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Quantum gravity effects on dark matter and gravitational waves
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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 Z, 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 U(1) 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 scale Mp [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
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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 Z, 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.
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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

1
Ly :A—QGOS’ (1)

where we consider the leading dimension-five operator in
four spacetime dimensions.

One might naively expect that Aqg ~ O(Mp), 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~
where the dimensionless parameter S represents the size of
the action of the nonperturbative instanton [92]. In this case,
the scale Agg should be estimated as

AQG ~ MpleS > Mp]. (2)

In principle, one can achieve an effective trans-Planckian
scale generated by fields with sub-Planckian mass 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 Z,-global symmetries are broken by higher
dimensional operators associated with the same energy scale
Aqg. 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 a minimal example representing the spirit of more
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 Z,-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 Agg
satisfies the inequality Agg < Amax. If such a bound exists,
the choice Agg ~ Amax 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 Agg. 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 U(1)
Peccei-Quinn (PQ) symmetry to solve the strong CP
problem [96,97], the size of the instanton action S should
satisfy S Z 190, resulting in an extremely high energy scale
Agg ~ 10" 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 Z,-
symmetries considered in this paper. However, general
estimates suggests that the size of the non-perturbative
instanton action scales as S~ O(M3/A%y) [103,104],
where Ayy is the UV cutoff of the theory. One can consider
a scenario where Ayy < Myp, which could generate a value
of S~ O(10). In the following we consider the energy
scale Agg ~ (1070 - 10%) GeV, which corresponds to the
value S ~ (4...38). In practice, we can keep Aqg 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 Standard Model is extended by two singlet
scalar fields §; and S,, each subject to a Z,-global
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symmetry, which generates the following scalar potential at
tree level

V = W2HH + JHH) + H H(iyy S+ 1y12S3)

A A
FhnsSist st 25 - )
Here H is the SM Higgs doublet field, and the singlet

under the SM gauge group S, is our DM candidate,

protected by an approximate Z,-symmetry ZéDM). The
field S, is another scalar singlet under the SM gauge group

with an approximate Z,-symmetry Z<2DW), and this field
will acquire a vacuum expectation value (vev) v; 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 S, as
m3 = 2u3 + /1,,511)% + 224,07 with v, = 246 GeV being
the vev of H, and consider m3 to be positive throughout
to avoid the inclusion of a non-trivial vev of S,. We also
assume 4, to be sufficiently small so that there would not
be large mixing between H and .
The two Z,-symmetries are however broken by higher-
dimensional operators of the form
= Li(a S? + ap STH? + a3, S;:H*)
— AQG - 1i9; 209 3191

AV

1 < s
Y ;8857 4
Ao 2 5152 (4)
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 of O(1) by redefining Aqg. Let us note here that
in string theory compactifications one often encounters a
large number O(100) 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 O(10) 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/AQG
present in Eq. (4) allows S, 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

my, = 125 GeV while the other physical scalar plays the
role of the DM with mass mpy;. This scalar mixing can be
parametrized as

3
Uh

(mj; — mpy)Age”
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.

sinf =

(5)

IV. INDIRECT DETECTION OF QG SCALE

The explicit breaking of Z(ZDM) -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 7py = 102 s for an O(1) branching ratio into
electromagnetic final states and high efficiency into ion-
ization channels [114,115]. This results in a bound on Agg
well above the Planck scale.

On the other hand, the e e~ 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 I'py; = 10739 571 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 ZEDW)—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 S| in Eq. (4) can generate
the energy bias term

1 viva oo}
Vbi&ng—QC;<U?+T+TI ’ (6)
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which softly breaks ZgDW)—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) p., ie. p./
p_ ~exp[—4Vyas/(A1v1)] [120]. The different population
between the two vacua induces a volume pressure force
Pv ~ Viias acting on the walls, forcing the false vacuum
region to shrink. When py, is greater than the tension force
pr 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 Vy;, 1S usually assumed by fiat. We emphasize that such
a hierarchy is the natural consequence of the QG effects. It
should also be mentioned that v, > v, is satisfied in most
of the parameter space in our minimalistic model, hence a
strong hierarchy among these operators should exist,
rendering v3/ Aqg to be the dominant one.

The annihilation of DWs was investigated in, e.g.
Refs. [120-125]. Assuming the DWSs annihilate in the
radiation-dominated era, the peak frequency f, and peak
energy density Qphz of GWs can be calculated at the
annihilation time t,,, when py ~ pr [125,126]

fp =375 %107 HzCod A7 26712712

1as”’

Q1% =53 x 10- 0644264 V2 ()

where 6 := 6/TeV? with ¢ := /81, /903 being the surface
tension and Vi, = Viias/MeV*. The area parameter A and
the dimensionless constant C,,, are respectively chosen
as 0.8 and 2, and the efficiency parameter €~ 0.7 can
be regarded as a constant in the scaling regime [124].

