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Metastable cosmic strings (MSCSs) are among the best-fitting explanations of the 2023 pulsar timing
array (PTA) signal for gravitational waves at nanohertz frequencies. We propose the novel possibility that a
network of MSCSs generating this signal originates from the multistep spontaneous breaking of a gauged
flavor symmetry. As a specific example, we construct a model of SUð2Þ flavor symmetry in the context of
SUð5Þ grand unification, where the SUð2Þ acts exclusively on the first two generations of the matter 10-
plet, such that it is “right for leptons” and allows for large lepton mixing. The model explains the mass
hierarchies of the Standard Model fermions, and predicts the string scale of the MSCSs in a range
compatible with the 2023 PTA signal. Cosmic inflation is associated with the latter step of (two-step)
family symmetry breaking, and the phase transition ending inflation generates the cosmic string network.
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I. INTRODUCTION

In summer 2023, pulsar timing arrays (PTAs) [1–4]
found strong evidence of Hellings-Downs angular corre-
lation [5] in pulsar time-of-arrival perturbations, providing
a first clear signal of a stochastic gravitational wave back-
ground (SGWB) at nanohertz frequencies. Remarkably,
metastable cosmic strings (MSCSs) arising from gauge
groups are among the best-fitting explanations [6] of this
signal, which has sparked interest within the particle
physics community; see Refs. [7–25] for works on meta-
stable strings, and Refs. [26–30] for other works on
unstable cosmic strings.
In the above-mentioned studies the origin of MSCSs has

been linked to particle physics extensions where the gauge
group of the Standard Model (SM) is embedded into a
larger (e.g., unified) group, which is then spontaneously
broken to the SM in multiple steps, generating first
monopoles [31–33] and then cosmic strings [31,33]. If
the two symmetry-breaking scales are close, and if certain
conditions are satisfied [34,35], monopole-antimonopole
pairs can form along the strings through quantum tunnel-
ing, causing the strings to decay and resulting in the

metastability of the cosmic string network. MSCSs can
generate a GW spectrum across a wide range of frequen-
cies, with a characteristic drop, as observed by the PTAs,
when the decay happens. However, in addition to exten-
sions of the gauge symmetry of the SM towards unification
of forces, there exists another class of symmetry extensions
of the SM, namely “flavor symmetries,” which act “hori-
zontally” between different generations.
Flavor symmetries are postulated to address the so-called

“flavor puzzle” of the SM, which becomes apparent when
considering the SM flavor sector: The SM flavor sector
contains in total 14 unknown parameters, which include the
six quark masses, three charged lepton masses, and four
quark mixing angles. Experimental determination of these
parameters reveals a strong hierarchical pattern in the
masses and mixings of the charged fermions. While
neutrinos are massless in the SM, observations from
various experiments have confirmed neutrino oscillations,
implying nine (seven, if neutrinos are Dirac particles)
additional parameters, including three neutrino masses,
three mixing angles, and three CP-violating phases.
Unlike the charged fermion sector, the mixing angles in
the neutrino sector are large. The lack of a fundamental
understanding of the strong hierarchical structure of the
charged fermions—spanning approximately 6 orders of
magnitude—and the apparently anarchical structure of the
neutrino sector is one of the major challenges in particle
physics, referred to as the flavor puzzle.
In this paper, we propose the novel possibility that a

network of MSCSs generating the 2023 PTA signal
originates from the spontaneous breaking of a gauged
“flavor symmetry.” In Sec. II, we outline the specifications
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for generating metastable cosmic strings and discuss how
they can emerge, for example, from an SUð2Þ flavor
symmetry. In Sec. III, we construct a realization of a flavor
model with SUð2Þ flavor symmetry in the context of SUð5Þ
grand unification. Finally, we conclude in Sec. IV.

II. MSCSs AND FLAVOR SYMMETRY

When the flavor symmetry group GF and its breaking
dynamics satisfies the following criteria, it can give rise to a
MSCS network: To start with, the theory has to give rise
to cosmic strings as well as monopoles, both originating
from the same parent group (here GF). We consider here
the multistep breaking of GF to subgroups, for example,
GF → G0

F → G00
F, but of course the breaking may happen in

a larger number of steps. Monopoles [31,32] are generated
when, e.g., for the breaking GF → G0

F, the second homo-
topy group of the quotient space GF=G0

F is non-trivial, i.e.,
when π2ðG=G0Þ ≠ 1, while cosmic strings [31] appear in
case of a nontrivial first homotopy group, e.g., when
π1ðG0

