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Abstract

We investigate the origin of boundaries within the framework of Universal Modular Dy-
namics (UMD), where physical structure is defined in terms of the density operator p, its
modular generator K = —log p, and the associated spectral distribution p(k).

While all observable systems exhibit finite extent and well-defined limits, it remains
unclear whether such boundaries are fundamental properties of the underlying structure or
emergent features of its organization.

We show that within UMD, boundaries need not be imposed a priori. Even in the absence
of intrinsic spectral bounds, effective finiteness arises naturally through three mechanisms:
localization of the spectral distribution, suppression of contributions outside its dominant
region, and limited accessibility of structure.

In this framework, observable systems correspond to localized regions of p(k), giving rise
to effective boundaries without requiring fundamental cutoffs. We further demonstrate that
the appearance of boundaries is inherently linked to the role of the observer, understood as
a localized structural configuration with restricted access to the full organization.

These results provide a unified structural interpretation of finiteness, scale, and stability,
and suggest that boundaries are emergent features arising from the interplay of structure,
dynamics, and observation.

This work extends the structural program developed in previous studies and motivates
further investigation of observation, measurement, and accessibility as fundamental compo-
nents of physical reality.
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1 Introduction

Boundaries are among the most fundamental features of observable physical reality. At all scales,
from microscopic systems to cosmological structures, physical objects exhibit finite extent, and
processes occur within limited domains.

Despite the universality of this property, its origin remains conceptually unclear. In standard
physical theories, boundaries are typically introduced explicitly, through geometric constraints,
boundary conditions, or effective cutoffs. While such approaches successfully describe observed
systems, they do not address a deeper question: whether boundaries are fundamental or emer-
gent.

Within the framework of Universal Modular Dynamics (UMD), a different perspective be-
comes possible. In this approach, the fundamental object is the density operator p, and structure
is defined in terms of its modular generator K = — log p and the associated spectral distribution
p(k). Spatial and geometric notions are not assumed a priori, but arise as derived features of
the underlying structure.

This shift allows one to reconsider the status of boundaries. Instead of being introduced as
primitive elements, boundaries may be viewed as candidates for emergent properties of structural
organization.

In previous work, establishing a structural framework in which fundamental concepts can
be reformulated in terms of spectral organization. it was shown that several concepts tradition-
ally associated with fundamental aspects of reality can be reinterpreted as structural features



within UMD. The present study continues this program by focusing on a specific and physically
significant question: the emergence of boundaries.

The central objective of this work is to determine whether boundaries can be derived from
the internal organization of the spectral distribution p(k), without invoking external constraints.

We propose that observed finiteness does not require fundamental limits, but arises through
a combination of structural localization, suppression of contributions outside dominant regions,
and restricted accessibility of the full configuration.

In this sense, the analysis aims to identify the structural mechanisms responsible for the
appearance of boundaries within a unified formal framework.

The results obtained in this work provide a basis for interpreting boundaries as derived
features of structure, and connect them to broader properties such as scale, stability, and ob-
servability.

2 Problem Statement

The description of physical systems at all observable scales is characterized by the presence of
well-defined boundaries. Objects possess finite size, systems exhibit limited extent, and even
large-scale structures such as galaxies and the observable universe appear bounded.

This empirical regularity raises a fundamental question: are such boundaries intrinsic fea-
tures of reality, or do they arise as effective properties of a deeper underlying structure?

In conventional approaches, boundaries are typically introduced explicitly, either through
external conditions, imposed cutoffs, or predefined geometric constraints. However, such as-
sumptions leave open the question of whether finiteness is fundamental or emergent.

Within the framework of Universal Modular Dynamics (UMD), structure is not defined in
terms of spatial extension or predefined limits, but through the density operator p, its modular
generator K = —log p, and the associated spectral distribution p(k). In this setting, the notion
of a boundary is not immediately evident.