N =10-3 M

The degrees of freedom for energy and entropy density
Gus(Tann) = g5 (Tann) = 10 is taken into consideration for
annihilation temperature T,,, = (1...100) MeV. Eq. (7)
indicates that Q,h*  v}. 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 7pw to be shorter than
tan S 0.01 s, which results in a lower bound on Vi,

namely, Vi/* > 5.07 x 10* GeV Cyfa A/46/4. Converting
into the constraint on f,, we arrive at f, 2 0.964 x 10~° Hz,
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 t,,, is shorter

than the time when DWSs overclose the universe 74.p,.
This would lead to another condition Vllji/:s >2.18 x 1073
GeV Cam A1/261/2 [125],

VI. COMBINED CONSTRAINTS
ON THE QG SCALE

Fig. 2 summarizes our results in the {v;, Aqg} parameter
space. For DM, we consider two values of mpy;, namely,
mpm = 62.5 GeV (Higgs resonance) and 100 TeV (uni-
tarity bound) [127]. Constraints from CMB observations

I
o
b

s

[DWs overclose Universe

logyg(v1/GeV)

log;o(v1/GeV)

logyo (AQG /GeV)

B &
g g
g g
> >
3 3
W W
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13 3 (tpw > 0.015)
30 35 30 35
logyo(Aqq/GeV) logyp(Aqa/GeV)

FIG. 2. Combined constraints on Agg and v; from indirect DM detection and GWs observations with varying ;. The darker and
lighter purple-shaded regions denote the excluded regions by CMB observations, where we take mpy 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 f, =4.07 x 1078 Hz and Qph2 = 1.76 x 1077, which is consistent with
NANOGrav 15-year results. The red, blue, brown, cyan, yellow and green curves present the testing capabilities of THEIA, SKA, pAres,
DECIGO, LISA and ET with SNR = 10. The gray-shaded regions are excluded by the requirement rpy < 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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FIG. 3. Our benchmark GW spectrum is denoted as the
orange curve, while gray violins show the NANOGrav 15-year
data [10,11].

are denoted by dark and light purple-shaded regions,
respectively. One can find that CMB observations set a
stringent lower bound on Agg. In particular, Agg 2
103 GeV for mpy = 62.5 GeV. The upcoming SKA
radio telescope also provides a detection prospect of
decaying DM, and a recent study [117] suggests that
I'py 2 10739 571 is detectable by SKA, indicating Agg
up to 10 GeV may be tested in the future. We use black
dashed lines to illustrate this.

As for SGWB from DWs, we choose 1, = 1, 10~ and
1076 for demonstration. The black points in Fig. 2 repre-
sents a benchmark with f, = 4.07 x 10™® Hz and Q,h* =
1.76 x 1077, which is consistent with NANOGrav 15-year
results [10,11]. Taking 1, = 1073 for instance, it corre-
sponds to Agg =8.68 x 1032 GeV and v; =2.21 x 10° GeV.
In order to depict the GW spectrum, we adopt the following
parametrization for a broken power-law spectrum [11,130]

(a+b)°
(bx—a/c + axb/c)c ’

hQaw = h*Q, (8)
where x = f/f »» and a, b and ¢ are real and positive
parameters. Here the low-frequency slope a =3 can be
fixed by causality, while numerical simulations suggest b ~
¢ ~ 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 (rpw < 0.01 s),
which sets a restriction on large Ag. This constraint can be
stronger as A; goes larger. The orange-shaded regions
correspond to the scenario where DWs may overclose
the universe at an early epoch (#,,, > t4om)- 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],
uAres [136], SKA [137] and THEIA [138] detectors by
imputing the spectrum given in Eq. (8), and plot their
individual sensitivity curves with SNR = 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 {v;,Aqg}
parameter space for larger 4;. Most of these curves contain
the NANOGrav benchmark point, therefore it is promising
that these GW detectors can give us combined constraints
on Agg and v; 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~ (4...38). 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.

ACKNOWLEDGMENTS

We would like to thank Volodymyr Takhistov for his
collaboration in the early stages of this project. S. F. K. and
G. W. acknowledge the STFC Consolidated Grant No. ST/
L000296/1 and S.F. K. also acknowledges the European
Union’s Horizon 2020 Research and Innovation pro-
gramme under Marie Sklodowska-Curie grant agreement
HIDDeN European ITN project (H2020-MSCA-ITN-
2019//860881-HIDDeN). R.R. acknowledges financial
support from the STFC Consolidated Grant No. ST/
T000775/1. X. W. acknowledges the Royal Society as
the funding source of the Newton International
Fellowship. M.Y, was supported in part by the JSPS
Grant-in-Aid for Scientific Research (No. 19H00689,
No. 19K03820, No. 20H05860, No. 23H01168), and by
JST, Japan (PRESTO Grant No. JPMJPR225A, Moonshot
R&D Grant No. JPMIMS2061).

