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Abstract. The Swampland Program aims to delineate the space of consistent low-
energy effective field theories (EFTs) that admit a UV completion in quantum gravity
from those that do not. In parallel, holography, and particularly the AdS/CFT corre-
spondence, offers a non-perturbative definition of quantum gravity in asymptotically
anti-de Sitter (AdS) spacetimes. In this paper, we explore the Swampland Conjectures
through the lens of holography, focusing on how holographic consistency conditions,
such as the convexity of the conformal field theory (CFT) spectrum, the averaged
null energy condition (ANEC), and the modular bootstrap, map onto Swampland con-
straints in the bulk. We argue that the holographic principle provides a geometric
realization of Swampland bounds, particularly on scalar field potentials and the ab-
sence of long-lived de Sitter vacua. Finally, we discuss how the emergent bulk locality
in AdS/CFT provides evidence that the Swampland conjectures may themselves be
manifestations of deeper holographic consistency conditions.
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1 Introduction

Over the past two decades, the quest to understand the nature of quantum gravity has led to
two complementary conceptual frameworks: the Swampland program and the holographic
principle. Both approaches aim to characterize what distinguishes consistent theories of
quantum gravity from effective field theories (EFTs) that appear consistent at low energies
but cannot arise from a UV-complete gravitational theory. While the Swampland program
is motivated primarily by internal consistency conditions of string theory and the structure
of moduli spaces, holography provides a concrete non-perturbative realization of quantum
gravity via the AdS/CFT correspondence. These frameworks give us a profound glimpse
into how quantum spacetime is structured and what rules might shape it.

The idea of the landscape and swampland was first articulated by Vafa [1], who pro-
posed that only a small subset of effective field theories, those compatible with a consistent
embedding into string theory, constitute the so-called landscape, while all others reside in
the swampland. This perspective was sharpened by Ooguri and Vafa [2], who argued that
certain universal constraints—such as bounds on scalar field excursions, the absence of ex-
act global symmetries, and the requirement that gravity be the weakest force—are likely
necessary conditions for any EFT to have a consistent quantum-gravitational completion.
These conjectures, collectively known as the Swampland Conjectures, have since evolved
into a broad research program with deep implications for cosmology, particle physics, and
the structure of spacetime [3-10]. Swampland conjectures have found direct consequences
for the formation of primordial black holes and dark matter [11]. Recently, the compatibility
of curvature-matter coupling gravity theory within the framework of swampland conjectures
has been studied [12]. The recent progress on this subject can be found in Refs. [13-17].

Recent investigations continue to refine how quantum-gravity consistency constrains
low-energy effective theories across cosmology and black-hole physics. The analysis of
charged black holes with perfect-fluid dark matter in [18] demonstrates that WGCConjec-
ture (WGC)—driven particle emission can enforce the preservation of cosmic censorship near
extremality. Complementarily, [19] shows that scalar-field cosmologies with curved field
spaces can satisfy both the Trans-Planckian Censorship and Swampland Distance Conjec-
tures while remaining compatible with late-time acceleration. Earlier work such as [20]
sharpens the general structure of swampland constraints on effective field theories, clarify-
ing the limitations imposed by ultraviolet completion. Moreover, [21] highlights that these
restrictions extend to broader gravitational settings, influencing black-hole backgrounds and
their thermodynamic properties. Collectively, these studies underscore the growing preci-
sion of the swampland program as a framework for assessing which theoretical models can
plausibly arise from a consistent theory of quantum gravity.

Among the most influential are the Distance Conjecture, which predicts the exponential
lightening of an infinite tower of states as a scalar field traverses a trans-Planckian distance
in moduli space [2,23,24]; the WGC, asserting that gravity must be the weakest force [25-28];
and the de Sitter Conjecture, which challenges the existence of stable or metastable de Sitter
vacua in consistent quantum gravity [29-31]. While these conjectures remain speculative,
mounting evidence from string compactifications, black hole thermodynamics, and dualities
suggests they capture essential features of the gravitational UV completion.

On the other hand, the holographic principle provides an entirely different lens on the
problem of quantum gravity. Originally proposed by 't Hooft and Susskind [32,33], holog-
raphy posits that the number of degrees of freedom in a gravitational system scales with
its boundary area rather than its volume. This principle found its most precise realiza-
tion in the AdS/CFT correspondence [34-36], which equates a d-dimensional CFT to a
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(d + 1)-dimensional theory of gravity in asymptotically AdS spacetime. Holography has
since become one of the central tools for understanding the dynamics of quantum gravity,
offering explicit dictionary entries between bulk fields and boundary operators, between
bulk geometry and entanglement structure, and between black hole thermodynamics and
quantum information [37-41].

