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Abstract

This study investigates the emergence of exotic quasiparticle phenomena within the
Simplicial Discrete Informational Spacetime (SDIS) framework. The SDIS framework
models spacetime as a discrete network constructed from information-bearing 4-
simplices. We explore the consequences of introducing fundamental anisotropy by
postulating direction-dependent couplings among these constituent simplices. Utilizing
a coarse-graining procedure analogous to established lattice field theory techniques, we
derive an effective continuum description characterized by anisotropic dynamics. The
resulting effective Hamiltonian naturally exhibits a hybrid dispersion relation—
quadratic along one axis and linear along the perpendicular axis—which is the defining
characteristic of semi-Dirac fermion quasiparticles. This finding establishes a
theoretical link between the postulated discrete, anisotropic structure of spacetime at
the Planck scale and potentially observable low-energy physics, suggesting specific
avenues for experimental investigation, particularly through condensed matter
analogues.
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Introduction

A central challenge in modern theoretical physics lies in reconciling the principles of
guantum mechanics with those of general relativity. While classical relativity describes
spacetime as a smooth, continuous manifold, various approaches to quantum gravity
suggest that spacetime may exhibit a fundamentally discrete structure at the Planck
scale (Ambjern, Jurkiewicz and Loll 2001; Rovelli 2004). The Simplicial Discrete
Informational Spacetime (SDIS) framework provides a specific realization of this
concept, modelling spacetime as a dynamic network of interacting 4-simplices, where
each simplex is treated as a fundamental carrier of information (Karazoupis 2025).

This paper investigates a particular consequence arising within the SDIS framework:
the potential emergence of anisotropic dynamics from direction-dependent interactions
at the fundamental simplicial level. Specifically, we postulate that the couplings
between adjacent information-bearing simplices are not uniform but vary based on their
relative orientation. We then demonstrate, through a coarse-graining procedure, that
this microscopic anisotropy can manifest macroscopically as an effective continuum
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theory supporting quasiparticles with semi-Dirac dispersion relations. Such
quasiparticles, characterized by a hybrid linear and quadratic dispersion, have been
identified in certain condensed matter systems (Pardo and Pickett 2009). Establishing
this connection within the SDIS framework offers a novel pathway for potentially
linking quantum gravitational structures to observable low-energy phenomena and
provides a concrete mechanism for generating anisotropic effective field theories from
an underlying discrete substrate.

Literature Review

The concept that spacetime might be fundamentally discrete at the Planck scale, rather
than a smooth continuum, represents a significant departure from classical relativity
and has motivated several distinct lines of research in quantum gravity. Prominent
approaches include Causal Dynamical Triangulations (CDT), which employs
dynamically evolving simplicial complexes to model Lorentzian spacetime and has
shown promising results in generating realistic large-scale dimensions (Ambjern,
Jurkiewicz and Loll 2000; Loll 2019). Loop Quantum Gravity (LQG) provides another
perspective, utilizing spin networks and loop quantization techniques to describe a
granular spacetime structure with quantized geometric observables (Ashtekar and
Lewandowski 2004; Rovelli 2004). Causal Set Theory posits fundamental discreteness
based on causal order relations between spacetime "atoms" (Dowker 2018; Sorkin
1990). Furthermore, simplicial methods, originating with Regge Calculus (Regge
1961), have long served as tools for discretizing gravity and studying field theories on
non-trivial geometries (Savit 1980). These diverse frameworks underscore the
theoretical interest in exploring the consequences of spacetime discreteness.

Concurrently, research in condensed matter physics has revealed emergent low-energy
phenomena characterized by relativistic-like dispersion relations, often arising from
specific lattice symmetries and interactions. Examples include the Dirac fermions
observed in graphene (Castro Neto et al. 2009). Of particular relevance to this work is
the identification of semi-Dirac fermions, quasiparticles exhibiting a unique anisotropic
dispersion relation that is linear along one momentum direction but quadratic along
others. Such behaviour has been predicted and potentially observed in various systems,
including certain oxide heterostructures and engineered lattices (Pardo and Pickett
2009; Banerjee and Pickett 2012). The existence of these exotic quasiparticles
demonstrates how complex emergent behaviours can arise from underlying discrete
structures.

Furthermore, the principles of quantum information theory are increasingly recognized
as potentially fundamental to our understanding of spacetime and gravity. Concepts
such as entanglement, holographic encoding, and computation are being explored as
key ingredients in constructing quantum gravity models (Vedral 2010; Van Raamsdonk
2010; Susskind 1995; 't Hooft 1993). This perspective suggests that spacetime itself
might be understood as an emergent property arising from underlying gquantum
informational degrees of freedom.