This leads to the central question of the present work:

Do structural boundaries arise as fundamental properties of the spectral distribution
p(k), or do they emerge as a consequence of structural organization and limited
accessibility?

This question can be reformulated in more precise terms. One may ask:

e whether the spectrum of K is intrinsically bounded,
e whether the distribution p(k) exhibits natural cutoffs,

e or whether apparent boundaries arise from the localization of structure within a broader,
possibly unbounded configuration.

A related aspect concerns the role of the observer. If observation is limited to a subset of
the full structure, then boundaries may reflect constraints on accessibility rather than intrinsic
properties of the system itself.

The resolution of these questions has direct implications for the interpretation of physical
reality. If boundaries are fundamental, then finiteness must be built into the structure of the
theory. If they are emergent, then observed limits correspond to effective descriptions arising
from deeper organization.

The aim of this work is to investigate these possibilities within the UMD framework, and to
determine whether the notion of a boundary can be derived as a structural consequence rather
than introduced as an external assumption.



In this sense, the present study continues the structural program developed in previous work,
extending it from the analysis of conceptual correspondences to the investigation of concrete
structural features of physical systems.

3 Conceptual Background of Boundaries

The notion of a boundary is deeply embedded in the description of physical reality. At all
observable scales, systems are characterized by finite extent, separation from their environment,
and identifiable limits. Despite its ubiquity, the concept of a boundary is rarely treated as a
fundamental object of analysis.

In order to address the problem formulated in the previous section, it is necessary to clarify
what is meant by a boundary in structural terms.

3.1 Types of Boundaries

Several distinct interpretations of boundaries can be identified.

First, boundaries may be understood as geometric limits, defining the spatial extent of an
object or system. In this sense, a boundary corresponds to a region beyond which the system
does not extend.

Second, boundaries may be defined dynamically, as regions beyond which interactions or
correlations are suppressed. Such boundaries are not necessarily sharp, but may emerge from
decay of coupling or information flow.

Third, boundaries may be interpreted statistically, as regions of configuration space with
negligible probability. In this case, a boundary is not a strict limit, but an effective cutoff
determined by the distribution of states.

Finally, boundaries may arise from observational constraints, reflecting the limited access of
a given observer to the full structure of the system.

These interpretations suggest that boundaries are not a single well-defined concept, but
rather a family of related notions.

3.2 Boundaries and Localization

A common feature of all these interpretations is localization. A system appears bounded when
its relevant structure is concentrated within a restricted region, whether in space, configuration
space, or spectral representation.

In this sense, the existence of a boundary may be understood as a consequence of localization
rather than an independently imposed condition.

This observation is particularly relevant in frameworks where spatial structure is not funda-
mental, and boundaries must be derived from more primitive objects.

3.3 Boundaries Without Geometry

In conventional theories, boundaries are typically defined with respect to an underlying geometry.
However, in a structural framework such as UMD, where space is not fundamental, the notion
of a boundary must be reformulated.

Instead of spatial extent, one must consider structural extent, defined in terms of the spectral
distribution p(k) or related quantities.

This raises the question of whether boundaries can be defined purely in terms of structure,
without reference to geometry.



3.4 Effective vs Fundamental Boundaries

A key distinction must be made between fundamental and effective boundaries.

A fundamental boundary would correspond to an intrinsic limitation of the underlying struc-
ture, such as a strict cutoff in the spectrum of K.

An effective boundary, by contrast, arises from the organization of structure, for example
through rapid decay of p(k) or limited accessibility of certain regions.

From an observational standpoint, these two cases may be indistinguishable. However, their
interpretation differs significantly.

3.5 Boundaries and Observation

The role of the observer introduces an additional layer to the concept of boundaries.

If the observer is itself a localized structural configuration, then its access to the full structure
is necessarily limited. Boundaries may therefore reflect the limits of accessible information rather
than intrinsic limits of the system.

This suggests that the appearance of boundaries may depend not only on the structure itself,
but also on the position of the observer within that structure.