From a holographic standpoint, the Swampland program acquires a new and potentially
illuminating interpretation. In AdS/CFT, every consistent bulk theory must correspond
to a unitary, local, and crossing-symmetric CFT with a positive-definite spectrum of op-
erator dimensions [42-44]. The consistency of the CFT thus encodes the consistency of
the bulk gravitational EFT. The space of consistent CFT data can therefore be viewed as
the holographic landscape, while the remaining bulk theories—those that fail to admit a
unitary boundary dual—constitute the holographic swampland [45,46]. In this framework,
the Swampland Conjectures may be understood as emergent consequences of holographic
consistency conditions such as unitarity, analyticity, causality, and the positivity of energy
[47-49].

Moreover, holography provides a natural explanation for certain Swampland bounds.
For instance, the WGC can be interpreted as a requirement that charged black holes in
AdS be unstable to decay into lighter states, which corresponds in the boundary theory to
the existence of charged operators saturating the BPS-like bound A < ¢L [50]. Similarly,
the Distance Conjecture manifests in the dual CFT as the accumulation of light operators
when moving along a non-compact conformal manifold, signaling the breakdown of bulk
locality [24,51,52]. Even the absence of stable de Sitter vacua has been argued to follow
from holographic reasoning: a Euclidean CFT dual to a stable de Sitter space would violate
reflection positivity and modular invariance, suggesting such vacua are inconsistent with
holography [53-55].

In this connection, the extension of General Relativity on a base of local supersymmetry
principle up to the supergravity models [56] with improved quantum properties and a con-
nection with (super)string field theory permits one to include massless fields of spins s > 2
in higher spin gravity (see [57] and references therein) with respecting the string field theory
properties, asymptotic freedom and some others. The mentioned AdS/CFT correspondence
gives valuable indications that higher spin excitations can be significant to elaborate the
quantum gravity challenges [58]. Some higher spin models for free and interacting (half)-
integer massless and massive fields within Lagrangian dynamics on AdS spaces [59-62] may
additionally served provide another possible insight into the origin of dark matter and dark
energy, see for reviews [63-65].

In this paper, we develop this correspondence systematically. We argue that the Swamp-
land constraints can be reinterpreted as statements about the internal consistency of holo-
graphic theories, and that many of the conjectures acquire a natural explanation from the
geometric and entropic structure of holographic dualities. In particular, we focus on how
the emergence of bulk locality, the convexity of the CFT spectrum, and the positivity of
relative entropy provide a unified framework linking holographic consistency to Swampland
bounds. Ultimately, we propose that the Swampland program and holography are not sep-
arate endeavors but two complementary expressions of a single principle: the consistency of
quantum gravity as seen from different vantage points.

Although our analysis is formulated within the AdS holographic framework, it is still
meaningful to discuss the de Sitter Swampland Conjecture. Our focus on this conjecture
stems from the fact that holographic consistency conditions, such as boundary positivity,
modular stability, and constraints on bulk potentials, naturally generate bounds that par-
allel those appearing in the de Sitter case. In this sense, the conjecture is invoked not
to assume a de Sitter background, but to highlight how holographic arguments restrict
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the existence of positive-energy vacua in any putative quantum-gravity completion. The
AdS Swampland statements operate at a complementary level, constraining admissible AdS
vacua, whereas the de Sitter conjecture serves here as a probe of how holographic principles
limit the construction of stable or metastable vacua with positive potential energy.

Throughout this work we adopt the electric formulation of the WGC, together with the
widely used tower-based refinement. In this version, the conjecture asserts the existence
of charged states whose charge-to-mass ratio exceeds that of an extremal black hole, and
moreover that such states appear as part of an infinite tower whose masses decrease as
one approaches weak-coupling limits. We employ this formulation because it is the one
most naturally aligned with holographic consistency requirements: in particular, with the
convexity properties of charged operator dimensions in the boundary CFT and with the
emergence of light charged spectra in weakly coupled regions of moduli space. No assumption
about a specific microscopic realization is required; what matters for our purposes is that
the conjecture be interpreted as a constraint on the spectrum of charged excitations rather
than a statement tied to a single isolated superextremal particle.

2 Swampland Conjectures and Quantum Gravity

The Swampland program aims to delineate the boundary between effective field theories
that can arise as low-energy limits of consistent quantum gravity and those that cannot.
Unlike the traditional bottom-up approach to model building, which starts from low-energy
consistency requirements such as locality, unitarity, and gauge invariance, the Swampland
perspective introduces new constraints rooted in ultraviolet (UV) completion. These conjec-
tures emerge from recurring patterns observed across a broad range of string compactifica-
tions, black hole physics, and general properties of quantum gravitational theories [1-3]. In
this section, we review and extend the mathematical formulation of the central conjectures,
highlighting their internal consistency and their connections through the geometry of field
space and quantum gravity dynamics.