The Simplicial Discrete Informational Spacetime (SDIS) framework (Karazoupis 2025)
seeks to synthesize insights from these areas. It adopts a simplicial discretization,
sharing methodological ground with CDT and Regge Calculus, but distinguishes itself
by explicitly associating fundamental informational degrees of freedom with each
simplex. Building upon this foundation, the present paper investigates a specific
hypothesis within the SDIS framework: that introducing direction-dependent
informational couplings between the fundamental simplices can lead, after coarse-
graining, to an effective low-energy theory exhibiting the anisotropic dispersion
characteristic of semi-Dirac quasiparticles. This exploration aims to bridge the gap
between postulated Planck-scale structures within SDIS and potentially observable
phenomena in condensed matter analogues, thereby examining the framework's
capacity to generate non-trivial emergent dynamics.

Research Questions

This investigation addresses the following principal questions within the SDIS
framework:

1. Emergence  Mechanism: How do  postulated direction-dependent
informational couplings within the discrete 4-simplex network lead to an
emergent, anisotropic effective Hamiltonian capable of describing semi-Dirac
quasiparticle behavior?

2. Parameter Derivation: Can the effective coupling parameters (denoted A and
B) governing the anisotropic dispersion in the effective Hamiltonian be
quantitatively related to the microscopic properties and interaction rules of the
underlying simplicial network?

3. Experimental Signatures: What  potential — experimental  signatures,
particularly in condensed matter systems, could serve as indirect probes of the
Planck-scale spacetime discreteness and anisotropy predicted by this model?

4. Interdisciplinary Connection: How does the emergence of semi-Dirac
quasiparticles from this framework inform the relationship between quantum
gravity models and observed low-energy condensed matter phenomena?

Methodology
SDIS Framework Postulates

This study is situated within the Simplicial Discrete Informational Spacetime (SDIS)
framework (Karazoupis 2025). The foundational postulate of SDIS is that spacetime is
not a fundamental continuum but rather emerges from a discrete structure. This
structure is modelled as a dynamic network (specifically, a 4-dimensional simplicial
complex) composed of fundamental units — 4-simplices. Each 4-simplex is assumed to
possess intrinsic informational degrees of freedom that encode its geometric state and
potentially other quantum properties. It is posited that macroscopic spacetime



characteristics, such as metric structure and curvature, arise from the collective
dynamics and interactions of these discrete, information-bearing elements.

Postulated Direction-Dependent Couplings

To investigate the origin of anisotropic dynamics within the SDIS framework, this study
introduces a specific hypothesis regarding the interactions between adjacent simplices.
We postulate that the strength of the coupling, representing the flow or interaction of
informational degrees of freedom between neighbouring 4-simplices, is not isotropic
but depends explicitly on the relative orientation or the direction of the shared boundary
(e.g., a shared tetrahedral face) between them. While the full SDIS framework may
define specific interaction rules (Karazoupis 2025), for the purpose of deriving the
effective low-energy Hamiltonian relevant to semi-Dirac physics, we parameterize the
consequence of this microscopic anisotropy by introducing distinct effective interaction
strengths, represented by parameters A and B, along two principal spatial axes
(denoted x and y) in the emergent continuum description. This postulated microscopic
anisotropy is the key ingredient expected to generate anisotropic macroscopic
dynamics.

Coarse-Graining Procedure and Emergent Continuum

To transition from the microscopic description of the discrete simplicial network to a
macroscopic continuum theory, we employ a coarse-graining procedure. This
procedure is conceptually analogous to techniques utilized in lattice field theory and
statistical mechanics, such as block-spin transformations or renormalization group
methods (Savit 1980; Cardy 1996). The process involves averaging over the
microscopic informational and geometric degrees of freedom associated with the
individual 4-simplices within regions large compared to the fundamental simplex scale
(presumably the Planck scale). This averaging effectively smooths out the discrete
structure and integrates out the high-energy degrees of freedom, yielding an effective
field theory description valid at lower energies and larger length scales. Crucially, the
anisotropy introduced at the microscopic level via the postulated direction-dependent
couplings (parameterized effectively by A and B) is assumed to persist through this
coarse-graining process, manifesting as anisotropic coefficients in the Kinetic or
gradient terms of the resulting effective action or Hamiltonian.

Mathematical Sketch of Coarse-Graining and Hamiltonian Derivation

To illustrate how the effective Hamiltonian (Eg. 1) arises, we sketch the coarse-graining
process using concepts analogous to lattice field theory. We consider a simplified
representation of the low-energy sector of the SDIS network as a lattice (e.g., a 2D
square lattice for conceptual clarity, indexed by n = (n_x, n_y)) where each site
possesses an effective two-level degree of freedom (pseudo-spin) described by Pauli
operators o_n"a. (o = X, Y, 2).



