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Abstract

We discuss the relevance of quantum gravity to the frontier questions in high energy
phenomenology: the problems of dark matter, dark energy, and vacuum selection as
well as the problems of emergent spacetime and wormholes. Dark matter and dark
energy phenomenology, and the problem of vacuum selection are discussed within the
context of string theory as a model of quantum gravity. Emergent spacetime and
wormbholes are discussed in a more general context of effective theories of quantum
gravity.
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Introduction and Summary: The overarching question in high energy physics concerns
the union of quantum physics with general relativity, ¢.e. how can the two be reconciled into
a consistent quantum theory of gravity? Phenomenologically, the fundamental quantum
description of ordinary matter is captured in the Standard Model (SM) of particle physics,
empirically completed by the discovery of the Higgs boson in 2012 [1]. Though neutrino
masses are sometimes classified as physics beyond the Standard Model (BSM), no new par-
ticles or forces have been discovered that compels us to rethink the SM paradigm. On the
other hand, the observed classical gravitational physics is consistent with Einstein’s general
theory of relativity [2], with the current cosmological observations well described within the
A-CDM paradigm [3]. However, A-CDM necessitates the introduction of dark matter and
dark energy, which are concepts not encompassed in the SM.

Quantum gravity is expected to shed light on the origins of these paradigms in particle
physics (SM) and cosmology (A-CDM), and also lead us to insights on how the two are,
or can be, phenomenologically connected. Indeed, it has been known for some time that
quantum gravity can provide constraints for high energy physics (see e.g. [4-7]). In the
summary below, we present research efforts into the relation between quantum gravity and
phenomenology in terms of a general formulation of string theory and its applications to
dark matter, dark energy, vacuum selection, emergent spacetime, and wormholes.

Constraints on the nature of dark matter: Various astrophysical observations point to
intriguing correlations between dark matter, dark energy, and visible matter on the galactic,
and galaxy cluster scales [8,9]. Such correlations [10-17] are yet to be understood from the
point of view of the A-CDM model. In this context, a new picture of the origin of dark
matter from quantum gravity, in the guise of a general non-commutative formulation of
string theory [18-29], has been recently proposed [29,30]. Essentially, in this approach, dark
matter should be viewed as a dual SM, where “dual” refers to the dual spacetime that is
found in such a general formulation of string theory. This picture leads to a completely new
dark matter phenomenology, and we would like to understand whether the above mentioned
empirical scaling relations on galactic and cluster scales [31] are consequences of this new
view of dark matter. This will not only sharpen our understanding of the A-CDM model [32],
but should also provide motivation for further study of various unexplored correlations in
the existing and upcoming simulations of structure formation.

Origin of dark energy in string theory: The current observational discrepancy in the
values of the Hubble constant, i.e. the Hy-tension [33], has placed the A-CDM model under
intensified scrutiny. Recently, we have pointed out that quantum gravity, realized in terms of
a general string theory, leads to a dynamical dark energy [34], which, in turn, may illuminate
the Hy-tension [35]. This work is a follow-up to the more general discussion of the question
“how to find de Sitter space in string theory.” Essentially, dark energy is realized as the
geometry of the dual spacetime in the general formulation of string theory [36-38]. In
this context, we have also explored certain toy models motivated by string theory, like the
codimension-2 “deformed stringy cosmic brane” [39-44].



Inflation and its possible relation to dark energy: Inflation is yet to be fully understood
in the context of a fundamental formulation of quantum gravity, such as string theory.
This question is related to the above important issue of “how to find de Sitter space in
string theory” [45-47]. We have addressed the appearance of de Sitter space in a general
non-commutative formulation of string theory, and we would like to understand whether
acceptable inflationary scenarios can also appear in this formulation [36-38]. In particular,
we envision the realization of inflation from a dynamical geometry of the dual spacetime
in a general string theory, where inflation is related to dark energy as in quintessential
inflation [48].