F=G
00
FÞ ≠ 1. When for the breaking GF → G0

F → G00
F

both above-mentioned conditions are satisfied, but the
homotopy groups of GF=G00

F are all trivial, then none of
these topological defects can be stable. The monopoles and
cosmic strings form an unstable hybrid topological defect.
Whether the cosmic strings, generated after the monop-

oles, are long-lived enough to explain the 2023 PTA
observations, depends on further criteria: The first one is
that the abundance of monopoles produced from the
breaking GF → G0

F has to be diminished before cosmic
string production, to avoid that the cosmic strings that form
at the later breaking G0

F → G00
F attach to the monopoles and

antimonopoles, which would cause a too quick decay of the
cosmic string network. One way to resolve this is to realize
a phase of inflation [36–39] between the two stages of
symmetry breaking, diluting the monopoles. Nevertheless,
pairs of monopoles and antimonopoles can spontaneously
nucleate along the strings by quantum tunneling, making
the cosmic strings decay. However, this process is only
efficient if these two formation scales are close to each
other. If they are well separated, the cosmic string network
effectively behaves as a stable one. Therefore, this second
condition—that these scales are of the same order—
guarantees that the lifetime of the hybrid network coincides
with the PTA signal. Last but not least, this hybrid network
must originate from a gauge group to be capable of
explaining the PTA data.

A. SU(2) flavor symmetry example

To illustrate the above let us consider a non-Abelian1

gauged SUð2ÞF flavor symmetry, which is a popular route
towards addressing why the first two families of charged

fermions are lighter than the third [cf. [41–58] for models
using Uð2Þ or SUð2Þ as flavor symmetries]. When the first
two generations of fermions are doublets of SUð2ÞF, then
their Yukawa couplings (i.e.. finally their masses) can only
emerge from effective operators, explaining their smaller
values, while the masses of the third generation stem from
an unsuppressed renormalizable operator. The hierarchies
in the masses of the first two generations of fermions can
then further emerge, e.g., from a two-step breaking of GF
by the vacuum expectation values (VEVs) of two types of
so-called flavons, i.e., scalar fields that break the family
symmetry.
To generate a network of MSCSs explaining the PTA

results, we propose that the flavor symmetry breaking
proceeds as follows:

SUð2ÞF⟶
hΔi

Uð1ÞF⟶
hϕiþhϕ̄i

|fflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflffl}
inflation

nothing; ð1Þ

where Δ is a SUð2ÞF triplet flavon and ϕþ ϕ̄ is a pair of
SUð2ÞF doublet flavon superfields.2 The first breaking
pattern generates topologically stable monopoles [31–33],
whereas the second breaking produces stable cosmic
strings [31,33]. But since the breaking SUð2ÞF →
nothing does not give rise to any topological defects, after
the breaking is completed both must be unstable. Following
the discussion in the previous section, a stage of inflation
may be realized before the second stage of breaking
happens, which gives rise to cosmic strings. This implies
that inflation is now embedded in the flavor sector of the
theory. Attractive candidates are for instance supersym-
metric (SUSY) hybrid inflation [59–61], where the “water-
fall” (second order) phase transition is associated with the
breaking of Uð1ÞF part of the family symmetry, or Tribrid
inflation [62–65], again ended by the Uð1ÞF flavor sym-
metry breaking phase transition, but with the inflaton
identified as a matter field (e.g., a right-handed sneutrino).
Finally, much later, monopole-antimonopole pairs forming
along the strings through quantum tunneling cause the
strings to decay and result in a MSCS network [34].
One remarkable property of MSCSs is that in addition to

explaining the 2023 PTA observations, which features a
pronounced drop of the GW spectrum at low (nanoherz)
frequencies, it predicts a rather flat GW spectrum at larger
frequencies that may span over many orders of magnitudes
in frequency. This means that the MSCS explanation
of the 2023 PTA signal can be confirmed (or refuted) by
various planned future GW observatories, such as Laser
Interferometer Space Antenna (LISA) [66], Einstein
Telescope (ET) [67], and Cosmic Explorer (CE) [68].

1Abelian groups, cf. [40], lead to stable strings and cannot
explain the recent PTA data.

