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We explore supersymmetric SO(10) models predicting observable proton decay and various topological
defects which produce different shapes and strengths of gravitational wave backgrounds depending on the
scales of intermediate symmetry breaking and inflation as well. We compare these to their non-
supersymmetric counterparts. By identifying the scales at which gravitational wave signals appear, we
would be able to track down a particular breaking chain and discern if it has a supersymmetric origin or not.
It would also be useful to observe gravitational waves from more than one source among all possible
topological defects and first order phase transitions for a realistic breaking chain. For these purposes, we
work out specific examples in which the grand unification and relevant intermediate scales are calculable
explicitly. It turns out that examples with gravitational waves from different sources are quite difficult to
obtain, and the predicted gravitational wave profiles from domain walls and first order phase transitions
obtained in some examples will require detectors in the kHz to MHz region.
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I. INTRODUCTION

The first ever direct detectionof a gravitationalwave (GW)
signal in 2015 [1] opened the era of gravitational wave
astronomy and revived interests in cosmologicalGWsignals.
The study of GW signals from cosmological origin, either
topological defects or phase order first transitions (FOPT), is
a long standing subject, but only recently the current and
future experiments have the potential to detect these kind of
signals. During the next years, KAGRA [2] and LIGO-India
will be integrated in the LIGO [3–6] and Virgo [7] interfer-
ometer network (LVC). Thanks to the improved sensitivity, a
huge number of GW events will be detected. The detection
could be so frequent that the associated signals would be too
entangled to be identify individually. These events will then
appear as a stochastic gravitational wave background
(SGWB), a signal continuous in time, loud in a very broad
frequency band, and coming from the whole sky dome. In
fact, these are also the characteristics of GW signals created
at the earliest moments of the universe. Such signals, called
SGWBof cosmological origin (SGWBoCO), exist butwe do
not know their strength and the frequencies at which we

could detect them. It is then crucial to designSGWBsearches
suitable for scenarios where the SGWBoCO and SGWB
of astrophysical origin (SGWBoAO) are both present
at some level. This kind of searches will need to be
implemented by all current and projected experiments, such
as LISA1 TianQin [9], Taiji [10], LISA [11], Einstein
Telescope [12,13], Cosmic Explorer [14], BBO [15] and
DECIGO [16], as well as Pulsar Timing Array (PTA)
experiments SKA [17], EPTA [18], PPTA [19], IPTA
[20]. In fact, in September 2020 theNANOGravCollabora-
tion announced their PTA analysis [21] showing that we are
likely on the verge of a SGWB detection. In particular, it
has hinted at the detection of a cosmic string in the range
Gμ ∈ ½2 × 10−11; 3 × 10−10� [22]. A firm SGWB observa-
tion may require only some extra years of measurements,
and it is encouraging to have the recent positive develop-
ment of the PPTA analysis [23] and the collaborative effort
of IPTA [24]. If confirmed, the NANOGrav SGWB signal
in the range Gμ ∈ ½2 × 10−11; 3 × 10−10� would be com-
patible with the SGWBoCO produced by (Nambu Goto)
cosmic strings coming from a phase transition that occurred
between 10−22 and 10−18 seconds after the big bang.
On the theoretical side, model building within the

context of grand unified theories (GUT) needs to provide
a compelling science case for scenarios where the cosmo-
logical signal can be clearly identified. In this respect, there
has been a large number of recent studies reviving the study
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of GW coming from topological defects.2 These include
nonsupersymmetric GUT theories in connection to proton
decay and unification [31–33] and different interconnec-
tions to B − L [34], neutrino masses and leptogenesis [35],
as well as in connection to addressing the NANOGrav hint
for cosmic strings [36,37] and combined effects with FOPT
and GW [38].
In this paper, we address the question if different

breaking chains of the supersymmetric SO(10) GUT
predicting a certain combination of topological defects
and first order phase transition (FOPT) can be identified
through the detection of SGWB. This task of course can be
done taking into account low energy phenomenological
constraints (proton decay, masses, flavor effects, etc.) and
assumptions about how inflation should take place.
The classification of breaking routes of SO(10) down to

Standard Model (SM), or minimal supersymmetric SM
(MSSM), producing topological defects, started long time
ago [27]. As it is well-known, nonsupersymmetric models
can yield gauge coupling unification with different inter-
mediate scales [39] and therefore it is appealing to study
the GW panorama in this context. Making a catalogue of
surviving breaking chains coming from SO(10) models as
in [32,33]3 is considerably more challenging in supersym-
metry due to the fact that not only the number of constraints
and parameters is considerably bigger but also to the
assumptions for the way supersymmetry is broken and
the way it is UV completed. For these reasons we present
in this work only a few typical examples, rather than a
comprehensive catalog.
Supersymmetric models can be compared with their

nonsupersymmetric counterparts because they differ in
their breaking scales and proton decay channels and this
can be contrasted in the future with both GW and proton
decay experiments. We provide a study for this comparison
by considering examples based on the SO(10) breaking
routes containing the SU(5) and SUð3ÞC × SUð2ÞL ×
SUð2ÞR × Uð1ÞB−L subgroups. These models are repre-
sentatives of different subgroups and low energy phenom-
enology and therefore can shed light on discerning routes
down to the SM.We envision plots for frequency vs density
showing all possible combination of topological defects
and FOPT for a particular breaking chain. Unfortunately,
this task is quite model-dependent and will require future
developments of simulations, in particular, for hybrid topo-
logical defects since the relative tensions of the topolo-
gical defects is crucial to the evolution of the networks.
Nevertheless, it is worth to establish possible breaking

routes where hybrid topological defects can leave a distinct
GW imprint. Recently, these observations have been also
revived in [42] with a similar motivation to ours.
The paper is organized as follows. In Sec. II we put into

context the appearance of topological defects according to
the different breaking routes down to the SM. In Sec. III we
mention how dowe obtain the scale of breaking and how do
we compute the proton decay ratios. In Sec. IV we analyze
our model examples and compare to the nonsupersym-
metric counterparts. In Sec. V we conclude. For the sake of
completeness, we provide the information that we use to
generate the GW signals in the appendices.

II. GUT BREAKING AND TOPOLOGICAL
DEFECTS

In this section, we make a brief summary of topological
defects appearing in a GUT breaking chain which we use
and refer to. Then, we introduce typical SO(10) GUT
breaking patterns for which we study various phenomeno-
logical features and GW signals from relevant topological
defects and possible phase transitions.

A. Theory of topological defects in breaking chains

A schematic breaking chain of a GUT model down to the
SM can be depicted as

GGUT⟶
p1;p2;���H1⟶

q1;q2;��� H2 � � �⟶
r1;r2;��� Hn⟶

s1;s2;��� GSM; ð1Þ

where the letters pi, qi, and ri represent topological defects.
The conditions for the formation, evolution and stability
of topological defects has been thoroughly studied.4

The k-homotopy group, πkðG=HÞ, of the vacuum manifold
M ¼ G=H determines the appearance of topological
defects since πkðG=HÞ classifies the distinct topological
spaces of G=H that appear after the breaking of G → H.
They correspond to k ¼ 3 for textures, k ¼ 2 for monop-
oles, k ¼ 1 for cosmic strings (CS) and k ¼ 0 for domain
walls (DW), although formally π0 is not a group: it
represents merely the number of connected components
of the manifold. If the homotopy groups are trivial, that is,
πkðG=HÞ ¼ I, then there are no associated defects. The
general features of topological defects from the breaking
sequence of Eq. (1) can be summarized as follows.
(1) The topological defects will be stable up to the Hn

group if the k-homotopy group of the manifold
GGUT=Hn is not trivial, that is if πkðGGUT=HnÞ ≠ I;
and unstable up to the Hn group if the k-homotopy
group of the manifold GGUT=Hn is trivial, that is if
πkðGGUT=HnÞ ¼ I. The same applies for the mani-
fold GGUT=ðSUð3ÞC × UYð1ÞÞ which will determine

2Relevant discussions previous to the GW detection include
[25–30].

3Even in these cases, a certain number of assumptions are
needed. For example, to consider or not threshold corrections to
achieve gauge coupling unification and acceptable proton decay
rates, and also to consider or not multiple parameters controlling
topological defects [40,41].

4See for example [41,43] for comprehensive reviews. Of
course improvements for simulations and further understanding
are currently undergoing.
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stable or unstable topological defects all the way
down to the EW scale.

(2) There can appear metastable defects that decay
quantum mechanically with a decay rate ∝ e−A=ℏ,
where A is the “tunneling action” of the particular
defect [43]. For the strings decaying via a pair of
monopole/antimonopole the decay rate, which is
specifically the tunneling rate per unit string length,
l, is given by

dP
dl

¼ Γ ¼ μ

2π
e−πk; k ¼ m2

μ
; ð2Þ

where μ is the CS tension andm is the scale at which
the monopoles are begin created. This means that the
creation of strings should not take place much below
the formation of monopoles as only decays for
values of k ¼ Oð1Þ render a non-negligible value
of Γ, since the exponential in Eq. (2) decays rapidly.
For values much greater than 1, the decaying cosmic
strings become indistinguishable from stable strings.
In certain cases, the probability per unit area of a
domain wall decaying by the nucleation of strings,
goes like [43,44]

dP
dA

∼ σe−16π=3μ
3=σ2 ; ð3Þ

where P is the probability of nucleation and A is the
unit area, σ and μ are respectively the tension of the
domain wall and the cosmic string. Hence, depend-
ing on the tunneling process or the decay time, the
metastable defects could appear as (almost) stable or
disappear quickly and hence leave different GW
background imprints.