The vacuum selection principle in string theory: One of the fundamental questions
of high energy physics is the origin of the SM, ¢.e. understanding the origins of its particle
content and interactions. String theory has been concerned with this problem for more than
30 years [49]. Recently we have explored a new picture of the vacuum selection principle
[50,51] motivated by ideas from biophysics, which argue for the universality of the genetic
code based on the idea of horizontal gene transfer [52]. We are interested in applying these
ideas in the context of string theory, where the horizontal transfer of information between
different perturbative string vacua is modeled by string interactions. It turns out that the
topological string information about compactifications can be mapped into biological data
and the same mechanism for the universal vacuum selection found in biophysics may be
applied in string theory [53]. This work also nicely relates to the current efforts to apply the
techniques from machine learning and Al in the study of string vacua [54-56]. For example,
machine learned Calabi-Yau metrics [57-61] can be used to find Yukawa couplings in string
compactifications to the SM. Furthermore, we would also like to understand the role of
modular invariance for modeling of the observed masses and couplings [62]. Specifically, we
would like to explore modular invariance in the realm of the “stringy cosmic brane” toy
model for dark energy by turning this model into a more realistic scenario that involves
SM-like matter, and ultimately, dark matter and dark energy. Similarly, we would like to
understand constraints of quantum gravity on various particle masses [4, 5], especially in
the context of different robust predictions of string theory. Also, the Higgs sector and the
so-called hierarchy problem can be explored especially in the context of the general covariant
non-commutative formulation of string theory where various phenomenological consequences
of a see-saw relation involving the UV and IR cutoffs can be studied [30, 36-38].

Theory and phenomenology of emergent space-time: Failure to find a quantum theory
of space-time using standard techniques may be an indication that space and time are not
fundamental but rather emergent categories. If we relax the demand that the number of
dimensions is a fixed number at all length/energy scales, and let the number of effective
dimensions increase from UV to IR, we open up a completely new playground to resolve
long standing problems in particle physics and cosmology [63-71]. In 1 + 1 dimensions,
the SM hierarchy problem does not exist and QCD becomes super-renormalizable, while
in 2 + 1 dimensions the problem of non-renormalizability of general relativity disappears.



If we open up the fourth spatial dimension at large scales (e.g., the horizon scale), the
infrared divergences in field theory disappear [68] and an effective cosmological constant of
the correct magnitude is induced without putting it into the equations by hand [63]. Some
attempts to construct a fundamental theory of an emergent spacetime with such properties
already exist [69-71], though more effort is required to obtain such a theory from first
principles. Also, the prospect of testing such models is very promising, both in the context of
colliders [63,64] and gravitational wave observatories [65,66]. These efforts (which strongly
correlate to the research program presented in [18-27,29]) should be extended to obtain
precise collider and astrophysical observational signatures. In the absence of any clear trace
of new physics at the LHC, it is imperative to focus on very subtle signatures, for example,
like what these models offer in terms of the geometry and topology of the particle showers
and jets.

Alternatively, spacetime could be constructed directly from information. Namely, it was
shown in [72] that one can derive rules of angular momentum addition in quantum mechanics
along with Clebsch-Gordan coefficients from first principles just by studying correlations in
the set of all binary sequences. Non-determinism, superposition, and interference naturally
arise by restricting information about the sequences to the counts that specify correlations.
It is interesting that one of the counts qualifies as a metric, which gives hope that models for
both matter and spacetime may be supported by a single formalism. This line of research
that basically requires no prior assumptions may be very promising [73].

Theory and phenomenology of wormholes: Wormholes, being exact solutions to Ein-
stein’s equations, have attracted much attention not only out of pure academic interest, but
also as solutions that could indeed describe some exotic objects in nature. As pointed out
in [74-78], it is remarkable that our current and near future astrophysical observations are
already reaching the precision sufficient to distinguish wormholes from black holes. The
probability that some of the black holes we observe today are actually wormholes is remote.
However, an eventual discovery of a single wormhole in our astrophysical surveys would be
nothing short of spectacular, and thus warrants our earnest efforts. On the other side, there
has been a very interesting development in the context of quantum wormholes, namely the
ER=EPR proposal [79], which ties up quantum entanglement with these classical solutions
of Einstein’s equations. It is no less remarkable that the current terrestrial experiments are
sufficient to put strong constraints on this idea and highlight the potential problems that
must be resolved in order to develop this idea further [80]. Our future efforts should be
concentrated on phenomenological and observational aspects associated with wormholes on
both microscopic and macroscopic scales. Any significant headway in this direction may
revolutionize our understanding of the universe.