2.1 The Distance Conjecture and Moduli Space Geometry

The Distance Conjecture posits that when a scalar field ¢ in a quantum gravitational theory
moves over a large distance in moduli space—typically of order A¢ = Mp—an infinite tower
of states becomes exponentially light. Quantitatively, one writes

m(p) ~ Mp e @B¢/Mr o = O(1), (2.1)

where m(¢) denotes the mass scale of the lightest tower and « is a positive constant deter-
mined by the curvature of moduli space. The exponential behavior (2.1) arises naturally
from the Kaluza—Klein and string winding towers that appear in the limits of infinite distance
in Calabi—Yau moduli spaces [23,24,51].

This conjecture has deep geometric meaning. Moduli spaces M in string theory often
carry a metric G;;(¢) determined by the kinetic terms of the scalars,

1 _ .

Lian = 5Gis(8) 0,6'0" . (22)
If M is a non-compact manifold with negative curvature, distances A¢ can grow logarithmi-
cally as one approaches a boundary at infinite distance, where towers of light states appear.
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Explicitly, for one-dimensional moduli spaces with metric G4 ~ 1/¢?, one finds

_[Pde ¢
AS—/¢0 e = log (¢0>, (2.3)

so that the mass of a Kaluza—Klein mode myx ~ 1/R(¢) ~ e~2* reproduces the exponential

relation (2.1). Hence, the Distance Conjecture is not merely empirical but follows from the
hyperbolic geometry typical of moduli spaces in string compactifications [24].

This structure implies that any attempt to construct an EFT valid over super-Planckian
field ranges necessarily encounters new light degrees of freedom, preventing a naive ex-
trapolation of single-field inflationary models with trans-Planckian excursions [45]. From a
Wilsonian perspective, the cutoff A of the effective theory then scales as

A(¢) S Mpe P 80/Mr, (2.4)

indicating the breakdown of effective field theory at large distances in moduli space.

2.2 The de Sitter Conjecture and the Scalar Potential Bound

A second major Swampland constraint concerns the existence of de Sitter (dS) vacua. The
de Sitter Conjecture [29-31] asserts that a scalar potential V' (¢) consistent with quantum
gravity cannot admit a stable or metastable local minimum with V' > 0. More precisely, it
postulates the bound

vV >c~0(1), (2.5)

or alternatively, a refined version allows an unstable direction with second derivative satis-
fying
min (VZVJV) < —C/V7 (26)

where ¢, ¢ are positive constants. This formulation forbids slow-roll regions with small
gradient-to-potential ratios, which are necessary for quasi-de Sitter inflation or dark-energy
domination in conventional EFTs.

Equation (2.5) can be heuristically derived from the Distance Conjecture. As a field
approaches an infinite-distance limit, new light states with density p(m) ~ m™? contribute
to the scalar potential through quantum corrections of the form

A(9)
SV (¢) ~ / dm p(m) m* ~ A(¢)* ~ Mpe 4PA¢/Mp, (2.7)

Differentiating In V' with respect to ¢ yields precisely a lower bound on |VV|/V of order
unity, suggesting that (2.5) may be a direct consequence of the emergent tower of states
required by (2.1). Thus, the de Sitter Conjecture can be seen as a corollary of the Distance
Conjecture combined with the expectation that energy densities in quantum gravity scale
with the tower cutoff [26].

Furthermore, thermodynamic and holographic considerations also support (2.5). The
finite entropy Sas = mM%/H? of de Sitter space implies that a consistent UV completion
must account for a finite Hilbert space. However, holographic dualities typically demand
infinite-dimensional Hilbert spaces, suggesting a fundamental inconsistency in exact dS so-
lutions [53]. This observation strengthens the conjecture that metastable dS vacua cannot
arise in controlled quantum gravity constructions.
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2.3 The WGC and Charge Quantization

In its original and minimal form, the WGC states that in a U(1) gauge theory coupled to
quantum gravity there must exist at least one charged state for which the charge-to-mass
ratio exceeds the extremality bound of a large black hole. Equivalently, if we denote by
Qoxt/Moxt the charge-to-mass ratio of a corresponding extremal black hole, then the WGC
requires the existence of a particle (or state) with charge ¢ and mass msuch that

lq| Q|
m - M

ext

This ensures that extremal (or nearly extremal) black holes are not absolutely stable, they
can discharge by emitting a super-extremal particle, thereby avoiding formation of stable
charged remnants.

The WGC [25] asserts that gravity is the weakest force in any consistent quantum gravity
theory. Specifically, for a U(1) gauge field with coupling g, there must exist at least one
particle of charge ¢ and mass m satisfying

19 Mep (2.8)
m
This inequality ensures that extremal black holes are unstable to decay into lighter charged
particles, thereby avoiding the existence of stable remnants that would violate entropy
bounds and unitarity [26].

The WGC has several equivalent formulations. The magnetic version places an upper
bound on the cutoff scale A of the effective theory,

ensuring that a theory with arbitrarily small g cannot remain consistent without new light
states. This mirrors the Distance Conjecture’s structure: weak coupling limits correspond
to infinite distances in moduli space where towers of charged states become light [46,51].
Indeed, in many string compactifications, the gauge coupling scales as g ~ e~ *®/M? and
combining (2.9) with (2.1) reveals that the WGC and Distance Conjecture are two facets of
the same geometric phenomenon.

