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We explore how quantum gravity effects, manifested through the breaking of discrete symmetry
responsible for both dark matter and domain walls, can have observational effects through cosmic
microwave background observations and gravitational waves. To illustrate the idea we consider a simple
model with two scalar fields and two Z2 symmetries, one being responsible for dark matter stability, and
the other spontaneously broken and responsible for domain walls, where both symmetries are assumed to
be explicitly broken by quantum gravity effects. We show the recent gravitational wave spectrum observed
by several pulsar timing array projects can help constrain such effects.
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I. INTRODUCTION

Global symmetries are ubiquitous in Nature, being
already present in the Standard Model (SM) of particle
physics such as the baryon and lepton numbers. Discrete
global symmetries often play a role in many theories
beyond the SM, such as dark matter (DM) and neutrino
mass models. Unlike gauge symmetries (this includes
gauge discrete symmetries, for example, those that emerge
from the Higgsing of a gauged Uð1Þ symmetry), conven-
tional wisdom tells us that such global symmetries should
be broken [1–3] in theories of quantum gravity (QG), e.g.
by wormholes [4]. Such ideas fit nicely into recent
developments on swampland conjectures [5,6], which
classify low energy effective field theories (EFTs) accord-
ing to their compatibility with QG. Although QG is
expected to break all global symmetries, the strength of
the breaking is not a priori specified. The breaking may be
associated with operators of any mass dimension greater
than four. The dimensional scale associated with such
operators may be equal to the Planck scaleMPl [7–9], while
the operators may be suppressed by nonperturbative effects
leading to an effective breaking scale many orders of
magnitude higher.
In this paper, we explore how QG effects, manifested

through the breaking of discrete symmetry responsible for

both DM and domain walls (DWs), can have observational
effects through CMB observations and gravitational waves
(GWs). We especially show that QG motivates the exist-
ence of very small bias terms which are often assumed to
exist to allow DWs to annihilate, thus preventing them from
dominating the energy budget of the Universe. To illustrate
the idea we consider a simple model with two singlet scalar
fields and two Z2 symmetries, one being responsible for
DM stability, and the other spontaneously broken and
responsible for DWs, where both symmetries are assumed
to be explicitly broken by QG effects by operators at the
same mass dimension and with the same effective Planck
scale. We shall show that this hypothesis leads to observ-
able GW signatures from the DWs annihilation, which are
correlated with the decaying DM signatures constrained by
CMB observations. The simple setup described above is
depicted in Fig. 1.

FIG. 1. Schematic of how indirect detection and gravitational
wave observatories can provide independent witnesses of the
scale of QG which we assume to be approximately common.
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Recently, several pulsar timing array (PTA) projects
reported the discovery of a stochastic gravitational wave
background (SGWB), in particular, the North American
Nanohertz Observatory for Gravitational Waves
(NANOGrav) [10,11], the European PTA [12,13], the
Parkes PTA [14] and the Chinese PTA [15]. This could be
due to the merging of supermassive black hole binaries
[16,17], or it may have a cosmological origin or a combi-
nation of effects. For example, the cosmological origin of
SGWB could be due to first-order phase transitions [18–25],
cosmic strings [26–32], or DWs annihilation [33–36], where
the latter is of particular interest here. Indeed several papers
have appeared which discuss these possibilities [37–81].
One of the goals of the present paper is to investigate the
implications of the PTA results on the framework of
interest here.

II. DISCRETE GLOBAL SYMMETRY
BREAKINGS IN QG

In particle physics model building, it is often useful to
invoke discrete global symmetries in EFTs. It has long been
believed [1–3], however, that there exists no exact (con-
tinuous or discrete) global symmetry in QG theories [82].
In other words, any global symmetry of a given EFT is at
best an approximate symmetry emergent in the IR [85], and
should be broken by a higher-dimensional operator

LZ2
¼ 1

ΛQG
O5; ð1Þ

where we consider the leading dimension-five operator in
four spacetime dimensions.
Onemight naively expect thatΛQG ∼OðMPlÞ, since this is

a QG effect. A global symmetry, however, can be broken by
nonperturbative instanton effects (e.g. D-brane instanton in
string theory [86–88] or gravitational instanton [4,89–91]).
The operator in Eq. (1) is then suppressed by a factor e−S,
where the dimensionless parameter S represents the size of
the action of the nonperturbative instanton [92]. In this case,
the scale ΛQG should be estimated as