References

1]

[15]

[16]

[20]

[21]

P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020).
C. M. Will, Living Rev. Rel. 17, 4 (2014) [arXiv:1403.7377 [gr-qc]].

P. J. E. Peebles, Cosmology’s Century, Princeton 2020.

S. W. Hawking, Phys. Rev. D 53, 3099-3107 (1996) [arXiv:hep-th/9510029 [hep-th]].
D. Stojkovic, Int. J. Mod. Phys. D 22, 1342017 (2013) [arXiv:1305.6960 [gr-qc]].

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

D. Harlow and H. Ooguri, [arXiv:1810.05338 [hep-th]].

D. Edmonds, D. Minic and T. Takeuchi, [arXiv:2009.12915 [astro-ph.CO]].

D. Edmonds, D. Minic and T. Takeuchi, Int. J. Mod. Phys. D 29, no.14, 2043030 (2020)
[arXiv:2005.08927 [astro-ph.CO]].

C. M. Ho, D. Minic and Y. J. Ng, Phys. Lett. B 693, 567 (2010) [arXiv:1005.3537 [hep-th]].

C. M. Ho, D. Minic and Y. J. Ng, Gen. Rel. Grav. 43, 2567 (2011) [Int. J. Mod. Phys. D 20,
2887 (2011)] [arXiv:1105.2916 [gr-qc]].

C. M. Ho, D. Minic and Y. J. Ng, Phys. Rev. D 85, 104033 (2012) [arXiv:1201.2365 [hep-th]].

D. Edmonds, D. Farrah, C. M. Ho, D. Minic, Y. J. Ng and T. Takeuchi, Astrophys. J. 793,
41 (2014) [arXiv:1308.3252 [astro-ph.CO]].

D. Edmonds, D. Farrah, C. m. Ho, D. Minic, Y. J. Ng and T. Takeuchi, Int. J. Mod. Phys.
A 32, no. 18, 1750108 (2017) [arXiv:1601.00662 [astro-ph.CO]].

Y. J. Ng, D. Edmonds, D. Farrah, D. Minic, T. Takeuchi and C. M. Ho, arXiv:1602.00055
[astro-ph.CO].

D. Edmonds, D. Farrah, D. Minic, Y. J. Ng and T. Takeuchi, Int. J. Mod. Phys. D 27, no.
02, 1830001 (2017) [arXiv:1709.04388 [astro-ph.CO]].

D. Edmonds, D. Farrah, D. Minic, Y. J. Ng and T. Takeuchi, Bulg. J. Phys. 45, no. 2, 138
(2018) [arXiv:1801.00160 [astro-ph.CO]].

L. Freidel, R. G. Leigh and D. Minic, Phys. Lett. B 730, 302 (2014) [arXiv:1307.7080 [hep-th]].

L. Freidel, R. G. Leigh and D. Minic, Int. J. Mod. Phys. D 23, no. 12, 1442006 (2014)
[arXiv:1405.3949 [hep-th]].

L. Freidel, R. G. Leigh and D. Minic, JHEP 1506, 006 (2015) [arXiv:1502.08005 [hep-th]].

L. Freidel, R. G. Leigh and D. Minic, Int. J. Mod. Phys. D 24, no. 12, 1544028 (2015).



[22]

[23]

[24]

L. Freidel, R. G. Leigh and D. Minic, Phys. Rev. D 94, no. 10, 104052 (2016)
[arXiv:1606.01829 [hep-th]].

L. Freidel, R. G. Leigh and D. Minic, J. Phys. Conf. Ser. 804, no. 1, 012032 (2017).
L. Freidel, R. G. Leigh and D. Minic, JHEP 1709, 060 (2017) [arXiv:1706.03305 [hep-th]].

L. Freidel, R. G. Leigh and D. Minic, Phys. Rev. D 96, no. 6, 066003 (2017) [arXiv:1707.00312
[hep-th]].

L. Freidel, J. Kowalski-Glikman, R. G. Leigh and D. Minic, Phys. Rev. D 99, no.6, 066011
(2019) [arXiv:1812.10821 [hep-th]].

