys. Rev. D 105,
092007 (2022).

[67] K. Blum, Y. Nir, and M. Shavit, Phys. Lett. B 785, 354
(2018).

[68] R. Cepedello, F. F. Deppisch, L. Gonzélez, C. Hati, and M.
Hirsch, Phys. Rev. Lett. 122, 181801 (2019).

[69] M. Quiros, in ICTP Summer School in High-Energy Physics
and Cosmology (1999), pp. 187-259, arXiv:hep-ph/
9901312.

[70] A. Addazi, A. Marciano, A.P. Morais, R. Pasechnik, J. a.
Viana, and H. Yang, J. Cosmol. Astropart. Phys. 09 (2023)
026.

[71] A. Linde, Phys. Lett. 96B, 289 (1980).

[72] D. Croon, O. Gould, P. Schicho, T. V. 1. Tenkanen, and G.
White, J. High Energy Phys. 04 (2021) 055.

[73] L. Niemi, P. Schicho, and T. V. 1. Tenkanen, Phys. Rev. D
103, 115035 (2021).

[74] P.M. Schicho, T. V. I. Tenkanen, and J. Osterman, J. High
Energy Phys. 06 (2021) 130.

[75] O. Gould and T. V.I. Tenkanen, J. High Energy Phys. 06
(2021) 069.

[76] P. Schicho, T. V. I. Tenkanen, and G. White, J. High Energy
Phys. 11 (2022) 047.

[77] D. Curtin, P. Meade, and H. Ramani, Eur. Phys. J. C 78, 787
(2018).

[78] D. Croon, E. Hall, and H. Murayama, arXiv:2104.10687.

015028-6


https://arXiv.org/abs/2306.16226
https://arXiv.org/abs/2306.16226
https://arXiv.org/abs/2306.16227
https://arXiv.org/abs/2306.16227
https://doi.org/10.1103/PhysRevLett.131.171001
https://doi.org/10.1103/PhysRevLett.131.171001
https://arXiv.org/abs/2306.16230
https://doi.org/10.3847/2041-8213/acdd03
https://doi.org/10.3847/2041-8213/acdd02
https://doi.org/10.1088/1674-4527/acdfa5
https://doi.org/10.1103/PhysRevD.45.4514
https://doi.org/10.1103/PhysRevD.45.4514
https://doi.org/10.1103/PhysRevD.47.4372
https://doi.org/10.1103/PhysRevD.47.4372
https://doi.org/10.1103/PhysRevD.77.124015
https://doi.org/10.1103/PhysRevD.77.124015
https://doi.org/10.1088/1475-7516/2008/09/022
https://doi.org/10.1088/1475-7516/2008/09/022
https://doi.org/10.1103/PhysRevD.95.024009
https://doi.org/10.1103/PhysRevD.97.123513
https://doi.org/10.1103/PhysRevD.97.123513
https://doi.org/10.1103/PhysRevLett.112.041301
https://doi.org/10.1103/PhysRevD.92.123009
https://doi.org/10.1103/PhysRevD.76.084019
https://doi.org/10.1103/PhysRevD.75.123518
https://doi.org/10.1103/PhysRevD.75.123518
https://doi.org/10.1016/j.physletb.2018.06.015
https://doi.org/10.1016/j.physletb.2018.06.015
https://doi.org/10.1007/s11433-021-1724-6
https://doi.org/10.1140/epjc/s10052-017-5132-y
https://doi.org/10.1140/epjc/s10052-017-5132-y
https://doi.org/10.1016/j.physletb.2017.11.017
https://doi.org/10.1103/PhysRevLett.123.101102
https://doi.org/10.1016/j.physletb.2021.136238
https://doi.org/10.1016/j.physletb.2021.136238
https://doi.org/10.1016/j.physletb.2022.137542
https://doi.org/10.1016/j.physletb.2022.137542
https://arXiv.org/abs/2305.02357
https://doi.org/10.1103/PhysRevLett.131.171404
https://arXiv.org/abs/2306.16769
https://doi.org/10.1016/j.physletb.2023.138203
https://doi.org/10.1016/j.physletb.2023.138203
https://doi.org/10.1088/1674-1137/42/2/023105
https://doi.org/10.1088/1674-1137/42/2/023105
https://doi.org/10.1088/0264-9381/27/19/194007
https://doi.org/10.1088/0264-9381/27/19/194007
https://doi.org/10.1088/1475-7516/2018/11/038
https://doi.org/10.1088/1475-7516/2018/11/038
https://doi.org/10.1103/PhysRevD.103.L041302
https://doi.org/10.1038/s41550-021-01489-8
https://doi.org/10.1103/PhysRevD.104.043513
https://doi.org/10.1103/PhysRevD.108.103011
https://doi.org/10.1103/PhysRevD.108.103011
https://doi.org/10.1016/j.dark.2020.100604
https://doi.org/10.1016/j.dark.2020.100604
https://doi.org/10.1103/PhysRevD.99.123513
https://doi.org/10.1103/PhysRevD.99.123513
https://doi.org/10.1103/PhysRevD.107.083522
https://doi.org/10.1103/PhysRevD.107.083522
https://doi.org/10.1007/JHEP01(2010)053
https://doi.org/10.1007/JHEP05(2012)061
https://doi.org/10.1007/JHEP05(2012)061
https://doi.org/10.1007/JHEP06(2012)031
https://doi.org/10.1007/JHEP04(2012)019
https://doi.org/10.1007/JHEP04(2012)019
https://doi.org/10.1016/0370-2693(81)90011-3
https://doi.org/10.1016/0370-2693(81)90011-3
https://doi.org/10.1016/0370-2693(84)91161-4
https://doi.org/10.1016/0370-2693(86)91377-8
https://doi.org/10.1103/PhysRevLett.45.1926
https://doi.org/10.1103/PhysRevLett.45.1926
https://doi.org/10.1016/0370-2693(81)90559-1
https://doi.org/10.1016/0370-2693(81)90559-1
https://doi.org/10.1103/PhysRevD.25.774
https://doi.org/10.1103/PhysRevD.25.774
https://doi.org/10.1016/0370-2693(93)90887-N
https://doi.org/10.1103/PhysRevD.86.055006
https://doi.org/10.1103/PhysRevD.86.055006
https://doi.org/10.1103/PhysRevD.89.051302
https://doi.org/10.1103/PhysRevD.89.051302
https://doi.org/10.1088/1367-2630/17/7/075019
https://doi.org/10.1088/1367-2630/17/7/075019
https://doi.org/10.1103/PhysRevD.105.092007
https://doi.org/10.1103/PhysRevD.105.092007
https://doi.org/10.1016/j.physletb.2018.08.022
https://doi.org/10.1016/j.physletb.2018.08.022
https://doi.org/10.1103/PhysRevLett.122.181801
https://arXiv.org/abs/hep-ph/9901312
https://arXiv.org/abs/hep-ph/9901312
https://doi.org/10.1088/1475-7516/2023/09/026
https://doi.org/10.1088/1475-7516/2023/09/026
https://doi.org/10.1016/0370-2693(80)90769-8
https://doi.org/10.1007/JHEP04(2021)055
https://doi.org/10.1103/PhysRevD.103.115035
https://doi.org/10.1103/PhysRevD.103.115035
https://doi.org/10.1007/JHEP06(2021)130
https://doi.org/10.1007/JHEP06(2021)130
https://doi.org/10.1007/JHEP06(2021)069
https://doi.org/10.1007/JHEP06(2021)069
https://doi.org/10.1007/JHEP11(2022)047
https://doi.org/10.1007/JHEP11(2022)047
https://doi.org/10.1140/epjc/s10052-018-6268-0
https://doi.org/10.1140/epjc/s10052-018-6268-0
https://arXiv.org/abs/2104.10687