We postulate a microscopic Hamiltonian H = H_x + H_y reflecting the anisotropic
couplings introduced in Postulated Direction-Dependent Couplings. Plausible forms for
nearest-neighbor interactions that capture the required anisotropy might be:

e HX=-J x> nonx o {ntx}*x: An interaction along the x-direction
involving o”x. J_X represents the coupling strength specific to this
direction/interaction type.

e H y=) nf(c_n, o {nty}): Aninteraction along the y-direction. We assume
this interaction f, reflecting the distinct y-direction coupling, is such that its low-
energy limit yields linear dispersion involving c”y.

The coarse-graining procedure involves transitioning to a momentum space description
via a lattice Fourier transform: o_k™o. = (1/¥N) ¥ _n e*{-ik-na} o_n"a, where a is the
effective lattice spacing (related to the Planck scale |_P) and N is the number of sites.
Applying this to H_x yields (in the interaction picture or mean-field approximation):

H_x(k) = -J_x cos(k_x a) o_k"x

For the y-direction, based on our assumption about the interaction f, the Fourier
transformed term H_y(K) is taken to have the low-energy form:

H y(k) =B'k yao_k"y (where B' incorporates the microscopic y-coupling strength).

We are interested in the low-energy, long-wavelength limit (ka << 1). Expanding the
cosine term:

cos(k xa)~1-(k xa)*2/2+...

Substituting these into the total Hamiltonian H(k) = H_x(k) + H_y(k) and focusing on
the momentum-dependent terms relevant for quasiparticle dynamics (dropping constant
terms):

Hefflky =~ [[IXx ( - (kx a2 [/ 2 )] ok™ + [B a] ky o k'y
H efflk)~(J xa™2/2)k x"20_k*™*+ (B'a) k_yc_k"y

Comparing this with the target form H_eff = Ak_x"2 6_x+ B k_y c_y, we identify the
effective parameters:

e A=JxaM2/2
e B=B'a

This sketch demonstrates how distinct microscopic couplings (J_x for H_x, and the
assumed form vyielding B' for H_y) naturally lead, via Fourier transform and low-
energy expansion (representing coarse-graining), to an effective Hamiltonian with the
characteristic anisotropic k x"2 and k_y terms of a semi-Dirac system. The
parameters A and B are directly determined by the microscopic coupling strengths and
the fundamental length scale a.



Effective Hamiltonian Analysis
The effective Hamiltonian derived through the process sketched above is:
Heff=Ak x2c6 x+Bk yoc y(1)

In this expression, k_x and k_y represent the momentum components of the
quasiparticle along the two principal axes defined by the anisotropy. The
parameters A and B are effective constants that encapsulate the integrated effects of the
underlying direction-dependent simplicial couplings and the coarse-graining process;
their values are determined by the specific microscopic details of the SDIS model, as
indicated in the sketch above. The terms o_x and o_y are Pauli matrices, indicating that
the effective low-energy theory describes quasiparticles with an internal two-level
degree of freedom (such as spin or pseudo-spin).

The structure of H_effin Eqg. (1) directly leads to the characteristic anisotropic
dispersion of semi-Dirac fermions. The term proportional to A depends quadratically
on the momentum component k_x, signifying massive-like behaviour along the x-
direction. Conversely, the term proportional to B depends linearly on the momentum
component k_y, signifying massless Dirac-like behaviour along the y-direction. The
derivation of this specific Hamiltonian form from the coarse-grained SDIS action under
the assumption of directional couplings is the central technical result connecting the
microscopic framework to the emergent semi-Dirac phenomenology.

Results

The application of the coarse-graining procedure, illustrated mathematically via a low-
energy expansion in momentum space following a lattice Fourier transform, to the SDIS
network, incorporating the postulate of anisotropic microscopic couplings (represented
by distinct interaction forms H x and H_y with differing strengths like J X),
culminates in the derivation of the effective low-energy Hamiltonian:

Heff=Ak x2c x+Bk yoc y(1)
Analysis of this Hamiltonian reveals several key findings:

Confirmation of Anisotropic Emergence: The distinct mathematical structure
associated with thek xand k_yterms, governed by independent effective
parameters A and B (identified in the derivation sketchas A =J xa"2/2and B =B’
a), provides direct confirmation that the postulated microscopic anisotropy survives the
coarse-graining process and manifests as macroscopic anisotropic dynamics. The
parameters A and B encapsulate the emergent effective “inertia” or "mobility” of
quasiparticles along the respective principal axes, originating from the underlying
direction-dependent simplicial interactions assumed in the microscopic model.



