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The North American Nanohertz Observatory for Gravitational Waves (NANOGrav) collaboration has
recently reported strong evidence for a stochastic process affecting the 12.5 yr dataset of pulsar timing
residuals. We show that the signal can be interpreted in terms of a stochastic gravitational wave background
emitted from a network of axionic strings in the early Universe. The spontaneous breaking of the Peccei-
Quinn symmetry originate the axionic string network and the QCD axion, the dark matter particle in the
model. We explore a nonstandard cosmological model driven by an exotic scalar field ϕ which evolves
under the influence of a self-interacting potential; the axion field starts to oscillate during the modified
cosmology, and provides the dark matter observed. For an equation of state wϕ < 1=3, the QCD axion mass
is smaller than expected in the standard cosmology and the GW spectrum from axionic strings is larger.
We assess the parameter space of the model which is consistent with the NANOGrav-12.5 yr detection,
which can be explained within 95% limit by a QCD axion field evolving in a dust-like scenario, as well as
within 68% limit in a cosmology with wϕ < 0.
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I. INTRODUCTION

The successful discover of gravitational waves (GWs) by
the LIGO/Virgo collaborations of black holes and neutron
stars coalescence have boosted the search for signals in
various GW frequency ranges, which will become acces-
sible within the next decade. A key aim of the upcoming
GW searches consists in the detection of a stochastic GW
background (SGWB) at frequencies f ∼ ð1–100Þ nHz,
corresponding to the sensitivity of pulsar timing array
(PTA) experiments such as the European Pulsar Timing
Array [1], the Parkes Pulsar Timing Array [2] and the North
American Nanohertz Observatory for Gravitational Waves
(NANOGrav) collaboration [3,4]. PTA data allow probing
the SGWB in the nHz frequency range by keeping track
of the correlated GW fluctuations from millisecond pulsars
at the time of arrival. The presence of a SGWB in the nHz
frequency window is generally expected from a variety of
models [5,6] including supermassive black hole mergers
[7], phase transitions in the early Universe [8], primordial
magnetic fields [9,10], and cosmic strings [11–16].
Recently, the NANOGrav collaboration reported the

evidence for a stochastic process from analyzing
12.5 years based on 45 pulsars [17]. The reported signal
may be interpreted as a SGWB signal of amplitude A� ∼
Oð10−10–10−15Þ for frequencies f ∼ 30 nHz and a mild

spectral index. At present, it is not clear whether the
detected signal truly originates from a SGWB process due
to (i) the tension with previous PTA SGWB upper limits in
the same frequency range, and ii) the lack of quadrupole
correlations, a smoking gun for SGWB [18].
If the detected signal found by the NANOGrav collabo-

ration is indeed a component of the SGWB, it could be
explained by various processes such as PBH formation
[19,20], phase transitions in the early Universe [21,22],
models of inflation in the early Universe [23,24], or the GW
signal emitted by a network of cosmic strings [25–27]. In
particular, cosmic strings emit over a vast range of GWs,
making these models particularly appealing for searches
since fingerprints such as the spectral tilt or the strain
amplitude can be probed across various GW windows in
the near future [28,29].
It is intriguing to explore models that are both able to

predict the SGWB while at the same time providing a dark
matter (DM) candidate, a missing tile in the cosmic puzzle.
For example, the introduction of a new global symmetry in
the early Universe which undergoes a spontaneous break-
ing could generate both a string network and the light
Goldstone bosons that could act as the DM. The most
notable case occurs for the QCD axion predicted within
the theory of Peccei and Quinn (PQ) [30,31], which could
be the component of the observed DM in the Universe
[32–36].1 The spontaneous breaking of the global chiral
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symmetry that originates the axion field is accompanied by
a network of strings that lasts as long as the axion is
massless [48–52]. During its evolution, the axionic string
network organizes into closed string loops which vibrate
and release a spectrum of axions that also contribute to the
DM budget [53–57], as confirmed by precise cosmological
simulations that attempt to assess the value of the axion
mass [58–63].2
The value of the DM axion mass is altered if the axion

field begins to oscillate when the Universe was not
dominated by radiation in its early stages [74]. Before
big bang nucleosynthesis (BBN) occurred, the Universe
could have been filled by a yet undetected massive particle
or some other form of exotic component, whose energy
density could have driven a nonstandard cosmology (NSC)
period. For a fixed value of the axion mass ma, the axion
field evolving in an NSC would have a different energy
density and velocity distribution than what expected in the
standard cosmological scenario [75–81].
The NSC period would also modify the evolution of a