2Since the string and monopole scales turn out to be very high,
close to the grand unification scale, we consider in our example
the case of a supersymmetric theory, to address the hierarchy
problem.
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When confirmed, this would select very specific scenarios
in particle physics and cosmology. Furthermore, via the
induced deviation from standard cosmology (with SM
particle degrees of freedom), signs of extensions of the
SM (such as supersymmetry) could be found even when the
new particles have masses up to about 104 TeV [19].
A confirmation of the MSCS origin of the SGWB found

by PTAs would also require a new perspective on flavor
model building, which we aim to initiate with this article. In
addition to resolving the flavor puzzle, successful models
then also have to generate the SGWB from MSCSs and
realize cosmic inflation in deep connection to flavor
symmetry breaking. In the next section, we will present
a first model of this type, in the framework of super-
symmetric SUð5Þ grand unification.

III. REALIZATION IN A FLAVOR GUT MODEL

We will now construct a first flavor model capable of
explaining the 2023 PTA results from flavor symmetry
breaking with embedded inflation, as well the flavor
structure of charged fermions as well as neutrinos. In
contrast to many previous models using this flavor sym-
metry group, and which were facing problems accommo-
dating the observed large mixing in the lepton sector, we
make use of the proposal of [57] that in order to elegantly
explain large lepton mixing one can choose the SUð2ÞF to
act in a way that is “right for leptons and left for quarks”. As
discussed there, the idea has an attractive realization in
SUð5Þ grand unified theory (GUT) [69–74], where the SM
fermions are contained in the 5̄F and 10F superfields
(considering a SUSY framework). With only the first
two generations of 101;2F forming a doublet under the
SUð2Þ flavor symmetry, which we now refer to as
SUð2Þ10, while the rest of these fields, including the
right-handed neutrinos, are SUð2Þ10 singlets, large lepton
mixing is generated along with small quark mixing and the
observed charged fermion mass hierarchies. The model we
construct in this section is also the first one realising
this idea.

A. Fields and charges

The model consists of the usual SUð5Þ chiral superfields,
5̄
p
F þ 10

p
F, with p ¼ 1, 2, 3 being the generation index. The

5̄
p
F and 103F fields are singlets under the gauged SUð2Þ10
flavor symmetry, whereas the first two generations 10iF
form a doublet [here, i ¼ 1, 2 corresponds to the SUð2Þ10
index]. Note that the model we construct below, which is
based on SUð5Þ × SUð2Þ10 gauge symmetry, is free from
gauge anomalies.
At the high scale (compatibility with proton decay rate

requires≳1016 GeV), the GUT symmetry is spontaneously
broken down to the SM by the VEV of an adjoint super-
field 24H, h24Hi ¼ v24diagð−1;−1;−1; 3=2; 3=2Þ. The
SM gauge group is subsequently broken by the electroweak

doublets living in the 5H þ 5̄H superfields under the SUð5Þ
group. For convenience we denote these fields as follows:

χ ≡ 5̄F; ψ ≡ 10F; ð2Þ

Φ≡ 24H; H ≡ 5H; H̄ ≡ 5̄H: ð3Þ

The flavor symmetry-breaking pattern, assisted by the
VEVs of Δ and ϕþ ϕ̄, is shown in Eq. (1). By using
SUð2Þ10 rotations, one can make the triplet VEV to be
diagonal. On the other hand, consistency of D-term
conditions allow the following generic VEV structure for
the pair of doublets:

hϕi ¼
�
v1
v2

�
; hϕ̄i ¼

�
v1
v2

�
eiφ; hΔi ¼

�
v3 0

0 −v3

�
:

ð4Þ

In the spirit of explaining the desired fermion mass and
mixing hierarchies, we additionally utilize a global Uð1Þg
symmetry and a discrete Z4 symmetry. Furthermore, we
impose a matter parity where all matter fields are odd. The
quantum numbers of all these multiplets are summarized in
Table I. With this charge assignment, the Yukawa part of
the superpotential can be written as

WY ¼ Wu þWd þWν; ð5Þ

with

Wu ¼ Hε5

�
y1ψ3ψ3 þ 1

Λ3
y002ψ

iψ jεikðΔ3ÞkjΦ

þ 1

Λ
y3ψ iψ3ϕ̄i þ

1

Λ2
y4ψ iψ jϕ̄iϕ̄j

�
; ð6Þ

TABLE I. Charge assignments.