(3) Hybrid topological defects appear when a defect
associatedwith the homotopy πkðHi=HjÞ is produced
at a breaking stage and at a subsequent breaking stage
a defect with a homotopy πk−1ðHj=HlÞ is generated.
Then, the topological defects associated to πkðHi=HjÞ
interact with those associated with πk−1ðHj=HlÞ [45].
Examples of these phenomena include thewell-known
fact that monopoles could be the seeds of monopole-
antimonopole decay of a string via the Schwinger
mechanism and also the fact that strings could become
the boundaries of the DW produced at a later stage
[44–46]. The interaction and evolution of these defects
depend on the tensions and sizes of the interacting
defects and onwhen inflation and reheating take place
(see for example [41] for a comprehensive review).

(4) If monopoles and cosmic strings are produced at the
same breaking step or without any sizable gap, they
are unstable [47], but could leave observable GW
spectra [40,48].

(5) If domain walls appear together with cosmic stings
after inflation, they become unstable due to the
attachment of strings and thus leave GW signals
without causing a cosmological problem. Further-
more. a discrete symmetry associated with a domain
wall could be lifted by Planck mass suppressed
terms [49] and thus the domain wall decays to leave
an observable GW signature while its cosmological
evolution does not conflict with the standard cos-
mology [50].

Due to the recent development inGWdetection, there have
been extensive studies of the signatures from the GUT
breaking. Distinct GW signals from cosmic strings produced
in associationwith/withoutmonopoles, or around/away from
the end of inflation could be detected to provide an important
clue of both inflation [51,52] and GUT theories. A typical
U(1) sub-group of SO(10) GUT is Uð1ÞB−L whose breaking
at different scales would be tracked by distinguishing the
resulting SGWB [53,54]. On the other hand, the formation of
domain walls and the GW production could be a conse-
quence of the spontaneous breaking of discreteR symmetries
[55,56]. There have been some arguments against the
possibility of findingR symmetries [57] in 4DGUT theories.
Lastly, the breaking of supersymmetry itself it can lead to
FOPT [58] that can generate GW [59].
This makes the study of GW in the context of GUT a

fascinating arena that can probe some of the fundamental
aspects and predictions of GUTs. As mentioned before,
the study of topological defect formation, evolution and
production of GW signals has a long history, however
more elaborated simulations and treatment of signals are
taking place recently given the opportunity for current
and future experiments.5

B. Typical examples of SO(10) breaking

Here we present possible breaking chains having more
than one source of GW signals and that we will analyze in
Sec. IV. As it is well known, uncertainties in determining
the parameters involved in the processes of GW production
are yet to be greatly reduced. Nevertheless, we can still
make qualitative analyses revealing important features. Let
us now depict the distinct breaking chains for which we
determine the intermediate and unification scales and
estimate proton decay ratios:

SOð10Þ ⟶MGUT

126ð2Þ
SUð5Þ × Uð1ÞV ⟶

MR

45ð2Þ
SUð3ÞC × SUð2ÞL

× Uð1ÞV × Uð1ÞZ;⟶
MB−L

45ð1Þ
GSM × Z2

⟶
MEW

10
SUð3ÞC × Uð1ÞY × Z2; ð4Þ

5See for example [60] for some recent considerations for the
evolution of metastable strings.

TRACKING DOWN THE ROUTE TO THE SM WITH INFLATION … PHYS. REV. D 106, 035008 (2022)

035008-3



SOð10Þ⟶MGUT

45ð2Þ
SUð3ÞC × SUð2ÞL × SUð2ÞR × Uð1ÞB−L

⟶
MB−L

126ð1;ptÞ
GSM × Z2 ⟶

MEW

10
SUð3ÞC × Uð1ÞY × Z2; ð5Þ

SOð10Þ ⟶
MGUT

210ð2;1Þ
SUð3ÞC×SUð2ÞL×SUð2ÞR×Uð1ÞB−L×D

⟶
MD

45ð0Þ
SUð3ÞC×SUð2ÞL×SUð2ÞR×Uð1ÞB−L

⟶
MB−L

126ð1Þ
GSM ×Z2⟶

MEW

10
SUð3ÞC×Uð1ÞY ×Z2: ð6Þ

The numbers (2,1,0) in parentheses denote respectively
again topological defects (monopole, string, domain wall),
and (pt) means phase transition. The subscripts of the sub-
groups in Eqs. (4)–(6) are as follows: C for color, L for left,
R for right, V¼4I3R−3ðB−LÞ and Z¼−I3Rþ1=2ðB−LÞ.
Where I3R is the third component of the right-handed isospin
andB − L the baryonminus the lepton number. The notation
D represent the D parity also known as ZC

2 . Note that Z2,
which is used in supersymmetry as R-parity, is never broken.
Here MGUT, MR and MB−L refer respectively to the GUT
scale, the scale where SUð2ÞR is broken and the scale where
B − L is broken. The forthcoming results of JUNO [61],
DUNE [62] and Hyper-Kamiokande [63] experiments will
be able to tell us which models are going to be ruled out and
therefore this will be able to exclude themodels as sources of
GW at a particular scale.
One may consider the breaking route of Eq. (5) or Eq. (6)

preceded by the Pati-Salam (PS) group SUð4ÞC × SUð2ÞL×
SUð2ÞR, namely adding a PS breaking scale MPS between
MGUT and MB−L or MD. However, we find no attainable
solutions in the minimal models with MGUT around
(1015; 1016) GeV unless MGUT and MPS become the same
due to the restricted beta function coefficients of the PS
group in the supersymmetric version of the model. More
details are provided in Appendix B.
It is indeed interesting to look for breaking chains where

combined sources of gravitational waves could appear. It
turns out, however, that this does not occur generically. For
supersymmetric models with one intermediate step of
breaking it is difficult to separate the intermediate scale
too much from the unification scale without incurring
proton decay problems. With more than one intermediate
scale, an intermediate scale could be lowered, e.g., between
1010 GeV and 1013 GeV. Then a further splitting of scales
can be achieved and combined effects can take place. This
is the case for the example in (6). For nonsupersymmetric

models, the separation of the GUT scaleMGUT and any other
intermediate scales, MI, MII, is more feasible basically
because the number of particles in the theory, which change
the coefficients in the beta functions, are much larger than in
their supersymmetric counterparts and therefore one can
allow more running of the gauge couplings between the
intermediate scales. However, it is precisely this hierarchy,
i.e., MGUT ≫ MI (or any other intermediate scale MII), that
erases potential interactions of combined effects. Speci-
fically, the decay probabilities of Eqs. (2) and (3) decrease
very rapidly because the arguments in the exponential go like
−1× ratios of powers of the masses involved in the breaking
chains. For example, for a decaying string at a scale∼MI, the
factor k in Eq. (2) goes like the ratio ofM2

GUT=M
2
I , assuming

that monopoles are created at MGUT. We also note that the
example in (Sec. II B) allows the signatures both fromcosmic
strings and from FOPT. However, the signals from domain
walls and FOPT turn out to be away from the current
sensitivity as it will be shown in Sec. IV.

III. PHENOMENOLOGICAL CONSIDERATIONS

The minimum set up for studying GUT, and its different
breaking chains, calls for computation of unification scales
and proton decay depending on the choices of matter
content and intermediate scales. Detailed aspects for this
are well studied in the context of nonsupersymmetric
models. When supersymmetry is considered, one needs
to make more assumptions about the spectra and boundary
conditions. We will take no-scale supergravity boundary
conditions following the treatment in [64].

A. Gauge coupling unification

Except for the cases studied previously in the literature,
we compute the beta functions following [65] and express

them in the usual form μdga=dμ ¼ bð1Þa =16=π2g3a þ g3a=

ð16π2Þ2 ½P3
b¼1 b

ð2Þ
ab g

2
b − cay2t �, where we keep the top

Yukawa coupling, yt, since due to its relative size in
comparison to the gauge couplings it cannot be neglected.
We assume the “survival hypothesis” implying that only

the SM particles contribute to the running below the inter-
mediate symmetry breaking scale and all other particles
have masses around eitherMGUT or the intermediate scales.

B. Proton decay

For nonsupersymmetric theories the most sensitive
channel is the dimension-6 operator induced decay p →
π0eþ mediated by gauge fields. We estimate the proton
decay for this channel using [66]

Γðp → π0eþÞ ¼ mp

32π

�
1 −

m2
π0

m2
p

�2

½jALðp → π0eþÞj2 þ jARðp → π0eþÞj2�; ð7Þ

wheremp andmπ0 are the proton and the neutron pion, π
0, masses respectively. The amplitude at the weak scale is computed

from
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ALðp → π0eþÞ ¼ CRLððudÞRuLÞðμ ¼ 2 GeVÞhπ0jðudÞRuRjpi;
ARðp → π0eþÞ ¼ 2CLRððudÞLuRÞðμ ¼ 2 GeVÞhπ0jðudÞRuRjpi; ð8Þ

where the Wilson Coefficients CRLððudÞRuLÞ and CLRððudÞLuRÞ corresponds to C1 and C2 of [66], respectively.
For numerical values we use the inputs given in Table I. The most constraining channel for the supersymmetric theories is
p → Kþν̄, mediated by dimension-5 operators. We use [64]

Γðp → Kþν̄Þ ¼ mp

32π

�
1 −

m2
K

m2
p

�
2

jAðp → KþνiÞj2; ð9Þ

where mK is the mass of the kaon and the decay amplitude is given in terms of the Wilson coefficients effective at the
hadronic scale (2 GeV)

Aðp → KþνiÞ ¼ CRLðusdνiÞhKþjðusÞRdLjpi þ CRLðudsνiÞhKþjðudÞRsLjpi
þ CLLðusdνiÞhKþjðusÞLdLjpi þ CLLðudsνiÞhKþjðudÞLsLjpi: ð10Þ

It is useful to remember that all of the Wilson coefficients in
Eq. (10) are suppressed by the color-triplet Higgs mass
and the supersymmetry breaking scale. The hadronic
matrix elements are given in Table I and the evolution
of the Wilson coefficients from MGUT is given in [64]. The
forthcoming experiments DUNE [62], JUNO [61] and
Hyper-Kamiokande [63] are expected to improve the
current sensitivity by an order of magnitude (see Table I).