ΛQG ∼MPleS ≫ MPl: ð2Þ
In principle, one can achieve an effective trans-Planckian
scale generated by fields with sub-Planckianmass if there is a
very small coupling in the theory. However, the exponential
enhancement due to the instanton means we are typically
many orders of magnitude above the Planck scale. This
implies any resulting phenomenology is almost certainly due
to QG effects. In this paper, we consider a scenario where a
few different Z2-global symmetries are broken by higher
dimensional operators associated with the same energy scale
ΛQG. In general, there is no guarantee that different global
mechanisms for global symmetry breaking are associated
with the same energy scale. There are, however, important
motivations for this assumption, and our discussion can be

regarded as aminimal example representing the spirit ofmore
general constraints.
The first motivation comes from the fact that the number

of tunable parameters in EFT is finite in string theory—
both the number of Calabi-Yau geometries and the choices
of fluxes therein are believed to be finite [93], and this leads
to infinite constraints on the higher-dimensional operators
in the EFT (see, e.g. Ref. [94] for a recent discussion). Our
assumption is a minimal incarnation of this constraint.
The second motivation comes from a general consid-

eration of the Z2-symmetry breaking. While it has been
believed that there are no exact global symmetries in QG,
this constraint is not useful unless one formulates a
quantitative statement concerning the size of global sym-
metry breaking. Suppose that we consider a class of string
theory compactifications where the energy scale ΛQG

satisfies the inequality ΛQG ≲ Λmax. If such a bound exists,
the choice ΛQG ∼ Λmax gives the best attainable quality of
global symmetry in the class of string theory compactifi-
cations, and a model builder is well motivated to choose
this value for all higher-dimensional operators whose sizes
are severely constrained by experiments [95].
The consequences of our scenarios depend heavily on

the values of ΛQG. In general, it is often believed the scale
of a global symmetry breaking can be much higher than the
Planck scale. For example, in order for a global Uð1Þ
Peccei-Quinn (PQ) symmetry to solve the strong CP
problem [96,97], the size of the instanton action S should
satisfy S ≳ 190, resulting in an extremely high energy scale
ΛQG ∼ 10100 GeV (see Refs. [98–100] for early references
on the axion quality problem) [101]. It is, however, non-
trivial to have such a high value of S [102] as there can be
many nonperturbative QG effects that can violate a global
symmetry and one would need to suppress all of them. In
our case, since we are not pushed into a difficult corner of
parameter space by the axion quality problem, we wish to
consider what seems to be a more natural range of S, that is
lower, with the caveat that the precise value will depend
upon the choice of string compactification.
At present we know little about the case of discrete Z2-

symmetries considered in this paper. However, general
estimates suggests that the size of the non-perturbative
instanton action scales as S ∼OðM2

Pl=Λ2
UVÞ [103,104],

where ΛUV is the UV cutoff of the theory. One can consider
a scenario where ΛUV ≲MPl, which could generate a value
of S ∼Oð10Þ. In the following we consider the energy
scale ΛQG ∼ ð1020 � � � 1035Þ GeV, which corresponds to the
value S ∼ ð4…38Þ. In practice, we can keep ΛQG as a free
parameter whose value can be constrained by phenomeno-
logical and cosmological considerations.

III. SIMPLIFIED MODEL FOR BSM SCENARIOS

In the rest of this paper, we consider a minimalistic
model where the StandardModel is extended by two singlet
scalar fields S1 and S2, each subject to a Z2-global
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symmetry, which generates the following scalar potential at
tree level

V ¼ μ2H†H þ λðH†HÞ2 þH†Hðλhs1S21 þ λhs2S22Þ

þ λs12S21S
2
2 þ μ22S

2
2 þ

λ2
4
S42 þ

λ1
4
ðS21 − v21Þ2: ð3Þ

Here H is the SM Higgs doublet field, and the singlet
under the SM gauge group S2 is our DM candidate,

protected by an approximate Z2-symmetry ZðDMÞ
2 . The

field S1 is another scalar singlet under the SM gauge group

with an approximate Z2-symmetry ZðDWÞ
2 , and this field

will acquire a vacuum expectation value (vev) v1 in the
early Universe, generating DWs in the process. The scalar
potential should be bounded from below to make the
electroweak vacuum stable, which poses constraints on
the scalar couplings [105]. Next, we write the mass of S2 as
m2