Symbol SUð5Þ SUð2Þ10 Uð1Þg Z4

ψ i 10iF 2 þ1 þ2

ψ3 103F 1 0 0
χp 5̄

p
F 1 0 þ2

Φ 24H 1 0 þ2
H 5H 1 0 0
H̄ 5̄H 1 0 0

Δ 1 3 −1 þ3
ϕ 1 2 þ1 þ2

ϕ̄ 1 2̄ −1 þ2

S 1 1 0 0

νpR 1p 1 0 þ2
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Wd ¼
1

Λ
H̄Φ

�
y0ð00Þ;p5 ψ3χp þ 1

Λ
y0ð00Þ;p6 ψ iχpϕ̄i

�

þ 1

Λ3
yp7 H̄ψ iχpϕkεkjðΔ3Þji ; ð7Þ

and

Wν ¼ ypqν χpνqRH þMpq
R νpRν

q
R: ð8Þ

As a theory of flavor, all dimensionless Yukawa cou-
plings are expected to be of order unity. In the above
equations, couplings y0i and y00i correspond to two distinct
SUð5Þ index contractions [75]. Moreover, ϵ5 (ϵij) denotes
the Levi-Civita tensor for SUð5Þ [SUð2Þ10] group. To avoid
clutter, we have suppressed the SUð5Þ group indices,
however, SUð2Þ10 index contractions are shown explicitly.
The neutrino mass is generated via the type-I seesaw
mechanism [76–81], and it is important to emphasize that
the absence of flavon VEVs in the neutrino sector is crucial
for achieving large mixing angles.
In Eqs. (6) and (7), we have assumed a common cutoff

scale, Λ, and further define εi ≡ vi=Λ. The derived mass
matrices of the charged fermions (written in the fcMff
basis) take the following forms:

Mu ¼ 2hHi

8>><
>>:

0
B@

2y4ε21 2y4ε1ε2 y3ε1
2y4ε1ε2 2y4ε22 y3ε2
y3ε1 y3ε2 2y1

1
CA

þ y2ε23ε24

0
B@

0 1 0

−1 0 0

0 0 0

1
CA
9>>=
>>;; ð9Þ

Md ¼
hH̄iffiffiffi
2

p

8>><
>>:ε24

0
B@

d1ε1 d1ε2 d01
d2ε1 d2ε2 d02
d3ε1 d3ε2 d03

1
CA

þ ε23

0
B@

−c1ε2 c1ε1 0

−c2ε2 c2ε1 0

−c3ε2 c3ε1 0

1
CA
9>>=
>>;; ð10Þ

MT
e ¼ hH̄iffiffiffi

2
p

8>><
>>:ε24

0
B@

d̂1ε1 d̂1ε2 d̂01
d̂2ε1 d̂2ε2 d̂02
d̂3ε1 d̂3ε2 d̂03

1
CA

þ ε23

0
B@

−c1ε2 c1ε1 0

−c2ε2 c2ε1 0

−c3ε2 c3ε1 0

1
CA
9>>=
>>;; ð11Þ

where we have defined

hHi ¼ v sin β; hH̄i ¼ v cos β; v ¼ 174 GeV; ð12Þ

and the expressions for dð0Þi ; d̂ð0Þi ; ci in terms of the original
Yukawa couplings can be found in Appendix A.
An excellent fit to the charged fermion masses and

mixings with Oð1Þ coefficients can be obtained from
Eqs. (9)–(11), and a benchmark parameter set is presented
in Appendix A. On the other hand, due to the absence of
flavons in the neutrino sector, cf. Eq. (8), the neutrino mass
matrix remains anarchic. Therefore, large mixing angles
[82] in the neutrino sector are naturally predicted within
this setup.

B. Embedding of inflation

The breaking of theSUð5Þ symmetry producesGUT scale
monopoles. Moreover, the first stage of symmetry breaking
in the flavor sector, SUð2Þ10 → Uð1ÞF, also generates
monopoles. As will be described below, we implement
inflation after these two steps of symmetry breaking to
dilute away these monopoles.3 After inflation, the complete
breaking of the remaining Uð1ÞF flavor symmetry leads to
the formation of metastable cosmic strings, which can have
intriguing implications for cosmology.
To realize inflation, we may employ, e.g., supersym-

metric hybrid inflation [59–61], ended by a waterfall phase
transition identified with Uð1ÞF breaking. In this hybrid
inflation scenario, the scalar component of a gauge singlet
superfield, S, plays the role of the inflaton, while the pair of
doublets ϕþ ϕ̄ act as the waterfall fields, break the
corresponding symmetry, here Uð1ÞF → nothing, and
desirably end inflation. SUSY hybrid inflation can be
realized through the following term in the superpotential:

WInflation ⊃ λSðϕ̄ϕ −m2
ϕÞ; ð13Þ

where λ is a dimensionless coupling, and mϕ a mass scale.
Note that the combination ϕ̄ϕ of the SUð2ÞF doublet flavon
superfields is allowed by both the global Uð1Þg and Z4

symmetries. As long as the VEV of S, which generates
masses for the ϕ and ϕ̄ fields, is large enough, the latter are
stabilized at zero and the scalar potential features a large
vacuum energy V inf ¼ λ2m4