IV. RESULTS FOR DIFFERENT
BREAKING CHAINS

A. SU(5) routes

Nonsupersymmetric models via SU(5) routes are quite
restricted by the proton decay bound in the channel
p → π0eþ since the Wilson coefficients are suppressed
only by the masses of heavy gauge fields:Ci ∝ 1=M2

X (for a
review see for example [69].) Thus, the discussion below is
specific to supersymmetric SO(10). The following routes
are candidates for the appearance of combined effects:

SOð10Þ → SUð5Þ × Z2 → GSM × Z2; ð11Þ

SOð10Þ → SUð5ÞF × Uð1ÞV → GSM × Z2; ð12Þ

SOð10Þ → SUð5Þ × Uð1ÞV → SUð3ÞC × SUð2ÞL × Uð1ÞZ
× Uð1ÞV → GSM × Z2: ð13Þ

The first one, Eq. (11), produces cosmic strings at the first
step of breaking, and monopoles at the second stage of
breaking. As monopoles need to be inflated away, the only
GW signal would be due to a possible breaking of R-parity
(Z2) or FOPT. The second possibility, Eq. (12), produces
monopoles at the first stage of breaking and cosmic strings
at the second stage of breaking. However, the proton decay
bound requires both breaking scales to be at the same scale
close to 1016 GeV. Thus, inflation needs to take place after
that, leaving no imprint fromGW, other than the possibleZ2

breaking. Note however that the situation can be different
in the flipped models. The breaking of SUð5ÞF × Uð1ÞV

TABLE I. Experimental/lattice values used to obtain values of gauge coupling unification and proton decay rates.

Experimental/Lattice values used

Parameter Current Value Projected Bound 3σ Discovery

MZðMZÞ 91.1876 (21) GeV
αSðMZÞ 0.1179(10)
αe:m:ðMZÞ 1=127.9
sin2 θWðMZÞ 0.23121(4)
mtðmtÞ 172.5� 0.7
hπ0jðudÞRuLjpi −0.131ð4Þð13Þ [67]
hπ0jðudÞLuLjpi 0.134(5)(16) [67]
τðp → π0eþÞ >1.6 × 1034 yrs [67,68] 7.8 × 1034 yrs 90% C.L [HK [63]] 6.3 × 1034 yrs [HK [63]]

95% C.L
τðp → KþνÞ >6.6 × 1033 yrs 5 × 1034 yrs [DUNE [62]]

95% C.L 3.2 × 1034 yrs 90% C.L. [HK [63]] 2 × 1034 yrs [HK [63]]
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(and thus one U(1) factor) can occur at a much lower scale
than 1016 GeV, if we introduce a pair of vectorlike particles
[70]. For the third route, Eq. (13), monopoles will be
produced in the first two breaking steps, while cosmic strings
in the last one. Here unification also requires all the three
scales to be close to 1016 GeV.However, just as in the case of
the flippedSU(5) pair of vectorlike fields couldbe introduced
to split the scales [70].
In supersymmetric models, the dimension-5 operator

in the channel p → Kþν̄ is mediated by the exchange of
color-triplet Higgs and suppressed by the scale of super-
symmetric particles, MS, so effectively the operators medi-
ating proton decay are proportional to∝ 1=ðMGUTMSÞ. This
means that we can push up the supersymmetric scale to aid
overcoming the present bounds [64,71]. To have an idea we
can write, [69],

τ ∼ 4 × 1035 × sin4ð2βÞ ×
�
0.1
ĀR

�
2
�

MS

100 TeV

�
2

×

�
MHC

1016 GeV

�
2

yrs:; ð14Þ

whereMS is the supersymmetry breaking scale,MHC is the
color-triplet Higgs mass, ĀR is a hadronic parameter and β
is the usual angle determined by the ratio of the vacuum
expectation values of the two Higgs doublets. For MS ¼
10 TeV,we get a suppression ofOð10−2Þ in Eq. (14)making
the proton decay just compatible with the current bound
τðp → Kþν̄Þ > 6.6 × 1033 yrs and thus accessible by the
upcoming experiments [61–63]. However, it is nontrivial and
it is quite model dependent to achieve the measured Higgs
mass mh ¼ 125 GeV. This puts additional constraints on
the model.
When Uð1ÞV and Uð1ÞZ are broken, there can appear

B − L proton decay modes through, for example, the
operator dcdcucLHu in supersymmetry [72]. However,
the resulting proton decay rate depends on the flavor
structure of the model and can be suppressed sufficiently.
For our analysis, we adopt the results of Fig. 3 of [64]
showing the regions where the proton decay rate is com-
patible with the bound of the channel p → Kþν̄. These
regions correspond generally to the mass range of M1=2 ≥
5 TeV and M0 ≥ 7 TeV. Taking ðM1=2;M0; tan β; μÞ ¼
ð5.5 TeV; 7.0 TeV; 5; >0Þ, we have the GUT scale of

MGUT ¼ 8.2 × 1015 GeV; ð15Þ

and a proton decay rate of

τðp → Kþν̄Þ ¼ 8.6 × 1033 yrs: ð16Þ

This would requires to break all the chains of Eqs. (11)–(13)
directly to GSM × Z2 at the GUT scale.
The intermediate scales can be separated away from the

GUT scale by altering the unification scale and introducing

an effective intermediate scale with the addition of multip-
lets which affect a bit the running but do not have a great
impact in the proton decay rate. This would allow detect-
able hybrid topological defects appearing in the SU(5)
route. As an example, we take the chain Eq. (13) and
consider the following two cases:

MGUT ¼MR ∼ 1016 GeV; MB−L > 1014 GeV;

MGUT ¼ 1016 GeV; MR > 1014 GeV; MB−L∼ 1014 GeV:

ð17Þ
Depending on when the inflation takes place, we may
observe different gravitational wave signals. If the reheat
temperature TRH is higher than MB−L, there appear the
usual signal of undiluted stable comic strings. In the
opposite case TRH < MB−L, all the defects are diluted
away, but sizable string regrowth may occur depending
on the conditions. They are basically determined by
choosing the parameters that satisfy Eq. (7) of [73]. A
brief summary about this is provided in the Appendix D.
Basically we assume a number of long strings with the
parameter choice of z̃ ¼ 104 which is used in the plot
Fig. 1. Another interesting phenomenon is the appearance
of observable signals of decaying cosmic strings attached
with monopole-antimonopole pairs. The second breaking
route of Eq. (17) can realize this possibility as MR is
slightly above thanMB−L and the inflation can take place in
between, MR > TRH >MB−L. We follow [74] in order to
get the profile of the decaying cosmic string. All of these
features are illustrated in Fig. 1. Our breaking chain also
allows the possibility of TRH >MR >MB−L which has
been known to produce undetectable gravitational signals.
For this, we refer the readers to the recent study in [42].

B. SUð3ÞC × SUð2ÞL × SUð2ÞR × Uð1ÞB−L
1. Phenomenological considerations

Given the breaking chain and the Higgs representations,
we use the beta functions given in Appendix B to determine
the values of MB−L ¼ MR and MGUT:

M2loop
R ¼ ð4.2� 0.3Þ × 1013 GeV;

M2loop
GUT ¼ ð1.4� 0.26Þ × 1016 GeV; ð18Þ

where we have computed the uncertainties based only on
the parameters of Table I. Adapting the prescription from
[75] to our model, we find that the proton decay rate is
controlled by the superpotential

WY ¼ ðYij
1010T̄ þ Yij

126126T̄Þðqilj þ uci d
c
jÞ

þ ðYij
1010T þ Yij

126126TÞ
�
1

2
qiqj þ uci e

c
j þ dci ν

c
j

�
;

ð19Þ
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where 10T̄ ¼ ð3̄; 1; 1; 0Þ þ ð6; 1; 1; 0Þ, 10T ¼ ð3; 1; 1; 0Þ þ
ð6; 1; 1; 0Þ, 126T̄ ¼ ð3̄; 1; 1; 0Þ þ ð6; 1; 1; 0Þ, and 126T ¼
ð3; 1; 1; 0Þ þ ð6; 1; 1; 0Þ, where we have decomposed
the SO(10) representations in their SUð3ÞC × SUð2ÞL ×
SUð2ÞR × Uð1ÞB−L decomposition. All of these representa-
tions contain the color triplets and anti-triplets whosemasses
are denoted byMT. To keep supersymmetry unbroken at this
stage an additional 126 is added. With these modifications
we can write the effective dimension-5 operators6 as in
Eq. (6.13) of [75], which is expressed in the following way:

Cijkl
L ¼ ðYij

10; Y
ij
126ÞM−1

T

�
Ykl
10;

Ykl
126

�
;

Cijkl
R ¼ ðYij

10 − f1Y
ij
126; f2Y

ij
126ÞM−1

T

�
Ykl
10;

Ykl
126

�
: ð20Þ

where f1 and f2 are functions of the vacuum expectation
values of 210with vR ¼ 0 [see Eq. (6.8) of [75]]. TheYukawa
couplings Y10 and Y126 can bewritten as a linear combination
of the up and down quark Yukawa matrices Yu and Yd:�

Y10

Y126

�
¼ MY

�
Yu

Yd

�
; ð21Þ

whereMY contains the coefficients expressingY10 andY126 as
a linear combination ofYu andYd. Once the eigenvalues of the
triplet-HiggsmassMT are found,weuseEq. (21) to rewrite the
effective dimension-5 proton decay operators as

Cijkl
L ¼

X4
m¼1

�
Yij
u AmYkl

u
1

MTm

þ Yij
u BmYkl

d
1

MTm

�
;

Cijkl
R ¼

X4
m¼1

�
Yij
u CmYkl

u
1

MTm

þ Yij
u DmYkl

d
1

MTm

�
; ð22Þ

where A, B, C, D are functions of the diagonalizationmatrices
involved in Eqs. (20) and (21). The input values of the quark
Yukawa, we use

FIG. 1. The signals from the breaking of supersymmetric SO(10) via an SU(5) route depending on when the inflation takes place.
TakingMB−L ¼ 1014 GeV we show the usual stable CS signal by the dotted orange line, and the diluted CS signal by the dashed purple
line. The solid red line shows the decaying CS signal withMB−L ¼ 2.5 × 1014 GeV and

ffiffiffi
k

p ¼ 7.5 [see Eq. (2)]. For information about
the experimental backgrounds please check Appendix A.