024057-5



KING, ROSHAN, WANG, WHITE, and YAMAZAKI

PHYS. REV. D 109, 024057 (2024)

[1] T. Banks and L.J. Dixon, Nucl. Phys. B307, 93 (1988).

[2] T. Banks and N. Seiberg, Phys. Rev. D 83, 084019 (2011).

[3] D. Harlow and H. Ooguri, Commun. Math. Phys. 383,
1669 (2021).

[4] S.B. Giddings and A. Strominger, Nucl. Phys. B306, 8§90
(1988).

[5] C. Vafa, arXiv:hep-th/0509212.

[6] H. Ooguri and C. Vafa, Nucl. Phys. B766, 21 (2007).

[71 A. Addazi et al., Prog. Part. Nucl. Phys. 125, 103948
(2022).

[8] B. Rai and G. Senjanovic, Phys. Rev. D 49, 2729 (1994).

[9] Y. Mambrini, S. Profumo, and F. S. Queiroz, Phys. Lett. B
760, 807 (2016).

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

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

[12] J. Antoniadis et al., Astron. Astrophys. 678, A50 (2023).

[13] J. Antoniadis et al., arXiv:2306.16227.

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

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

[16] A. Sesana, F. Haardt, P. Madau, and M. Volonteri, As-
trophys. J. 611, 623 (2004).

[17] S. Burke-Spolaor et al., Astron. Astrophys. Rev. 27, 5
(2019).

[18] J. Winicour, Astrophys. J. 182, 919 (1973).

[19] C.J. Hogan, Mon. Not. R. Astron. Soc. 218, 629 (1986).

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

[21] C. Caprini, R. Durrer, and X. Siemens, Phys. Rev. D 82,
063511 (2010).

[22] Z. Arzoumanian ef al. (NANOGrav Collaboration), Phys.
Rev. Lett. 127, 251302 (2021).

[23] X. Xue et al., Phys. Rev. Lett. 127, 251303 (2021).

[24] P. Di Bari, D. Marfatia, and Y.-L. Zhou, J. High Energy
Phys. 10 (2021) 193.

[25] E. Madge, E. Morgante, C. Puchades-Ibafiez, N. Ramberg,
W. Ratzinger, S. Schenk, and P. Schwaller, J. High Energy
Phys. 10 (2023) 171.

[26] X. Siemens, V. Mandic, and J. Creighton, Phys. Rev. Lett.
98, 111101 (2007).

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

[28] S.F. King, S. Pascoli, J. Turner, and Y.-L. Zhou, Phys. Rev.
Lett. 126, 021802 (2021).

[29] W. Buchmuller, V. Domcke, and K. Schmitz, Phys. Lett. B
811, 135914 (2020).

[30] S. Blasi, V. Brdar, and K. Schmitz, Phys. Rev. Lett. 126,
041305 (2021).

[31] L. Bian, J. Shu, B. Wang, Q. Yuan, and J. Zong, Phys. Rev.
D 106, L101301 (2022).

[32] B. Fu, A. Ghoshal, and S. King, J. High Energy Phys. 11
(2023) 071.

[33] R. Z. Ferreira, A. Notari, O. Pujolas, and F. Rompineve, J.
Cosmol. Astropart. Phys. 02 (2023) 001.

[34] H. An and C. Yang, arXiv:2304.02361.

[35] D. 1. Dunsky, A. Ghoshal, H. Murayama, Y. Sakakihara,
and G. White, Phys. Rev. D 106, 075030 (2022).

[36] A.S. Sakharov, Y. N. Eroshenko, and S. G. Rubin, Phys.
Rev. D 104, 043005 (2021).

[37] S.F. King, D. Marfatia, and M. H. Rahat, arXiv:2306
.05389.

[38] C. Han, K.-P. Xie, J. M. Yang, and M. Zhang, arXiv:2306
.16966.

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

[40] N. Kitajima, J. Lee, K. Murai, F. Takahashi, and W. Yin,
arXiv:2306.17146.

[41] Y. Bai, T.-K. Chen, and M. Korwar, J. High Energy Phys.
12 (2023) 194.

[42] S. Vagnozzi, J. High Energy Astrophys. 39, 81 (2023).

[43] J. Ellis, M. Lewicki, C. Lin, and V. Vaskonen, Phys. Rev. D
108, 103511 (2023).

[44] G. Franciolini, A. lovino, Jr.,, V. Vaskonen, and H.
Veermae, Phys. Rev. Lett. 131, 201401 (2023).

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

[46] N. Kitajima and K. Nakayama, Phys. Lett. B 846, 138213
(2023).

[47] G. Lazarides, R. Maji, and Q. Shafi, Phys. Rev. D 108,
095041 (2023).

[48] S. Jiang, A. Yang, J. Ma, and F.P. Huang, arXiv:2306
.17827.