global string network produced from a spontaneous sym-
metry breaking in the early Universe [82–85]. Primordial
GW emission from cosmic string offers a probe to explore
the content of the Universe at epochs before BBN, since the
GW spectral tilt would depends on the detail of the NSC.
For instance, the imprint of an early matter-dominated NSC
could partially explain the result reported by NANOGrav
through the phase transition that occurs at reheating [86]
or through the different slope predicted in the power
spectrum [87].
Although in the standard cosmological picture, the strain

of the GW emission from axionic strings is generally too
small to be detected even with the next generation of
experiments, the spectrum of relic GWs is potentially
amplified if an early NSC affected the evolution of the
axion field evolution. In Ref. [80], we have assessed the
abundance of axion DM and the potential SGWB signature
resulting from the axionic string network experiencing an
NSC, focusing on the detection forecasts. If the equation
of state describing the NSC is milder than the one of a
relativistic component, a copious contribution to GWs
might lead to a potentially detectable SGWB signal that
could hint at the existence of axions jointly with direct
detection of axion DM. Our treatment for the evolution of
the string network thus differs in two key aspects from the
previous literature: (i) the axionic string network decays
when the axion field acquires a mass and does not persist
until the present time; (ii) in our model, GW emission is a
subdominant mechanism of energy release with respect to
axion emission.
In this work, we provide a possible explanation of the

NANOGrav detection in light of the model we studied in

Ref. [80], where the QCD axion is the CDM and GW
emission from axionic strings are studied in light of an NSC
in the early Universe. Our work intends to shed light on the
possible models of the QCD axion and of the NSC that has
the capability of being probed in future GW detectors.
The paper is organized as follows. We introduce non-

standard cosmological models in Sec. II, and we review the
axion model in Sec. III. The method to compute the GW
spectrum within the theory is explained in Sec. IV. We
show the results in Sec. V, which are further discussed in
Sec. VI. Conclusions are drawn in Sec. VII.

II. SETUP OF THE COSMOLOGICAL MODEL

In the standard picture, the expansion of the Universe is
governed by the energy density of the relativistic bath
produced right after inflation, until radiation is redshifted
away and matter domination begins. Within this picture,
BBN successfully reproduces the abundance of various
light elements with extreme precision, provided that the
standard cosmological model holds up to temperatures
TBBN ∼ 5 MeV [88–93]. The content of the Universe for
temperatures T > TBBN has not been explored, since a relic
from the pre-BBN period has yet to be identified. One such
relic could be the DM particle if it decouples from the
plasma, or the GW spectrum released by some process in
the pre-BBN era. Proposed probes comprise the effects on
the chemical [94–98] and kinetic [99] decoupling temper-
atures of the weakly interacting massive particle, as well as
the altered energy density of thermal [100] and nonthermal
axions [74]. Gravitational waves from early phase tran-
sitions or from topological defects could also be a gateway
to explore the pre-BBN epoch [101,102].
Here, we model the pre-BBN era as follows. Soon

after inflation ends, the expansion rate of the Universe is
dominated by an exotic (nonradiation) component ϕ,
whose energy density ρϕ is larger than that of the relativistic
species at temperature T. We refer to this early stage as the
NSC period. Candidates for the exotic component which is
responsible for the NSC period include massive moduli
fields [35,103–105] and fast “kination” fields [106–111].
The NSC period lasts until the exotic component either

dilutes or decays away. Here, we focus on this latter case in
which the details of the NSC are determined by the value
of the decay rate Γ and the equation of state wϕ of the
exotic component. We treat the equation of state as a free
parameter ranging over −1=3 < wϕ < 1=3, excluding a
post-inflation accelerated epoch where wϕ < −1=3. We
also do not consider the case in which the exotic fluid
redshifts faster than radiation wϕ > 1=3, because in this
scenario the energy density of axionic strings is not
enhanced with respect to the standard results [80].
For a massive scalar field, the shape of the self-

interacting potential determines the value of wϕ. For
example, the equation of state for a massive moduli field