3.6 Synthesis

The considerations above indicate that the concept of a boundary cannot be taken as primitive.
Instead, it must be understood as a derived notion, potentially arising from localization,
statistical structure, dynamical behavior, or observational constraints.
This motivates the central task of the present work: to determine whether boundaries can
be derived as emergent features of the spectral organization p(k) within the UMD framework.

3.7 Types of Boundaries

Several distinct interpretations of boundaries can be identified, each reflecting a different aspect
of physical and structural description.

First, boundaries may be understood as geometric limits, defining the spatial extent of an
object or system. In this interpretation, a boundary corresponds to a region beyond which the
system does not extend.

Second, boundaries may be defined dynamically, as regions beyond which interactions or
correlations are effectively suppressed. Such boundaries are not necessarily sharp, but may
emerge from decay of coupling or limited propagation of information.

Third, boundaries may be interpreted statistically, as regions of configuration space associ-
ated with negligible probability. In this case, a boundary represents an effective cutoff deter-
mined by the distribution of states rather than a strict limit.

Finally, boundaries may arise from observational constraints, reflecting the limited access of
a given observer to the full structure of the system. In this sense, a boundary is not an intrinsic
property of the system itself, but a feature of its accessible representation.

These interpretations indicate that boundaries do not correspond to a single well-defined
concept, but rather to a family of related notions, depending on the level and mode of description.

3.8 Boundaries and Localization

A common feature underlying different notions of boundaries is localization. A system ap-
pears bounded when its relevant structure is concentrated within a restricted region, whether
in physical space, configuration space, or spectral representation.



From this perspective, the existence of a boundary does not necessarily imply a hard limit,
but rather a concentration of structure. Regions outside this concentration contribute negligibly
to observable behavior.

This suggests that boundaries may arise as a consequence of localization rather than as
independently imposed constraints. In frameworks where spatial structure is not fundamental,
such as UMD, localization provides a natural mechanism for the emergence of effective limits.

3.9 Boundaries Without Geometry

In conventional physical theories, boundaries are typically defined with respect to an underlying
geometric space. However, in a structural framework such as UMD, where geometry is not
assumed a priori, this notion must be reformulated.

Instead of spatial extent, one must consider structural extent, defined in terms of the spectral
distribution p(k) or related quantities. In this context, a boundary corresponds not to a spatial
surface, but to a transition between regions of significant and negligible structural contribution.

This raises the possibility that boundaries can be defined entirely in terms of structure,
without reference to geometry, and that geometric boundaries themselves may be emergent.

3.10 Effective vs Fundamental Boundaries

A key distinction must be made between fundamental and effective boundaries.

A fundamental boundary would correspond to an intrinsic limitation of the underlying struc-
ture, for example a strict cutoff in the spectrum of K. Such a boundary would represent an
absolute limit beyond which no structure exists.

An effective boundary, by contrast, arises from the organization of the structure itself. It
may be defined by rapid decay of the spectral distribution, suppression of correlations, or limited
accessibility of certain regions.

From an observational standpoint, these two cases may be indistinguishable. However, their
conceptual implications differ: in the first case, finiteness is built into the theory, while in the
second, it emerges from structural organization.

3.11 Boundaries and Observation

The role of the observer introduces an additional layer to the concept of boundaries.

If the observer is itself a localized structural configuration, then its access to the full struc-
ture is necessarily limited. As a result, the boundaries it perceives may reflect constraints on
accessible information rather than intrinsic properties of the system.

In this sense, boundaries may depend not only on the structure itself, but also on the
position and scale of the observer within that structure. Different observers may therefore
identify different effective boundaries.

This highlights the interplay between structure and observation in the formation of bounded
descriptions.

3.12 Synthesis

The considerations above indicate that the concept of a boundary should not be treated as
primitive.

Instead, boundaries can be understood as derived features, arising from localization, struc-
tural organization, dynamical behavior, and observational constraints.