ϕ that drives inflation.
While V inf is flat in the S direction at tree level within the

minimal SUSY hybrid inflation setup, noncanonical Kähler
contributions as well as quantum corrections and SUSY
breaking effects can provide an appropriate curvature of the
inflaton potential for successful inflation in the S direction
(cf. [83–89]). Because of this curvature, as the inflaton rolls
towards smaller field values, the ϕ fields become tachyonic

3Additionally, domain walls and global strings, produced
during the first two breakings, are also diluted away by inflation.
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beyond a critical point, jScj ¼ mϕ, triggering a waterfall
transition where they acquire VEVs, breaking Uð1ÞF
spontaneously and ending inflation. In our framework,
cosmic strings form only after inflation and are therefore
not diluted.
In the following, we briefly summarize the main results

of SUSY hybrid inflation, for the example of a minimal
Kähler potential, and taking into account one-loop correc-
tions to the inflaton potential (as reviewed, e.g., in [84]). In
this case, the spectral index is predicted to be

ns ≈ 1 −
1

Ne
≃ 0.98; ð14Þ

where we have in the last step used Ne ≃ 50. This value of
ns is slightly larger, but reasonably close to, the currently
preferred experimental estimates [90–92]. Moreover, the
amplitude of the primordial spectrum can be written as

P1=2
R ≈ 2

ffiffiffiffiffiffi
Ne

3

r �
mϕ

Mp

�
2

; ð15Þ

whereMp is the reduced Planck mass. By matching it to the
experimental data [90], we obtain mϕ ≃ 6 × 1015 GeV.
After inflation, mϕ also sets the cosmic string scale vcs.
As we will see in the next section, the prediction from this
simple realization of SUSY hybrid inflation is well com-
patible with the range for vcs that we obtain from a fit of the
model to the date for fermion masses and mixing, and
which in turn matches well with the string scale required to
explain the PTA data.
Note that additional contributions from, e.g., a nonca-

nonical Kähler potential or the SUSY breaking sector, can
further modify the inflaton potential, allowing us to more
accurately fit the experimentally favoured value of ns, while
enlarging the range of mϕ compatible with Cosmic
Microwave Background (CMB) data. A detailed exploration
of these effects, however, lies beyond the scope of the present
paper and will be investigated in a future publication.

C. MSCSs and predicted SGWB

When the two scales of flavor symmetry breaking are
close to each other, as explained in the Introduction, the
cosmic strings become metastable with a lifetime large
enough to explain the 2023 PTA results. More specifically,
the decay of this network has the rate per string unit length
given by [34,35,93–95]

Γd ≃
μ

2π
e−πκ; κ ¼ m2

μ
≃
8π

g2

�
vm
vcs

�
2

; ð16Þ

where, vm ¼ v3 and vcs ¼ ðjv1j2 þ jv2j2Þ1=2 are the VEVs
associated with the string and monopole formation scales,
respectively. The monopole mass is m ≃ 4πvm=g, with g
being the relevant gauge coupling constant, and the energy
per unit length of the string is μ ≃ 2πv2cs.

For a metastable cosmic string network, the recent PTA
results [1–4] hint towards a string tension in the rangeGμ ≃
ð10−8–10−5Þ and κ1=2 ≃ ð7.7–8.3Þ, displaying a significant
correlation between the two variables [6] (where G is
Newton’s constant and Gμ ≃ 4.22 × 10−38v2cs). For such a
range of the metastability parameter κ, the most stringent
bound on the string tension comes from the LIGO-Virgo-
KAGRA (LVK) Collaboration [96–98], which implies
Gμ ≲ 2 × 10−7 [6,99] at a frequency Oð20Þ Hz [100].
However, larger values of Gμ are fully compatible with
nonstandard cosmology leading to some dilution of the
string network, as discussed in Ref. [19] and references
therein.
To determine the GW spectrum from the metastable

cosmic string network in our model, we need to identify
the relevant symmetry-breaking scales in the flavor sector.
For our analysis, we set MGUT ¼ 2.0 × 1016 GeV, a value
motivated by gauge coupling unification with TeV-scale
SUSY. This high GUT scale ensures adequate suppression
of gauge-mediated proton decay lifetimes. Furthermore,
adequate metastability of the string network implies
ϵ3 ≈