[49] A. Addazi, Y.-F. Cai, A. Marciano, and L. Visinelli,
arXiv:2306.17205.

[50] T. Broadhurst, C. Chen, T. Liu, and K.-F. Zheng, arXiv:
2306.17821.

[51] Y.-F. Cai, X.-C. He, X. Ma, S.-F. Yan, and G.-W. Yuan,
Sci. Bull. 68, 2929 (2023).

[52] K. Inomata, K. Kohri, and T. Terada, arXiv:2306
.17834.

[53] P.F. Depta, K. Schmidt-Hoberg, and C. Tasillo, arXiv:
2306.17836.

[54] A. Eichhorn, R. R. Lino dos Santos, and J. a. L. Miqueleto,
arXiv:2306.17718.

[55] H.-L. Huang, Y. Cai, J.-Q. Jiang, J. Zhang, and Y.-S. Piao,
arXiv:2306.17577.

[56] Y. Gouttenoire and E. Vitagliano, arXiv:2306.17841.

[57] S. Blasi, A. Mariotti, A. Rase, and A. Sevrin, J. High
Energy Phys. 11 (2023) 169.

[58] L. Liu, Z.-C. Chen, and Q.-G. Huang, J. Cosmol. Astro-
part. Phys. 11 (2023) 071.

[59] M. Ahmadvand, L. Bian, and S. Shakeri, Phys. Rev. D 108,
115020 (2023).

[60] Z. Zhang, C. Cai, Y.-H. Su, S. Wang, Z.-H. Yu, and H.-H.
Zhang, Phys. Rev. D 108, 095037 (2023).

[61] J.-H. Jin, Z.-C. Chen, Z. Yi, Z.-Q. You, L. Liu, and Y. Wu,
J. Cosmol. Astropart. Phys. 09 (2023) 016.

[62] S. Antusch, K. Hinze, S. Saad, and J. Steiner, Phys. Rev. D
108, 095053 (2023).

[63] A. Salvio, J. Cosmol. Astropart. Phys. 12 (2023) 046.

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

[65] X. K. Du, M. X. Huang, F. Wang, and Y. K. Zhang, arXiv:
2307.02938.

[66] X.-F. Li, arXiv:2307.03163.

[67] P. Di Bari and M. H. Rahat, arXiv:2307.03184.

[68] C. Unal, A. Papageorgiou, and I. Obata, arXiv:2307
.02322.

[69] T. Ghosh, A. Ghoshal, H.-K. Guo, F. Hajkarim, S. F. King,
K. Sinha, X. Wang, and G. White, arXiv:2307.02259.