2 ¼ 2μ22 þ λhs1v2h þ 2λs12v21 with vh ¼ 246 GeV being
the vev of H, and consider m2

2 to be positive throughout
to avoid the inclusion of a non-trivial vev of S2. We also
assume λhs1 to be sufficiently small so that there would not
be large mixing between H and S1.
The two Z2-symmetries are however broken by higher-

dimensional operators of the form

ΔV ¼ 1

ΛQG

X2

i¼1

ðα1iS5i þ α2iS3i H
2 þ α3iSiH4Þ

þ 1

ΛQG

X4

j¼1

cjS
j
1S

5−j
2 : ð4Þ

As discussed before, we assume a common origin and
therefore a common scale for the breaking of all global
symmetries, hence we simply take all the dimensionless
coefficients in Eq. (4) to be of the same order, and we can
make them ofOð1Þ by redefiningΛQG. Let us note here that
in string theory compactifications one often encounters a
large number Oð100Þ of SM-singlet moduli fields, and this
suggests that the scalar DM can be one of such fields. The
effect of these fields in cosmology is often discussed in
the context of the cosmological moduli problem [106–110]:
the late-time decay of the moduli spoils the success of the
big bang nucleosynthesis (BBN), and this requires the mass
of the moduli fields to be above Oð10Þ TeV [111]. While
we are considering a simplified model with only two scalar
fields, it is reasonable to have the DM abundance dominated
by the contribution of a single particle species, and the GW
spectrum from DWs annihilation is typically dominated by
the contribution of a single scalar field, as we will explain
below. Therefore, our simple model captures the qualitative
features of a large class of string-inspired models.
It is interesting to point out that, once the electroweak

symmetry breaking is triggered, the operator S2H4=ΛQG
present in Eq. (4) allows S2 to mix with the CP even scalar
component of H [112]. We identify one of the phy-
sical scalars obtained after mixing as the SM Higgs with

mh ¼ 125 GeV while the other physical scalar plays the
role of the DM with mass mDM. This scalar mixing can be
parametrized as

sin θ ¼ v3h
ðm2

h −m2
DMÞΛQG

: ð5Þ

As a result of this mixing the DM can decay to all the SM
particles. The expression of the DM decay width can be
found in, e.g. Ref. [113]. The lifetime of such decay is
highly constrained from CMB, which will be discussed in
the following.

IV. INDIRECT DETECTION OF QG SCALE

The explicit breaking of ZðDMÞ
2 -symmetry by higher-

dimensional operators originating from QG effects in the
present set-up allows the DM to decay into SM particles.
These SM particles can further decay to photons, electron-
positron and neutrino-antineutrino pairs. If the DM decay
happens during or after the era of recombination, the energy
injected can reionize the intergalactic medium and modify
the CMB power spectrum. Remarkably the resulting limits
on the DM lifetime tend to be much larger than the age of
the Universe τDM ≳ 1025 s for an Oð1Þ branching ratio into
electromagnetic final states and high efficiency into ion-
ization channels [114,115]. This results in a bound on ΛQG

well above the Planck scale.
On the other hand, the eþe− pairs, if produced during the

DM decays originating from the DM-dominated galaxies
and clusters, can undergo energy loss via electromagnetic
interactions in the interstellar medium and can give rise
to radio waves. Such radio signals can then be observed
by several radio telescopes. The Square Kilometer Array
(SKA) radio telescope is one such example [116]. SKA
provides a much better probe for the decaying DM para-
meter space in comparison to the existing gamma-ray
observations. A recent study [117], found that the DM
decay width ΓDM ≳ 10−30 s−1 is detectable at SKA (assum-
ing 100 hours of observation time). This, in turn, suggests
that the QG effects can also be tested by SKA.