2Earlier work on the evolution of axionic strings is in
Refs. [64–73].
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moving in the potential VðϕÞ ∝ ϕ2j with j > 0 is wϕ ¼
ðj − 1Þ=ðjþ 1Þ [104], so that for j ¼ 1 the field rolls in a
quadratic potential and the dustlike case wϕ ¼ 0 is recov-
ered. The effective equation of state for a massive field can
attain negative values when the massive field dominates the
expansion rate under the exponential potential [112–115]

VðϕÞ ¼ V0 exp ð−λϕ=MPlÞ; ð1Þ

where V0 and λ are constant and MPl is the reduced Planck
mass. The self-interaction potential of the form as in Eq. (1)
arises in string models for the moduli fields associated with
the geometry of the extra dimensions [e.g., Ref. [116]], in
theories of modified gravity [117–119], or from supersym-
metry breaking in models of gaugino condensation [120–
122]. In particular, for 2 < λ2 < 3, the Universe expands
with the equation of state −1=3 < wϕ < 0 [114,123].
Depending on the nature of the exotic component, its

interaction with radiation can be described by the
Lagrangian term L ∝ gϕψ̄ψ if ϕ is a massive scalar field,
where ψ is the spinor describing an electron and g a new
coupling. Here, we do not include the details of the
coupling between radiation and the exotic component
ϕ; instead, we describe the conversion of the energy
density ρϕ into radiation ρR through energy conservation
as [124–129]

_ρϕ ¼ −3ð1þ wϕÞHρϕ − Γρϕ; ð2Þ

_ρR ¼ −4HρR þ Γρϕ; ð3Þ

3H2 ¼ 8πGðρϕ þ ρRÞ: ð4Þ

The decay rate Γ regulates the conversion rate of the exotic
component into radiation. This set of equations describes
a NSC in which the energy density ρϕ dominates the
expansion rate of the pre-BBN Universe before decaying
into radiation, which thermalizes on timescales ≪ 1=Γ.
When ρϕ equates the energy density in radiation, the
Universe transitions to the radiation-dominated period at
the temperature Tϕ. In order not to alter the results of
BBN, we require Tϕ > TBBN.

III. THE QCD AXION

The QCD axion is a hypothetical pseudoscalar particle of
zero-temperature mass [32]

ma ¼ 6.2 μeV

�
1012 GeV
fa=NDW

�
; ð5Þ

where fa is the axion decay constant and NDW is the
“domain wall number,” see e.g., Sec. 2.7.1 in Ref. [47].
Here, we set NDW ¼ 1. The mass of the axion arises
from QCD instanton effects and depends on temperature

so that maðTÞ ¼
ffiffiffiffiffiffiffiffiffiffi
χðTÞp

=fa, where the QCD topological
susceptibility is normalized at zero-temperature as
χð0Þ ¼ m2

af2a [130].
The abundance of axions produced through nonthermal

mechanisms after the PQ symmetry breaking occurs could
explain the missing DM in the Universe [34–36].3 The
computation of the present abundance proceeds through the
vacuum realignment mechanism, for which the axion field
a in units of fa, the so-called axion angle θ ¼ a=fa, reads

θ̈ þ 3H _θ þm2
aðTÞ sin θ ¼ 0: ð6Þ

Given an initial value of the axion angle, θi drawn
randomly from the uniform distribution ½−π; π� when the
PQ phase transition occurs, the solution to Eq. (6) is a
constant value of θ ¼ θi as long as the Hubble friction is
much larger than the axion mass. Coherent oscillations in
the axion field begin at around the time tosc given by

HðtoscÞ ≈maðtoscÞ; ð7Þ

after which the number of axions in a comoving volume is
fixed and the axion energy density evolves as a matterlike
field. The temperature of the plasma at tosc is Tosc.

A. Axions from strings

If PQ symmetry broke either after inflation or was
temporarily restored right after inflation, an emergence
of topological defects that eventually decay will contribute
to the DM axion budget [51,132]. The string network
contains about one axionic string per Hubble volume and is
approximated to have a linear mass distribution of string
core size ∼1=fa and a linear mass density [51,53]

μeffðtÞ ¼ πf2a ln ðfatÞ: ð8Þ

The string network evolves by emitting a spectrum of
axions and GW, either by wiggles on long open strings
or self collapse of closed strings. The cold portion of the
spectrum of axions emitted from axionic strings might
significantly contribute to the present energy density of
axions [48–54,57–73].
To describe the power loss of the network into radiation,

we consider the dissipation of the energy Eloop ¼ μeffl of a
closed loop with length l into axions and gravitational
waves [64–67],

Ploop ¼
dEloop

dt
¼ κμeff þ γGWGμ2eff ; ð9Þ

where γGW ≈ 65 and κ ≈Oð0.1Þ are dimensionless
quantities describing strings moving at relativistic speed

3A thermal axion component is also expected from processes
scattering off pions and nucleons [131].