024057-6


https://doi.org/10.1016/0550-3213(88)90523-8
https://doi.org/10.1103/PhysRevD.83.084019
https://doi.org/10.1007/s00220-021-04040-y
https://doi.org/10.1007/s00220-021-04040-y
https://doi.org/10.1016/0550-3213(88)90446-4
https://doi.org/10.1016/0550-3213(88)90446-4
https://arXiv.org/abs/hep-th/0509212
https://doi.org/10.1016/j.nuclphysb.2006.10.033
https://doi.org/10.1016/j.ppnp.2022.103948
https://doi.org/10.1016/j.ppnp.2022.103948
https://doi.org/10.1103/PhysRevD.49.2729
https://doi.org/10.1016/j.physletb.2016.07.076
https://doi.org/10.1016/j.physletb.2016.07.076
https://doi.org/10.3847/2041-8213/acdac6
https://doi.org/10.3847/2041-8213/acdac6
https://doi.org/10.3847/2041-8213/acdc91
https://doi.org/10.3847/2041-8213/acdc91
https://doi.org/10.1051/0004-6361/202346844
https://arXiv.org/abs/2306.16227
https://doi.org/10.3847/2041-8213/acdd02
https://doi.org/10.1088/1674-4527/acdfa5
https://doi.org/10.1086/422185
https://doi.org/10.1086/422185
https://doi.org/10.1007/s00159-019-0115-7
https://doi.org/10.1007/s00159-019-0115-7
https://doi.org/10.1086/152193
https://doi.org/10.1093/mnras/218.4.629
https://arXiv.org/abs/2305.02357
https://doi.org/10.1103/PhysRevD.82.063511
https://doi.org/10.1103/PhysRevD.82.063511
https://doi.org/10.1103/PhysRevLett.127.251302
https://doi.org/10.1103/PhysRevLett.127.251302
https://doi.org/10.1103/PhysRevLett.127.251303
https://doi.org/10.1007/JHEP10(2021)193
https://doi.org/10.1007/JHEP10(2021)193
https://doi.org/10.1007/JHEP10(2023)171
https://doi.org/10.1007/JHEP10(2023)171
https://doi.org/10.1103/PhysRevLett.98.111101
https://doi.org/10.1103/PhysRevLett.98.111101
https://doi.org/10.1103/PhysRevLett.126.041304
https://doi.org/10.1103/PhysRevLett.126.041304
https://doi.org/10.1103/PhysRevLett.126.021802
https://doi.org/10.1103/PhysRevLett.126.021802
https://doi.org/10.1016/j.physletb.2020.135914
https://doi.org/10.1016/j.physletb.2020.135914
https://doi.org/10.1103/PhysRevLett.126.041305
https://doi.org/10.1103/PhysRevLett.126.041305
https://doi.org/10.1103/PhysRevD.106.L101301
https://doi.org/10.1103/PhysRevD.106.L101301
https://doi.org/10.1007/JHEP11(2023)071
https://doi.org/10.1007/JHEP11(2023)071
https://doi.org/10.1088/1475-7516/2023/02/001
https://doi.org/10.1088/1475-7516/2023/02/001
https://arXiv.org/abs/2304.02361
https://doi.org/10.1103/PhysRevD.106.075030
https://doi.org/10.1103/PhysRevD.104.043005
https://doi.org/10.1103/PhysRevD.104.043005
https://arXiv.org/abs/2306.05389
https://arXiv.org/abs/2306.05389
https://arXiv.org/abs/2306.16966
https://arXiv.org/abs/2306.16966
https://arXiv.org/abs/2306.17022
https://arXiv.org/abs/2306.17146
https://doi.org/10.1007/JHEP12(2023)194
https://doi.org/10.1007/JHEP12(2023)194
https://doi.org/10.1016/j.jheap.2023.07.001
https://doi.org/10.1103/PhysRevD.108.103511
https://doi.org/10.1103/PhysRevD.108.103511
https://doi.org/10.1103/PhysRevLett.131.201401
https://arXiv.org/abs/2306.17239
https://doi.org/10.1016/j.physletb.2023.138213
https://doi.org/10.1016/j.physletb.2023.138213
https://doi.org/10.1103/PhysRevD.108.095041
https://doi.org/10.1103/PhysRevD.108.095041
https://arXiv.org/abs/2306.17827
https://arXiv.org/abs/2306.17827
https://arXiv.org/abs/2306.17205
https://arXiv.org/abs/2306.17821
https://arXiv.org/abs/2306.17821
https://doi.org/10.1016/j.scib.2023.10.027
https://arXiv.org/abs/2306.17834
https://arXiv.org/abs/2306.17834
https://arXiv.org/abs/2306.17836
https://arXiv.org/abs/2306.17836
https://arXiv.org/abs/2306.17718
https://arXiv.org/abs/2306.17577
https://arXiv.org/abs/2306.17841
https://doi.org/10.1007/JHEP11(2023)169
https://doi.org/10.1007/JHEP11(2023)169
https://doi.org/10.1088/1475-7516/2023/11/071
https://doi.org/10.1088/1475-7516/2023/11/071
https://doi.org/10.1103/PhysRevD.108.115020
https://doi.org/10.1103/PhysRevD.108.115020
https://doi.org/10.1103/PhysRevD.108.095037
https://doi.org/10.1088/1475-7516/2023/09/016
https://doi.org/10.1103/PhysRevD.108.095053
https://doi.org/10.1103/PhysRevD.108.095053
https://doi.org/10.1088/1475-7516/2023/12/046
https://doi.org/10.1103/PhysRevLett.131.171404
https://arXiv.org/abs/2307.02938
https://arXiv.org/abs/2307.02938
https://arXiv.org/abs/2307.03163
https://arXiv.org/abs/2307.03184
https://arXiv.org/abs/2307.02322
https://arXiv.org/abs/2307.02322
https://arXiv.org/abs/2307.02259

QUANTUM GRAVITY EFFECTS ON DARK MATTER AND ...

PHYS. REV. D 109, 024057 (2024)

[70] J.-Q. Jiang, Y. Cai, G. Ye, and Y.-S. Piao, arXiv:
2307.15547.

[71] M. Zhu, G. Ye, and Y. Cai, Eur. Phys. J. C 83, 816 (2023).

[72] H. An, B. Su, H. Tai, L.-T. Wang, and C. Yang, arXiv:
2308.00070.

[73] D. Borah, S. Jyoti Das, and R. Samanta, arXiv:2307
.00537.

[74] B. Barman, D. Borah, S. Jyoti Das, and I. Saha, J. Cosmol.
Astropart. Phys. 10 (2023) 053.

[75] E. Babichev, D. Gorbunov, S. Ramazanov, R. Samanta,
and A. Vikman, Phys. Rev. D 108, 123529 (2023).

[76] 1. Ben-Dayan, U. Kumar, U. Thattarampilly, and A. Verma,
Phys. Rev. D 108, 103507 (2023).

[77] L. Liu, Z.-C. Chen, and Q.-G. Huang, arXiv:2307.01102.