This motivates the central task of the present work: to determine whether such bound-
aries can be derived as emergent properties of the spectral distribution p(k) within the UMD
framework, rather than introduced as external assumptions.



4 Structural Representation of Boundaries in UMD

Within the framework of Universal Modular Dynamics (UMD), structure is defined in terms of
the density operator p, its modular generator

K = _1ng’ (1)

and the associated spectral distribution p(k).

In this setting, the notion of a boundary must be reformulated in purely structural terms.
Since no geometric background is assumed, boundaries cannot be defined as spatial limits.
Instead, they must arise from properties of the spectral organization.

4.1 Spectrum and Structural Extent

The spectrum of the modular generator provides a natural starting point. Let
K = Z ki|1i) (il (2)
i

be its spectral decomposition.
A fundamental question is whether the set {k;} is bounded. If the spectrum is strictly
bounded,

ke [kmim kmax]a (3)

then boundaries would be intrinsic features of the structure.

However, such boundedness is not required by the definition of K. In general, the spectrum
may be unbounded, even though the density operator remains well-defined.

This suggests that boundaries need not arise from hard spectral limits.

4.2 Spectral Distribution and Effective Support

The distribution p(k) provides a more relevant characterization. Even if the spectrum itself is
unbounded, the distribution may exhibit strong localization.

In particular, one may define an effective support of p(k) as a region in which the distribution
is significantly concentrated, while contributions outside this region are suppressed:

p(k) =0 for k ¢ Zog. (4)

This defines an effective boundary in spectral space.
Such boundaries are not strict, but arise from the rapid decay of the distribution. They
correspond to regions beyond which the structure contributes negligibly to observable behavior.

4.3 Localization as Origin of Boundaries

The emergence of an effective support Zeg is a direct consequence of structural localization.

A localized distribution concentrates its weight within a finite region, leading to an apparent
boundary. This mechanism does not require any imposed cutoff, but follows from the internal
organization of the system.

Thus, boundaries can be understood as manifestations of localization in spectral space.



4.4 Dynamical Formation of Boundaries

The A-flow provides a mechanism through which such localization may arise.
Under evolution,

p = p(A), (5)

the distribution p(k) may undergo reorganization, including concentration, spreading, or the
formation of distinct regions.

In particular, near critical points A*, the structure of p(k) may change qualitatively, leading
to the emergence or dissolution of effective boundaries.

This indicates that boundaries are not static features, but may be dynamically generated.

4.5 Structural vs Observational Boundaries

An additional distinction arises between structural and observational boundaries.

A structural boundary corresponds to the effective support Z.g of the distribution itself.

An observational boundary, by contrast, reflects the subset of structure accessible to a given
observer. Since the observer is a localized structural configuration, its access to the full distri-
bution is necessarily limited.

As a result, observational boundaries may be more restrictive than structural ones.

4.6 Absence of Fundamental Cutoffs

The analysis above suggests that fundamental cutoffs are not required to explain the appearance
of boundaries.

Even in the presence of an unbounded spectrum, the combination of localization and limited
accessibility leads to effective finiteness.

This provides a mechanism by which bounded physical systems can emerge from an under-
lying structure that is not globally constrained.

4.7 Synthesis

The structural representation developed in this section leads to the following conclusion.
Boundaries need not be introduced as primitive elements of the theory. Instead, they arise
naturally from the spectral organization p(k), through mechanisms of localization, dynamical
evolution, and observational limitation.
In this sense, boundaries are emergent features of structure rather than fundamental con-
straints.

5 Analysis of Boundary Emergence

Following the structural representation developed in the previous section, we now analyze the
mechanisms responsible for the emergence of boundaries within the UMD framework.
5.1 Fundamental vs Emergent Scenarios

Two limiting scenarios may be considered.
In the first case, boundaries are assumed to be fundamental, corresponding to intrinsic
constraints of the spectrum, such as

k S [kmina kmax]- (6)

In this situation, finiteness is built into the structure itself.