QCD AXION AND GRAVITATIONAL WAVES IN LIGHT OF … PHYS. REV. D 103, 063031 (2021)

063031-3



[133–135]. Contrarily to the previous literature, we have set
κ ≈ 0.15 which characterizes the predominant energy loss
into axions, instead of using the value κ ¼ 0 which would
describe the predominant release of energy into gravity
wave modes. Since the ratio of the power loss in gravity
waves and axions is of the order of Gf2a ≪ 1, the string
network mainly dissipates energy into axions. While sub-
Planckian, the value of fa is larger than in the standard
scenario for an equation of state wϕ < 1=3, leading to an
enhanced GW emission.
Using Eq. (9), the shrinking of a loop with initial size li

is described by the expression

dl
dt

¼ κ − l
d ln μeff

dt
; ð10Þ

where l ¼ lðt;liÞ is the size at time t. Although the loop
length could vary between arbitrary sizes, numerical
simulations show that the initial length of the large loop
at its formation tracks the time of formation as lðtiÞ ¼ αti,
where α is an approximately constant loop size parameter
which gives the fraction of the Hubble horizon size at
which loops predominantly form [13,15,66].
Owing to the small power loss in GWs, we approximate

the evolution of the string network in a scaling regime
with the emission proceeding through axions. The
energy density of the radiated axions follows the evolution
ρa þ 4Hρa ¼ Γstr→a, where Γstr→a is the energy lost in the
emission of axions per unit time. The number density of
axions emitted from strings within the modes of angular
wave number k ≈ 1=lðtiÞ ≈HðtiÞ=α to infinity is [60]

nstra ¼
Z

t
dt0

Γstr→aðt0Þ
Hðt0Þ

�
Rðt0Þ
RðtÞ

�
3
Z

dk
k
FðkÞ; ð11Þ

where RðtÞ is the scale factor at t and the spectral energy
density is defined in terms of a spectral index q > 1
as [60,64,65]

FðkÞ ¼ q − 1

αq−1

�
k
H

�
−q
: ð12Þ

The spectral energy density FðkÞ is properly normalized
over the frequency range considered.
It has been alternatively assumed that strings efficiently

shrink emitting all of their energy at once, leading to a flat
power spectrum per logarithmic interval with a harder
spectral index q ¼ 1, an infrared cutoff at the wave mode
k ≈H and a ultraviolet cutoff at k ¼ fa [54–56].

B. Gravitational waves from axionic string loops

Here, we compute the subdominant SGWB emitted from
axionic string loops. The fraction of the critical energy
density released into the GW spectrum per unit logarithmic
interval of frequency is

ΩGWðt; fÞ ¼
1

ρcðtÞ
dρGW
d ln k

: ð13Þ

The evolution of the string loop is described by Eq. (10),
where the shrinking rate is not driven by the emission
into GWs but rather into Goldstone bosons. GWs emitted
at time t0 with the modal frequency femit redshift to
f ¼ femitRðt0Þ=RðtÞ at a later time t > t0.
The axionic string network emits GWs as long as the

axion is massless. When coherent axion oscillations begin,
the string network dissipates due to the formation domain
walls, and the energy density of GWs emitted so far
redshifts as radiation to present time,

ΩGWðt0; f0Þ ¼
ρcðtoscÞ
ρcðt0Þ

�
RðtoscÞ
Rðt0Þ

�
4

ΩGWðtosc; fÞ; ð14Þ

where ρcðtÞ is the critical density of the Universe at time t
and the frequency f0 ¼ fRðtoscÞ=Rðt0Þ accounts for the
redshift of the peak wavelength.
We decompose the fractional energy density of GWs

emitted by the string network loops in terms of the
distribution of power mode of emission n as

ΩGWðtosc; fÞ ¼ γGW
X
n

n−4=3

N
ΩðnÞ

GWðtosc; fÞ; ð15Þ

whereN ¼P
nn

−4=3, the power spectrum of index q ¼ 4=3
characterizes the emission of GW modes from loops with
cusps [14,15], and the contribution from the mode n at time
t reads [82]