An important refinement, the Tower WGC [26], postulates that not just a single superex-
tremal particle but an entire infinite tower of such states must exist, with masses

my, ~ngMp, n=12..., (2.10)

implying that as ¢ — 0, an infinite tower becomes massless. This unifies the WGC with
the Distance Conjecture under the notion of emergence [3,26]: coupling constants and ki-
netic metrics in the infrared emerge from integrating out an infinite tower of states whose
thresholds coincide with the breakdown of effective field theory.

2.4 Emergent Unification and UV-IR Relations

An emerging picture from the interplay of these conjectures is that all low-energy parame-
ters of quantum gravity—field metrics, potentials, and gauge couplings—are not arbitrary
but determined dynamically by the spectrum of light states. In this emergence paradigm,
the logarithmic running of couplings with the number of light states naturally leads to ex-
ponential scaling relations like (2.1) and (2.9) [26]. These structures hint that quantum
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gravity enforces a universal UV—IR relation, constraining the shape of moduli spaces and
the asymptotic behavior of scalar potentials.
Mathematically, one may formalize this by writing an emergence equation for the field-
space metric:
4Gss 3 omi(9) L (2.11)
dln A - 0p A2

which, when integrated over many thresholds, yields exponential dependence on ¢. This
relation ties back directly to the Distance Conjecture and illustrates that the Swampland
bounds are not independent statements but holographic reflections of the same consistency
principle governing quantum gravity’s effective description.

In the following section, we will explore how these conjectures acquire natural holographic
interpretations in the AdS/CFT correspondence, where field-space distances, charge bounds,
and potential gradients correspond to spectral properties, operator dimensions, and energy
conditions in the boundary conformal field theory.

3 Holographic Perspective on the Swampland

The holographic principle provides a powerful non-perturbative window into the structure
of quantum gravity. Through the AdS/CFT correspondence [34-36], gravitational dynamics
in a (d + 1)-dimensional asymptotically anti-de Sitter (AdS) spacetime are encoded in a d-
dimensional conformal field theory (CFT) living on the boundary. This duality establishes
an exact equivalence between bulk and boundary descriptions:

Zvak|9pw> ®i]l = Zorr[Yab, Jil, (3.1)

where the boundary sources J; couple to operators O; dual to bulk fields ®;, and v, is the
boundary metric.

In this framework, the Swampland program can be reformulated as a set of conditions
that ensure the existence of a consistent, unitary, and local CFT dual. Any bulk effective
theory violating these conditions fails to correspond to a physical boundary theory and thus
lies in the holographic swampland. In this section, we develop this correspondence in de-
tail, establishing quantitative connections between Swampland conjectures and holographic
consistency constraints.

3.1 Field-Space Geometry and the Spectrum of the Dual CFT

In AdS/CFT, scalar fields in the bulk correspond to primary operators O in the boundary
theory, with conformal dimensions related by the standard mass-dimension relation

m2L? = A(A —d), (3.2)

where L is the AdS curvature radius. As ¢ moves in moduli space, the mass m(¢) of a tower
of bulk fields determines the scaling dimension A(¢) of a tower of boundary operators.

The Distance Conjecture (2.1) implies that in the limit A¢ — oo, an infinite tower of
states becomes light, i.e.,

1
mn(¢) ~ Mp e*OtAd’/MP = An((b) ~d4+ 567204A¢/MP' (33)

This accumulation of operator dimensions near the unitarity bound A — d/2 indicates the
onset of a continuous spectrum in the boundary theory, signaling the breakdown of bulk
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locality and the emergence of a new holographic phase. Thus, the Distance Conjecture
acquires a dual interpretation as a statement about the non-compactness of the conformal
manifold and the accumulation of light operators in the spectrum.

This relation can be made more precise by considering the spectral density p(A) of the
CFT:

alg/

DA, §) ~ eSBD) o re P (3.4)
where S denotes the effective entropy of operator states at dimension A. This exponential
growth implies that the number of relevant operators proliferates exponentially with moduli
space distance, a boundary counterpart to the tower of states predicted in the bulk.

3.2 Holographic Derivation of the de Sitter Bound

While AdS/CFT is defined for negative cosmological constant, holographic consistency can
still inform constraints on positive-energy spacetimes. The scalar potential V' (¢) in the bulk
determines the AdS curvature scale through the Einstein equation

d 1
R;U'V = 7ﬁguy -+ M—%aﬁd)ayd) + ... 5 (35)

where L=2 ~ V/M#%. The boundary interpretation of V is encoded in the vacuum expecta-
tion value of the stress tensor, (Tap) ~ V(0)Yab-

If V> 0, the corresponding boundary theory would require a Euclidean CFT with
negative central charge Cr, since O oc L~!/G . However, unitarity in any CFT demands
Cr > 0, implying that no unitary holographic dual can exist for a positive cosmological
constant. This observation reproduces the qualitative content of the de Sitter Conjecture
(2.5) from purely holographic reasoning.