[78] X. Niu and M. H. Rahat, Phys. Rev. D 108, 115023
(2023).

[79] S.-P. Li and K.-P. Xie, Phys. Rev. D 108, 055018 (2023).

[80] S. Ge, arXiv:2307.08185.

[81] S. Wang, Z.-C. Zhao, J.-P. Li, and Q.-H. Zhu, arXiv:2307
.00572.

[82] This statement can be violated in QG theories involving
ensemble averages, see, e.g. Refs. [83,84] for recent
discussions.

[83] A. Antinucci, G. Galati, G. Rizi, and M. Serone, arXiv:
2305.08911.

[84] M. Ashwinkumar, J. M. Leedom, and M. Yamazaki, arXiv:
2305.10224.

[85] E. Witten, Nat. Phys. 14, 116 (2018).

[86] R. Blumenhagen, M. Cvetic, and T. Weigand, Nucl. Phys.
B771, 113 (2007).

[87] B. Florea, S. Kachru, J. McGreevy, and N. Saulina, J. High
Energy Phys. 05 (2007) 024.

[88] R. Blumenhagen, M. Cvetic, S. Kachru, and T. Weigand,
Annu. Rev. Nucl. Part. Sci. 59, 269 (2009).

[89] K.-M. Lee, Phys. Rev. Lett. 61, 263 (1988).

[90] L.E. Abbott and M.B. Wise, Nucl. Phys. B325, 687
(1989).

[91] S.R. Coleman and K.-M. Lee, Nucl. Phys. B329, 387
(1990).

[92] Such a small parameter can also be generated by warped
throats [139] and conformal sequestering [140]. It is,
however, often nontrivial to realize these scenarios in
string theory, see, e.g., [141-143] for discussions on
sequestering from warped throats in string theory.

[93] B.S. Acharya and M. R. Douglas, arXiv:hep-th/0606212.

[94] J.J. Heckman and C. Vafa, Phys. Lett. B 798, 135004
(2019).

[95] More generally, we can formulate the following conjecture
(which we call the global symmetry breaking swampland
conjecture): Let us consider an EFT with a UV completion
in theories of QG. Any Z, global symmetry should be
broken by a higher-dimensional operator of the form in
Eq. (1), where the energy scale A satisfies the inequality
Aqc < Amax With Ay, being a universal scale independent
of the choice of the EFT. In the main text, we formulated
this conjecture for a specific class of string theory
compactifications, which we expect will lead to a smaller
value of A, than that for general EFTs. We can formulate
the conjecture for any global symmetry, either continuous
or discrete, Abelian or non-Abelian.

[96] R.D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440
1977).

[97] R.D. Peccei and H.R. Quinn, Phys. Rev. D 16, 1791
1977).

[98] M. Kamionkowski and J. March-Russell, Phys. Lett. B
282, 137 (1992).

[99] R. Holman, S.D.H. Hsu, T. W. Kephart, E. W. Kolb, R.
Watkins, and L. M. Widrow, Phys. Lett. B 282, 132 (1992).

[100] S. M. Barr and D. Seckel, Phys. Rev. D 46, 539 (1992).

[101] Estimates on the size of PQ symmetry-breaking operators
due to wormholes are also different depending on the
choice of theories (see, e.g. Ref. [144] and references
therein).

[102] P. Svrcek and E. Witten, J. High Energy Phys. 06 (2006)
051.

[103] S. Fichet and P. Saraswat, J. High Energy Phys. 01 (2020)
088.

[104] T. Daus, A. Hebecker, S. Leonhardt, and J. March-Russell,
Nucl. Phys. B960, 115167 (2020).

[105] S. Bhattacharya, N. Chakrabarty, R. Roshan, and A. Sil,
J. Cosmol. Astropart. Phys. 04 (2020) 013.

[106] G.D. Coughlan, W. Fischler, E. W. Kolb, S. Raby, and
G. G. Ross, Phys. Lett. B 131, 59 (1983).

[107] A.S. Goncharov, A.D. Linde, and M. I. Vysotsky, Phys.
Lett. B 147, 279 (1984).

[108] J.R. Ellis, D. V. Nanopoulos, and M. Quiros, Phys. Lett. B
174, 176 (1986).

[109] T. Banks, D. B. Kaplan, and A. E. Nelson, Phys. Rev. D 49,
779 (1994).

[110] B. de Carlos, J. A. Casas, F. Quevedo, and E. Roulet, Phys.
Lett. B 318, 447 (1993).

[111] In AV we have absorbed factors of v/N from the number of
moduli fields into Agg.

[112] In principle, S, can mix with S; while S; can mix with the
CP even scalar of H. As these extra mixings will not affect
our phenomenology in great detail, we remain agnostic
about them in the rest of the analysis.

[113] M. Spira, Prog. Part. Nucl. Phys. 95, 98 (2017).