ΩðnÞ
GWðtosc;fÞ

¼ 1

ρcðtÞ
2n
f
ξ

α

Z
tosc

ts

dt0
Gμ2effðt0Þ

t4i

�
Rðt0Þ
RðtÞ

�
5
�
RðtiÞ
Rðt0Þ

�
3

: ð16Þ

In Eq. (16), the time ti at which the loop forms is obtained
from inverting the redshift expression for the emitted
frequency. Since the sum in the expression for the total
emission converges slowly, higher emission modes signifi-
cantly contribute to the total power. The thermal history
of the Universe prior tosc, thus the choice of the NSC,
enters Eq. (16) through the scale factors appearing in the
integrand.

IV. METHOD

We have solved numerically the set of coupled kinetic
equations describing the decay of the exotic field ϕ into
radiation in Eqs. (2)–(4), as a function of the parameters
ðTϕ; wϕÞ and assuming that the radiation energy density is
negligible at temperatures well above Tϕ. We recover the
time dependence of the Hubble rateH, which is fed into the
equation of motion for the QCD axion field in Eq. (6)
which describes the vacuum realignment mechanism (vrm).
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Since we are considering temperatures well above those at
which matter-radiation equality occurs, the axion is a
subdominant field during the pre-BBN epoch and does
not appear in Eqs. (2)–(4).
The axion angle θ ¼ a=fa, where a is the axion field,

evolves according to Eq. (6), starting from the initial
condition θðtiÞ ¼ θi and _θðtiÞ ¼ 0 (a dot is a derivation
with respect to cosmic time) at some time ti well before the
time tosc at which the axion acquires a nonzero mass, see
Eq. (7). The initial value of the axion angle is fixed as
θi ¼ π=

ffiffiffi
3

p
[136,137]. The evolution of the axion field is

sensitive to the total energy content of the Universe through
the value of tosc, which depends on the value of the Hubble
rate H. If coherent oscillations begin during a NSC, the
abundance of axions differs from the standard result for a
given value of fa. This is extremely relevant if the transition
temperature Tϕ lies below the GeV [74].
The present number of axions per comoving volume

resulting from the vacuum realignment mechanism just
described, nvrma , and from axionic string emission nstra . For
the string contribution, we have integrated Eq. (11) numeri-
cally to include the time-varying linear mass density in
Eq. (8) that characterizes the axionic string. The total
number density of cold axions gets contributions from both
string decay and vacuum realignment mechanism, and the
resulting present energy density of axions is a function of
fa, wϕ, and Tϕ. The value of fa is then fixed by assuming
that the axion is the DM particle, so that the value of the
DM axion mass and the axion energy constant depend on
the parameters wϕ and TRH [80].

V. THE QCD AXION AND NANOGRAV

The results from NANOGrav-12.5 yr searches from PTA
data [17] are reported in terms of the power-law spectrum
of the characteristic strain

hcðfÞ ¼ A�

�
f
fyr

�3−γ
2

; ð17Þ

where fyr ¼ 1yr−1 is a reference frequency, A� is the
amplitude at fyr, and the parameter γ is related to the
spectral tilt. The fractional energy density in GWs asso-
ciated with the strain is [25]

ΩGWðfÞ ¼
2π2

3H2
0

f2h2cðfÞ≡ Ωyr
GW

�
f
fyr

�
5−γ

; ð18Þ

where Ωyr
GW ¼ 2π2f2yr=ð3H2

0Þ.
The NANOGrav collaboration reports the fit of the

strain in Eq. (17) to thirty bins within the frequency range
f ∈ ð2.5; 90Þ nHz. However, the excess is reported by
fitting only the first five bins in the signal-dominated
frequency range f ∈ ð2.5; 12Þ nHz, while bins of higher
frequencies are assumed to constitute of white noise.