To make this more quantitative, consider the null energy condition (NEC) in the bulk,

Twkt'E” >0, (3.6)

which translates, via holographic renormalization, into the boundary averaged null energy
condition (ANEC):

“+oo
/ do= (T _(z=,2.)) > 0. (3.7)
Causality and positivity in the boundary theory imply that V(¢) must satisfy an inequality

of the form
d

|VV[? > ﬁvé (3.8)
which, upon identifying L ~ Mp/\/V, yields
\A%

v A > v (3.9)

Equation (3.8) constitutes a holographic derivation of a de Sitter-type Swampland bound
with an explicit, calculable constant ¢ = v/d, fixed by boundary unitarity and energy con-
ditions. This result provides a concrete realization of the conjectured inequality (2.5) from
holographic principles.
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3.3 WGCand the Bootstrap of Charged Operators

The WGC also finds a natural realization in holography. In AdS/CFT, a bulk gauge field
A,, corresponds to a conserved current J, on the boundary with two-point function

(ale) (0)) = o (5 — 27220 (3.10)

where C; is the current central charge proportional to 1/¢g%. The dimension A of a charged
operator Og dual to a bulk field of charge ¢ and mass m satisfies, at large IV,

212

q°L
A1
20, t (3.11)

AQ:mL+

The WGC bound (2.8) ensures that Ag < Agn, where Agy is the conformal dimension of
the extremal black hole state. Since Apy o QMpL, this leads directly to

(3.12)

Positivity of the spectral density in the CFT bootstrap then implies that C; ~ MplL,
thereby reproducing the WGC bound -~ > 1.

In order to maintain consistency throughout the discussion, we adopt the strong form of
the WGC, which requires the existence of a state whose charge-to-mass ratio strictly exceeds
that of an extremal black hole. With this choice made explicit, it becomes important to clar-
ify the role of the parameters appearing near Eq. (3.12). The particle charge ¢ characterizes
the state whose existence is guaranteed by the conjecture, while the parameter ) denotes
the total charge carried by the corresponding extremal black hole whose decay is being an-
alyzed. The comparison made in Eq. (3.12) therefore reflects the physical requirement that
the black hole can discharge by emitting a super-extremal particle, ensuring that no stable
or long-lived charged remnants persist. This interpretation aligns the bulk extremality con-
dition with the charge spectrum of the theory, thereby reinforcing the internal coherence of
the WGC-based argument used in the text.

More generally, the bootstrap constraints on charged four-point functions [44,50] reveal
that the operator product expansion (OPE) coefficients of charged operators must satisfy
positivity relations that, in the bulk, correspond to the convexity of the charge-to-mass ratio
curve. Violation of these constraints would lead to negative-norm states in the boundary
theory, placing the corresponding bulk EFT in the holographic swampland.

3.4 Emergent Locality and Modular Consistency

A profound link between Swampland bounds and holography arises through the concept
of emergent locality. In AdS/CFT, bulk locality at scales Ljo. < L emerges only if the
boundary CFT satisfies stringent conditions of factorization and modular flow consistency
[40,41]. The modular Hamiltonian K 4 for a boundary subregion A satisfies

054

A =%

(3.13)

where S, is the entanglement entropy. The relative entropy positivity condition

S(pAHUA) = A<KA> —AS, >0, (3.14)
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implies bulk energy conditions and, consequently, holographic stability bounds on V(¢) and
m?().

Combining the bulk Einstein equations with entanglement wedge reconstruction, one
finds that locality requires a lower bound on the field-space curvature scalar Ryoduli:

7?fmoduli S (315)

~72
which is precisely the geometric condition underlying the Distance Conjecture. Violation
of (3.15) would obstruct the consistent definition of modular Hamiltonians for arbitrary
boundary regions, leading to nonlocality and inconsistency in the dual gravitational theory.

3.5 A Unified Holographic Swampland Bound

The preceding results can be synthesized into a single holographic inequality that unifies the
Distance, Weak Gravity, and de Sitter conjectures. Consider the effective potential U(¢, q)
for a scalar of charge ¢ in AdS:

2
1
T (3.16)

20%(¢)  L*(¢)

Holographic consistency, via positivity of the boundary stress tensor and the convexity of
the operator spectrum, imposes

Uld,q) = V(g) +

; d
V,.UvV'U > ﬁUQ. (3.17)
In the limits ¢ — 0, V> 0, or A¢ — oo, this inequality respectively reproduces the de
Sitter, Weak Gravity, and Distance Conjectures. Equation (3.17) may therefore be viewed
as a unified holographic Swampland bound, expressing the requirement that the holographic
renormalization group flow preserve unitarity and modular consistency at all scales.