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jϵ1j2 þ jϵ2j2

p
, which we also employ in the numeri-

cal fit presented in Appendix A. Now, from the charged
fermion masses, Eqs. (9)–(11), we obtain the following
approximate relations:

yu ¼ sin β
ϵ43ϵ

2
24

ϵ22

C2
u

Cc
; yc ¼ 4 sin βϵ22Cc; ð17Þ

yτ;b ¼
cos βffiffiffi

2
p ϵ24Cτ;b; yμ;s ¼

cos βffiffiffi
2

p ϵ24ϵ2Cμ;s; ð18Þ

ye;d ¼
cos βffiffiffi

2
p ðCe;d þ C1Þϵ23ϵ2: ð19Þ

Here, Cf ∼Oð1Þ are some combinations of the original
Yukawa couplings and their exact forms are not relevant in
determining the cosmic string scale.
Plugging in the GUT scale values for the Yukawa

couplings [101] in Eqs. (17)–(19), and varying the Cf

parameters between 0.1 and 2, yields

ϵ24 ∈ ½0.027; 0.805�; ϵ3 ∈ ½0.013; 0.062�; ð20Þ
ϵ3
ϵ24

∈ ½0.018; 2.207�; ð21Þ

hence ; vcs ∈ ½3.6 × 1014; 4.4 × 1016� GeV: ð22Þ

Furthermore, viable points were found for tan β < 24 (and
down to tan β ¼ 5 which we used as lower prior). The GW
spectrum arising from a metastable cosmic string network
for vcs in the range given above is depicted in Fig. 1.
The details of the computational procedure for this spec-
trum are relegated to Appendix B. The plot illustrates that if
the origin of the 2023 PTA result from MSCSs is
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confirmed, the scenario can be further tested by multiple
upcoming GWobservatories. The plot also shows that for a
standard cosmological history (blue band in Fig. 1), the
LVK O3 constraints vcs ≲ 2 × 1015 GeV already exclude a
sizable part of the allowed parameter space. Excitingly,
LVKO5will probe the entire range, Eq. (22), predicted by the
fermion mass hierarchies. Future GW experiments, such as
LISA [66], Big Bang Observer (BBO) [102], DECi hertz
Interferometer Gravitational wave Observatory (DECIGO)
[103]), ET [67], and CE [68] will also test this model.
Furthermore, in Fig. 1 we have also included the case that a
late matter-dominated phase, typical for certain SUSY
scenarios (see e.g. [104–109]), leads to some dilution of
theGWspectra. The dotted (dashed) lines show the predicted
range for a dilution factorD ¼ 10 (D ¼ 100). As discussed
in [19], the scenario (including the SUSY scale) is never-
theless testable with a combination of LISA and ET/CE.

IV. CONCLUSIONS

In this article, we proposed that the 2023 PTA signal
for gravitational waves (GWs) at nanohertz frequencies is
generated by a MSCS network produced from flavor
symmetry breaking. We discussed the requirements for
flavor models to explain the PTA results, and constructed a
first example model. The model is based on a gauged
SUð2ÞF flavor symmetry in the context of SUð5Þ grand
unification, broken spontaneously in two steps, SUð2ÞF →
Uð1ÞF → nothing, by VEVs of triplet and doublet flavons,
respectively. The SUð2ÞF acts exclusively on the first two
generations of the matter 10-plet, such that it is “right for
leptons,” allowing for large lepton mixing. In addition to
explaining the mass hierarchies of the SM fermions, it
realizes cosmic inflation in associationwith flavor symmetry

breaking and generates a MSCS network with cosmic string
scale predicted (for a standard cosmological history) to be in
the range vcs ∈ ½3.6 × 1014; 4.4 × 1016� GeV, compatible
with the 2023 PTA signal and fully testable by ongoing
and future GW detectors. Finally, our work introduced a
novel direction in flavor model building that not only
addresses the renowned flavor puzzle, but also deeply
connects to the dynamics of cosmic inflation and the GW
signatures suggested by PTAs, which might be confirmed in
the not too far future.
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APPENDIX A: NUMERICAL FIT