V. DWs ANNIHILATION AND GWs

The spontaneous breaking of the ZðDWÞ
2 -symmetry could

lead to the formation of 2D topological defects called DWs,
filling our universe with patches in different degenerate
vacua [118]. DWs are problematic as their energy density
attenuates more slowly than that of radiation and matter, and
would eventually become dominant. Hence DWs can alter
the evolution of our universe in a way inconsistent with
current CMB observations [119]. However, dimension-
five operators associated with S1 in Eq. (4) can generate
the energy bias term

Vbias ≃
1

ΛQG

�
v51 þ

v31v
2
h

2
þ v1v4h

4

�
; ð6Þ
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which softly breaks ZðDWÞ
2 -symmetry and also the vacua

degeneracy. The population of the “true vacuum” (with
lower energy) p− then should be greater than that of
the “false vacuum” (with higher energy) pþ, i.e. pþ=
p− ≃ exp½−4Vbias=ðλ1v41Þ� [120]. The different population
between the two vacua induces a volume pressure force
pV ∼ Vbias acting on the walls, forcing the false vacuum
region to shrink. When pV is greater than the tension force
pT of the walls, the DWs start to collapse and annihilate,
triggering a characteristic SGWB signal. To achieve an
observable GW signal, an enormous hierarchy between V
and Vbias is usually assumed by fiat. We emphasize that such
a hierarchy is the natural consequence of the QG effects. It
should also be mentioned that v1 ≫ vh is satisfied in most
of the parameter space in our minimalistic model, hence a
strong hierarchy among these operators should exist,
rendering v51=ΛQG to be the dominant one.
The annihilation of DWs was investigated in, e.g.

Refs. [120–125]. Assuming the DWs annihilate in the
radiation-dominated era, the peak frequency fp and peak
energy density Ωph2 of GWs can be calculated at the
annihilation time tann when pV ∼ pT [125,126]

fp ≃ 3.75 × 10−9 HzC−1=2
ann A−1=2σ̂−1=2V̂1=2

bias;

Ωph2 ≃ 5.3 × 10−20ϵ̃A4C2
annσ̂

4V̂−2
bias; ð7Þ

where σ̂ ≔ σ=TeV3 with σ ≔
ffiffiffiffiffiffiffiffiffiffiffiffi
8λ1=9

p
v31 being the surface

tension and V̂bias ≔ Vbias=MeV4. The area parameterA and
the dimensionless constant Cann are respectively chosen
as 0.8 and 2, and the efficiency parameter ϵ̃ ≃ 0.7 can
be regarded as a constant in the scaling regime [124].

The degrees of freedom for energy and entropy density
g�sðTannÞ ≃ g�ðTannÞ ≃ 10 is taken into consideration for
annihilation temperature Tann ¼ ð1…100Þ MeV. Eq. (7)
indicates that Ωph2 ∝ v21. So even though string theory
could result in many moduli, the GW signal will be
dominated by the scalar with the largest vev. Therefore,
our analysis captures the phenomenology of a large class of
string-inspired models.
Two further remarks on DWs are as follows. First, if

DWs annihilate into SM particles, they could dramatically
reshape the era of BBN. In order to avoid this problem, we
should require the lifetime τDW to be shorter than
tann ≲ 0.01 s, which results in a lower bound on Vbias,
namely, V1=4

bias≳ 5.07× 10−4 GeVC1=4
annA1=4σ̂1=4. Converting

into the constraint on fp, we arrive at fp≳0.964×10−9Hz,
consistent with the latest SGWB signal detected by
NANOGrav [10,11]. Second, the domination of DWs in
the early universe is generally allowed as long as they
annihilate before BBN, but we have little knowledge about
the dynamics of DWs in the DW-dominated universe. Then
it would be useful to identify in which case tann is shorter
than the time when DWs overclose the universe tdom.
This would lead to another condition V1=4

bias ≳ 2.18 × 10−5

GeVC1=4
annA1=2σ̂1=2 [125].