L. Freidel, R. G. Leigh and D. Minic, Int. J. Mod. Phys. A 34, no.28, 1941004 (2019)

L. Freidel, J. Kowalski-Glikman, R. G. Leigh and D. Minic, Int. J. Mod. Phys. D 30, no.14,
2141002 (2021) [arXiv:2104.00802 [gr-qc]].

D. Minic, [arXiv:2003.00318 [hep-th]].

P. Berglund, T. Hiibsch and D. Minic, LHEP 2021, 186 (2021) [arXiv:2010.15610 [hep-th]].
D. C. Dai and C. Lu, Phys. Rev. D 96, no.12, 124016 (2017) [arXiv:1712.01654 [gr-qc]].

D. C. Dai, D. Edmonds, D. Minic, D. Stojkovic and T. Takeuchi, in preparation.

L. Verde, T. Treu and A. G. Riess, Nature Astron. 3, 891 [arXiv:1907.10625 [astro-ph.CO]].

V. Jejjala, M. Kavic and D. Minic, Adv. High Energy Phys. 2007, 21586 (2007)
[arXiv:0705.4581 [hep-th]].

V. Jejjala, M. J. Kavic, D. Minic and T. Takeuchi, [arXiv:2011.08852 [hep-th]].

P. Berglund, T. Hubsch and D. Minic, Int. J. Mod. Phys. D 28, no.14, 1944018 (2019)
[arXiv:1905.09463 [gr-qc]].

P. Berglund, T. Hiibsch and D. Minic, Phys. Lett. B 798, 134950 (2019) [arXiv:1905.08269
[hep-th]].

P. Berglund, T. Hiibsch and D. Minic, JHEP 19, 166 (2020) [arXiv:1902.08617 [hep-th]].

P. Berglund, T. Hiibsch, and D. Minic, JHEP 09 (2000) 015, [arXiv:hep-th/0005162 [hep-th]].
P. Berglund, T. Hiibsch, and D. Minic, JHEP 02 (2001) 010, [arXiv:hep-th/0012042 [hep-th]].
P. Berglund, T. Hiibsch, and D. Minic, JHEP 01 (2001) 041, [arXiv:hep-th/0012180 [hep-th]].

P. Berglund, T. Hibsch, and D. Minic, Phys. Lett. B512 (2001) 155-160, [arXiv:hep-
£h/0104057 [hep-th]].

P. Berglund, T. Hibsch, and D. Minic, Phys. Lett. B534 (2002) 147-154, [arXiv:hep-
th/0112079 [hep-th]].



[44]

[45]

[46]

[47]

[48]

[49]

[50]

[53]
[54]

[55]

[56]

[57]

P. Berglund, T. Hiibsch, and D. Minic, Phys. Rev. D67 (2003) 041901, [arXiv:hep-th/0201187
[hep-th]].

M. Grana, Phys. Rept. 423, 91-158 (2006) [arXiv:hep-th/0509003 [hep-th]].

M. R. Douglas and S. Kachru, Rev. Mod. Phys. 79, 733-796 (2007) [arXiv:hep-th/0610102
[hep-th]].

U. H. Danielsson and T. Van Riet, Int. J. Mod. Phys. D 27, no. 12, 1830007 (2018)
[arXiv:1804.01120 [hep-th]].

P. J. E. Peebles and A. Vilenkin, Phys. Rev. D 59, 063505 (1999) [arXiv:astro-ph/9810509
[astro-ph]].

J. Polchinski, String theory, Cambridge University Press, 1998.

V. Braun, Y. H. He, B. A. Ovrut and T. Pantev, JHEP 05 (2006), 043 [arXiv:hep-th/0512177
[hep-th]].

P. Candelas, X. de la Ossa, Y. H. He and B. Szendroi, Adv. Theor. Math. Phys. 12 (2008)
no.2, 429-473 [arXiv:0706.3134 [hep-th]].