6The dimension-5 effective Lagrangian mediating proton decay
is given byLeff

5 ¼Cijkl
L OL

ijklþCijkl
R OR

ijkl, whereO
L
ijkl ¼

R
d2θϵabc×

ðQa
i ·Q

b
j ÞðQc

k ·LlÞ=2 andOR
ijkl ¼

R
d2θϵabcŪiaĒjŪkbD̄lc, and the

supersymmetric multiplets Q, D, E, U, and L are integrated over
the Grassmann variable θ.
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Yu ¼ diagðmu;mc;mtÞ=v= sin β;
Yd ¼ V�

CKMdiagðmd;ms;mbÞV†
CKM=v= cos β: ð23Þ

We then employ the well-known procedure of running and
matching theWilson coefficients of the relevant Lagrangian at
each step.The runningof the coefficientsC5L;5R fromMGUT to
MB−L ¼ MR is governed by

dCijkl
5L;CRðμÞ
d ln μ

¼ βYukL;RC
ijkl
5L;5RðμÞ; ð24Þ

where βYukL;R are the beta functions of SUð3ÞC × SUð2ÞL×
SUð2ÞR × Uð1ÞB−L. From MB−L ¼ MR down to MEW, we
have the usual running of the minimal supersymmetric
Standard Model (MSSM) and use the procedure employed
in [64]. Thismeans that the coefficientsC�331i

5R ðμÞ,Cjj1k
5L ðμÞ are

evolved using Eq. (24) from the GUT scale to the supersym-
metry breaking scaleMS. AtMS, the sfermions are integrated
out via the wino- or Higgsino-exchange one-loop diagrams to
get the effective LagrangianLeff

MSSM ¼CH̃
i O1i33þCW̃

jkÕ1jj3þ
CW̃
jkÕj1jkþ C̄W̃

jkÕjj1k where the coefficients CH̃
i and CW̃

jk are

proportional to C�331i
5R ðMSÞ and Cjj1k

5L ðMSÞ, respectively.
Finally, the coefficients of Eq. (10) at the hadronic scale,
CRLðusdντÞ,CRLðudsντÞ,CLLðusdνkÞ, andCLLðudsνkÞ are
proportional to CH̃

2 , C
H̃
1 , C

W̃
jk and CW̃

jk, respectively (as given

inEq. (38) of [64]). In order tomake a definite evaluation of the
proton decay in the Kν̄ channel we impose no-scale super-
gravity conditions at MGUT. Then, we look for values of the
supersymmetric particles that satisfy the current limits. Taking
M0 ¼ 1.6 × 104 GeV,M1=2 ¼ 2 × 104 GeV and tan β ¼ 3,
we get

τðp → Kν̄Þ ¼ 8.6 × 1033 yrs; ð25Þ
consistent with the values in Table I.

2. First breaking stage

This breaking happens at MGUT given in Eq. (18).
Monopoles are produced at this scale but no CS.

3. Second breaking stage

At this scale SU(2) and Uð1ÞB−L are broken and this can
happen at the end of inflation. For this case both decayingCS
and diluted CS can occur. In the top plot of Fig. 2 we depict
the breaking chain which predicts metastable strings after
inflation at 1013 GeV. The scale at which monopoles are
produced is ∼1016 GeV, and thus the string decay rate is
exponentially suppressed by the huge number of k ¼ v2=μ ∼
106 where v ¼ Oð1016Þ and μ ∼ ð1013 GeVÞ2 [see Eq. (2)].
Therefore the strings are almost stable and its signature
is plotted in the bottom left panel as an orange band

FIG. 2. (Left plot: supersymmetric case) The stable CS signal after inflation (TRH >MR) is shown by the orange band corresponding
toMR ¼ ð2; 4Þ × 1013 GeV. The profile of the diluted CS is shown in the dashed purple line withMR ¼ 3 × 1013 GeV (see the text for
the details). The decaying CS signal cannot occur due to the large gap betweenMGUT andMR. The blue solid line shows the signal from
FOPT at the scale 1013 GeV which is, unfortunately, out of the future experimental reach. (Right plot: nonsupersymmetric case) We
show the signals from nonsupersymmetric version of the model predicting the intermediate scale at 9.5 × 109 GeV corresponding
to Gμ ¼ 7.6 × 10−20.

EUNG JIN CHUN and L. VELASCO-SEVILLA PHYS. REV. D 106, 035008 (2022)

035008-8



corresponding to ð2; 4Þ × 1013 GeV. It may happen also that
CS are produced during inflation and thus lead to the GW
profile of the diluted CS. This is shown in the left bottom
panel as a dashed purple line for a redshift of z̃ ¼ 2 × 104 that
satisfies Eq. (7) of [73].

4. First order phase transitions

Phase transitions have been analyzed in the context of
the present breaking chain and in the context of no-scale
supergravity [76], and although they are difficult to realize,
there is a possibility and therefore we consider this case.
Coleman-Weinberg inflation could also be adopted to
achieve FOPT but this has been explicitly carried out only
in the context of nonsupersymmetric theories [37].
In the bottom-left panel of Fig. 2 we plot a profile of a

GW from a FOPT itself at 3 × 1013 GeV. Note that the
predicted GW profile is way out of the present experiment
sensitivities. It will require detectors capable to access a
frequency band in the kHz to MHz region. In fact, some
proposals of exploring up to kHz are starting to take shape,
in particular interferometers [77] and optically levitated
dielectric sensors spanning a wide frequency band from
few kHz to ∼300 kHz [78,79]. For the MHz region there
are also incipient proposals, [80–82] for frequencies up to
100 MHz and in the range 1-250 MHZ [83].
The rest of the parameters used to produce the energy

density profiles is given in Table II and the relevant
formulas are given in Appendix C.

5. Inflation framework

As mentioned before, this breaking pattern has been
analyzed in [84,85], and a Starobinsky-like inflation scenario
has been constructed successfully with the inflation energy
scaleV1=4

inf ≈ 3 × 1013 GeVwhich coincideswith the scale of
the second breaking stage where B − L is broken. Thus,
depending on the reheat temperature higher or lower than
MB−L, one can have undiluted or diluted CS signals.

6. Comparison to nonsupersymmetric case

A nonsupersymmetric version of this model was con-
sidered in [32] taking into account threshold corrections.

We have checked the values obtained without threshold
corrections to confirm

M2loop
R ¼ ð9.46� 1.0Þ × 109 GeV;

M2loop
GUT ¼ ð1.60� 1.0Þ × 1016 GeV: ð26Þ

It is also shown in [32] that the proton decay rate in the
channel p→π0eþ is above the current bound, 1.6× 1034 yr
even without threshold corrections. Future experiments,
JUNO [61], DUNE [62] and Hyper-Kamiokande [63], have
the potential to exclude it. Note however that threshold
corrections or additional singlets added to the theory can
push up the limits [32].
In the right plot of Fig. 2 we show the GW signal from a

CS (orange curve in the lower right-corner) that would
occur at 9.5 × 109 GeV corresponding to the tension of
Gμ ¼ 7.6 × 10−20). In this nonsupersymmetric scenario
inflation can take place before that and so the CS will
behave like stable string, which is in the reach of BBO.

C. SUð3ÞC × SUð2ÞL × SUð2ÞR × Uð1ÞB−L × D

1. Phenomenological considerations

Now we consider the breaking chain depicted in Fig. 3.
This allows three scales of breaking before the breaking to
the SM. The first breaking at MGUT is achieved with a 210
representation, and the second at MD, where D parity is
broken, is achieved with a 45 representation. At the last
scale, MR, both SUð2ÞR and Uð1ÞB−L are broken. Thus,
depending on TRH higher or lower than MB−L, one can
have undiluted or diluted CS signals.
We recall the reader that there is no unique solution to

MGUT;MD andMR. Given one scale, however, the other two
are determined. We find specific solutions following the two
criteria: (a) MD is below 1014 GeV so that the D parity is
broken at a scale compatible with inflation and (b) maximize
theGUT scale in order to avoid fast proton decay. The overall
ranges of the supersymmetric solutions are

M2loop
R ¼ ð1 × 1012; 3 × 1015Þ GeV;

M2loop
D ¼ ð1 × 1013; 1 × 1016Þ GeV;

M2loop
GUT ¼ ð1 × 1014; 2 × 1016Þ GeV: ð27Þ

Here, the lowest value ofMR produces the value ofMGUT ¼
1014 GeV leading to too fast proton decay. We note also that
the split betweenMR andMD is alwaysOð10Þ, and that once
MD is close to 1016 GeV it is indistinguishable fromMGUT.

7

Out of the possible range of solutions of Eq. (27), we look for

TABLE II. Values of the parameters used to obtain the FOPT
profiles of Fig. 2 forMR ¼ 4.2 × 1013 GeV, for which we choose
the temperature equal to the corresponding scale. For the super-
symmetric DW profile in Fig. 3 we use an annihilation temper-
ature also equal to the a breaking scale of 3 × 1014 GeV.