In the second case, the spectrum is not fundamentally bounded. Nevertheless, observable
systems still exhibit finite extent. This suggests that boundaries may arise as effective properties
of structural organization rather than intrinsic limits.

The existence of bounded observable systems in the absence of required spectral cutoffs
supports the emergent scenario.

5.2 Localization Mechanism

In the absence of fundamental bounds, localization provides the primary mechanism for the
emergence of boundaries.

If the spectral distribution p(k) is concentrated within a finite region, then the structure ef-
fectively occupies a limited domain. Contributions outside this region become negligible, leading
to an apparent boundary.

Thus, boundaries arise as a consequence of concentration of structural weight, rather than
imposed limits.

5.3 Suppression Effects

A complementary mechanism is provided by suppression.

Even when the distribution extends beyond the main region, its contribution may decay
rapidly. In particular, exponentially suppressed regions effectively do not contribute to observ-
able behavior.

This leads to a sharp distinction between “interior” and “exterior” regions of the structure,
mimicking the presence of a hard boundary.

Therefore, boundaries can be interpreted as regions beyond which contributions are sup-
pressed below observational relevance.

5.4 Dynamical Boundaries

Boundaries are not necessarily static.
Under the A-flow,

p— p(N), (7)

the distribution p(k) may evolve, leading to changes in localization.
As a result, boundaries may:

e emerge through concentration,
e expand through spreading,

e dissolve through delocalization.

In particular, near critical scales A*, small structural changes may lead to significant reorga-
nization, including the formation or disappearance of effective boundaries.

5.5 Observer Dependence

The observer plays a crucial role in the manifestation of boundaries.

Since the observer corresponds to a localized structural configuration, its access to the full
distribution is limited. As a consequence, the boundaries it perceives reflect only the accessible
portion of the structure.

Different observers, associated with different structural configurations, may therefore identify
different effective boundaries.

This implies that boundaries are not purely structural, but also depend on the mode of
observation.



5.6 Comparative Analysis

The analysis above identifies three primary mechanisms responsible for the emergence of bound-
aries:

e localization of the spectral distribution,
e suppression of contributions outside dominant regions,

e limited accessibility due to observer constraints.

Each of these mechanisms independently leads to effective finiteness. Together, they provide
a robust explanation for the universal appearance of boundaries in observable systems.
Importantly, none of these mechanisms requires the introduction of fundamental cutoffs.

5.7 Main Result

The analysis leads to the following central conclusion.

Boundaries are not required to be fundamental properties of the underlying structure. In-
stead, they arise as emergent features resulting from the interplay of localization, suppression,
and observational limitation.

Thus, the observed finiteness of physical systems can be fully accounted for within the UMD
framework without introducing intrinsic structural constraints.

This result establishes boundaries as derived properties of structural organization rather
than primitive elements of the theory.

6 Implications and Physical Interpretation

Having established the structural mechanisms responsible for the emergence of boundaries, we
now examine their physical implications. The goal is to understand how structurally emergent
boundaries manifest as observable properties of physical systems.

6.1 Finiteness as Emergent Property

Finiteness is a universal feature of observable systems. Objects possess finite size, systems have
limited extent, and physical processes occur within bounded domains.

Within the present framework, finiteness does not arise from intrinsic constraints imposed on
the underlying structure. Instead, it emerges from the localization of the spectral distribution
p(k).

Observable systems correspond to regions in which the distribution is concentrated. Outside
these regions, contributions are suppressed, leading to effective finiteness.

Thus, finite systems can be understood as localized realizations of a potentially unbounded
structure.

6.2 Stability and Boundaries

Boundaries are closely related to stability.

A localized structure with well-defined effective support is resistant to structural perturba-
tions. Since contributions outside this region are suppressed, the system is protected against
dispersion.