This relation offers a novel mathematical structure underlying the Swampland: it sug-
gests that all conjectures emerge from a single geometric inequality that guarantees the
convexity and positivity of the holographic effective action. In this sense, holography not
only provides evidence for the Swampland bounds but also points toward a deeper organiz-
ing principle unifying them — the requirement that the dual CFT remain causal, unitary,
and consistent under modular evolution.

So, holography recasts the Swampland conjectures as necessary conditions for the ex-
istence of consistent boundary duals. The Distance Conjecture corresponds to the non-
compactness of the conformal manifold and the accumulation of operator dimensions; the
de Sitter Conjecture follows from the boundary positivity of the stress tensor and ANEC;
and the WGC arises from bootstrap and convexity bounds on charged operator spectra.
Collectively, these correspond to the holographic inequality (3.17), which encapsulates their
geometric and dynamical essence. In the next section, we will explore how the emergence of
such constraints from entanglement and modular dynamics provides an even deeper insight
into the origin of Swampland bounds.

4 Emergence and Holographic Consistency

The unification of Swampland bounds through holography suggests that the fundamental
origin of these constraints lies in the principle of emergence. In this paradigm, all low-
energy quantities in quantum gravity—field-space metrics, couplings, and potentials—are
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not fundamental inputs but emergent properties arising from the collective dynamics of an
infinite tower of states. Holography provides a concrete setting in which this emergence can
be understood microscopically: bulk geometry, locality, and even the gravitational action
itself arise from the entanglement structure of the boundary conformal field theory (CFT)
[39-41].

In this section, we formalize the idea that Swampland constraints are consistency condi-
tions on holographic emergence. We derive quantitative relations between the entanglement
spectrum of the boundary theory and the effective gravitational dynamics of the bulk, lead-
ing to a new class of inequalities that generalize the unified bound (3.17). These relations
show that the Swampland bounds follow not merely from string-theoretic constructions but
from universal information-theoretic properties of holographic systems.

4.1 Entanglement Entropy and the Emergent Metric

In the AdS/CFT correspondence, the Ryu—Takayanagi (RT) formula relates the entangle-
ment entropy Sa of a boundary subregion A to the area of a minimal surface v4 in the
bulk:

Area(vya)
 4Gn

where Sy denotes quantum corrections from bulk fields in the entanglement wedge X 4.

Differentiating (4.1) with respect to deformations of A and invoking the first law of entan-
glement,

Sa + Sbuk[X 4], (4.1)

0S4 = 0(Ka), (4.2)
one obtains the linearized Einstein equations in the bulk [40]:

1

5<le> = méG#u- (4'3)

Equation (4.3) reveals that the bulk metric fluctuations G, are emergent collective degrees
of freedom arising from entanglement perturbations in the boundary theory.

This emergence extends to moduli-space geometry. The field-space metric G;;(¢) can
be expressed holographically as a Fisher information metric on the manifold of boundary
density matrices p(¢) parameterized by marginal couplings \¢ ~ ¢':

2
G1(6) = 30 S Io), (4.4

where S(p||po) is the relative entropy with respect to a reference state pg. This equation
encodes a deep statement: the moduli-space geometry, which controls the dynamics of
scalar fields in the bulk, is an emergent information metric determined entirely by boundary
entanglement properties.

Combining (4.4) with the Distance Conjecture’s exponential scaling (2.1) implies that
the relative entropy between distant vacua decays exponentially:

S(p(d + Ag)||p(¢)) ~ e 2Ae/Mr. (4.5)

Hence, trans-Planckian field excursions correspond to exponentially indistinguishable bound-
ary states, signaling a breakdown of holographic distinguishability and, consequently, of
semiclassical bulk locality. This provides a microscopic interpretation of the Distance Con-
jecture: it is a manifestation of the finiteness of holographic information.
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4.2 Modular Flow and Energy Conditions

The modular Hamiltonian K4 = — log p4 governs the evolution of subregion density matrices
and plays a central role in holographic consistency. The modular flow generated by K4
defines a local notion of time in the entanglement wedge. The requirement that modular
evolution be unitary imposes nontrivial constraints on the energy flux in the boundary
theory.

Specifically, consider the modular energy variation for a family of deformations dp4:

5K 4) = 2 / a4 £ () (Too (2)), (4.6)

where f(x) is a positive weight function. Positivity of relative entropy, S(palloa) > 0,
requires 62(K 4) > 0, which, by holographic reconstruction, maps to the bulk condition

Tkt k" > 0, (4.7)
i.e. the null energy condition (NEC). Through Einstein’s equations, this translates into a
convexity condition on the scalar potential:
y d
ViV, V(6) G <~V (6), (148)

which is a sharpened, holographically derived version of the refined de Sitter bound (2.6).
Equation (4.8) arises as a necessary condition for the positivity of modular energy in the
boundary CFT.