Parameters used for the FOPT profiles

α β=H g� ϵ

0.9 1 230 0.1

Parameters used for the DW profile
A ϵ̃GW g�sðTAnnÞ σ
0.8 0.3 230 ðð1–3Þ × 1014 GeVÞ3

7The uncertainty that we quote is for the particular solution,
since once MR is fixed, MD and MGUT are unique and they have
to be determined as having convergence of the gauge couplings
down to the EW scale within their corresponding uncertainties.
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a solutionwhereMGUT is not smaller than 1015 GeV to avoid
fast proton decay, and MR is not above 1014 GeV such that
the appearance of DW takes place after inflation. For these
reasons, we focus on the following solution

M2loop
R ¼ ð3.7� 0.2Þ × 1013 GeV;

M2loop
D ¼ ð3.8� 0.2Þ × 1014 GeV;

M2loop
GUT ¼ ð1.0� 0.1Þ × 1015 GeV; ð28Þ

where we have included uncertainties from the electroweak
parameters,MZ,αS andmt, quoted in Table I.We remark that
MD andMGUT tend to be closer to each other, than MR and

MD, mainly because of the value of the coefficient ðbð1Þ2L ÞG1

with respect to ðbð1Þ2L ÞG2
, where here G2 ¼ SUð3ÞC×

SUð2ÞL×SUð2ÞR×Uð1ÞB−L and G1¼SUð3ÞC×SUð2ÞL×
SUð2ÞR×Uð1ÞB−L×D. These coefficients are such that

ðbð1Þ2L ÞG1
> ðbð1Þ2L ÞG2

, both for the symmetric and nonsuper-
symmetric cases. The value ofMGUT for this case, Eq. (28),
drives a fast protondecayunlesswe set the sparticlemasses in
the 100 TeV range [see Eq. (14)]. At this scale, however the
dimension-six operators leading to p → π0eþ become rel-
evant. To calculate proton decay we proceed as in the
previous Sec. IV B with two matching scales, MD and
MR. For the dimension-six operator, we use the procedure
of [64] to obtain the proton lifetime2 × 1034 yrswhich is just
above the current bound (Table I). For the dimension-five
operator leading to p → Kþν̄, we obtain the proton lifetime
9 × 1033 yrswith the sparticlemasses at 100TeV,which falls
in the reach of the next generation proton decay experiments.

2. GW from domain walls

TheBICEP2-KekArray/Planck constraint [86] on inflation
sets an upper bound on the Hubble parameter during single-
field inflation at H�<2.5×10−5 MP¼3.0×1014 GeV.
This, in turns, sets an upper bound for the scale of this

kind of inflation and hence serves as a guide to look for the
scales for which topological defects are not completely
erased by inflation and reheating.
It is known that the domain wall network can overclose

the universe if it is generated after inflation. This can be
overcome in various ways (see Appendix E). One pos-
sibility is that the formation of cosmic strings takes place
just before inflation and the domain wall formation takes
place after inflation. Then the strings can nucleate on the
wall, which make domain walls to decay through a
quantum tunneling process [43,44]. This process is con-
trolled by the ratio μ=σ between the string tension μ and the
wall tension σ. If the radius R of a circular string satisfies
R > μ=σ, the (nucleating a loop of string) rate per unit area
is given by Eq. (3).
In the present case where the D parity breaking produces

Z2 walls, we can use the results of the existing simulations.

These simulations assume that all damping forces that
could be present in the cosmological evolution of the
string-wall network are negligible and hence the wall
tension goes like σ ∼M3

D [41].
We can then use the formula of Eq. (E1) to describe the

GW signal left by the domain wall. Note that in this case an
order of magnitude for the hierarchy between MD and
MGUT is enough8 to produce a large value of μ3=σ2 which
will make the DW evolution indistinguishable from the
evolution of DW without the presence of CS.
In this model, the scale MD ¼ 3.8 × 1014 GeV is of the

order of the bound for the Hubble parameter of single-field
inflation, as mentioned at the beginning of this section. So
in this case the domain walls could have been produced at
the end of the inflation leaving their GW as given in
Eq. (E1). In the left plot of Fig. 3 we plot the DW
corresponding to this scale with the rest of the parameters
as in Table II.
We recall that our motivation is to look for signals of

multiple GW sources coming from topological defects or
from FOPT from GUTs. So we ask the following question:
suppose that a signal corresponding to the shape and
frequency of a DW is reconstructed and has a peak
frequency of about 105, would this be then indicative of
a DW produced by the breaking of a subgroup of a GUT
preceded by a breaking producing CS? To put it in other
words, we are asking if such a reconstructed signal would
be a clear signal of a DW in the presence of CS. To answer
the question we recall the following. It is known that DW
could be also produced when a symmetry is lifted in the
vacuum after the breaking of a discrete parity, such that
the effective bias term drives the annihilation of the DW
[87–89]. An specific way to do this is to consider a
potential of the form V ¼ 1=4λϕ4 þ ϕ6=Λ2,9 where Λ is
a cutoff scale for the dimension 6 operator and ϕ represents
the Higgs breaking of theD symmetry. In this case, even in
the absence of CS, such a term could originate from the 16
of SO(10), which under the group SUð3ÞC × SUð2ÞL ×
SUð2ÞR × Uð1ÞB−L ×D contains a singlet and hence both
of the terms ϕ4 and ϕ6 would be allowed. Then, the tension
of the string can be estimated from

σ ∼ V1=2
maxϕf; ð29Þ

where ϕf represents the value of the Higgs field where the
two minima are quasi-degenerated. At the scale 1013 GeV
the typical values ofV andϕwill be respectively ð1013Þ4 and
1013, giving then as a result a tension σ of the order

8In the present case, the domain walls need to be bounded
by the strings appearing at the MGUT scale and because
μ½1015�3 > σ2 ∼ ð3.8 × 1014Þ2, then DW profile will resemble
that of a stable DW.

9For a realization of this scenario in the context of EW
symmetry breaking see for example [90].
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ð1013 GeVÞ3. In this way, DW can collapse and part of their
energywill be converted toGW.We can take the annihilation
temperature to coincide with the scale of the breaking
1013 GeV, assuming of course that inflation takes place
above that scale. The signal will be indistinguishable from
the DW signal that we illustrate in Fig. 3 we present a DW
profile, using the parametric formula of Eq. (E1) with the
parameters appearing in Tab. II.

3. Comparison to nonsupersymmetric case

Considering the nonsupersymmetric model, we find the
following ranges for the intermediate scales MR, MD, and
MGUT

M2loop
R ¼ ð1 × 1010; 5 × 1013Þ GeV;

M2loop
D ¼ ð1 × 1015; 1 × 1016Þ GeV;

M2loop
GUT ¼ ð1 × 1015; 5 × 1016Þ GeV: ð30Þ

These values were obtained following the same procedure
as in the supersymmetric case. Notice that we do not find

any solution with MD below 1015 GeV, and thus MD is
always above the inflation scale.
The nonsupersymmetric counterpart of the model gives

the following scales

M2loop
R ¼ ð2.0� 0.1Þ × 1012 GeV;

M2loop
D ¼ ð4.0� 0.1Þ × 1015 GeV;

M2loop
GUT ¼ ð7.3� 0.1Þ × 1015 GeV: ð31Þ

which are to be compared with the supersymmetric case
Eq. (15). The big differences in the predicted breaking
scales will are maintained even after including the full
uncertainties. In this nonsupersymmetric case, domain
walls would be formed above 1015 GeV and hence will
not be observable. Cosmic strings can be produced after
inflation at a scale 2 × 1012 GeV, corresponding to approx-
imately to a tension Gμ ¼ 3 × 10−15. This is plotted in
Fig. 3 with a solid orange line. We also checked that the
proton lifetime in the p → π0eþ channel is 1.0 × 1035 yrs
which is above the reach of the next generation of experi-
ments (Table I).

FIG. 3. (Left plot: supersymmetric case) The solid purple line represents the profile of a GW generated by a DW after inflation at a
scale about 1014 GeV. We have used the parametric formula of Eq. (E1) with the values of Tab. II. The tension has been taken between
ð3 × 1014 GeVÞ3 (top line) and ð1 × 1014 GeVÞ3 (bottom line). The solid orange line is the signal from CS produced at about
3.7 × 1013 GeV, corresponding to Gμ ¼ 10−12. (Right plot: nonsupersymmetric case) DW are formed above 1015 GeV and hence are
not observable. CS (solid orange line) for this case are produced at 2 × 1012 GeV, corresponding to a tension Gμ approximately equal
to 3 × 10−15.

TRACKING DOWN THE ROUTE TO THE SM WITH INFLATION … PHYS. REV. D 106, 035008 (2022)

035008-11



V. CONCLUSIONS

We studied the possibility of tracking down a route
from SO(10) down to the SM in supersymmetric
SO(10) models using GW signatures from the topological
defects involved in the various stages of breaking, which
may differ from the nonsupersymmetric counterparts.
Nonsupersymmetric models have been studied widely as
they require various intermediate steps of breaking to
achieve gauge unification. Although limited, supersym-
metric models may also allow some intermediate breaking
scales which could improve gauge coupling unification.
The shapes and strengths of gravitational wave signals

depend on the scales of intermediate breaking, the scale of
inflation, as well as whether or not hybrid topological
defects appear. We explored such features considering the
breaking routes of SU(5), SUð3ÞC × SUð2ÞR × SUð2ÞL ×
Uð1ÞB−L and SUð3ÞC × SUð2ÞR × SUð2ÞL × Uð1ÞB−L ×D
with appropriate Higgs representations, and made a com-
parison between supersymmetric and nonsupersymmetric
versions. For each case, we determined the values of the
GUT and intermediate scales by 2-loop RGE, and com-
puted the rate of proton decay in the most constraining
channel p → Kþν̄ assuming no-scale supergravity condi-
tions. The resulting GW signals depending on the inflation
scale are depicted in Figs. 1–3.
In the supersymmetric SU(5) example, the only GW

signatures that we could identify are from cosmic strings
appearing at the intermediate scale around 1014 GeV. These
could decay due to monopoles predicted in a previous
breaking step, or become diluted depending on the scale
of inflation. Therefore, variant GW signals are predicted.
The breaking routes of SO(10) via SUð3ÞC × SUð2ÞR ×
SUð2ÞL × Uð1ÞB−L and SUð3ÞC × SUð2ÞR × SUð2ÞL ×
Uð1ÞB−L ×D offer a broader spectrum of GW signatures.
In the case of SUð3ÞC × SUð2ÞR × SUð2ÞL × Uð1ÞB−L