As explained in the main text, hierarchies in the fermion
masses are generated dynamically by the VEVs of the
flavons and the order in which they contribute to the
respective entries in the Yuakwa matrices. Yukawa cou-
plings, on the other hand, take Oð1Þ values. The redefined
Yukawa coefficients appearing in the mass matrices,
Eqs. (9)–(11), are given by

dp ¼ 3

2
y0;p6 þ y00;p6 ; d0p ¼ 3

2
y0;p5 þ y00;p5 ; ðA1Þ

d̂p ¼ 3

2
y0;p6 −

3

2
y00;p6 ; d̂0p ¼ 3

2
y0;p5 −

3

2
y00;p5 ; ðA2Þ

cp ¼ yp7 ; y2 ¼
5

4
y002: ðA3Þ

To show the compatibility of our scenario, here a bench-
mark fit to the charged fermion sector is presented. The fit
is performed at MGUT and we have chosen the SUSY scale
to be 3 TeV. To simplify the analysis, SUSY threshold
corrections are set to zero. Input values of the observables
at the GUT scale are taken from Ref. [101]. For generality,
all Yukawa parameters are taken to be complex, however,
we set φ ¼ 0 in Eq. (4). In our numerical analysis, we allow
the absolute values of the Yukawa couplings in the range
(0.1–2). The following parameter set reproduces all
charged fermion masses and mixings within their exper-
imentally allowed 1σ values:

tan β ¼ 7.70; ðA4Þ
ðε24; ε1; ε2Þ ¼ ð0.0543; 0.00597e0.543i; 0.0508e0.229iÞ;

ðA5Þ

FIG. 1. Predicted range for the gravitational wave spectrum of
metastable cosmic strings from the proposed GUT flavor model
with SUð2Þ10 flavor symmetry. The blue band shows the case of
standard cosmology, whereas the dotted (dashed) lines indicate
the predicted range for a nonstandard cosmology scenario where
a late matter-dominated phase leads to a dilution of the GW
spectra by a factor D ¼ 10 (D ¼ 100). As an example we have
taken MSUSY ¼ 3 TeV for the scale of sparticle masses.
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ðy4; y2Þ ¼ ð0.105e−1.551i; 0.210e−0.0329iÞ; ðA6Þ

ðy3; y1Þ ¼ ð0.128e−1.632i; 0.129e1.561iÞ; ðA7Þ

ðd1; d2; d3Þ ¼ ð0.225e0.870i; 0.2621e−2.582i; 0.3728e1.569iÞ;
ðA8Þ

ðd01; d02; d03Þ ¼ ð0.970e0.009i; 0.508e−2.808i; 0.136e1.550iÞ;
ðA9Þ

ðd̂1; d̂2; d̂3Þ ¼ ð1.758e−1.518i; 0.237e1.490i; 0.219e−3.008iÞ;
ðA10Þ

ðd̂01; d̂02; d̂03Þ ¼ ð0.451e−1.810i; 0.270e0.8389i; 1.371e−1.651iÞ;
ðA11Þ

ðc1; c2; c3Þ ¼ ð1.679e0.217i; 0.4519e−3.044i; 1.454e−0.0134iÞ:
ðA12Þ

The fitted values at the GUT scale are given by

ðyu; yc; ytÞ ¼ ð2.485 × 10−6; 1.4239 × 10−3; 0.5121Þ;
ðA13Þ

ðyd; ys; ybÞ ¼ ð4.976 × 10−6; 9.813 × 10−5; 5.467 × 10−3Þ;
ðA14Þ

ðye; yμ; yτÞ ¼ ð1.9919 × 10−6; 4.26 × 10−4; 7.275 × 10−3Þ;
ðA15Þ

ðθckm12 ; θckm23 ; θckm13 ; δckmÞ ¼ ð0.2272; 0.0396; 0.00346; 1.195Þ
ðA16Þ

where yp ¼ yMSSM
p sin β for p ¼ u, c, t and yr ¼

yMSSM
r cos β for r ¼ d; s; b; e; μ; τ.

APPENDIX B: GW SPECTRUM

In this appendix we summarize the computational pro-
cedure for the GW spectrum of metastable cosmic strings,4

for which we follow Ref. [19] (see also Refs. [111–119]).

The gravitational wave spectrum is given by

ΩGWðf; tÞ

¼ 8πðGμÞ2
3H2ðtÞ f

X∞
n¼1

Pn

×

�
2n
f2

Z
zc

zðtÞ

dz
HðzÞð1þ zÞ6 n

�
2n

fð1þ zÞ ; tðzÞ
��

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Cn

: ðB1Þ

Here,Pn is the radiation power spectrum of each loop (which
we take from Ref. [112]), n is the loop number density, and
Gμ2

P∞
n¼1 CnPn ≡ ρGWðt; fÞ is the energy density in gravi-

tational waves per unit frequency.Moreover, z represents the
redshift (redshift today will be denoted by z0) and the
cosmological dependence is encoded in the Hubble rate,
defined as