The constraint derived on the ðA�; γÞ space of parameters
reads approximately log10 A� ∈ ð−15.8;−15.0Þ and γ ∈
ð4.5; 6.5Þ at 68% confidence level (CL).
We assess the cosmological scenario presented against

these experimental results, considering the GW signal
from axionic strings given in Eq. (14). We obtain the
spectral tilt and the amplitude by inverting the relations in
Eqs. (17)–(18) as [25]

γ ¼ 5 −
d lnΩGWðt0; fÞ

d ln f

����
f¼f�

; ð19Þ

A� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3H2

0

2π2
ΩGWðt0; f�Þ

f2yr

�
fyr
f�

�
5−γ

s
; ð20Þ

where the quantities are computed at the reference fre-
quency f� ¼ 5.6 nHz which is the geometric average of the
signal-dominated frequency range considered.
In Fig. 1 we compare the results of the NANOGrav

collaboration with the prediction of the SGWB from
axionic strings in our model. The constraints on the strain
A� (vertical axis) and the spectral tilt γ (horizontal axis)
from the NANOGrav collaboration are shown at 68% CL
(solid black line) and 95% CL (dashed black line). Each
color curve is a prediction of the model for different values
of Tϕ. From left to right, Tϕ ∈ ð5; 10; 15; 20; 25Þ MeV.
The color codes the value of the equation of state wϕ of the
exotic component that controls the NSC, which varies

FIG. 1. The colored curves represent the amplitude A� (vertical
axis) and the spectral tilt γ (horizontal axis) of the SGWB
predicted from axionic string, for different values of Tϕ. From left
to right, Tϕ ∈ ð5; 10; 15; 20; 25Þ MeV. The color codes different
values of the equation of state wϕ along each line, as given
by the color bar to the right of the figure. The solid and dashed
black lines indicate the detection of (A�, γ) respectively at 68%
and 95%, as inferred by the analysis of the NANOGrav
collaboration [17].
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within the region wϕ ∈ ð−0.3; 0Þ. Lines in blue represent
models with a dustlike equation of state, wϕ ≈ 0, for which
the model predicts a SGWB signal within 95% limit
reported with a relatively low value of the transition
temperature Tϕ ≲ 10 MeV. For these models, the GW
strain amplitude lies between log10 A� ∈ ð−14.9;−14.4Þ
with a spectral index γ ∼ 4.3. Lines with a red shade
represent models with wϕ ≲ −0.2. For these models,
the expected SGWB from the axionic string network is
within 68% limit, with the amplitude in the range log10A�∈
ð−15.3;−14.6Þ and a spectral tilt γ ≈ ð4.7 − 4.8Þ. The
NANOGrav data then favor a negative equation of state
wϕ ≲ −0.2.
Note, that the QCD axion is the DM particle in the model

we consider, with the value of ma sensibly differing from
the result expected in a standard cosmological model. In
particular, for the target parameter space that reconciles the
NANOGrav results, we expect ma ∈ ð0.01; 1Þ μeV [80].
In turns, the axion energy scale in our model is expected
to be larger than the corresponding quantity in the
standard cosmology, yielding to a sizable SGWB which
could potentially be detected by next-generation detec-
tors across different GW frequencies. The predictions
of the model would need to be confirmed through a
direct detection of the QCD axion, whose light mass
is in reach of “a broadband/resonant approach to cosmic
axion detection with an amplifying B-field ring appara-
tus” (ABRACADABRA) [138,139] and “upconversion
loop oscillator axion detection experiment” (UPLOAD)
[140,141].

VI. DISCUSSION

If the SGWB signal is confirmed, we could have a
precious insight of the physics of the early Universe. More
data is needed to confirm the result and, in case, to
distinguish different models that candidate to explain the
results in either astrophysical or cosmological setups.
Models in which a spontaneous symmetry breaking leads
to a string network whose GW emission can potentially
explain the NANOGrav results in terms of a SGWB have
been recently discussed in the literature [26,142]. Our
model presents key differences from these models since
(i) the axionic string in our model does not last until present
time and it is dissipated in the early Universe as soon
as the QCD axion acquires a mass, and (ii) the axionic
string network predominantly emits axions before
decaying, with a subdominant spectrum of GWs. While
the GW spectrum from axionic strings can be generally
neglected, the GW strain is potentially detectable in future
detectors for the region of the parameter space we consider
in this work, wϕ ≤ 0.
At present, no dedicated numerical simulation that

accounts for the evolution of the axion field in a NSC
exist. In particular, no simulations of the axionic string