we chose only one intermediate scale, which turns out
to be Oð1013Þ GeV for the supersymmetric case and
Oð1010Þ GeV for the nonsupersymmetric case. As these
are much lower than the previous breaking scale at which
monopoles appear, the monopoles cannot mediate the
decay of cosmic strings. However, diluted cosmic strings
could appear depending on the inflation scale. For the
SUð3ÞC × SUð2ÞR × SUð2ÞL × Uð1ÞB−L ×D example we
chose two intermediate scales: MD at which D is broken,
and MR ¼ MB−L below which the SM gauge group is
obtained. Unlike in the cases with one intermediate
scale, a wide range for the first breaking scale is obtai-
ned. We focused on the solution where domain walls
appear from the D breaking after inflation, which can
occur favorably for the supersymmetric case allowing
MD ¼ Oð1014Þ GeV, and MR ¼ Oð1013Þ GeV. On the
other hand, the nonsupersymmetric model predicts
MD ≳ 1015 GeV andMR ≲ 1013 GeV. In both cases stable
cosmic strings appear below the scaleMR. In the third case,

we focused on studying cases where GW from different
sources could appear. However, from the range of solutions
of Eq. (27) it would be possible to choose a value of
MR ¼ Oð1014Þ GeV that could correspond to the
range at which the IPTA signal has been observed,
Gμ ∈[2 × 10−11; 3 × 10−10], but inflation and reheating
in this case would need to have finished by then.
We conclude by commenting on the reasons why it

is difficult to find examples where GW signatures from
different sources can appear. Considering only topologi-
cal defects, we mainly need the breaking of the GUT
group down to the SM in at least three steps. The
separation of these steps needs to be controlled to assure
that the topological defects producing observable GW
signals occur after inflation and reheating. These features
are illustrated in our breaking chain IV C. In this case,
the appearance of cosmic strings and DW is separated
by roughly an order of magnitude, and hence DW decay
via nucleation of strings on the wall while avoiding the
overclosure of the universe and producing GW at the
same time. Thus, two separate GW signals arise: one
from DW at a higher scale and the other from CS at a
lower scale.
On the other hand, FOPT could occur at any scale and

thus two GW signals can arise at a scale below inflation as
shown in Sec. IV B. Since monopoles are typically pro-
duced at the GUT scale, the scale where GW from FOPT
and another source could appear has to be different from the
GUT scale and so effectively at least two scales are needed.
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APPENDIX A: CONFRONTATION WITH GW
EXPERIMENTS

The GW signals from stochastic backgrounds are by
convention expressed in terms of a GW energy density
spectrum ΩsignalðfÞh2 as a function of the GW frequency f,
while the instantaneous sensitivity of a GW experiment is
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expressed as a noise spectrumΩnoiseðfÞh2. Then to evaluate
if a predicted signal would be able to be detected one
can use one of the following procedures. I. Compute the
associated signal-to-noise ratio (SNR) by integrating over
the experiments’ total observation time accessible to a given

frequency [91–93]: SNR2 ¼ ndettobs
R fmax
fmin

df
h
ΩsignalðfÞ
ΩnoiseðfÞ

i
2
,

where ndet, can be 1 or 2 respectively for a cross-correlation
or measurement. Then if SNR is bigger than a threshold
value, it is assumed that the associated GWexperiment will
be able to detect the predicted GW signal. II. Construct the
power-law-integrated sensitivity curve (PLISC), ΩPLISC, [5]
based on ΩsignalðfÞ. If the signal and the PLISC intersect in
such a way that ΩsignalðfÞ> ΩPLISC for a given frequency,
then is assumed that the experiment will be able to detect
the signal. However, since the PLISCs are constructed on
spectra based on pure power laws, in realistic situations
where the signal is expected to have a structure different
to a pure power law, PLISCs it can be used only as a
qualitative visual aid. In cases where the shape of the
predicted GW signal is fairly model independent the com-
putation of SNR can be computed only once. This fact was
exploited in [94], where new sensitivity curves for SGWB
predicted by FOPT were proposed. The shape of these
curves is fairlymodel independent (the computation depends
on the contributions from sound wave and turbulence and
their associated parameters). The idea is that using a fit
function for a peak-integrated sensitivity curves (PISC)
for a particular experiment it is not necessary to perform a
frequency integration on a parameter-point-by point basis,
but simply plot a numerical fit for the PISC against the
predicted SWGB. Updating only when the spectral shape
functions, the noise spectrum and the functional forms of the
peak amplitude change. Unfortunately PISC have been
obtained only for few experiments in particular LISA,
DECIGO, and BBO and for SGWB FOPT. We compare
our examples in Sec. IV to the profiles of these last experi-
ments based on the information of [94] and for NANOGrav,
PPTA, and SKAwe use smoothed profiles for the sensitivity
curves based respectively on [17,19,21,22], while for LIGO
whe use the (PLISCs) [5] approach. As a comparison in
our plots we plot the LISA PLISCs and PISC approaches.
In all of our plots for LISA, BBO, and DECIGO we use
tobs ¼ 1 year. For SKA, we present observation times
corresponding to one, two, and five years, these are shown
in the plots appearing in Figs. 1–3 respectively as the small,
medium and big triangular regions delimited by green
dashed lines.

APPENDIX B: BETA FUNCTIONS

1. SUð3ÞC × SUð2ÞL × SUð2ÞR × Uð1ÞB−L
For this model the 45 breaks the SO(10) group, breaking

D parity as well. The 126 break subsequently to GSM × Z2

and then the 10 makes the breaking at the EW scale.
Following the order of the indices as a ¼ 2L; 2R; BL;

SUð3ÞC, for this model the component acquiring vev in the
126 is (1,3,2,1) and that of 10 is (2,2,0,1) ⊃ ð2; 1;�1=2Þ,
this last decomposition being the decomposition under the
SM group, SUð2ÞL × SUð3ÞC ×Uð1ÞY . For the matter, all
fermions and their corresponding sparticles in the 16 are
taken into account: ð2; 1;−1=3; 3Þ, (2,1,1,1), ð1; 2; 1=3; 3̄Þ
and ð1; 2;−1; 1Þ. Then the beta functions coefficients at one
and two loops are respectively

bð1Þa ¼

0
BBB@

1

3

21=2

−3

1
CCCA; bð2Þab ¼

0
BBB@
34 8 45 9

1 14 9 9

15 24 49 3

3 24 3 25

1
CCCA; ðB1Þ

while for nonsupersymmetric, we have

bð1Þa ¼

0
BBB@

−3
−7=2
11=2

−7

1
CCCA; bð2Þab ¼

0
BBB@

8 3 3=2 12

3 80=3 27=2 12

9=2 81=2 61=2 4

9=2 9=2 1=2 −20

1
CCCA:

ðB2Þ

For the nonsupersymmetric case our results agree with
those of [32,66]. The matching conditions at the scale MR
are as those in Eq. (B6).

2. SUð3ÞC × SUð2ÞL × SUð2ÞR × Uð1ÞB−L ×D

For this case, the breaking from SO(10) is achieved
through a 210 representation, which preserves the D sym-
metry. Then, the 45 representation is used to break down to
the group SUð3ÞC × SUð2ÞR × SUð2ÞL × Uð1ÞB−L. The
126 is used to break to the MSSM or the SM group.
Finally the 10 representation is used for the final breaking
at the EW scale. Specifically, the 126 ⊃ ð1; 3; 2; 1Þ makes
the subsequent breaking to the MSSM and the 10 ⊃
ð2; 2; 0; 1Þ to the SM. The order of the indices is also
a ¼ 2L; 2R;BL; SUð3ÞC. The fermions are in the 16
representation ⊃ ð2; 1;−1=3; 3Þ, (2,1,1,1), ð1; 2; 1=3; 3̄Þ,
ð1; 2;−1; 1Þ. The coefficients of the beta functions are as
follows:

bð1Þa ¼

0
BBB@

3

3

15

−3

1
CCCA; bð2Þab ¼

0
BBB@

45 45 61 8

3 3 15 24

49 49 15 24

9 9 1 14

1
CCCA: ðB3Þ

The nonsupersymmetric beta function coefficients of this
example are
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bð1Þa ¼

0
BBB@
−7=3
−7=3
7

−7

1
CCCA; bð2Þab ¼

0
BBB@
80=3 3 27=2 12

3 80=3 27=2 12

81=2 81=2 115=2 4

9=2 9=2 1=2 −26

1
CCCA:

ðB4Þ

Again for these cases, for the nonsupersymmetric case, we
reproduce the results of [32,66]. At the scaleMD then the 45
is used to break D parity and from this scale to the scale
MR ¼ MB−L the beta functions of Eqs. (B1) and (B2) are
used respectively for the supersymmetric and nonsuper-
symmetric cases. For both supersymmetric and nonsuper-
symmetric cases, the matching from LRD ¼ SUð3ÞC ×
SUð2ÞR × SUð2ÞL × Uð1ÞB−L ×D to LR ¼ SUð3ÞC ×
SUð2ÞR × SUð2ÞL × Uð1ÞB−L at MD is simply achieved by

gLRDi ¼ gLRi : ðB5Þ

The matching of the LR ¼ SUð3ÞC × SUð2ÞR × SUð2ÞL ×
Uð1ÞB−L × D gauge couplings to the MSSM/SM gauge
couplings is instead achieved through

gLR2L ðMIÞ ¼ gMSSM=SM
2 ðMIÞ;

gLRB−LðMIÞ ¼ z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
2

5z2
þ 3

5

�s
gMSSM=SM
1 ðMIÞ;

gLRC ðMIÞ ¼ gMSSM=SM
3 ðMIÞ; ðB6Þ

here

gLRB−LðMIÞ ¼ zgLR2R ðMIÞ; ðB7Þ

where z is a real number that is determined through the
constraint of unification at MGUT.