[114] T.R. Slatyer and C.-L. Wu, Phys. Rev. D 95, 023010
(2017).

[115] C.N. Aghanim et al. (Planck Collaboration), Astron.
Astrophys. 641, A6 (2020); 652, C4(E) (2021).

[116] S. Colafrancesco, M. Regis, P. Marchegiani, G. Beck, R.
Beck, H. Zechlin, A. Lobanov, and D. Horns, Proc. Sci.
AASKA14 (2015) 100.

[117] K. Dutta, A. Ghosh, A. Kar, and B. Mukhopadhyaya,
J. Cosmol. Astropart. Phys. 09 (2022) 005.

[118] T. W.B. Kibble, J. Phys. A 9, 1387 (1976).

[119] Y. B. Zeldovich, I. Y. Kobzarev, and L. B. Okun, Zh. Eksp.
Teor. Fiz. 67, 3 (1974).

[120] G.B. Gelmini, M. Gleiser, and E. W. Kolb, Phys. Rev. D
39, 1558 (1989).

[121] A. Vilenkin, Phys. Rev. D 23, 852 (1981).

[122] S.E. Larsson, S. Sarkar, and P. L. White, Phys. Rev. D 55,
5129 (1997).

[123] T. Hiramatsu, M. Kawasaki, and K. Saikawa, J. Cosmol.
Astropart. Phys. 02 (2014) 031.

[124] T. Hiramatsu, M. Kawasaki, K. Saikawa, and T. Sekiguchi,
J. Cosmol. Astropart. Phys. 01 (2013) 001.

[125] K. Saikawa, Universe 3, 40 (2017).

024057-7


https://arXiv.org/abs/2307.15547
https://arXiv.org/abs/2307.15547
https://doi.org/10.1140/epjc/s10052-023-11963-4
https://arXiv.org/abs/2308.00070
https://arXiv.org/abs/2308.00070
https://arXiv.org/abs/2307.00537
https://arXiv.org/abs/2307.00537
https://doi.org/10.1088/1475-7516/2023/10/053
https://doi.org/10.1088/1475-7516/2023/10/053
https://doi.org/10.1103/PhysRevD.108.123529
https://doi.org/10.1103/PhysRevD.108.103507
https://arXiv.org/abs/2307.01102
https://doi.org/10.1103/PhysRevD.108.115023
https://doi.org/10.1103/PhysRevD.108.115023
https://doi.org/10.1103/PhysRevD.108.055018
https://arXiv.org/abs/2307.08185
https://arXiv.org/abs/2307.00572
https://arXiv.org/abs/2307.00572
https://arXiv.org/abs/2305.08911
https://arXiv.org/abs/2305.08911
https://arXiv.org/abs/2305.10224
https://arXiv.org/abs/2305.10224
https://doi.org/10.1038/nphys4348
https://doi.org/10.1016/j.nuclphysb.2007.02.016
https://doi.org/10.1016/j.nuclphysb.2007.02.016
https://doi.org/10.1088/1126-6708/2007/05/024
https://doi.org/10.1088/1126-6708/2007/05/024
https://doi.org/10.1146/annurev.nucl.010909.083113
https://doi.org/10.1103/PhysRevLett.61.263
https://doi.org/10.1016/0550-3213(89)90503-8
https://doi.org/10.1016/0550-3213(89)90503-8
https://doi.org/10.1016/0550-3213(90)90149-8
https://doi.org/10.1016/0550-3213(90)90149-8
https://arXiv.org/abs/hep-th/0606212
https://doi.org/10.1016/j.physletb.2019.135004
https://doi.org/10.1016/j.physletb.2019.135004
https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevD.16.1791
https://doi.org/10.1103/PhysRevD.16.1791
https://doi.org/10.1016/0370-2693(92)90492-M
https://doi.org/10.1016/0370-2693(92)90492-M
https://doi.org/10.1016/0370-2693(92)90491-L
https://doi.org/10.1103/PhysRevD.46.539
https://doi.org/10.1088/1126-6708/2006/06/051
https://doi.org/10.1088/1126-6708/2006/06/051
https://doi.org/10.1007/JHEP01(2020)088
https://doi.org/10.1007/JHEP01(2020)088
https://doi.org/10.1016/j.nuclphysb.2020.115167
https://doi.org/10.1088/1475-7516/2020/04/013
https://doi.org/10.1016/0370-2693(83)91091-2
https://doi.org/10.1016/0370-2693(84)90116-3
https://doi.org/10.1016/0370-2693(84)90116-3
https://doi.org/10.1016/0370-2693(86)90736-7
https://doi.org/10.1016/0370-2693(86)90736-7
https://doi.org/10.1103/PhysRevD.49.779
https://doi.org/10.1103/PhysRevD.49.779
https://doi.org/10.1016/0370-2693(93)91538-X
https://doi.org/10.1016/0370-2693(93)91538-X
https://doi.org/10.1016/j.ppnp.2017.04.001
https://doi.org/10.1103/PhysRevD.95.023010
https://doi.org/10.1103/PhysRevD.95.023010
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.22323/1.215.0100
https://doi.org/10.22323/1.215.0100
https://doi.org/10.1088/1475-7516/2022/09/005
https://doi.org/10.1088/0305-4470/9/8/029
https://doi.org/10.1103/PhysRevD.39.1558
https://doi.org/10.1103/PhysRevD.39.1558
https://doi.org/10.1103/PhysRevD.23.852
https://doi.org/10.1103/PhysRevD.55.5129
https://doi.org/10.1103/PhysRevD.55.5129
https://doi.org/10.1088/1475-7516/2014/02/031
https://doi.org/10.1088/1475-7516/2014/02/031
https://doi.org/10.1088/1475-7516/2013/01/001
https://doi.org/10.3390/universe3020040