HðzÞ ¼ H0ðΩΛ þ ð1þ zÞ3Ωmat þ ð1þ zÞ4GðzÞΩradÞ1=2;
ðB2Þ

with H0 ¼ 67.8 km=s=Mpc, ΩΛ ¼ 1−Ωmat−Ωrad, Ωmat ¼
0.308, and Ωrad ¼ 9.1476 × 10−5 [120].
The factor that reflects how the number of relativistic

degrees of freedom evolves is expressed as

GðzÞ ¼ g�ðzÞg4=3S ðz0Þ
g�ðz0Þg4=3S ðzÞ

; ðB3Þ

where g�ðzÞ is the effective number of degrees of freedom
and gSðzÞ is the effective number of entropic degrees of
freedom at redshift z. In the regime with z ≤ 106, GðzÞ ¼ 1.
On the other hand, for larger redshift, namely, z > 106, the
universe is radiation dominated, and the Hubble rate can be
approximated as HðzÞ ¼ H0Ω

1=2
rad GðzÞ1=2ðzþ 1Þ2. In this

regime, the GðzÞ factor in Eq. (B3) includes not only the
annihilation of relativistic species in the early Universe
from the SM, but also the additional degrees of freedom
from the MSSM. Therefore, we have

gMSSM� ðTÞ ¼ gSM� ðTÞ þ 15

π4
ð32JþðmS=TÞ þ 94J−ðmS=TÞÞ;

ðB4Þ

J�ðxÞ ¼
Z

∞

0

dy
y2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 þ x2

p
expð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 þ x2

p
Þ � 1

; ðB5Þ

where, for simplicity, we have assumed all superpartner
particles to have a common mass mS ¼ MSUSY (with a
corresponding temperature of TS). At some early redshift
z0, for which Gðz0Þ ¼ 1, T 0 is computed from

3m2
PlH

2ðzÞ ¼ ρðzÞ ¼ π2

30
g�ðTÞT4: ðB6Þ

By utilizing T 0, z0, and imposing entropy conservation we
then determine the temperature as a function of the red-
shift, TðzÞ.

4We note that the prediction for the SGWS spectrum from
MSCS is subject to considerable theoretical uncertainties. For
example, the role of string segments is currently under discussion
[110]. In our calculation of the SGWS spectrum, we have not
included this possible contribution. A reduction of this uncer-
tainty is highly desirable, and might in the future allow us to
distinguish a different MSCS realization, such as cases with or
without unconfined fluxed [6].
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To account for an intermediate phase of matter domi-
nation, we assume that the associated energy density is
transferred to the radiation bath via decay. This process
reheats the subdominant radiation component, thereby
initiating a second phase of radiation domination. This
matter domination phase is parametrized in terms of the
dilution factor D and the redshift at its end, zE. During this
matter domination period, zE ≤ z≲ zED, the Hubble rate is
given by HðzÞ ¼ HMDðzþ 1Þ3=2, where HMD is fixed by
requiring HðzÞ to be continuous at zE.
Finally, the loop number density, nðl; tÞ, is obtained by

solving the corresponding partial differential equation [119]
(l denotes the length of the string). For t < td ¼ Γ−1=2

d ,

nðl; tÞ ¼ nSðl; tÞ; ðB7Þ
whereas for t > td,

nðl; tÞ ¼ nSðlþ ΓGμðt − tdÞ; tdÞ

× exp
�
−Γd

�
lðt − tdÞ þ

1

2
GμΓðt − tdÞ2

�	

×

�
aðtdÞ
aðtÞ

�
3

; ðB8Þ

with

nSðl; tÞ ¼
Z

t

tc

dτ

�
aðτÞ
aðtÞ

�
3

Sðlþ ΓGμðt − τÞ; τÞ: ðB9Þ

The form of the function S is obtained from simulations
[111], which for the matter-domination era has the following
form:

Sðl; tÞ ≈ d−5H ðtÞ 5.34
ðl=dHðtÞÞ1.69

Θð0.06 − l=dHðtÞÞ

× Θðl=dHðtÞ − ΓGμÞ: ðB10Þ

The second Θ function is introduced to cut off the
l=dHðtÞ → 0 divergence [111]. Here, dH is the Hubble
radius,which can be determined followingRef. [19]. And for
radiation dominated era it is given by

Sðl; tÞ ≈ d−5H ðtÞ92.13δðl=dHðtÞ − 0.05Þ: ðB11Þ

Using the recipes given above, we compute the gravitational
wave spectrum for a metastable cosmic string network.
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