3. SUð4ÞC × SUð2ÞL × SUð2ÞR
One may consider the breaking route of Eqs. (5) and (6)

preceded by the Pati-Salam (PS) group SUð4ÞC × SUð2ÞL×
SUð2ÞR. For the case of Eq. (5), first a supersymmetric
version of this chain with the PS group between the SO(10)
group and the SUð3ÞC × SUð2ÞL × SUð2ÞR is not possible
to realize with MGUT around ð1015; 1016Þ GeV and a
minimum matter content. This matter content is with the
scalars 10 ⊃ ð1; 1; 2Þ and 126 ⊃ ð1; 3; 10Þ and the fermions
16 ⊃ ð4; 2; 1Þ þ ð4̄; 2; 1Þ, where we have given first the
matter content in terms of the SO(10) representations
and then the PS groups SUð4ÞC × SUð2ÞL × SUð2ÞR.
With this content, the one loop beta function coefficients
are bSUð2ÞL ¼ 1, bSUð2ÞR ¼ 21 and bSUð4ÞC ¼ 3. If the gauge
couplings unify, starting fromMGUT, they will all run up in
a plane 1=αi vs logðμ=MGUTÞ, as the energy scale μ
decreases (this happens because all of the values of the
beta function coefficients are positive). There is no point

where the gauge couplings of the group SUð3ÞC×
SUð2ÞL ×SUð2ÞR×Uð1ÞB−L can successfully unify, unless
the breaking scale of the PS coincides with theMGUT scale.
Nonsupersymmetric versions of this model, on the

other hand have a wide range of solutions (see Fig. 2,
example II4 of [33]) and this owns to the fact that the
coefficients of the one loop beta functions have different
signs: bSUð2ÞL ¼ −3, bSUð2ÞR ¼ 11=3 and bSUð4ÞC ¼ −23=3.
This fact then mixes positive and negative slopes in the
plane 1=αi vs logðμ=MGUTÞ and hence provides a wide
range of solutions for MGUT ∼ ð1014; 1016Þ GeV, MPS ≈
ð1013; 1016Þ GeV, and MR ∼ ð109; 1014Þ GeV.
The case of Eq. (6), is very similar to the case above.

For the supersymmetric version of this chain with the
PS group between the SO(10) group and the SUð3ÞC ×
SUð2ÞL × SUð2ÞR there is no attainable solution with
MGUT around ð1015; 1016Þ GeV unless MGUT and MPS
become the same. In this case, the minimum matter content
is as in the previous case but instead of 126⊃ ð1;3;10Þ, we
have 126⊃ ð1;3;10Þþð3;1;10Þ. The one loop beta func-
tion coefficients for this case are bSUð2ÞL ¼ bSUð2ÞR ¼ 21

and bSUð4ÞC ¼ 12, which again are all positive. Non-
supersymmetric versions of this chain have on the other
hand solutions forMGUT close to 1016 GeV and (see Fig. 2,
example III4 of [33]) for MPS ∼ ð1013; 1015Þ GeV, MD ∼
ð1010; 1015Þ GeV and MB−L ∼ ð1011; 1013Þ GeV.
All of the discussion above could change if of course we

consider other than minimal models and add matter content
at any step that can affect the value of the beta function
coefficients without changing the scalars that define the
different breaking patterns.

APPENDIX C: PRODUCTION OF GW FROM
FIRST ORDER PHASE TRANSITIONS

Cosmological FOPToriginate from a discontinuity in the
entropy when there exist a metastable vacuum that even-
tually decays into the true vacuum of the theory. This event
occurs through bubbling, that is, the process where regions
of space get first to the true vacuum state and overcome the
barrier separating the two vacua of the theory. Bubble
dynamics produces GW through two basic mechanisms:
(i) bubble collisions, generating sound waves, and (ii) tur-
bulence, both producing energy that releases into the GW.
In the case of turbulence, it happens when bubble expan-
sion causes macroscopic motion in the surrounding plasma.
The total stochastic GW background measured from FOPT
is the sum of the contributions from bubble collisions and
turbulent motions. However, not all the SGWB are detect-
able, weak production proceeds via vacuum tunneling and
thermal fluctuations, while strong production happens
when bubbles are merely nucleated via quantum tunnelling.
Only this latter case is detectable.
Given the breaking of the group into another, produ-

cing hence the vacua of the effective theory, the effective
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potential relevant for a phase transition is Veffðϕi; TÞ ¼
V0ðϕiÞ þ VCWðϕiÞ þ VT

1 ðϕi; TÞ, where the fields ϕ are
all the fields necessary to parametrize the breaking
phase, V0ðϕiÞ is the tree level potential, VCWðϕiÞ is the
Coleman-Weinberg contribution (one-loop) and VT

1 ðϕi; TÞ
is the finite temperature correction.
The parameters characterizing the FOPT are as follows.

The “vacuum-to-thermal energy ratio”, α, which is roughly
the ratio of the false vacuum energy density to the thermal
energy density, measuring hence the amount of energy
released during a FOPT (only for strong production of
SGWB α ∼Oð1Þ) which is defined as [95] α ¼ Δρ

ρR
, where

Δρ is the released latent heat from the phase transition to
the energy density of the plasma background. The “change
in nucleation rate,” β, is a measure of the bubble nucleation
rate per unit volume, its inverse is approximately the decay
rate of the nucleation from the metastable vacuum to the
true vacuum and hence it characterizes the duration of the
FOPT. The other parameters characterizing the SGWB are
the “nucleation temperature,” Tn (or T�), and the velocity of
the bubbles, vb. The parameter β is given by

β

Hn
¼ T

dðS3ðTÞ=TÞ
dT

����
T¼Tn

; ðC1Þ

where S3 is the Euclidean action for the Oð3Þ-invariant
bounce solution. In terms of the effective potential, the α
parameter can be written as

αðTnÞ¼
30

π2g�T4
n

�
ΔVeffðTnÞ−Tn

dΔVeffðTÞ
dT

����
T¼Tn

�
; ðC2Þ

where ΔVeffðTnÞ is the potential energy difference between
the true and the false vacuum at Tn. As mentioned above,
the gravitational waves from the FOPT mainly include two
sources10: the bubble collisions, producing sound waves,
and the MHD (magnetohydrodynamics) turbulence, with
the total energy given by [95]

h2ΩGWðf;kSW;kTurbÞ≈h2ΩSWðf;kSWÞþh2ΩTurbðf;kTurbÞ:
ðC3Þ

The efficiency factors, kSW and kTurb. characterize the
fractions of the released vacuum energy that are con-
verted into the energy of scalar-field gradients, for sound
waves and turbulence, respectively. The bubble wall

velocity vb is a function of α [96] vb ¼ 1=
ffiffi
3

p þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
α2þ2α=3

p
1þα ,

although this should be taken just as a lower bound since in
phase transitions there exist a larger class of detonation

solutions [97]. The energy density of the sound waves that
are created in the plasma is given by

Ωh2swðfÞ ¼ 2.65× 10−6ðH�τswÞ
�
H
β

�
vb

�
κνα

1þα

�
2
�

g�
100

�
−1
3

×

�
f
fsw

�
3
�

7

4þ 3ðf=fswÞ2
�

7=2
; ðC4Þ

where the factor τsw is given by min ½ 1H�
; R�
Ūf
� is the timescale

of the duration of the phase. It could be either 1=H� or
R�=Ūf, where H�R� ¼ vbð8πÞ1=3ðβ=HÞ−1 according to
[98]. The root-mean-square (RMS) fluid velocity is given
roughly by [8,99,100] Ū2

f ≈
3
4
ð κνα
1þαÞ, where κν is the fraction

of the latent heat transferred into the kinetic energy of the
plasma [101].11 The peak frequency is given by

fsw ¼ 1.9 × 10−5
�
β

H

�
1

vb

�
T�

100 GeV

��
g�
100

�1
6

Hz: ðC5Þ

The energy density of the MHD turbulence in the plasma is
given by

Ωh2turbðfÞ ¼ 3.35 × 10−4
�
H
β

��
ϵκνα

1þ α

�3
2

�
g�
100

�
−1
3

vb

×
ðf=fturbÞ3ð1þ f=fturbÞ−11

3

½1þ 8πf a0
ða�H�Þ�

; ðC6Þ

where

a�
ða0Þ

¼
�
g0
g�

�
1=3 T0

T�
∼ 1.25 × 10−7T� ðGeVÞg1=6� ; ðC7Þ

and the efficiency factor is given by ϵ ≈ 0.1. The present
day Hubble parameter can be expressed as

H� ¼ ð1.65 × 10−5HzÞ
�

T�
100 GeV

��
g�
100

�
1=6

: ðC8Þ

Finally, the peak frequency for GW produced by MHD
turbulence is given by [102]

fturb ¼ 2.7×10−5
�
β

H

�
1

vb

�
T�

100GeV

��
g�
100

�1
6

Hz: ðC9Þ

In our study we have considered just the contributions from
bubble dynamics (leading) and turbulence (sub-leading).

10Assuming that the bubbles expand in the plasma reach a
relativistic thermal velocity, and hence the contribution due to the
scalar field is negligible.