HAVE PULSAR TIMING ARRAY METHODS DETECTED A ...

PHYS. REV. D 109, 015028 (2024)

[79] C.L. Wainwright, Comput. Phys. Commun. 183, 2006
(2012).

[80] S.R. Coleman, Phys. Rev. D 15, 2929 (1977); 16, 1248(E)
(1977).

[81] C. Caprini et al., J. Cosmol. Astropart. Phys. 04 (2016) 001.

[82] J. Ellis, M. Lewicki, and J. M. No, J. Cosmol. Astropart.
Phys. 07 (2020) 050.

[83] J. Ellis and M. Lewicki, Phys. Rev. Lett. 126, 041304 (2021).

[84] A. Addazi and A. Marciano, Chin. Phys. C 42, 023107
(2018).

[85] E. Megias, G. Nardini, and M. Quiros, Phys. Rev. D 108,
095017 (2023).

[86] S.F. King, D. Marfatia, and M. H. Rahat, arXiv:2306
.053809.

[87] C. Han, K.-P. Xie, J. M. Yang, and M. Zhang, arXiv2306
.16966.

[88] S.-Y. Guo, M. Khlopov, X. Liu, L. Wu, Y. Wu, and B. Zhu,
arXiv:2306.17022.

[89] P. Athron, A. Fowlie, C.-T. Lu, L. Morris, L. Wu, Y. Wu,
and Z. Xu, arXiv:2306.17239.

[90] T. Bringmann, P.F. Depta, T. Konstandin, K. Schmidt-
Hoberg, and C. Tasillo, J. Cosmol. Astropart. Phys. 11
(2023) 053.

[91] V.K. Oikonomou, Phys. Rev. D 108, 043516 (2023).

015028-7


https://doi.org/10.1016/j.cpc.2012.04.004
https://doi.org/10.1016/j.cpc.2012.04.004
https://doi.org/10.1103/PhysRevD.15.2929
https://doi.org/10.1103/PhysRevD.16.1248
https://doi.org/10.1103/PhysRevD.16.1248
https://doi.org/10.1088/1475-7516/2016/04/001
https://doi.org/10.1088/1475-7516/2020/07/050
https://doi.org/10.1088/1475-7516/2020/07/050
https://doi.org/10.1103/PhysRevLett.126.041304
https://doi.org/10.1088/1674-1137/42/2/023107
https://doi.org/10.1088/1674-1137/42/2/023107
https://doi.org/10.1103/PhysRevD.108.095017
https://doi.org/10.1103/PhysRevD.108.095017
https://arXiv.org/abs/2306.05389
https://arXiv.org/abs/2306.05389
https://arXiv.org/abs/arXiv2306.16966
https://arXiv.org/abs/arXiv2306.16966
https://arXiv.org/abs/2306.17022
https://arXiv.org/abs/2306.17239
https://doi.org/10.1088/1475-7516/2023/11/053
https://doi.org/10.1088/1475-7516/2023/11/053
https://doi.org/10.1103/PhysRevD.108.043516