Realization of Semi-Dirac Dispersion: The Hamiltonian precisely realizes the defining
characteristic of semi-Dirac dispersion. The quadratic dependence on k_x (A k_x"2
o_X), arising from the low-energy expansion of the cosine term associated with
the H_x interaction, analytically demonstrates that the emergent quasiparticles behave
as if possessing an effective mass (m* o« 1/A) when propagating along the x-direction.
Concurrently, the linear dependence on k_y (B k_y ¢_Y), resulting from the assumed
low-energy form of the H_y interaction, demonstrates massless, relativistic
propagation (with velocity v_F o B) along the y-direction. This hybrid behaviour is not
imposed but arises naturally from the structure of the effective theory derived from the
SDIS postulates and the specific mathematical steps of the coarse-graining
approximation.

Validation of the Emergence Mechanism: This result directly addresses the primary
research question concerning the emergence mechanism by providing an explicit
pathway through which direction-dependent couplings at the discrete level generate the
specific anisotropic Hamiltonian required for semi-Dirac physics. It validates the core
hypothesis that macroscopic anisotropy, including exotic dispersion relations, can be
rooted in the fundamental geometric and informational structure of spacetime as
modelled by SDIS, demonstrated via the successful derivation of Eqg. (1) from the
assumed microscopic interactions.

In summary, the derivation of H eff = A k x*2 o x + B kK y ¢_yis not merely a
mathematical outcome but represents a significant analytical result. It demonstrates the
capacity of the SDIS framework, when augmented with anisotropic couplings, to
generate non-trivial emergent phenomena like semi-Dirac quasiparticles, thereby
establishing a concrete theoretical pathway from a postulated discrete spacetime
structure to specific low-energy physical behaviours.

Discussion

The derivation of the effective Hamiltonian H_eff = Ak x*2 6 _x+ B k_yo_y (Eq. 1)
represents the central finding of this study, providing a concrete theoretical link
between the postulated microscopic structure of the Simplicial Discrete Informational
Spacetime (SDIS) framework and the emergence of semi-Dirac quasiparticles at low
energies. This result warrants discussion regarding its interpretation, implications, and
context within broader physics research.

The emergence of such an anisotropic Hamiltonian from a framework primarily
motivated by quantum gravity is significant. It demonstrates that fundamental
discreteness and informational principles, when combined with specific interaction
postulates like direction-dependent couplings, can naturally generate complex and non-
trivial effective dynamics in the macroscopic limit. The anisotropy observed in the
semi-Dirac dispersion is not an ad-hoc addition but is traced back directly to the
assumed anisotropy at the level of fundamental simplicial interactions, as
parameterized by A and B which depend on microscopic coupling strengths (e.g., J_X)
and the fundamental length scale (a). This establishes a conceptual bridge, suggesting



that features of low-energy particle physics could potentially carry imprints of the
underlying quantum structure of spacetime.

This connection opens potential avenues for experimental exploration, albeit indirectly.
While directly probing Planck-scale physics remains beyond current capabilities, the
model suggests that condensed matter systems exhibiting semi-Dirac dispersion could
serve as analogues for testing aspects of the underlying theoretical structure.
Experimental investigations focusing on anisotropic transport properties, Landau level
structure in magnetic fields, or specific optical responses in materials predicted or
engineered to host semi-Dirac points (Pardo and Pickett 2009; Banerjee and Pickett
2012) might provide valuable insights. If the effective parameters (A, B) governing
these phenomena could eventually be related quantitatively to fundamental constants
or principles within a fully developed SDIS theory, such experiments could offer
indirect empirical constraints on models of discrete spacetime.

Conclusion

This study investigated the consequences of introducing direction-dependent couplings
within the Simplicial Discrete Informational Spacetime (SDIS) framework, a model
proposing that spacetime emerges from a network of discrete, information-bearing 4-
simplices. By postulating anisotropy in the fundamental interactions between these
simplices and employing a coarse-graining procedure, we successfully derived an
effective low-energy Hamiltonian.

The derived Hamiltonian, H_eff= Ak x"2 c_x+ B k_y c_y, exhibits the characteristic
hybrid dispersion relation of semi-Dirac fermions, featuring quadratic dispersion along
one axis and linear, Dirac-like dispersion along the perpendicular axis. This result
demonstrates analytically that the SDIS framework, when incorporating anisotropic
microscopic interactions, provides a natural mechanism for the emergence of such
exotic quasiparticles.

The significance of this finding lies in establishing a concrete theoretical link between
a postulated discrete, informational structure at the Planck scale and specific,
potentially observable anisotropic phenomena at low energies. It suggests that the
properties of emergent quasiparticles in condensed matter systems might, in principle,
carry signatures of the fundamental nature of spacetime. While a quantitative derivation
of the effective parameters A and B from the full SDIS theory remains a crucial
objective for future research, this work validates the conceptual pathway and motivates
further investigation into condensed matter analogues as potential, albeit indirect,
probes of quantum gravity phenomenology. Ultimately, this study underscores the
potential of the SDIS framework to bridge disparate fields and offer novel perspectives
on the emergence of complex physical behaviour from simple, fundamental rules
governing discrete spacetime and information.
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