J. A. Argyriadis, Y. H. He, V. Jejjala and D. Minic, Phys. Rev. E 103, 052409 (2021),
[arXiv:1909.10405 [g-bio.OT]].

J. A. Argyriadis, Y. H. He, V. Jejjala and D. Minic, in preparation.
Y. H. He, [arXiv:1706.02714 [hep-th]].

J. Carifio, J. Halverson, D. Krioukov and B. D. Nelson, JHEP 09, 157 (2017)
[arXiv:1707.00655 [hep-th]].

Y. H. He, Int. J. Mod. Phys. A 36, no.29, 2130017 (2021) [arXiv:2011.14442 [hep-th]].

A. Ashmore, Y. H. He and B. A. Ovrut, Fortsch. Phys. 68, no.9, 2000068 (2020)
[arXiv:1910.08605 [hep-th]].

L. B. Anderson, M. Gerdes, J. Gray, S. Krippendorf, N. Raghuram and F. Ruehle, JHEP 05,
013 (2021), [arXiv:2012.04656 [hep-th]].

M. R. Douglas, S. Lakshminarasimhan and Y. Qi, [arXiv:2012.04797 [hep-th]].
V. Jejjala, D. K. Mayorga Pena and C. Mishra, [arXiv:2012.15821 [hep-th]].
M. Larfors, A. Lukas, F. Ruehle and R. Schneider, [arXiv:2111.01436 [hep-th]].
F. Feruglio, [arXiv:1706.08749 [hep-ph]].

L. Anchordoqui, D. Dai, M. Fairbairn, G. Landsberg and D. Stojkovic, Mod. Phys. Lett. A
27, 1250021 (2012) [arXiv:1003.5914 [hep-ph]].



[64]

[65]
[66]
[67]
[68]
[69]

[70]

[78]

[79]

[30]

L. A. Anchordoqui, D. Dai, H. Goldberg, G. Landsberg, G. Shaughnessy, D. Stojkovic and
T. J. Weiler, Phys. Rev. D 83, 114046 (2011) [arXiv:1012.1870 [hep-ph]].

J. R. Mureika and D. Stojkovic, Phys. Rev. Lett. 106, 101101 (2011) [arXiv:1102.3434 [gr-qc]].
J. Mureika and D. Stojkovic, Phys. Rev. Lett. 107, 169002 (2011) [arXiv:1109.3506 [gr-qc]].
D. Stojkovic, Rom. J. Phys. 57, 992-1001 (2012) [arXiv:1304.6444 [hep-th]].

D. Stojkovic, Mod. Phys. Lett. A 28, 1330034 (2013) [arXiv:1406.2696 [gr-qc]].

N. Afshordi and D. Stojkovic, Phys. Lett. B 739, 117-124 (2014) [arXiv:1405.3297 [hep-th]].

D. C. Dai, D. Stojkovic, B. Wang and C. Y. Zhang, Phys. Rev. D 90, no.6, 064031 (2014)
[arXiv:1409.5139 [hep-th]].

P. Hao and D. Stojkovic, Phys. Rev. D 90, no.2, 024002 (2014) [arXiv:1404.7145 [gr-qc]].

S. Powers and D. Stojkovic, [arXiv:2110.13617 [physics.gen-ph]].

D. Minic, S. Powers, D. Stojkovic and T. Takeuchi, in progress.

D. C. Dai and D. Stojkovic, Phys. Rev. D 100, no.8, 083513 (2019) [arXiv:1910.00429 [gr-qc]].
D. C. Dai and D. Stojkovic, Phys. Rev. D 101, no.6, 068302 (2020) [arXiv:1912.07793 [gr-qc]].

J. H. Simonetti, M. J. Kavic, D. Minic, D. Stojkovic and D. C. Dai, Phys. Rev. D 104, no.8,
L081502 (2021), [arXiv:2007.12184 [gr-qc]].

D. C. Dai, D. Minic and D. Stojkovic, Eur. Phys. J. C 80, no.12, 1103 (2020)
[arXiv:2010.03947 [gr-qc]].

D. C. Dai, D. Minic and D. Stojkovic, Phys. Rev. D 98, no.12, 124026 (2018)
[arXiv:1810.03432 [hep-th]].

J. Maldacena and L. Susskind, Fortsch. Phys. 61, 781-811 (2013) [arXiv:1306.0533 [hep-th]].

D. C. Dai, D. Minic, D. Stojkovic and C. Fu, Phys. Rev. D 102, no.6, 066004 (2020)
[arXiv:2002.08178 [hep-th]].