11In the small and large limit of vb, κν can be approximated
as κν ≈ αð0.73þ 0.083

ffiffiffi
α

p þ αÞ−1, vb ∼ 1 and κν ≈ v6=5b 6.9α ×
ð1.36 − 0.037

ffiffiffi
α

p þ αÞ−1 for vb ≲ 0.1
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APPENDIX D: PRODUCTION OF GW FROM
COSMIC STRINGS

1. Stable cosmic strings

GUT based on simple gauge groups lead to the formation
of topologically stable monopoles whose density is about
1018 times greater than the experimental limit [86], domi-
nating thus the energy density of our universe and closing
it. While this kind of topological cosmological defects
demands then a wash down effect such as inflation, not all
monopoles need to undergo completely washout [87].
Cosmic strings can also have enormous energy. In the

simplest case, which we consider, the canonical type of
string (Nambu-Goto), the energy per unit length, μ, and the
string tension are equal. It is expected that for strings
produced at a phase transition at Tc, μ ∼ T2

c [103], where μ
is the tension of the string and it characterizes the strength
of the gravitational interaction of strings. A grand unified
string of length equal to the solar diameter would be as
massive as the sun, while such a length of string formed at
the electroweak scale would weigh only 10 mg. The
gravitational effects of the latter are essentially negligible,
though such strings may still be of great interest, because of
other types of interactions. The Nambu-Goto cosmic
strings are characterized only by the string tension, μ
[41]. Using the Kibble mechanism, the string tension
can be estimated to be (with a GUT scale of 1016 GeV)
[104,105]

μ ≈
10−15

G

�
Tp

1012 GeV

�
2

; ðD1Þ

where G is the Newton’s constant. One simple approxi-
mation is to assume Tp ≈ Tn. When this scale is taken to be
the GUT scale, roughly Tp ¼ Tn ¼ 1016 GeV, we then get
the result of CS produced at GUT scale, we get then the
familiar result

Gμ ≈ 10−7: ðD2Þ

Another way to express the tension of the CS is to write
[106,107]

Gμ ¼ 1

8
BðxÞ

�
MCS

MP

�
2

; ðD3Þ

where MCS is the scale of the cosmic string and MP

the reduced Planck scale, 2.4 × 1018 GeV. The function
BðxÞ is BðxÞ ¼ 1.04x0.195 for 10−2 ≪ x ≪ 102, BðxÞ ¼
2.4 logð2=xÞ for x≲ 0.01. After the formation of strings,
the string loops loss energy dominantly through emission
of gravitational waves. We compute the relic GW energy
density spectrum from cosmic string networks from
[108,109]

ΩGWðfÞ ¼
X
k

ΩðkÞ
GWðfÞ; ðD4Þ

where

ΩðkÞ
GWðfÞ ¼

1

ρc

2k
f
Γk−4=3

ζð4=3Þ
F αGμ2

αðαþ ΓGμÞ
Z

t0

tF

dt̃
CeffðtðkÞi Þ
tðkÞ4i

×

�
aðt̃Þ
aðt0Þ

�
5
�
aðtðkÞi Þ
aðt̃Þ

�3
ΘðtðkÞi − tFÞ; ðD5Þ

the critical density is given by ρc ¼ 3H2
0=8=π=G, k is the

k-mode at a frequency f. The gravitational loop-emission
efficiency factor is Γ ≈ 50 [110] with its Fourier modes for

cusps [111] given by [110,112] Γk−4=3
ζð4=3Þ ¼ ΓðkÞ ¼ Γk−

4
3P

∞
m¼1

m−4
3

,

where
P∞

m¼1m
−4
3 ≃ 3.60. The factor F α characterizes the

fraction of the energy released by long strings. We use
F α ¼ 0.1, and α ¼ 0.1 in order to take into account the
length of the string loops rendering a monochromatic loop
distribution. Θ is the Heavy side step function and aðtÞ is
the cosmological factor at a given time t. The loop
production efficiency Ceff is obtained after solving veloc-
ity-dependent one-scale equations (VOS), with Ceff ¼
5.4ð0.39Þ in radiation (matter) dominate universe [104].
The VOS equations are

dL
dt

¼ ð1þ v̄ÞHLþ c̃
v̄
2
;

dv̄
dt

¼ ð1 − v̄2Þ
�
kðv̄Þ
L

− 2Hv̄

�
; ðD6Þ

where kðv̄Þ ¼ 2
ffiffiffi
2

p
=πð1 − v̄Þð1 þ 2

ffiffiffi
2

p
v̄2Þð1−8v̄6

1þ8v̄6
Þ and

c̃ ≈ 0.23 describes loop formation. L is the correlation
length parameter (such that the energy density of the long
strings is given by ρ∞ ¼ μ=L2 [41]) and H is the corre-
sponding Hubble parameter. The scaling regime is reached
after three or four orders of magnitude of change in the
energy scale of the universe, where we have a stable value
ofCeff , see, e.g., Fig. 3 of [104]. The loop formation time of
the k mode is a function of the GWemission time (t̃) and is
given by

tðkÞi ðt̃; fÞ ¼ 1

αþ ΓGμ

�
2k
f

aðt̃Þ
aðt0Þ

þ ΓGμt̃
�
: ðD7Þ

Assuming the small-scale structure of loops is dominated

by cusps, the high mode in Eq. (D4) is given by ΩðkÞ
GWðfÞ ¼

ΓðkÞ
Γð1Þ Ω

ð1Þ
GWðf=kÞ ¼ k−4=3Ωð1Þ

GWðf=kÞ. The low and high fre-
quencies of the spectrum of the GW from cosmic strings
are dominated by emissions in the matter and radiation
dominated eras respectively.
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2. Diluted cosmic strings

A standard expectation of primordial cosmological
inflation is that it dilutes all relics created to unobservable
levels. But this does not need to be the case, for example in
[73,113] counter-examples were presented. These corre-
spond to networks of cosmic strings diluted by inflation
but that can regrow to a level potentially observable today
in gravitational waves (GWs). In contrast to undiluted
cosmic strings (from a stochastic GW background), the
leading signal from a diluted cosmic string network can be
distinctive bursts of GW. In [73] the VOS model was used
together with a simplified picture of inflation and reheating
to estimate the dilution of cosmic strings. The starting point
is to consider the same VOS equations as in Eq. (D6). Then
take the correlation length LFðtFÞ at the time tF, the greater
of the beginning of inflation or the formation of the
network. After tF, the string network parameters reach
an attractor solution during inflation given by LðtÞ ¼
LFeHIðt−tFÞ and v̄ðtÞ ¼ 2

ffiffiffi
2

p
=π=HI=LðtÞ [73]. The solu-

tion corresponds to having the long string network with
HL ≫ 1 and v̄ ≪ 1. The conditions under which there is
enough regrowth are given in Eq. (7) of [73]. These are
written in terms of the redshift, z̃, [73] at which the con-
dition HL → 1 is achieved. The condition can be satisfied
for ΔN ≠ 0, where ΔN represents the number of e-foldings
between tF and tI , the time at which the attractor solution is
satisfied. ΔN ¼ 0 corresponds to the string forming at the
start of inflation and in this case then only the number of
long strings accounts for satisfying the condition of Eq. (7)
of [73]. We assume this last possibility and use Eq. (19) of
[73] to produce the GW profile.

APPENDIX E: PRODUCTION OF GW FROM
DOMAIN WALLS

Domain walls are sheetlike topological defects, which
might be created in the early universe when a discrete
symmetry is spontaneously broken. Since discrete sym-
metries are ubiquitous in high energy physics beyond the
Standard Model (SM), many new physics models predict
the formation of domain walls in the early universe. By
considering their cosmological evolution, it is possible to
deduce several constraints on such models even if their
energy scales are much higher than those probed in the
laboratory experiments.
In the context of GUT theories they can appear via the

D-parity symmetry, denoted also as ZC
2 . They cannot appear

after inflation has taken place, unless they are broken by an
explicit parameter, by gravitational effects, or decay due to
the attachment of CS produced in a previous breaking
stage. For DW to which CS do not attach, there could
be also the possibility that the discrete symmetry is broken

but then restored at a higher temperature [114]. Another
possibility is to accompany the GUT theory with an extra
PQ symmetry that lifts the symmetry ZC

2 and so it
effectively only acts like an effective symmetry (see for
example [115] and references within it).
For some ranges of parameters there exists an alter-

native solution to the domain wall problem [116,117]
based on the idea of symmetry nonrestoration [114],
which does not require any explicit breaking of the
discrete symmetry. Simply because the discrete sym-
metry is never restored at high temperature. In this way
the domain walls never form. As it is shown in [116],
this can rescue some of the models such as those with
spontaneously broken CP and Peccei-Quinn symme-
tries. Nevertheless, this mechanism is incompatible with
renormalizable supersymmetric theories [118]. One way
to make the bias compatible with quantum breaking
[119,120] and with the de Sitter Swampland program
[121,122], would be to make a bias time-dependent in
such a way that it disappears after the walls disappear
[117]. Nevertheless, we think that identification or lack of
signals of domain walls in the expected regions would
lead to either constrain of rule out the parameter space of
bias parameters.
Assuming that a bias parameter, coming either by

Planck suppressed terms, [49,50] or by a soft breaking,
breaks the symmetry and hence allows D parity to break
below the inflation scale leaving a GW signal described by

ΩDWh2ðfÞ ¼ 7.2 × 10−18A2ϵ̃GW

�
g�sðTAnnÞ

10

�
−4=3

×

�
σ

1 TeV3

�
2
�

TAnn

10−2 GeV

�
4 fp

fpPeak
;

× f

�≤ fPeak; p ¼ 3;

>fPeak; p ¼ −1
; ðE1Þ

where we have used the parametric form of the frequency
below and above the peak and the assumptions of [115]
based on the simulations of [123].A is a parameter that can
be extracted from lattice simulations, ϵ̃GW is a parameter
based on numerical simulations for the energy density of
the GW and it has a value ϵ̃GW ¼ 0.7� 0.4 [115], g�sðTAnnÞ
are the degrees of freedom at the annihilation temperature,
TAnn. Finally σ is the tension of the DW. Note that a DW
which develops after inflation and during the radiation
domination era and where cosmic strings formed before
inflation will have the same parametric behavior as
Eq. (E1), that is ΩDWh2ðfÞ ¼ ΩGW;max

fp

fpPeak
, where the peak

frequency is determined by the Hubble parameter at the
decay time, fPeak ∼ atdec=at0Htdec [123].
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