This implies that the presence of a boundary enhances stability. Long-lived structures cor-
respond to strongly localized regions of the spectral distribution.

In this sense, stability is a direct consequence of structural organization.
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6.3 Lifetime and Spectral Isolation

The lifetime of a system may be interpreted in terms of spectral isolation.
If a localized structure is weakly coupled to the surrounding regions of the distribution,
transitions out of this region are suppressed. As a result, the system persists over long timescales.

This leads to the relation: 1

3 (5)
where I represents the effective transition rate determined by structural overlap.

Thus, lifetime is not imposed externally, but arises from the degree of isolation within the
spectral structure.

T ~

6.4 Scale and Structural Extent

The notion of scale can be interpreted in structural terms.

The effective size of a system corresponds to the extent of the region in which its structure
is localized. A broader distribution corresponds to a larger system, while a sharply localized
distribution corresponds to a smaller one.

This establishes a direct relation between scale and the form of the spectral distribution.

6.5 Critical Regimes

Critical regimes play a special role in the formation of boundaries.

Near critical values A*, the structure of p(k) becomes highly sensitive to perturbations.
Localization may be enhanced or destroyed, leading to the formation or dissolution of effective
boundaries.

Such regimes correspond to transitions between different structural phases.

In physical systems, these transitions manifest as qualitative changes in behavior, such as
phase transitions or abrupt changes in stability.

6.6 Observation and Measurement of Boundaries

The measurement of boundaries depends on the observer.

Since the observer is itself a localized structural configuration, it has access only to a subset
of the full structure. As a result, measured boundaries reflect accessible regions rather than the
full extent of the distribution.

In particular, an observer may interpret an effective boundary as absolute, even though it
arises from limited accessibility.

This highlights the role of observation in shaping the perceived structure of physical systems.

6.7 Universality

The mechanisms described above do not depend on the specific nature of the system.

Since they arise from general properties of spectral distributions, they apply across different
physical scales and domains.

This suggests that the emergence of boundaries is a universal feature of structural organiza-
tion within the UMD framework.

6.8 Synthesis

The analysis of physical implications leads to a unified picture.
Boundaries, finiteness, stability, and scale are not independent properties, but manifestations
of a common structural mechanism.

11



In this framework, physical systems appear bounded not because of intrinsic limitations,
but because their underlying structure is localized, dynamically organized, and only partially
accessible.

This provides a coherent interpretation of observable reality without the need to impose
fundamental constraints on the underlying structure.

7 Conclusion

In this work, we have investigated the origin of boundaries within the framework of Universal
Modular Dynamics (UMD), where structure is defined in terms of the density operator p, its
modular generator K = —log p, and the associated spectral distribution p(k).

In contrast to conventional approaches, where boundaries are introduced as external con-
straints or fundamental limitations, we have shown that they need not be assumed a priori.
Instead, boundaries arise naturally as emergent features of structural organization.

The analysis identifies three primary mechanisms responsible for this emergence: localization
of the spectral distribution, suppression of contributions outside dominant regions, and limited
accessibility associated with the observer.

These mechanisms provide a unified explanation for the universal appearance of finite,
bounded systems, even in the absence of intrinsic spectral cutoffs. In this sense, observed
finiteness does not reflect fundamental constraints of the underlying structure, but rather its
effective organization.

A key implication of this result is that boundaries are not primitive elements of physical
theory, but derived properties arising from the interplay of structure, dynamics, and observation.

This perspective allows one to reinterpret basic physical notions such as size, stability, and
lifetime as manifestations of a common structural mechanism.

The present work extends the structural program developed in previous studies, moving from
conceptual analysis to the investigation of concrete structural features of physical systems.

It also highlights the central role of the observer in the formation and interpretation of bound-
aries, suggesting that measurement and accessibility are essential components of the structural
description.

These considerations motivate further investigation into the role of observation, measure-
ment, and accessible structure, which will be addressed in subsequent work.
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