network in background cosmologies other than radiation
(wϕ ¼ 1=3) and matter (wϕ ¼ 0) have been explored. For a
mild equation of state of the exotic field wϕ < 1=3, our
results suggest that the emission of GWs, while negligible
in the evolution of the string network, could lead to a
complementary and detectable signal in near-future experi-
ments, if the transition temperature lies at relatively low
scales. This process might have been overlooked in the
axion literature since the emission of GWs during the
evolution of an axionic string can be safely neglected in
the standard cosmological scenario, due to the strong
suppression of the GW emission with respect to the
dominant emission in axions.
Future exploration of the SGWB jointly with laboratory

searches could shed light on the nature of the axion as the
DM particle, as well as on the content of the Universe in its
early stages. If the signal is confirmed and more data
becomes available, a dedicated Monte Carlo analysis would
pin down the preferred region in the parameter space of the
model ðTϕ; wϕÞ, allowing us to gather deeper insights into
the cosmological history of the early Universe. In turn, the
analysis would ideally identify a preferred range in which
the axion could be the DM particle which could be tackled
by a dedicated laboratory search.
Further, an interest to bear in mind is to perform lattice

simulations for axion strings in modified expansions
histories of the early universe because of the unconven-
tional results that GW’s from axion strings are within
detectable reach for a set of near-future experiments, even
though their amplitudes are suppressed. Several conclu-
sions emerge from this paper, first when more precise
frequency binned data is present, evidence of a pre-BBN
relic of the early universe might reveal itself and shed light
on whether DM constitutes QCD axions. Second, the
revelation of the axion theory can appear by considering
its associated gravitational wave relics, which in fact might
be the “smoking gun” because present axion experiments
are very model-dependent.

VII. CONCLUSIONS

In this paper, we have analyzed one class of cosmologi-
cal models in which the QCD axion constitutes the DM
particle. The Peccei-Quinn phase transition from which the
axion originates takes place after inflation so that the
associated topological defects are not washed away and
constitute an axionic string network that evolves releasing
energy into a spectrum of axions. If the evolution of the
Universe around and below the GeV is nonstandard, it is
possible that a copious amount of GWs are also released
from the string network, feeding into a stochastic back-
ground. We assessed the expected SGWB signal focusing
on the frequency range f ∈ ð2.5; 12Þ nHz where the signal
dominates the pulsar timing, in light of the recent results
from the NANOGrav-12.5 yr data analysis [17].
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Our results are summarized in Fig. 1, where we show the
prediction of the axionic string model proposed in light of
the NANOGrav-12.5 yr results (solid black line is for 68%
detection, and dashed black line is for 95% detection), for
different values of the transition temperature Tϕ (colored
lines) and of the equation of state for the exotic field
governing the NSC (color scale). Our model predicts a
SGWB within the 95% limit of the PTA detection, when
considering dustlike scenarios with wϕ ≈ 0 and a relatively
low transition temperature Tϕ ≲ 10 MeV. For these mod-
els, the GW strain amplitude lies between log10 A� ∈
ð−14.9;−14.4Þ with a spectral index γ ∼ 4.3. For the case
of a background model whose equation of states satisfies
wϕ ≲ −0.2, the expected SGWB from the axionic string
network is within 68% limit, with the amplitude in the
range log10 A� ∈ ð−15.3;−14.6Þ and a spectral tilt
γ ≈ ð4.7 − 4.8Þ. The preferred region of the parameter
space hints at background models wϕ ≲ −0.2, with a
transition temperature Tϕ ≲ 100 MeV. Although we have
not specified the underlying model for the exotic compo-
nent which drives the background cosmology during NSC,
a theory for the self-interacting potential of a scalar field
that leads to wϕ < 0 has been presented in Eq. (1).
Our result sheds light on the preferred mass regions of

the DM axion below the μeV target, in range for the
ABRACADABRA experimental setup [138,139]. The
detection of an axion of mass Oð10−8Þ eV could be
complementary to the crossing evidences coming from
probing the primordial GW wave spectrum. Detecting the
QCD axion could come along with the possibility of

detecting a SGWB and could provide a guideline for
understanding the cosmology of the early Universe. This
result contrasts the result for the QCD axion required to be
the DM in the standard cosmology, where the axion mass
is expected to be in the range ma ≈ ð10–500Þ μeV, the
uncertainty arising from the computations involving the
decay of the axionic string network. A summary of
the values for the DM axion mass in our model as a
function of the parameters ðTϕ; wϕÞ is found in Ref. [80].
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