VI. COMBINED CONSTRAINTS
ON THE QG SCALE

Fig. 2 summarizes our results in the fv1;ΛQGg parameter
space. For DM, we consider two values of mDM, namely,
mDM ¼ 62.5 GeV (Higgs resonance) and 100 TeV (uni-
tarity bound) [127]. Constraints from CMB observations

FIG. 2. Combined constraints on ΛQG and v1 from indirect DM detection and GWs observations with varying λ1. The darker and
lighter purple-shaded regions denote the excluded regions by CMB observations, where we take mDM to be 62.5 MeV (Higgs
resonance) and 100 TeV (unitarity bound), respectively. The black dashed lines label the testing capabilities of the upcoming SKA
telescope. The black points denote a benchmark with fp ¼ 4.07 × 10−8 Hz and Ωph2 ¼ 1.76 × 10−7, which is consistent with
NANOGrav 15-year results. The red, blue, brown, cyan, yellow and green curves present the testing capabilities of THEIA, SKA, μAres,
DECIGO, LISA and ET with SNR ¼ 10. The gray-shaded regions are excluded by the requirement τDW ≲ 0.01 s. The orange-shaded
regions correspond to the scenario where DWs may overclose the universe at an early epoch.
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are denoted by dark and light purple-shaded regions,
respectively. One can find that CMB observations set a
stringent lower bound on ΛQG. In particular, ΛQG ≳
1025.8 GeV for mDM ¼ 62.5 GeV. The upcoming SKA
radio telescope also provides a detection prospect of
decaying DM, and a recent study [117] suggests that
ΓDM ≳ 10−30 s−1 is detectable by SKA, indicating ΛQG

up to 1029 GeV may be tested in the future. We use black
dashed lines to illustrate this.
As for SGWB from DWs, we choose λ1 ¼ 1, 10−3 and

10−6 for demonstration. The black points in Fig. 2 repre-
sents a benchmark with fp ¼ 4.07 × 10−8 Hz and Ωph2 ¼
1.76 × 10−7, which is consistent with NANOGrav 15-year
results [10,11]. Taking λ1 ¼ 10−3 for instance, it corre-
sponds toΛQG¼8.68×1032GeV and v1¼2.21×106 GeV.
In order to depict the GW spectrum, we adopt the following
parametrization for a broken power-law spectrum [11,130]

h2ΩGW ¼ h2Ωp
ðaþ bÞc

ðbx−a=c þ axb=cÞc ; ð8Þ

where x ≔ f=fp, and a, b and c are real and positive
parameters. Here the low-frequency slope a ¼ 3 can be
fixed by causality, while numerical simulations suggest b ≃
c ≃ 1 [123]. The corresponding GW spectrum is shown in
Fig. 3 using an orange curve, with gray violins denoting
NANOGrav’s results for comparison. Moreover, the gray-
shaded regions in Fig. 2 are excluded by the requirement
that DWs should annihilate before BBN (τDW ≲ 0.01 s),
which sets a restriction on large ΛQG. This constraint can be
stronger as λ1 goes larger. The orange-shaded regions
correspond to the scenario where DWs may overclose
the universe at an early epoch (tann > tdom). We can observe
that our benchmark points are very close to the boundaries

of these regions. In addition, we also investigate the
capabilities of other GW detectors for constraining QG
effects. We calculate the signal-to-noise ratio (SNR)
[131,132] for ET [133], LISA [134], DECIGO [135],
μAres [136], SKA [137] and THEIA [138] detectors by
imputing the spectrum given in Eq. (8), and plot their
individual sensitivity curves with SNR ¼ 10 by Fig. 2. The
regions bounded by these curves refer to the peak frequen-
cies and energy densities with which the GW spectra can
be tested. Broader areas are enclosed in the fv1;ΛQGg
parameter space for larger λ1. Most of these curves contain
the NANOGrav benchmark point, therefore it is promising
that these GW detectors can give us combined constraints
on ΛQG and v1 in a multifrequency range.

VII. CONCLUSION

In this work we have argued that a large class of string-
inspired models has phenomenology that can plausibly lead
us to measure the effective scale of quantum gravity. We
have considered the low energy consequences of the
swampland conjecture that global symmetries are broken
by quantum gravity—that dark matter and domain walls
can both become metastable as a result. The scale of
quantum gravity effects that can be measured corresponds
to a plausible range of values for the wormhole action,
S ∼ ð4…38Þ. If the phenomenology mentioned in this
paper is seen, it provides evidence for the paradigm of
nonperturbative quantum-gravity instantons breaking
global symmetries. A tantalizing possibility is that recent
observations of a gravitational wave spectrum by pulsar
timing arrays were produced by primordial metastable
domain walls, and perhaps the gravitational wave spectrum
is our first empirical information about quantum gravity.
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