KING, ROSHAN, WANG, WHITE, and YAMAZAKI

PHYS. REV. D 109, 024057 (2024)

[126] N. Chen, T. Li, and Y. Wu, J. High Energy Phys. 08 (2020)
117.

[127] A detailed analysis of dark matter phenomenology in the
two-multiplet extension of the scalar sector can be found in
Refs. [128,129].

[128] T. Basak, B. Coleppa, and K. Loho, J. High Energy Phys.
06 (2021) 104.

[129] A. Dutta Banik, R. Roshan, and A. Sil, Phys. Rev. D 103,
075001 (2021).

[130] C. Caprini et al., J. Cosmol. Astropart. Phys. 03 (2020)
024.

[131] M. Maggiore, Phys. Rep. 331, 283 (2000).

[132] B. AllenandJ. D. Romano, Phys. Rev. D §9, 102001 (1999).

[133] M. Punturo et al., Classical Quantum Gravity 27, 194002
(2010).

[134] P. Amaro-Seoane et al. (LISA Collaboration), arXiv:1702
.00786.

[135] S. Kawamura et al., Prog. Theor. Exp. Phys. 2021, 05A105
(2021).

[136] A. Sesana et al., Exp. Astron. 51, 1333 (2021).

[137] G. Janssen et al., Proc. Sci. AASKA14 (2015) 037.

[138] J. Garcia-Bellido, H. Murayama, and G. White, J. Cosmol.
Astropart. Phys. 12 (2021) 023.

[139] L. Randall and R. Sundrum, Nucl. Phys. B557, 79 (1999).

[140] M. A. Luty and R. Sundrum, Phys. Rev. D 64, 065012
(2001).

[141] A. Anisimov, M. Dine, M. Graesser, and S. D. Thomas,
Phys. Rev. D 65, 105011 (2002).

[142] A. Anisimov, M. Dine, M. Graesser, and S.D. Thomas,
J. High Energy Phys. 03 (2002) 036.

[143] S. Kachru, J. McGreevy, and P. Svrcek, J. High Energy
Phys. 04 (2006) 023.

[144] J. Alvey and M. Escudero, J. High Energy Phys. 01 (2021)
032.

024057-8


https://doi.org/10.1007/JHEP08(2020)117
https://doi.org/10.1007/JHEP08(2020)117
https://doi.org/10.1007/JHEP06(2021)104
https://doi.org/10.1007/JHEP06(2021)104
https://doi.org/10.1103/PhysRevD.103.075001
https://doi.org/10.1103/PhysRevD.103.075001
https://doi.org/10.1088/1475-7516/2020/03/024
https://doi.org/10.1088/1475-7516/2020/03/024
https://doi.org/10.1016/S0370-1573(99)00102-7
https://doi.org/10.1103/PhysRevD.59.102001
https://doi.org/10.1088/0264-9381/27/19/194002
https://doi.org/10.1088/0264-9381/27/19/194002
https://arXiv.org/abs/1702.00786
https://arXiv.org/abs/1702.00786
https://doi.org/10.1093/ptep/ptab019
https://doi.org/10.1093/ptep/ptab019
https://doi.org/10.1007/s10686-021-09709-9
https://doi.org/10.22323/1.215.0037
https://doi.org/10.1088/1475-7516/2021/12/023
https://doi.org/10.1088/1475-7516/2021/12/023
https://doi.org/10.1016/S0550-3213(99)00359-4
https://doi.org/10.1103/PhysRevD.64.065012
https://doi.org/10.1103/PhysRevD.64.065012
https://doi.org/10.1103/PhysRevD.65.105011
https://doi.org/10.1088/1126-6708/2002/03/036
https://doi.org/10.1088/1126-6708/2006/04/023
https://doi.org/10.1088/1126-6708/2006/04/023
https://doi.org/10.1007/JHEP01(2021)032
https://doi.org/10.1007/JHEP01(2021)032