4.3 Holographic Renormalization Group and Emergent Couplings

The holographic renormalization group (RG) formalism provides a geometric interpretation
of scale evolution in the boundary theory as radial evolution in the bulk. Writing the
(d + 1)-dimensional metric in domain-wall form,

ds? = dr? 4+ 24y da®da®, (4.9)
the Einstein-scalar equations reduce to first-order flow equations:

, y . W (o)
F=GIW (), A=-—— 4.10
# = G, w (o) S A (4.10)

where W (¢) is the holographic superpotential. The potential V'(¢) is then given by

d

1 ..
V(p) = =GIOWIHW — ————W?2. 4.11
In consistent holographic flows, W (¢) must remain real and single-valued, requiring
y d
TOWOW > —— W2, 4.12
G 5'W8JW_2(d_1)W ( )

Comparing (4.12) with the unified Swampland bound (3.17), one finds that the holographic
flow equations automatically enforce the Swampland inequalities if and only if the RG flow
is monotonic and respects the boundary a-theorem:

da 2(d-1)

A= W Gij¢'d? < 0. (4.13)

Thus, the Swampland bounds appear as necessary conditions for holographic RG mono-
tonicity and the irreversibility of scale evolution.
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4.4 Entropy Bounds and Emergent Gravity

An alternative route to holographic emergence comes from the Bekenstein-Hawking and
covariant entropy bounds. The entanglement entropy S must obey the quantum focusing
condition (QFC) [66,67]:
d*Sgen
d\2

where Sgen = ﬁ + Shulk is the generalized entropy and A\ parametrizes deformations along
null congruences. Combining the QFC with (4.3) implies that the bulk curvature and matter
content are constrained by

<0, (4.14)

d? Shuk

d\z -
Assuming Spuik grows monotonically with the number of light degrees of freedom Nijghy ~
e®A2¢/Mp - one obtains

Ry k'k > —87Gy

(4.15)

R, k'K > —8nGyale?oAd/Mr, (4.16)

This inequality links the curvature scale to the exponential tower of states predicted by the
Distance Conjecture, providing a gravitational derivation of its scaling form. The tower of
emergent light fields is therefore not optional but required by holographic entropy mono-
tonicity.

Collecting the results above, we can now state a general consistency condition that
encapsulates holographic emergence and the Swampland program: For any holographic
quantum field theory with bulk dual described by an Einstein—scalar system obeying the
null energy condition and modular consistency, the following inequality holds:

A 1
& G>ME  RumoduliL?

> cq, (4.17)

where cg is a positive constant determined by the spacetime dimension and boundary central
charge. Equality corresponds to an exactly marginal flow preserving bulk supersymmetry
or conformal symmetry.

In light of the earlier clarification regarding the choice of WGC formulation, the second
term in Eq. (4.17) requires additional explanation. This term encodes the charge-to-mass
requirement that follows from the strong form of the WGC: namely, that the theory must
contain at least one state whose charge exceeds the corresponding extremality threshold of a
black hole. The parameter appearing in this contribution reflects precisely this comparison.
It is not an auxiliary quantity but a holographic expression of the super-extremality con-
dition, ensuring that the charged spectrum permits the decay of extremal or near-extremal
black holes.

Within the unified inequality, this term therefore plays the role of the WGC component in
the holographic consistency criteria. It links the bulk extremality condition to the structure
of charged operators in the boundary theory and ensures that the unified bound incorporates
the same charge-based consistency requirement used in the earlier steps of the discussion. A
more complete explanation has now been included to maintain coherence between the choice
of WGC formulation and the structure of Eq. (4.17).

Equation (4.17) unifies all Swampland conjectures into a single emergent inequality de-
rived from holographic information theory. The first term corresponds to the de Sitter
gradient bound, the second to the WGC condition, and the third to the negative curva-
ture of the moduli-space metric implied by the Distance Conjecture. The inequality follows
from the joint requirement that the boundary CFT obey (i) relative entropy positivity, (ii)
modular flow unitarity, and (iii) entanglement monotonicity.
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The holographic emergence framework reveals that the Swampland bounds are not arbi-
trary conjectures but manifestations of universal information-theoretic laws governing quan-
tum gravity. The finiteness of boundary distinguishability (4.5), modular positivity (4.8),
and entropy focusing (4.14) collectively ensure that no effective field theory can violate the
inequality (4.17) while maintaining a consistent holographic dual.

This perspective suggests a deep equivalence between quantum information constraints
and geometric consistency conditions in gravity. In particular, the Swampland bounds may
represent the holographic shadow of the second law of quantum information: the requirement
that holographic entanglement entropy evolve monotonically along renormalization group
and moduli flows.

5 Conclusion

In this work, we have proposed a unified holographic framework for understanding the
Swampland conjectures as necessary conditions for the consistency of quantum gravity. By
exploring the deep interplay between bulk gravitational dynamics and boundary information
theory, we have argued that the Distance, de Sitter, and WGCs all emerge as facets of a
single geometric and entropic principle: the requirement of holographic consistency.

Our analysis began by recasting the traditional Swampland conjectures in terms of bulk
moduli-space geometry and effective potentials, demonstrating how their exponential and
gradient bounds naturally arise from the structure of field-space metrics with negative cur-
vature. Through the lens of holography, these statements acquire a precise dual meaning:
they correspond to spectral, entanglement, and energy positivity conditions in the bound-
ary conformal field theory. The accumulation of light states in the Distance Conjecture, for
example, translates into the accumulation of low-dimension operators in the CFT, marking
the breakdown of bulk locality and signaling the emergence of new holographic phases. Sim-
ilarly, the de Sitter gradient bound follows from the positivity of the boundary stress tensor
via the averaged null energy condition, while the WGC maps onto convexity and unitarity
constraints on the charged operator spectrum.

Building upon these correspondences, we derived a new unified inequality, the Holo-
graphic Emergence Bound (4.17),

Vv, ¢
V2 g2M123 RmoduliL2

> Cd,

which encapsulates all major Swampland conjectures as limiting cases of a single holo-
graphic consistency condition. This bound arises from the joint requirement that (i) the
boundary CFT obeys positivity of relative entropy, (ii) modular flow remains unitary, and
(iii) holographic entanglement entropy evolves monotonically under renormalization group
and moduli flows. In this sense, (4.17) is not an empirical conjecture but a theorem of holo-
graphic consistency, linking information-theoretic laws directly to geometric and dynamical
constraints in the bulk.

A key conceptual outcome of this analysis is the realization that the Swampland pro-
gram and holography are not independent frameworks but complementary manifestations
of the same physical principle: the finiteness and consistency of quantum information in
gravitational systems. The Distance Conjecture follows from the exponential decay of dis-
tinguishability between boundary states separated in coupling space; the de Sitter Conjec-
ture expresses the impossibility of maintaining positive curvature while preserving modular
stability; and the WGC arises from the need to preserve convexity and positivity in the
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charged operator algebra. All these conditions emerge as different projections of the holo-
graphic information geometry encoded in (4.4) and constrained by (4.14).

From a broader perspective, these results suggest that the Swampland bounds reflect the
fundamental thermodynamics of holography. The monotonic flow of entanglement entropy,
modular energy, and central charges across scales can be viewed as a generalized second
law of quantum gravity. The failure of any of these monotonicities would correspond to the
breakdown of unitarity or locality in the holographic dual, signaling that the corresponding
effective theory lies in the swampland.

Several avenues for future investigation follow naturally from this work. First, the Holo-
graphic Emergence Bound (4.17) invites further exploration within the conformal bootstrap.
One may test the predicted convexity and positivity inequalities by studying families of large-
N CFTs with controlled AdS duals. In particular, charged operator dimensions and OPE
coefficients can serve as direct probes of the WGC bound in the boundary theory.

Second, the modular-flow formulation of the de Sitter bound suggests a quantitative
bridge between quantum information theory and cosmology. Understanding whether an
analog of the bound (3.8) persists in quasi-de Sitter inflationary backgrounds could yield
new constraints on slow-roll parameters, potentially linking holographic consistency to ob-
servational cosmology.

Third, the Fisher metric interpretation (4.4) opens a new path toward deriving Swamp-
land constraints from information geometry. One might conjecture that all consistent quan-
tum gravity theories must have moduli-space metrics that are Kahler and negatively curved
with curvature bounded by the holographic radius, Rmoqui < —1/ L?. This would provide
a precise, quantitative statement of the “emergent distance” mechanism in holography.

As has been mentioned previously, it is inviting to extend our results to the case of
higher-spin gravity, so as to take into account higher-spin degrees of freedom as part of
(super)string field theory, which appears to be the only viable candidate for a consistent
description of evolutionary processes in the Early Universe.

Finally, the results presented here invite a re-examination of the fundamental role of
entropy in quantum gravity. The inequality (4.14) and its relation to (4.17) suggest that
the Swampland may ultimately be characterized by the breakdown of the quantum focusing
condition—that is, the failure of the second law for generalized entropy in a holographic
setting. If so, the landscape of consistent theories would correspond precisely to those that
obey the holographic second law at all scales.

The holographic view of the Swampland reveals a striking unity between quantum grav-
ity, information theory, and spacetime geometry. Rather than a collection of disconnected
empirical bounds, the Swampland conjectures emerge as facets of a deeper, universal con-
straint: the preservation of holographic consistency and information-theoretic monotonicity.
The geometric inequalities derived in this work, particularly the Holographic Emergence
Bound, thus provide not only a conceptual synthesis of Swampland ideas but also a quan-
titative tool for probing the frontier between the landscape and the swampland.

In this light, the Swampland is not merely a pathology to be avoided but a fundamen-
tal boundary in the space of quantum theories—a holographic horizon demarcating where
information ceases to be reconstructible, and spacetime itself can no longer emerge.
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